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锰氮掺杂的碳材料催化苄基醚氧化生成酯 

刘  晶†,a    万  聪†,a    郑爱丽 a    王连月 b    殷凯越 a    刘丹丹 a 
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(b中国科学院大连化学物理研究所  大连 116023) 

摘要  报道了一种在无溶剂条件下可回收的锰氮掺杂的碳材料催化叔丁基过氧化氢氧化苄基醚生成酯的催化氧化体

系. 该催化氧化体系具有好的官能团耐受性、优异的化学选择性, 而且该催化氧化体系可以放大.  

关键词  C—H 键; 氧化; 醚; 酯; 无溶剂 
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Abstract  A catalytic system for the oxidation of benzylic ethers to esters has been developed utilizing reusable MnOx-N@C
as catalyst and tert-butyl hydroperoxide (TBHP) as benign oxidant under neat condition. The catalytic oxidation system has 
good functional groups tolerance and excellent chemoselectivity, and this catalytic procedure can also be scaled up.  
Keywords  C—H bonds; oxidation; ether; ester; solvent-free  

 

1  Introduction 

As one of the most useful and fundamental processes in 
organic chemistry, selective oxidation of the benzylic   
Csp3—H bonds has attracted intensive attention owing to the 
straightforward access to highly synthetically valued func-
tional groups from cheap, readily available precursors with 
advantages in one-step reaction and high atomic economy. 
Besides, the oxidized products such as ketones, aldehydes 
and esters have wide applications in the preparation of me-
dicinal compound, agricultural chemical, dye and solvent.[1] 
Traditionally, stoichiometric amount of hazardous oxidant 
such as potassium permangante was employed in these 
oxidation processes under harsh reaction conditions, and 
large doses of unwanted by-products were produced.[2] To 
this day, many efficient catalytic methods for the selective 
oxidation of the benzylic Csp3—H bonds were developed 
using transition-metal catalysts[3 ～ 12] or non-metal cata-

lysts.[13] But there are many shortcomings in these catalyst 
systems, mainly includes: (1) these methods were mainly 
focused on the oxidation of alkylbenzene compounds, di-
phenylmethane compounds, fluorene compounds, xanthene 
compounds, and the oxidation products were ketones, al-
dehydes and carboxylic acids. No systematic research on 
the oxidation of benzylic ethers to benzoic esters has been 
reported, and very few functional groups (only H and 
OCH3) are studied. The substrates containing elec-
tron-withdrawing groups on the aromatic ring were unre-
active in some methods; (2) large amounts of toxic pyridine 
are crucial in many catalyst systems, and organic solvents 
are essential.  

Functional groups have a great influence on the oxida-
tion reaction, so systematic study on the oxidation of ben-
zylic ethers containing different functional groups to ben-
zoic esters is of great significance. In 2012, Lu and 
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coworkers developed a catalytic system for the direct oxi-
dation of ethers to esters using dirhodium(II) complexes of 
2-(sulfonylimino)pyrrolidine as catalysts and tert-butyl 
hydroperoxide (TBHP) as oxidant (Scheme 1). Unfortu-
nately, the dirhodium(II) catalysts were not only expensive 
but also difficult to recovered and reused.[14] In 2014, a 
catalytic system for the oxidation of ethers to esters was 
disclosed by Xiao and coworkers with iron(II) complexes 
of pybisulidine as catalyst and oxygen as oxidant (Scheme 
1), difficult recycle of catalyst and lower yield were prob-
lems.[15] In 2015, Li and coworkers reported a catalyst sys-
tem consisting of 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO) derived sulfonic salt catalyst and mineral acids 
(NaNO2 and HCl) for the oxidation of ethers to esters 
(Scheme 1). The use of organic solvent (MeCN) is not 
consistent with the requirements of green chemistry.[16] In 
2017, Cong and coworkers developed efficient aerobic 
photooxidation of benzyl ethers to benzoates with the aid 
of eosin Y-sensitized titanium dioxide (Scheme 1).[17]  

Manganese-catalysts have been widely used in the study 
of many reactions such as epoxidation of olefins,[18] oxida-

tion of alcohols,[19] selective catalytic reduction (SCR) re-
action[20] and dehydration reaction of aldoximes.[21] Herein, 
we report a heterogeneous catalytic system for the oxida-
tion of benzylic Csp3—H bonds of ethers to esters using 
reusable MnOx-N@C material as catalyst and TBHP as 
oxidant under solvent-free condition and lower reaction 
temperature (Scheme 1). Notably, this MnOx-N@C-cata- 
lyst is economical and environmentally friendly with such 
features as minor dosage, good applicability, high selectiv-
ity and reusability.  

2  Results and discussion 

The MnOx-N@C catalysts were prepared by complexs 
from Mn(NO3)2 and 1,10-phenanthroline, and subsequent 
pyrolysis at high temperature (400～900 ℃) for 2 h in 
nitrogen atmosphere (Scheme 2). Then, the catalytic activ-
ities of MnOx-N@C catalysts were studied using the oxi-
dation of benzyl methyl ether to methyl benzoate (1B) as 
model reaction. The MnOx-N@C catalyst (pyrolysis at 500
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Scheme 1  Oxidation of ethers to esters 
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Scheme 2  Preparation of MnOx-N@C materials 

℃) showed the highest catalytic activity (Table 1, Entries 
1～6). It might be due to the different size of MnOx parti-
cles. Initially structural characterization of the MnOx-N@C 
catalyst (pyrolysis at 500 ℃) was carried out using trans-
mission electron microscope (TEM), X-ray photoelectron 

spectroscopy (XPS) and X-ray diffraction (XRD). TEM 
image revealed that the sizes of MnOx particles were about 
2.05～5.04 nm (Figures 1a, 1b). In the N1s XPS spectrum, 
three nitrogen peaks were observed at 398.3, 399.7 and 
400.8 eV, which originated respectively from N in C—N 
bonds, the N in C＝N bonds and pyrrole-type nitrogen 
which are often found after the carbonization of nitro-
gen-containing organic materials (Figure 2b).[22] In addi-
tion, Mn2+, Mn3+ and Mn4+ were detected according to the 
corresponding binding energies at 640.8, 641.0 and 642.0 
eV respectively (Figure 2c).[23] The phase composition was 
characterized by XRD. As can be seen in Figure 2d, the 
diffraction peaks at 35.0°, 40.7° and 58.8° were indexed to 
MnO. These results illustrated that both MnO2 and Mn2O3 
are in amorphous or poorly crystalline state. 

Table 1  Oxidation of benzyl methyl ether under various conditions 

 

Entry Pyrolysis, dosage Oxidant T/℃ Yielda/% 

1 400 ℃, 50 mg TBHP, 3 equiv.  60 71 
2 500 ℃, 50 mg TBHP, 3 equiv.  60 83 
3 600 ℃, 50 mg TBHP, 3 equiv.  60 53 
4 700 ℃, 50 mg TBHP, 3 equiv.  60 52 
5 800 ℃, 50 mg TBHP, 3 equiv.  60 82 
6 900 ℃, 50 mg TBHP, 3 equiv.  60 75 
7 — TBHP, 3 equiv.  60 Trace 
8 500 ℃, 50 mg H2O2, 3 equiv.  60 nr 
9 500 ℃, 50 mg O2, 303 kPa 60 27 

10 500 ℃, 30 mg TBHP, 3 equiv.  60 81 
11 500 ℃, 20 mg TBHP, 3 equiv.  60 82 
12 500 ℃, 10 mg TBHP, 3 equiv.  60 81 
13 500 ℃, 5 mg TBHP, 3 equiv.  60 81 
14 500 ℃, 3 mg TBHP, 3 equiv.  60 75 
15 500 ℃, 1 mg TBHP, 3 equiv.  60 72 
16 500 ℃, 5 mg TBHP, 2 equiv.  60 81 
17 500 ℃, 5 mg TBHP, 1 equiv.  60 36 
18 500 ℃, 5 mg TBHP, 2 equiv.  50 72 
19 500 ℃, 5 mg TBHP, 2 equiv.  40 70 
20b 500 ℃, 5 mg TBHP, 2 equiv.  60 59 
21c 500 ℃, 5 mg TBHP, 2 equiv.  60 65 

a GC yield with biphenyl as the internal standard. b Reaction time: 16 h. c Reaction time: 12 h.  

 

Figure 1  TEM images (a and b) of MnOx-N@C-catalyst (pyrolysis at 500 ℃) 
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Figure 2  XPS survey scans of MnOx-N@C catalyst (pyrolysis at 500 ℃) (a), N1s XPS spectrum (b), Mn2p3/2 XPS spectrum (c), and 
XRD patterns of MnOx-N@C catalyst (pyrolysis at 500 ℃) (d)

Then, the reaction conditions were studied. Trace 
amount of methyl benzoate (1B) was detected in the ab-
sence of catalyst (Table 1, Entry 7). Nextly, the effects of 
oxidant species were investigated, and no methyl benzoate 
(1B) was detected in presence of H2O2 (Table 1, Entry 8). 
When O2 was used as oxidant, methyl benzoate (1B) was 
obtained in 27% yield (Table 1, Entry 9). Then, different 
amounts of MnOx-N@C catalysts (pyrolysis at 500 ℃) 
were studied, and 81% methyl benzoate (1B) was obtained 
when the amount of MnOx-N@C catalyst (pyrolysis at 500 
oC) was 5 mg (Table 1, Entries 10～15). It may be that 
methyl benzoate (1B) adsorbs on the MnOx-N@C catalyst 
resulting in the similar yield. The content of Mn in the 
MnOx-N-@C catalyst (pyrolysis at 500 ℃) was studied 
via ICP experiment. The Mn content of MnOx-N@C (py-
rolysis at 500 ℃) was 23. 6% and the molar fraction of 
Mn was only 2 mol% in this catalyst system. The dosage 
of TBHP, reaction temperature and reaction time were also 
studied (Table 1, Entries 16～21), and the best result was 
obtained in 81% yield when the dosage of TBHP, reaction 
temperature and reaction time were 2 equiv., 60 ℃ and 
24 h, respectively.  

With the optimized reaction conditions in hand, the 
scope of substrates was investigated. As shown in Scheme 
3, a variety of substituted ester compounds were subjected 
to our oxidation protocol, and good to excellent yields of 
the corresponding esters were obtained. Initially, a variety 
of benzyl methyl ethers with para, meta, ortho or multi 
functional groups were examined, and the results demon-
strated that methyl ethers were viable for the reaction. Pa-
ra-substituented substrates gave higher yields than or-
tho-substituented substrates (Table 2, 2B～5B, 9B, 10B, 
12B, 13B). It might be due to the steric hindrance of or-
tho-substituent group. The substrates bearing elec-

tron-donating substituents provided higher yields than 
those containing electron-withdrawing substituents on the 
benzene ring (Table 2, 4B～7B, 10B, 13B, 15B, 17B, 
19B). Para-halo substitute groups were benefit to this oxi-
dation reaction (Table 2, 4B～7B, 10B, 13B, 15B, 17B, 
19B). The substrates which contain two chemically differ-
ent benzylic positions were tested, and the products were 
obtained without by-products in good yields (Table 2, 4B, 
6B, 13B, 15B, 24B, 25B). The MnOx-N@C catalyst (py-
rolysis at 500 ℃ ) showed good chemoselectivity. 
2-(Methoxymethyl)phenol was also tolerated in this pro-
tocol, and the methyl 2-hydroxybenzoate was obtained in 
43% yield owing to the oxidation of phenol forming qui-
nine (Table 2, 11B). 1-(Methoxymethyl)naphthalene and 
9-(methoxymethyl)anthracene were also tolerated in this 
oxidation reaction, furnishing the desired products in good 
yields (Table 2, 20B, 21B). Benzyl ethyl ethers and benzyl 
ether were oxidized smoothly by this protocol, for exam-
ple, benzyl ethyl ether, 1-chloro-4-(ethoxymethyl)- ben-
zene and benzyl ether underwent this protocol affording 
ester products in 83%, 82% and 71% yields, respectively 
(Table 2, 22B, 23B, 24B). We studied the direct oxidation 
of isochromanone which was important structure found in 
a number of natural products and bioactive molecules un-
der this oxidation reaction conditions affording the ester 
product in moderate yield (Table 2, 25B).  

The synthetic utility of our catalyst system was demon-
strated. A 1-g scale reaction was performed with benzyl 
methyl ether as the test substrate forming methyl benzoate 
(1B) in 81% isolated yield within 48 h (Scheme 3). This 
result suggested that MnOx-N@C catalyst (pyrolysis at 
500 ℃) is a highly active catalyst for the preparation of 
methyl benzoate.  



   
Chinese Journal of Organic Chemistry ARTICLE 

 
Chin. J. Org. Chem. 2019, 39, 811～820 © 2019 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/     815 

Table 2  MnOx-N@C-catalyzed oxidation of ethers to estersa 

 

O

O

27B, 67%, 33.5

O

O

Cl

28B, 52%, 26

Br
O CH3

O

3B, 87%, 43.5

O CH3

O

1B, 82%, 41

O

O

O
CH3

O

21B, 85%, 42.5

H3C
O CH3

O

4B, 84%, 42

Cl
O CH3

O

18B, 76%, 38

Cl

H3CO
O CH3

O

5B, 91%, 45.5

Cl
O CH3

O

2B, 86%, 43

O CH3

O

14B, 76%, 38

CH3

O CH3

O

15B, 62%, 31

F3C

O CH3

O

16B, 78%, 39

H3C

O CH3

O

13B, 74%, 37

Cl

O

CH3

O

22B, 82%, 41

Cl
O

O

25B, 82%, 41

CH3
O

O

24B, 83%, 41.5

CH3

O CH3

O

10B, 70%, 35

Br

O CH3

O

20B, 75%, 37.5

Cl

Cl

H3CO
O CH3

O

19B, 85%, 42.5

OCH3

O CH3

O

17B, 79%, 39.5

H3CO

iPr
O CH3

O

6B, 83%, 41.5

tBu
O CH3

O

7B, 81%, 40.5

O

CH3

O

23B, 63%, 31.5

O CH3

O

8B, 80%, 40

O

O

29B, 53%, 26.5

26B, 71%, 35.5

O

O

O CH3

O

11B, 80%, 40

OCH3

F3C
O CH3

O

9B, 51%, 25.5

O CH3

O

12B, 43%, 21.5

OH

 

a Isolated yield after column chromatography. 
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Scheme 3  Gram-scale reaction with MnOx-N@C catalyst (py-
rolysis at 500 ℃) 

Six consecutive oxidation experiments of benzyl methyl 
ether were performed on a gram scale to demonstrate the 
stability and reusability of the MnOx-N@C catalyst (py-
rolysis at 500 ℃). In fact, the MnOx-N@C catalyst (py-
rolysis at 500 ℃) was successfully recycled without any 
significant loss of activity (Figure 3).  

On the basis of previous studies and pertinent literatures, 
a possible reaction pathway was proposed (Scheme 4). 
Firstly, decomposition of t-BuOOH produced the radical 
t-BuOO•, and then MnOx-N@C catalyst was oxidized by 
radical t-BuOO•  forming a high valence peroxide C 
which can react with the radical D forming intermediate E. 
Decomposition of intermediate E formed compound 1B.  
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Figure 3  Oxidation experiments of benzyl methyl ether: 
recycling of the MnOx-N@C catalyst (pyrolysis at 500 ℃) 
Reaction conditions: 10 mmol of benzyl methyl ether, 20 mmol of TBHP, 
50 mg of catalyst (2 mol% Mn), 60 ℃, 48 h. Isolated yield after column 
chromatography 

3  Conclusions 

In summary, we have developed an efficient catalytic 
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Scheme 4  Possible reaction pathway

methodology for the oxidation of benzylic ethers to esters 
using reusable MnOx-N@C catalyst under neat condition. 

This catalytic methodology has good functional groups 
tolerance and excellent chemoselectivity, and this proce-
dure can also be scaled up. No organic solvent is needed in 
this oxidation process.  

4  Experimental section 

4.1  General methods 

Transmission electron microscope (TEM) images were 
acquired with JEM-2100 microscope. The power X-ray 
diffractions (XRD) were performed on a Rigaku D/Max 
2500PC diffractometer equipped with a Cu Kα radiation 
source (λ＝1. 5418 Å) at a scanning rate of 5 (°)•min－1 (2θ 
from 10° to 90°). Surface compositions were determined by 
X-ray photoelectron spectroscopy (XPS) using a Thermo 
Scientific ESCALAB 250Xi instrument with Al Kα radia-
tion anode (hν =1486.6 eV), and the C1s line (284. 6 eV) 
was used as the reference to correct the binding energies 
(BE). 1H NMR and 13C NMR spectra were recorded on a 
Bruker DRX-400 spectrometer and all chemical shift values 
refer to δTMS＝0.00 or CDCl3 (δ(

1H), 7.26; δ(13C), 77.20). 
All the melting points were uncorrected. Analytical TLC 
plates, Sigma-Aldrich silica gel 60F200 were viewed by UV 
light (254 nm). Column chromatographic purifications were 
performed on SDZF silica gel 160.  

4.2  Preparation of MnOx-N@C catalysts 

A 50 mL of RBF was subsequently charged with 
Mn(NO3)2 (2.3 g, 6.4 mmol, 50% in water), 1,10-phenan- 
throline (2.3 g, 12.8 mmol), 40 mL of EtOH, screwed the 
cap. The resulting mixture was stirred at 80 ℃ for 12 h. 
After cooling down to room temperature, the mixture was 
filtered over a pad of Celite. The filter cake was dried at 
120 ℃ for 2 h. This gave the complex A in 93% yield. The 
complex A were calcined in an N2 atmosphere (2～3 bub-
bles per second) at 500 ℃ at a heating rate of 5 ℃•  
min－1, and held at a corresponding temperature for 2 h. 
Finally, the MnOx-N@C catalysts (pyrolysis at 500 ℃) 
were obtained in 32% yield. The MnOx-N@C catalyst 
(pyrolysis at 400 ℃), MnOx-N@C catalyst (pyrolysis at 
600 ℃ ), MnOx-N@C catalyst (pyrolysis at 700 ℃ ), 
MnOx-N@C catalyst (pyrolysis at 800 ℃ ), and 
MnOx-N@C catalyst (pyrolysis at 900 ℃) were prepared 
according to the above procedure in 33%, 30%, 31%, 29% 
and 26% yields, respectively.  

4.3  General oxidation procedure for the synthesis of 
substrates 

To a stirred solution of alcohol (10 mmol, 1.0 equiv.) in 
anhydrous THF (30 mL) was added sodium hydride (60 
percent in oil, 20 mmol, 2.0 equiv.) partially at 0 ℃. The 
mixture was further stirred at 0 ℃ for 1 h before slowly 
addition of MeI (10 mmol, 1.5 equiv.). After stirred at room 
temperature for 8 h, the reaction was quenched by addition 
of ice-water and extracted with EtOAc twice. The combined 
organic phase was washed with brine and dried over 
MgSO4. Evaporation of solvent provided the crude product 
as a color residue. The crude product was purified by col-
umn chromatography on silica gel [V(ethyl acetate) ∶ 
V(n-hexane)＝1∶20] to afford ethers 2A～7A, 9A～13A, 
16A～21A, 23A.  

4.4  General oxidation procedure  

General oxidation procedure: A 15 mL of RBF was 
subsequently charged with 1.0 mmol of ether, 5 mg of 
MnOx-N@C catalyst (pyrolysis at 500 ℃), 2.0 mmol of 
TBHP (65% in H2O), and the reaction was performed at 
60 ℃ for 24 h. After the reaction completed, 3 mL of ethyl 
acetate was added to the reaction solution, then the MnOx- 
N@C-catalyst was recovered by filtration and washing with 
ethyl acetate (3 mL×5). The solvent was removed by 
vacuum distillation after the supernatant and scrubbing 
solution were combined together. The resulting mixture was 
purified by flash column chromatography.  

4.5  Experiment on a gram scale and the cycle ex-
periments 

A 50 mL flask was subsequently charged with benzyl 
methyl ether (10 mmol, 1. 22 g), TBHP (20 mmol, 2. 77 g, 
65% in H2O), MnOx-N@C catalyst (pyrolysis at 500 ℃) (2 
mol% Mn, 50 mg). The resulting mixture was performed at 
60 ℃ for 48 h. After reaction was completed, 10 mL of 
ethyl acetate was added to the reaction solution, centrifuged 
separates the catalyst and retained the supernatant. The 
catalyst was washed using ethyl acetate (10 mL×5), com-
bined the supernatant and scrubbing solution together, re-
moved solvent from the mixture of liquid. The resulting 
mixture was purified by flash column chromatography 
[V(ethyl acetate)∶ V(n-hexane)＝1∶20]. This gave the 
title compound in 81% isolated yield. The reused catalyst 
was used in the cycle experiments.  



   
Chinese Journal of Organic Chemistry ARTICLE 

 
Chin. J. Org. Chem. 2019, 39, 811～820 © 2019 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/     817 

4.6 Characterization data of the substrates and 
products 

1-Chloro-4-(methoxymethyl)benzene (2A):[24a] 1.26 g, 
yield 81%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
6.83 (d, J＝8.4 Hz, 2H), 6.78 (d, J＝8.4 Hz, 2H), 3.93 (s, 
2H), 2.89 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 136.87, 
133.49, 129.11, 128.66, 74.00, 58.29. 

1-Bromo-4-(methoxymethyl)benzene (3A):[24a] 1.66 g, 
yield 83%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.47 (d, J＝8.4 Hz, 2H), 7.21 (d, J＝8.4 Hz, 2H), 4.40 (s, 
2H), 3.38 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 137.38, 
131.62, 129.42, 121.60, 74.02, 58.31. 

1-(Methoxymethyl)-4-methylbenzene (4A):[24a] 1.12 g, 
yield 83%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.15 (d, J＝8.0 Hz, 2H), 7.08 (d, J＝7.8 Hz, 2H), 4.34 (s, 
2H), 3.29 (s, 3H), 2.27 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 137.48, 135.27, 129.22, 128.00, 74.73, 58.07, 
21.32. 

1-Methoxy-4-(methoxymethyl)benzene (5A):[24b] 1.38 g, 
yield 91%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.31 (d, J＝8.5 Hz, 2H), 6.93 (d, J＝8.6 Hz, 2H), 4.43 (s, 
2H), 3.84 (s, 3H), 3.40 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 159.37, 130.44, 129.51, 113.92, 74.50, 57.95, 
55.40. 

1-Isopropyl-4-(methoxymethyl)benzene (6A):[24c] 0.869 
g, yield 53%. Colourless oil; 1H NMR (400 MHz, CDCl3) 
δ: 7.28 (d, J＝8.1 Hz, 2H), 7.23 (d, J＝8.1 Hz, 2H), 4.44 
(s, 2H), 3.40 (s, 3H), 2.92 (dt, J＝13.8, 6.9 Hz, 1H), 1.26 
(d, J＝6.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ: 
148.56, 135.69, 128.07, 126.62, 74.78, 58.19, 34.04, 24.18. 

1-(tert-Butyl)-4-(methoxymethyl)benzene (7A):[24d] 1.39 
g, yield 78%. Colourless oil; 1H NMR (400 MHz, CDCl3) 
δ: 7.41 (d, J＝8.3 Hz, 2H), 7.30 (d, J＝8.2 Hz, 2H), 4.46 
(s, 2H), 3.41 (s, 3H), 1.35 (s, 9H); 13C NMR (101 MHz, 
CDCl3) δ: 150.78, 135.33, 127.77, 125.46, 74.68, 58.21, 
34.68, 31.52. 

1-Bromo-2-(methoxymethyl)benzene (9A): 1.80 g, yield 
90%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 7.54 
(d, J＝8.5 Hz, 1H), 7.47 (d, J＝7.5 Hz, 1H), 7.32 (t, J＝7.5 
Hz, 1H), 7.15 (t, J＝7.6 Hz, 1H), 4.53 (s, 2H), 3.47 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ: 137.71, 132.67, 
129.10, 129.06, 127.54, 122.86, 74.05, 58.76; HRMS (ESI) 
calcd for C9H9F3O 190.0605, found 190.0610.  

1-Methoxy-2-(methoxymethyl)benzene (10A):[24b] 0.653 
g, yield 43%. Colourless oil; 1H NMR (400 MHz, CDCl3) 
δ: 7.36 (d, J＝7.4 Hz, 1H), 7.28 (dd, J＝12.5, 4.9 Hz, 1H), 
6.97 (t, J＝7.3 Hz, 1H), 6.88 (d, J＝8.2 Hz, 1H), 4.51 (s, 
2H), 3.85 (s, 3H), 3.43 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 157.36, 129.27, 128.92, 126.63, 120.54, 110.38, 
69.72, 58.49, 55.53. 

2-(Methoxymethyl)phenol (11A):[24b] 0.538 g, yield 
39%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 7.53 
(s, 1H), 7.22 (t, J＝7.7 Hz, 1H), 7.04 (d, J＝7.3 Hz, 1H), 
6.93～6.83 (m, 2H), 4.67 (s, 2H), 3.45 (s, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 156.34, 129.64, 128.33, 122.16, 
119.99, 116.59, 74.21, 58.34. 

1-Chloro-2-(methoxymethyl)benzene (12A):[24a] 0.936 g, 

yield 60%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.38 (d, J＝7.3 Hz, 1H), 7.26 (d, J＝7.8 Hz, 1H), 7.16 
(ddd, J＝11.1, 9.3, 1.4 Hz, 2H), 4.47 (s, 2H), 3.37 (s, 3H); 
13C NMR (101 MHz, CDCl3) δ: 136.10, 133.03, 129.40, 
129.04, 128.78, 126.91, 71.75, 58.73. 

1-(Methoxymethyl)-2-methylbenzene (13A):[24e] 1.06 g, 
yield 78%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.23 (d, J＝7.2 Hz, 1H), 7.14～7.07 (m, 3H), 4.37 (s, 2H), 
3.32 (s, 3H), 2.26 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
136.80, 136.24, 130.37, 128.68, 127.97, 125.92, 73.20, 
58.33, 18.86. 

2,4-Dichloro-1-(methoxymethyl)benzene (16A): 1.71 g, 
yield 90%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.41 (d, J＝8.3 Hz, 1H), 7.37 (s, 1H), 7.25 (d, J＝8.3 Hz, 
1H), 4.51 (s, 2H), 3.46 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 129.83, 128.82, 128.53, 124.80, 124.21, 122.26, 
66.20, 53.84. HRMS (ESI) calcd for C8H8Cl2O2 189.9952, 
found 189.9947. 

1,2-Dimethoxy-4-(methoxymethyl)benzene (17A):[24a] 
1.76 g, yield 97%. Colourless oil; 1H NMR (400 MHz, 
CDCl3) δ: 6.90～6.79 (m, 3H), 4.37 (s, 2H), 3.87 (s, 3H), 
3.85 (s, 3H), 3.35 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
144.09, 143.66, 125.83, 115.38, 106.07, 105.92, 69.68, 
52.94, 50.96, 50.87. 

1,3-Dichloro-2-(methoxymethyl)benzene (18A):[24f] 1.77 
g, yield 93%. Colourless oil; 1H NMR (400 MHz, CDCl3) 
δ: 7.33 (s, 1H), 7.31 (s, 1H), 7.21～7.15 (m, 1H), 4.73 (s, 
2H), 3.44 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 137.05, 
133.46, 130.07, 128.53, 68.87, 58.68. 

5-(Methoxymethyl)benzo[d][1,3]dioxole (19A):[24g] 1.49 
g, yield 90%. Colourless oil; 1H NMR (400 MHz, CDCl3) 
δ: 6.84 (s, 1H), 6.78 (s, 2H), 5.94 (s, 2H), 4.35 (s, 2H), 
3.35 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 147.88, 
147.24, 132.20, 121.47, 108.59, 108.16, 101.09, 74.65, 
57.93. 

1-(Methoxymethyl)naphthalene (20A):[24h] 1.27 g, yield 
74%. Yellow oil. 1H NMR (400 MHz, CDCl3) δ: 8.14 (d,  
J＝8.2 Hz, 1H), 7.90 (d, J＝7.6 Hz, 1H), 7.85 (d, J＝8.1 
Hz, 1H), 7.61～7.43 (m, 4H), 4.94 (s, 2H), 3.49 (s, 3H); 
13C NMR (101 MHz, CDCl3) δ: 133.91, 133.77, 131.89, 
128.79, 128.68, 126.63, 126.36, 125.92, 125.33, 124.11, 
73.32, 58.29. 

9-(Methoxymethyl)anthracene (21A):[24i] 2.18 g, yield 
98%. White solid, m.p. 89～91 ℃; 1H NMR (400 MHz, 
CDCl3) δ: 8.48 (s, 1H), 8.41 (d, J＝8.9 Hz, 2H), 8.03 (d,  
J＝8.4 Hz, 2H), 7.61～7.54 (m, 2H), 7.54～7.45 (m, 2H), 
5.45 (s, 2H), 3.57 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
131.57, 131.15, 129.17, 128.80, 128.54, 126.35, 125.09, 
124.40, 66.73, 58.50. 

1-Chloro-4-(ethoxymethyl)benzene (23A):[24j] 1.51 g, 
yield 89%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 
7.33 (d, J＝8.5 Hz, 2H), 7.29 (d, J＝8.6 Hz, 2H), 4.48 (s, 
2H), 3.55 (q, J＝7.0 Hz, 2H), 1.26 (t, J＝7.0 Hz, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 137.29, 133.35, 129.08, 
128.64, 72.04, 66.00, 15.35. 

Methyl benzoate (1B):[24k] 111.5 mg, yield 82%. Color-
less oil; 1H NMR (400 MHz, CDCl3) δ: 8.03 (d, J＝7.6 Hz, 
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2H), 7.53 (t, J＝7.4 Hz, 1H), 7.41 (t, J＝7.7 Hz, 2H), 3.89 
(s, 3H); 13C NMR (101 MHz, CDCl3) δ: 167.10, 132.94, 
130.22, 129.61, 128.40, 52.09. 

Methyl 4-chlorobenzoate (2B):[24l] 146.2 mg, yield 86%. 
White solid, m.p. 43～45 ℃; 1H NMR (400 MHz, CDCl3) 
δ: 7.95 (d, J＝8.7 Hz, 2H), 7.39 (d, J＝8.7 Hz, 2H), 3.90 
(s, 3H); 13C NMR (101 MHz, CDCl3) δ: 166.34, 139.50, 
131.11, 128.84, 128.72, 52.40. 

Methyl 4-bromobenzoate (3B):[24l] 186.1 mg, yield 87%. 
White solid, m.p. 78～80 ℃; 1H NMR (400 MHz, CDCl3) 
δ: 7.89 (d, J＝8.5 Hz, 2H), 7.57 (d, J＝8.4 Hz, 2H), 3.90 
(s, 3H); 13C NMR (101 MHz, CDCl3) δ: 161.54, 126.86, 
126.27, 124.18, 123.19, 47.48. 

Methyl 4-methylbenzoate (4B):[24l] 125.8 mg, yield 84%. 
White solid, m.p. 33～36 ℃; 1H NMR (400 MHz, CDCl3) 
δ: 7.92 (d, J＝8.2 Hz, 2H), 7.22 (d, J＝8.0 Hz, 2H), 3.89 
(s, 3H), 2.39 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
167.27, 143.64, 129.70, 129.17, 127.54, 52.02, 21.73. 

Methyl 4-methoxybenzoate (5B):[24l] 151.0 mg, yield 
91%. White solid, m.p. 51～53 ℃; 1H NMR (400 MHz, 
CDCl3) δ: 7.98 (d, J＝8.9 Hz, 2H), 6.90 (d, J＝8.9 Hz, 
2H), 3.87 (s, 3H), 3.84 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 166.99, 163.46, 131.72, 122.73, 113.73, 55.53, 
51.98. 

Methyl 4-isopropylbenzoate (6B):[24m] 147.6 mg, yield 
83%. Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 7.96 (d, 
J＝8.3 Hz, 2H), 7.29 (d, J＝8.2 Hz, 2H), 3.90 (s, 3H), 2.96 
(hept, J＝6.9 Hz, 1H), 1.27 (s, 3H), 1.25 (s, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 167.33, 154.47, 129.89, 127.93, 
126.63, 52.10, 34.41, 23.86. 

Methyl 4-(tert-butyl)benzoate (7B):[24n] 155.7 mg, yield 
81%. Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 7.97 (d, 
J＝8.4 Hz, 2H), 7.45 (d, J＝8.5 Hz, 2H), 3.90 (s, 3H), 1.33 
(s, 9H); 13C NMR (101 MHz, CDCl3) δ: 167.25, 156.64, 
129.58, 127.51, 125.45, 52.05, 35.18, 31.24. 

Methyl 4-(trifluoromethyl)benzoate (8B):[24o] 104.3 mg, 
yield 51%. Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 
8.14 (d, J＝8.2 Hz, 2H), 7.69 (d, J＝8.2 Hz, 2H), 3.94 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ: 161.03, 128.51, 
125.15, 120.56, 120.16, 117.45, 47.67. 

Methyl 2-bromobenzoate (9B):[24p] 149.8 mg, yield 70%. 
Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 7.76 (d, J＝
7.3 Hz, 1H), 7.63 (d, J＝7.5 Hz, 1H), 7.36-7.27 (m, 2H), 
3.91 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 166.69, 
134.42, 132.66, 132.22, 131.38, 127.24, 121.73, 52.56. 

Methyl 2-methoxybenzoate (10B):[24q] 133.2 mg, yield 
80%. Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 7.76 
(dd, J＝7.9, 1.8 Hz, 1H), 7.47～7.38 (m, 1H), 6.98～6.90 
(m, 2H), 3.86 (s, 3H), 3.85 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 166.73, 159.11, 133.55, 131.65, 120.13, 120.00, 
112.02, 55.96, 52.00. 

Methyl 2-hydroxybenzoate (11B):[24r] 65.9 mg, yield 
43%. Colorless oil; 1H NMR (400 MHz, CDCl3) δ: 10.78 
(s, 1H), 7.82 (d, J＝6.5 Hz, 1H), 7.44 (t, J＝8.6 Hz, 1H), 
6.97 (d, J＝8.9 Hz, 1H), 6.86 (t, J＝8.0 Hz, 1H), 3.93 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ: 170.67, 161.70, 
135.78, 130.00, 119.24, 117.65, 112.46, 52.34. 

Methyl 2-chlorobenzoate (12B):[24n] 125.4 mg, yield 
74%. Colourless solid, m.p. 234～236 ℃; 1H NMR (400 
MHz, CDCl3) δ: 7.81 (d, J＝7.9 Hz, 1H), 7.41 (dt, J＝8.0, 
7.2 Hz, 2H), 7.29 (t, J＝7.4 Hz, 1H), 3.92 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 166.27, 133.79, 132.67, 
131.50, 131.18, 130.17, 126.69, 52.54. 

Methyl 2-methylbenzoate (13B):[24n] 114.5 mg, yield 
76%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 7.95 
(d, J＝7.2 Hz, 1H), 7.43 (t, J＝7.0 Hz, 1H), 7.32～7.26 
(m, 2H), 3.93 (s, 3H), 2.64 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 168.20, 140.31, 132.09, 131.81, 130.69, 129.68, 
125.82, 51.92, 21.85. 

Methyl 3-(trifluoromethyl)benzoate (14B):[24s] 126.7 mg, 
yield 62%. Yellow oil; 1H NMR (400 MHz, CDCl3) δ: 8.28 
(s, 1H), 8.20 (d, J＝7.8 Hz, 1H), 7.78 (d, J＝7.8 Hz, 1H), 
7.55 (t, J＝7.8 Hz, 1H), 3.93 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 165.88, 132.93, 131.14, 129.55, 129.19, 126.65, 
125.18, 122.47, 52.59. 

Methyl 3-methylbenzoate (15B):[24l] 117.2 mg, yield 
78%. Colourless oil; 1H NMR (400 MHz, CDCl3) δ: 7.86 
(s, 1H), 7.84 (d, J＝7.7 Hz, 1H), 7.33 (dt, J＝14.9, 7.5 Hz, 
2H), 3.90 (s, 3H), 2.39 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 167.43, 138.27, 133.81, 130.26, 130.21, 128.39, 
126.84, 52.18, 21.40. 

Methyl 2,4-dichlorobenzoate (16B):[24t] 155.5 mg, yield 
76%. Yellow oil; 1H NMR (400 MHz, CDCl3) δ: 7.81 (d,  
J＝8.4 Hz, 1H), 7.47 (s, 1H), 7.30 (d, J＝8.5 Hz, 1H), 3.93 
(s, 3H); 13C NMR (101 MHz, CDCl3) δ: 165.26, 138.44, 
135.05, 132.63, 131.11, 128.32, 127.10, 52.64. 

Methyl 3,4-dimethoxybenzoate (17B):[24u] 166.9 mg, 
yield 85%. White solid, m.p. 59～61 ℃; 1H NMR (400 
MHz, CDCl3) δ: 7.68 (dd, J＝8.4, 1.9 Hz, 1H), 7.54 (d,   
J＝1.8 Hz, 1H), 6.88 (d, J＝8.4 Hz, 1H), 3.93 (d, J＝1.2 
Hz, 6H), 3.89 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
167.05, 153.10, 148.75, 123.73, 122.83, 112.10, 110.40, 
56.17, 56.16, 52.16. 

Methyl 2,6-dichlorobenzoate (18B):[24p] 153.8 mg, yield 
75%. Yellow oil; 1H NMR (400 MHz, CDCl3) δ: 7.35～
7.27 (m, 3H), 3.99 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 
165.37, 133.67, 132.00, 131.06, 127.96, 53.14. 

Methyl piperate (19B):[24k] 152.9 mg, yield 85%. White 
solid, m.p. 140～142 ℃; 1H NMR (400 MHz, CDCl3) δ: 
7.64 (d, J＝8.2 Hz, 1H), 7.45 (s, 1H), 6.83 (d, J＝8.2 Hz, 
1H), 6.03 (s, 2H), 3.87 (s, 3H); 13C NMR (101 MHz, 
CDCl3) δ: 161.62, 146.73, 142.87, 120.48, 119.33, 104.67, 
103.12, 96.94, 47.21. 

Methyl 1-naphthoate (20B):[24n] 152.7 mg, yield 82%. 
White solid, m.p. 59～61 ℃; 1H NMR (400 MHz, CDCl3) 
δ: 8.97 (d, J＝8.7 Hz, 1H), 8.20 (d, J＝7.3 Hz, 1H), 8.01 
(d, J＝8.2 Hz, 1H), 7.88 (d, J＝8.1 Hz, 1H), 7.64 (t, J＝7.7 
Hz, 1H), 7.51 (dt, J＝15.5, 8.0 Hz, 2H), 4.01 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ: 168.06, 133.90, 133.44, 
131.41, 130.31, 128.61, 127.83, 127.10, 126.26, 125.89, 
124.54, 52.18. 

Methyl anthracene-9-carboxylate (21B):[24v] 149.1 mg, 
yield 63%. White solid, m.p. 112～114 ℃; 1H NMR (400 
MHz, CDCl3) δ: 8.52 (s, 1H), 8.04 (dd, J＝16.7, 8.5 Hz, 
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4H), 7.53 (dt, J＝14.9, 6.8 Hz, 4H), 4.20 (s, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 170.22, 131.09, 129.59, 128.76, 
128.62, 127.85, 127.14, 125.61, 125.14, 52.76. 

Ethyl benzoate (22B):[24w] 124.6 mg, yield 83%. Col-
ourless oil; 1H NMR (400 MHz, CDCl3) δ: 8.05 (d, J＝7.1 
Hz, 2H), 7.54 (t, J＝7.4 Hz, 1H), 7.43 (t, J＝7.6 Hz, 2H), 
4.38 (q, J＝7.1 Hz, 2H), 1.39 (t, J＝7.1 Hz, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 166.76, 132.93, 130.64, 129.66, 
128.44, 61.07, 14.46. 

Ethyl 4-chlorobenzoate (23B):[24x] 151.4 mg, yield 82%. 
Yellow oil; 1H NMR (400 MHz, CDCl3) δ: 7.96 (d, J＝8.6 
Hz, 2H), 7.38 (d, J＝8.6 Hz, 2H), 4.35 (q, J＝7.1 Hz, 2H), 
1.37 (t, J＝7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ: 
165.84, 139.34, 131.06, 129.06, 128.76, 61.32, 14.41. 

Benzyl benzoate (24B):[24y] 150.5 mg, yield 71%. Col-
ourless oil; 1H NMR (400 MHz, CDCl3) δ: 8.13 (d, J＝7.1 
Hz, 2H), 7.58 (t, J＝7.4 Hz, 1H), 7.43 (tt, J＝14.2, 7.5 Hz, 
7H), 5.41 (s, 2H); 13C NMR (101 MHz, CDCl3) δ: 166.50, 
136.17, 133.13, 130.24, 129.81, 128.70, 128.48, 128.34, 
128.27, 66.78. 

Isochroman-1-one (25B):[24z] 99.5 mg, yield 67%. Col-
ourless oil; 1H NMR (400 MHz, CDCl3) δ: 8.08 (d, J＝7.7 
Hz, 1H), 7.54 (t, J＝7.5 Hz, 1H), 7.39 (t, J＝7.6 Hz, 1H), 
7.27 (d, J＝7.8 Hz, 1H), 4.54 (t, J＝6.0 Hz, 2H), 3.06 (t,  
J＝6.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ: 165.25, 
139.67, 133.78, 130.43, 127.76, 127.36, 125.36, 67.42, 
27.88. 

 
Supporting information  1H NMR and 13C NMR spec-
tra. The Supporting Information is available free of charge 
via the Internet at http://sioc-journal.cn/. 
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