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钴(II)催化 2-乙基-3-甲基吡嗪绿色氧化方法 

陈晶晶 a,b    王莹淑*,b    余  珺 b    成佳佳 c    郑辉东 b 
(a福州大学材料科学与工程学院  福州 350108) 

(b福州大学石油化工学院  福州 350108) 

(c福州大学化学学院  福州 350108) 

摘要  以过氧化叔丁醇为氧化剂, 以钴(II)与含 N 配体为催化体系催化氧化 2-乙基-3-甲基吡嗪(EMP), 提出一种具有放

大应用前景的 2-乙酰基-3-甲基吡嗪绿色制备方法. 考察了过渡金属催化剂的种类、配体种类、溶剂、温度等反应条件

对催化氧化过程的影响, 在最优反应条件下 EMP 转化率可达 58.8%, 2-乙酰基-3-甲基吡嗪(AMP)选择性 92.2%. 研究了

该反应体系催化氧化 EMP 的反应机理, 建立了该反应的拟均相反应动力学模型. 在以上实验基础上, 对该反应体系进

行了放大实验研究, 结果表明该新方法具有较好的工业放大前景, 但反应温度的控制是放大过程的关键因素. 

关键词  2-乙基-3-甲基吡嗪(EMP); 2-乙酰基-3-甲基吡嗪(AMP); 烯丙基氧化; 反应机理; 动力学; 工艺放大 

A Green and Scalable Cobalt(II)-Catalyzed Oxidation of 
2-Ethyl-3-methylpyrazine 
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Abstract  A green and scalable oxidation of 2-ethyl-3-methylpyrazine (EMP) by tert-butylhydroperoxide was investigated 
with a catalytic system of cobalt(II) and N-containing ligand. The effects of catalyst, ligand, solvent and temperature were 
compared, and the catalysis system of cobalt(II) acetylacetonate and 2,2-bipyridine gave the highest selectivity. Mechanistic 
study of this catalysis system suggested that the oxidation of EMP followed a free radical oxidation pathway, and a 
homogeneous reaction kinetics model was established to calculate the reaction rate constant and activation energy. The 
scale-up of the oxidation system was performed to check the scalability of the oxidation reaction, and the temperature control 
of the system was the key part of the process. 
Keywords  2-ethyl-3-methylpyrazine (EMP); 2-acetyl-3-methylpyrazine (AMP); allylic oxidation; reaction mechanism; ki-
netics; scale-up 

 

1  Introduction 

Pyrazine and its derivatives usually have excellent aro-
ma characteristics and are widely used in food flavoring 
and medical industry. To obtain the pyrazine compounds 
by extraction from their natural sources is not feasible due 
to their low abundance, and chemical synthesis is the in-
dustrial approach to access these materials.  

2-Acetyl-3-methylpyrazine (AMP) is a typical kind of 

pyrazine fragrance. So far, there are two methods reported 
about the production of AMP by 2-ethyl-3-methylpyrazine 
(EMP). Mookherjee and Klaiber[1] reported a method for 
producing acetyl substituted pyrazine by oxidation of the 
corresponding α-bromide in 1972. In this method, α-bro- 
mide was obtained by the reaction of hydrocarbyl-subs- 
tituted pyrazine with N-bromosuccinimide (NBS), and al-
kali metal and 2-propanenitronate were used to obtain a 
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high yield of AMP (about 66%) in short reaction time 
(Scheme 1a). However, significant safety concerns with 
the handling of a large amount of alkali metal and danger-
ous oxidizing agent necessary for this conversion present 
challenges to the application of this method.  
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Scheme 1  Summary of major synthetic method of acetylpyra-
zine 

Direct oxidation of N-containing heterocycles has gain- 
ed significant attention in the synthetic community recent-
ly.[2～5] Wolt[6] reported the direct oxidation of EMP with 
an acetic acid (AcOH) solution of sodium dichromate as 
the oxidizing agent in 1975, and it is now the main indus-
trial process for production of AMP (Scheme 1b). This 
reaction could achieve AMP with yield of 44% within 1 h, 
but the use of chromium reagent produces large quantities 
of toxic waste, which limits its applications from an eco-
nomic and environmental perspective. 

Exploration of direct C—H bond oxidation using mo-
lecular oxygen or other environment-friendly oxidants is 
an important objective for construction of carbonyl com-
pounds in academic and industrial communities due to 
their economical and environmentally benign features.[7～11] 
The transition metals, such as ruthenium, copper, iron, 
vanadium and cobalt, are suitable for the allylic oxidation 
with high selectivity to the carbonyl,[12] while molecular 
oxygen or tert-butyl hydroperoxide (tBuOOH) is used as a 
green oxidant.[13～15] However, the low-reactivity of the 
aliphatic methylene group under oxidation conditions and 
catalytic poisoning by coordination of N-heterocycle with 
transition metal are two significant limitations to the reac-
tion.[16] For example, the chelation of cobalt with the 
formed product will inhibit the Co-catalyzed oxidation.[17]  

To address the two key limitations that may arise during 
the oxidation of EMP to AMP, the addition of AcOH and 
ligands was envisioned.[18～23] The conversion of the imine 
substrates to the enamine can be promoted by the addition 
of AcOH, which increases the acidity of the hydrogen at-
oms of the methylene group in ethyl-pyrazine compounds 
thereby activating the C—H bond. Further, the ligands are 
added to form a coordination compound with the transition 
metal catalyst, which could reduce the complexation be-
tween the transition metal and the product.  

In this work, the direct oxidation of EMP to AMP is car-

ried out with the transition metal catalysts and tBuOOH as 
oxidant. The different catalysis systems were compared, 
and the effects of catalyst, ligand, solvent and reaction 
temperature were investigated. The oxidation mechanism 
was proved by radial inhibition study and KIE experi-
ments. The scale-up of the reaction system is also per-
formed. With this study, a more economical and environ-
mentally friendly process is presented with prospects for 
industrial application. 

2  Results and discussion 

2.1  Optimization of the catalysis system 

Initially, the allylic oxidation reaction employing 
tBuOOH as oxidant was mostly catalyzed by ruthenium 
compounds or a ruthenium complex, which are highly ex-
pensive for industrialization. To avoid these challenges, we 
were drawn to cobalt and iron catalysts with less expense. 
A selection of transition metal compounds and ligands 
were investigated (Table 1) experimentally. The oxidation 
reaction was carried out using different iron salts (FeCl3, 
FeCl2 and Fe(OTf)3) in combination with two ligands. 
These experiments revealed that the iron catalysts exhibit-
ed different catalytic effects in combination with different 
ligands (Table 1, Entries 1～6). Compared with 2,2'-bi- 
pyridine (3), the iron complex formed with 1,10-phenan- 
throline (4) has better catalytic activity and yield. FeCl3 
delivered the highest yield (47%) among all iron com-
pounds tested and Fe(OTf)3 delivered the lowest yield 
(22%, Table 1, Entries 2, 4, 6). The cobalt catalytic sys-
tems were also investigated, and it is found that the con-
versions obtained in all cobalt-ligand systems (Table 1, 
Entries 8 ～ 11) are significantly higher than that in 
no-ligand system (Table 1, Entry 12), while no obvious 
change in selectivity was observed. This could indicate that 
the addition of ligands to complex with cobalt salts af-
forded the reduced coordination between the product and 
the catalyst. The cobalt and 2,2'-bipyridine (3) complex 
(Table 1, Entry 7) displayed better catalytic activity than 
the other ligands 1,10-phenanthroline (4), triphenylphos- 
phine (5), xantphos (6) or sphos (7). Besides, the conver-
sions achieved with the cobalt catalysts are generally high-
er than those with the iron catalysts, while there is no sig-
nificant difference observed in the selectivity. 

The effects of solvent and temperature on the oxidation 
were investigated with the cobalt and 2,2'-bipyridine cata-
lyst system (Table 2). Significant decrease in the conver-
sion is observed with all four tested solvents (Table 2, En-
tries 1～5). Given the reaction response in several sol-
vents, it can be inferred that the t-BuOOH aqueous solu- 
tion itself is acting as a solvent, and the addition of extra 
solvent only leads to the dilution of reactant, which de-
creases the reaction rate. The effects of the reaction tem-
perature on the conversion present as a “volcano” shape: as 
the temperature increases, the conversion increases at first 
and then decreases after the top at 75 ℃ (Table 2, Entries 
5～9). This is due to the fact that at higher reaction tem- 
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Table 1  Effects of the transition metal catalyst and ligands 

 

Entry Metal Ligand Conv./% Select./% Yield/%

1 FeCl3 3 38.9 91.6 36.4 
2 FeCl3 4 48.8 95.9 46.7 
3 FeCl2 3 28.4 91.3 25.9 
4 FeCl2 4 33.2 89.8 29.8 
5 Fe(OTf)3 3 24.9 87.9 21.9 
6 Fe(OTf)3 4 24.9 87.3 21.7 
7 Co(acac)2 3 58.8 92.2 54.2 
8 Co(acac)2 4 40.3 90.5 36.5 
9 Co(acac)2 5 52.5 94.8 49.8 
10 Co(acac)2 6 48.1 93.8 45.2 
11 Co(acac)2 7 52.1 94.7 49.3 
12 Co(acac)2 — 31.2 91.7 28.6 

 

peratures, the decomposition of t-BuOOH accelerates to 
release oxygen, and the added t-BuOOH is not fully in-
volved in catalytic oxidation. Finally, the optimization of 
other reaction parameters afforded the oxidation product 
(2) in 54% yield in 24 h with the use of 2 mol% Co(acac)2 
and 2 mol% 2,2'-bipyridine at 75 ℃. 

2.2  Mechanism research experiment 

Having optimized the reaction, the control experiments 
to gain preliminary insight into its mechanism was carried 
out. As reported in Ref. [18], the oxidation of t-BuOOH 
catalyzed by Co(acac)2 usually follows the radical mecha-
nism. For further proof, a radical scavenger, 2,2,6,6-tet- 
ramethyl-1-piperidinyloxy (TEMPO), was added into the 
reaction system. The experiments show that the addition of 
TEMPO into the reaction mixture under the standard con-
ditions (Scheme 2a) could inhibit the reaction completely 
and yields no AMP product. The TEMPO adduct (8) was 
detected by the LC-MS, and m/z value of 278 was ob-
served, which was formed by the interaction between EMP 
and TEMPO. The structure of 8 was further confirmed by 
1H NMR spectroscopy after the isolation. All the results 
suggest the involvement of a radical mechanism. 

Deuterate EMP was prepared for the kinetic isotope ef- 

Table 2  Effects of solvent and temperature on the oxidation 

 

Entry Solvent Temp./℃ Conv./% Select./% Yield/%

1 MeCN 75 25.3 81.3 20.6 
2 Pyridine 75 40.6 92.7 37.6 
3 EtOAc 75 18.7 87.0 16.2 
4 AcOH 75 24.9 77.2 19.2 
5 — 75 58.8 92.2 54.2 
6 — 65 42.7 86.3 36.9 
7 — 70 50.6 90.6 45.8 
8 — 80 51.9 88.7 46.0 
9 — 85 46.3 87.4 40.5 

fect (KIE) study. The deuteration of EMP with D2O under 
Bronsted acid-catalysis was based on the reported proce-
dure,[24～26] and some of the reaction conditions were im-
proved to increase the deuteration rate (Scheme 2b). The 
deuterate product was analyzed by 1H NMR spectroscopy. 
Compared with the 1H NMR of the starting material, the 
NMR spectrum of the deuterated product overlaps with the 
starting material only at the chemical shift of δ 1.28, and 
the rest disappears, thereby inferring that the structure of 
the obtained deuterated product (10) is as shown in 
Scheme 2b. 

Subsequently, intermolecular competition experiments 
using EMP and deuterate EMP (10) were carried out to 
obtain kinetic isotope effect (KIE) values by calculating 
from the yield ratio of the two products (Scheme 2c). The 
influence of the carbonyl group in the product shifts the 
chemical shift of the methyl C—H bond, thereby distin-
guishing the product from the unreacted starting material. 
In addition, there is no hydrogen on the ring of deuterated 
EMP and corresponding products. So the ratio of products 
2 and 11 can be obtained by integrating the chemical shift 
of the methyl group present in the acetyl group (δ 2.66). 
The results of the KIE experiments indicate that the meth-
ylene C—H bond cleavage is involved in the rate-deter- 
mining step, as a significant KIE (KH/KD＝5) was observed 
during this process. 

Based on the experiment results and related literature 
reports,[27～29] a mechanism of the oxidation of EMP cata-
lyzed by cobalt and 2,2-bipyridine system was proposed 
(Scheme 3). An initial acid-catalyzed imine-enamine tau-
tomerization transforms the substrate 1 into the enamine 
tautomer I. The imine is rapidly converted to the enamine 
as the acidity of the solvent increases. The intermediate I 
then undergoes an alkoxy radical II mediated oxidation to 
afford the alkyl radical III. In the catalytic system, cobalt 
ions react with tBuOOH in a so-called Haber-Weiss cata-
lytic cycle. In brief, CoII ion is first oxidized by tBuOOH to 
a CoIII—OH intermediate, which can be regenerated back  
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Scheme 2  Mechanism studies 

to the starting CoII ion upon reaction with a second tBuO- 
OH molecule, generating the peroxyl radical IV. The alkyl 
radical III then reacts with peroxyl radical IV to form the 
unstable oxygenated intermediate V, which would quickly 
decompose into the desired product 2 and tBuOH. 

2.3  Kinetic experiments 

In addition, a kinetic study of the oxidation of EMP at 
low conversion was carried out. The oxidation of EMP is 
an irreversible homogeneous reaction, which could be de-
scribed as shown in Eq. (1). 

The rate equation for the reaction can be expressed as 
Eq. (2). 

 

1 d[EMP]
[EMP] [ BuOOH]

d
x t yr k

t
－ ＝－ ＝  (2) 

Where k is the apparent rate constant, x and y are the orders 
of EMP and tBuOOH, respectively. Since the amount of 
tBuOOH is excessive during the reaction, the concentration 
of tBuOOH can be assumed constant under low conversion 
conditions, and the reaction order of tBuOOH is assumed 
as y＝2. Therefore, the simplified Eq. (2) can be rewritten 
as Eq. (3). 

1 2d[EMP]
[EMP] [ BuOOH]

d
x tr k

t
－ ＝－ ＝  (3) 

Substitution of Arrhenius equation into gives Eq. (4). 

a /1 2d[EMP]
[EMP] [ BuOOH]

d
E RT x tr Ae

t
－－ ＝－ ＝  (4) 

Where A is the pre-exponential factor; Ea is the activation 
energy, kJ•mol－1; T is temperature, K; and R is molar gas 
constant, 8.3145 J•mol－1•K－1. 

Concentration-time curves were obtained by carrying 
out the reactions at different temperatures (Figure 1) acc- 
ording to the kinetic reaction model, and the experimental 
data of different temperature conditions were fitted by least 
squares method. The experimental data are in good agree- 
ment with the fitted values, which confirms that the model 
can accurately predict the concentration changes of the 
components in the oxidation process (Figure 2). The order 
of EMP x in the reaction is 3.5 according to the correlated 
result, and the activation energy Ea and the pre-exponential 
factor A in the whole oxidation process are 25.376 kJ•  
mol－1 and 2.984×104 L4.5•mol－4.5•h－1, respectively. 

 

Scheme 3  Proposed reaction mechanism 
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Figure 1  Kinetic experiment results 

 
Figure 2  Comparison of experimental values and fitted values 
at different temperatures 

2.4  Scale-up experiments 

Having evaluated the process on a small scale, the ap-
plicability of the method was tested on a multigram scale. 
Some preliminary experiments were performed on a 30 g 
scale of EMP with the conditions of Entry 5 in Table 2 at 
75 ℃. The preliminary experiment results show that the 
temperature of the mixture in such scale is hard to control. 
The temperature would increase rapidly during the reac-
tion, since the poor heat transfer in multigram scale hinders 
the remove of reaction heat from the system. To slow 
down the reaction rate and achieve a better temperature 
control, the reaction conditions were optimized by reduc-
ing reaction temperature, increasing solvent amount and 
changing the addition method of tBuOOH. The scale-up 
experiments were finally carried out with tBuOOH (3 
equiv.), AcOH (4 equiv.), Co(acac)2 (2 mol%) and 2,2'- 
bipyridine (2 mol%) at 70 ℃ for 24 h, and the tBuOOH 
was gradually added by 12 times (2.5 g each time) within 5 
h.  

The scalability of this reaction was demonstrated by 
carrying it out at three scales from 30 g to 120 g of EMP 
(total amount of the mixture from 173.4 g to 693.6 g). The 
reactions were performed under the optimized conditions 
and delivered the AMP product in 45.9% ～53.3% yields 

(Table 3). As the scale-up of the EMP feed, there are some 
decreases in the yield of the target product AMP (8%), 
compared with the small scale experiment (Table 1, Entry 
7), which is acceptable in the industrial application. These 
results indicate that the optimized reaction conditions are 
robust for scalability and are promising prospects for large, 
industrially relevant scales. 

Table 3  Results of multigram scale experiments 

Entry
EMP/

g 
tBuOOH/

g 
AcOH/ 

g 
Conv./ 

% 
Select./

% 
Yield/

% 

1 30.0 126.5 34.8 57.9 92.1 53.3
2 60.0 253.0 89.6 53.2 86.7 46.1
3 120.0 506.0 179.2 53.9 85.1 45.9

3  Conclusions 

In summary, this work discloses a green oxidation ap-
proach for the synthesis of AMP from EMP. The coordina-
tion effects of ligands and transition metals were com-
pared. The addition of ligands to complex with cobalt salts 
afforded to reduce the coordination between the product 
and the catalyst, and the highest AMP yield of 54.2% was 
achieved with the cobalt catalyst and 2,2-bipyridine ligand. 
The mechanism research proves that the oxidation of EMP 
catalyzed by cobalt is a free radical reaction, and the Ha-
ber-Weiss catalytic cycle mechanism is proposed in this 
process, which is responsible for the initiation of a radi-
cal-chain mechanism propagated via alkoxyl and peroxyl 
radicals. A homogeneous kinetics model was set up, and 
the kinetics parameters were obtained. The scale-up ex-
periments were carried out on the 30～120 g scale of EMP 
(173.4～693.6 g of total mixture), and an industrially ac-
ceptable decrease of 8% in the AMP yield was observed, 
indicating the promising prospects for the industrially rel-
evant scale. Further study on the optimization of the reac-
tion conditions, recovery of the cobalt catalyst, and con-
tinuous process of this method are currently in progress. 

4  Experimental section 

4.1  Materials and instruments 

EMP (＞99%) was supplied by Pucheng Yongfang Fra-
grance Technology Co., Ltd.; tBuOOH (mass fraction 
70%) was supplied by Macklin Inc.; ferric chloride, ferrous 
chloride, cobalt(II) acetylacetonate, iron(III) trifluome- 
thanesulfonate, cobalt(II) acetate, 2,2'-bipyridine, 1,10- 
phenanthroline and other chemicals were supplied by 
Aladdin Inc. and were of analytical grade.  

4.2  General procedures for oxidation of EMP 

The oxidation reaction was performed in a Schlenk tube 
equipped with a magnetic stirrer (for small scale) or a 
three-neck flask equipped with a mechanical stirrer (for 
multigram scale). The mixture of EMP (1 mmol, 0.12 g), 
metal catalyst (0.02 mmol, 2 mol%), ligand (0.02 mmol, 2 
mol%) and AcOH (1 mmol) was added in the tube and 
kept in an oil bath at 75 ℃. Then tBuOOH (4 mmol) was 
added into the mixture to start the reaction. After 24 h of 
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reaction, the reaction mixture was filtered, diluted with 
ethanol (sample/ethanol, V∶V＝1∶20), and analyzed by 
GC or GC-MS. In the mechanism study, the reaction mix-
ture was concentrated by vacuum distillation, and the resi-
due was purified via column chromatography on silica gel 
(petroleum ether/EtOAc, V∶V＝ 4∶ 1). The purified 
product was then analyzed by 1H NMR and LC-MS. AMP 
(2): White solid; 1H NMR (400 MHz, CDCl3) δ: 8.46 (s, 
1H), 8.36 (s, 1H), 2.67 (s, 3H), 2.57 (s, 3H). 

The radial inhibition study was performed in a dry 
Schlenk tube equipped with a magnetic stirrer. The EMP 
material (1 mmol), TEMPO (3 mmol), metal catalyst 
Co(acac)2 (0.02 mmol, 2 mol%), 2,2'-bipyridine (0.02 
mmol, 2 mol%) and AcOH (1 mmol) were added in the 
tube and kept in an oil bath at 75 ℃. Then tBuOOH (4 
mmol) was added to start the reaction. After 24 h of reac-
tion, the mixture was concentrated by vacuum distillation. 
The resulting crude residue was purified via column chro-
matographyon silica gel (petroleum ether/EtOAc, V∶V＝
4∶1) to afford the intermediate with TEMPO (8). The 
desired AMP product was not observed and the intermedi-
ate with TEMPO (8) could be detected by 1H NMR and 
LC-MS. TEMPO (8): 1H NMR (400 MHz, DMSO) δ: 8.25 
(s, 1H), 8.18 (s, 1H), 4.94 (s, 1H), 2.30 (s, 3H), 1.26 (s, 
7H), 1.10 (s, 4H), 1.02 (s, 4H), 0.91 (s, 3H), 0.71 (s, 3H); 
LC-MS calcd for C16H27N3O (M＋H＋): 278.17, found 
278.22. 

The deuteration of EMP was performed in a schlenk 
tube (50 mL) equipped with a magnetic stirrer. The EMP 
material (1 mmol), p-toluenesulfonic acid (0.4 mmol) and 
D2O (1 mL) were added into the tube, and the mixture was 
stirred under 120 ℃ for 24 h. The deuterated product was 
purified by vacuum distillation. 

4.3  Analysis 

GC analysis was performed on Shimadzu GC-2014 
equipped with an FID detector and a capillary column 
(Shimadzu InertCap 17, 30 m×0.25 mm×0.25 μm). The 
column temperature was programed as: 353 K hold 1 min; 
heat at 10 K/min for 17 min; and 523 K hold 2 min. Nitro-
gen was used as the carrier gas. 2,5-Dimethylpyrazine was 
selected as the internal standard substance of AMP and 
EMP.  

The conversion and selectivity were calculated based on 
the GC analysis results as Eqs. (5) and (6). 

EMP,0 EMP

EMP,0

Conversion 100%
w w

w

－
＝ ×  (5) 

AMP AMP

EMP,0 EMP EMP

/
100%

(
Selectiv ty

)/
i

w M

w w M
×

－
＝  (6) 

Where w is the mass fraction by GC analysis, M is the rel-
ative molecular mass, and the subscript 0 represents the 
initial concentration calculated by the feed amount of the 
components. The yield is the product of conversion and 

selectivity.  
Analytical thin-layer chromatography (TLC) was carried 

out on Merck 60 F254 pre-coated silica gel plate (0.2 mm 
thickness). Proton nuclear magnetic resonance (1H NMR) 
spectra was recorded on a Ascend TM 400 (400 MHz) 
spectrometer. Chemical shifts were recorded relative to 
tetramethylsilane (δ 0.00) or appropriate solvent (CHCl3, δ 
7.26) as internal standard. Mass spectral analysis (ESI-MS) 
was performed on a Thermo Scientific LCQ Fleet Mass 
Spectrometer. 

 
Supporting Information  LC-MS results of TEMPO 
adduct, and 1H NMR results in the mechanism study. The 
Supporting Information is available free of charge via the 
Internet at http://sioc-journal.cn/. 

References 

[1] Mookherjee, B. D.; Klaiber, E. M. J. Org. Chem. 1972, 37, 511.  
[2] Cooper, J. C.; Luo, C.; Kameyama, R.; Humbeck, J. F. van J. Am. 

Chem. Soc. 2018, 140, 1243.  
[3] Moghaddam, F. M.; Mirjafary, Z.; Saeidian, H.; Javan, M. J. Synlett 

2008, 892.  
[4] Sterckx, H.; De Houwer, J.; Mensch, C.; Caretti, I.; Tehrani, K. A.; 

Herrebout, W. A.; Van Doorslaer, S.; Maes, B. U. W. Chem. Sci. 
2016, 7, 346.  

[5] Yoshino, Y.; Hayashi, Y.; Iwahama, T.; Sakaguchi, S.; Ishii, Y. J. 
Org. Chem. 1997, 62, 6810.  

[6] Wolt, J. J. Org. Chem. 1975, 40, 1178.  
[7] Dick, A. R.; Sanford, M. S. Tetrahedron 2006, 62, 2439.  
[8] Maison, W.; Weidmann, V. Synthesis 2013, 45, 2201.  
[9] Marwah, P.; Marwah, A.; Lardy, H. A. Green Chem. 2004, 6, 570.  

[10] Nakada, M.; Nakamura, A. Synthesis 2013, 45, 1421.  
[11] Recupero, F.; Punta, C. Chem. Rev. 2007, 107, 3800.  
[12] Ren, L.; Gao, S. Chin J. Org. Chem. 2017, 37, 983 (in Chinese). 

(任兰会, 高爽, 有机化学, 2017, 37, 983.)  
[13] Arsenou, E. S.; Koutsourea, A. I.; Fousteris, M. A.; Nikolaropoulos,  

S. S. Steroids 2003, 5, 407.  
[14] Jurado-Gonzalez, M.; Sullivan, A. C.; Wilson, J. R. H. Tetrahedron 

Lett. 2003, 22, 4283.  
[15] Cao, H.; Zhu, B.; Yang, Y.; Xu, L.; Yu, L.; Xu, Q. Chin J. Catal. 

2018, 39, 899.  
[16] Liu, J.; Zhang, X.; Yi, H.; Liu, C.; Liu, R.; Zhang, H.; Zhuo, K.; 

Lei, A. Angew. Chem. Int. Ed. 2015, 54, 1261.  
[17] Hruszkewycz, D. P.; Miles, K. C.; Thiel, O. R.; Stahl, S. S. Chem. 

Sci. 2017, 8, 1282.  
[18] Turra, N.; Neuenschwander, U.; Baiker, A.; Peeters, J.; Hermans, I. 

Chem. Eur. J. 2010, 16, 13226.  
[19] Serra, S. Eur. J. Org. Chem. 2015, 29, 6472.  
[20] Tan, J.; Zheng, T.; Yu, Y.; Xu, K. RSC Adv. 2017, 7, 15176.  
[21] Wu, X. F.; Gong, J. L.; Qi, X. Org. Biomol. Chem. 2014, 12, 5807.  
[22] Yu, Y.; Humeidi, R.; Alleyn, J. R.; Doyle, M. P. J. Org. Chem. 2017, 

82, 8506.  
[23] Zhang, W.; Wei, Q.; Lan, L.; Wu, A.; Yin, X.; Shen, L. Monatsh. 

Chem. 2016, 148, 357.  
[24] Derdau, V. Tetrahedron Lett. 2004, 45, 8889.  
[25] Rubottom, G. M.; Evain, E. J. Tetrahedron 1990, 46, 5055.  
[26] Liu, M.; Chen, X.; Chen, T.; Yin, S. F. Org. Biomol. Chem. 2017, 

15, 2507.  
[27] Haber, F.; Weiss, J. P. R. Soc. A 1934, 147, 332.  
[28] Goldstein, S.; Meyerstein, D. Acc. Chem. Res. 1999, 32, 547.  
[29] Koppenol, W. H. Redox Rep. 2013, 6, 229. 

(Li, L.; Fan, Y.) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


