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Abstract

Two kinds of polyvinyl chloride—polyethylene—polyamine supported palladium complexes were synthesized and characterized by XPS,
TG, DTA, TEM, etc. These complexes are efficient catalysts for Heck reaction of acrylic acid with aryl iodides in air at the low temperature
(50°C) using 0.125 mol% of the catalysts. Effect of amount of the catalyst indicates that the Heck reaction acrylic acid with iodobenzene can
be carried out with tiny amount of the catalyst (0.02%) at®0The complexes have high thermal stability and can be easily recovered and
reused. Yields of making cinnamic acid were even high as 68.3 and 78.0% respectively for Heck reaction of acrylic acid with iodobenzene by
using the two complexes that were recovered for 12 times.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction high activity and selectivity are currently attracting great
interest because they can be easily separated and recov-
The palladium-catalyzed Heck reactifit] has received  ered. Andersson et 48] reported that polystyrene-supported
considerable attention in recent yef|l as it offers aversa-  phosphine palladium complex with a Pd/P of 1/1 showed very
tile method for the generation of new-C bonds in organic  high activity in the arylation of methyl acrylate and styrene
synthesis. The reaction is normally carried out with a palla- with iodobenzene. They found that the catalyst was more
dium catalyst (PdG) about 1 mol% of reactant, a phosphine efficient than Pd/C, Pd(OAg) PdCb, Pd(OAcY/2PPh, or
ligand, and a base in homogeneous mode of operation. How-Pd(PPR)4, but noticeable deactivation of catalyst during
ever, the reaction suffers from severe problems related withrepeated use was detected. Schwarz ef%lfound that
the separation, recovery and the instability of the homo- polymer-supported carbene palladium complexes were air
geneous catalysts at high temperatures, which have so fasstable and recyclable catalysts for Heck reaction. Uozumi
precluded its widespread industrial application. and Kimurg10] studied Heck reaction of various aryl halides
These problems can be overcome, however, by the usewith alkenes proceeding in water in the presence of a palla-
of heterogeneous catalysts, made up of supported palla-dium complex of a PS-PEG resin supported triarylphosphine
dium complex. These complexes include polymer supportedligand. Organosilicon polymer supported palladium cata-
palladium catalysts, palladium on carb@8], palladium- lysts for Heck reactions have also been reported recently
supported metal oxidg4], clays[5], zeoliteg6], and molec- [11]. Buchmeiser and WurgiL.2] have made efforts in the
ular sieveq7]. Polymer-supported metal complexes having same field as polymer supported catalysts for Heck reac-
tions. All these catalysts show good catalytic activity for
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functional group can be prepared via displacement reactionstirred at 60°C in the air for 8 h. After being cooled to
directly without chloromethylation and makes itsinexpensive room temperature, and the reaction mixture was filtered and
and practical support for heterogeneous catalyst. Herein wewashed with plenty of KO and then dried at 8CC in the air
report the synthesis and characterization of these two kinds offor 12 h to give 2.2 g of brown PVC—EN. PVC-DTA (2.3 g)
polyvinyl chloride—polyethylene—polyamine supported pal- was prepared according to the same procedure.
ladium complexes and the application of these complexesin To a solution of PVC-EN (2.0g) in acetone (50 mL),
Heck arylation of alkenes that can afford excellent yield and PdCh (0.3 g) was added. The mixture was stirred at60
high trans-selectivity. in the air for 72h. After being cooled to room tem-
perature, the reaction mixture was filtered and washed
with acetone (& 20mL) and HO (3x 20mL) and then

2. Experimental dried at 100C in vacuum for 6h to give 2.2g of puce
polyvinyl chloride—ethylenediamine supported palladium
2.1. Materials complex (abbreviated as PVC—EN—-Pd). Another puce com-

plex, polyvinyl chloride—diethylenetriamine supported pal-
Acrylic acid, styrene and DMF were distilled before ladium complex (abbreviated as PVC-DTA-Pd) (2.2 g) was
use. 4-lodoanise (98%), 1-iodo-4-nitrobenzene (98%), 4- prepared according to the same proced&ehgéme L
iodotoluene (98%), and 1-iodo-4-chlorobenzene (98%) were
obtained from Lancaster company and were used as receivedp 4. Catalytic reactions
All other reagents were obtained from commercial sources

and were used as received. 2.4.1. Typical procedure for the Heck arylation of aryl
halides with acrylic acid
2.2. Measurements PVC-EN-Pd or PVC-DTA-Pd complex (0.1 mol%),

acrylic acid (6.0 mmol), aryl halides (5 mmal), tributylamine

X-ray photoelectron spectra (XPS) were measured on (12.0mmol) and DMF (1mL) were taken in a round-
an AXISULTRA spectrometer (Kratos, Company England) bottomed flask and stirred at 9G in the air for 3 h. After
using mono-Al Kx radiation. The C 1s photoelectron line was the reaction mixture was cooled to room temperaturg) H
used for energy calibration and the C 1s binding energy was (25 mL) and NaCOgz (1.0 g) were added. After stirring for
taken to be 284.8 eV. The thermal analysis was performed on10 min, PYC-EN-Pd or PVC-DTA-Pd complex was sep-
an EXSTARG6000 (Seiko Company, Japan) thermal analysisarated by filtration. The filtrate was treated with 3N HCI
system at a heating rate of 10/min, and in air atmosphere. (5 mL). The precipitate was filtered, washed with@H(2x
TEM images were obtained on a JEM100-CXIITEM instru- 15mL) and dried in the air to givieans-cinnamic acid.
ment (JEOL Company, Japan) operated at an accelerating

voltage of 100 kV. 2.4.2. Typical procedure for the Heck arylation of aryl
halides with styrene
2.3. Preparation of the catalysts PVC-EN-Pd or PVC-DTA-Pd complex (0.1mol%),

styrene (6.0mmol), aryl halides (5mmol), tributylamine
Polyvinyl chloride—ethylenediamine (abbreviated as (6.0 mmol) and DMF (1 mL) were taken in a round-bottomed
PVC-EN) and polyvinyl chloride—diethylenetriamine flask and stirred at 90C in the air for 3 h. The mixture was
(abbreviated as PVC-DTA) were prepared according to cooled to room temperature and dissolved ipE¢30 mL).
the procedure in literaturfl3]. Polyvinyl chloride (2.0 g) PVC-EN-Pd or PVC-DTA-Pd complex was recovered from
was added to ethylenediamine (20 mL) in a round-bottomed the mixture by filtration, and was washed with distillegd®
flask, then, 4mL of HO was added, the mixture was (2x 15mL), EtOH (2< 15mL)and EtO (2x 15 mL). Thefil-
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trate was treated with 3N HCI 215 mL), brine (3« 15mL)
and dried over MgS@ The solid product was obtained by
recrystallization from E{O to givetransstilbene.

3. Results and discussion
3.1. Characterization of the catalysts

XPS is used to study not only the coordination of macro-
molecularligands and metalions but also the chemical state of
palladium presenting in the supported catalysts. The binding
energies of Pd, PdglPVC-EN, PVC-DTA, PVC-EN-Pd
and PVC-DTA-Pd obtained in the XPS analysis are sum-
marized inTable 1 The binding energies of Pd 3d of
PVC-EN-Pd are 335.5 and 337.7, which suggests the exis-
tence of two different chemical state of Palladium? Rdd
PcP*. It can be seen that the binding energies of N 1s of
PVC-EN-Pd also have two different data (339.4, 401.5) and
the data are higher than those of PVC-DTA, which indicates
the lone-pair electrons on the nitrogen transfers and the elec-
tron cloud density at nitrogen atom decreases. These results
are probably due to the coordination of N withORat pcP*.

The same outcomes almost can be obtained by analyzing the
binding energies of PVC-DTA and PVC-DTA-Pd.

Thermal stability of the catalyst has great effect on its
catalytic activity and recyclability because Heck reaction
is usually carried out under high temperature conditions.
Figs. 1 and Zhow the TG and DTA curves of PVC-EN-Pd
and PVC-DTA-Pd respectively at atmospheric conditions.
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Fig. 2. TG and DTA curves of PVC-DTA-Pd.

Fig. 3. TEM image of PVC-EN-Pd.

Table 1 TG analysis show that PVC-EN-Pd and PVC-DTA-Pd
XPS data for Pd, Pdgl PVC-EN, PVC-DTA, PVC-EN-Pd and :

PVC-DTA-Pd (in eV§ are stable up to 200 and 250 respectively. DTA anal-
Samples N1s a3 ysis of PVC-EN—-Pd shows a strong exothermic peak at

400°C, corresponding to the oxidation of the polymer car-

Eng 3?::; rier, and a similar strong exothermic peak is found at425
PVC_EN 330.4, 4015 ' for PVC-DTA-Pd.Figs. 3 and 4show TEM images of
PVC-TEA 308.6, 400.1 PVC-EN-Pd and PVC-DTA-Pd. TEM confirms that Pd par-
PVC-EN-Pd 399.8, 401.9 335.5,337.7 ticles have uniform distribution in both of the catalysts. The
PVC-TEA-Pd 339.3, 400.6 335.4,337.5

2 All relative to C 1s=284.8¢V.
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Fig. 1. TG and DTA curves of PVC-EN-Pd.

Fig. 4. TEM image of PVC-DTA-Pd.
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Table 2 Table 3
Effect of the reaction temperature on catalytic performance Effect of amount of catalyst on catalytic performahce
Entry Temperature’C) Time (h)  Yield (%§ Entry Amount of catalyst Time (h)  Yield® (%)
(mol% Pd)
PVC-EN-Pd PVC-DTA-Pd
PVC-EN-Pd PVC-DTA-Pd

1 100 3 95.0 95.2
x 100 3 95.2 95.0 1 05 3 95.2 955
3 90 3 94.8 95.2 2 0.25 3 95.0 95.3
5 80 5 84.6 83.5 4 0.1 3 94.6 95.2
7 60 5 76.6 78.3 6 0.06 5 85.2 84.8

8 0.02 12 75.7 76.0

2 Reactions were carried out with PVC-EN-Pd or PVC-DTA-Pd S - - -
(0.125mol% Pd), iodobenzene (5.0 mmol), acrylic acid (6.0 mmol), trib- Reactions were carried out with proper amount of PVC—-EN-Pd or

utylamine (11.0 mmol), DMF (1.0 mL) in the air. ::’VC_:—DTA—Pd, iotljobenzene (5.0 mmol), _acLyIic _acid (6.0 mmol), tributy-
b |solated yield was based on the iodobenzene. amine (11.0mmol), DMF (1.0mL) at 9T in the air.
¢ The reaction were carried out in nitrogen atmosphere. Isolated yield was based on the iodobenzene.

catalyst gave higher yield and shorter reaction time until
the amount of the catalyst increased to 0.1%. In order to
reduce the cost, several groufi$] had focused on using
low Pd-loading catalyst in Heck reaction. Reetz e{Hbb]
reported the reaction of styrene with bromobenzene using
only 0.0009 mol% of Pd(OAg)(130°C), and the conversion
turned out to be 85% after 96 h. The low palladium con-
centration usually led to a long period of reaction, which
was consistent with our experimental result. de Vries et al.
Most homogeneously and heterogeneously catalyzed|5qconcluded that the appropriate palladium concentration
Heck reactions were studied under inert conditions. However is between 0.01 and 0.1 mol%. However, most of these cat-

i PV,C_EN_Pd or PVC_D,TA_Pd_ cat.alyst is used in Heck alytic systems are homogeneous and suffer from the problems
reaction, almost no catalytic activity difference was observed related with the separation and recovery of the catalysts.

no matter they are carried out in the inert atmosphere orin - py\/c_EN_Pd and PVC—DTA—Pd were evaluated in Heck
the air (Table 2 entry1-4). Such nature of the catalysts makes gy ation Gcheme P of aryl halide with acrylic acid or
them convenle_nt in industrial appl_lcan_ons. The temp_erature styrene using DMF as a solvent and tributylamine as base
that was required for Heck reaction s correlated with the under atmospheric conditions. The aryl olefins were obtained
cataly_st adopted, Th_e Heck reaction catalyzed by supported, i, yields ranging from good to excellencEaple 4. IR and
palladium complexlls usually carrlgd out at 10@_[8'11 IH NMR spectra of all products were conformed. It can be
e.g.,14] However, high temperature is one of the important goo, from the table that the Heck arylations of acrylic acid or
problems to restrict its widespread application. The influ- styrene with aryliodides can be efficiently carried out atG0

ence of temperature on catalytic property of PVC-EN-Pd {'torq thetrans product in high yield, andis-product was
and PVC-DTA-Pd was investigated by using Heck arylation not observed. Neither electron-donating group nor electron-

of acrylic acid_with iodobenzene. It can be seen froable 2 withdrawing group on aryl iodides has much effect on the
that' the reaction temperature has the same effect on the Catyield of products. In presence of a catalytic amount of 2Ph
alytic performance of these two catalysts. In the presence ofy, o 4rviations of aryl bromides with acrylic acid or styrene
PVC-EN-Pd or PVC-DTA-Pd, the Heckreaction canbe car- .oy 5is0 he carried out at higher temperature (T20for

ried out efficiently at low temperature (@) butthe yieldis 56 time (5h). The results are similar to Cai's researches

qot very h.igh. The yield of the product increases while reac- [11g], but the amount of the catalyst of 0.1 mol% is much
tion time is reduced to 3 h and the temperature arises from less than those of 0.6 mol% reported by Cai et al.

50 to 90°C. As result, excellent yields could be obtained at The catalysts were recovered from the reaction mix-

90-100°C with short reaction time (3 h) in the air. ture by simple filtration after the arylation, washed with

It is a key issu_e to note that _the amount of palladium H,0, CHsCH,OH and CHCH,OCH,CHs, then dried in
catalyst plays an important role in the product yields. The

arylation of acrylic acid with iodobenzene was studied with R, Catalysté-BusN R,
the amount of catalyst ranging from 0.02 to 0.5%algle 3. ROX + =7 T R@I )
It was found that the arylation could be carried out efficiently 1 2 3

even with tiny amount of the catalyst (0.02%) at°@Q the X=1Br R,=H. CHy CH:O.Cl.NO, R,=CO,H.Ph
yield of the cinnamic acid was 75.7% (PVC-EN-Pd) and

76.0% (PVC-DTA-Pd). Increasing the amount of palladium Scheme 2.

average size of the Pd particles is 10nm (PVC-EN-Pd)
and 15nm (PVC-DTA-Pd) respectively. Thermal analy-
sis and TEM analysis indicate that both PVC-EN-Pd and
PVC-DTA-Pd meet the basic qualifications as an efficient
supported catalyst.

3.2. Heck arylation
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Table 4

Heck arylation of aryl halides with alkenes catalyzed by PVC-EN-Pd or PVC-DTA-Pd

Entry Aryl halide R Temperature®C) Time (h) Products Yield (98)

PVC-EN-Pd PVC-DTA-Pd

1 CsHsl COzH 90 3 3a 94.5 95.2
2 CeHsBr COH 120 5 3a 85.5 85.0
3 4-CHCgHal COzH 90 3 3b 92.6 92.0
4 4-CHgCgH4Br COH 120 5 3b 81.6 82.8
5 4-CH;OCgH4l COzH 90 3 3c 89.5 89.5
6 4-CIGsHgyl COxH 90 3 3d 88.9 89.5
7 4-O;NCgHayl COzH 90 3 3e 87.8 90.0
8 CeHsl Ph 90 3 3f 92.6 92.0
9 CsHsBr Ph 120 5 3f 83.5 84.5

10 4-CHCgHal Ph 90 3 39 89.3 89.7

11 4-CH;CgH4Br Ph 120 5 39 81.2 80.0

12 4-CH;OCgH4l Ph 90 3 3h 94.1 92.6

13 4-ClGHal Ph 90 3 3i 91.6 93.3

14 4-QNCgHgyl Ph 90 3 3 93.0 94.8

@ Reactions were carried out with PYC—EN-Pd or PVC-DTA-Pd (0.1 mol% Pd), aryl halides (5.0 mmol), alkene (6.0 mmol), tributylamine (6.0 mmol), DMF
(1.0 mL) in the air. When alkene was used as acrylic acid, 11.0 mmol tributylamine was added. As for Heck arylations of aryl bromides with acrylic acid or
styrene, 0.0005 mmol of PRlwas added.

b |solated yield was based on the aryl halides.

Table 5 high activity toward the Heck reaction of aryl iodides with
Recycling and reuse of the catalysts in the Heck reattion olefins without inert atmosphere. Small amounts of catalysts
Cycle Time (h) Yield (%) (0.1%) and low temperature are required to perform the Heck
PVC—EN—Pd PVC_DTA-Pd  reaction on aryl iodides. These catalysts can be easily sepa-

1 3 945 948 rated and recovered from the reaction mixture by filtration
2 3 94.2 94.6 and reused many times. The results show that these new
3 3 94.5 93.5 supported palladium catalysts are very effective for Heck
4 3 94.0 94.1 reaction under gentle conditions, such as low temperature
5 3 94.2 94.1 without inert atmosphere, and should be considered as effec-
? g gg:g gig tive heterogeneous catalysts for Heck reaction.

8 3 86.0 88.7

9 3 83.3 86.9

- " o

12 5 68.3 78.0

2 - - - [1] R.F. Heck, Org. React. 27 (1982) 345.
Reactions were carried out with PVC-EN-Pd or PVC-DTA-Pd [2] (@) B.M. Bhanage, M. Arai, Catal. Rev. 43 (2001) 315;

(O.lZSmoI% Pd), iodobenzene (5.0 mmol),‘acrylic‘acid (6.0 mmol), trib- (b) A.F. Littke, G.C. Fu, Angew. Chem. Int. Ed. 41 (2002) 4176;
utgllamlne (11_.0 mmol), DMF (1.0 ml__) at 9@ in the air. (¢) R.B. Bedford, Chem. Commun. (2003) 1787;
Isolated yield was based on the iodobenzene. (d) R. Ferraccioli, D. Carenzi, Synthesis 9 (2003) 1383;

I.P. Beletsk , AV. Ch kov, Chem. Rev. 100 (2000
air. Recyclabilities of the PVC—EN-Pd and PVC-DTA-Pd g oo o2 eprakov, Chem.  Rev. 100 (2000)

were examined for the reaction of iodobenzene with acrylic [3] (a) C.M. Andersson, A. Hallberg, J. Org. Chem. 53 (1988) 235;

acid. It can be seen frofable 5Sthat the catalytic activities (b) M. Beller, K. Kuhlein, Synlett (1995) 441;

of PVC—EN-Pd and PVC-DTA—Pd are almost unchanged (c) K. Kohler, R.G. Heidenreich, J.G.E. Krauter, J. Pietsch, Chem.
. ) Eur. J. 8 (2002) 622.

after seven times _of recovery, and the dlffe_rence bet_vveen [4] (@) K. Kohler, M. Wagner, L. Djakovitch, Catal. Today 66 (2001)

the catalytic activities of these two catalysts is not obvious. 105:

In the subsequent cycles, the catalytic activity of these two (b) A. Biffis, M. Zecca, M. Basato, Eur. J. Inorg. Chem. 5 (2001)

catalysts decrease observably, with PVC-EN-Pd decreas-  1131;

ing faster than PVC—DTA—Pd, which probably attributed to (SC) Ilvi/'ze??;geosi)l_io'\f;gyl D.L. Hughes, P.J. Reider, J. Am. Chem.
. . 0ocC. )

the fact that PYC—EN-Pd has higher thermal stability than (d) F.Y. Zhao, B.M. Bhanage, M. Shirai, M. Arai, Chem. Eur. J. 6

PVC-DTA-Pd. (2000) 843:

(e) F.Y. Zhao, M. Shirai, Y. lkushima, M. Arai, J. Mol. Catal. A:
_ Chem. 180 (2002) 211;
4. Conclusions (f) S.S. Pbckl, W. Kleist, M.A. Gruber, K. tohler, Angew. Chem.
Int. Ed. 43 (2004) 1881.
In summary, PVC-EN-Pd and PVC-DTA-Pd have been (5] (a) B.M. Choudary, R.M. Sarma, K.K. Rao, Tetrahedron 48 (1992)

prepared easily by using inexpensive supports and exhibit  719;
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(b) R.K. Ramchandani, B.S. Uphade, M.P. Vinod, R.D. Wakharkar, [11] (a) M. Lagasi, P. Moggi, J. Mol. Catal. A: Chem. 182/183 (2002)

V.R. Choudhary, A. Sudalai, Chem. Commun. (1997) 2071; 61;
(c) R.S. Varma, K.P. Naicker, P.J. Liesen, Tetrahedron Lett. 40 (1999) (b) J.H. Clark, D.J. Macquarrie, E.B. Mubofu, Green Chem. 2 (2000)
2075; 53;
(d) M. Poyatos, F. Mrquez, E. Peris, C. Claver, E. Fernandez, New (c) H. Alper, P. Arya, C. Bourque, G.R. Jefferson, L.E. Manzer, Can.
J. Chem. 27 (2003) 425. J. Chem. 78 (2000) 920;
[6] (a) L. Djakovitch, K. Koehler, J. Mol. Catal. A: Chem. 142 (1999) (d) R. Chanthateyanonth, H. Alper, J. Mol. Catal. A: Chem. 201
275; (2003) 23;
(b) A. Corma, H. Gara, A. Leyva, A. Primo, Appl. Catal. A: Gen. (e) M.Z. Cai, Y.Z. Huang, R.H. Hu, C.S. Song, J. Mol. Catal. A:
247 (2003) 41, Chem. 212 (2004) 151,
(c) A. Corma, H. Garia, A. Leyva, A. Primo, Appl. Catal. A: Gen. (f) M.Z. Cai, Y.Z. Huang, R.H. Hu, C.S. Song, J. Mol. Catal. A:
257 (2004) 77; Chem. 208 (2004) 17,
(d) L. Djakovitch, K. Koehler, 3. Am. Chem. Soc. 123 (2001) 5990; (9) M.Z. Cai, Y.Z. Huang, H. Zhao, C.S. Song, J. Organometall.
(e) M. Dams, L. Drijkoningen, B. Pauwels, G.V. Tendeloo, D.E. De Chem. 682 (2003) 20;
Vos, P.A. Jacobs, J. Catal. 209 (2002) 225. (h) J. Horniakova, T. Raja, Y. Kubota, Y. Sugi, J. Mol. Catal. A:
[7] (@) C.P. Mehnert, D.W. Weaver, J.Y. Ying, J. Am. Chem. Soc. 120 Chem. 217 (2004) 73.
(1998) 12289; [12] M.R. Buchmeiser, K. Wurst, J. Am. Chem. Soc. 121 (1999) 11101.
(b) C. Venkatesan, A.P. Singh, Catal. Lett. 88 (2003) 193; [13] D.R. Cao, Z.X. Su, J. Lanzhou Univ. (Nat. Sci.). 2 (1997) 63.
(c) C. Venkatesan, A.P. Singh, J. Catal. 227 (2004) 148. [14] P.W. Wang, M.A. Fox, J. Org. Chem. 59 (1994) 5358.
[8] C.M. Andersson, K. Karabelas, A. Hallberg, C. Andersson, J. Org. [15] (@) M.T. Reetz, J.G. de Vries, Chem. Commun. (2004) 1559;
Chem. 50 (1985) 3891. (b) M.T. Reetz, E. Westermann, R. Lohmer, G. Lohmer, Tetrahedron
[9] J. Schwarz, V.P.W. Bham, M.G. Gardiner, M. Grosche, W.A. Her- Lett. 39 (1998) 8449;
rmann, W. Hieringer, G.R. Sieber, Chem. Eur. J. 6 (2000) 1773. (c) AH.M. de Vries, J.M.C.A. Mulders, J.H.M. Mommers, H.J.W.

[10] Y. Uozumi, T. Kimura, Synlett 12 (2002) 2045. Henderickx, J.G. de Vries, Org. Lett. 5 (2003) 3285.
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