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The immobilized palladium onto organic-inorganic hybrid material, which contains bidentate nitrogen ligands, 
was a very effective catalyst for homo-coupling of aryl iodide and bromide. The protocol involved the use of 
N,N-dimethylacetamide as a solvent, and n-tributylamine as a base. The reaction generated the corresponding 
homo-coupling products in good to excellent yields at low catalyst loading (0.20 mol%). Furthermore, the sil-
ica-supported palladium catalyst could be recovered and recycled by a simple filtration of the reaction solution and 
used for five consecutive trials without loss of its activity. 
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Introduction 

As we all know, substituted biaryls are important 
building blocks for the syntheses of many pharmaceuti-
cal and agrochemical compounds.1 Among the various 
known methods to synthesize biaryl, the Ullmann-type 
reaction is the typical synthetic route.2 Because the Cu 
promoted biaryl formation reactions need a strict condi-
tion, such as high temperature, stoichiometric amounts 
of Cu, it is essential to develop more efficient catalyst 
instead of Cu to catalyze the Ullmann-type reaction. 
Recently, much more attention has been paid to Pd- 
catalyzed homo-coupling reactions of aryl halide.3 It is 
true that palladium is a very efficient catalyst to catalyze 
this type of reaction under mild reaction conditions. In 
2003, Tanaka et al.4 used PdCl2(PhCN)2 as a catalyst 
and tetrakis(dimethylamino)ethylene (TDAE) as a 
ligand to accomplish the Ullmann-type homo-coupling 
reaction with good to excellent yields of desired prod-
ucts, and Tang et al.5 described a successful use of 
cyclopalladated complexes of tertiary arylamines as a 
catalyst for the Ullmann-type reaction with high yields 
of products. Other reports of palladacycles containing 
phosphine,6 sulfur7 were also very effective. According 
to the reported literature, silica immobilized palladium 
catalyst is very popular, because of facilitating both the 
isolation and recycling of the catalyst by filtration, and 
providing environmentally cleaner processes.8 As a part 
of our program aiming at developing selective and 
environmentally friendly methodologies using organic-  
inorganic hybrid material supported catalysts for the 

preparation of fine chemicals and in continuation of our 
interest in exploring novel synthetic strategies for the 
carbon-carbon and carbon-heteroatom bond formation 
reactions,9 herein, we wish to report an efficient and 
recyclable silica immobilized palladium catalyst and its 
application to the Ullmann-type reaction (Scheme 1). 
This N,N'-bidentate ligand with two potential coordina-
tion sites offers certain advantages since it is known for 
a transition metal complex that an additional coordina-
tion site in the ligand as a stabilizing group during the 
course of a metal-mediated reaction can improve the 
catalytic efficiency of the complex.10 When it was pro-
ceeding under the optimized reaction conditions for the 
Ullmann-type reactions of aryl iodide and bromide, the 
reactions generated the corresponding biaryls in good to 
excellent yields. It is important to note that the sil-
ica-supported Pd catalyst could be recovered and recy-
cled by a simple filtration of the reaction solution and 
used for 5 consecutive trials without significant loss of 
its activity. 

Results and discussion 

The synthesis of the organic-inorganic hybrid mate-
rial immobilized Pd catalyst was illustrated in Scheme 1. 
It was readily prepared through a multi-step procedure. 
The silica gel (100—200 mesh, from Aldrich) was re-
acted with (3-aminopropyl)trimethoxysilane in dry 
toluene at 120 ℃ for 24 h to afford the 3-aminopropyl 
functionalized silica gel (silica-APTS). The obtained 
silica-APTS was then reacted with Boc-L-proline in the 
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Scheme 1 

 

 
presence of stoichiometric amounts of ethyl chlorofor-
mate as peptide coupling reagent (ClCOOC2H5) and 
triethylamine in THF to generate the silica-APTS-Boc- 
Pro, and following deprotection of Boc group procedure 
in CF3COOH and CH2Cl2 (V/V, 1/1) resulted in the cor-
responding silica-APTS-Boc. The generated silica- 
APTS-Boc was reduced to the corresponding silica- 
APTS-Pyr by NaBH4-I2 in THF solution, which was 
next reacted with Pd(OAc)2 in acetone at room tem-
perature to provide the final silica-supported catalyst, 
silica-APTS-Pyr-Pd(II) in good yields. 

The assignments of infrared (IR) absorption bands 
for the functionalized silica gel samples, silica-APTS, 
silica-APTS-Boc-Pro, silica-APTS-Pro and silica- 
APTS-Pyr were made by comparison with the IR spec-
tra of palladium complexes silica-APTS-Pyr-Pd(II). The 
results are listed in Table 1. The magnitude of ∆ν    
[vN—H (silica-APTS-Pyr)－vN—H (silica-APTS-Pyr-Pd(II))] was found 
to be 108 cm－1, indicating the coordination effect of 
bidentate nitrogen ligand with palladium. The CHN 
analysis data confirmed that the organic functionaliza-
tion took place with the intended ligands (analysis of the 
pure silica prior to modification showed only negligible 
amounts of carbon and nitrogen). The elemental analy-
sis data in Table 1 showed that for silica-APTS, the 
loading was readily quantified via CHN microanalysis 
and found to be 0.512 mmol/g of CH2CH2CH2NH2 
based on the nitrogen percentage. The palladium metal 
amount of silica-APTS-Pyr-Pd(II) was found to be w＝
2.20% based on atomic absorption spectroscopy (AAS) 
analysis, also indicating the coordination number of 
bidentate nitrogen ligand with palladium (2∶1). 

In our initial screening experiments, the Ullmann- 
type reaction of 4-iodobenzene catalyzed by silica- 
APTS-Pyr-Pd(II) catalyst was chosen as the model reac- 

Table 1  IR and microanalysis of functionalized silica and sil-
ica-immobilized palladium catalyst 

FT-IR (KBr) ν/cm−1 Microanalysisa Sample 

Si—O C—H N—H C＝O N/wt% 

silica-APTS 1096 2947 
3472, 
3395 

— 0.72 

silica-APTS- 
Boc-Pro 

1088 2945 3464 
1670, 
1649 

— 

silica-APTS- 
Pro 

1091 2949 
3464, 
3283 

1671 0.39 

silica-APTS- 
Pyr 

1101 2937 3330 — 0.40 

silica-APTS- 
Pyr-Pd(II) 

1082 2941 3222 — — 

a CHN microanalysis results. 

tion. When we searched for a homo-coupling protocol 
of 4-iodobenzene, we observed that 4-iodobenzene 
could react in the presence of 0.20 mol% of silica- 
PTS-Pyr-Pd(II) catalyst and 2 equiv of triethylalcohol 
amine in DMF at 120 ℃ to afford the desired homo- 
oupling product in 43% yield (Table 2, Entry 5). En-
couraged by this result, we continued our research to 
improve the yield of product by the optimization of re-
action conditions. We tested several different bases for 
the Ullmann-type reactions catalyzed by silica-APTS- 
yr-Pd(II) in N,N-dimethylformamide (DMF). n-Bu3N 
was found to be the most effective base. Other bases, 
such as K2CO3, t-BuOK, pyridine, dicyclohexylamine, 
and triethylalcohol amine were substantially less effec-
tive (Table 2, Entries 2—6). 

We then turned our attention to investigate the effect 
of solvent on the homo-coupling reaction of 4-iodo- 
benzene catalyzed by silica-APTS-Pyr-Pd(II). Note-
worthy is that the choice of DMA (N,N-dimethylacet- 
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Table 2  Effect of base on the Ullmann-type reactiona 

 

Entry Base Yieldb/% 

1 n-Bu3N 86 

2 Pyridine 23 

3 Dicyclohexylamine 51 

4 K2CO3 18 

5 Triethylalcohol amine 43 

6 t-BuOK 15 
a 4-Iodobenzene (2.00 mmol), silica-APTS-Pyr-Pd(II) catalyst 
(containing Pd 0.002 mmol), base (2.00 mmol), in DMF (2.0 mL) 
at 120 ℃ for 12 h. b Isolated yield. 

amide) as the solvent was crucial, and 93% isolated 
yield of the desired product was provided (Table 3, En-
try 1). Indeed, when another solvent, such as DMF, 
DMSO (dimethyl sulfoxide), toluene, or dioxane was 
used instead of DMA, desired homo-coupling products 
were obtained in lower yields (Table 3, Entries 2—5). 
However, only trace amount of desired homo-coupling 
product was observed during the reaction in C2H5OH 
(Table 3, Entry 6). 

Table 3  Effect of solvent on the Ullmann-type reactiona 

 

Entry Solvent (Tempeture/℃) Yieldb/% 

1 DMA (120) 93 

2 DMF (120) 86 

3 DMSO (140) 81 

4 C6H5CH3(110) 72 

5 Dioxane (100) 36 

6 C2H5OH (80) trace 
a 4-Iodobenzene (2.00 mmol), silica-APTS-Pyr-Pd(II) catalyst 
(containing Pd 0.002 mmol), n-Bu3N (2.00 mmol), solvent (2.0 
mL) at the temperature indicated in Table 3 for 12 h. b Isolated 
yield. 

During the course of our further optimization of the 
reaction conditions, when using a 0.20 mol% loading of 
silica-APTS-Pyr-Pd(II), the reactions were generally 
completed in a matter of hours, but the time, as expected, 
was inversely proportional to the temperature. A reac- 
tion temperature of 120 ℃ was found to be optimal. 
Thus, the optimized reaction conditions for this Ull-
mann-type reaction are silica-APTS-Pyr-Pd(II) (0.20 
mol%), n-Bu3N (2 equiv.) in DMA at 120 ℃ for 12 h. 

We have investigated the reactions using a variety of 
aryl iodides, and aryl bromides as the substrates under 
the optimized reaction conditions and the results are 
listed in Table 4. Electron-neutral, electron-rich and 
electron-poor aryl iodides, as well as electron-poor aryl 
bromides reacted very well to generate the correspond-

ing homo-coupling products in excellent yields under 
the standard reaction conditions (Table 4, Entries 1—
10). For electron-neutral and electron-rich aryl bromides, 
moderate yields of the desired products were obtained 
(Table 4, Entries 11—13). However, when 2-bromo- 
pyridine was used, only 42% of coupling product was 
isolated (Table 4, Entry 14). 

Table 4  Silica-APTS-Pyr-Pd(II) catalyzed Ullmann-type reac-
tiona 

 

Entry Substrate Product Yieldb/% 

1 C6H5I C6H5C6H5 93 

2 p-CH3OC6H4I (p-CH3OC6H4)2 90 

3 p-CH3C6H4I (p-CH3C6H4)2 92 

4 m-NCC6H4I (m-NCC6H4)2 91 

5 p-O2NC6H4I (p-O2NC6H4)2 95 

6 m-O2NC6H4I (m-O2NC6H4)2 91 

7 p-NCC6H4Br (p-NCC6H4)2 84 

8 p-O2NC6H4Br (p-O2NC6H4)2 83 

9 p-CH3COC6H4Br (p-CH3COC6H4)2 80 

10 m-NCC6H4Br (m-NCC6H4)2 82 

11 C6H5Br C6H5C6H5 76 

12 p-CH3C6H4Br (p-CH3C6H4)2 74 

13 p-CH3OC6H4Br (p-CH3OC6H4)2 73 

14 
  

42 

a Aryl halide (2.00 mmol), silica-APTS-Pyr-Pd(II) catalyst (con-
taining Pd 0.002 mmol), n-Bu3N (2.00 mmol) in DMA (2.0 mL) 
at 120 ℃ for 12 h. b Isolated yield. 

The recyclability of silica-APTS-Pyr-Pd(II) was also 
surveyed. After reaction, the solution was vacuum fil-
tered using a sintered glass funnel and washed with 
CH2Cl2 (3 mL×2), Et2O (3 mL×2), C2H5OH (3 mL×
2), and hexane (3 mL×2), respectively. After being 
dried to constant weight, it could be reused directly 
without further purification. The silica-APTS-Pyr-Pd(II) 
could be recovered and recycled for 5 consecutive trials 
without loss of its activity (Figure 1). 

Conclusion 

We have developed an efficient and economic cata-
lyst system for the Ullmann-type reaction by using sil-
ica-APTS-Pyr-Pd(II) catalyst containing a bidentate 
nitrogen ligand in DMA. The homo-coupling reactions 
of aryl iodide and aryl bromide generated the corre-
sponding coupling products in good to excellent yields 
in the standard reaction conditions. Furthermore, sil-
ica-APTS-Pyr-Pd(II) could be recovered and recycled 
by a simple filtration of the reaction solution and used 
for 5 consecutive trials without decreases in activity. 
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Figure 1  Yields obtained with recycled silica-APTS-Pyr-Pd(II) 
(for the model reaction of 4-iodobenzene used as substrate under 
standard reaction conditions). 

Experimental 

Physical measurements and materials 

Melting points were recorded on a WRS-2B melting 
point apparatus and uncorrected. All 1H NMR spectra 
were recorded on a Bruker 300 MHz FT-NMR spec-
trometer. Chemical shifts were given as δ values with 
reference to tetramethylsilane (TMS) as an internal stan-
dard. IR spectra were obtained by using a Nicolet 
NEXUS 470 spectrophotometer. Products were purified 
by flash column chromatography on 230—400 mesh 
silica gel, SiO2. 

The chemicals were purchased from commercial 
suppliers (Aldrich, USA and Shanghai Chemical Com-
pany, China) and used without purification prior to use. 

Activation of silica9j 

10.0 g of silica (100—200 mesh, Aldrich) were in-
troduced in a round-bottomed flask equipped with a 
reflux condenser, 80 mL of concentrated H2SO4 and 15 
mL of HNO3 were added and the mixture was heated in 
an oil-bath at 140 ℃ for 24 h. The solution was filtered 
and the white powder was washed with distilled water 
until neutral pH was attained. The solid was again 
washed with acetone, methanol and dichloromethane, 
respectively, and dried under vacuum at 140 ℃ for 48 
h. 

Typical procedure for preparation of silica-APTS9j 

In a 50 mL three-neck round-bottomed flask with a 
Dean-Stark trap, 20 mL of anhydrous toluene, 3.0 g of 
activated silica obtained from the above procedure and 
10 mL of 3-aminopropyltri(ethyoxyl)silane were added 
successively. The solution was refluxed for 24 h, then 
filtered and the solid was washed with acetone and di-
chloromethane, respectively, dried under reduced pres-
sure at 60 ℃ overnight. Thus 3.36 g of silica-ATPS 
was obtained. IR (KBr) ν: 1096 (Si—O), 2947 (C—H), 
3472 (N—H), 3395 (N—H) cm－1. The loading was 
readily quantified via CHN microanalysis and found to 
be 0.512 mmol/g of aminopropyl groups based on the 
nitrogen percentage. 

Typical procedure for preparation of silica-APTS- 
Boc-Pro16 

Boc-L-proline (301 mg, 1.4 mmol) and triethylamine 
(141 mg, 1.4 mmol) were dissolved in THF (10 mL). 
The resulting solution was cooled to 0 ℃, and ethyl 
chloroformate (154 mg, 1.4 mmol) was added to the 
solution dropwise in 10 min. After the solution was 
stirred for 30 min, the 3-aminopropyl functionalized 
silica gel (2.735 g, loading: 0.512 mmol/g of amino-
propyl groups) was added, then the resulting mixture 
was stirred at 0 ℃ for 1 h, at room temperature for 
another 16 h, and finally refluxed for 3 h. After cooling 
down to the room temperature, the mixture was filtered 
and washed with THF, EtOH, and ethyl acetate, respec-
tively, and then dried in vacuum. Thus 2.931 g of silica- 
ATPS-Boc-Pro were obtained. IR (KBr) ν: 1088 (Si—
O), 2945 (C—H), 1670 (C＝O), 1649 (C＝O), 3464 
(N—H) cm－1. The loading was readily quantified via 
CHN microanalysis and found to be 0.336 mmol/g 
based on the nitrogen percentage. 

Typical procedure for preparation of silica-APTS- 
Pyr16,17 

In a 10 mL round-bottomed flask was introduced 
successively 5 mL of CF3COOH and 5 mL of CH2Cl2, 
then the mixture was stirred smoothly. After silica- 
APTS-Boc-Pro (2.700 g) was added to the solution, the 
resulting mixture was stirred for 2.5 h in an ice-bath. 
The solution was filtered and the solid was washed with 
CH2Cl2, dried in vacuum to give the corresponding de-
protection product of silica-APTS-Boc-Pro, silica- 
APTS-Pro (2.502 g). IR (KBr) ν: 1091 (Si—O), 2949 
(C—H), 1671 (C＝O), 3464 (N—H), 3283 (N—H) cm－1. 

In a 50 mL round-bottomed flask were introduced 
successively the obtained silica-APTS-Boc-Pro (2.5 g), 
NaBH4 (127 mg) and 25 mL of anhydrous THF, then the 
mixture was cooled to 0 ℃ overnight. After a solution 
of iodine (160 mg) in THF (5 mL) was added, the solu-
tion was refluxed for 48 h. After the mixture was cooled 
to room temperature, it was filtered out and washed with 
THF, EtOH and ethyl acetate, respectively, then dried 
till constant weight under reduced pressure. The or-
ganic-inorganic hybrid material silica-APTS-Pyr was 
obtained (2.405 g). The loading was readily quantified 
via CHN microanalysis and found to be 0.332 mmol/g 
based on the nitrogen percentage. IR (KBr) ν: 1101 (Si
—O), 2937 (C—H), 3330 (N—H) cm－1. 

Typical procedure for preparation of silica-APTS- 
Pyr-Pd(II) catalyst9j 

In a small Schlenk tube, Pd(OAc)2 (56 mg, 0.25 
mmol) was dissolved in acetone (10 mL), then the 
above-functionalized silica was added (1.147 g) in one 
portion under nitrogen atmosphere at 0 ℃ with stirring 
for 10 h. The solution was filtered and the solid was 
washed with acetone, EtOH, respectively, then dried 
under reduced pressure at room temperature overnight, 
leading to a light yellow powder, silica-APTS-Pyr-Pd(II) 
catalyst (1.163 g). IR (KBr) ν: 1082 (Si—O), 2941 (C—
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H), 3222 (N—H) cm－1. The palladium metal amount of 
this silica gel supported complex was found to be w＝
2.20% based on AAS analysis. 

General procedure for the Ullmann-type reaction 

Under nitrogen atmosphere, an oven-dried round- 
bottomed flask was charged with silica-APTS-Pyr-Pd(II) 
(15 mg, containing 0.20% mmol of Pd, loading: w＝
2.20%), n-Bu3N (372 mg, 2.0 mmol), aryl halide (2.0 
mmol) and DMA (2.0 mL). The reaction mixture was 
stirred at 120 ℃ for 12 h. After cooling to room tem-
perature, the reaction mixture was vacuum filtered using 
a sintered glass funnel and washed with CH2Cl2 (5.0 mL
×2). The combined organic materials were dried over 
Na2SO4, filtered, concentrated, and the residue was pu-
rified by flash chromatography on silica gel to give the 
desired homo-coupling product. 

The recyclability of silica-APTS-Pyr-Pd(II) catalyst 

After reaction, the mixture was vacuum filtered us-
ing a sintered glass funnel and washed with CH2Cl2 (3 
mL×2), Et2O (3 mL×2), C2H5OH (3 mL×2), and 
hexane (3 mL×2), respectively. After being dried in an 
oven, they could be reused directly without further 
purification. 

Biphenyl: White solid, m.p. 66—68 ℃ (lit.11 70 
℃); 1H NMR (CDCl3, 300 MHz) δ: 7.61 (d, J＝7.8 Hz, 
4H), 7.48 (t, J＝7.5 Hz, 4H), 7.39 (t, J＝7.4 Hz, 2H); IR 
(KBr) ν: 3033, 1479, 1169, 728 cm－1.  

4,4'-Dimethoxybiphenyl: White solid, m.p. 179—
180 ℃ (Lit.11 176—178 ℃); 1H NMR (CDCl3, 300 
MHz) δ: 7.49 (d, J＝8.8 Hz, 4H), 6.98 (d, J＝8.6 Hz, 
4H), 3.84 (s, 6H); IR (KBr) ν: 2975, 1499, 1248, 1041 
825 cm－1. 

4,4'-Dimethylbiphenyl: White solid, m.p. 119—120 
℃ (Lit.12 121 ℃); 1H NMR (CDCl3, 300 MHz) δ: 7.49 
(d, J＝8.1 Hz, 4H), 7.26 (d, J＝7.8 Hz, 4H), 2.39 (s, 
6H); IR (KBr) ν: 2915, 1501, 1113, 804 cm－1.  

4,4'-Diacetylbiphenyl: White solid, m.p. 192—193 
℃ (Lit.13 190—192 ℃); 1H NMR (CDCl3, 300 MHz) 
δ: 8.08 (d, J＝8.4 Hz, 4H), 7.74 (d, J＝8.1 Hz, 4H), 2.69 
(s, 6H); IR (KBr) ν: 1680, 1604, 1273, 819 cm－1. 

3,3'-Dicyanobiphenyl: White solid, m.p. 197—199 
℃ (Lit.14

 200—201 ℃); 1H NMR (CDCl3, 300 MHz) 
δ: 7.96 (s, 2H), 7.91 (d, J＝6.3 Hz, 2H), 7.82 (d, J＝6.3 
Hz, 2H), 7.71 (d, J＝6.6 Hz, 2H); IR (KBr) ν: 2228, 
1470, 787, 687 cm－1. 

4,4'-Dinitrobiphenyl: Yellow solid, m.p. 234—236 
℃ (Lit.15 240 ℃); 1H NMR (CDCl3, 300 MHz) δ: 8.37 
(d, J＝8.7 Hz, 4H), 7.77 (d, J＝8.7 Hz, 4H); IR (KBr) ν: 
1599, 1512, 1342, 859 cm－1. 

3,3'-Dinitrobiphenyl: Yellow solid, m.p. 198—200 
℃ (Lit.18 200 ℃); 1H NMR (CDCl3, 300 MHz) δ: 7.52 
(t, J＝1.5 Hz, 2H), 7.35 (d, J＝8.1 Hz, 2H), 7.04 (d, J＝
7.5 Hz, 2H), 6.77 (t, J＝8.0 Hz, 2H); IR (KBr) ν: 3079, 
1525, 1349, 1103, 857, 699 cm－1. 

4,4'-Dicyanobiphenyl: White solid, m.p. 233—235 
℃ (Lit.11 234—235 ℃); 1H NMR (CDCl3, 300 MHz) 
δ: 7.78 (d, J＝8.1 Hz, 4H), 7.67 (d, J＝8.4 Hz, 4H); IR 

(KBr) ν: 2226, 1604, 1180, 818 cm－1. 
2,2'-Bipyridyl: White solid, m.p. 68—70 ℃ (Lit.11 

70—71 ℃); 1H NMR (CDCl3, 300 MHz) δ: 8.69—8.68 
(m, 2H), 8.42—8.38 (m, 2H), 7.87—7.82 (m, 2H), 
7.32—7.29 (m, 2H); IR (KBr) ν: 1579, 1452, 1250, 
1040, 757 cm－1. 
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