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交联壳聚糖微球负载铜水相催化 Ullmann 反应 

吕小妹 a,b    阮建成 a    陈新志 a    钱  超*,a  
(a浙江省化工高效制造技术重点实验室  浙江大学化学工程与生物工程学院  杭州 310027) 

(b新加坡南洋理工大学化学与生物医学工程学院  新加坡 637459) 

摘要  报道了一种交联壳聚糖微球负载铜在水相中催化 Ullmann 反应的催化体系, 对催化剂进行了一系列表征, 并考

察了催化剂的底物适用性. 该催化剂只需要进行简单过滤即可回收, 重复使用十次后仍能保持良好的催化活性. 

关键词  交联壳聚糖微球; Ullmann 反应; 铜; 非均相催化; 水相 

Cross-Linked Chitosan Bead Supported Copper Complex in Water 
as a Green and Efficient Catalytic Protocol for Ullmann Reaction 

Lü, Xiaomeia,b    Ruan, Jianchenga    Chen, Xinzhia    Qian, Chao* 
(a Zhejiang Provincial Key Laboratory of Advanced Chemical Engineering Manufacture Technology,  

College of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027) 
(b School of Chemical and Biomedical Engineering, College of Engineering, Nanyang Technological University,  

62 Nanyang Drive, Singapore 637459, Singapore) 

Abstract  A green, efficient, and recyclable catalytic protocol for Ullmann C—N reaction in water was developed. The cata-
lyst Chi-Gly@CuI was prepared by the cross-linking reaction of chitosan bead with glyoxal and subsequently anchored with 
copper salt. Chi-Gly@CuI bead of 0.3 mm in mean diameter possesses porous micro-structure demonstrated by scanning elec-
tron microscope (SEM). The structure of Chi-Gly@CuI was characterized by Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TG), X-ray diffraction (XRD), inductively coupled plasma-atomic emission spectrometry 
(ICP-AES), and X-ray photoelectron spectroscopy (XPS). This catalytic protocol for Ullmann reaction in water exhibited high 
applicability, from which the corresponding coupling products were afforded in good to excellent yields. Chi-Gly@CuI could 
be easily separated from products by simple filtration almost without weight loss. Most notably, after 10 times of recycling, its 
catalytic activity and chemical stability were still maintained. 
Keywords  cross-linked chitosan bead, Ullmann reaction, copper, heterogenous catalysis, in water 

 

1  Introduction 

N-Arylation reaction is of great importance in organic 
chemistry, which has wide application in the formation of 
nitrogen-containing aromatic compounds.[1] In fact, these 
nitrogenous compounds play a fundamental role in the 
medicinal, agrochemical and material industries.[2] With a 
great number of C—N strategies emerging, copper-cata- 
lyzed Ullmann reaction was considered as a powerful tool 
for the construction of C—N bond.[3,4] However, the pro-
totypical Ullmann reaction is not a preferred method,[5] 
because of its high temperature, excessive usage of copper 
catalysts, limited substrate scope, and moderate yield. Re-

cently, great progress has been made in the use of catalytic 
amounts of copper and the introduction of various ligands to 
achieve effective Ullmann reactions. More specially, a 
series of N—N, N—O, and O—O bidentate ligands have 
been developed to accelerate copper-catalyzed Ullmann 
reaction.[3,6 ～ 23] Despite the great advance in improving 
Ullmann reaction and numerously reported protocols, it 
remains suffering from certain demerits like the non-recyc- 
lability of catalysts and toxic organic solvents (DMF, 
DMSO, dioxane, and toluene), which can’t meet the prin-
ciples of green chemistry. Therefore, recoverable catalysts 
and aqueous media for Ullmann reactions are still chal-
lenging in academia and industrial applications.  
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As a biodegradable, renewable and eco-friendly poly-
saccharide, chitosan has attracted a great deal of atten-
tion.[24～28] Derived from deacetylation of chitin, chitosan is 
the second most abundant natural copolymer after lignin. It 
possesses both amino and hydroxyl groups and can be 
chemically fine-tuned. Furthermore, the amino groups in 
chitosan are able to chelate the metal anions and this prop-
erty is widely used in wastewater treatment for the removal 
of heavy metal ions. Therefore, the presence of amino 
backbone facilitates chitosan to prepare efficient heteroge-
neous catalysts for different reactions.[29～35] In 2013, Baig  
et al.[27] reported a chitosan-supported copper catalyst for 
azide-alkyne cycloaddition reactions. In 2014, Shen et al.[31] 

successfully used a chitosan-supported copper complex to 
catalyze the Ullmann C—S coupling reaction. However, 
these chitosan-supported metal complexes in the form of 
powders suffer have some defects, e.g. weak mechanical 
strength, irregular shape, and difficult recycle. In recent 
years, significant progress was made by chemical and 
physical modifications of chitosan.[26,36,37] Hydrogel bead of 
chitosan, which is porous and steady, is one of the physical 
modifications that allows expansion of the porous network 
and hence is generally considered as an optimal choice.[38,39] 
In addition, chemical modification by cross-linking changes 
the crystalline nature of chitosan. It leads to improvement of 
mechanical strength and reduction of loss in the sol- 
vent.[33～35] The common cross-linking agents are glutaral-
dehyde, epichlorohydrin, and ethylene glycol diglycidyl 
ether and so on.  

As a cheap, safe, non-toxic, and green solvent, water has 
attracted much interest in replacing the organic medi- 
um.[40～43] Moreover, the industrial process in water 
achieved a breakthrough by using membrane or phase sep-
aration to recovery water medium. Therefore, a great 
number of researches have been carried out for heteroge-
neous catalysis in the aqueous medium. The key of the 
heterogeneous catalysts is to maintain high activity and 
selectivity[27,32,44] With the increasing concern regarding  

environmental impact and the interest in the design of car-
bohydrate structures,[45～50] we will report a cross-linked 
chitosan bead supported copper complex in water as a green 
and efficient catalytic protocol for Ullmann C—N reaction. 

2  Results and discussion 

Cross-linked chitosan beads supported copper complex 
was prepared as shown in Figure 1. In order to evaluate the 
catalytic performances of cross-linked chitosan beads sup-
ported copper complex and acquire the optimized reaction 
conditions, the model reaction of iodobenzene with imid-
azole in water was studied. More detailed results were 
summarized in Table 1. First, only using CuI as the catalyst, 
no product was observed (Table 1, Entry 1). A series of 
uncross-clinked chitosan beads supported copper com-
plexes were tested (Table 1, Entries 2～6). It was found that 
all these copper sources supported by chitosan displayed 
good catalytic effects in this model reaction. Among above 
mentioned catalysts, Chi@CuBr exhibited the best activity 
with 82% yield. Furthermore, a preliminary comparison of 
the model reaction catalyzed by uncross-clinked chitosan 
beads supported copper with the one catalyzed by cross- 
clinked chitosan beads supported copper indicates that the 
cross-clinked chitosan further promotes the activity of 
copper source (Table 1, Entries 2～16). Two cross- linking 
agents, glyoxal and glutaraldehyde, were examined and 
Chi-Gly@CuI exhibited a superior performance with the 
highest yield of 97%. Moreover, no products were detected 
when Chi-Gly and CuI were added into the reaction (Table 
1, Entries 1, 17).	 Thus, Chi-Gly@CuI was selected for fur-
ther investigation. Next, a series of bases, e.g. Na2CO3, 
KOH, K2CO3, Cs2CO3, NaOAc, KHCO3, Et3N, and Na-
HCO3, were tested. When all bases played role in this reac-
tion, Na2CO3 was found to be the best and excellent yield 
was achieved (Table 1, Entries 7, 18～25). With regard to 
temperature and time, they also affected much to the model 
reaction (Table 1, Entries 26～28), the reaction at 100 ℃ 
gave the highest yield and 24 h was applicable  

 

Figure 1  Flowchart of the preparation of cross-linked chitosan beads supported copper complex 
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Table 1  Reaction catalyzed by cross-linked chitosan beads 
supported copper complexa 

 

Entry Catalyst Base Yieldb/% 

1 CuI Na2CO3 Trace 
2 Chi@CuI Na2CO3 80 
3 Chi@CuBr Na2CO3 82 
4 
5 
6 

Chi@CuCl 
Chi@CuSO4 

Chi@Cu(OAc)2 

Na2CO3 

Na2CO3 

Na2CO3 

76 
68 
70 

7 Chi-Gly@CuI Na2CO3 97 
8 Chi-Gly@CuBr Na2CO3 92 
9 

10 
11 
12 
13 

Chi-Gly@CuCl 
Chi-Gly@ CuSO4 
Chi-Gly@Cu(OAc)2 

Chi-Glu@CuI 
Chi-Glu@CuBr 

Na2CO3 

Na2CO3 

Na2CO3 

Na2CO3 

Na2CO3 

90 
85 
83 
92 
88 

14 Chi-Glu@CuCl Na2CO3 87 
15 Chi-Glu@CuSO4 Na2CO3 83 
16 Chi-Glu@Cu(OAc)2 Na2CO3 80 
17 Chi-Gly＋CuI Na2CO3 Trace 
18 Chi-Gly@CuI KOH  87 
19 Chi-Gly@CuI Cs2CO3 95 
20 Chi-Gly@CuI K2CO3 95 
21 
22 

Chi-Gly@CuI 
Chi-Gly@CuI 

KHCO3 
NaHCO3 

86 
83 

23 Chi-Gly@CuI KOAc 80 
24 Chi-Gly@CuI NaOAc 78 
25 Chi-Gly@CuI Et3N 20 
26 Chi-Gly@CuI Na2CO3 83c 
27 Chi-Gly@CuI Na2CO3 70d 
28 Chi-Gly@CuI Na2CO3 86e 

a Reaction conditions: iodobenzene 1a (1.0 mmol), imidazole 2a (1.2 mmol), 
base (2.0 mmol) and catalyst (0.05 mmol based on copper) in the water (4 
mL), 100 ℃ for 24 h. b Isolated yield. c 90 ℃. d 80 ℃.e 12 h. 

reaction time. Finally, the optimum conditions can be con-
cluded: using Na2CO3 as a base, water as a solvent, Chi- 
Gly@CuI as the catalyst, 100 ℃, 24 h. A further extensive 
investigation was carried out on these conditions with Chi- 
Gly@CuI as the catalyst. 

Characterization of the prepared Chi-Gly@CuI was car-
ried out by scanning electron microscope (SEM), Fourier 
transform infrared spectroscopy (FTIR), thermogravimetric 
analysis (TG), X-ray diffraction (XRD), inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES), and 
X-ray photoelectron spectroscopy (XPS). Figures 2a1, 2b1, 
and 2c1 showed high definition camera images of the Chi, 
Chi-Gly, and Chi-Gly@CuI. It seemed that these wet beads 
were about 2 mm in approximate diameter and their colors 
are white, light yellow, and deep yellow, respectively. After 
these beads were dried, we could observe that these beads 
are average diameter of 0.3 mm and their colors are light 

green, orange, and dark respectively by optical microscopy. 
As shown in Figures 2a4, 2b4, 2c4, the distinct microscopic 
morphologies of Chi, Chi-Gly, and Chi-Gly@CuI were 
recorded via SEM. Compared with a smooth and even sur-
face of Chi, Chi-Gly displays relatively rough surface, 
which could be attributed to the outcome of chemical 
modification on the chitosan. Moreover, the porous mi-
cro-structure of Chi-Gly@CuI is clearly demonstrated from 
the SEM images of Figure 2c4.  

The FTIR spectra of Chi, Chi-Gly, and Chi-Gly@CuI 
were given in Figure 3. For Chi, the prominent absorption 
peaks occurred in the 3400～3500 cm－1 region were at-
tributed to OH and NH2 stretching vibration. IR band near 
2872 cm－1 corresponds to C—H stretching vibration, band 
at 1589 cm－1 corresponds to N—H bending vibration, and 
the band at 1376 cm－1 corresponds to C—H symmetric 
bending vibrations.[51] The presence of the peak at 1150  
cm－1 was due to C—O stretching of C—O—H groups. 
More importantly, compared with the FTIR spectra of Chi, 
the new peak at 1645 cm－1 in Figure 3b appeared, resulting 
from the formation of Schiff base (C＝N) in chitosan. Dif-
ferences were also found in the FTIR spectra of Chi-Gly and 
Chi-Gly @CuI (shown as Figures 3b and 3c): the band at 
1645 cm－1 (C＝N stretching vibration) moved to 1639   
cm－1 and turned broader, which is due to the coordination of 
imine group with copper. 

TGA curves of the materials heated in N2 (reducing 
condition) were depicted in Figure 4. It was obvious that 
chitosan shows two mass loss stages. The initial stage was 
because of water evaporation at a lower temperature (50～
100 ℃), and the second stage of mass loss at about 300 ℃ 
was caused by polysaccharide degradation. Notably, the 
mass loss of Chi-Gly@CuI was less than other materials, 
owing to the decrease in the number of primary amino 
groups and coordination of the imine group and copper. 
Importantly, Chi-Gly@CuI was stable up to 200 ℃, which 
allowed them to be compatible with most of the reactions. 
Chitosan has an excellent crystalline nature owing to its 
strong intermolecular hydrogen bonds. The XRD patterns 
of Chi, Chi-Gly, and Chi-Gly@CuI were presented in Fig-
ure 5. Obviously, the sharp peak at 20.2° is the significant 
characteristic of chitosan (in Figure 5a). Compared with 
characteristic peaks of chitosan, the peak at the range of 20o 
in Figure 5b became wider as a result of the formation of 
Schiff base in chitosan. 

XPS spectroscopy of cross-linked chitosan bead after 
copper adsorption was used to detect the presence of C, O, 
N, Cu, and I in Figure 6. All peaks were modified according 
to the peak of standard C 1s at 284.6 eV. It was obvious that 
two new peaks could be found from Figure 6a, which means 
the appearance of two new elements. The XPS peaks at 
about 620 and 630 eV were assigned to the binding energy 
of I 3d5/2 and 3d3/2, which clearly identified the presence of 
I-component. The XPS peaks at about 932.3 and 952.1 eV 
were assigned to the binding energy of Cu 2p3/2 and 2p1/2. In 
addition, different oxidation states of Cu could be analyzed           
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Figure 2  High definition camera images of (a1) Chi, (b1) Chi-Gly, (c1) Chi-Gly@CuI before beads are dried, optical microscopy imag-
es of (a2) Chi, (b2) Chi-Gly, (c2) Chi-Gly@CuI after beads are dried, and SEM images of (a3, a4) Chi, (b3, b4) Chi-Gly, (c3, c4) 
Chi-Gly@CuI after beads are dried 

 

Figure 3  FTIR spectra of (a) Chi, (b) Chi-Gly, and (c) 
Chi-Gly@CuI 

via XPS spectroscopy. In Figure 6b , the absence of 
shake-up characteristic peaks confirmed the presence of 
only ＋1 oxidized form of Cu.[52,53] With the weaker of the 
peak of the Cu 2p and the appearance of the noise peaks, the 
copper was slightly lost after the catalyst was reused twice. 
In Figure 6c, the binding energies of 399.5 and 398.7 eV 
were attributed to NH and N＝.[36,54] After anchoring with 
copper salts, the original binding energies of NH and N＝ 
shifted to 400.2 and 399.5 eV, and simultaneously exhibited 

a new N 1s peak at 400.9 eV in Figure 6d. This phenomenon 
indicates coordination of the imine group and copper form 
Cu···N-complexes.[55]   

 

Figure 4  TG analysis of (a) Chi, (b) Chi-Gly, and (c) Chi- 
Gly@CuI 

With the optimum conditions in hand, we further ex-
panded the substrate scope for Chi-Gly@CuI catalyzed 
Ullmann C—N coupling reaction. More detailed results 
were summarized in Table 2. It is noteworthy that the reac-
tivities for the aryl halides in C—N coupling reaction fol-
lowed the order of iodobenzene＞bromobenzene＞
chlorobenzene, and simultaneously electronic effects of 
substituents also had much influence on the corresponding  
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Figure 5. XRD patterns of (a) Chi, (b) Chi-Gly, and (c) 
Chi-Gly@CuI 

target yields. When using the electron-donating substitu-
ents as the aryl halide, e.g. 4-OMe (3b), 4-Me (3c), 4-OEt 
(3d) and 4-OCF3 (3g), they could reacted successfully to 
afford excellent yields. However, as compared with the 
electron-donating substituents, the aryl halides with elec-
tron-withdrawing substituents, e.g. 4-NO2 (3j), 4-Ac (3k) 
and 3-NO2 (3l), they only gave moderate yields. In addi-
tion, steric hindrance also had an impact on the yield of the 
reaction, e.g. 2-OMe and 2-Me, they had adverse effects on 
the yield. 2-Iodonaphthalene was tested to obtain targeted 
product with 75% yield. Furthermore, cross-couplings be-
tween different nitrogen heterocycles with 4-lodoanisole

were investigated, e.g. piperidine, pyrrolidine, n-butyl- 
amine, 2-pyrrolidinone, 1H-benzoimidazole, 4-methyl-1H- 
imidazole, and 5-nitroindole. To our delight, it was obvi- 
ous that excellent yields were obtained with different 
N-heterocycles. 

The Ullmann C—N reaction of iodobenzene with imid-
azole was used again as a model reaction to evaluate the 
reusability of Chi-Gly@CuI. Compared with fine power, 
the form of spherical beads could be easily separated from 
products by simple filtration without weight loss, and then 
the spherical catalyst was washed four times with water 
and ethyl acetate. The separated spherical catalyst was 
added into model reaction under the same reaction condi-
tions. The results of reusable catalyst were shown in Figure 
7. It was exhibited that the catalyst maintained catalytic 
activity after being reused 10 times. In order to analyze 
copper leaching of reusable catalyst, the copper content in 
the original catalyst was measured to be 2.16 wt % by the 
ICP-AES. After several reactions, the copper content in the 
separated spherical catalyst was measured to be 1.98 wt% 
in the third run and 1.14 wt% in the fifth run. It was con-
firmed that Chi-Gly@CuI maintained excellent catalytic 
activity after several runs of this reaction. 

3  Conclusions 

In summary, we had successfully prepared cross-linked 
chitosan beads as a green, recyclable, supported catalyst for 
the copper-catalyzed Ullmann C—N coupling reaction in  

 

Figure 6  XPS spectra of Chi-Gly and Chi-Gly@CuI (a), Cu 2p peaks of Chi-Gly@CuI and recovered Chi-Gly@CuI after the third run 
(b), N 1s pattern of Chi-Gly (c) and Chi-Gly@CuI (d) 
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Table 2  C—N coupling reaction catalyzed by Chi-Gly@CuIa 

 

 

a Reaction conditions: aryl halides 1 (1.0 mmol), nitrogen nucleophiles 2 (1.2 mmol), Na2CO3 (2.0 mmol) and Chi-Gly@CuI (25 mg, loading 5 mol%) in the water (4 
mL) at 100 ℃ for 24 h. 

 

Figure 7  Recycling and reuse of Chi-Gly@CuI as catalyst 

water. In particular, the catalyst performed excellent cata-
lytic effects in water system and could be easily separated 
from products by simple filtration almost without weight 
loss. In addition to its excellent catalytic activity, 
Chi-Gly@CuI can maintain catalytic activity after 10 times 
of recycling. Most noticeably, the preparation process of 
this environmentally-friendly catalyst is simple, and it will 
have large potential used in industrial production. 

 
Supporting Information  Experimental details and pro-
ton nuclear magnetic resonance of synthesized products. 
The Supporting Information is available free of charge via 
the Internet at http://sioc-journal.cn/. 
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