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聚硒醚催化环己烯氧化制备 1,2-环己二醇 

黄杰军 a,c    钱蓉蓉 b    王  爽 a    曹洪恩*,a 
(a扬州大学园艺与植物保护学院  江苏扬州 225009) 

(b江苏旅游职业学院  江苏扬州 225127)  
(c江苏扬农化工集团有限公司  江苏扬州 225009) 

摘要  开发了一种一步合成聚硒醚的新方法, 该材料可用于催化环己烯二羟化合成重要的化工中间体环己二醇, 是一

种高效并可回收的催化剂. 有趣的是, 该材料在分子层面的独特结构, 使得相关反应以自由基机理进行, 并可使用分

子氧作为部分氧化剂, 这与之前许多报道的硒催化反应有所不同. 
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Polyselenide-Catalyzed Cyclohexene Oxidation to Produce 
1,2-Cyclohexanediol 
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Abstract  A new method for one-step synthesis of polyselenide was developed. The material was found to be an efficient and 
recyclable catalyst for the dihydroxylation of cyclohexene to produce 1,2-cyclohexanediol, which was an important inter- 
mediate for the synthesis of many fine chemicals. Interestingly, the unique structure of the catalyst at molecular level resulted 
in a novel free-radical reaction methanism allowing the utilization of O2 as the supplementary oxidant, which was quite 
different from most of the reported organoselenium-catalyzed reactions. 
Keywords  selenium; polyselenide; cyclohexene; 1,2-cyclohexanediol; green oxidation 

 

1  Introduction 
Chalcogen elements possess unique features for their 

large atomic radiuses weakening the binding forces of their 
outlier electrons.[1] Recently, selenium-containing materials 
have drawn much attention for their good chemical- and 
bio-activities endowing the wide applications in many 
fields, such as biochemistry,[2] organic synthesis,[3] and 
materials science.[4] With the rapid development of the 
investigations on organoselenium catalysis,[5] a variety of 
selenium-containing materials and reagents have been de-
veloped to catalyze reactions to build complex organic 
skeletons and to achieve green transformations for indus-
trial application purposes.[6] Since the Se—O bond is weak, 
selenium-containing species, such as the selenic acids and 

diselenides, are nice oxygen carrier catalysts to transfer 
oxygen from green oxidants into the useful fine chemical 
products.[7] In comparison with traditional metal catalysts,[8] 
selenium is even cheaper (99.99% purity Se powder is ca. 
$60/kg in China) and is metabolizable for human beings.[9] 
It is also more tolerable according to the latest revision of 
the U.S. Pharmacopeia's New Standard and Method for 
Elemental Impurities Control in 2017.[10] 

Yet, the selective oxidation of cyclohexene is a signifi-
cant reaction in industry.[11] It may produce 7-oxabicyclo- 
[4.1.0]heptane, cyclohexane-1,2-diol, adipic acid, cyclo-
hex-2-en-1-ol and cyclohex-2-en-1-one, among which, 
cyclohexane-1,2-diol is an especially important product 
because it is the key intermediate for producing many useful 
fine chemicals such as pyrocatechol, cyclohexane-1,2- 
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dione, 1,2-dichlorocyclohexane, adipaldehyde, etc.[12] In 
line with calls for environment protection, the transition-  
metal free reactions are in rapid development.[13] In the 
field, the organoselenium-catalyzed dihydroxylation reac-
tion of alkenes was initially reported by Santi et al.[14] and 
the technique was then applied in the dihydroxylation of 
cyclohexene to produce trans-cyclohexane-1,2-diol.[12,15] 
The reaction could be catalyzed by heterogeneous polysty-
rene-supported selenic acid catalyst, which was recyclable 
to reduce the cost for potential industrial-grade applica-
tions.[16] However, tedious fabrication procedures of the 
catalyst including the polymer lithiation, selenization, 
bromination and oxidation enhanced its cost and might 
cause heavy pollution for large-scale applications (Scheme 
1).[16] Herein, we wish to report a novel polyselenide-  
catalyzed cyclohexene dihydroxylation to produce trans-  
1,2-cyclohexanediol, and in comparison with polysty-
rene-supported selenic acid catalyst, the polyselenide cata-
lyst can be synthesized in just one step from easily acces-
sible starting materials. 

polystyrene

n-BuLi Li
(MeSe)2

SeMe
(1) Br2 SeBr
(2) EtOH

H2O2 SeOxH

polystyrene-supported selenic acid  
Scheme 1  Synthesis of the polystyrene-supported selenic acid 
catalyst for cyclohexene dihydroxylation 

2  Results and discussion 
2.1  Preparation and characterization of catalyst 

Se—C bond can be formed via the SN2 reaction of     
SeH with C(sp3)—Cl. To build the polymer chain, dihalo-
hydrocarbon was employed as the starting material, while 
NaHSe, a dinucleophile, was employed as the selenization 
reagent. NaHSe could be generated via the reduction of Se 
powder with NaBH4 and was directly used without separa-
tion. Through the selenization method, a series of poly-
selenides were synthesized from the corresponding dihal-
ohydrocarbons (Figure 1a).[6a,6e] In solid 13C NMR spectrum 
of the polyselenide being prepared from 1,4-bis(chloro- 
methyl)benzene monomer, the aryl carbons presented their 
signals at δ 140.5, 131.2 and 130.1, respectively, while the 
benzyl carbon signals were at δ 30.5 and 24.3. The signal of 
selenium in 77Se NMR was at δ 424.1, which was in ac-
cordance with the predicted value of the selenium signal in 
selenide. Moreover, the energy dispersive X-ray (EDX) 
analysis of the material attested the existence of selenium, 
while elemental mappings showed that the selenium sites 
(in purple color in the picture) dispersed on the surface of 
the carbon skeleton (in red color in the picture) of the ma-
terial (Figure 1b), and this might facilitate the catalyzed 

reactions in further applications.  

 
Figure 1  (a) Preparation steps and (b) element mapping of the 
polyselenide being synthesized from 1,4-bis(chloromethyl)ben- 
zene  

2.2  Catalyst screening 
The materials were then employed as the catalyst for cy-

clohexene dihydroxylation to produce trans-cyclohexane- 
1,2-diol. A series of parallel experiments were performed to 
screen out the preferable catalyst and optimize the reaction 
conditions and the results are summarized in Table 1. Cat-
alyzed by the polyselenide fabricated from 1,4-bis(chloro- 
methyl)benzene, the oxidation of cyclohexene with H2O2 
could produce trans-cyclohexane-1,2-diol in 86% yield 
(Table 1, Entry 1). It was notable that the reaction utilized 
O2 as partial oxidant, so that the amount of H2O2 could be 
obviously reduced in comparison with the reported 
works.[12,15] Control experimental results as well as the 
reference reports[16-17] well supported the hypothesis that O2 
participated the reaction, and the O2-mediated reaction was 
obviously promoted by water (Table 1, Entries 2 vs. 3). 
Moreover, an isotope labeled experiment was performed in 
a 18O2 charged Schlenk tube and the mixture was analyzed 
by gas chromatograph-mass spectrometer (GC-MS) after 
reaction. By calculating the peak area ratio, it was found 
that the obtained product contained some single-18O-la- 
beled trans-cyclohexane-1,2-diol (M＝118, peak area ac-
counted for 7.6%), while double-18O-labeled product (M＝
120) was not observed. This result well confirmed that the 
molecular oxygen could participate the reaction and was 
kept in product, and only one oxygen in product was from 
O2 at the maximum. The minimum amount of H2O2 was 
found to be 90 mol%, otherwise, both cyclohexene conver-
sion and product yield decreased (Table 1, Entries 4 vs. 1). 
Polyselenides prepared from 1,3-bis(chloromethyl)benzene 
or 1,2-bis(chloromethyl)benzene were found to be less 
reactive (Table 1, Entries 5, 6), probably due to their 
crooked polymer chain hindering the contact of the reac-
tants. In reported works, it has been found that introducing 
electron-withdrawing groups into the organoselenium cat-
alysts could enhance their activities because the elec-
tron-withdrawing effect enhanced the positive charges of 
the catalytic selenium centres to promote the ionic reactions 
occurring via an electrophilic addition of the selenium cat-
ion first.[12] However, in this reaction, using elec-
tron-deficient polyselenide catalyst resulted in decreased 
product yield on the contrary (Table 1, Entry 7), showing 
that the polyselenide-catalyzed reaction might proceed via a 
completely new reaction route.[12,15]
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Table 1  Parallel experiments of the polyselenide-catalyzed dihydroxylation reactions of cyclohexenea 

 

Entry Dihalohydrocarbonb Oxidant/Additive Conversion/%c Yield/%d 

1 

 
90 mol% H2O2, O2/— 88 86 

2 

 
O2/— 6 5 

3 
 

O2/200 mol% H2O 17 16 

4 
 

80 mol% H2O2, O2/— 77 76 

5 
 

90 mol% H2O2, O2/— 80 79 

6 
 

90 mol% H2O2, O2/— 72 70 

7 
 

90 mol% H2O2, O2/— 76 74 

a 20 mmol of cyclohexene, 100 mg of polyselenide and 2 mL of MeCN were used; the reactions were performed under 101 kPa O2. b Dihalohydrocarbons used in 
polyselenide preparations. c Conversion ratio of cyclohexene. d GC-yield of trans-1,2-cyclohexanediol calculated on the basis of the internal standard curve. 

2.3  Recycle and reuse of catalyst 
Testing with potassium iodide-starch test paper showed 

that no H2O2 left after reaction, indicating that it was rela-
tively safe to separate the product via distillation. Moreover, 
the oxidation product of MeCN was not observed in the 
small-scale reaction under mild conditions (40 ℃) and a 
series of references have reported that in Se-catalyzed re-
actions, MeCN was a commonly used solvent when using 
H2O2 as solvent.[18] Thus, a magnified reaction in 0.5 mol 
scale was performed in MeCN, and the product was isolated 
by distillation under reduced pressure in 81% yield (100～
103 ℃ at 800 Pa pressure). The recycled catalyst could be 
reused for at least five times without deactivation (Figure 
2a). Scanning electron microscope (SEM) images demon-
strate that there are little changes in morphologies of the 
material after the 5th cycle of reaction (Figures 2b vs. 2c).  

 
Figure 2  Catalyst recycle and reuse (a) and the SEM images of 
the polyselenide before (b) and after (c) the 5th cycle of reaction 

In comparison with reported works,[14,16] this method 
could prepare trans-cyclohexane-1,2-diol with enhanced 
atom utilization ratio. Methods reported in Refs. [13, 15] 
were taken for example to compare with the reaction of this 
work and their atom utilization ratios were calculated (Ta-
ble 2). Because solvents could be recovered in large-scale 
production, they were not included in the calculation pro- 
cess. The clean and cheap components, such as water and 
O2 (or air[16]) were also ignored in calculation. In order to 
prepare 1 mmol of trans-cyclohexane-1,2-diol, the (PhSe)2- 
catalyzed method reported in Ref. [14] consumed 493.0 mg 
of starting materials (Table 2, Entry 1), while for the poly-
styrene-supported selenic acid-catalyzed reaction reported 
in Ref. [16], ca. 149.8 mg of starting materials were con-
sumed (Table 2, Entry 2). In this work, only 142.9 mg of 
materials were consumed for preparing 1 mmol of trans- 
cyclohexane-1,2-diol (Table 2, Entry 3). Moreover, the 
polyselenide catalyst in this work could be synthesized in 
just one step, which was more concise than the tedious steps 
in Ref. [16], and the reaction scale in this work (500 mmol 
cyclohexene scale) was even larger than both Ref. [14] and 
Ref. [16] (1 mmol cyclohexene scale). Therefore, the 
method herein is much more practical than reported works 
from both sustainable chemistry and industrial application 
viewpoints. 

2.4  Reaction mechanism study 
Control experiments were performed for mechanism 

study. Addition of 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO) or hydroquinone as the free radical scavenger  
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Table 2  Comparison of the work with reported references on 
atom economy 

Entry Ref. Consumed weight of starting ma- 
terials vs. product/(mg•mmol－1) 

1 [14] 493.0 
2 [16] 149.8 
3 This work 142.9 

restrained the transformation (Table 3, Entries 1, 2), while 
the free radical initiator azodiisobutyronitrile (AIBN) ob-
viously accelerated the reaction process (Table 3, Entries 3 
vs. 4). Therefore, it attested that the polyselenide-catalyzed 
reaction might occurred in a free radical mechanism [19] 
other than the reported ionic reaction route.[12,15] In the 
control experiment using stoichiometric amount of H2O2 in 
N2 atmosphere, the product yield decreased to 79% (Table 
3, Entry 5 vs. Table 1, Entry 1), showing that H2O2 might 
partially decompose during the reaction process and O2 was 
an essential supplementary oxidant to ensure a full conver-
sion. Moreover, the reaction of cyclohexene with oxidation 
state polyselenide (oxidized by O2) in N2 could produce 
trans-cyclohexane-1,2-diol in 38% yield, showing that O2  

Table 3  Control experiments for mechanism studya,b 

 

Entry Oxidant/additve t/h Conversion/% Yieldc/% 

1 90 mol% H2O2, O2/ 
TEMPO (100 mol%) 48 0 0 

2 90 mol% H2O2, O2/Hy- 
droquinone (100 mol%) 48 0 0 

3 90 mol% H2O2, O2/ 
AIBN (100 mol%) 24 88 78 

4 90 mol% H2O2, O2 24 67 66 
5 100 mol% H2O2, N2 48 81 79 
6 N2/200 mol% H2Od 48 42 38 

a 20 mmol of cyclohexene, 100 mg of polyselenide and 2 mL of MeCN were 
used. b The reactions were catalyzed by the polyselenide being prepared from 
1,4-bis(chloromethyl)benzene monomer. c GC-yield of trans-1,2-cyclohexane- 
diol calculated on the basis of the internal standard curve. d 500 mg of O2 
treated polyselenide was employed. 

could participate the reaction as an additional oxidant (Ta-
ble 3, Entry 6). 

As being attested by the X-ray photoelectron spectros-
copy (XPS) analysis, polyselenide could be oxidized into its 
oxidation state involving Se(IV) by H2O2 (Figure 3a). 
Flourier IR spectrum of the used catalyst showed that OH 
(ca. 3100～2800 cm－1) groups were introduced into the 
material after reaction (Figure 3b, red line vs. black line). 
The peak in the IR spectrum of the used catalyst at 1699  
cm－1 attributed to C＝O, which reflected the oxidation of 
benzyl CH2 of the material adjacent to selenium, but no   
Se＝O signals were observed in the IR spectrum of the 
material after reaction (Figure 3b, red line). Thus, it was 
supposed that the Se(IV) moieties with hydroxyls were 
involved in the materials after the reaction. Moreover, the 
hydroxyl radical in the reaction process could be captured 
by salicylic acid. As showing in Figure 3c, after adding the 
reaction liquid, a strong adsorption at around 490～550 nm 
(520 nm at maximum) was observed in the UV-Vis spectra 
(red curve vs. black curve), which was the characteristic 
peak of the adducts of hydroxyl radical with salicylic acid 
(i.e. 2,3-dihydroxybenzoic acid and 2,5-dihydroxybenzoic 
acid) reflecting the existence of hydroxyl radical.[20] 

Based on the above experimental results and reference 
reports,[6a,16,19,21-23] a plausible mechanism was supposed 
(Scheme 2). First, as being indicated by the results of con-
trol experiment, the reaction occurred via a free radical 
reaction mechanism, and hydroxyl radical was the most 
probable active species (Scheme 2, a).[6a,19] In the course, 
polyselenide was initially oxidized into its oxidation state 
species (A).[21] Compared with the reported polysty-
rene-supported selenic acid,[16] the selenium site in poly-
selenide bears double bulky aryls preventing its sufficient 
contact with cyclohexene (Scheme 2, b). Thus, the poly-
selenide-catalyzed reaction did not occur via ionic mecha-
nism, which required the direct contact of the catalytic 
selenium site with cyclohexene. In the reaction, the Se—O 
scission in A could produce hydroxyl radicals and the cat-
alyst was converted into its radical state (B), which captured 
hydrogen under the aqueous conditions and produced the 
hydroxyl free radical (Scheme 2, a). Polyselenide C with   
Se—H was active and could be oxidized by H2O2 or even O2 
to Se—OH and restart the next hydroxyl free radical prod-  

 

Figure 3  (a) XPS spectrum of the used catalyst, (b) IR spectra of the polyselenide before and after the reaction and (c) hydroxyl radical 
capture by salicylic acid via UV-Vis detection   
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Scheme 2  Plausible mechanism of the Se-polymer-catalyzed oxidation of cyclohexene 

ucing cycle.[6a,22-23] In the cyclohexene dihydroxylation 
reaction (Scheme 2, c), addition of hydroxyl radical to cy-
clohexene afforded the intermediate 2-hydroxyl cyclohexyl 
radical, which then led to the epoxide (i.e. 7-oxabicy-  
clo[4.1.0]heptane).[14,16] Hydration of the epoxide produced 
trans-1,2-cyclohexane-1,2-diol via the attack of water from 
the backside of the intermediate. Removing polyselenide 
catalyst after 24 h reaction, it produced trans-1,2-cyclo- 
hexane-1,2-diol in 72% yield after 48 h (total reaction 
time), showing that the continuous generation of hydroxyl 
free radical by polyselenide was essential for the reaction. 

3  Conclusions 
In conclusion, we have designed and prepared 

polyselenide, which, as a selenium-containing polymer, was 
catalytically active for the dihydroxylation reaction of 
cyclohexene to produce the important industrial inter- 
mediate trans-1,2-cyclohexanediol. In comparison with the 
reported polystyrene resin-supported selenic acid, this 
material could be prepared in just one step and its unique 
structures resulted in a completely different reaction route, 
allowing the use of O2 as partial oxidant so that the used 
H2O2 amount could be reduced. The product yield was 
good, while no wastes were generated during the process. 
This novel polyselenide material may be applied as a good 
catalyst for transfering oxygen from cheap and clean 
oxidants into high value-added products for industrial 
purpose.[24] The investigations of smart techniques 
involving selenium and oxidation reactions with molecular 
oxygen are booming in recent years.[25] 

4  Experimental section 
4.1  General methods 

Infrared (IR) spectra were determined on a Bruker Tensor 
27 IR spectrometer. Liquid-state NMR spectra were rec-
orded on a Bruker Avance III 400 nuclear magnetic reso-
nance spectrometer (400 MHz for 1H NMR spectroscopy 
and 100 MHz for 13C NMR spectroscopy) by using CDCl3 
as the solvent and Me4Si as the internal standard. Solid-state 

NMR spectra were recorded on a Bruker Avance III 400WB 
nuclear magnetic resonance spectrometer (100 MHz for 13C 
NMR and 76.28 MHz for 77Se NMR). Melting points (m.p.) 
were measured with a WRS-2A digital melting point 
measuring instrument. The scanning electron microscope 
(SEM) image was determined by a Zeiss Supra55 field 
emission scanning electron microscope. X-Ray photoelec-
tron spectroscopy (XPS) spectrum was determined by a 
ThermoScientific ESCALAB 250Xi X-ray photoelectron 
spectrometer. GC-MS analysis was performed on a Ther-
moFisher Trace 1300-ISQ LT spectrometer (EI). The yield 
of trans-1,2-cyclohexanediol was determined by GC, with a 
capillary DB1701 column and flame ionization detector. 
The oven temperature was programmed at 70～260 ℃ 
with the heating rate at 30 ℃/min. GC yields were con-
firmed with benzophenone as the internal standard. The 
chemical reagents used in this work were all analytically 
pure and purchased from Energy Chemical. They were 
directly used without special treatment.  
4.2  General procedures for the synthesis of poly-
selenide 

Cooling by ice-water bath, 15 mmol of Se powder and 21 
mmol of NaBH4 were added into a 50 mL round bottom 
flask, which was charged with N2. 7.5 mL of absolute eth-
anol was then injected into the flask by syringe and the 
reaction liquid was magnetically stirred until the disap-
pearance of Se powder (ca. 2～3 h). Ice-water bath was 
removed and 7.5 mmol of dihalohydrocarbon was then 
injected into the solution containing the in situ generated 
NaHSe. The reaction liquid was stirred overnight and the 
precipitated polyselenide was isolated by filtration and 
washed by deionized water and ethanol. After being dried 
under vacuum for 24 h, 1.34 g of the material of polysele-
nide was obtained as a powder in light color. 
4.3  General procedures for the dihydroxylation re-
action of cyclohexene 

20 mmol of cyclohexene, 18 mmol of H2O2 (30%), 100 
mg of polyselenide and 2 mL of MeCN were added into a 
reaction tube charged with pure O2 (101 kPa). The tube was 
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then heated at 40 ℃ for 48 h. The mixture was sent to 
GC-analysis to determine the yield of trans-cyclohexane- 
1,2-diol. White solid, m.p. 102.5～103.6 ℃ (lit.[16] 102～
103 ℃); 1H NMR (400 MHz, CDCl3) δ: 3.35 (s, 2H), 2.93 
(s, 2H), 1.97 (t, J＝2.8 Hz, 2H), 1.70 (t, J＝3.0 Hz, 2H), 
1.27～1.25 (m, 4H); 13C NMR (100 MHz, CDCl3) δ: 75.9, 
32.9, 24.4. 
4.4  Details for recycle and reuse of catalyst 

0.5 mol of cyclohexene, 0.45 mol of H2O2 (30%), 2.5 g of 
polyselenide and 50 mL of MeCN were added into a 100 
mL round bottom flask charged with pure O2 (101 kPa). 
The flask was then heated at 40 ℃ in O2 atmosphere for 48 
h. Then, the catalyst was recycled by filtration and the sol-
vent in the filtrate was removed by distillation under re-
duced pressure with rotary evaporator. The product in res-
idue was separated by distillation at reduced pressure 
(100～103 ℃ at 800 Pa). The recycled catalyst could be 
reused in the next turn of reaction. 
4.5  Details for the O-18 labeled experiment. 

20 mmol of cyclohexene, 18 mmol of H2O2 (30%), 100 
mg of polyselenide and 2 mL of MeCN were added into a 25 
mL Schlenk tube charged with pure 18O2 (101 kPa). The 
tube was then sealed and heated at 40 ℃ for 48 h. The 
mixture was sent to GC-analysis showing that the product 
contained some single-18O-labeled trans-cyclohexane-1,2- 
diol (M＝118, peak area accounted for 7.6%), while dou-
ble-18O-labeled product (M＝120) was not observed. The 
value was calculated by comparison the peak areas of the 
two product (M＝116 and M＝118). The equation is: 
18O-labeled trans-cyclohexane-1,2-diol (M＝118) content
＝AM118/(AM118＋AM116)×100%, where AM118 is the peak 
area of single-18O-labeled trans-cyclohexane-1,2-diol   
(M＝118), while AM116 is that of simple trans-cyclohexane-  
1,2-diol (M＝116). 
4.6  Details for the reaction of cyclohexene with 
oxidation state polyselenide 

500 mg of polyselenide was initially heated at 40 ℃ in 
O2 flow for 10 h to get its oxidation state material, which 
was then sent to a 20 mL reaction tube with 20 mmol of 
cyclohexene, 40 mmol of H2O (0.72 mL) and 2 mL of 
MeCN. The flask was charged with N2 and heated at 40 ℃ 
for 48 h and then sent to GC analysis. 

 
Supporting Information  Experimental details of the 
atom utilization efficiency calculation and the internal 
standard curve drawing and the analysis spectra of the 
product and catalyst materials were involved. The Sup-
porting Information is available free of charge via the In-
ternet at http://sioc-journal.cn/. 
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