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A method was developed for the bisperoxidation of styrenes with tert-butyl hydroperoxide in the presence 

of a catalytic amount of manganese(III) acetate. It was shown that compounds of manganese in oxidation 

states 2, 4, and 7 also catalyze this reaction. Target [1,2-bis(tert-butylperoxy)ethyl]arenes were 

synthesized in yields from 46 to 75%.10 

Introduction 

Due to the ready availability and high efficiency, organic 

peroxides have been widely used for more than half a century as 

radical polymerization initiators in the industrial synthesis, for 

example, of such polymers as polystyrene, polyvinyl chloride, 15 

polyacrylates, and high-pressure polyethylene. Organic peroxides 

are also used for the crosslinking of silicone, acrylonitrile-

butadiene, and fluorinated rubbers. A wide variety of commercial 

monomers and their compositions demands a wide assortment of 

peroxides, the most well-known of which are organic 20 

hydroperoxides, dialkyl peroxides, diacyl peroxides, peroxy 

esters, peroxydicarbonates, peroxycarbonates, peracetals, cyclic 

triperoxides, and geminal bishydroperoxides.1,2 

In the past decades, organic peroxides have got attention from 

researchers in the fields of medicinal chemistry and 25 

pharmacology because these compounds, particularly ozonides 

and tetraoxanes, were found to exhibit marked antimalarial,3 

anthelmintic,4 and antitumor activities.5 Peroxides, particularly 

derivatives of lower aldehydes and ketones, are still attracting 

interest also as energy-rich compounds. For instance, the 30 

explosive power of triacetone triperoxide is comparable with that 

of trinitrotoluene.6 

Due to the tendency of peroxides to decompose, their high 

sensitivity to reducing agents and variable valence metal ions, 

and the ease of a large range of transformations accompanied by 35 

the О-О bond cleavage, the search for general approaches to the 

synthesis of peroxides and the selective synthesis of peroxides of 

the specified structure are difficult problems. 

The transition metal (Cu, Mn, Co)/hydroperoxide system was 

used for the first time by Kharasch in the synthesis of peroxides 40 

from alkenes, ketones, and tertiary amines more than six decades 

ago.7 Since that time, the research on and application of this 

peroxidation method were documented in a number of 

publications. The formation of peroxides was observed in various 

reactions of hydroperoxides catalyzed by metal salts and their 45 

complexes: copper,8 cobalt,9 and iron,10,11 dinuclear nickel 

complexes,12 palladium acetate,13 ruthenium(II)-bipyridine 

anchored montmorillonite,14 and metalloporphyrins.15 Peroxides 

were synthesized in high yields by the peroxidation of amines, 

amides, and lactams catalyzed by ruthenium salts.16 Examples of 50 

the synthesis of such compounds are limited by the tendency of 

peroxides to decompose in the presence of variable valence 

metals. 

In the present study, we developed a new approach to the 

synthesis of vicinal bis(tert-butyl)peroxides from styrenes and 55 

tert-butyl hydroperoxide using manganese(III) acetate. 

Manganese(III) acetate is a strong oxidizer. This compound 

proved to be an efficient reagent in redox and free radical 

reactions accompanied by the C-C,17 С-O,18 and C-N19 bond 

formation. The combination of two oxidizing agents, Mn(OAc)3 60 

and TBHP, imparts new properties to the system. These 

properties were used to oxidize alkenes at the allylic position to 

form enones.20 

The known methods for the synthesis of vicinal bisperoxides 

from styrenes and TBHP are based on the use of palladium 65 

acetate,13 ruthenium(II) bipyridine anchored montmorillonite,14 

dinuclear nickel complexes,12 and Mn(III) porphyrins.15 The 

drawback of the former two approaches, although they provide 

good yields (65-85% and 30-69%, respectively), is the use of 

expensive catalysts. In the third approach, the difficult-to-prepare 70 

catalyst is employed and, besides, the target bisperoxide is 

produced in a rather low yield (26%). The reactions with the use 

of iron(III) or manganese(III) porphyrins (Fe(III)TDCIPP-OAc or 

Mn(III)TDCIPP-OAc) give the target products with low yields. 

In the present study, we found that styrenes are selectively 75 

peroxidized with high conversion in the reaction with TBHP and 

manganese(III) acetate to form vicinal bisperoxides ([1,2-bis(tert-

butylperoxy)ethyl]arenes). 

Results and discussion 

Vicinal bisperoxides 2a-i (Scheme 1) were synthesized from 80 

styrenes 1a-i containing substituents of different nature. 
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Scheme 1 Synthesis of vicinal bis(tert-butyl)peroxides 2a-i from styrenes 

1a-i and tert-butyl hydroperoxide 

In order to optimize the reaction conditions, we studied the 

peroxidation of styrene 1а to form [1,2-bis(tert-5 

butylperoxy)ethyl]benzene 2а by varying the reagent ratio and 

the nature of the catalyst. The best results were achieved with 

Mn(OAc)3 (Table 1). 

Table 1 Synthesis of [1,2-bis(tert-butylperoxy)ethyl]benzene 2а from 

styrene 1а and tert-butyl hydroperoxide using compounds of manganese 10 

as catalyst 

 

Runa  Molar ratio 
1a : TBHP : catalyst 

Reaction time, h; 
(solvent) 

Yield of 2a, % 

Mn(OAc)32H2O 

1 1 : 4 : 3 48; (CH3CN) 29 

2 1 : 4 : 0.2 48; (CH3CN) 60 

3 1 : 3 : 2 48; (CH3CN) 42 

4 1 : 3 : 0.5 48; (CH3CN) 58 

5 1 : 3 : 0.4 48; (CH3CN) 70 

6 1 : 3 : 0.2 48; (CH3CN) 73 
7b 1 : 3 : 0.2 1; (CH3CN) 46 

8  1 : 3 : 0.1 1; (CH3CN) 7 

9 1 : 3 : 0.1 48; (CH3CN) 75 
10 1 : 3 : 0.05 48; (CH3CN) 53 

11 1 : 2 : 0.1 48; (CH3CN) 60 

12 1 : 3 : 0.1 48; (CH2Cl2) 16 
13 1 : 3 : 0.1 48; (Benzene) 43 

14 1 : 3 : 0.1 48; (AcOH) 37 

15 1 : 3 : 0.1 48; (Acetone) 57 

MnO2, KMnO4, Mn(OAc)24H2O, MnCl24H2O 

16 1 : 3 : 0.1 MnO2 48; (CH3CN) 43 

17 1 : 3 : 0.3 MnO2 48; (CH3CN) 57 

18 1 : 3 : 0.4 KMnO4 48; (CH3CN) 10 
19 1 : 3 : 0.1 Mn(OAc)2 48; (CH3CN) 19 

20 1 : 3 : 0.4 MnCl2 72; (CH3CN) 8 

a General procedure: t-BuOOH and a catalyst were sequentially added 

with vigorous stirring to a solution of styrene 1а (0.5 g, 4.85 mmol) in 
CH3CN, CH2Cl2, benzene, AcOH, acetone (10 mL) at 20-25 °C. 2-15 

Phenyloxirane was obtained in all experiments in yields approximately 

from 1 to 5 %. 
b 78-80 °C. 

The conditions of the synthesis of peroxide 2a were optimized 

mainly with the use of Mn(OAc)3 (runs 1-15), which gave the 20 

highest yields of the product, as well as employing MnO2, 

KMnO4, Mn(OAc)2, and MnCl2 (runs 16-20). In runs 1-15, the 

reagent ratio was varied from 2 to 4 moles of TBHP per mole of 

styrene 1а and 0.05-3 moles of the catalyst per mole of styrene 

1а. All experiments, except for run 7, were carried out at 20-25 25 

°С. In run 7, at 78-80 °С the reaction time significantly decreased 

from 48 h to 1 h; however, this led to a substantial decrease in the 

yield of bisperoxide 2а. The optimum TBHP/styrene 1а molar 

ratio was 3; Mn(OAc)3/styrene 1а ratio was 0.1-0.4. Application 

of other solvents CH2Cl2, benzene, AcOH, and acetone (runs 12-30 

15) does not permit to increase the yield of 2а. Supposing that 

manganese ions in different oxidation states are involved in the 

formation of bisperoxide 2а, we carried out experiments 16-20 

with the use of MnO2, KMnO4, Mn(OAc)2, and MnCl2. Despite 

the difference in the oxidation states of manganese in the 35 

compounds used, target bisperoxide 2а was obtained in these 

experiments in yields from 8 to 57 %. 

In the next step of the study, using the reaction conditions of one 

of the best experiments (run 9, see Table 1), we performed the 

synthesis of a number of bisperoxidated ethylarenes 2b-i (Table 40 

2). 

Table 2 Structures and yields of vicinal bisperoxides 2a-i 

 
a 75% 

 
b 56% 

 
c 63% 

 
d 61% e 46% 

 
 

f 50% 

 
g 52% 

 
h 55% 

 

i 51% 

 

The introduction of a substituent in the aromatic ring or in the 

vinyl group (at the alpha position) of styrene 1а has only a slight 45 

effect on the formation of bisperoxides. Under the conditions of 

run 9, bisperoxides 2b-i were prepared from styrenes 1b-i in 

moderate or good yields, which are, however, somewhat lower 

compared to 2а (Table 2). These results suggest that other 

structurally similar styrenes can also be used in the synthesis of 50 

the corresponding bisperoxides. 

Proposed mechanism of the synthesis of bisperoxides 

Based on the results of peroxidation using compounds of 

manganese in different oxidation states and the literature data on 

oxidation reactions involving manganese salts,7,15,20 we proposed 55 

the mechanism of the peroxidation (Scheme 2). 

In the first step, the reaction of t-BuOOH with Mn(OAc)3 can 

proceed via two pathways (a and b). In the reaction via the 

pathway a, Mn(OAc)3 directly oxidizes t-BuOOH to form the 

peroxide radical t-BuOO. In the reaction via the pathway b, the 60 

acetic acid moiety is replaced with tert-butyl hydroperoxide to 

form MnIII(OAc)2OO-t-Bu, which fragments on two particles 

(arrows c and e).7,20 The radical t-BuO rapidly abstracts 

hydrogen (step d) from t-BuOOH to give t-BuOO.21 In the 

pathway f, MnIV(OAc)2=O is produced from MnIII(OAc)2OO-t-65 
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Bu followed by the reaction of this intermediate with t-BuOOH 

(similarly to Mn(OAc)3) to form O=MnIV(OAc)OO-t-Bu.15  

 

 
Scheme 2 Proposed mechanism of the peroxidation of styrene 1a with tert-butyl hydroperoxide using compounds of manganese 5 

Based on the results of the experiment with MnO2 (runs 16 and 

17, Table 1), in which 2a was obtained in good yield, it can be 

supposed that O=MnIV(OAc)OO-t-Bu initiates a new 

peroxidation cycle.  The radicals t-BuOO react with styrene 1a 

(step g) to give the stabilized benzyl radical, which either 10 

recombines with t-BuOO or is oxidized with MnIII(OAc)2OO-t-

Bu accompanied by the transfer of the ligand OO-t-Bu (step h) to 

give the target bisperoxide 2a.7,15,20 Indirectly existence of benzyl 

radical is confirmed by the isolation of phenyloxirane which is 

the product of intramolecular radical substitution of t-BuO. The 15 

compound Mn(OAc)2 that is formed in the steps a and i is 

oxidized with t-BuOOH (step j) to form Mn(OAc)3. This is how 

the step-by-step transformation of manganese derivatives in 

various oxidation states occurs in the catalytic cycle of 

peroxidation of the С=С bond. 20 

Conclusions 

It was shown that manganese salts in oxidation states 2, 3, 4, and 

7 catalyze the peroxidation of styrenes with tert-butyl 

hydroperoxide. A method was proposed for the synthesis of [1,2-

bis(tert-butylperoxy)ethyl]arenes from readily available and 25 

cheap starting reagents. Despite a large number of elementary 

steps in this reaction, the peroxidation is accomplished in 

moderate or good yields (up to 75%). The synthesized 

compounds and the method for their preparation may be applied 

for the production of radical polymerization initiators of 30 

unsaturated monomers. 

Experimental 

Caution: Although we have encountered no difficulties in 

working with peroxides, precautions, such as the use of 

shields, fume hoods, and the avoidance of heating and 35 

shaking, should be taken whenever possible. 

NMR spectra were recorded on a commercial instrument (300.13 

MHz for 1Н, 75.48 MHz for 13С) in СDCl3. High resolution mass 

spectra (HRMS) were measured using electrospray ionization 

(ESI).22 The measurements were performed in positive ion mode 40 

(interface capillary voltage 4500 V); the mass ratio was from m/z 

50 to 3000 Da; external/internal calibration was done with 

Electrospray Calibrant Solution. A syringe injection was used for 

solutions in MeCN (flow rate 3 L/min). Nitrogen was applied as 

a dry gas; the interface temperature was set at 180 C. 45 

The TLC analysis was carried out on standard silica gel 

chromatography plates. Chromatography was performed on silica 

gel (0.060-0.200 mm, 60 A, CAS 7631-86-9). 

Hexane, CH3CN, benzene, acetone, AcOH, CH2Cl2, ethyl acetate 

(EA), Mn(OAc)32H2O, Mn(OAc)24H2O, MnCl24H2O, MnO2, 50 

and KMnO4 were purchased from Acros. 

 

Experiments for Table 1 (runs 1-11). 

In a 15 ml round bottom flask, styrene 1a (0.5 g, 4.85 mmol) was 

dissolved in CH3CN (10 mL). Then a 70% aqueous t-BuOOH 55 
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solution (1.25-2.50 g, 9.7-19.4 mmol, 2-4 mol per mole of 1a) 

and Mn(OAc)32H2O (0.065-5.2 g, ; 0.243-14.55 mmol, 0.05-3 

mol per mole of 1a) were successively added with stirring. The 

heterogeneous reaction mixture was stirred at 20-25°С (runs 1-6 

and 8-11) for 1 h (run 8) or 48 h (runs 1-6 and 9-11) or at 78-5 

80°С for 1 h (run 7). The reaction mixture was cooled to room 

temperature (run 7). Then the reaction mixture was extracted with 

hexane (4×20 mL). The combined organic extracts were 

concentrated under water aspirator pressure. 1,2-Bis(tert-

butylperoxy)ethyl]benzene 2а was isolated by column 10 

chromatography on silica gel using ethyl acetate/hexane (5:95, 

v/v) as the eluent. 2-Phenyloxirane was obtained in all 

experiments in yields approximately from 1 to 5 %. In the 

experiment 1 2-phenyloxirane was isolated by column 

chromatography on silica gel using EA/hexane (5:95, v/v) as the 15 

eluent. The yield of 2-phenyloxirane was 5% (0.029 g, 0.24 

mmol) 

 

Experiments for Table 1 (runs 12, 13). 

In a 15 ml round bottom flask, styrene 1a (0.5 g, 4.85 mmol) was 20 

dissolved in CH2Cl2 or benzene (10 mL). Then a 70% aqueous t-

BuOOH solution (1.87 g, 14.55 mmol; 3 mol per mole of 1a) and 

Mn(OAc)32H2O (0.13 g, 0.485 mmol; 0.1 mol per mole of 1a) 

were successively added with stirring. The heterogeneous  

reaction mixture was stirred at 20-25°С for 48 h. Then the 25 

solution was filtered off from manganese salts. The organic phase 

was concentrated under water aspirator pressure. 1,2-Bis(tert-

butylperoxy)ethyl]benzene 2а was isolated by column 

chromatography on silica gel using EA/hexane (5:95, v/v) as the 

eluent. 30 

 

Experiments for Table 1 (run 14, 15). 

In a 15 ml round bottom flask, styrene 1a (0.5 g, 4.85 mmol) was 

dissolved in AcOH or acetone (10 mL). Then a 70% aqueous t-

BuOOH solution (1.87 g, 14.55 mmol; 3 mol per mole of 1a) and 35 

Mn(OAc)32H2O (0.13 g, 0.485 mmol; 0.1 mol per mole of 1a) 

were successively added with stirring. The practically 

homogeneous reaction mixture was stirred at 20-25°С for 48 h. 

Then CHCl3 (10 mL) and a solution of Na2S2O3⋅5 H2O (200 mg) 

in H2O (20 mL) were added, the mixture was shaken, the organic 40 

layer was separated, and the aqueous layer was extracted with 

CHCl3 (2×10 mL). Combined organic extracts were successively 

washed with a saturated aqueous NaHCO3 solution (15 mL) and 

H2O (20 mL), and dried under MgSO4. The organic phase was 

concentrated under water aspirator pressure. 1,2-Bis(tert-45 

butylperoxy)ethyl]benzene 2а was isolated by column 

chromatography on silica gel using EA/hexane (5:95, v/v) as the 

eluent. 

 

Experiments for Table 1 (runs 16, 17, 19). 50 

In a 15 ml round bottom flask, styrene 1a (0.5 g, 4.85 mmol) was 

dissolved in CH3CN (10 mL). Then a 70% aqueous t-BuOOH 

solution (1.87 g, 14.55 mmol, 3 mol per mole of 1a) and the 

catalyst Mn(OAc)24H2O or MnO2 (0.485-1.455 mmol, 0.1-0.3 

mol per mole of 1a) were successively added with stirring. The 55 

heterogeneous reaction mixture was stirred at 20-25°С for 48 h. 

Compound 2а was isolated as described above (in runs 1-11). 

 

Experiments for Table 1 (runs 18, 20). 

In a 15 ml round bottom flask, styrene 1a (0.5 g, 4.85 mmol) was 60 

dissolved in CH3CN (10 mL). Then a 70% aqueous t-BuOOH 

solution (1.87 g, 14.55 mmol, 3 mol per mole of 1a) and the 

catalyst MnCl24H2O or KMnO4, (1.94 mmol, 0.4 mol per mole 

of 1a) were successively added with stirring. In the course of the 

reaction homogeneous mixture transform to heterogeneous. The 65 

mixture was stirred at 20-25°С for 48 h (in run 20 for 72 h). 

Compound 2а was isolated as described above (in run 14,15). 

 

Experiments for Table 2. Synthesis of bisperoxides 2b-i. 

In a 15 ml round bottom flask, compound 1b-1i (0.573-0.873 g, 70 

4.85 mmol) was dissolved in CH3CN (10 mL). Then a 70% 

aqueous t-BuOOH solution (1.87 g, 14.55 mmol; 3 mol per mole 

of 1b-1i) and Mn(OAc)32H2O (0.13 g, 0.485 mmol; 0.1 mol per 

mole of 1b-1i) were successively added with stirring. The 

heterogeneous reaction mixture was stirred at 20-25°С for 48 h. 75 

Compounds 2b-i were isolated as described for 2a. 

 

[1,2-Bis(tert-butylperoxy)ethyl]benzene, 2a12,15 

Colourless oil; Rf = 0.77 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.26 (s, 9H, t-BuOO), 1.27 (s, 9H, t-80 

BuOO), 4.09 (dd, J = 11.5, 4.0 Hz, 1H, CH2), 4.25 (dd, J = 11.5, 

7.6 Hz, 1H, CH2), 5.23 (dd, J = 7.6, 4.0 Hz, 1H, CH), 7.25-7.43 

(m, 5H, ArH); 13С NMR (75.48 MHz, CDCl3):  26.3, 26.4, 76.8, 

80.4, 80.5, 83.3, 127.0, 127.9, 128.2, 138.6; Anal. calcd. for 

C16H26O4: C 68.06, H 9.28; found: C 68.10, H 9.22; HRMS (ESI) 85 

calcd. for C16H26NaO4 [M+Na+]: 305.1723, found: 305.1720. 

 

[1,2-Bis(tert-butylperoxy)-1-methylethyl]benzene, 2b14,15 

Colourless oil; Rf = 0.82 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.21 (s, 9H, t-BuOO), 1.26 (s, 9H, t-90 

BuOO), 1.67 (s, 3H, CH3), 4.25 (m, 2H, CH2O), 7.24-7.55 (m, 

5H, ArH); 13С NMR (75.48 MHz, CDCl3):  21.9, 26.3, 26.6, 

79.2, 79.4, 80.5, 82.9, 126.1, 127.1, 127.8, 143.0; Anal. calcd. for 

C17H28O4: C 68.89, H 9.52; found: C 69.12, H 9.74; HRMS (ESI) 

calcd. for C17H28NaO4 [M+Na+]: 319.1880, found: 319.1876. 95 

 

1-[1,2-Bis(tert-butylperoxy)ethyl]-4-methylbenzene, 2c 

Colourless oil; Rf = 0.75 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.25 (s, 9H, t-BuOO), 1.26 (s, 9H, t-

BuOO), 2.36 (s, 3H, CH3), 4.08 (dd, J = 11.4, 4.0 Hz, 1H, CH2), 100 

4.25 (dd, J = 11.4, 7.7 Hz, 1H, CH2), 5.19 (dd, J = 7.7, 4.0 Hz, 

1H, CH), 7.17 (d, J = 8.1 Hz, ArH), 7.27 (d, J = 8.1 Hz, ArH); 
13С NMR (75.48 MHz, CDCl3):  21.2, 26.3, 26.4, 76.8, 80.4, 

80.6, 83.2, 127.0, 128.9, 135.5, 137.6; Anal. calcd. for C17H28O4: 

C 68.89, H 9.52; found: C 69.24, H 9.60; HRMS (ESI) calcd. for 105 

C17H32NO4 [M+NH4
+]: 314.2326, found: 314.2324. 

 

1-[1,2-Bis(tert-butylperoxy)ethyl]-4-tert-butylbenzene, 2d 

Colourless oil; Rf = 0.8 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.25 (s, 9H, t-BuOO), 1.27 (s, 9H, t-110 

BuOO), 1.32 (s, 9H, t-BuOO), 4.09 (dd, J = 11.4, 4.0 Hz, 1H, 

СH2), 4.25 (dd, J = 11.4, 7.7 Hz, 1H, CH2), 5.20 (dd, J = 7.7, 4.0 

Hz, 1H), 7.30 (d, J = 8.1 Hz, ArH), 7.37 (d, J = 8.1 Hz, ArH); 13С 

NMR (75.48 MHz, CDCl3):  26.3, 26.4, 31.3, 34.5, 76.9, 80.4, 

80.6, 83.2, 125.2, 126.7, 135.5, 150.7; Anal. calcd. for C20H34O4: 115 

C 70.97, H 10.12; found: C 70.99, H 10.15; HRMS (ESI) calcd. 
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for C20H34NaO4 [M+Na+]: 361.2349, found: 361.2335. 

 

1-[1,2-Bis(tert-butylperoxy)ethyl]-4-methoxybenzene, 2e 

Colourless oil; Rf = 0.51 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.24 (s, 9H, t-BuOO), 1.25 (s, 9H, t-5 

BuOO), 3.81 (s, 3H, CH3O), 4.08 (dd, J = 11.4, 4.3 Hz, 1H, CH2), 

4.26 (dd, J = 11.4, 7.5 Hz, 1H, CH2), 5.15 (dd, J = 7.5, 4.3 Hz, 

1H, CH), 6.89 (d, J = 8.6 Hz, 2H, ArH), 7.29 (d, J = 8.6 Hz, 2H, 

ArH); 13С NMR (75.48 MHz, CDCl3):  26.3, 26.4, 55.2, 76.7, 

80.4, 80.5, 82.8, 113.7, 128.4, 130.7, 159.4; Anal. calcd. for 10 

C17H28O5: C 65.36, H 9.03; found: C 65.41, H 9.07; HRMS (ESI) 

calcd. for C17H32NO5 [M+NH4
+]: 330.2275, found: 330.2275. 

 

1-[1,2-Bis(tert-butylperoxy)ethyl]-2-methoxybenzene, 2f 

Colourless oil; Rf = 0.55 (ethyl acetate/hexane = 5:95); 1H NMR 15 

(300.13 MHz, CDCl3): δ 1.26 (s, 9H, t-BuOO), 1.28 (s, 9H, t-

BuOO), 3.83 (s, 3H, OCH3), 4.08 (dd, J = 11.1, 7.9 Hz, 1H, CH2), 

4.17 (dd, J = 11.1, 3.1 Hz, 1H, CH2), 5.60 (dd, J = 11.1, 7.9 Hz, 

1H, CH), 6.84-6.89 (m, 1H, ArH), 6.94-7.01 (m, 1H, ArH), 7.23-

7.29 (m, 1H, ArH), 7.44-7.48 (m, 1H, ArH); 13С NMR (75.48 20 

MHz, CDCl3):  26.3, 26.4, 55.3, 76.0, 78.8, 80.4, 80.6, 110.4, 

120.4, 126.7, 127.8, 128.7, 156.7; Anal. calcd. for C17H28O5: C 

65.36, H 9.03; found: C 65.31, H 9.11; HRMS (ESI) calcd. for 

C17H32NO5 [M+NH4
+]: 330.2275, found: 330.2277. 

 25 

[1,2-Bis(tert-butylperoxy)-1-phenylethyl]benzene, 2g14 

Colourless oil; Rf = 0.71 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.11 (s, 9H, t-BuOO), 1.23 (s, 9H, t-

BuOO), 4.83 (s, 2H, CH2), 7.23-7.35 (m, 10H, ArH); 13С NMR 

(75.48 MHz, CDCl3):  26.3, 26.6, 77.6, 79.6, 80.5, 85.7, 127.3, 30 

127.5, 127.8, 142.1; Anal. calcd. for C22H30O4: C 73.71, H 8.44; 

found: C 73.69, H 8.50; HRMS (ESI) calcd. for C22H30NaO4 

[M+Na+]: 381.2036, found: 381.2031. 

 

1-[1,2-Bis(tert-butylperoxy)ethyl]naphthalene, 2h 35 

Colourless oil; Rf = 0.77 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ = 1.31 (s, 9H, t-BuOO), 1.34 (s, 9H, t-

BuOO), 4.22-4.33 (m, 2H, CH2), 6.08-6.15 (m, 1H, CH), 7.46-

7.59 (m, 3H, ArH), 7.69-7.76 (m, 1H, ArH), 7.78-7.93 (m, 2H, 

ArH), 8.18-8.24 (m, 1H, ArH); 13С NMR (75.48 MHz, CDCl3):  40 

26.3, 26.5, 77.0, 80.5, 80.7, 80.8, 123.2, 124.4, 125.4, 126.0, 

128.2, 128.8, 130.9, 133.8, 134.2; Anal. calcd. for C20H28O4: C 

72.26, H 8.49; found: C 72.38, H 8.30; HRMS (ESI) calcd. for 

C20H28NaO4 [M+Na+]: 355.1880, found: 355.1869. 

 45 

1-[1,2-Bis(tert-butylperoxy)ethyl]-4-chlorobenzene, 2i 

Colourless oil; Rf = 0.69 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 1.23 (s, 9H, t-BuOO), 1.24 (s, 9H, t-

BuOO), 4.03 (dd, J = 11.7, 4.2 Hz, 1H, CH2), 4.19 (dd, J = 11.7, 

7.5 Hz, 1H, CH2), 5.19 (dd, J = 7.5, 4.2 Hz, 1H, CH), 7.26-7.35 50 

(m, ArH); 13С NMR (75.48 MHz, CDCl3):  26.2, 26.3, 76.4, 

80.5, 80.7, 82.6, 128.4, 128.5, 133.6, 137.2; anal. calcd. for 

C16H25ClO4: C 60.66, H 7.95, Cl 11.19, found: C 60.44, H 7.62, 

Cl 11.20; HRMS (ESI) calcd. for C16H29ClNO4 [M+NH4
+]: 

334.1780, found: 334.1774. 55 

 

2-Phenyloxirane 

Colourless oil; Rf  = 0.39 (ethyl acetate/hexane = 5:95); 1H NMR 

(300.13 MHz, CDCl3): δ 2.82 (dd, J = 5.50, 2.57 Hz,  1H, CH2), 

3.16 (dd, J = 5.50, 4.04 Hz, 1H, CH2), 3.88 (dd, J = 4.04, 2.57 60 

Hz, 1H, CH), 7.23-7.45 (m, ArH); 13С NMR (75.48 MHz, 

CDCl3):  51.1, 52.2, 125.4, 128.1, 128.4, 137.6. 

Acknowledgment  

This work was supported by the Russian Science Foundation 

(Grant 14-23-00150). We thank to Prof. Sergey V. Popkov for 65 

useful discussions. 

 

Notes and references 

a N.D. Zelinsky Institute of Organic Chemistry, Russian Academy of 

Sciences, Leninsky Prospect 47, Moscow, 119991 (Russian Federation) 70 

Fax: (+7)499-1355328  

E-mail: terentev@ioc.ac.ru 
b D.I. Mendeleev University of Chemical Technology of Russia, 9 

Miusskaya square, Moscow, 125047 (Russian Federation) 

† Electronic Supplementary Information (ESI) available: analytical data 75 

for peroxides 2a-2i. See DOI: 10.1039/b000000x/ 
 

 
1 (a) Ed. W. Ando, Organic peroxides, N.Y., Wiley, 1992; (b) Ed. S. 

Patai, The chemistry of peroxides, N.Y., Wiley, 1983; (c) Ed. V. 

Adam, Peroxide chemistry, N.Y., Wiley-VCH, 2000; (d) E.T. 

Denisov, T.G. Denisova, T.S. Pokidova, Handbook of Free Radical 

Initiators, John Wiley & Sons, Inc., 2005. (ISBN: 9780471207535). 

2   (a) A. Bunge, H.-J. Hamann, J. Liebscher, Tetrahedron Lett., 2009, 50, 

524–526; (b) B. Das, B. Veeranjaneyulu, M. Krishnaiah, P. 

Balasubramanyam, J. Mol. Catal. A, 2008, 284, 116–119; (c) P. 

Ghorai, P. H. Dussault, Org. Lett., 2008, 10, 4577–4579; (d) A. O. 

Terent’ev, M. M. Platonov, Yu. N. Ogibin, G. I. Nikishin, Synth. 

Commun., 2007, 37, 1281–1287; (e) A. O. Terent’ev, M. M. 

Platonov, A. V. Kutkin, Central Europ. J. Chem., 2006, 4, 207–215; 

(f) D. Azarifar, K. Khosravi, F. Soleimanei, Synthesis, 2009, 15, 

2553–2556; (g) A. G. Griesbeck, D. Blunk, T. El-Idreesy, A. Raabe, 

Angew. Chem. Int. Ed., 2007, 46, 8883-8886; (h) A. O. Terent’ev, M. 

M. Platonov, I. B. Krylov, V. V. Chernyshev, G. I. Nikishin, Org 

Biomol Chem., 2008, 6, 4435–4441; (i) A. O. Terent’ev, A. V. 

Kutkin, N. A. Troizky, Yu. N. Ogibin, G. I. Nikishin, Synthesis, 

2005, 13, 2215–2219; (j) M. Ravi, D. Anand, R. Maurya, P. 

Chauhan, N. K. Naikade, S. K. Shukla, P. P. Yadav, Synlett, 2013, 

24, 173–176; (k) A. Bartoschek, T. T. El-Idreesy, A. G. Griesbeck, 

L.-O. Hoeinck, J. Lex, C. Miara, J. M. Neudoerfl, Synthesis, 2005, 

14, 2433–2444; (l) B.A. Solaja, N. Terzic, G. Pocsfalvi, L. Gerena, 

B. Tinant, D. Opsenica, W. K. Milhous, J. Med. Chem., 2002, 45, 

3331–3336. 

3 (a) C. W. Jefford, Curr. Top. Med. Chem., 2012, 12, 373–399; (b) R. D. 

Slack, A. M. Jacobine, G. H. Posner, MedChemComm., 2012, 3, 281–

297; (c) D. M. Opsenica, B. A. Šolaja, J. Serb. Chem. Soc., 2009, 74, 

1155–1193; (d) P. Ghorai, P. H. Dussault, C. Hu, Org. Lett., 2008, 

10, 2401–2404; (e) Y. Dong, Mini-Rev. Med.Chem., 2002, 2, 113–

123; (f) J. L. Vennerstrom, H.-N. Fu, W. Y. Ellis, A. L. Ager, J. K. 

Wood, S. L. Andersen, L. Gerena, W. K. Milhous, J. Med. Chem., 

1992, 35, 3023–3027; (g) N. Yadav, C. Sharma, S. K. Awasthi, RSC 

Adv., 2014, 4, 5469–5498; (h) A. O. Terent'ev, D. A. Borisov, I. A. 

Yaremenko, Chem. Heterocycl. Compd., 2012, 48, 55–58; (i) H. D. 

Hao, S. Wittlin, Y. Wu, Chem. Eur. J., 2013, 19, 7605–7619; (j) Y. 

Li, H.-D. Hao, S. Wittlin, Y. Wu, Chem. Asian. J., 2012, 7, 1881–

1886. 

4 (a) J. Boissier, J. Portela, V. Pradines, F. Coslédan, A. Robert, B. 

Meunier, C. R. Chim., 2012, 15, 75–78; (b) J. Keiser, V. Veneziano, 

L. Rinaldi, L. Mezzino, U. Duthaler, G. Cringoli, Res. Vet. Sci., 2010, 

88, 107–110; (c) X. Shuhua, M.  Tanner, E. K. N'Goran, J. Utzinger, 

J. Chollet, R. Bergquist, C. Minggang, Z. Jiang, Acta Trop., 2002, 82, 
 

 

Page 5 of 6 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

mailto:terentev@ioc.ac.ru
http://books.google.com/books?id=w2EU1KN-iT4C&dq=ISBN:+9780471207535&hl=ru
http://books.google.com/books?id=w2EU1KN-iT4C&dq=ISBN:+9780471207535&hl=ru


 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

 
175–181; (d) K. Ingram, I. A. Yaremenko, I. B. Krylov, L. Hofer, A. 

O. Terent’ev, J. Keiser, J. Med. Chem., 2012, 55, 8700–8711. 

5 (a) N. Kumar, M. Sharma, D. S. Rawat, Curr. Med. Chem., 2011, 18, 

3889–3928; (b) Ž. Žižak, Z. Juranić, D. Opsenica, B. A. Šolaja, 

Investigational New Drugs, 2009, 27, 432–439; (c) N. Terzić, D. 

Opsenica, D. Milić, B. Tinant, K. S. Smith, W. K. Milhous, B. A. 

Šolaja, J. Med. Chem., 2007, 50, 5118–5127; (d) M. Jung, H. Kim, 

K. Lee, M. Park, Mini-Rev. Med. Chem., 2003, 3, 159–165; (e) J. 

Kim, E. J. Park, Curr. Med. Chem. Anticancer Agents, 2002, 2, 485–

537. 

6 (a) R. Matyáš, P. Jiří, Primary explosives, Germany: Springer, 2013; (b) 

J. Chen, W. Wu, A. J. McNeil. Chem. Commun., 2012, 48, 7310–

7312; (c) F. Dubnikova, R. Kosloff, J. Almog, Y. Zeiri, R. Boese, H. 

Itzhaky, A. Alt, E. Keinan, J. Am. Chem. Soc., 2005, 127, 1146–

1159; (d) C. Denekamp, L. Gottlieb, T. Tamiri, A. Tsoglin, R. Shilav, 

M. Kapon, Org. Lett., 2005, 7, 2461–2464; (e) R. Matyáš, R. Jirásko, 

A. Lyčka, J. Pachmáň, Propellants, Explosives, Pyrotechnics., 2011, 

36, 219–224; (f) H. Östmark, S. Wallin, H. G. Ang, Propellants, 

Explosives, Pyrotechnics., 2012, 37, 12–23; (g) A. O. Terent’ev, M. 

M. Platonov, E. J. Sonneveld, R. Peschar, V. V. Chernyshev, Z. A. 

Starikova, G. I. Nikishin, J. Org. Chem., 2007, 72, 7237–7243; (h) A. 

O. Terent’ev, I. A. Yaremenko, V. A. Vil’, I. K. Моisееv, S. A. 

Kon’kov, V. M. Dembitsky, D. O. Levitsky, G. I. Nikishin, Org. 

Biomol. Chem., 2013, 11, 2613–2623. 

7 (a) M. S. Kharasch, P. Pauson, W. Nudenberg, J. Org. Chem., 1953, 18, 

322–327; (b) M. S. Kharasch, A. Fono, J. Org. Chem., 1958, 23, 

324–325; (c) M. S. Kharasch, A. Fono, J. Org. Chem., 1959, 24, 72–

78; (d) M. S. Kharasch and G. Sosnovsky, Tetrahedron, 1958, 3, 

105-112. 

8 (a) G. B. Shul’pin, J. Gradinaru, Y. N. Kozlov, Org. Biomol. Chem., 

2003, 1, 3611–3617; (b) S. Araneo, F. Fontana, F. Minisci, F. 

Recupero, A. Serri, J. Chem. Soc., Chem. Commun., 1995, 1399–

1400; (c) A. Bravo, H.-R. Bjørsvik, F. Fontana, L. Liguori, F. 

Minisci, J. Org. Chem., 1997, 62, 3849–3857; (d) M. B. Meder, L. H. 

Gade, Eur. J. Inorg. Chem., 2004, 2004, 2716–2722; (e) Z. Li, C.-J. 

Li, J. Am. Chem. Soc., 2005, 127, 6968–6969; (f) T. Punniyamurthy, 

L. Rout, Coord. Chem. Rev., 2008, 252, 134–154; (g) A. O. 

Terent’ev, D. A. Borisov, I. A. Yaremenko, V. V. Chernyshev, G. I. 

Nikishin, J. Org. Chem., 2010, 75, 5065–5071; (h) A. O. Terent'ev, 

D. A. Borisov, V. V. Semenov, V. V. Chernyshev, V. M. Dembitsky, 

G. I. Nikishin, Synthesis, 2011, 2011, 2091–2100. 

9 (a) W. Treibs, G. Pellmann, Chem. Ber., 1954, 87, 1201–1205; (b) L. 

Saussine, E. Brazi, A. Robine, H. Mimoun, J. Fischer, R. Weiss, J. 

Am. Chem. Soc., 1985, 107, 3534–3540. 

10 (a) R. A. Leising, R. E. Norman, L. Que Jr., Inorg. Chem., 1990, 29, 

2553–2555; (b) R. A. Leising, Y. Zang, L. Que Jr., J. Am. Chem. 

Soc., 1991, 113, 8555–8557; (c) I. W. C. E. Arends, K. U. Ingold, D. 

D. M. Wayner, J. Am. Chem. Soc., 1995, 117, 4710–4711; (d) W. 

Liu, Y. Li, K. Liu, Z. Li, J. Am. Chem. Soc., 2011, 133, 10756–

10759; (e) K. Liu, Y. Li, X. Zheng, W. Liu, Z. Li, Tetrahedron, 2012, 

68, 10333–10337. 

11 F. Minisci, F. Fontana, S. Araneo, F. Recupero, J. Chem. Soc., Chem. 

Commun., 1994, 1823–1824.  

12 M. T. Rispens, O. J. Gelling, A. M. de Vries, A. Meetsma, F. van 

Bolhuis, B. L. Feringa, Tetrahedron, 1996, 52, 3521–3546. 

13 (a) J. Q. Yu, E. J. Corey, Org. Lett., 2002, 4, 2727–2730; (b) G. An, 

W. Zhou, G. Zhang, H. Sun, J. Han, Y. Pan, Org. Lett. 2010, 12, 

4482–4485. 

14 T. Nishimura, T. Onoue, K. Ohe, J. I. Tateiwa, S. Uemura, 

Tetrahedron Lett., 1998, 39, 4359–4362 

15 F. Minisci, F. Fontana, S. Araneo, F. Recupero, S. Banfi, S. Quici, J. 

Am. Chem. Soc., 1995, 117, 226–232. 

16 (a) S.-I. Murahashi, D. Zhang, Chem. Soc. Rev., 2008, 37, 1490–1501; 

(b) S.-I. Murahashi, T. Naota, T. Kuwabara, T. Saito, H. 

Kumobayashi, S. Akutagawa, J. Am. Chem. Soc., 1990, 112, 7820–

7822; (c) S.-I. Murahashi, T. Naota, K. Yonemura, J. Am. Chem. 

Soc., 1988, 110, 8256–8258. 
 

 

 

 
17 (a) M. G. Vinogradov, P. A. Direy, G. I. Nikishin, J. Org. Chem. 

USSR, 1977, 13, 2498–2504; (b) A. Nakatani, K. Hirano, T. Satoh, 

M. Miura, J. Org. Chem., 2014, 79, 1377–1385; (c) K. Hattori, A. 

Ziadi, K. Itamiab, J. Yamaguchi, Chem. Commun., 2014, 50, 4105–

4107; (d) M. Tobisu, K. Koh, T. Furukawa, N. Chatani, Angew. 

Chem. Int. Ed., 2012, 51, 11363–11366. (e) G. Bar, A. F. Parsons, C. 

B. Thomas, Org. Biomol. Chem., 2003, 1, 373–380; (f) C. Tanyeli, D. 

Özdemirhan, Tetrahedron Lett., 2003, 44, 7311–7313; (g) C. Gardrat, 

Bull. Soc. Chim. Belges, 1984, 93, 897–902; (h) A. Citterio, R. Santi, 

T. Fiorani, S. Strologo, J. Org. Chem., 1989, 54, 2703–2712; (i) Z. 

Cong, T. Miki, O. Urakawa, H. Nishino. J. Org. Chem. 2009, 74, 

3978–3981; (j) Y. Ito, Y. Tomiyasu, T. Kawanabe, K. Uemura, Y. 

Ushimizu,  H. Nishino, Org. Biomol. Chem., 2011, 9, 1491–1507; (k) 

O. Alagöz, M. Yılmaz, A. T. Pekel, C. Graiff, R. Maggi, RSC Adv., 

2014, 4, 14644–14654. 

18 (a) T. Tsubusaki, H. Nishino, Tetrahedron, 2009, 65, 3745–3752; (b) 

A. S. Demir, O. Reis, C. Igdir, Tetrahedron, 2004, 60, 3427–3432; 

(c) A. O. Terent’ev, I. B. Krylov, V. P. Timofeev, Z. A. Starikova, V. 

M. Merkulova, A. I. Ilovaisky, G. I. Nikishin, Adv. Synth. Catal., 

2013, 355, 2375–2390; (d) I. B. Krylov, A. O. Terent’ev, V. P. 

Timofeev, B. N. Shelimov, R. A. Novikov, V. M.  Merkulova, G. I. 

Nikishin, Adv. Synth. Catal., 2014, 356, 2266–2280; (e) V. P. 

Ananikov, L. L. Khemchyan, Yu. V. Ivanova, V. I. Bukhtiyarov, A. 

M. Sorokin, I. P. Prosvirin, S. Z. Vatsadze, A. V. Medved'ko, V. N. 

Nuriev, A. D. Dilman, V. V. Levin, I. V. Koptyug, K. V. Kovtunov, 

V. V. Zhivonitko, V. A. Likholobov, A. V. Romanenko, P. A. 

Simonov, V. G. Nenajdenko, O. I. Shmatova, V. M. Muzalevskiy, M. 

S. Nechaev, A. F. Asachenko, O. S. Morozov, P. B. Dzhevakov, S. 

N. Osipov, D. V. Vorobyeva, M. A. Topchiy, M. A. Zotova, S. A. 

Ponomarenko, O. V. Borshchev, Y. N. Luponosov, A. A. Rempel, A. 

A. Valeeva, A. Yu. Stakheev, O. V. Turova, I. S. Mashkovsky, S. V. 

Sysolyatin, V. V. Malykhin, G. A. Bukhtiyarova, A. O. Terent'ev, I. 

B. Krylov, Russ.Chem.Rev., 2014, 83, 885–985; (f) T. Rahman, A. 

Haque, H. Igarashi, H. Nishino. Molecules 2011, 16, 9562–9581; (g) 

C.-Y. Qian, H. Nishino, K. Kurosawa. J. Heterocyclic Chem., 1993, 

30, 209–216. 

19 (a) W. E. Fristad, T. A. Brandvold, J. R. Peterson, S. R. Thompson, J. 

Org. Chem., 1985, 50, 3647–3649; (b) B. B. Snider, J. R. Duvall, 

Org. Lett., 2004, 6, 1265–1268. 

20 (a) T. K. M. Shing, Y. Y. Yeung, P. L. Su, Org. Lett., 2006, 8, 3149–

3151; (b) F. D. J. Cortez, D. Lapointe, A. M. Hamlin, E. M. 

Simmons, R. Sarpong, Tetrahedron, 2013, 69, 5665-5676. 

21  H. Paul, R. D. Small Jr, J. C. Scaiano, J. Am. Chem. Soc., 1978, 100, 

4520–4527. 

22 P. A. Belyakov, V. I. Kadentsev, A. O. Chizhov, N. G. Kolotyrkina, A. 

S. Shashkov, V. P. Ananikov, Mendeleev Commun., 2010, 20, 125–

131. 

Page 6 of 6Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

http://pubs.rsc.org/en/results?searchtext=Author%3AKenichiro%20Itami

