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Abstract 
The catalytic activity of a 2-pyridinealdoxime-based Pd(II)-complex covalently anchored via the 
oxime moiety to a glass/ polymer composite material was evaluated both under thermal as well 
as microwave (µw) irradiating conditions in water in Mizoroki-Heck as well as Sonogashira C-C 
cross-coupling reactions. Synthesis of benzo[b]furan derivatives via Sonogashira cross coupling 
reaction was achieved when ortho-halo-phenols were employed as aryl halides. The stability and 
reusability of this Pd-precatalyst was part of the present study. 
 
Keywords: Catalysis, immobilization, microwave, Mizoroki-Heck reaction, palladium, 
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Introduction 
 
Heterogenization of organotransition metal complexes,1 particularly based on palladium, offers 
several significant practical advantages for synthetic chemistry, including industrial 
applications.2 Among these, the ease of separation of the catalyst from the desired reaction 
products and the ease of recovery, as well as reuse of the catalyst are most significant. The 
inherent problem of heterogenization of homogeneous catalysts or precatalysts is associated with 
disfavored kinetics of the biphasic catalytic system compared to the monophasic counterpart in 
solution. One way to overcome this drawback is the use of microwave irradiation.3 Indeed, 
combined microwave-assisted solid-phase technique using homogeneous palladium catalysts has 
recently been used in several C-C cross coupling reactions.4 In this context, we reported on the 
use of heterogeneous Pd-precatalysts based on 2-pyridinealdoxime in Suzuki-Miyaura cross 
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coupling reactions under microwave irradiating (µw) conditions.5 The Suzuki-Miyaura reaction 
is particularly well suited because it can be performed in aqueous suspensions which allow 
submission of microwaves as heating medium.  

 Other important Pd-catalyzed C-C coupling reactions are the Mizoroki-Heck6 and 
Sonogashira7,8 reactions which can be carried out using palladacycles as precatalysts.9 However, 
applications of palladacycles in these type of cross coupling reactions which are anchored to a 
solid phase are still limited.10-14 The examples of immobilized palladacycles studied so far were 
found to be highly active in Mizoroki-Heck and Sonogashira C-C-cross coupling reactions but 
turned out to be not well suited for recycling protocols. For example, the precatalyst 1 lost most 
of its activity after the first run under Mizoroki-Heck reaction conditions between iodobenzene 
and styrene.10 The authors used N-methylpyrrolidinone (NMP) as solvent which has good 
coordinative properties and therefore may account for the rapid removal of Pd from the solid 
support. The Pd(II)-complex 2, studied by Luo et al.,11 supports this rationalization as it was 
found to be active and recyclable in Mizoroki-Heck and Sonogashira reactions only when ether 
was used as solvent. However, it failed to be reusable in polar solvents. The authors encountered 
a reaction time of 72 h for the Sonogashira- and 48 h for the Mizoroki-Heck cross coupling 
reaction of p-bromoacetophenone with phenylacetylene and styrene, respectively. Bergbreiter12 

reported on precatalyst 3 to be active and recyclable in Mizoroki-Heck reactions with aryl 
iodides. In addition, complex 4 was repeatedly employed in Mizoroki-Heck cross coupling 
reactions of aryl iodides but turned out not to be recyclable with bromides. Again, the reaction 
time was 72 h for the coupling of p-bromoacetophenone with styrene.13 Polymer-supported 
phosphapalladate 5 shows catalytic activity in Sonogashira reactions in the presence of CuI 
under argon atmosphere.14 Similar results were obtained with silica-supported catalyst 6. In the 
absence of CuI only aryl iodides could be coupled.15,16 
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Figure 1. Selected immobilized palladacycles. 
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 Recently, we reported on the heterogeneous Pd-precatalyst 7 anchored to a polystyrene 
phase which is part of a highly megaporous glass/polymer composite matrix shaped as Raschig 
rings. It turned out to be a highly active and recyclable catalytic system for Suzuki-Miyaura cross 
coupling reactions in water.5 As a continuation of this work, we evaluated palladium(II)-
precatalyst 7 for its suitability in Mizoroki-Heck and Sonogashira cross coupling reactions under 
microwave irradiating conditions again using water as solvent. The studies also include the 
utility of 7 for the preparation of benzo[b]furans from alkynes and ortho-halophenols.  
 The Mizoroki-Heck reaction has not been extensively studied in aqueous media yet. In one 
of the first publications on this topic, ligand-free palladium(II) salts were used for the Mizoroki-
Heck reaction in water or in aqueous organic solvents.17 Palladium(II) acetate, either employed 
ligand-free18 or in the presence of phosphane19 was an appropriate catalyst for the Mizoroki-
Heck reaction under phase-transfer conditions (PTC) in aqueous media. Arylation of styrene in 
water under PTC was catalyzed by palladium on carbon in the presence of the reducing agent.20 
Recently, a di-2-pyridylmethylamine- based palladium chloride complex21 and a cyclopalladated 
ferrocenylimine22 were shown to be good catalysts for Mizoroki-Heck reactions in water. The p-
hydroxyacetophenone oxime- derived palladacycle was found to be an efficient catalyst for 
various Mizoroki-Heck reactions in water under thermal as well as microwave conditions and in 
the absence of an inert atmosphere.23  
 
 
Results and Discussion 
 
Mizoroki-Heck reactions under microwave irradiating conditions in water.  The possibility 
of carrying out Mizoroki-Heck cross-coupling reaction in water and under air could be of great 
importance for the development of industrial processes.2,24,25 Therefore, at first, the catalytic 
activity of the Pd(II) precatalyst 7 was optimized in the Mizoroki-Heck cross-coupling reaction 
of 4-bromoacetophenone 8 with tert-butyl acrylate 9 (Table 1). The reaction was carried out in 
water, dimethylformamide or acetonitrile as solvents using different bases (e.g. NEt3, iPr2NH, 
NaOAc, K2CO3, NaOH and KOH). Among the solvents tested, water gave the best results (100% 
conversion) in the presence of either NaOH or iPr2NH as bases. Under the same conditions, the 
other bases Et3N, K2CO3, NaOAc and KOH gave 29%, 49%, 5% and 67% conversions, 
respectively. The use of DMF with either NaOH or iPr2NH as bases also afforded full 
conversions (100%). Thus, treatment of 4-bromoacetophenone 8 (1 mmol) with tert-butyl 
acrylate 9 (1.5 mmol) in water (3 mL) at 100°C for 7 h in the presence of tetrabutylammonium 
bromide (0.5 mmol), di-isopropylamine (3 mmol) and the Pd-precatalyst 7 (0.7 mol.%, i.e. a 
quarter piece of one Raschig ring that was loaded with about 2.8 mol.% palladium with reference 
of 1 mmol scaled reactions) resulted in quantitative formation of tert-butyl p-acetylcinnamate 10. 
Not surprisingly, water was found to be superior to DMF as solvent as far as reusability of the 
catalytic system was concerned. In DMF complex 7 lost its catalytic activity soon after the first 
run while in water deactivation was observed after the third run under thermal heating. However, 
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under microwave irradiating conditions precatalyst 7 became inactive after the first run both in 
water and DMF. This observation is in sharp contrast to our findings for Suzuki-Miyaura 
reaction with the same heterogeneous system.5 In the latter case, precatalyst 7 could be reused 
both under thermal as well as microwave irradiating conditions for at least ten consecutive runs. 
However, microwave irradiating conditions greatly facilitates to reduce the reaction time for the 
solid-phase assisted catalytic C-C coupling reaction but it appears that this is achieved for the 
price of more rapid deactivation of the catalytic system. Additionally, we altered the loading of 
the Pd-complex on the glass/polymer composite material and studied its influence on the 
outcome of the Mizoroki-Heck reaction (Table 1).  
 
Table 1. Reusability of the Pd-precatalyst in a Mizoroki-Heck model reaction 

0.7 mol%, iPr2NHMe

O

Br

Me

O

CO2tBu

+ CO2
tBu

N
NO PdCl2

7

9 108  
 

Run 
Thermal heating a,b 
  Water      DMF 

µw Heating a,b 
Water      DMF 

High loading c     
1 100 100 100 100 
2 88 38 <1 -- 
3 23 --   
Low loading d     
1 64 100 96 100 
2 6 <1 <1 -- 
a Conditions: Bromide/olefin/i-Pr2NH/TBAB= 1/1.5/3/0.6, solvent (3 ml), 7 (0.7 mol.%), 100°C 
for thermal heating and 150°C (200 watt) for µw heating in water; 130°C for thermal heating and 
150°C (200 watt) for µw irradiation in DMF. TBAB was only used when water was used as 
solvent. b GC-yields in %. c High Pd content (0.09 mmol 7 per g Raschig rings). d Low Pd 
content (loading was carried out with one tenth of Pd complex which equals 0.01 mmol 7 per g 
Raschig rings).  
 
 The rationale for this study is associated with the fact that there has been much debate on 
the catalytically active species that is operating in C-C coupling reactions when Pd(II) 
palladacycles are employed. Complexes that are listed in Figure 1 may serve as “dormant 
species”9a that are not involved in the real catalytic cycle but are a source of coordinative 
unsaturated “PdLn” species of unknown nature or release a considerable amount of colloidal 
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Pd(0) which also can show catalytic activity at low concentrations as was shown for Mizoroki-
Heck reactions.10,12d,26 When 0.1 mol.% of 7 (0.01 mmol / g composite material) was employed 
in the coupling of 4-bromoacetophenone 8 with tert-butyl acrylate 9 conversion was determined 
to be 93% which favorably compares to 56% for 0.1 mol.% of precatalyst 7 (0.09 mmol / g 
composite material. The larger “dilution” of the Pd source on the polymeric phase may retard the 
formation and growth of colloids which leads to inactivation. 
 Studies on the catalytic power of the catalytic system 7 on the rate of conversion under 
microwave irradiating conditions revealed that, after 5 minutes, full conversion was commonly 
achieved when 1 mol.% or 0.7 mol.%, respectively, of precatalyst 7 was employed. Still, 96% of 
conversion was reached using 0.3 mol.% of 7. When the molar ratio was further reduced to 0.1 
and 0.05 mol.%, 56% and 12% of conversions, respectively, were encountered after 5 minutes of 
µw irradiation using iPr2NH, TBAB and water as reaction mixture. No C-C coupling reaction in 
the absence of 7 even in the presence of tetrabutylammonium bromide under thermal as well 
microwave heating conditions was detected by GC. The presence of tetrabutylammonium 
bromide (TBAB) is essential for carrying out Mizoroki-Heck cross-coupling of aryl chlorides 
and aryl bromides.27 Indeed, in the absence of TBAB conversion went down to 43% (for di-
isopropylamine as base) and 4% (for NaOH as base), respectively, in water, when conventional 
heating was employed. Microwave irradiation in the absence of TBAB using 0.7 mol.% of Pd-
precatalyst 7 resulted in full conversion of 4-bromoacetophenone 8 into the cinnamate ester 10 
when di-isopropylamine was used as base while with NaOH only 6% of the coupling product 10 
was formed. These results may be attributed to the ability of di-isopropylamine to react with the 
hydrogen halide generated during the reaction to quaternary ammonium salts formed in situ. This 
salt may then fulfill a similar role as TBAB which cannot be generated when an inorganic base 
such as NaOH is used. 
 In the following we employed the optimized conditions for carrying out Mizoroki-Heck 
reactions with heterocyclic bromides and tert-butyl acrylate 9 (Table 2). Again, in all cases, 
water was found to be superior to DMF under both conventional as well as µw irradiating 
conditions. In cases where prolonged reaction times are required under µw conditions, 
conventional heating is preferable (entries 4 and 6, Table 2). This may reflect the lack of stability 
of the palladium precatalyst 7 under µw irradiating conditions.  
 Interestingly, the cross-coupling reaction of aryl and heteroaryl bromides was highly regio- 
and stereoselective and provided only the thermodynamically more stable E-isomer of β-
substituted tert-butyl acrylates where GC, GC-MS and 1H NMR-spectra of the crude reaction 
mixture did not reveal any evidence for α-arylation or the formation of Z-isomers. In addition, 
we also did not encounter the formation of carboxylic acids in the crude products which would 
have originated from ester hydrolysis under the basic conditions. 
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Table 2. Mizoroki-Heck reaction of heterocyclic bromides with tert-butyl acrylate, 8 

Ar-X +

10 - 15

CO2
tBu

N
NO PdCl2

7

CO2
tBu

Ar

9  
 
Entry Ar-X Base Solvent Product Thermal heating a 

Time (h)  Yield% 
b 

µw heating a 
Time(min) 
Yield% b 

1 Et3N DMF 10 6 86 5 96 
2 i-Pr2NH/ TBAB Water 10 7 100 (95) 5 100 (93) 
3 
 

Me
O

Br

 NaOH Water 10 7 100 (95) 5 100 

4 Et3N DMF 11 3 100 (97) 10 20 
5 
 

N

Br

Cl  i-Pr2NH/ TBAB Water 11 10 100 (97) 15 46 

6 Et3N DMF 12 6 100 (94) 10 5 
7 
 

N

Br

 i-Pr2NH/ TBAB Water 12 6 100 (90) 20 99 (84) 

8 Et3N DMF 13 24 5 15 32 
9 
 

N

Br

 i-Pr2NH/ TBAB Water 13 8 90 (78) 10 94 

10 Et3N DMF 14 8 43 15 24 
11 
 

N

Br

 
i-Pr2NH/ TBAB Water 14 12 61 (48) 15 56 

12 Et3N DMF 15 4 100 (89) 5 100 (93) 
13 S I  i-Pr2NH/ TBAB Water 15 6 100 (92) 5 91 
a Conditions: Halide/olefin/base/TBAB= 1/1.5/3/0.6, DMF or water (3.5 ml), Pd-precatalyst 7 
(0.7 mol.%), 100°C (water) or 130°C (DMF) for thermal heating; 150°C (200 watt) for µw 
heating. b GC-yields; values in parentheses refer to isolated yields of pure products.  
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Table 3. Mizoroki-Heck reactions of heterocyclic halides with styrene, 16 

PhAr
+PhAr-X +

17a-22a

N
NO PdCl2

7
Ph

Ar

16
H2O, TBAB

(0.7 mol%)

17b-22b  
 
Entry Ar-X 

 
Base Products Thermal heating a 

T (h)    a % b     b % b 
µw heating a 
t (min.)  a % b      b % b 

1 i-Pr2NH  17a,b 15 58c       2 15   90 (89)d   10 
2 

Br

O  NaOH 17a,b 5 98 (92)   2 5 97 (94)    3 

 
3 

 
i-Pr2NH 

 
18a,b 

 
15 

 
34 

 
1        

 
15 

 
90 (89) 

 
10e 

4 
 

N

Br

Cl  NaOH 18a,b 15 97 (95)  3 10 97 (92)     3 

5 i-Pr2NH 19a,b 15 38        2 15 90         10 
6 N

Br

 NaOH 19a,b 15 96 (89)   4 10 91 (90)     9 
 
7 

 
i-Pr2NH 

 
20a,b 

 
15 

 
60 

 
4 

 
15 

 
90 (89)  

 
10 (7) 

8 
N

Br

 NaOH 20a,b 12 97 (91)   3 15 92 (85)     8 
 
9 

 
i-Pr2NH 

 
21a,b 

 
20 

 
21        

 
2 

 
5 

 
84 (78) 

 
16 (13)   

10 
 

N

Br

 NaOH 21a,b 8 78        2 15 89        10 

11 i-Pr2NH 22a,b 6 95 (91)   5 10 92 (87)     8 
12 S I  NaOH 22a,b 5 92        8 7 91          9 
a Conditions: Halide/olefin/base/TBAB= 1/1.5/3/0.6, water (3 ml), 7 (0.7 mol.%), 100°C for 
thermal heating and 160°C (250 watt) for µw heating. b GC-yields; values in parentheses refer to 
isolated yields of pure products. c 100% (GC) after 5 h when 2.8 mol.% of precatalyst 7 was 
employed. d 94% (GC) after 5 minutes when 2.8 mol.% of precatalyst 7 was employed; 76% 
(GC) after 5 minutes when 0.7 mol.% of precatalyst 7 was employed. e 18b was isolated in 
minute amounts, so that analysis was only based on 1H NMR spectroscopy and MS. 
 
 Although both water/NaOH as well as water/i-Pr2NH gave best results in the cross 
coupling reaction of active tert-butyl acrylate 9 with 4-bromoacetophenone 8, the reaction 
mixture water/i-Pr2NH did not give the expected results under conventional heating conditions in 
related Mizoroki-Heck reactions with less reactive styrene 16. However, full conversion was 
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achieved under µw irradiating conditions (entry 1, Table 3). Similar observations were noticed 
for Mizoroki-Heck reactions with all other heteroaryl bromides with styrene (entries 3, 5, 7 and 
9, Table 3). However, similar Mizoroki-Heck reaction of the highly reactive 2-iodothiophene 
with styrene using either water/NaOH or water/iPr2NH furnished full conversion under both 
thermal as well as µw irradiating conditions (entries 11 and 12, Table 3). In each case, GC, GC-
MS and 1H NMR-spectroscopy of the crude reaction mixture confirmed the formation of two 
isomeric products. The ratio of the two isomers 17a,b – 22a,b was about 20:1 under thermal 
conditions and about 12:1 under µw irradiating conditions. The major products were the E-
isomers of 1,2-disubstituted alkenes 17a-22a while the minor byproducts were clearly not the Z-
isomers but turned out to be the 1,1-disubstituted alkenes 17b-22b, the regioisomer formed upon 
α-arylation.28 The 1H-, 13C- and HMQC spectra of compound 21b (as a selected example) 
confirmed the formation of the 1,1-disubstituted ethylene structure and ruled out the alternative 
Z-isomer. 
 
Sonogashira reactions under microwave irradiating conditions in water 
Commonly, Sonogashira cross-coupling reactions are carried out under inert atmosphere using 
degassed organic solvents and phosphine ligands in the presence of a copper(I) source.29,30 
Additionally, organic solvents are usually employed which can serve as good ligands for 
palladium particles, which may remove palladium from the solid phase into solution. By keeping 
those obstacles in mind we extended our studies on the catalytic activity of the heterogeneous 
palladium precatalyst 7 on Sonogashira cross coupling reactions of aryl and heteroaryl bromides 
with phenylacetylene under aqueous copper- and phosphine- free conditions in air. Under 
phosphine- and copper free conditions in water as solvent and di-isopropylamine as base the 
cross coupling of phenyl acetylene 23 with 4-iodoacetophenone using precatalyst 7 afforded 
diaryl acetylene 24 both under thermal as well as µw irradiating conditions (entries 1 and 2, 
Table 4). With 4-bromoacetophenone the conversion to the desired diaryl acetylene 24 was 
inefficient irrespective of the mode heating applied. Only when sodium hydroxide served as base 
full conversion for this reaction was encountered (entry 4, Table 4).  
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Table 4. Sonogashira reaction under thermal and µw conditions in water 

Ar-X + Ph PhAr
water/base/TBAB

24 - 2823

N
NO PdCl2

7 (0.7 mol%)

 

Entry Ar-X 
 

Base Produc
t 

Thermal heating a 
Time (h)    Yield 
% b 

µw Heating a 
Time  (min)     Yield 
% b 

1 
2 

I

O  

i-Pr2NH  
NaOH 

24 
24 

3 
3 

100 (76)
100 

5 
5 

100 
100 (81) 

3 
4 

Br

O  

i-Pr2NH 
NaOH 

24 
24 

15 
6 

35 
100 (83)

10 
10 

41 
100 

5 
N

Br

Cl  
NaOH 
 

25 6 100 (92) 15 100 (82) 

6 
N

Br

 
NaOH 26 6 100 (77) 15 100 

7 
N

Br

 
NaOH 27 6 100 (90) 20 99 (84) 

8 
S I  

i-Pr2NH 28 0.5 100 (81) 5 100 

a Conditions: Halide/acetylene/base/TBAB= 1/1.5/3/0.6, water (2.5 ml), 7 (0.7 mol.%),100°C for 
thermal heating and 160°C (250 watt) for µw heating. b GC-yields; values in parentheses refer to 
isolated yields of pure products.  
 
 Interestingly, the cross-coupling of phenylacetylene 23 with heteroaryl bromides (entries 
5-7, Table 4) in water in the presence of sodium hydroxide afforded the corresponding aryl 
heteroaryl acetylenes 25-28 in high isolated yields with full conversions regardless which mode 
of heating technique was employed. In addition, we found that the Sonogashira coupling of 2-
iodothiophene with phenylacetylene 23 is remarkably facile (30 min) in comparison to alternate 
solid phase examples from the literature which commonly require 72 h.11 Therefore, we decided 
to study the recyclability of the precatalyst 7 under thermal conditions. Thus, treatment of 2-
iodothiophene with phenylacetylene 23 and di-isopropylamine in water in the presence of freshly 
prepared precatalyst 7 (0.7 mol. %) at 100°C for 30 minutes furnished the (2-
thienyl)phenylacetylene 28 (100% conversion; 81% isolated yield). Bannwarth and co-workers31 
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reported that a perfluorinated Pd-complex was completely poisoned by the thiophene moiety 
after the first run of cross coupling 3-thienylboronic acid with aryl bromides. However, we could 
find that our Pd-precatalyst 7 was recyclable for at least five consecutive Sonogashira coupling 
reactions of 2-iodothiophene with phenylacetylene 23 (Table 5).  
 
Table 5. Recyclability of precatalyst 7 in the Sonogashira reaction of 2-iodothiophene. 

S I
Ph Ph

S
+

2823
water/base/TBAB

N
NO PdCl2

7 (0.7 mol%)

 

Run Time (min) Yield % 
1 30 100 (81) 
2 30 100 (89) 
3 30 60 
4 60 96 
5 60 90 

Conditions: Iodide/23/i-Pr2NH/TBAB = 1/1.5/3/0.6, water (2.5 ml), 7 (0.7 mol.%), 100°C. GC-
yields; values in parenthesis refer to isolated yield of pure 28. 
 
 Benzo[b]furan derivatives are of relevance because of their natural occurrence32 associated 
with their biological properties.33 The reaction of o-halophenols with terminal alkynes in the 
presence of Pd and/or Cu catalysts provides a common and direct route to benzofurans.34 In most 
cases, homogeneous palladium catalysts were employed in the presence of copper(I) iodide, 
phosphine ligands and DMF or acetonitrile as solvents under inert atmosphere.35,36 Addition of 
copper salt is particularly inconvenient because the use of copper usually leads to contamination 
of the products and by-products formed through Glaser-type reactions. We expected that our 
polymer-bound Pd(II) complex 7 can serve as an active, recyclable, and stable precatalyst for the 
copper- and phosphine-free Sonogashira based synthesis of benzofuran derivatives, a real 
improvement to reported procedures.  

 Thus, treatment of a mixture of 2-iodophenol 29 (1 equiv), phenylacetylene 23 (2 equiv), 
di-iso-propylamine (3 equiv) and TBAB (0.6 equiv) with precatalyst 7 in water as solvent (2.5 
mL) at 100°C under air, resulted in full conversion to 2-phenylbenzo[b]furan 32. Although in 
acetonitrile also full conversion was encountered for the first run (entry 4, Table 6), it turned out 
that the second run with the same catalytic sample only yielded the target furan 32 in 62 % (entry 
5, Table 6) which can be ascribed to the good coordinating properties of acetonitrile compared to 
water, thus dissolving a palladium species of unknown nature from its solid support into solution. 
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Precatalyst 7 could be recycled three times with full conversions when water was utilized as 
solvent (entries 7-9, Table 6). In contrast, when tributylamine was used as base in acetonitrile as 
solvent (entry 3, Table 6) or di-iso-propylamine in THF (entry 6, Table 6) the C-C coupling only 
proceeded inefficiently. The less reactive 2-bromophenol 30 also coupled with phenylacetylene 
23 to give 2-phenylbenzo[b]furan 32, however conversion did not exceed 17% conversion in 
acetonitrile as solvent (entry 10) while complete conversion occurred in water using either di-
iso-propylamine or sodium hydroxide as base (entries 11 and 12, Table 6). High 
chemoselectivity was observed in the cross coupling of 2-bromo-4-chlorophenol 31 with 
phenylacetylene 23 to give 5-chloro-2-phenylbenzo[b]furan 33 again with full conversion (entry 
13, Table 6). 
 In conclusion, we have demonstrated that the Pd-complex 7 is an efficient and highly 
active, reusable solid-phase anchored precatalyst with good potential for Mizoroki-Heck and 
Sonogashira cross-coupling reactions in aqueous media. Importantly, it not only shows activity 
under thermal but also under microwave irradiating conditions. In contrast to applications in 
Suzuki-Miyaura reactions,5 precatalyst 7 cannot be employed in Mizoroki-Heck and Sonogashira 
cross-coupling reactions with aryl chlorides as substrates.  
 
Table 6. Synthesis of benzo[b]furan derivatives via Sonogashira cross coupling reaction.a 

O Ph

R
PhX

OH

R

29 - 31 23 32, 33

conditions

 

Entry R X Base Product Solvent Time 
(h) 

Yield % 

1 H I Et3N 32 DMF 4 59 
2 H I Et3N 32 CH3CN 6 90 
3 H I Bu3N 32 CH3CN 22 23 
4 H I i-Pr2NH / TBAB 32 CH3CN 8 100 (80) (1st run) 
5 H I i-Pr2NH / TBAB 32 CH3CN 6 62 (2nd run) 
6 H I i-Pr2NH / TBAB 32 THF 16 4 
7 H I i-Pr2NH / TBAB 32 water 3 100 (76) (1st run) 
8 H I i-Pr2NH / TBAB 32 water 3 100 (2nd run) 
9 H I i-Pr2NH / TBAB 32 water 10 100 (3rd run) 
10 H Br i-Pr2NH / TBAB 32 CH3CN 16 17 
11 H Br i-Pr2NH / TBAB 32 water 8 100 
12 H Br NaOH/TBAB 32 water 7 100 
13 Cl Br NaOH/TBAB 33 water 7 100 (73) 
a Conditions: Halide/acetylene/base/TBAB = 1/1.5/3/0.6, solvent (2.5 ml), 7 (0.7 mol. %); GC-
yields; values in parentheses refer to isolated yields of pure products.  
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Experimental Section 
 
General Procedures. NMR spectra were recorded with a Bruker DPX-400 spectrometer at 400 
MHz (1H NMR) and at 100 MHz (13C NMR) using CDCl3 as solvent and internal standard (δ = 
7.26 and 77.36 ppm, for 1H NMR and 13C NMR, respectively). Mass spectra (EI) were obtained 
at 70 eV with a type VG Autospec apparatus (Micromass). GC Analyses were conducted using a 
Hewlett Packard HPGC series 6890 Series equipped with an SE-54 capillary column (25 m, 
Macherey-Nagel) and an FID detector 19231 D/ E. Melting points were determined in open glass 
capillaries with a Gallenkamp apparatus and are uncorrected. Analytical thin-layer 
chromatography was performed using precoated silica gel 60 F254 plates (Merck, Darmstadt), 
and the spots were visualized with UV light at 254 nm. Merck silica gel 60 (230-400 mesh) was 
used for flash column chromatography. Microwave experiments were carried out using a CEM 
Discover LabmateTM microwave apparatus (300 W with ChemDriverTM Software). 
Commercially available reagents and dry solvents were used as received.  
Preparation of Pd-precatalyst 7 (high loading). To a mixture of glass/polymer composite 
material shaped as Raschig rings (10 g, 5 mmol) containing about 10% chloromethylpolystyrene-
divinylbenzene polymer (0.53 mmol of active benzyl chloride sites on polymer/g Raschig rings) 
and cis-2-pyridinealdoxime (3.66 g, 30 mmol) in dimethylformamide (DMF) (50 mL), was 
added sodium hydride (0.72 g, 60% in oil, 30 mmol) portionwise over a period of 20 min. The 
mixture was shaken at 80°C for three days then cooled to room temperature and quenched with 
water (100 mL). The Raschig rings were filtered and washed successively with DMF, water, 
ethanol, dichloromethane and again with ethanol (20 mL, each time) and finally well-dried under 
vacuum. These well-dried functionalized Raschig rings 8 (6.92 g) to which cis-2-pyridine-
aldoxime was bound were added to a solution of sodium tetrachloropalladate (1.2 g, 4 mmol) in 
methanol (80 mL) and the mixture was shaken at room temperature for additional three days. 
The resulting Raschig rings were dried in vacuo and the loading of catalyst 7 was estimated to be 
ca. 0.09 mmol/g Raschig rings according to weight increase (the weight increase of each single 
Raschig ring was determined; each ring was loaded with about 2.8 mol.% palladium with 
reference of 1 mmol scale for the reaction).  
Preparation of Pd-precatalyst 7 (low loading). A similar procedure as described above for the 
preparation of Pd-precatalyst (high loading) was employed, using 0.1 equivalent of all 
ingredients for the same number of Raschig rings used above. 
General procedure for the Mizoroki-Heck coupling of aryl(heteroaryl) bromides with 
thermal heating. A mixture of the appropriate aryl or heteroaryl bromide (1 mmol) and the 
appropriate olefin (1.5 mmol), TBAB (0.6 mmol), precatalyst 7 (high loading; 0.7 mol.%, one 
quarter of a full Raschig ring), and diisopropylamine or sodium hydroxide (3 mmol) in water or 
DMF (3 mL) was shaken at 100°C (for water as solvent) or at 130 °C (for DMF as solvent) under 
air for the given reaction time listed in Table 1. After the reaction was completed (monitored by 
GC), the reaction mixture was cooled to room temperature and the solid catalyst was removed by 
filtration, washed with water followed by ethyl acetate, and the combined washings were added 



Issue in Honor of Prof. Lutz F. Tietze                                                                          ARKIVOC 2007 (v) 104-124 

ISSN 1424-6376                                                           Page 116                                                   ©ARKAT USA, Inc. 

to the filtrate which was then extracted with ethyl acetate (3 x 20 mL). The products were 
purified by flash column chromatography on silica gel using ethyl acetate/ petroleum ether= 1:10 
as eluent.  
General procedure for the Mizoroki-Heck coupling of aryl(heteroaryl) bromides under µw 
irradiating conditions. A mixture of the appropriate aryl or heteroaryl bromide (1 mmol) and 
the appropriate olefin (1.5 mmol), TBAB (0.6 mmol), precatalyst 7 (high loading; 0.7 mol.%, 
one quarter of a complete Raschig ring), and diisopropylamine or sodium hydroxide (3 mmol) in 
water or DMF (3 mL) were mixed in a process vial. The vial was capped properly, and thereafter 
the mixture was heated under µw irradiating conditions at 150°C and 200 watt in either solvent 
for the appropriate reaction time as listed in Tables 1 and 2. The products were purified as 
described above. 
Effect of concentration of the palladium precatalyst 7 on the Mizoroki-Heck coupling in 
water under µw irradiating conditions. A mixture of p-bromoacetophenone (1 mmol), tert-
butyl acrylate (1.5 mmol), TBAB (0.6 mmol), precatalyst 7 (high loading; 1 mol.%), 
diisopropylamine (3 mmol) and water (3 mL) was heated under µw irradiating conditions at 150 
°C (200 watt) for 5 minutes. The same experiment was repeated using 1 mmole of p-
bromoacetophenone and the amount (mol.%) of the palladium precatalyst 7 was changed to 0.7, 
0.3, 0.1 and 0.05 mol.%, respectively. 
Recycling of the palladium precatalyst 7 in Mizoroki-Heck coupling with thermal heating. 
A mixture of p-bromoacetophenone (1 mmol), tert-butyl acrylate (1.5 mmol), TBAB (0.6 mmol), 
precatalyst 7 (high loading; 0.7 mol.%, one quarter of a full Raschig ring), diisopropylamine (3 
mmol) and water (3 mL) was shaken at 100°C under air for 7 h (monitored by GC). The same 
experiment was conducted using DMF (3 mL) at 130°C. After the reaction had went to 
completion in either solvent (DMF or water), the solid catalyst was removed by filtration, 
washed with water followed by ethyl acetate, dried and then reused for the following runs with 
the same molar ratio of components mentioned above. This mixture was shaken again at 100°C 
for 7 h in water or at 130°C in DMF under air for 7 h. This experiment was repeated for another 
two runs (reaction time, 7 h for each run), as shown in Scheme 3. The product was purified by 
flash column chromatography over silica gel using ethyl acetate/ petroleum ether= 1:10 as eluent.  
The same experiment was performed using palladium catalyst 7 (low loading; 0.7 mol.%, one 
Raschig ring), in either water or DMF using the same molar ratio of the reaction components and 
heating condition as mentioned above. 
Recycling of the palladium precatalyst 7 in Mizoroki-Heck coupling reaction under µw 
irradiating conditions in water. The same reaction mixture used under thermal conditions was 
mixed in a properly capped process vial and thereafter the mixture was subjected to µw 
irradiating conditions at 150°C (200 watt) in either water or DMF for 5 minutes (monitored by 
GC) using the high or low loaded palladium precatalyst. The solid phase was removed, washed 
with water followed by ethyl acetate, dried and then reused for the second run with the same 
molar ratio of components as listed in Table 2 (irradiating time 5 minutes). 
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General procedure for the Sonogashira coupling of aryl(heteroaryl) halides with thermal 
heating. A mixture of the appropriate aryl or heteroaryl halide (1 mmol) and phenylacetylene 
(1.5 mmol), TBAB (0.6 mmol), precatalyst 7 (high loading; 0.7 mol.%, one quarter of a full 
Raschig ring), and diisopropylamine or sodium hydroxide (3 mmol) in water (3 mL) was shaken 
at 100°C under air for the time listed in Table 4 until the starting halide was almost consumed 
(monitored by GC). The reaction mixture was cooled to room temperature and the solid catalyst 
was removed by filtration, washed with water and ethyl acetate, and the combined washings 
were added to the filtrate which was then extracted with ethyl acetate (3 x 20 mL). The products 
were purified by flash column chromatography over silica gel using ethyl acetate / petroleum 
ether= 1:20 as eluent.  
General procedure for the Sonogashira coupling of aryl(heteroaryl) halides under µw 
irradiating conditions. The same reaction mixture used under thermal conditions was mixed in 
a properly capped process vial and thereafter the mixture was subjected to microwave irradiating 
conditions at 160°C (250 watt) in water for the appropriate reaction time as listed in Table 4 
(monitored by GC). The products were purified as described above. 
Recycling of the palladium precatalyst 7 in the Sonogashira coupling of 2-iodothiophene 
with thermal heating. A mixture of 2-iodothiophene (1 mmol), phenylacetylene (1.5 mmol), 
TBAB (0.6 mmol), precatalyst 7 (high loading; 0.7 mol.%, one quarter of a complete Raschig 
ring), diisopropylamine (3 mmol) and water (3 mL) was shaken at 100°C under air for 30 min 
(monitored by GC). After the reaction was completed, the solid catalyst was removed by 
filtration, washed with water followed by ethyl acetate, dried and then reused in a new batch with 
the same molar ratio of components mentioned above. Then the mixture was shaken again at 
100°C in water under air for 30 min. This experiment was repeated for five runs (the first three 
runs for 30 min and the final two runs for 60 min), as shown in Table 5. The product was 
purified by flash column chromatography over silica gel using ethyl acetate / petroleum ether = 
1:25 as eluent. 
General procedure for the synthesis of 2-phenylbenzo[b]furan with thermal heating. A 
mixture of the appropriate 2-halophenol (1 mmol) and phenylacetylene (1.5 mmol), TBAB (0.6 
mmol), precatalyst 7 (high loading; 0.7 mol.%, one quarter of a full Raschig ring), and the 
appropriate base (3 mmol) in water, acetonitrile or DMF (2.5 mL) was shaken at 100°C (for 
water) at 70°C (for acetonitrile) or at 130 °C (for DMF) under air for the time listed in Table 6. 
After the reaction was completed (monitored by GC), the reaction mixture was cooled to room 
temperature and the solid catalyst was removed by filtration, washed with water then ethyl 
acetate, and the combined washings were added to the filtrate which was then extracted with 
ethyl acetate (3 x 20 mL). The products were purified by flash column chromatography over 
silica gel using ethyl acetate / petroleum ether= 1:10 as eluent.  
(E)-tert Butyl 3-(4-acetylphenyl)prop-2-enoate (10). Light yellowish crystals, mp. 99-100°C 
(in ref. 37 no mp. is given); 1H NMR (CDCl3) δ 1.54 (s, 9H, C(CH3)3), 2.61 (s, 3H, CH3CO), 6.46 
(d, 1H, J = 16.04 Hz), 7.58 (d, 1H, J = 16.04 Hz), 7.60 (d, 2H, J = 8.52 Hz), 7.95 (d, 2H, J = 8.52 
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Hz); 13C NMR δ 26.9, 28.3, 81.2, 123.1, 128.3, 129.1, 138.1, 139.4, 142.3, 166.1, 197.6; MS 
(m/e) 246 (M+), 190, 175, 147, 131, 102, 91, 79, 57. 
(E)-tert Butyl 3-(2-chloro-5-pyridyl)prop-2-enoate (11). Colorless crystals, mp. 110-111°C; 1H 
NMR (CDCl3) δ 1.54 (s, 9H, C(CH3)4), 6.42 (d, 1H, J = 16.04 Hz), 7.35 (d, 1H, J = 8.16 Hz), 
7.52 (d, 1H, J = 16.04 Hz), 7.79 (dd, 1H, J = 8.2, 2.4 Hz), 8.49 (d, 1H, J = 2.4 Hz); 13C NMR δ 
28.4, 81.4, 123.3, 124.7, 129.7, 136.8, 138.4, 149.6, 152.6, 165.5; MS (m/e) 239 (M+), 184, 166, 
155, 138, 127, 102, 92, 75, 57. Anal. Calcd for C12H14ClNO2: C, 60.13; H, 5.89; N, 5.84. Found: 
C, 60.16; H, 5.58; N, 5.80. 
(E)-tert Butyl 3-(3-pyridyl)prop-2-enoate (12). Colorless crystals, mp. 57-58°C (ref.38 mp. 
58°C); 1H NMR (CDCl3) δ 1.53 (s, 9H, C(CH3)3), 6.43 (d, 1H, J = 16.04 Hz), 7.28-7.32 (dd, 1H, 
J = 7.84, 7.84 Hz), 7.56 (d, 1H, J = 16.04 Hz), 7.79-7.82 (ddd, 1H, J = 7.84, 2.02, 1.68 Hz), 8.57 
(dd, 1H, J = 4.8, 1.36 Hz), 8.72 (d, 1H, J = 2.08 Hz); 13C NMR δ 28.5, 81.3, 122.7, 124.0, 130.7, 
134.4, 140.1, 149.9, 151.1, 165.9; MS (m/e) 205 (M+), 150, 132, 121, 104, 93, 77, 57. 
(E)-tert Butyl 3-(3-quinolyl)prop-2-enoate (13). Colorless crystals, mp. 131-132°C; 1H NMR 
(CDCl3) δ 1.54 (s, 9H, C(CH3)3), 6.56 (d, 1H, J = 16.04 Hz), 7.51-7.55 (m, 1H), 7.68-7.72 (m, 
1H), 7.70 (d, 1H, J = 16.04 Hz), 7.79 (d, 1H, J = 8.2 Hz), 8.07 (d, 1H, J = 8.2 Hz), 8.16 (d, 1H, J 
= 1.88 Hz), 9.04 (d, 1H, J = 2.04 Hz); 13C NMR δ 28.5, 81.3, 122.4, 127.6, 127.9, 128.0, 128.54, 
129.6, 130.7, 135.5, 140.3, 148.7, 149.5, 166.0; MS (m/e) 255 (M+),199, 182, 170, 153, 127, 
101, 77, 57. Anal. Calcd for C16H17NO2: C, 75.27; H, 6.71; N, 5.49. Found: C, 75.28; H, 6.82; N, 
5.45. 
(E)-tert Butyl 3-(4-isoquinolyl)prop-2-enoate (14). Colorless crystals, mp. 85-86°C; 1H NMR 
(CDCl3) δ 1.58 (s, 9H, C(CH3)3), 6.53 (d, 1H, J = 15.96 Hz), 7.65 (dd, 1H, J = 7.28, 7.8 Hz), 
7.75-7.8 (m, 1H), 8.0 (d, 1H, J = 8.16 Hz), 8.13 (d, 1H, J = 8.52 Hz), 8.26 (d, 1H, J = 15.96 Hz), 
8.73 (s, 1H), 9.22 (s, 1H); 13C NMR δ 28.5, 81.3, 122.9, 124.5, 126.2, 127.8, 128.3, 128.5, 131.4, 
133.9, 137.8, 141.7, 154.0, 165.9; MS (m/e) 255 (M+), 199, 182, 154, 127, 100, 77, 57. Anal. 
Calcd for C16H17NO2: C, 75.27; H, 6.71; N, 5.49. Found: C, 74.90; H, 6.45; N, 5.41. 
(E)-tert-Butyl 3-(2-thienyl)prop-2-enoate (15).39 Pale yellow liquid, 1H NMR (CDCl3) δ 1.52 
(s, 9H, C(CH3)3), 6.17 (d, 1H, J = 15.72 Hz), 7.01-7.04 (m, 1H), 7.21 (d, 1H, J = 3.76 Hz), 7.33 
(d, 1H, J = 4.8 Hz), 7.67 (d, 1H, J = 15.72 Hz); 13C NMR δ 28.5, 80.8, 119.4, 128.2, 128.3, 
130.7, 136.3, 140.1, 166.4; MS (m/e) 210 (M+), 154, 137, 121, 109, 97, 82, 65, 57 (C11H14O2S 
requires M+ = 210).. 
(E)-4-Acetylstilbene (17a). Colorless crystals, mp. 143-144°C (ref.40 mp. 141-142 oC); 1H NMR 
(CDCl3) δ 2.58 (s, 3H, CH3CO), 7.10 (d, 1H, J = 16.4 Hz), 7.20 (d, 1H, J = 16.4 Hz), 7.27-7.31 
(m, 1H), 7.36 (m, 2H), 7.51-7.53 (m, 2H), 7.56 (d, 1H, J = 8.4 Hz), 7.93 (d, 1H, J = 8.4 Hz); 13C 
NMR δ 26.9, 126.8, 127.1, 127.7, 128.6, 129.1, 129.2, 131.7, 136.2, 136.9, 142.3, 197.7; MS 
(m/e) 222 (M+), 207, 178, 152, 103, 89, 76, 63, 51 (C16H14O requires M+ = 222).. 
(E)-2-Chloro-5-(β-styryl)pyridine (18a). Yellow crystals, mp. 83-84°C (ref.41 mp. 84-85°C); 
1H NMR (CDCl3) δ 7.02 (d, 1H, J = 16.36 Hz), 7.13 (d, 1H, J = 16.36 Hz), 7.26-7.32 (m, 2H), 
7.38 (dd, 2H, J = 7.52, 7.16 Hz), 7.51 (d, 2H, J = 7.16 Hz), 7.79 (dd, 1H, J = 8.2, 2.36 Hz), 8.46 
(d, 1H, J = 2.36 Hz); 13C NMR δ 123.7, 124.5, 127.1, 128.8, 129.2, 131.9, 132.4, 135.6, 136.7, 
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148.5, 150.3; MS (m/e) 215 (M+), 178, 151, 127, 107, 89, 76, 63, 51 (C13H10ClN requires M+ = 
215).. 
2-Chloro-5-(α-styryl)pyridine (18b). Colorless oil; 1H NMR (CDCl3) δ 5.54 (d, 2H, J = 16.65, 
0.64 Hz), 7.27-7.39 (m, 6H), 7.57 (dd, 1H, J = 8.28, 2.52 Hz), 8.4 (d, 1H, J = 2.52 Hz). MS (m/e) 
215 (M+), 200, 180, 165, 151, 127, 103, 89, 76, 63, 51 (C13H10ClN requires M+ = 215). 
 (E)-3-(β-Styryl)pyridine (19a). Yellow crystals, mp. 80-81°C (ref.42 mp. 81-83°C); 1H NMR 
(CDCl3) δ 7.04 (d, 1H, J = 16.4 Hz), 7.14 (d, 1H, J = 16.4 Hz), 7.23-7.29 (m, 2H), 7.37 (dd, 2H, 
J = 7.84, 7.16 Hz), 7.50 (d, 2H, J = 7.2 Hz), 7.78-7.81 (m, 1H), 8.47 (dd, 1H, J = 4.76, 1.68 Hz), 
8.7 (d, 1H, J = 2.36 Hz); 13C NMR δ 123.8, 125.1, 126.9, 128.5, 129, 131, 132.9, 133.2, 136.9, 
148.8; MS (m/e) 181 (M+), 152, 127, 102, 90, 76, 51. 
(E)-3-(β-Styryl)quinoline (20a). Light yellow crystals, mp. 97-98°C (ref.43 mp. 98-99°C); 1H 
NMR (CDCl3) δ 7.21 (d, 1H, J = 16.4 Hz), 7.28-7.30 (m, 1H), 7.31 (d, 1H, J = 16.4 Hz), 7.38-
7.41 (m, 2H), 7.51-7.58 (m, 3H), 7.64-7.68 (m, 1H), 7.79 (d, 1H, J = 7.88 Hz), 8.09 (d, 1H, J = 
8.52 Hz), 8.13 (d, 1H, J = 1.68 Hz), 9.11 (d, 1H, J = 2.04 Hz); 13C NMR δ 125.5, 127.0, 127.3, 
128.1, 128.4, 128.6, 129.1, 129.5, 129.6, 130.6, 131.2, 132.6, 137.1, 147.8, 149.8; MS (m/e) 231 
(M+), 216, 202, 127, 115, 101, 76, 63, 51.  
3-(α-Styryl)quinoline (20b). Pale yellow oil; 1H NMR (CDCl3) δ 5.66 (d, 2H, J = 7.16 Hz), 
7.38 (m, 5H), 7.54 (dd, 1H, J = 7.84, 7.16 Hz), 7.69-7.73 (m, 1H), 7.77 (d, 1H, J = 7.84 Hz), 
8.04 (d, 1H, J = 1.68 Hz), 8.12 (d, 1H, J = 8.56 Hz), 8.95 (d, 1H, J = 2.04 Hz); 13C NMR (DEPT) 
δ 116.6 (CH2), 127.2, 128.3, 128.5, 128.6, 128.9, 129.5, 129.9, 135.1, 150.9 (CH), 128.0, 134.6, 
140.8, 147.4, 147.9 (C); MS (m/e) 231 (M+), 216, 202, 126, 115, 101, 88, 76, 51. HRMS, Calcd 
for C17H13N: 231.10. Found: 232.1126 (MH+). 
(E)-4-(β-Styryl)isoquinoline (21a). Pale yellow powder, mp. 73-74°C (ref.44 mp. 75°C); 1H 
NMR (CDCl3) δ 7.20 (d, 1H, J = 16.04 Hz), 7.31-7.34 (m, 1H), 7.39-7.43 (m, 2H), 7.60-7.76 (m, 
5H), 8.0 (d, 1H, J = 8.12 Hz), 8.16 (d, 1H, J = 8.4 Hz), 8.76 (s, 1H), 9.18 (s, 1H); 13C NMR δ 
122.8, 123.3, 127.2, 127.5, 128.4, 128.5, 128.6, 128.9, 129.1, 130.8, 133.5, 134.1, 137.4, 140.8, 
152.2; MS (m/e) 231 (M+), 202, 175, 153, 128, 115, 101, 88, 76.  
4-(α-Styryl)isoquinoline (21b). Colorless crystals, mp. 90-92°C; 1H NMR (CDCl3) δ 5.45 (d, 
1H, J = 1.28 Hz), 6.0 (d, 1H, J = 1.16 Hz), 7.27-7.33 (m, 5H), 7.52-7.57 (m, 2H), 7.64 (d, 1H, J 
= 7.52 Hz), 8.0 (d, 1H, J = 7.16 Hz), 8.51 (s, 1H), 9.26 (s, 1H); 13C NMR (DEPT) δ 117.9 (CH2), 
125.7, 126.9, 127.4, 128.1, 128.4, 128.9, 130.6, 143.5, 152.9 (CH), 129.3, 133.3, 134.8, 140.8, 
145.4 (C); MS (m/e) 231 (M+), 202, 154, 115, 101, 88, 77, 51. HRMS, Calcd for C17H13N: 
231.10. Found: 232.1126 (MH+). 
(E)-2-(β-Styryl)thiophene (22a). Colorless crystals, mp. 109-110°C (ref.45 mp. 112-113°C); 1H 
NMR (CDCl3) δ 6.92 (d, 1H, J = 16.04 Hz), 6.98-7.0 (dd, 1H, J = 5.12, 5.12 Hz), 7.05 (d, 1H, J 
= 3.4 Hz), 7.17 (d, 1H, J = 5.12 Hz), 7.22 (d, 1H, J = 16.04 Hz), 7.22-7.25 (m, 1H), 7.31-7.35 
(dd, 2H, J = 7.84, 7.2 Hz), 7.45 (d, 1H, J = 7.52 Hz); 13C NMR (DEPT) δ 122.1, 124.7, 126.4, 
126.6, 127.9, 128.7, 129, 137.3, 143.2; MS (m/e) 185 (M+), 171, 152, 141, 115, 102, 92, 79, 63. 
4-(Phenylethynyl)acetophenone (24). Colorless crystals, mp. 100-101°C (ref.46 mp. 98-99°C); 
1H NMR (CDCl3) δ 2.60 (s, 3H, CH3CO), 7.36-7.38 (m, 2H), 7.54-7.56 (m, 3H), 7.60 (d, 2H, J = 
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8.56 Hz), 7.93 (d, 2H, J = 8.56 Hz); 13C NMR δ 26.9, 88.9, 93.0, 122.9, 128.5, 128.6, 128.8, 
129.1, 132.0, 132.1, 136.5, 197.6; MS (m/e) 220 (M+), 205, 176, 151, 126, 103, 75, 51. 
2-Chloro-5-(phenylethynyl)pyridine (25). Pale yellow crystals, mp. 68-69°C; 1H NMR 
(CDCl3) δ 7.30-7.33 (d, 1H, J = 8.28 Hz), 7.35-7.39 (m, 3H), 7.53-7.56 (m, 2H), 7.73-7.76 (dd, 
1H, J = 8.28, 2.4 Hz), 8.54 (d, 1H, J = 2.0 Hz); 13C NMR δ 85.0, 94.1, 119.7, 122.5, 124.2, 
128.8, 129.4, 132.0, 141.2, 150.7, 152.3; MS (m/e) 215 (M++2), 214 (M++1), 213 (M+), 177, 
151, 126, 107, 98, 75, 62, 51. Anal. Calcd for C13H8ClN: C, 73.08; H, 3.77; N, 6.56. Found: C, 
73.21; H, 3.59; N, 6.28. 
3-(Phenylethynyl)pyridine (26). Pale yellow crystals, mp. 48-49°C (ref.47 mp. 50-51°C); 1H 
NMR (CDCl3) δ 7.25-7.28 (ddd, 1H, J = 8.80, 7.88, 0.88 Hz), 7.34-7.38 (m, 3H), 7.52-7.56 (m, 
2H), 7.78-7.81 (dt, 1H, J = 7.88, 1.88 Hz), 8.53 (dd, 1H, J = 4.92, 1.6 Hz), 8.76 (d, 1H, J = 1.6 
Hz); 13C NMR δ 86.2, 92.9, 120.8, 122.8, 123.3, 128.7, 129.1, 131.9, 138.7, 148.8, 152.5; MS 
(m/e) 179 (M+), 151, 126, 102, 90, 76, 63, 50. 
3-(Phenylethynyl)quinoline (27). Pale yellow crystals, mp. 50-51°C (ref.48 mp. 46-48°C); 7.36-
7.40 (m, 3H), 7.54-7.61 (m, 3H), 7.69-7.74 (m, 1H), 7.79 (d, 1H, J = 8.16 Hz), 8.10 (d, 1H, J = 
8.52 Hz), 8.30 (d, 1H, J = 2.04 Hz), 9.0 (d, 1H, J = 2.08 Hz); 13C NMR δ 86.9, 92.9, 117.8, 
122.9, 127.5, 127.6, 127.9, 128.8, 129.1, 129.7, 130.4, 132.1, 138.6, 147.1, 152.4; MS (m/e) 229 
(M+), 200, 175, 150, 126, 114, 101, 88, 75, 50.  
2-(Phenylethynyl)thiophene (28). Colorless crystals, mp. 49-50 oC (ref.49 mp. 49-51 oC); 1H 
NMR (CDCl3) δ 7.03 (dd, 1H, J = 5.12, 5.12 Hz), 7.30-7.32 (m, 2H), 7.36-7.40 (m, 3H), 7.54-
7.57 (m, 2H); 13C NMR δ 82.9, 93.4, 123.2, 123.6, 127.4, 127.6, 128.6, 128.7, 131.7, 132.2; MS 
(m/e) 184 (M+), 152, 139, 126, 113, 92, 79, 63, 45. 
2-Phenylbenzo[b]furan (32). White powder, mp. 117-118°C (ref.50 mp. 118-120°C); 1H NMR 
(CDCl3) δ 7.03 (s, 1H), 7.22-7.38 (m, 3H), 7.44-7.48 (m, 2H), 7.53-7.60 (m, 2H), 7.88 (dd, 2H, J 
= 7.2, 1.36 Hz); 13C NMR δ 101.6, 111.5, 121.2, 123.3, 124.6, 125.3, 128.9, 129.1, 130.8, 132.8, 
155.2, 156.3; MS (m/e) 194 (M+), 165, 139, 115, 97, 82, 69.  
5-Chloro-2-phenylbenzo[b]furan (33). Yellowish crystals, mp. 154-156°C (ref.50 mp. 155-
157°C); 1H NMR (CDCl3) δ 6.96 (s, 1H), 7.23 (dd, 1H, J = 8.68, 2.12 Hz), 7.36-7.48 (m, 4H), 
7.55 (d, 1H, J = 2 Hz), 7.85 (d, 2H, J = 8.64 Hz); 13C NMR δ 101.1, 112.5, 120.7, 124.7, 125.4, 
128.8, 129.2, 129.3, 130.3, 130.9, 153.6, 157.7. MS (m/e) 228 (M+), 199, 165, 139, 114, 82, 69. 
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