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Abstract 
A polystyrene-supported palladacycle derived from Kaiser oxime resin 3 is examined in organic 
and aqueous media used for the Mizoroki-Heck reactions. The couplings are efficiently 
performed in the presence of polymeric palladacycles in DMF, aqueous DMA, or water at 
relatively moderate temperature (110-130 ºC) similarly to that in the presence of dimeric 4-
hydroxyacetophenone 6 and 4-nitrobenzophenone oxime 2 palladacycles. Different acrylic, 
crotonic, and cinnamic acid derivatives as well as styrenes are arylated with aryl iodides, 
bromides, and chlorides with high efficiency. Enone precursors of 4-(p-hydroxyphenyl) and 4-
(p-methoxy)phenylbutan-2-one, which are natural odorous products extracted from Aloe wood 
with raspberry scent, have been prepared by arylation of methyl vinyl ketone. Methylated 
resveratrol and the anti-cancer agent DMU-212 [(E)-3,4,5,4’-tetramethoxystilbene] have been 
prepared in high yields. Related Mizoroki-Heck reactions of o-halobenzaldehydes and o-
iodoaniline with tolane afforded indenone and indol derivatives, respectively. XPS analysis of 
the starting and recycled polymer indicated that contains exclusively Pd(II). In addition, 
poisoning studies with Hg(0) of the reaction mixture stop the process indicating that the 
palladacycle acts as source of Pd(0) species. Recycling experiments are performed in organic and 
aqueous solvents with relatively low palladium leaching from the polymer (0.4-5% in DMF and 
2-2.7% in H2O). ICP-OES analyses also indicate very low levels of Pd in the isolated crude 
products (2.9-37.2 ppm). 
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Introduction  
 
Among palladium catalyzed reactions, the arylation of alkenes so-called Mizoroki-Heck 
reaction,1,2 is one of the most important carbon-carbon bond forming processes. Along the last 25 
years an impressive number of applications have been developed at the laboratory and industrial 
scale. Most of publications deals with the synthesis of complex molecules and also with practical 
aspects such as, reaction conditions, palladium catalysts, substrates, recycling experiments and 
mechanistic considerations. Different types of ligands for Pd have been developed in order to 
afford high efficiency with unreactive substrates such as aryl chlorides, and to achieve high TON 
and TOF values. Palladacycles have become an important class of complexes due to their 
accessibility, stability, and high catalytic activity in different type of carbon-carbon bond 
forming reactions.3 It has been demonstrated that palladacycles are precatalyst acting as source 
of Pd nanoparticles,4 and therefore working as homogeneous ligand-free palladium catalysts.5  
Palladacycles are not stable under Mizoroki-Heck reaction conditions and undergo 
decomposition, probably by olefin insertion into the C-Pd bond and subsequent Pd(II) to Pd(0) 
reduction.6 However, using a polymer supported palladacycle it has been found that the catalytic 
activity can be maintained in the solution.7  
 Phenone oxime-derived palladacycles8 have shown an outstanding catalytic activity of 1010 
turnover numbers (TON), close to enzymatic values, in the arylation of n-butyl acrylate with 
phenyl iodide in DMF and with Et3N as base at 160 ºC.9 This behaviour has been explained by 
an equilibrium between Pd aggregates and monomeric species when the concentration of 
palladacycle decreases.10 4,4’-Dichlorobenzophenone 1 and 4-hydroxyacetophenone oxime 2 
palladacycles11 have been used as precatalyst in different type of C-C bond forming reactions 
under aerobic conditions in organic and aqueous solvents, respectively.8,9,12 We have recently 
communicated the preparation and catalytic activity of the palladated Kaiser oxime resin 3 as 
precatalyst in Mizoroki-Heck reactions.13 Although the known decomposition of palladacycles 
into Pd colloids, it would be important from a practical point of view to study the scope of this 
polymer 3 as precatalyst and at the same time its recovery. In this paper, we report a full account 
about the use of this polystyrene supported complex as precatalyst in the arylation of electron-
poor and electron-rich alkenes in organic and aqueous solvents.  
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Results and Discussion  
 
Catalyst 3 was prepared according to the reported method,12k starting from commercially 
available Kaiser oxime resin 4 (1% divinylbenzene cross-linked with 1.1 mmol g-1 oxime 
loading), which was palladated by treatment with a 0.5 M methanolic solution of Li2PdCl4 in the 
presence of NaOAc at room temperature for 1 week. The Pd content (0.12 mmol g-1) of the new 
polymer 3 was determined by ICP-OES. In order to find out where the Pd is bonded a dimeric 
complex 6 was prepared by palladation of 4-nitrobenzophenone oxime 5 in 94% yield. This 
palladacycle 6 was reduced with NaBD3CN to the corresponding deuterated oxime 5 in 91% 
yield, indicating that the palladation took place at the unsubstituted phenyl group (Scheme 1). 
Comparing the FT-IR spectra of the polymer 3 and complex 6 it was be deduced that both have a 
similar structure.12k  
 

6

Pd
N

4-NO2C6H4

OH

Cl )2

NPd
Cl OH

NO2PS

3

O2N

NOH
Li2PdCl4, NaOAc

MeOH, rt, 3 d

5

NOH

NO2PS

Li2PdCl4, NaOAc

MeOH, rt, 7 d

4

 
 

Scheme 1. Synthesis of palladacycles 3 and 6. 
 
 The arylation of methyl or tert-butyl acrylates and styrene in organic solvents with different 
aryl halides  was carried out using the different palladacycles 2, 3, and 6 using tertiary amines 
(Table 1). Initial studies were performed at the moderate temperature of 110 ºC in order to avoid 
thermal decomposition of polymeric complex 3. Quantitative yields were obtained in the 
arylation of methyl acrylate with iodobenzene in DMF and Et3N as base using palladacycles 1, 3, 
and 6, polymer complex 3 being less efficient (Table 1, entries 1-3). In the case of styrene, 
palladacycle 1 and 3 gave similar results (Table 1, entries 4 and 5). However, the use of Cy2NMe 
instead of Et3N afforded similar results in shorter reaction times (Table 1, compare entries 5 and 
6). In addition, polymeric and dimeric complexes 3 and 6 gave similar results (Table 1, entries 6 
and 7). When 4-chlorophenyl bromide was used for the arylation of tert-butyl acrylate in N,N-
dimethylacetamide (DMA) instead of DMF as organic solvent, the addition of tetra-n-
butylammonium bromide (TBAB) allowed to give high yields with a low loading (0.01 mol% of 
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Pd) of precatalysts 2, 3, and 6 (Table 1, entries 8-10). Similar results were obtained for the 
arylation of styrene (Table 1, entries 11-13). 4-Nitrophenyl chloride was chosen as an activated 
aryl chloride for the coupling with tert-butyl acrylate and styrene at 120 ºC with 1 and 0.5 mol% 
of Pd loading of complex 3 and 6, respectively (Table 1, entries 14-17). These reactions were 
also performed in the presence of TBAB as additive, affording the corresponding tert-butyl p-
nitrocinnamate and 1-phenyl-2(p-nitrophenyl)ethylene, respectively, in good yields with both 
palladacycles.   
 
Table 1. Mizoroki-Heck reactions in organic solvents. Reaction conditionsa 

Entry ArX Alkene Cat. 
 (Pd, 

mol%) 

Base Solvent t (h) Product   Yield 
(%)b 

1 PhI CH2=CHCO2Me 1(0.1) Et3N DMF 1.2 Ph
CO2Me  99c 

2   3(0.1)   1.6  97(92) 
3   6(0.1)   0.75  99 
4 PhI CH2=CHPh 1(0.1) Et3N  4 Ph

Ph  98c,d 

5   3(0.1)   6  94e 
6   3(0.1) Cy2NMe  3.5  98f 
7   6(0.1)   3.2  96d 
8 4-Cl-

C6H4Br 
CH2=CHCO2But 2(0.01) Cy2NMe DMAg 14 4-ClC6H4 CO2But  99 

9   3(0.01)   14  96(84) 
10   6(0.01)   14  99(88) 
11  CH2=CHPh 2(0.01)   14 4-ClC6H4 Ph  98h 

12   3(0.01)   24  92i 

13   6(0.01)   14  99j 
14 4-NO2- 

C6H4Cl 
CH2=CHCO2But

 3(1) Cy2NMe DMAg,k 14 4-NO2C6H4 CO2But  99(96) 

15   6(0.5)   14  92 
16  CH2=CHPh 3(1)   10 4-NO2C6H4 Ph  86i(69) 

17   6(0.5)   7  93l 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkene and base in 2 
mL of solvent. bDetermined by 1H NMR using diphenylmethane as internal standard. In 
parenthesis, yield after flash chromatography for the pure compound. cRef.9 dRegioisomeric ratio 
α/β: 1/10. eRegioisomeric ratio α/β: 1/5. fRegioisomeric ratio α/β: 1/6. gTBAB (1 mmol) was 
added. hRegioisomeric ratio α/β: 1/18. iRegioisomeric ratio α/β: 1/16. jRegioisomeric ratio α/β: 
1/20. kAt 120 ºC. lRegioisomeric ratio α/β: 1/17. 
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 For the Mizoroki-Heck reactions in aqueous solvents tert-butyl acrylate and 4-chlorostyrene 
were again chosen as coupling partners of different aryl halides using dimeric palladacycles 2 
and 6 and the polymer 3 and Cy2NMe as base (Table 2).  When water was used as solvent, the 
reactions were performed at 120 ºC bath temperature in a pressure tube. The arylation with 4-
chlorophenyl iodide took place very fast (2-4 h) with tert-butyl acrylate with all precatalysts 
using only 0.01 mol% of Pd (Table 2, entries 1-3). However, the same arylation of 4-
chlorostyrene was much slower (12-30 h) (Table 2, entries 4-6). In the case of aryl bromides and 
chlorides, aqueous DMA (1:4) and TBAB as additive were used in order to achieve good yields. 
4-Chlorophenyl bromide was coupled efficiently with tert-butyl acrylate and styrene under these 
reaction conditions with only 0.01 mol% of Pd with good yields (Table 2, entries 7-11), as in 
neat DMA (Table 1, entries 8-13). In the case of 4-nitrophenyl chloride, the arylation in the 
presence of palladacycle 3 and 6 with 1 and 0.5 mol% of Pd, respectively (Table 2, entries 12-
15), took longer reaction times than in neat DMA (Table 1, entries 14-17).  From all these 
experiments, it can be concluded that the polymeric palladacycle 3 showed a good catalytic 
activity similar to dimeric complexes 2 or 6, both in organic and aqueous solvents. 
 The arylation of acrylic systems such as the tert-butyl ester, acid, N,N-dimethyl amide, 
acrylonitrile, as well as methyl vinyl ketone with aryl iodides was carried out in DMF and in 
water (Table 3, entries 1-16). For the synthesis of tert-butyl p-chloro cinnamates, the Pd loading 
could be decreased to 0.001 mol% (TON = 105), and the reaction was faster in H2O than in DMF 
(Table 3, entries 1 and 2). The opposite reactivity was observed when 4-methoxyphenyl iodide 
was coupled with tert-butyl acrylate (Table 3, entries 3 and 4). Acrylic acid was coupled 
quantitatively with 4-fluorophenyl iodide using 0.1 mol% of Pd in both solvents 14(Table 3, 
entries 5 and 6). When phenyl iodide was coupled with N,N-dimethylacrylamide, a lower Pd 
loading was necessary in DMF than in H2O to obtain the corresponding cinnamide in high yields 
(Table 3, entries 7 and 8). Acrylonitrile was the only acrylic system, which gave a  mixture of 
Z/E-cinnamonitrile with 1 mol% of Pd (Table 3, entries 9 and 10). Methyl vinyl ketone was 
arylated with phenyl, 4-hydroxyphenyl, and 4-methoxyphenyl iodide to provide the 
corresponding enones with better yields in DMF than in  H2O using 0.01 mol% of Pd (Table 3, 
entries 11-16). These enones can be hydrogenated14 to the corresponding saturated ketones, such 
as 4-(p-hydroxyphenyl) and 4-(p-methoxy)phenylbutan-2-one, which are natural odorous 
products extracted from Aloe wood with raspberry scent approved by the FDA for food use. 
These saturated ketones have recently been prepared by our group by a one-step synthesis based 
on the Mizoroki-Heck reaction of but-3-en-2-ol with aryl halides.12k 
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Table 2. Mizoroki-Heck reactions in aqueous solvents. Reaction conditions studya 

Entry ArX Alkene Cat. 
 (Pd, 

mol%) 

Additive Solvent t 
(h) 

Product   Yield 
(%)b 

1 4-Cl-
C6H4I 

CH2=CHCO2But 2(0.01) - H2O 3 4-ClC6H4 CO2But  94c 

2   3(0.01) -  4  99(88) 
3   6(0.01) -  2  99 
4  CH2=CHC6H4-

4-Cl 
2(0.01) -  30 4-ClC6H4 C6H4-4-Cl  96d,e(79) 

5   3(0.01) -  23  96f(82) 
6   6(0.01) -  12  97g 
7 4-Cl-

C6H4Br 
CH2=CHCO2But

 2(0.01) TBAB DMAh 14 4-ClC6H4 CO2But  85c 

8   3(0.01)   14  99 
9  CH2=CHPh 2(0.01)   14 4-ClC6H4 Ph  95i(84) 

10   3(0.01)   24  86f 

11   6(0.01)   14  91f 

12 4-NO2- 
C6H4Cl 

CH2=CHCO2But
 3 (1) TBAB DMAh 20 4-NO2C6H4 CO2But  81 

13   6(0.5)   14  88 
14  CH2=CHPh 3 (1)   20 4-NO2C6H4 Ph  88j 

15   6(0.5)   14  95e(89) 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkene and Cy2NMe, 
1.5 mL of solvent in a pressure tube. bDetermined by 1H NMR using diphenylmethane as internal 
standard. In parenthesis, yield after flash chromatography for the pure compound. cRef.12g 
dRef.12e  eRegioisomeric ratio α/β: 1/16. fRegioisomeric ratio α/β: 1/10. gRegioisomeric ratio 
α/β: 1/6. hDMA/H2O: 4/1. iRegioisomeric ratio α/β: 1/12. jRegioisomeric ratio α/β: 1/14.  
 
 Methyl itaconate was stereoselectively phenylated in high yield using water as solvent and 
0.1 mol% of Pd (Table 3, entry 17). Other substituted acrylic systems such as, crotonic acid and 
cinnamonitrile were arylated with 4-fluorophenyl iodide in water with high diastereoselectivity 
in favor of the E-isomer (Table 3, entries 18 and 19). The reaction of crotonic acid resulted in 
lower conversion compared with that of cinnamonitrile and afforded isomeric products. For the 
coupling of aryl bromides and acrylic systems, aqueous DMA as solvent and TBAB as additive 
were used (Table 3, entries 20-23). However, in the case of aryl chlorides, neat DMA and TBAB 
proved the best reaction conditions (Table 3, entries 24 and 25). Most of these arylation reactions 
have been previously carried out using palladacycle 2 with similar results.12f  
 



Issue in Honor of Prof. Arlette Solladie-Cavallo                                                          ARKIVOC 2008 (viii) 50-67 

ISSN 1551-7012                                                       Page 56                                                         ©ARKAT USA, Inc. 

Table 3. Mizoroki-Heck reactions with acrylic derivatives using the polymeric palladacycle 3a 

Entry ArX Alkene Pd, 
mol% 

T 
(ºC) 

Solvent t 
(h) 

Product   Yield 
(%)b 

1 4-Cl-
C6H4I 

CH2=CHCO2But 0.001 110 DMF 36 4-ClC6H4 CO2But  99 

2   0.001 120 H2O 4  98 
3 4-MeO 

C6H4I 
 0.01 110 DMF 3 4-MeOC6H4 CO2But  99 

4   0.01 120 H2O 14  96(89) 

5 4-F-
C6H4I 

CH2=CHCO2H 0.1 110 DMF 13 4-FC6H4 CO2H  99(92)c 

6   0.1 120 H2O 13  99 
7 PhI CH2=CHCONMe2 0.01 110 DMF 13 Ph

CONMe2  97 

8   0.1 120 H2O 14  96(93) 
9 PhI CH2=CHCN 1 110 DMF 2.5 Ph

CN  96d 

10   1 120 H2O 8  98(81)e 

11 PhI CH2=CHCOCH3 0.01 110 DMF 13 Ph
COCH3  79f 

12   0.01 120 H2O 20  87(82)f 

13 4-HO-
C6H4I 

 0.01 120 DMA 24 4-HOC6H4 COCH3  79(74) 

14   0.01 120 H2O 24  56 

15 4-MeO 
C6H4I 

 0.01 120 DMA 14 4-MeOC6H4 COCH3  81(75) 

16   0.01 120 H2O 24  61 
17 PhI CO2Me

CO2Me  

0.1 120 H2O 14 CO2Me

CO2Me
Ph

 

97(84) 

18 4-F-
C6H4I 

CO2H  1 120 H2O 14 CO2H
Ph

 
48(36)g,h 

19  CN
Ph

 1 120 H2O 6 CN
4-FC6H4

Ph  

86(74)h 

20 4-MeO 
C6H4Br 

CH2=CHCO2But 0.1 120 DMA:H2Oi 21 4-MeOC6H4 CO2But  65 

21 4-Me 
C6H4Br 

 1 120 DMA:H2Oi 14 4-MeC6H4 CO2But  
99(91) 

22 PhBr CO2Me

CO2Me  

0.5 120 DMA:H2Oi 17 CO2Me

CO2Me
Ph

 

72 

23 4-Cl 
C6H4Br 

CO2Et  0.5 120 DMA:H2Oi 23 CO2Et
4-ClC6H4

 
69(60)j,k 
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24 4-Ac 
C6H4Cl 

CH2=CHCO2But 1 120 DMAl 22 4-AcC6H4 CO2But  
76(62) 

25 4-Me 
C6H4Cl 

 2 120 DMAl 36 4-MeC6H4 CO2But  
36 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkene and Cy2NMe, 
1.5 mL of solvent in a pressure tube in the case of water, 2 mL in organic solvents, or 5 mL in 
the case of aqueous DMA. bDetermined by 1H NMR using diphenylmethane as internal standard. 
In parenthesis, yield after flash chromatography for the pure compound. cAfter recrystallization. 
dZ/E: 1/5. eZ/E: 1/4. f10% of 4-phenylbutan-2-one was also obtained. gA 6% of 3-(p-
fluorophenyl)but-3-enoic acid and 2% of 4-(p-fluorophenyl)but-3-enoic acid were also obtained. 
h Z/E: 4/96. i4:1 and TBAB (1 mmol) as additive. jZ/E: 9/91. kA 12% of ethyl 3-(p-
chlorophenyl)but-3-enoate was also obtained. lIn the presence of TBAB (1 mmol) as additive. 
 
 Hydroxylated stilbenoids, specially resveratrol [3,4’,5-trihydroxy-(E)-stilbene], are very 
important class of natural products with important biological activity.15 The stilbenoid unit is 
used in molecular photonics and optoelectronics.16 In addition, methoxylated stilbenoids have 
shown activity against several human cancer cell lines17 and are potent CYP1B1 inhibitors 
valuable for the development for chemopreventive and therapeutic agents for cancer.18 The 
arylation of styrenes for the synthesis of methoxylated stilbenoids have been previously carried 
out in the presence of palladacycle 2.12e Now, the reaction promoted by polymeric palladacycle 3 
and related complex 6 was performed in aqueous DMA as solvent in the presence of TBAB as 
additive and Cy2NMe as base (Table 4). Thus, methylated resveratrol was prepared by arylation 
of 4-methoxystyrene with 3,5-dimethoxyiodobenzene19 using 2 or 3 (Table 4, entries 1 and 2). 4-
Methoxyphenyl bromide and 2-bromothiophene needed a higher Pd loading than 3,5-
dimethoxyiodobenzene, affording the corresponding stilbenes in high yields after reaction with 
3,4-dimethoxystyrene with both palladacycles 3 and 6 as precatalysts (Table 4, entries 3-6). It 
was reported that an anti-cancer agent DMU-212 [(E)-3,4,5,4’-tetramethoxystilbene]20 was 
prepared in 43% yield by coupling of 4-methoxystyrene with 3,4,5-trimethoxybromobenzene 
using 4 mol% of trans-[bis(2-ethyl-2-oxazoline-κ1N)palladium(II)dichloride at 153 ºC.20 We 
obtained this compound in 75% yield in our catalytic system using 3 or 6 in its 1 or 0.5 mol% of 
Pd loading at 120 ºC (Table 4, entries 7 and 8).  
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Table 4. Mizoroki-Heck reaction with styrenes using palladacyclesa 

Entry ArX Alkene Cat. 
(Pd, 

mol%) 

t 
(h) 

Product   Yield 
(%)b 

1 MeO

MeO

I

 

OMe  

2 
(0.05)  

5 

OMe

OMe

MeO

 

95c,d 

2   3 
(0.05) 

14  86e(75) 

3 4-MeO- C6H4Br 

OMe

OMe

 

3 (0.5) 14 

OMe

OMe

MeO

 

93f 

4   6 (0.5) 14  96g(84) 

5 
S Br  

 3 (0.5) 14 

OMe

OMe
S

 

90h 

6   6 (0.5) 14  95i(91) 

7 MeO

MeO
OMe

Br

 

OMe
 

3 (1) 14 

MeO

MeO
OMe

OMe

 

88j 

8   6 (0.5) 22  83j(75) 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkene and Cy2NMe, 
1 mmol of TBAB, and 5 mL of solvent in a pressure tube at 120 ºC. bDetermined by 1H NMR 
using diphenylmethane as internal standard. In parenthesis, yield after flash chromatography for 
the pure compound. cSee, reference 12e. dRegioisomeric ratio α/β: 1/6. eRegioisomeric ratio α/β: 
1/9. fRegioisomeric ratio α/β: 1/10. gRegioisomeric ratio α/β: 1/11. hRegioisomeric ratio α/β: 
1/16. iRegioisomeric ratio α/β: 1/19. jRegioisomeric ratio α/β: 1/8. 
 
 A related intramolecular Mirozoki-Heck reaction is the annulation reaction between internal 
alkynes and 2-halo substituted aromatic aldehydes and anilines for the synthesis of indenones 
and indoles, respectively, developed by Larock and col.21 Our previous studies with 1 revealed 
that similar cyclizations took place efficiently using K2CO3 as base and TBAB as additive in 
DMF at 130 ºC (Scheme 2 and Table 5).9b Under these reaction conditions, 3,4-
diphenylindenone was obtained by coupling of 2-bromobenzaldehyde with 1,2-
diphenylacetylene in the presence of 1 in 98% yield (Table 5, entry 1) and in the presence of  3 
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in 40% yield (entry 2). However, the use of a tertiary amine instead of K2CO3 allowed to 
increase the yield from to 88% in a shorter time (entry 3). Replacement of DMF with aqueous 
DMA also improved the yield to 71% (entry 4). The use of Cy2NMe in aqueous DMA induced 
an efficient formation of the indenone in 92% isolated yield (entry 5). The use of the dimeric 
palladacycle 6 gave the same results in shorter reaction time (entry 6).  
 

CHO

Br
+

Ph

Ph

cat. (1 mol% Pd)

base, TBAB, solvent, T

O

Ph

Ph

 
 

Scheme 2. Synthesis of 2,3-diphenylindenone. 
 
Table 5. Synthesis of 2,3-diphenylindenonea 

Entry Cat. Base Solvent T (ºC) t (h) Yield (%)b 
1 1 K2CO3 DMF 130 2 98c 

2 3 K2CO3
 DMF 130 16 40 

3 3 Cy2NMe DMF 130 8 88(80) 
4 3 K2CO3 DMA/H2Od 120 9 71 

5 3 Cy2NMe DMA/H2Od 120 6 92(81) 

6 6 Cy2NMe DMA/H2Od 120 3 92 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkyne and base,  1 
mmol of TBAB, 2 mL for DMF and 5 mL for aqueous DMA. bDetermined by 1H NMR using 
diphenylmethane as internal standard. In parenthesis, yield  after flash chromatography for the 
pure compound. cRef. 9b. d4/1. 
 
 The reaction of 2-iodoaniline with tolane has been performed previously in DMF and with 
K2CO3 using complex 19b

 providing the corresponding indole (Scheme 3 and Table 6, entry 1). 
These conditions were also the most appropriate when polymeric and dimeric palladacycles 3 
and 6 were used as precatalysts (Table 6, entries 2 and 3). The reaction using Cy2NMe in 
aqueous DMA at 120 ºC failed (Table 6, entry 4). 
 

NH2

I
+

Ph

Ph

cat. (1 mol% Pd)

base, TBAB, solvent, T

H
N

Ph

Ph

 
 
Scheme 3. Synthesis of 2,3-diphenylindole. 
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Table 6. Synthesis of 2,3-diphenylindolea 

Entry Cat. Base Solvent T (ºC) t (h) Yield(%)b 
1 1 K2CO3 DMF 130 10 98(50)c 

2 3 K2CO3
 DMF 130 10 99(97) 

3 6 K2CO3 DMF 130 9 96 
4 3 Cy2NMe DMA/H2Od 120 14 0 

a The reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkyne and base, 
1 mmol of TBAB, 2 mL for DMF and 5 mL for aqueous DMA. bDetermined by 1H NMR using 
diphenylmethane as internal standard. In parenthesis after flash chromatography for the pure 
compound. cRef. 9b. d4/1. 
 
 Recycling experiments of palladacycle 3 using DMF or water as solvents were performed for 
the reaction between acrylic derivatives and aryl iodides (Table 7). The arylation of methyl 
acrylate with iodobenzene in DMF at 110 ºC with Et3N as base was carried out with an initial 0.1 
mol% of Pd loading. After 8 consecutive cycles the yield was maintained above 90% after 10 h 
reaction time. The content of Pd in the crude products was in the range of 2.9-37.2 ppm, 
determined by ICP-OES. A similar study, but with 4-chloroiodobenzene and tert-butyl acrylate 
using water as solvent and Cy2NMe as base, gave almost quantitative yields during 8 cycles, 
keeping the reaction time between 2 and 3 h. The Pd leaching in the crude products was in the 
range of 9.7-13.4 ppm, and the leaching of Pd from the polymer was 0.4-5% in the experiments 
with DMF, and 2-2.7% in H2O. That means that the polymer degradates much more in DMF 
than in water. In addition, XPS analyses of the starting and recycled polymer detected only 
Pd(II). When these reactions were performed in the presence of 300 equiv. of Hg(0) by Pd 
equiv., the reaction did not take place after 5 h reaction time, indicating that the real catalyst are 
the Pd nanoparticles and that the polymer is acting as a source of these colloids. This has also 
been confirmed in the case of other palladacycles.4,5,22 The decomposition of this polymeric 
palladacycle to Pd nanoparticles took place similarly in organic and in aqueous media, which 
means that it is not necessary to employ other solid supports to increase the solubility in organic 
or aqueous solvents. 
 Using polymeric complex 3 several recycling experiments were carried out using the same 
batch of polymer in different arylation reactions either using DMF or water as solvents (Table 7). 
The same couplings shown in Tables 1-3 were performed using the recycled polymer with the 
same results. Thus, acrylonitrile, methyl vinyl ketone and N,N-dimethylacrylamide were arylated 
with iodobenzene and tert-butyl acrylate with 4-chloroiodobenzene either in DMF or in water in 
four consecutive runs with recycled 3 (Table 7). The corresponding products were obtained with 
the same yield in the same reaction time than using the new polymer, and also without 
contamination of the product on the subsequent run. 
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Table 7. Recycling experiments for the Mizoroki-Heck reaction with acrylic derivatives using 
the polymeric palladacycle 3a 

Run ArX Alkene Pd, 
mol%

T 
(ºC)

Solvent/ 
Base 

t 
(h)

Product   Yield 
(%)b 

1 PhI CH2=CHCO2Me 0.1 110 DMF/ 
Et3N 

1.6 Ph
CO2Me  

97 

2      2  97 
3      2.5  92 
4      3  97 

5      4  96 

6      4.5  94 
7      6.7  95 
8   

   10  90 
1 4-Cl-

C6H4I 
CH2=CHCO2But

 0.1 120 H2O/ 
Cy2NMe

2 4-ClC6H4 CO2But 99 

2      2.5  99 
3      2.5  99 

4      2  93 
5      2.5  96 
6      2.5  98 

7      3  99 
8      3  98 
1 PhI CH2=CHCN 1 110 DMF/ 

Cy2NMe
2.5 Ph

CN  96c 

2  CH2=CHCOCH3 0.1 110 DMF/ 
Cy2NMe

7 Ph
COCH3  95 

3  CH2=CHCONMe2 0.1 110 DMF/ 
Cy2NMe

14 Ph
CONMe2  99 

4 4-Cl 
C6H4I 

CH2=CHCO2But 0.01 110 DMF/ 
Cy2NMe

2.5 4-ClC6H4 CO2But 99 

1 PhI CH2=CHCN 1 120 H2O/ 
Cy2NMe 

8 Ph
CN  98d 

2  CH2=CHCOCH3 0.1 120 H2O/ 
Cy2NMe

8.5 Ph
COCH3  92 

3  CH2=CHCONMe2 0.1 120 H2O/ 
Cy2NMe

14 Ph
CONMe2  99 

4 4-Cl 
C6H4I 

CH2=CHCO2But 0.01 120 H2O/ 
Cy2NMe 

3 4-ClC6H4 CO2But 99 

aThe reactions were carried out using 1 mmol of aryl halide, 1.5 mmol of alkene and base, 1.5 
mL of solvent in a pressure tube in the case of water or 2 mL in the case of DMF. bDetermined 
by 1H NMR using diphenylmethane as internal standard. cZ/E: 1/5. dZ/E: 1/4. 
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 As conclusion, the high catalytic efficiency of the the polymeric palladacycle derived from 
Kaiser oxime resin similar to that of related unsupported dimeric palladacycles was observed in 
the Mizoroki-Heck reaction. This polymer showed a good catalytic activity, not only in organic 
but also in aqueous media, for aryl iodides, bromides and activated chlorides with high TONs, 
under aerobic conditions at relatively lower temperature. Electron-poor and electron-rich alkenes 
can be arylated with high regio- and diastereoselectivity with high functional group tolerance. It 
is worthy to mention that the anti-cancer agent DMU-212 [(E)-3,4,5,4’-tetramethoxystilbene] has 
been prepared in one step for commercially available materials with the highest yield described 
so far. Annulation reactions of 2-halo substituted aldehyde and aniline with tolane were also 
carried out with high yields under appropriate reaction conditions. Recycling experiments 
showed a high stability and activity of this polymer during at least 8 cycles in organic and 
aqueous solvents, specially in neat water, with low levels of Pd leaching. It is remarkable that the 
analyzed crude products in the recycling experiments contain from 2.9 to 37.2 ppm Pd and that 
the required purity for active pharmaceutical ingredients (APIs) must be kept typically from 2-20 
ppm.23 Therefore, this polymeric palladacycle could be a good precatalyst to be implemented in 
pharmaceutical processes. XPS analysis and poisoning studies indicated clearly that this polymer 
is a precatalyst acting as a source of Pd nanoparticles. Based on the studies recently performed 
with a membrane reactor it was demonstrated that the real catalyst are both the Pd(0) atoms and 
Pd(II) reaction intermediates, which have leached into the solution from the clusters or from an 
oxidative addition of the aryl halide from the cluster, respectively, and not the cluster itself.24 
From our studies, it can be concluded that this polymer is a general precatalyst for Mizoroki-
Heck reactions suitable to be used in the reaction media where related dimeric palladacycles 
worked well. 
 
 
Experimental Section 
 
General. The reagents and solvents were obtained from commercial sources and were generally 
used without further purification. Flash chromatography was performed on silica gel 60 
(0.040−0.063 mm, Merck). Thin layer chromatography was perfomed on Polygram® SIL 
G/UV254 plates. Mps were determined on a Reichert Thermovar apparatus. Gas chromatographic 
analyses were performed on a HP−6890 instrument equipped with a WCOT HP−1 fused silica 
capillary column. IR data were measured on a Nicolet Impact−400D−FT spectrophotometer in 
cm-1. 1H NMR spectra were recorded on a Bruker AC−300 (300 MHz) and Bruker AC−400 (400 
MHz). Chemical shifts are reported in ppm using tetramethylsilane (TMS, 0.00 ppm) as internal 
standard. 13C NMR spectra were recorded at 75 or 100 MHz. EI−MS were measured on a Mass 
Selective Detector G2579A from Agilent Technologies 5973N in m/z (rel. intensity in % of base 
peak). The catalysts were weighed up in an electronic microscale (Sartorius, XM1000P) with 
precision of 1 µg. ICP−OES analyses were performed in a Perkin-Elmer Optima 4300 
spectrometer. X-Ray photoelectron spectroscopy (XPS) analyses were performed in a VG-
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Microtech Multilab 3000.  Palladacycles 1 and 2 and Kaiser oxime resin are commercially 
available. Palladacycles 3 and 6 were prepared as described in ref. 12k.  
 
A typical experimental procedure for the Mizoroki-Heck reaction of aryl iodides on water. 
A pressure tube was charged with the aromatic iodide (1 mmol), alkene (1.5 mmol), Cy2NMe 
(0.320 mL, 1.5 mmol), catalyst 1 or 3 (see Tables) and water (1.5 mL). The mixture was stirred 
at 120 ºC (bath temperature), and the reaction progress was monitored by GLC. The reaction 
mixture was cooled to rt, and an aqueous solution of 2M HCl (10 mL) was added. The mixture 
was poured into ethyl acetate (40 mL) and washed with 2M HCl (2 x 20 mL) and H2O (2 x 20 
mL). The organic layer was dried over MgSO4, and the solvents were removed under vacuum 
(15 mm Hg).The reaction yield was calculated by 1H-RMN (300 MHz). The residue was purified 
by flash chromatography with hexane/ethyl acetate. 
 
A typical experimental procedure for the Mizoroki-Heck reaction of aryl bromides and 
chlorides on aqueous solvents. A pressure tube was charged with the aryl bromide or chloride 
(1 mmol), alkene (1.5 mmol), Cy2NMe (0.320 mL, 1.5 mmol), catalyst  (see Tables), n-
tetrabutylammonium bromide (322 mg, 1 mmol), water (1 mL), and dimethylacetamide (4 mL). 
The mixture was stirred at 120 ºC (bath temperature), and the reaction progress was monitored 
by GLC. The reaction was cooled to rt, and an aqueous solution of 2M HCl (10 mL) was added. 
The crude reaction was poured into ethyl acetate (40 mL) and washed with 2M HCl (2 x 20 mL) 
and H2O (4 x 20 mL). The organic layer was dried over MgSO4, and the solvents were removed 
under vacuum (15 mm Hg).The reaction yield was calculated by H-RMN (300 MHz). The 
residue was purified by flash chromatography with hexane/ethyl acetate. 
 
A typical experimental procedure for the Mizoroki-Heck reaction in organic solvents. A 
mixture of  aryl halide (1 mmol), alkene (1.5 mmol), amine (1.5 mmol), TBAB (0.322 g, 1 
mmol) in the case of aryl bromides and chlorides, and catalyst  (see Tables), was dissolved in 
DMF or DMA (2 mL). The mixture was stirred at 120 ºC (bath temperature) and the reaction 
progress was monitored by GLC. The reaction was cooled to rt, and an aqueous solution of 2M 
HCl (10 mL) was added. The crude reaction was poured into ethyl acetate (40 mL) and washed 
with 2M HCl (2 x 20 mL) and H2O (4 x 20 mL). The organic layer was dried over MgSO4, and 
the solvents were removed under vacuum (15 mm Hg).The reaction yield was calculated by 1H-
RMN (300 MHz). The residue was purified by flash chromatography with hexane/ethyl acetate. 
 
A typical experimental procedure for the Heck reaction. Recycling experiments. The 
reaction was performed under the above described conditions: aromatic halide (1 mmol), alkene 
(1.5 mmol), base (1.5 mmol), 3 (see Table 7), solvent (1.5 mL H2O, 5 mL DMA/H2O 4:1 or 2 
mL DMF) and TBAB (1 mmol), at the corresponding temperature. When the reaction was 
finished, the catalyst was filtered off using a porous plate G4, washed with ethyl acetate, and 
dried under vacuum for 20 minutes. The crude product was purified as described above. 
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Synthesis of 2,3-diphenylindenone. A solution of 2-bromobenzaldehyde (0.117 mL, 1 mmol), 
diphenylacetylene (267 mg, 1.5 mmol), dicyclohexylmethylamine (0.321 mL, 1.5 mmol) or 
potassium carbonate (277 mg, 2 mmol), tetra-n-butylammonium bromide (322 mg, 1 mmol), 1 (1 
mol % Pd) in N,N-dimethylacetamide (4 mL) and water (1 mL) or DMF (4 mL) was stirred at 
120-130 ºC and the reaction progress was analyzed by GLC. After the reaction was completed, 
the resulting solution was cooled to rt, poured into ethyl acetate (40 mL) and washed with H2O 
(3 x 30 mL). The organic layer was dried over MgSO4 and evaporated (15 mm Hg) and, the 
residue was purified by flash chromatography with hexane/ethyl acetate to afford the indenone as 
a red solid. Mp 147-149 ºC (lit.25 mp 152-154 ºC). 
Synthesis of 2,3-diphenylindole. A solution of 2-iodoaniline (224 mg, 1 mmol), 
diphenylacetylene (267 mg, 1.5 mmol), potassium carbonate (277 mg, 2 mmol), tetra-n-
butylammonium bromide (65 mg, 0.2 mmol), 1 (1 mol % Pd) DMF (4 mL) was stirred at 130 ºC, 
and the reaction progress was analyzed by GLC. After the reaction was completed, the resulting 
solution was cooled at rt, poured into ethyl acetate (40 mL) and washed with H2O (3 x 30 mL). 
The organic layer was dried over MgSO4 and evaporated (15 mm Hg) and, the residue was 
purified by flash chromatography with hexane/ethyl acetate to afford the indole as a yellow solid. 
Mp 120-121 ºC (lit.26 mp 124-125 ºC) 
(E)-2-(3,4-Dimethoxystyryl)thiophene. White solid; m.p. 108-110 ºC; Rf = 0.28 (hexane/ethyl 
acetate 5:1); 1H-RMN (300 MHz, CDCl3):  δ = 7.16 (d, 1H, J = 4.8 Hz, ArCH), 7.10 (d, 1H, J = 
16.2 Hz, CHtrans), 7.07-6.97 (m, 4H, ArH), 6.87 (d, 1H, J = 16.2 Hz, CHtrans), 6.83 (d, 1H, J = 8.7 
Hz, ArH), 3.92 (s, 3H, CH3O), 3.89 (s, 3H, CH3O); 13C-RMN (75 MHz, CDCl3)  δ= 149.2, 
149.0, 143.2, 130.1 (ArC), 128.3, 127.7, 125.6, 123.9, 120.1, 119.7, 111.3, 108.6 (CH), 56.0, 
55.9 (CH3); HRMS (m/z): Calcd for C14H14O2S: 246.0715; Found: 246.0733; Elemental Analysis 
calcd. for C14H14O2S: C 68.26, H 5.73, S 13.02; Found: C 68.30, H 5.78, S 13.07. 
The following compounds are known: (E)-1,2,3-trimethoxy-5-(4-methoxystyryl)benzene,27 (E)-
1,2,3-trimethoxy-5-(4-methoxystyryl)benzene,28 (E)-1,2-dimethoxy-4-(4-methoxystyryl) 
benzene,29 (E)-stilbene,30 (E)-1,2-di(4-clorofenil)etileno,31 (E)-1-nitro-4-styrylbenzene,32 (E)-1-
chloro-4-styrylbenzene,33 methyl cinnamate,34 (E)-ethyl 3-(4-chlorophenyl)but-2-enoate,12g (E)-
tert-butyl 3-(4-chlorophenyl)acrylate,12g (E)-3-(4-fluorophenyl)-3-phenylpropenonitrile,12g (E)-3-
(4-fluorophenyl)-3-phenylpropenoic acid,12g (E)-4-fluorocinnamic acid,35 (E)-tert-butyl 3-(4-
methylphenyl)acrylate,36 (E)-tert-butyl 3-(4-acetylphenyl)acrylate,37 (E)- tert-butyl 3-(4-
methoxyphenyl)-2-propenoate,38 (E)-cinnamonitrile,39  3-phenyl-N,N-dimethyl-2-propenamide,40 
dimethyl (E)-5-phenylitaconate,41 (E)-4-phenyl-3-buten-2-one,42  (E)-4-(4-hydroxyphenyl)but-3-
en-2-one,43 (E)-4-(4-methoxyphenyl)but-3-en-2-one,44 (E)-tert-butyl 3-(4-
chlorophenyl)acrylate,45 and (E)-tert-butyl 3-(4-methoxyphenyl)acrylate.46 
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