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Pd/1,3-双(二苯基膦)丙烷催化苯并噁唑 C-2 位直接芳基化反应的研究 

汪洋点点    余晓军    付海燕    郑学丽    陈  华    李瑞祥* 
(四川大学化学学院  教育部绿色化学和技术重点实验室  成都 610064) 

摘要  利用简单商业可得的 PdCl2和 1,3-双(二苯基膦)丙烷(dppp)作催化剂, 高效催化了苯并噁唑和溴苯 C-2 取代的芳

基化反应. 该催化体系表现出了很好的官能团容忍性, 当催化剂用量为 0.1 mol%时, 反应 6 h 收率可达 90%以上, 更重

要的是, 当催化剂用量低至 0.01 mol%时, 通过延长反应时间, 转化率仍然能达到 90%以上. 通过汞中毒实验, 透射电

镜和 X 射线光电子能谱证实了该反应是钯纳米粒子催化的过程. 此外, 通过控制实验证实了底物苯并噁唑在反应过程

中经历了开环和关环的途径. 最后, 通过热过滤和高分辨质谱实验从一定程度上证实了该反应可能经历了 Pd(0)-Pd(II)

的反应历程. 

关键词  芳化反应; 苯并噁唑; 1,3-双(二苯基膦)丙烷; 钯 

Pd/1,3-Bis(diphenylphosphino)propane Catalyzed Arylation of  
Benzoxazoles at C-2 Position with Aryl Bromides 
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Abstract  A catalyst system combined of PdCl2 with 1,3-bis(diphenylphosphion)propane (dppp), which was simple and from 
commercially available materials, was reported for the highly efficient arylation of benzoxazoles at C-2 position with aryl 
bromides. This catalytic system could tolerate a great number of functional groups in benzoxazole and bromobenzene. With a 
low PdCl2 loading of 0.01 mol%, aryl bromides could be completely converted into the desired products for 24 h. If the loading 
of catalyst was up to 0.10 mol%, most of substrates could give more than 90% yields in 6 h. The exploration of the reaction 
mechanism discovered that Pd nanoparticles were formed during this reaction. The morphology and composition analysis of 
the Pd nanoparticles with transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) indicated that 
dppp played a key role to block the aggregation of palladium particles. In addition, the ring-opening pathway of benzoxazoles 
in the reaction process was proved by control experiments. Hot filtration experimental and high resolution mass spectrum 
(HRMS) analysis of filtrate suggested that the real active species were Pd(0)-Pd(II)/dppp complexes. 
Keywords  arylation; benzoxazole; 1,3-bis(diphenylphosphion)propane; palladium 

 

1  Introduction 

Heteroaromatics are not only useful structural units in 
organic synthesis,[1] but 2-aryl substituted benzoxazole and 
its derivatives are also found in many natural products and 
anti-inflammatory[2] or anticancer pharmaceuticals.[3] Due 
to their excellent biological activity, 2-aryl substituted 
benzoxazoles and derivatives have drawn numerous atten-
tions to explore the efficiently synthetic approaches to them. 

Regarded as one of the practical means to form C—C bond, 
transition-metal-catalyzed direct arylation of C—H bond is 
widely used.[4] PdCl2(PPh3)2-catalyzed direct 2-arylation of 
benzoxazoles by C—C coupling between organic halides 
and organotin compounds was firstly reported in 1986.[5] 
Doucet and co-workers[6] used PdCl(dppb)(C3H5) as cata-
lyst to achieve the same reaction, but different substituents 
required different loadings of catalysts (0.2～5 mol%), high 
reaction temperature of 100～150 ℃ and long reaction time 
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of 20 h had to be needed. Pd(OAc)2/xantphos catalytic 
system, being developed by Walsh and co-workers,[7] could 
catalyze this reaction at room temperature, but 5 mol% 
Pd(OAc)2 and excess base must be used. In order to address 
the high loading of catalyst, co-catalyst strategy has been 
employed. Pd-Cu co-catalytic system[8] was one of the most 
frequently-used approaches. For example, Pd(OAc)2- 
Cu(II)/PPh3 carried out the reaction in a loading of 1.0 
mol%.[8a] Furthermore, dichlorobis(chloro-di-tert-butyl- 
phosphine)Pd-Cu(xantphos)I system could achieve this 
transformation with a low amount of 0.25 mol%, but an 
excessive Cs2CO3 (2.5 equiv.) was necessary.[9] In addition, 
palladium-catalyzed silver-assisted direct C-5-H arylation 
of 3-substituted 1,2,4-oxadiazoles was accomplished at 
150 ℃ under microwave irradiation in the presence of 3.0 
equiv. AgOAc.[10] Similarly, the co-catalytic system of 
palladium-nickel binary nanocluster required 2.5 mol% 
PdCl2, 2.5 mol% NiCl2 and 10 mol% TBAF for ortho- 
heterocycle-tethered sterically hindered aryl bromides.[11] 
Besides the previous co-catalytic systems, many new lig-
ands and their complexes were designed and synthesized to 
achieve the highly efficient transformation. Arslan’s 
group[12a] and Guo’s group[12b] designed two different 
N-heterocyclic carbenes (Figures 1, a, b) and prepared their 
palladium complexes to catalyze the direct arylation of 
benzoxazoles with bromobenzenes. For this system, a high 
reaction temperature of 130 ℃, a high catalyst loading of 
1.5 mol% and a long reaction time of 48 h were needed to 
carry out a high conversion. Furthermore, even if some 
complicated phosphine ligands were synthesized and ap-
plied in the reaction, the reaction conditions were still very 
serious. Such as Bergman et al.[13a] used a phosphine (Fig-
ure 1, c), a high catalyst loading of 5.0 mol%, high reaction 
temperature of 250 ℃ and microwave irradiation. Using 
phosphine d (Figure 1, d), Wilson and co-workers[13b] per-
formed this reaction in the presence of a high catalyst 
loading of 5.0 mol% and used PivOH as additive. Recently, 
some phosphine-free or ligand-free synthetic methods were 
developed, but some co-catalyst and additive had to be 
introduced into the reaction system.[14]  
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Figure1  Some typical ligands 

Based on our continuous interests in C—C coupling re-
actions catalyzed by transition metal complexes bearing 
polydentate phosphines,[15] a simple catalytic system was 
discovered which was combined of commercially available 
PdCl2 and dppp showed the highly catalytic activity with the 

low catalyst loading of 0.01% without any co-catalyst. 

2  Results and discussion 

Firstly, the direct arylation of benzoxazole with bromo-
benzene was chosen as the model reaction to investigate the 
effects of a variety of reaction parameters, such as ligands, 
Pd precursors, bases and solvents, on the reaction, and the 
results were summarized in Table 1. 

Table 1  Optimization of the reaction conditions for the direct 
arylation of benzoxazole with bromobenzene 

 

Entry Catalyst Ligand Base Solvent Yieldd/%

1 PdCl2 dppe LiOtBu DME 10 
2 PdCl2 dppp LiOtBu DME 98 
3 PdCl2 dppb LiOtBu DME 94 
4 PdCl2 xantphos LiOtBu DME 93 
5 PdCl2 dppf LiOtBu DME 92 
6 PdCl2(CNMe)2 dppp LiOtBu DME 21 
7 [PdCl(C3H5)]2 dppp LiOtBu DME 50 
8 Pd2(dba)3 dppp LiOtBu DME 32 
9 PdCl2 dppp NaOH DME 69 

10 PdCl2 dppp KOH DME N.R.
11 PdCl2 dppp Cs2CO3 DME 10 
12 PdCl2 dppp KOtBu DME N.R 
13 PdCl2 dppp NaOtBu DME 72 
14 PdCl2 dppp LiOtBu DME 98 
15 PdCl2 dppp LiOtBu DMF 78 
16 PdCl2 dppp LiOtBu Toluene 85 
17 PdCl2 dppp LiOtBu DMA 53 
18 PdCl2 dppp LiOtBu Dioxane 80 
19b PdCl2 dppp LiOtBu DME 87 
20c PdCl2 dppp LiOtBu DME N.R.

a PhBr (1.0 mmol), benzoxazole (1.2 mmol), base (1.0 equiv.), Pd (0.10 
mol%), ligand (0.10 mol%), solvent (4.0 mL), temperature 90 ℃, time 4 h.  
b PhBr (1.0 mmol), benzoxazole (1.2 mmol), LiOtBu (1.0 equiv,) PdCl2 (0.10 
mol%), dppp (0.050 mol%), DME (4.0 mL), temperature 90 ℃, time 4 h.  
c PdCl2 (0.10 mol%), dppp (0.20 mol%), DME (4.0 mL), temperature 90 ℃, 
time 4 h. d GC yield. 

The catalytic performance of the combination of PdCl2 
with some simple and commercially available bidentate 
phosphines 1,2-bis(diphenylphosphino)ethane (dppe), 1,3- 
bis(diphenylphosphino)propane (dppp), 1,4-bis(diphenyl- 
phosphino) (dppb), 4,5-bis(diphenylphosphino)-9,9- 
dimethylxanthene (xantphos) and 1,1'-bis(diphenypho- 
sphino)ferrocene (dppf) were firstly examined for the direct 
arylation of benzoxazole with bromobenzene (Table 1, 
Entries 1～5). When the reaction time was 4 h and the 
loading of palladium was 0.1 mol%, the combination of 
palladium with dppe gave only a low yield of 10%. Good 
yields could be achieved with dppp, dppb, dppf and 
xantphos, respectively. Especially, PdCl2/dppp system gave 
the highest yield. Subsequently, the effect of palladium 
precursors on the reaction was examined (Table 1, Entries 
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2, 6～8). It was found that both PdCl(CNMe)2 and 
Pd2(dba)3 gave the low yields of 21% and 32%, respec-
tively, [PdCl(C3H5)]2 as palladium precursor gave the yield 
of 50%. PdCl2 showed the hightest activity and gave a high 
yield of 98%. Hence, in the following experiments PdCl2 
was used as palladium precursor. The effect of bases on the 
reaction was also evaluated (Table 1, Entries 9～14). The 
low yields were obtained if the reaction was performed in 
the presence of NaOH or NaOtBu, while the reaction did not 
occur in Cs2CO3, KOtBu and KOH, respectively. When 
LiOtBu was used as base, the highest yield of 98% was 
given (Table 1, Entry 14). The effect of solvents on the 
reaction (Table 1, Entries 14～18) showed that yields of the 
target products were not improved in N,N-dimethylform- 
amide (DMF), toluene and dioxane, and only moderate 
yield was observed in N,N-dimethylacetamide (DMA). For 
the effect of the ratio of palladium to dppp on the reaction, it 
was found that 1∶1 molar ratio of dppp to palladium gave 
the highest yield. The high molar ratio of palladium to dppp 
(2∶1) caused the yield to be reduced to 87% (Table 1, 
Entry 19). On the contrary, the low molar ratio of palladium 
to dppp (1∶2) led to the reaction was almost completely 
inhibited (Table 1, Entry 20). Considering the high conver-
sions of some inactive substrates, we decided to prolong the 
reaction time from 4 h to 6 h in the scope test of substrates. 
Finally, the optimum composition of this catalyst system 
was 0.10 mol% PdCl2, 0.10 mol% dppp and 1.0 equiv. 
LiOtBu, and the reaction was performed in 1,2-dimethoxy- 
ethane (DME) at 90 ℃ for 6 h. 

With the optimized reaction conditions in hand, the sub-
strate scope for the direct C-2 arylation of benzoxazole and 
derivatives was further examined and the results were 
summarized in Table 2. The reaction was not sensitive to the 
electronic factor of substituents on bromobenzene except of 
steric factor. For all substrates bearing substituents at 3- and 
4-positions of bromobenzene, whatever it was electron- 
withdrawing group or electron-donating group on aryl 
bromide, the high yields could be obtained (Table 2, 3ab～
3ax). For aryl bromides with substituent in 2-position, all of 
them gave relatively low yields due to steric hindrance 
(Table 2, 3ad, 3ag, 3al). For the bulky 1-bromonaphthalene 
and 9-bromoanthracene, this system also afforded corre-
sponding products in good to excellent yields (Table 2, 
3ba～3bb). For heterocyclic compounds, they are generally 
difficult to carry out this reaction due to the strong coordi-
nation ability of heteroatoms with palladium. However, for 
some typical heteroaryl bromides, such as 2-bromopyridine 
or 3-bromopyridine, 5-bromopyrimidine, 2-bromofuran and 
3-bromothiophene, this system was still suitable and pro-
vided the corresponding products with good to excellent 
yields (Table 2, 3ca～3ce).  

On account of the excellent catalytic activity of this sys-
tem, we tried to decrease the catalyst loading to 0.01 mol% 
and further evaluated its catalytic performance. Good to 
excellent yields were still obtained in the presence of elec-
tron-withdrawing groups (Table 2, 3ah, 3aj). For elec-
tron-donating groups, satisfying yields could be achieved if 

reaction time was prolonged to 48 h (Table 2, 3ab, 3ae). In 
addition, benzoxazole derivatives were also suitable for this 
reaction. However, benzoxazoles with electron-donating 
groups (Table 2, 3da～3dc) gave higher yields than elec-
tron-withdrawing groups (Table 2, 3dd～3de), which was 
agreed with the reported results.[16] Heterocycles, such as 
benzothiazole, were quite hard to transform under the 
standard condition. The amount of catalyst was increased to 
0.50 mol% and the time was extended to 24 h. The product 
yield of 45% was obtained (Table 2, 3df). Compared with 
the reported results, this catalytic system was suitable for 
the coupling of benzoxazoles with a wide range of aryl 
bromides and the yields of desired products were as high as 
95%～99% for electron-withdrawing or electron-donating 
aryl bromides, which were obviously higher than 70%～
88% of the reported results.[8a,8b,17]  

In order to explore the reaction mechanism, we used the 
mixture (50∶50) of deuterium-labelled-benzoxazole and 
benzoxazole to perform this reaction and detected the con-
sumption of substrates with NMR (Scheme 1). A kinetic 
isotope effect (KIE) value (KH/KD) of 1.27 was obtained. 
The result indicated that the cleavage of C—H bond was not 
the rate-limiting step of the reaction.[18] 

To clarify the oxidation state of palladium species, the 
relationship between the conversion and reaction time was 
investigated. Figure 2a depicted the reaction progress with 
time in the presence of dppp. The curve was a typical S form 
and the reaction had an induction period of about one hour. 
At the same time, the reaction could be completely inhibited 
in the presence of mercury. These were the typically cata-
lytic characters of palladium nanoparticles. Analysis of 
transmission electron microscopy (TEM) in Figure 2c 
showed that palladium was uniform nanoparticles with 
spherical shape in the average diameter of about 3.0 nm 
after the reaction progressed for 6 h. When the reaction time 
was extended to 14 h, the size of nanoparticles was almost 
maintained (Figure 2d). Compared with result in Figure 2a, 
the conversion of aryl bromide in the absence of ligand 
(Figure 2b) was very low even if the reaction time pro-
longed to 6 h. And TEM showed that the size of palladium 
particles without ligand was much larger than that with 
dppp. Combined with the HAADF-STEM (high-angle an-
nular dark field-scanning transmission electron microsco-
py) image of the catalyst at the end of reaction, these results 
revealed that dppp played a key role in stabilizing palladium 
nanoparticles. The isolated Pd nanoparticles were analyzed 
with X-ray photoelectron spectroscopy (XPS) to find the 
existence of oxygen, bromide and phosphorus (red box, 
inserted graph) besides palladium (Figure 2e). The result 
indicated that the surface of nanoparticles absorbed dppp by 
the coordination interaction. High-resolution XPS spectra 
of the sample in Figure 2f showed that palladium nanopar-
ticles existed as Pd(II) and Pd(0).[19] Because XPS analysis 
was performed in air, it was suggested that the formation of 
Pd(II) resulted from the oxidation of air to Pd(0). To further 
verify the state of catalytic active species, a half of reaction 
mixture solution was immediately filtered into another     
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Table 2  Substrate scope in this reaction 
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3af 87% (85%c) 3ag 75% (79%c) 3ah 95% (98%b) 3ai 86% 3aj 98% (96%b)
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3dd 53% 3de 83% 3df 45%d
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a ArBr (1.0 equiv.), benzoxazole (1.2 equiv.), LiOtBu (1.0 equiv.), PdCl2 (0.10 mol%), dppp (0.10 mol%), DME (4.0 mL), temperature 90 ℃, time 6 h. Isolated 
yields. b PdCl2 (0.01 mol%), time 24 h. Isolated yields in parenthesis. c PdCl2 (0.01 mol%), time 48 h. Isolated yields in parenthesis. d PdCl2 (0.50 mol%), time 24 h. 
Isolated yields. 

 
Scheme 1  Deuterium kinetic isotope effect (KIE) experiment 

preheated Schlenk tube[20] containing a stir bar after the 
reaction was performed for 2 h. At this time, GC conversion 
of aryl bromide was 25%, and then both examples contin-
ued reacting for 4 h. As a result, the original example and 
the filtrate gave GC conversions of 97% and 77%, respec-
tively. These results indicated that the catalytic active spe-
cies should be soluble Pd(0) species dissociated from pal-
ladium nanoparticals. 

Subsequently, we tried to obtain some information about 
the composition or structure of intermediates in the process 
of the reaction. According to the result with deuterium- 
labelled-benzoxazole and benzoxazole, the cleavage of C—
H bond was not rate-determining step. It has been reported 
that benzoxazoles in the presence of bases underwent a 
ring-opening pathway to form isocyanophenolate deriva-
tives[21] and they were good ligands for Pd(II).[22] In order to 
verify the ring-opening pathway of benzoxazoles in this 
system, PdCl2, dppp, LiOtBu and benzoxazole were added 
in Schlenk tube at 90 ℃ and reacted for 1 h, and then the 
mixture solution was filtered immediately and inspected 
with 31P NMR. The result showed that a strong singlet was 
found at δ 3.65. It suggested that this system existed a major   
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Figure 2  (a) Relationship between time and conversion in the presence of dppp, (b) relationship between time and conversion in the 
absence of dppp, (c) TEM image of catalyst with dppp after 6 h, (d) TEM image of catalyst with dppp after 14 h, (e) XPS spectrum of 
palladium particles, and (f) high-resolution XPS spectra of palladium particles 

species containing phosphine. 
Furthermore, HRMS (SHIMADZU-LCMS-IT-TOF) 

analysis found the signal of (dppp)Pd(C6H5ONC)2 (m/z 
757.1367, calcd for [M＋H]＋ 757.1371) in the filtrate. The 
HRMS signal was in good consistent with the molecular 
weight of palladium complex bearing isocyanophenolate 
and dppp (Figure 3). Besides, 3-chloro-1-propene was ap-
plied to capture phenolic hydroxyl group to further prove 
the open ring of oxazole rings. PdCl2, dppp, LiOtBu, 
3-chloro-1-propene and benzoxazole were added in Schlenk 
tube and reacted at 90 ℃ for 6 h. Some products were sep-
arated by thin-layer chromatography and characterized by 
1H NMR. Although we did not separate pure product, the 

signal of C6H4O(C3H5)NC (m/z 160.0757, calcd for [M＋ 
H]＋ 160.0751) was found in HRMS and some matched 
signals were observed in 1H NMR spectrum. 
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Figure 3  Structure of F 
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The palladium particles were removed by hot filtration 
after the reaction was performed for 2 h. It was found that 
the reaction continued progressing, HRMS of the filtrate 
showed the signal of m/z 674.9909, which was corre-
sponding the molecular weight of PdBr(C6H5)dppp (calcd 
for [M＋H]＋ m/z 675.0197; A in Figure 4). At the same 
time, the signal of PdBr(C6H5)dppp(C6H4ONC) (m/z 
794.0547, calcd for [M＋H]＋ 794.0574, C in Figure 4) was 
also found in the filtrate. The results further proved that the 
really active species were soluble Pd(0) and Pd(II) species 
rather than palladium nanoparticles. This is the first time to 
obtain the direct evidence of active species with HRMS in 
the arylation of benzoxazole, while the reported mechanism 
information was from density functional theory (DFT) 
calculation.[21]  

Finally, a possible mechanism of the direct arylation of 
benzoxazole was proposed as Figure 4. The catalytic cycle 
firstly involves the reduction of Pd(II) to Pd(0) during the 
induction period of the reaction, followed by the oxida-
tive-addition of PhBr with Pd(0) to form species (A). 
Through the ring-opening pathway, 2-isocyanophenolate 
(B) entered to the catalytic cycle to form Pd-isocyanide (C). 
An intramolecular nucleophilic attack led to giving species 
E. E processed reductive-elimination to generate the de-
sired product 2-phenylbenzoxazole and Pd(0) species was 
regenerated to start a new recycling.  

 

Figure 4  Proposed mechanism 

3  Conclusions 

In conclusion, a convenient effective Pd-dppp system to 
achieve C—H functionalization of benzoxazoles with aryl 
bromides was developed in good to excellent yields. This 
catalytic system could tolerate to wide functional groups. 
dppp played a key role to stabilize active Pd species. Based 
on TEM, XPS and HRMS results, the reaction mechanism 

was proposed. 

4  Experimental 

4.1  General 

All materials and reagents were commercially available 
and used without further purification.  

4.2  General procedure for Pd-catalyzed arylation of 
benzoxazole 

1.2 mmol of benzoxazole (143 mg), 1.0 mmol of LiOtBu 
(80 mg), 0.1 mol% PdCl2 (0.2 mg) and 0.1 mol% dppp (0.5 
mg) were added into a Schlenk tube under N2 atmoshere, 
and then 1.0 mmol of bromobenzene (105 μL) and 4.0 mL 
of dry DME were added to the reaction tube with syringe. 
The reaction tube was stirred at 363 K for 6 h. At the end of 
reaction, the mixture was cooled to room temperature and 
added with 3.0 mL ether. The solution was filtered with 
silica gel and the solvent in filtrate was removed under 
reduced pressure. The residue was purified by silica gel 
column chromatography with 1∶100 ratio of ethyl acetate 
(EA) to petroleum ether (PE) to isolate corresponding 
product. 

2-Phenylbenzoxazole (3aa): White powder, m.p. 101～
102 ℃ (lit.[23] m.p. 102～104 ℃); 1H NMR (400 MHz, 
CDCl3) δ: 8.31～8.23 (m, 2H), 7.81～7.76 (m, 1H), 
7.62～7.57 (m, 1H), 7.57～7.50 (m, 3H), 7.39～7.34 (m, 
2H); 13C NMR (101 MHz, CDCl3) δ: 163.16, 150.84, 
131.70, 129.06, 127.76, 125.27, 124.74, 120.10, 110.74. 

2-p-Tolylbenzoxazole (3ab): Pale-yellow powder, m.p. 
112～113 ℃ (lit.[23] m.p. 112～114 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.08～8.06 (m, 2H), 7.69～7.67 (m, 1H), 
7.50～7.48 (m, 1H), 7.27～7.18 (m, 4H), 2.36 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 163.41, 150.79, 142.19, 129.77, 
127.71, 124.99, 124.54 (d, J＝11.3 Hz), 119.94, 110.61, 
21.77. 

2-m-Tolylbenzoxazole (3ac): White powder, m.p. 77～
79 ℃ (lit.[24] m.p. 81.3～82.6 ℃); 1H NMR (CDCl3, 400.1 
MHz) δ: 8.10 (s, 1H), 8.05 (d, J＝7.6 Hz, 1H), 7.79～7.11 
(m, 1H), 7.60～7.58 (m, 1H), 7.40 (t, J＝7.6 Hz, 1H), 
7.38～7.34 (m, 3H), 2.46 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 163.39, 150.86, 142.21, 138.89, 132.52, 128.96, 
128.33, 127.13, 125.17, 124.90, 124.68, 120.08, 110.70, 
21.49. 

2-o-Tolylbenzoxazole (3ad): White powder, m.p. 62～
64 ℃ (lit.[25] m.p. 63～65 ℃); 1H NMR (CDCl3, 400.1 
MHz) δ: 8.17 (d, J＝7.2 Hz, 1H), 7.85～7.79 (m, 1H), 
7.61～7.59 (m, 1H), 7.42～7.26 (m, 5H), 2.82 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 163.52, 150.41, 142.24, 138.96, 
131.91, 131.02, 130.06, 126.26, 125.12 , 124.48, 120.25, 
110.60, 22.34. 

2-(4-Methoxyphenyl)benzoxazole (3ae): White powder, 
m.p. 96～97 ℃ (lit.[24] m.p. 96.3～97.2 ℃) ; 1H NMR 
(400 MHz, CDCl3) δ: 8.21 (d, J＝8.7 Hz, 2H), 7.74 (d, J＝
9.1 Hz, 1H), 7.56 (d, J＝9.2 Hz, 1H), 7.36～7.29 (m, 2H), 
7.03 (d, J＝8.8 Hz, 2H), 3.89 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 163.31, 162.47, 150.80, 142.38, 129.53, 124.65, 



   
有机化学 研究论文 

 
488      http://sioc-journal.cn/ © 2019 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2019, 39, 482～490 

119.78, 114.49, 110.52, 55.59. 
2-(3-Methoxyphenyl)benzoxazole (3af): White powder, 

m.p. 72～74 ℃ (lit.[23] m.p. 70～72 ℃); 1H NMR (400 
MHz, CDCl3) δ: 7.89～7.83 (m, 1H), 7.82～7.76 (m, 2H), 
7.62～7.56 (m, 1H), 7.43 (t, J＝8.0 Hz, 1H), 7.39～7.33 
(m, 2H), 7.10～7.08 (m, 1H), 3.92 (s, 3H); 13C NMR (101 
MHz, CDCl3) δ: 163.08, 160.07, 150.86, 142.13, 130.13, 
128.43, 125.30, 124.73, 120.18, 118.49, 112.02, 110.73, 
55.65. 

2-(2-Methoxyphenyl)benzoxazole (3ag): White powder, 
m.p. 55～57 ℃ (lit.[26] m.p. 55～57 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.14 (dd, J＝7.6, 1.6 Hz, 1H), 7.85～7.83 
(m, 1H), 7.60～7.58 (m, 1H), 7.52～7.50 (m, 1H), 7.36～
7.26 (m, 2H), 7.11 (t, J＝8.0 Hz, 2H), 4.03 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 161.66, 158.58, 150.42, 142.23, 
132.92, 131.41, 125.07, 124.41, 120.84, 120.35, 116.24, 
112.17, 110.57, 56.34. 

2-(4-Fluorophenyl)benzoxazole (3ah): White powder, 
m.p. 98～99 ℃ (lit.[23] m.p. 102～104 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.20～8.14 (m, 2H), 7.74～7.65 (m, 1H), 
7.50～7.48 (m, 1H), 7.27 (ddd, J＝3.7, 3.2, 1.9 Hz, 2H), 
7.15～7.11 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 
166.20, 163.69, 162.28, 150.89, 142.14, 129.92, 125.2, 
124.80, 120.10, 116.20, 110.69. 

2-(2-Fluorophenyl)benzoxazole (3ai): Orange powder, 
m.p. 93～95 ℃ (lit.[27] m.p. 91～93 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.16 (td, J＝7.6, 1.7 Hz, 1H), 7.80～7.73 
(m, 1H), 7.58～7.51 (m, 1H), 7.48～7.40 (m, 1H), 7.34～
7.27 (m, 2H), 7.26～7.21 (m, 1H), 7.21～7.18 (m, 1H); 13C 
NMR (101 MHz, CDCl3) δ: 162.22, 159.68, 150.58, 141.87, 
133.19, 130.65, 125.61, 124.81, 124.60, 120.49, 117.11, 
115.63, 110.82. 

2-(4-(Trifluoromethyl)phenyl)benzoxazole (3aj): White 
powder, m.p. 140～141 ℃ (lit.[23] m.p. 148～150 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 8.38～8.24 (m, 2H), 7.81～
7.67 (m, 3H), 7.59～7.49 (m, 1H), 7.32 (dd, J＝5.9, 2.6 Hz, 
2H); 13C NMR (101 MHz, CDCl3) δ: 161.61, 151.00, 
142.03, 130.56, 128.00, 126.08, 125.95, 125.23, 125.08, 
120.54, 110.94. 

2-(3-(Trifluoromethyl)phenyl)benzoxazole (3ak): White 
powder, m.p. 119～120 ℃ (lit.[28] m.p. 119～120 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 8.44 (s, 1H), 8.34 (d, J＝7.8 
Hz, 1H), 7.74～7.66 (m, 2H), 7.53 (ddd, J＝10.2, 6.5, 4.7 
Hz, 2H), 7.33～7.25 (m, 2H); 13C NMR (101 MHz, CDCl3) 
δ: 161.65, 146.49, 131.94, 131.61, 130.76, 129.69, 128.20, 
128.09, 125.87, 125.08, 124.67, 122.49, 120.47, 110.92. 

2-(2-(Trifluoromethyl)phenyl)benzoxazole (3al): Pale- 
orange powder, m.p. 119～121 ℃  (lit.[28] m.p. 119～
121 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.07 (dd, J＝4.2, 
3.5 Hz, 1H), 7.85～7.73 (m, 2H), 7.68～7.51 (m, 3H), 
7.37～7.29 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 
161.30, 151.37, 141.74, 132.37, 132.05, 131.18, 129.54, 
127.26, 126.31, 125.83, 124.91, 122.22, 120.69, 111.05. 

2-(4-Isopropylphenyl)benzoxazole (3am): White pow-
der, m.p. 80～82 ℃ (lit.[29] m.p. 80～82 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.19 (d, J＝8.3 Hz, 2H), 7.82～7.73 
(m, 1H), 7.62～7.54 (m, 1H), 7.43～7.31 (m, 4H), 3.06～

2.93 (m, 1H), 1.31 (d, J＝6.9 Hz, 6H); 13C NMR (101 MHz, 
CDCl3) δ: 163.40, 153.02, 150.81, 142.27, 127.86, 127.19, 
124.90, 124.60, 119.96, 110.63, 34.37, 23.87. 

2-(4-(tert-Butyl)phenyl)benzoxazole (3an): White pow-
der, m.p. 107～108 ℃ (lit.[30] m.p. 107.5 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.34～8.09 (m, 2H), 7.83～7.72 (m, 
1H), 7.72～7.45 (m, 3H), 7.44～7.27 (m, 2H), 1.37 (d, J＝
7.0 Hz, 9H); 13C NMR (101 MHz, CDCl3) δ: 163.35, 
155.28, 150.81, 142.23, 127.60, 126.04, 125.00, 124.61, 
124.40, 119.96, 110.64, 35.19, 31.27. 

2-(3,5-Dimethylphenyl)benzoxazole (3ao): White pow-
der, m.p. 119～121 ℃ (lit.[24] m.p. 109.4～113 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 7.90 (s, 2H), 7.80～7.73 (m, 
1H), 7.64～7.52 (m, 1H), 7.35 (ddd, J＝5.5, 3.7, 1.0 Hz, 
2H), 7.18 (s, 1H), 2.42 (s, 6H); 13C NMR (101 MHz, 
CDCl3) δ: 163.58, 150.80, 141.99, 138.78, 133.55, 126.87, 
125.56, 125.15, 124.70, 119.98, 110.66, 21.36. 

2-(2,5-Dimethylphenyl)benzoxazole (3ap): White pow-
der, m.p. 40～42 ℃ (lit.[31] m.p. 40～42 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 7.93 (s, 1H), 7.79～7.65 (m, 1H), 
7.58～7.44 (m, 1H), 7.35～7.22 (m, 2H), 7.17～7.14 (m, 
2H), 2.68 (s, 3H), 2.34 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 163.84, 150.48, 142.18, 135.81, 131.90, 130.55, 
126.06, 125.06, 124.48, 120.20, 110.58, 21.80, 20.98. 

2-(2,4-Dimethylphenyl)benzoxazole (3aq): White pow-
der, m.p. 87～88 ℃ (lit.[32] m.p. 87～88 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.09 (d, J＝8.6 Hz, 1H), 7.83～7.76 
(m, 1H), 7.61～7.55 (m, 1H), 7.38～7.31 (m, 2H), 7.16 (d, J
＝7.4 Hz, 2H), 2.79 (s, 3H), 2.40 (s, 3H); 13C NMR (101 
MHz, CDCl3) δ: 163.82, 150.37, 142.19, 141.50, 138.90, 
132.74, 130.14, 127.04, 124.97, 124.46, 120.09, 110.55, 
22.28, 21.55. 

2-(4-Fluoro-3-methylphenyl)benzoxazole (3ar): White 
powder, m.p. 116～118 ℃; 1H NMR (400 MHz, CDCl3) δ: 
8.02 (dd, J＝27.6, 4.4 Hz, 2H), 7.72～7.65 (m, 1H), 7.53～
7.46 (m, 1H), 7.31～7.23 (m, 2H), 7.08 (d, J＝9.0 Hz, 1H), 
2.30 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 164.84, 
162.56, 150.88, 142.19, 131.24, 127.29, 125.96, 125.16, 
124.74, 123.20, 120.03, 116.00, 110.65, 14.54. 

2-(3-Fluoro-4-methylphenyl)benzoxazole (3as): White 
powder, m.p. 129～131 ℃; 1H NMR (400 MHz, CDCl3) δ: 
7.84 (ddd, J＝11.6, 9.1, 1.4 Hz, 2H), 7.72～7.66 (m, 1H), 
7.49 (d, J＝0.5 Hz, 1H), 7.31～7.23 (m, 3H), 2.29 (d, J＝
1.7 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ: 163.09, 
150.96, 144.40, 142.34, 140.15, 129.10, 128.24 (d, J＝3.4 
Hz), 127.72, 127.32, 126.10, 125.26, 124.77, 120.14, 
110.74. 

2-(3,5-Bis(trifluoromethyl)phenyl)benzoxazole (3at): 
White powder, m.p. 121～123 ℃; 1H NMR (400 MHz, 
CDCl3) δ: 8.64 (s, 2H), 7.95 (s, 1H), 7.80～7.70 (m, 1H), 
7.60～7.51 (m, 1H), 7.43～7.29 (m, 2H), 7.19 (s, 1H); 13C 
NMR (101 MHz, CDCl3) δ: 160.13, 151.06, 141.83, 133.02, 
129.51, 127.66, 124.78, 124.44, 121.73, 120.80, 111.12. 

4-(benzoxazol-2-yl)benzonitrile (3au): White powder, 
m.p. 207～208 ℃ (lit.[23] m.p. 209～210 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.36～8.21 (m, 2H), 7.82～7.67 (m, 
3H), 7.54 (s, 1H), 7.34 (dd, J＝6.5, 2.5 Hz, 2H); 13C NMR 
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(101 MHz, CDCl3) δ: 161.04, 151.02, 141.98, 132.82, 
128.09, 126.29, 125.26, 120.69, 118.29, 114.86, 111.00. 

2-(4-(Benzoxazol-2-yl)phenyl)acetonitrile (3av): White 
powder, m.p. 169～170 ℃ (lit.[34] m.p. 169～170 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 8.30～8.28 (m, 2H), 7.76～
7.72 (m, 2H), 7.56～7.54 (m, 2H), 7.35～7.33 (m, 2H); 13C 
NMR (101 MHz, CDCl3) δ: 160.75, 150.95, 141.89, 134.53, 
131.52, 131.12, 130.01, 126.11, 125.20, 120.58, 118.02, 
113.64, 110.97. 

4-(Benzoxazol-2-yl)benzaldehyde (3aw): White powder, 
m.p. 112～114 ℃; 1H NMR (400 MHz, CDCl3) δ: 10.03 (s, 
1H), 8.35 (d, J＝8.4 Hz, 2H), 7.96 (d, J＝8.2 Hz, 2H), 
7.77～7.71 (m, 1H), 7.53 (d, J＝0.6 Hz, 1H), 7.36～7.28 
(m, 2H); 13C NMR (101 MHz, CDCl3) δ: 191.58, 161.71, 
151.03, 142.08, 138.10, 132.39, 131.67, 130.23, 128.20, 
126.10, 125.13, 120.60, 110.96. 

2-([1,1'-Biphenyl]-4-yl)benzoxazole (3ax): White pow-
der, m.p. 139～140 ℃ (lit.[24] m.p. 135～136.5 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 8.25 (d, J＝8.5 Hz, 2H), 7.77～
7.64 (m, 3H), 7.59 (d, J＝7.4 Hz, 2H), 7.55～7.49 (m, 1H), 
7.41 (t, J＝7.5 Hz, 2H), 7.36～7.22 (m, 3H); 13C NMR (101 
MHz, CDCl3) δ: 163.09, 150.96, 144.40, 142.34, 140.15, 
129.10, 128.24 (d, J＝3.4 Hz), 127.72, 127.32, 126.10, 
125.26, 124.77, 120.14, 110.74 . 

2-(Naphthalen-1-yl)benzoxazole (3ba): Pale-yellow 
powder, m.p. 106～107 ℃ (lit.[24] m.p. 103.6～109.2 ℃); 
1H NMR (400 MHz, CDCl3) δ: 9.39 (d, J＝8.7 Hz, 1H), 
8.35 (dd, J＝7.3, 1.2 Hz, 1H), 7.94 (d, J＝8.2 Hz, 1H), 
7.89～7.76 (m, 2H), 7.63～7.60 (m, 1H), 7.58～7.47 (m, 
3H), 7.32～7.30 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 
162.96, 146.40, 134.11, 132.45, 130.85, 129.47, 128.80, 
128.05, 126.59, 126.43, 125.24, 124.64, 123.77, 120.42, 
110.65. 

2-(Anthracen-9-yl)benzoxazole (3bb): Pale-yellow 
powder, m.p. 164～166 ℃ (lit.[31] m.p. 164～166 ℃); 1H 
NMR (400 MHz, CDCl3) δ: 8.58 (s, 1H), 8.03～7.96 (m, 
4H), 7.92～7.90 (m, 1H), 7.64～7.61 (m, 1H), 7.45～7.40 
(m, 6H); 13C NMR (101 MHz, CDCl3) δ: 162.19, 146.41, 
131.49, 131.21, 130.97, 128.82, 127.51, 125.71, 125.62, 
124.82, 121.42, 120.69, 111.07. 

2-(Pyridin-2-yl)benzoxazole (3ca): Yellow powder, m.p. 
108～109 ℃; 1H NMR (400 MHz, CDCl3) δ: 8.81～8.71 
(m, 1H), 8.31～8.28 (m, 1H), 7.85～7.80 (m, 1H), 7.77～
7.75 (m, 1H), 7.61～7.59 (m, 1H), 7.35～7.32 (m, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 161.54, 151.16, 150.40, 146.17, 
141.88, 137.22, 126.16, 125.68, 125.05, 123.55, 120.75, 
111.35. 

2-(Pyridin-3-yl)benzoxazole (3cb): Pale-yellow powder, 
m.p. 113～114 ℃; 1H NMR (400 MHz, CDCl3) δ: 9.41 (d, 
J＝1.4 Hz, 1H), 8.69 (dd, J＝4.8, 1.6 Hz, 1H), 8.46～8.43 
(m, 1H), 7.74～7.71 (m, 1H), 7.54～7.53 (m, 1H), 7.42～
7.39 (m, 1H), 7.35～7.31 (m, 2H); 13C NMR (101 MHz, 
CDCl3) δ: 160.74, 152.05, 150.86, 148.78, 141.88, 134.91, 
125.85, 125.05, 123.76 (d, J＝15.0 Hz), 120.40, 110.90. 

2-(Pyrimidin-5-yl)benzoxazole (3cc): White powder, 
m.p. 166～168 ℃ (lit.[36] m.p. 166～168 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 9.46 (dd, J＝6.3, 4.4 Hz, 2H), 9.35～

9.23 (m, 1H), 7.74 (d, J＝6.8 Hz, 1H), 7.56 (t, J＝6.0 Hz, 
1H), 7.41～7.28 (m, 2H); 13C NMR (101 MHz, CDCl3) δ: 
160.36, 158.25, 155.67, 150.95, 141.72, 126.54, 125.49, 
122.34, 120.81, 111.16. 

2-(Furan-2-yl)benzoxazole (3cd): White powder, m.p. 
83～85 ℃ (lit.[26] m.p. 83～85 ℃); 1H NMR (400 MHz, 
CDCl3) δ: 7.67 (s, 1H), 7.60 (dd, J＝1.7, 0.6 Hz, 1H), 7.48 
(s, 1H), 7.31～7.25 (m, 2H), 7.21 (dd, J＝3.5, 0.6 Hz, 1H), 
6.54 (dd, J＝3.5, 1.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) 
δ: 155.41, 150.26, 145.87, 142.72, 141.74, 125.42, 124.98, 
120.26, 114.42, 112.40, 110.70. 

2-(Thiophen-3-yl)benzoxazole (3ce): White powder, 
m.p. 136～139 ℃ (lit.[23] m.p. 147～149 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.13 (dd, J＝2.9, 1.0 Hz, 1H), 7.72 
(dd, J＝5.1, 0.9 Hz, 1H), 7.70～7.65 (m, 1H), 7.51～7.45 
(m, 1H), 7.38 (dd, J＝5.1, 3.0 Hz, 1H), 7.30～7.25 (m, 2H); 
13C NMR (101 MHz, CDCl3) δ: 159.83, 150.45, 142.01, 
129.35, 128.22, 127.13, 126.73, 125.14, 124.71 , 120.00, 
110.59. 

5-Methyl-2-phenylbenzoxazole (3da): White powder, 
m.p. 102～103 ℃ (lit.[27] m.p. 99～101 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.22～8.11 (m, 2H), 7.48 (s, 1H), 7.46～
7.41 (m, 3H), 7.37 (d, J＝8.3 Hz, 1H), 7.08 (dd, J＝8.3, 1.1 
Hz, 1H), 2.40 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
163.25, 149.12, 142.38, 134.53, 131.52, 129.00, 127.68, 
127.43, 126.36, 120.03, 110.07, 21.66. 

5-Methoxy-2-phenylbenzoxazole (3db): White powder, 
m.p. 60～61 ℃ (lit.[25] m.p. 60～61 ℃); 1H NMR (CDCl3, 
400 MHz) δ: 8.24～8.21 (m, 2H), 7.4～7.6 (m, 4H), 7.26～
7.25 (m, 1H), 6.96 (dd, J＝8.8 Hz, 1H, 2.4 Hz), 3.88 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ: 163.93, 157.55, 
153.39, 145.54, 142.97, 131.58, 129.04, 127.63, 113.89, 
110.87, 102.97, 56.08 . 

5-(tert-Butyl)-2-phenylbenzoxazole (3dc): White pow-
der, m.p. 83～84 ℃; 1H NMR (400 MHz, CDCl3) δ: 8.16 
(dd, J＝6.6, 3.0 Hz, 2H), 7.72 (d, J＝1.4 Hz, 1H), 7.46～
7.38 (m, 4H), 7.33 (dd, J＝8.6, 1.8 Hz, 1H), 1.30 (d, J＝5.6 
Hz, 9H); 13C NMR (101 MHz, CDCl3) δ: 163.29, 152.77, 
148.90, 148.26, 142.10, 131.50, 129.02, 127.65, 123.00, 
116.65 , 109.84, 35.08, 31.91. 

2-Phenyl-5-(trifluoromethyl)benzoxazole (3dd): White 
powder, m.p. 86～87 ℃ (lit.[37] m.p. 86～87 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 8.19 (dd, J＝8.0, 1.6 Hz, 2H), 7.97 (d, 
J＝0.7 Hz, 1H), 7.64～7.53 (m, 2H), 7.49 (dd, J＝6.0, 4.5 
Hz, 3H); 13C NMR (101 MHz, CDCl3) δ: 164.86, 152.60, 
142.37, 132.30, 129.18, 128.00, 127.54 ,127.34, 126.56, 
122.47, 117.75, 111.15. 

5-Fluoro-2-phenylbenzoxazole (3de): White powder, 
m.p. 93～97 ℃ (lit.[25] m.p. 93～97 ℃); 1H NMR (400 
MHz, CDCl3) δ: 8.16 (dd, J＝7.7, 1.9 Hz, 2H), 7.48～7.41 
(m, 4H), 7.37 (dd, J＝8.4, 2.5 Hz, 1H), 7.03～7.00 (m, 1H); 
13C NMR (101 MHz, CDCl3) δ: 164.79, 160.19, 147.11, 
142.87, 131.86, 129.00, 127.70, 126.85, 112.60, 110.82, 
106.30. 

2-Phenylbenzthiazole (3df): White powder, m.p. 113～
115 ℃ (lit.[25] m.p. 113～115 ℃); 1H NMR (400 MHz, 
CDCl3) δ: 8.02 (dd, J＝7.0, 4.5 Hz, 3H), 7.84 (d, J＝8.0 Hz, 
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1H), 7.46～7.39 (m, 4H), 7.35～7.28 (m, 1H); 13C NMR 
(101 MHz, CDCl3) δ: 168.18, 154.24, 135.16, 133.71, 
131.08, 129.13, 127.66, 126.43, 125.30, 123.34, 121.73. 

4.3  Synthesis of palladium nanoparticles and char-
acterization 

1.2 mmol of benzoxazole (143 mg), 1.0 mmol of LiOtBu 
(80 mg), 0.1 mol% PdCl2 (0.2 mg) and 0.1 mol% dppp (0.5 
mg) were added into a Schlenk tube under N2 atmoshere, 
and then 1.0 mmol of bromobenzene (105 μL) and 4.0 mL 
of dry DME were added to the reaction tube with syringe. 
The sealed reaction tube was stirred at 363 K for 6 h. At the 
end of reaction, the mixture was cooled to room temperature 
and added with 1.0 mL of ether and 3.0 mL of H2O. Then 
palladium particles in the mixture were separated by 
high-speed centrifuging (10000 r/min), the supernate was 
removed and Pd particles were washed by acetone and used 
for analysis.  

 
Supporting Information  The detail of KIE experi-
mental, Hot filtration test, Hg(0) poisoning test, 
HAADF-STEM image of the catalyst after reaction, TEM 
image of Pd nanoparticles without dppp, the experiments of 
supports for the ring-opening pathway, the possible struc-
tures of transition states in the reaction, and NMR spectra 
for target products. The Supporting Information is available 
free of charge via the Internet at http://sioc-journal.cn/. 
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