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Catalyzed by the organoselenium compounds, β-Ionone was easy to be oxidized by H2O2 under mild and clean conditions. 

We were very surprised to find that the reaction selectivity was switchable by the catalyst. To the best of our knowledge, 

this should be the first example for the selectivity regulation using organoselenium catalysts in the field, indicating the 

great potential of the organoselenium catalysis in synthetic organic chemistry in future.  

Introduction 

Organoselenium compounds have attracted much attention 

owning to their wide applications in organic synthesis, 

biochemistry, medicinal chemistry and material science. 1-2  

Recent ly, the green side of organoselenium chemistry is  

gradually realized by chemists3 and organoselenium-catalysis  

should be its most significant application in green chemistry.4  

Compared with transit ion metal cat alysts, the organoselenium 

catalysts have many advantages. Selenium is  a necessary trace 

element for animals that can be metaboliz ed in organism, and 

thus does not accumulate in body and is  safe to environment.5  

Selenium is  cheaper  (ca. $54/kg)6  than noble metals  and the 

organoselenium catalysts are always emp loyed free of ligands  

or additives. T he organoselenium-cat alyzed reactions  are 

performed under mild conditions with green procedures, 7-8 and 

may provide more opportunities  to discover novel react ions and 

enrich the toolbox for organic synthesis .9 During the past  

decade, organoselenium catalysts have been widely emp loyed 

in many useful transformations. 7-10 As a p art of our continuous  

invest igations  on green synthetic methodologies,8,11  we focused 

much on this t opic and have reported a series  of 

organoselenium-catalyzed react ions, such as the dehydrations  

of aldoximes to nitriles ,8a the Baey er-Villiger (BV) oxidations  

of α,β-unsaturat ed ketones  to vinyl esters 8b-8c  and the 

dihydroxy lation of cyclohexene to trans -1,2-cyclohexanediol. 8d-

8e All of t he previous works  of ours  and the other groups’ show 

that organoselenium compounds are practical catalysts because 

of their stability and recy clability. Thus, we continue the 

invest igations in this area and begin to develop the 

organoselenium-catalyzed green oxidations  of the useful natural 

products for potential industrial applications.8f 

On the other hand, β-Ionone is  also an abundantly  

access ible natural product that widely exists in many plants. 

The oxidation of β-Ionone is a topic with good application 

value because the products are important intermediates in 

perfume industry, agricultural chemistry, medicinal chemistry  

and even nat ural product synthesis .12  However, currently  

report ed methods employ the chemical oxidants and thus  

inevitably produce large amount of solid waste, which is  

harmful to environment and prevents the large-scale 

production.13 In addition, the multiple reaction s ites  of β-Ionone 

impose a tremendous challenge to develop the highly select ive 

oxidation met hodologies  (F ig. 1). Recently, we investigat ed the 

organoselenium-catalyzed oxidation of β-Ionone with H2O 2 and 

were very surprised to find that the reaction selectivity was  

controllable us ing different organoselenium catalysts. Herein,  

we wish to report our findings. 

 
Fig. 1 Possible reaction sites of β-Ionone. 

Results and discussion 

Init ially, we test ed the blank react ions without  catalyst. St irring 

β-Ionone 1  with H2O2 in MeCN for 24 hours only led to the 

epoxide 2 in very low yield, while most start ing mat erial 1 

remained unreacted and could be recovered in 80% yield (T able 

1, entry 1).  Adding inorganic cat alyst SeO 2 could s lightly  

promote the react ion, but the products 2  and 3  were generated 

simultaneous ly in low yields with poor selectivity (entry 2). 

The organoselenium catalysts were then emp loyed but it was  

found that neither selenides nor simp le diaryldiselenides could 

optimize the reaction to get satis fied results (entries 3-4). 
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Interestingly, the CF3-subst ituted diaryldiselenides  obviously  

improved the reaction selectivity to generate the epoxide 2 as  

the major product (entr ies 5-6) and [3,5-(CF 3)2C6H3Se]2 was  

finally screened out to be the specific catalyst for epoxidation 

(entry 6). The cat alytic activities of dialkyl diselenides were 

also tested. Us ing (c-C6H11Se)2 gave both 2 and 3  with very low 

selectivity (entry 7), but in the reaction catalyzed by (n-

C4H 9Se)2,  a linear organos elenium catalyst with lower steric 

hindrance, the viny l ester 3  was obtained as the major product  

(entry 8). Further screenings demonstrat ed that  

dibenzyldiselenides favoured the Baeyer-Villiger (BV) 

oxidations to generate 3 and (PhCH2Se)2, the simp lest and 

cheapest dibenzyl diselenide, was  found to be the best one 

among  them (entry 9 vs. 10). 

Table 1 Screening of the organoselenium catalystsa,14 

 

Entry Se cat. 2 / %b 3  / %b 

1c 
- 8 0 

2c SeO2
d 21 24 

3c PhSeRd,e  11-26 10-40 

4c (ArSe)2
f
 16-40 15-41 

5 (CF3ArSe)2
g 40-41 7-8 

6 [3,5-(CF3)2C6H3Se]2 70 0 

7c (c-C6H11Se)2 36 45 

8 (n-C4H9Se)2 15 67 

9 (PhCH2Se)2 10 77 

10 (ArCH2Se)2
h  12-25 56-72 

a β-Ionone 1 (1 mmol), Se cat. (0.05 mmol, 5 mol%) and H2O2 (4 mmol, 
400 %) in commercial MeCN (1 mL) was stirred at room temperature (ca. 25 
o
C) under air and monitored by TLC. 

b 
Isolated yields based on 1. 

c
 Reaction 

not completed. 
d
 0.1 mmol (10 mol%) catalyst was employed. 

e
 R = Et, c-

C6H11 or Ph.  
f
 Ar = Ph, 3-MeC6H4, 3-MeOC6H4, 4-MeOC6H4, 4-ClC6H4, 2-

FC6H4, 3-FC6H4 or 1-C10H7. 
g
 CF3Ar = 2-CF3C6H4, 3-CF3C6H4 or 4-CF3C6H4. 

h
 Ar = 2-FC6H4, 3-FC6H4, 4-FC6H4, 2-ClC6H4, 3-ClC6H4, 4-ClC6H4, 2,6-

Cl2C6H3 or 2,4-Cl2C6H3, 4-MeOC6H4, 2-MeOC6H4, 3-MeC6H4 or 4-MeC6H4. 

As shown above, the selectivity of the reaction was  

switchable by catalyst: [3,5-(CF3)2C6H3Se]2 was  propitious  to  

the epoxidation while (PhCH2Se)2 favoured the BV oxidation 

(Table 1, entry 6 vs. 9). Since both of the products 2  and 3 are 

useful chemicals ,12 it is of practical applicat ion value to further 

optimize the reaction conditions. T able 2 gave the conditional 

optimizat ions to prep are 2. Solvents, such as MeCN, CH2Cl2,  

EtOH, H2O, acetone, DMF and THF were first tested and 

MeCN and CH 2Cl2  were found to be the best ones  among the 

above candidates , giving 2 in approximat e yields (Table 2, 

entry 1, 2 vs. 3). But cons idering t he environmental fact ors, the 

chloro-free MeCN should be the better solvent and the catalyst 

loading effects in it were then studied. It was  found that  the best  

catalyst loading was 1 mol % (entries  4, 5 vs.  6, 7).  Although 

there were always traces  of the start ing material observed in 

TLC, the product yield did not increase with ext ended reaction 

time (entries 5 vs. 4). Excess H2O2 was necessary and 400 % 

equivalent should be the best  dosage (entries 4 vs.  8-9). Various  

starting material concentrat ions were also tested, but 1 mol / L, 

as we init ially employed, was  found to be the best condition 

(entries 4 vs.  10-11). In summary, using 1 mol % of the catalyst 

[3,5-(CF3)2C6H 3Se]2,  400 mol % of the oxidant H 2O2  and 

performing with t he starting material concentration 1 mol  / L in 

MeCN should be the best reaction conditions  to synthesiz e 2  

(entry 4). A magnified experiment in 40 mmol scale was also 

performed and provided 2 in 70 % yield (entry 12). 

Table 2 Conditional optimizations for the synthesis of 2a,14 

 

Entry Solvent (v / mL)b cat. / %c H2O2 / %
d 2 (3) / % e 

1 MeCN (1) 5 400 70 (0) 

2 CH2Cl2 (1) 5 400 71 (0) 

3f oth. solvt. (1)g 5 400 20-36 (23-50) 

4f MeCN (1) 1 400 72 (9) 

5f,h MeCN (1) 1 400 72 (8) 

6f MeCN (1) 0.5, 2-3 400 40-71 (6-15) 

7 MeCN (1) 10 400 63(0) 

8f MeCN (1) 1 100-300 40-61 (8-10) 

9 MeCN (1) 1 500 70 (0) 

10f MeCN (0.5) 1 400 65 (10) 

11f MeCN (2-4) 1 400 48-60 (8) 

12i MeCN (40) 1 400 70 (8) 

a β-Ionone 1 (1 mmol), [3,5-(CF3)2C6H3Se]2 and H2O2 in solvent was stirred at 
room temperature (ca. 25 

o
C) under air and monitored by TLC. 

b 
Volume of 

solvent (mL).
 c 

Molar ratio of the catalyst loading based on 1. 
d 
Molar ratio of 

the H2O2 dosage based on 1. 
e 
Isolated yields of 2 outside the parentheses; 

isolated yields of 3 inside the parentheses. 
f
 Reaction not completed. 

g
 Other 

solvents: EtOH, H2O, acetone, DMF and THF were tested. 
h 

Reaction time 

delayed to 48 h. 
i
 Reaction performed in 40 mmol scale. 

The conditions of the BV oxidat ion were also optimiz ed  

(Table 3). Solvent screenings demonstrat ed that the reaction 

proceeded smoothly in M eCN, EtOH or THF (entries 1-3 vs.  4) 

and gave the highest yield of 3 in THF (86%, entry 3). Different  

from the epoxidation, the BV oxidations required more catalyst 

and the product yield was elevated to 91 % when 10 mol % of 

(PhCH2Se)2 was employ ed (entries  6 vs. 3, 5, 7). T he best H2O 2  

dosage and starting material concentration were 400  mol % and 

1 mol / L resp ectively, as initially employ ed (entries 6 vs. 8-11). 

The reaction was also scalable and the product yield  remained 
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at the high level (87 %) in a 40 mmol scale magnified reaction 

(entry 12), showing that these methodologies  were very  

practical and have potential applications in industrial 

production. 

Table 3 Conditional optimizations for the synthesis of 3a,14 

 

Entry Solvent (v / mL)b cat. / %c H2O2 / %
d 3 (2) / % e 

1 MeCN (1) 5 400 77 (10) 

2 EtOH (1) 5 400 80 (12) 

3 THF (1) 5 400 86 (8) 

4f oth. solvt. (1)g 5 400 16-73 (9-20) 

5f THF (1) 0.5-3 400 38-65 (5-9) 

6 THF (1) 10 400 91 (5) 

7 THF (1) 20 400 85 (6) 

8 f THF (1) 10 100-300 34-82 (5-8) 

9 THF (1) 10 500 90 (5) 

10 THF (0.5) 10 400 86 (10) 

11f THF (2-4) 10 400 76-80 (0-5) 

12h THF (40) 10 400 87 (6) 

a β-Ionone 1 (1 mmol), (PhCH2Se)2 and H2O2 in commercial solvent was 
stirred at room temperature (ca. 25 

o
C) under air and monitored by TLC 

and/or GC. 
b 

Volume of solvent  (mL).
 c 

Catalyst loading based on 1. 
d 

H2O2 
dosage based on 1. 

e 
Isolated yields  of 3 outside the parentheses; isolated 

yields of 2 inside the parentheses. 
f
 Reaction not completed. 

g
 Other solvents: 

H2O, acetone, DMF and CH2Cl2 were tested. 
h
 Reaction performed in 40 

mmol scale. 

    In addition, the organoselenium catalyst in the BV oxidation 

of β-Ionone was  recy clable. After extraction (v ide infra,  

experimental section), the aqueous layer containing the 

organoselenium cat alytic species was recycled and reused after 

the evaporation of water under vacuum. T able 4 showed that  

the catalyst could be reused for at least 3 times  without much 

product yield decreasing. But for t he 4th cy cle, t he yield of 3 

was reduced to 60 %, probably due to the accumulat ed loss of 

catalyst in extraction. 

Table 4 Catalyst recycle and reusea 

 

Cycle NO. 0b 1 2 3 4 

3 / %c 89 81 77 71 60 

a 
The reactions were performed in 40 mmol scale using the optimized 

conditions in Table 3, entry 12. 
b 
First use. 

c 
Isolated yields  of 3. 

As it was the first t ime for us to observe the selectivity 

regulat ion by organoselenium cat alysts for comp lex compound 

oxidation, the mechanisms of these interesting reactions  were 

also what we concerned. Based on the report ed works as well as  

the exp erimental results in T able 1, t he possible mechanisms 

were supposed.7-10 Our previous  studies with 77Se NMR 

analysis have disclosed that in the organoselenium-cat alyzed 

oxidations with H 2O2 , the catalyst diselenides (RSe)2 were first  

oxidized and hydrolyzed to the selenic peroxide acid 

RSe(O)OOH 4, which was the real catalytic species in the 

reaction (eqn (1)).8b  

 
In the epoxidat ion reaction7d of β-Ionone, the electrophilic  

addit ion of the γ,δ-C=C bond with the Se+  centre of 

RSe(O)OOH 4 initially afforded the intermediate 5 , which soon 

led to the intermediate 6.  The intramolecular rearrangement of 

6 generated the epoxide 2 and the selenic acid 7,  which was re-

oxidized by H2O2 to the catalytic species 4 (Scheme 1). In this  

mechanism, t he electrophilic addition of the alkene with 4 

should be the key step. T he electron -withdrawing CF3-

substitut ed diaryldiselenides, especially [3,5-(CF 3)2C6H3Se]2,  

could generate the corresponding selenic peroxide acid 4 with 

stronger Se+ electrophilic centre than simple diselenides and 

thus were preferable catalysts for epoxidation.7d 

 
Scheme 1 Possible mechanisms for the epoxidation. 

For BV react ions, the nucleophilic attack of RSe(O)O OH 4  

to the C+  centre of t he carbonyl of β-Ionone was the key step  

that led to the int ermediate 8.8b-8c, 8f The intramolecular 

rearrangement of 8  gave the BV oxidation product 3  and 

released the selenic acid 7,  which could be re-oxidized to 4  and 

participat e the next turn of reaction (eqn (2)).  Thus, it was not  

difficult to underst and the phenomenon that dibenzyl diselenide 

was  the preferable cat alyst for BV oxidation because it was less  

bulky so that it received less  hindrance than the 2o  carbon 

substitut ed selenides  in the nucleophilic attack st ep and because 

it was an electron-enriched compound that led to the 

corresponding selenic p eroxide acid 4 wit h good nucleophilic 

activity.8c  
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Conclusions 

In conclusion, we reported t he organoselenium-cat alyzed 

selectivity-switchable oxidations of β-Ionone wit h H2O 2. The 

[3,5-(CF3)2C6H 3Se]2-catalyzed react ion led to  (E)-5,6-epoxy-β-

Ionone 2, while the dibenzyl diselenide-cat alyzed reaction 

afforded (E)-2-(2,6,6-trimethylcyclohex-1-en-1-yl)vinyl acetat e 

3 as the overwhelming major product . Both of them are useful 

chemicals with broad application scop es.12 T o the best of our 

knowledge, this should be t he first  examp le for the select ivity 

regulat ion using organoselenium cat alysts. The findings  

indicated that the organoselenium catalysts were not only  

simple oxy gen-transfer reagents but also the catalysts that could 

switch the react ion select ivity, dep ending on their molecular 

structures . T hus, organoselenium cat alysis  might have broader 

applicat ion scopes than what we recogniz ed before and thus  

deserve further in-depth studies. More investigat ions on the 

relat ionships of the structures  of the organoselenium 

compounds with their catalytic activities are on the way in our 

laboratory. 

Experimental 

General methods 

β-Ionone was purchased from reagent merchant with the purity  

more than 98% and was directly used as  received.  

Organoselenium-cat alysts were commercially available or 

prepared according to lit erature.8d Solvents were analytical pure 

(AR) and directly used without any special treatment . All 

reactions were carried out in op en air and monitored by T LC. 

IR spectra were measured on Bruker T ensor 27  Infrared 

spectromet er. 1H and 13C NMR sp ectra were recorded on a 

Bruker Avance 400 instrument (400 MHz for 1H and 100 MHz  

for 13C NMR sp ectroscopy) us ing CDCl3  as  the solvent and 

Me4Si as the int ernal st andard. Chemical shifts for 1H and 13C 

NMR were referred to int ernal Me4Si (0 ppm) and J-values  

were shown in Hz. Mass  spectra were measured on a Shimadzu 

GCMS-QP2010 Ultra spectrometer (EI).  

Typical procedure for the synthesis of 2  

To a reaction tube, 5.8 mg of [3,5-(CF3)2C6H3Se]2 (0.01 mmol) 

was added. The solutions of 1 mmol of β-Ionone in 0.5 mL of 

MeCN and 4 mmol of 30% H2O2 in 0.5 mL of M eCN were t hen 

inject ed subsequently. The mixture was st irred at rt ( ca. 25 oC) 

for 24 h. The solvent was then evaporated under vacuum and 

the res idue was isolat ed by flash column chromatography  

(eluent : petroleum/EtOAc 20:1) , affording 149.9 mg of 2 in 72 % 

yield. In a large scale preparation (40 mmol), 0.5 g of MnO 2  

was  added into the react ion mixture and stirred for 2 h after the 

reaction to decompose the excess H2O2. T he MnO 2 was t hen 

removed by filtration before further processes.  

Typical procedure for the synthesis of 3  

To a reaction tube, 34.0 mg of (PhCH 2Se)2  (0.1 mmol) was  

added. The solutions of 1 mmol of β-Ionone in 0.5 mL of T HF 

and 4 mmol of 30% H2O 2 in 0.5 mL of THF were then injected 

subsequently. T he mixture was  stirred at rt ( ca. 25 oC) for 24 h. 

The solvent was  then evaporated under vacuum and the res idue 

was isolat ed by flash column chromatography (eluent: 

petroleum/EtOAc 20:1), affording 189.6 mg of 3  in 91 % yield. 

To recycle the organoselenium catalyst, the terminat ed reaction 

liquid  (40 mmol scale) was added int o 60 mL of EtOAc and 

extracted with wat er (30 mL ×  3).  The combined aqueous  

lay er was evaporat ed under vacuum and the res idue was  reused 

as catalyst in the next turn of reaction. 

Characterization of the products 

(E)-5,6-Epoxy-β-Ionone 2. 149.9 mg, 72 %; Oil; IR (film): 

2937, 1753, 1677, 1627, 1461, 1432, 1362, 1300, 1255, 1173, 

1046, 985, 941, 909, 834, 788cm-1; 1H NMR (400 MHz, CDCl3,  

TMS): δ 7.03 (d, J = 15.6 Hz, 1H), 6.29 (d, J = 15.6 Hz, 1H),  

2.29 (s, 3H), 1.95-1.87 (m, 1H), 1.80-1.74 (m, 1H), 1.48-1.42 

(m, 3H), 1.15 (s, 6H), 1.11-1.07 (m, 1H), 0.94 (s, 3H) ppm;  13C 

NMR (100 MHz, CDCl3): δ 197.4, 142.6, 132,4, 70.5, 65.8, 

35.4, 33.5, 29.7, 28.2, 25.8 (d), 20.8, 16.8 ppm; M S (EI, 70 eV):  

m/z (%) 208 (10) [M +], 123 (100), 43 (22); Known compound.15 

(E)-2-(2,6,6-Tri methyl cyclohe x-1-en-1-yl)vinyl acetate 3.  

189.6 mg, 91 %; Oil. IR (film): 3674, 3649, 3086, 2961, 2930, 

2866, 1759, 1653, 1558, 1541, 1457, 1371, 1293, 1220, 1087, 

933, 804 cm-1; 1H NM R (400 MHz, CDCl3 , TMS): δ 7.01 (d, J 

= 12.8 Hz, 1H), 5.88 (d, J = 12.8 Hz, 1H),  2.15 (s , 3H), 1.98 (t,  

J = 6.0 Hz, 2H), 1.70 (s, 3H), 1.60-1.59 (m, 2H), 1.47-1.44 (m, 

2H), 0.98 (s, 6H) ppm; 13C NM R (100 MHz, CDCl3): δ 168.2, 

137.8, 132.2, 130.5, 112.3, 39.2, 34.0, 32.7, 28.5, 21.5, 20.8, 

19.2 ppm; M S (EI, 70 eV): m/z (%) 208 (32) [M +],  151 (100), 

162 (98); Known compound.8c 
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Organoselenium-Catalyzed Selectivity-Switchable Oxidation of β-Ionone 
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The selectivities of the oxidations of β-Ionone 1 were switchable by the organoselenium catalysts. [3,5-(CF3)2C6H3Se]2 as 

the catalyst led to (E)-5,6-epoxy-β-Ionone 2 in 72 % yield as the major product, while (PhCH2Se)2 was the preferable 

catalyst for Baeyer-Villiger oxidation, giving product 3 in the excellent 91 % yield. These interesting findings indicated 

the great potential of the organoselenium catalysis. 
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