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Abstract

:

Epoxides are essential precursors for epoxy resins and other chemical products. In this study, we investigated whether electrochemically oxidizing carbonate ions could produce percarbonate to promote an epoxidation reaction in the presence of appropriate metal catalysts, although Tanaka and co-workers had already completed a separate study in which the electrochemical oxidation of chloride ions was used to produce hypochlorite ions for electrochemical epoxidation. We found that epoxides could be obtained from styrene derivatives in the presence of metal complexes, including manganese(III) and oxidovanadium(IV) porphyrin complexes and manganese salen complexes, using a boron-doped diamond as the anode. After considering various complexes as potential catalysts, we found that manganese salen complexes showed better performance in terms of epoxide yield. Furthermore, the substituent effect of the manganese salen complex was also investigated, and it was found that the highest epoxide yields were obtained when Jacobsen’s catalyst was used. Although there is still room for improving the yields, this study has shown that the in situ electrochemical generation of percarbonate ions is a promising method for the electrochemical epoxidation of alkenes.
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1. Introduction


Epoxide functional groups are essential not only in the chemical and pharmaceutical industries but also in nature. In the chemical and pharmaceutical industries, epoxide-containing compounds are used as versatile intermediates in the manufacture of many chemical products, including epoxy resins, fragrances, and pharmaceuticals. In nature, many natural products have epoxide groups and are used for medical purposes or as essential compounds for organic synthesis because they are highly reactive. Epoxide can be synthesized using different reactions, including the chlorohydrin method, but is often prepared through the transfer of oxygen atoms to alkenes using peroxides such as tert-butyl hydroperoxide, peracetic acid, and m-chloroperoxybenzoic acid [1,2,3]. Such reagents are difficult to handle and produce undesirable stoichiometric by-products, except for hydrogen peroxide [4,5]. These problems can be avoided if the compounds that are by-products of the reaction between the alkene and the oxygen additive can be oxidized and the oxygen additive can be synthesized again [6,7,8,9,10,11,12,13]. For example, the two-electron reduction of oxygen can produce hydrogen peroxide. It should be noted that Collman and co-workers pioneered the epoxidation of alkene using manganese meso-tetraphenylporphyrin catalysts with hydrogen peroxide generated through the electrochemical reduction of oxygen using polymer-coated electrodes [11]. Electrocatalytic epoxidation using manganese salen complexes also has been performed through reductive dioxygen activation [14,15]. It is also possible to synthesize hydrogen peroxide, alky or acyl peracids, or oxygen-transfer reagents by electrode oxidation using water as an oxygen source, as shown in Figure 1. Recently, Manthiram and co-workers reported a new electrochemical method for the epoxidation of an alkene substrate using water as the sole source of oxygen atoms and monodisperse manganese oxide nanoparticles as catalysts [6]. Based on electro-kinetic studies, they proposed the formation of manganese(IV) oxo species as the resting state as well as the oxidizing species for alkene epoxidation. In addition, photochemical epoxidation using various metal complexes with water as the oxygen source have been investigated [8,9,10,16]. For example, chemical oxidants such as potassium hexachloroplatinate and visible light irradiation activate ruthenium(II) porphyrins have been used to form ruthenium oxo species using water as the oxygen atom source, which can transfer oxygen to alkene substrates to form epoxides. Similarly, the photosensitizer tris(2,2′-bipyridyl)ruthenium(II) chloride in combination with the one-electron oxidant pentaamminechlorocobalt(III) chloride produces metal–oxygen species that have been used as catalysts for alkene epoxidation. [(bTAML)FeIII-OH2]− (bTAML = biuret-modified tetraamido macrocyclic ligand), [(R,R-BQCN)MnII]2+ (R,R-BQCN = N,N’-dimethyl-N,N-bis(8- quinolyl)cyclohexanediamine), and [Ru (TMP)(CO)] (TMP = tetramesitylporphyrin) catalysts have shown high selectivity and yield in photochemical epoxidation. Torii and co-workers produced electrochemical alkene epoxidation reactions using the acetonitrile–water–sodium bromide water–organic solvent biphasic system [12]. In their system, the electrolysis of the bromide ions in the water produces hypobromite ions, which transfer an oxygen atom to the alkene substrates, and the water is an oxygen source for epoxide formation. Tanaka and co-workers subsequently carried out the electrochemical epoxidation of styrene derivatives using N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride (Figure 2, Mn(L1-t-Bu), known as Jacobsen’s catalyst) in a dichloromethane–water–sodium chloride water–organic solvent biphasic system [17]. In this new system, the electrolysis of the chloride ions in the water produces hypochlorite ions, and Jacobsen’s catalyst promotes the epoxidation reaction of the styrene derivatives with the hypochlorite ions in a water–organic solvent biphasic system. Thus, Jacobsen’s catalyst may produce manganese-oxo species which can serve as the active species for alkene epoxidation [18]. These excellent results demonstrate that water is an attractive and safe source of oxygen atoms in electrochemical and photochemical epoxidation reactions. With this in mind, we re-investigated and checked the scope and limitations of the method for the electrochemical epoxidation of alkenes reported by Tanaka and co-workers [17]. Firstly, cyclooctene was electrochemically epoxidized in the dichloromethane and aqueous sodium chloride solution system using the same catalyst, Jacobsen’s catalyst Mn(L1-t-Bu), according to the procedure reported by Tanaka and co-workers [17]. As a result, we found that, besides the desired epoxide, an undesired product that chlorinated at the allylic position of the cyclooctene was generated (Figure 3). It is known that the electrochemical oxidation of chloride ions in water produces active chlorine species such as Cl2 and Cl2O [19] which may cause chlorination at the allylic position of cyclooctene. We therefore searched for a suitable chemical species to replace the chloride ions in electrochemical epoxidation reactions in order to avoid the allylic halogenation of alkenes.



Carbonates have often been used as activators for oxidation reactions with hydrogen peroxide, including epoxidation reactions [20,21,22,23,24]. It has been reported that percarbonate is involved in manganese-catalyzed alkene epoxidation reactions using hydrogen peroxide in carbonate or bicarbonate aqueous solutions [20,21,24,25,26]. Burgess and co-workers proposed the involvement of manganese η2-peroxycarbonate complexes to facilitate the cleavage of the O–O bonds of percarbonate ions. A similar iron(III) η2-percarbonate complex was isolated and characterized using X-ray crystallography [27]. Percarbonate is generated through the equilibrium reaction between carbonate ions and hydrogen peroxide [28]. Therefore, the formation of percarbonate is the same as the formation of hydrogen peroxide. It has been reported that percarbonate can be generated via the oxidative electrolysis of carbonate ions using a platinum anode [29,30,31,32,33,34,35,36,37,38] or a boron-doped diamond (BDD) [32,33,34,35,36,37,38] electrode. Compared with other electrodes, a BDD has a higher overpotential for water oxidation [39,40], which is suitable for the electro-synthesis of oxidants in aqueous media. Recently, Wenderich, Mei, and co-workers reported that BDDs are promising tools for anodic hydrogen peroxide production, which is greatly improved by using sodium carbonate as an electrolyte [41]. In this study, we aimed to utilize the electrochemically generated percarbonate ions on a BDD electrode.



Electrocatalysis employing metal complexes has attracted a great deal of attention in the field of organic synthesis and has shown significant progress in recent years [42,43,44,45]. In this study, inspired by Tanaka’s work [17], we have examined electrochemical epoxidation via in situ electrochemical generation of percarbonate by using various metal complexes, including manganese salen complexes and manganese and vanadium porphyrin complexes as a mediator in an organic solvent–aqueous carbonate two-phase system in a simple undivided cell. As we expected, the electrochemical epoxidation of styrene derivatives proceeded when a BDD was used as an anode. The reaction optimization was performed in detail.




2. Results and Discussion


2.1. Electrochemical Epoxidation Using a BDD


First, to examine whether percarbonate-mediated electrochemical epoxidation can proceed using a BDD, glassy carbon, graphite, or platinum anode, we performed the electrochemical epoxidation of trans-β-methylstyrene in a biphasic system containing 1 M sodium carbonate aqueous solution and a solution of Jacobsen’s catalyst Mn(L1-t-Bu) in dichloromethane under conditions similar to those used in Tanaka’s work [17]. After 30 min of electrolysis using a BDD as an anode with a voltage of 2.50 V vs. Ag/AgCl at a bath temperature of −5 °C, the epoxide of the trans-β-methylstyrene was obtained with a yield of 18.5%, while the electrolysis experiments conducted using the other electrodes (glassy carbon, graphite, or platinum anodes) gave yields lower than 2.2% (Table 1). Thus, the BDD anode showed the best performance in the electrochemical epoxidation of the trans-β-methylstyrene. It is thought that the oxidation of water to oxygen is easier with electrodes other than BDDs [39,46]. However, yields decreased with longer reaction times using BDDs. Interestingly, the same product yields were observed under air and nitrogen. When sodium sulfate and sodium chloride were used as an electrolyte instead of sodium carbonate, the yields of the corresponding epoxide of the trans-β-methylstyrene were lower than 6%.



Next, we investigated the effects of applied oxidation voltage vs. Ag/AgCl, bath temperature, and type of electrolyte on electrochemical epoxidation. The applied oxidation voltage was very sensitive to the epoxidation reaction of the trans-β-methylstyrene. The yields of the corresponding epoxide were 5.7%, 18.5%, and 6.2% for the electrolysis using a BDD electrode at 2.25 V, 2.50 V, and 2.75 V vs. Ag/AgCl, respectively. These results suggest that the production of percarbonate requires more than 2.50 V vs. Ag/AgCl, but that the higher applied voltage may result in unwanted side reactions. The reactions were performed at three different bath temperatures. The yields of the corresponding epoxide from the trans-β-methylstyrene were 9.6, 17.5, and 18.5 at bath temperatures of 5 °C, 0 °C, and −5 °C, respectively. Thus, the lower bath temperatures afforded higher epoxide yields, probably due to the suppression of unwanted side reactions at higher temperatures. We also conducted the electrochemical epoxidation of trans-β-methylstyrene in different water–organic solvent systems (i.e., water–ethyl acetate, water–acetonitrile, and water–toluene), where the water phase was 1 M sodium carbonate and a BDD electrode was used as an anode with a voltage of 2.50 V vs. Ag/AgCl at a bath temperature of −5 °C. The epoxide yields from the trans-β-methylstyrene were lower than 1.3% when ethyl acetate, acetonitrile, and toluene were used, yields which are lower than that obtained in the water–dichloromethane biphasic system (18.5%). In the water–dichloromethane biphasic system, the BDD anode contacts the upper aqueous layer, not the lower dichloromethane phase containing Jacobsen’s catalyst Mn(L1-t-Bu) and the trans-β-methylstyrene. This alignment allows the efficient production of percarbonate in the aqueous phase and avoids the direct oxidation of the trans-β-methylstyrene, which should be one of the key factors in promoting the electrochemical epoxidation reaction in the water–dichloromethane biphasic system.



Next, we examined the electrochemical epoxidation of cis-β-methylstyrene, cyclooctene, trans-stilbene, and cyclohexene under the optimized conditions using a BDD anode. The epoxide yields are listed in Table 2. We compared the obtained yields with their corresponding alkene ionization because a clear correlation between the alkene ionization potential and the epoxidation rate constants for the iron(IV)-oxo porphyrin cation radical complexes has been reported [47]. As expected, the results show that as the ionization energy of the alkenes increased, the epoxide yield decreased, except in the case of the trans-stilbene. The exceptionally low yield we observed may be attributable to the two bulky phenyl groups of the trans-stilbene. The correlation between the epoxide yields and the alkene ionization potentials suggests that the epoxidation step should take longer than the formation of percarbonate ions through electrolysis on the BDD anode. As control experiments, we performed epoxidation reactions of the alkenes without using the BDD electrode by adding one equivalent of hydrogen peroxide as an oxidant to a biphasic system containing 1 M sodium carbonate aqueous solution and a solution of Jacobsen’s catalyst Mn(L1-t-Bu) in dichloromethane. The epoxide yields obtained via the conventional epoxidation reaction using hydrogen peroxide with sodium carbonate are listed in the right column in Table 1. The epoxide yields obtained using the hydrogen peroxide showed a similar trend to those observed with electrochemical epoxidation. The results suggest that hydrogen peroxide is generated through electrolysis using a BDD anode. In carbonate aqueous solutions, there should be an equilibrium between hydrogen peroxide and percarbonate. Therefore, it is not easy to distinguish between the generation of hydrogen peroxide and the generation of percarbonate. However, it is likely that percarbonate is first generated through the oxidation of carbonate, as reported by Richardson and co-workers, based on their kinetic study using 13C-labeled bicarbonate solutions [48].



When cis-β-methylstyrene is used as a substrate for an epoxidation reaction, cis-to-trans isomerization occurs [49,50]. Tanaka and co-workers reported that when the electrochemical epoxidation of cis-β-methylstyrene is catalyzed by Jacobsen’s catalyst Mn(L1-t-Bu) in the dichloromethane and sodium chloride aqueous solution biphasic system, a corresponding epoxide was obtained with a cis to trans ratio of 87:13. In our case, under the electrochemical epoxidation conditions, the cis to trans ratio of the corresponding epoxide obtained from the cis-β-methylstyrene was 85:15. A similar cis to trans isomerization value was observed for the conventional epoxidation reaction of cis-β-methylstyrene catalyzed by Jacobsen’s catalyst Mn(L1-t-Bu) using hydrogen peroxide. A comparable extent of cis-to-trans isomerization from cis-β-methylstyrene has been observed following an epoxidation reaction with sodium hypochlorite and Jacobsen’s catalyst Mn(L1-t-Bu) [49,50]. Electrochemical epoxidation using an optically active (R,R)-Jacobsen’s catalyst Mn(L1-t-Bu) afforded the desired cis-(1R,2S)-epoxide with an enantiomeric excess (ee) of 87%, which was comparable to the reported ee values [17]. The results suggest that the same oxidizing species derived from Jacobsen’s catalyst Mn(L1-t-Bu) are formed in the cases of electrochemical epoxidation using chloride ions and carbonate ions as well as conventional epoxidation using hydrogen peroxide with carbonate ions and sodium hypochlorite.




2.2. Exploration of More Efficient Catalysts


Next, we examined whether other catalysts could be used for electrochemical epoxidation. In this study, we focused on catalysts that have been reported to be effective in the epoxidation of alkenes with hydrogen peroxide. Lane and Burgess have reported that manganese sulfate catalyzes the epoxidation of alkene using aqueous hydrogen peroxide in the presence of sodium bicarbonate [51]. They assumed that percarbonate ions are formed from hydrogen peroxide and that bicarbonate ions react in situ with manganese ions to give the active intermediate for the epoxidation reactions of alkenes. Qi and co-workers have reported that manganese oxide has superior properties for converting styrene to epoxide with aqueous hydrogen peroxide in a bicarbonate solution [52]. Based on these reports, we conducted the electrochemical epoxidation of trans-β-methylstyrene under the optimal conditions with a BDD electrode as an anode with a voltage of 2.50 V vs. Ag/AgCl at a bath temperature of −5 °C, using manganese sulfate or manganese oxide as a catalyst. However, these two reactions using manganese sulfate or manganese oxide instead of Jacobsen’s catalyst Mn(L1-t-Bu) afforded negligible amounts of epoxide from the trans-β-methylstyrene. We further examined whether conventional epoxidation using hydrogen peroxide proceeds in the 1 M sodium carbonate–dichloromethane biphasic system containing manganese sulfate or manganese oxide as a catalyst. However, the yields of the corresponding epoxide were negligible. These results indicate that our biphasic system is not suitable for epoxidation reactions using manganese sulfate or manganese oxide as a catalyst, probably because these catalysts are water soluble or hydrophilic.



Dar and co-workers have reported that the electron-deficient oxidovanadium(IV) porphyrin catalyst β-octabromo-meso-tetrakis(2,6-dibromo-3,5-dimethoxyphenyl)porphyrinatooxidovanadium (VO(L1)) efficiently promotes the epoxidation of styrene using hydrogen peroxide in acetonitrile–water containing sodium bicarbonate [53]. Nishihara and co-workers have carried out electrochemical cyclooctene epoxidation with manganese(III) porphyrin complexes using hydrogen peroxide generated from polymer-coated electrodes in dichloromethane containing 1-methylimidazole and benzoic acid [11].



Thus, some oxidovanadium(IV) porphyrin and manganese(III) complexes promote the chemical epoxidation of alkenes with hydrogen peroxide in the presence of bicarbonate or electrochemical epoxidation. Therefore, we examined the electrochemical epoxidation of trans-β-methylstyrene under the optimal conditions for Jacobsen’s catalyst Mn(L1-t-Bu), i.e., using a BDD electrode as an anode with a voltage of 2.50 V vs. Ag/AgCl at a bath temperature of −5 °C, with manganese(III) and oxidovanadium(IV) tetraphenylporphyrin derivatives as a catalyst. We prepared six metalloporphyrins for this purpose in accordance with the literature [53]: manganese tetraphenyl porphyrin, Mn(TPP), manganese 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin, Mn(TDCPP), 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin, Mn(L2), oxidovanadium(IV) tetraphenylporphyrin, VO(TPP), oxidovanadium(IV) 5,10,15,20-tetrakis(2,6-dibromo-3,5-dimethoxyphenyl)porphyrin VO(L1), and oxidovanadium(IV) 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin, VO(L2). The chemical structures of the catalysts are shown in Figure 2 together with the epoxide yields obtained from the trans-β-methylstyrene.



Among the oxidovanadium(IV) porphyrins, electron-deficient oxidovanadium(IV) porphyrin VOL1 showed the lowest epoxide yield derived from the trans-β-methylstyrene (0.6%), probably because of its low solubility in 1 M sodium carbonate–dichloromethane biphasic solution. VOTPP and VOL2 showed respective epoxide yields of 9.6% and 5.3% derived from the trans-β-methylstyrene. Among the manganese porphyrin complexes, MnTPP produced the highest yield (6.2%). Mn(TDCPP) is known as a more robust oxidation catalyst than Mn(TPP). Regardless, we found that the use of MnL2 as a catalyst produced only negligible amounts of epoxide, probably due to its lower solubility in 1 M sodium carbonate–dichloromethane biphasic solution. Oxidovanadium(IV) porphyrins are neutral compounds, but manganese(III) porphyrins are cationic. This difference may affect their solubility in the biphasic solution. For example, VO(L2) showed a higher yield (9.6%) compared with its manganese counterpart, MnL2 (0.8%). Thus, our catalyst survey disclosed that Jacobsen’s catalyst Mn(L1-t-Bu), a manganese salen complex, is superior to oxidovanadium(IV) and manganese porphyrins.




2.3. Optimization of Manganese Salen Complexes


Next, we decided to optimize the structures of the manganese salen complexes for the electrochemical epoxidation reaction we established in this study. For this purpose, we prepared eight manganese complexes, including Jacobsen’s catalyst Mn(L1-t-Bu) [54]. The manganese salen complexes had trans-1,2-cyclohexanediamine or 1,2-ethylenediamine as a backbone, and a methoxy-, chloride-, nitro-, and tert-butyl group at the 4-position of the phenol moieties, whose chemical structures are shown in Figure 4. The epoxide yields derived from trans-β-methylstyrene after a 30 min reaction under the optimal electrochemical epoxidation conditions are listed in Table 3. For comparison, we also performed conventional chemical epoxidation using hydrogen peroxide as an oxidant in the same 1 M sodium carbonate and dichloromethane biphasic system. A similar trend in the substituent effect was observed for all the manganese complexes in both the electrochemical and conventional epoxidation reactions. Among them, Jacobsen’s catalyst Mn(L1-t-Bu) showed the highest yield for both types of epoxidation reaction. The redox potentials of the manganese complexes had been evaluated by one of our authors and were reported to be in the order: Mn(L1-Ome) < Mn(L1-t-Bu) < Mn(L1-Cl) [54]. In terms of the redox potentials, the manganese-oxo species of Mn(L1-Cl) should have been more reactive for the epoxidation than Mn(L1-t-Bu), but the epoxide yield observed with Mn(L1-Cl) was much lower than that of Mn(L1-t-Bu). Thus, the reactivity of the oxidizing species of manganese salen complexes cannot explain the epoxide yields. This opposite trend could be attributable to the formation step of the oxidizing species of manganese salen complexes. We speculated that Mn(L1-Cl) could not react with percarbonate to form the corresponding manganese-oxo species due to the electron-withdrawing groups on the phenyl groups. Therefore, according to the established procedure, we performed the epoxidation reaction using a more potent oxidizing agent, sodium hypochlorite, only in dichloromethane [18]. The data are listed in the right column of Table 3. Jacobsen’s catalyst Mn(L1-t-Bu) gave the highest yield, a result observed for the electrochemical epoxidation with carbonate as well as for the conventional epoxidation using the hydrogen peroxide with carbonate system. However, the epoxidation reaction using the other manganese salen complexes and sodium hypochlorite only in dichloromethane and sodium hypochlorite showed higher epoxide yields than the reactions in the 1 M sodium carbonate and dichloromethane biphasic system. These results demonstrate the uniqueness of Jacobsen’s catalyst Mn(L1-t-Bu) as a useful and practical epoxidation catalyst. We speculate that its electronic structure, bulky functional groups, rigid backbone, and high solubility in organic solvents all contribute to its catalytic capability.



Next, we examined epoxidation reactions involving cyclooctene using the above manganese salen complexes. The cyclooctene epoxide yields obtained by electrochemical epoxidation are listed in Table 4, together with the cyclooctene epoxide yields obtained using hydrogen peroxide. Cyclooctene is a less reactive substrate than trans-β-methylstyrene. The cyclooctene epoxide yields were 5.6% and 6.8% after 30 min and 90 min, respectively (Table 3 and Table 4), which are lower than that observed with trans-β-methylstyrene (18.5%) after 30 min. A similar trend was observed in the epoxidation yield of cyclooctene as that observed with trans-β-methylstyrene. Jacobsen’s catalyst Mn(L1-t-Bu) gave the highest yield in both electrochemical epoxidation and epoxidation with hydrogen peroxide with carbonate. Overall, it is clear that the epoxide yields are not dependent simply on the electronic properties of Mn salen complexes. These results again illustrate that Jacobsen’s catalyst Mn(L1-t-Bu) is an excellent electrochemical epoxidation catalyst. We tentatively concluded that the bulkiest catalyst, Jacobsen’s catalyst Mn(L1-t-Bu), favors the formation of the active mononuclear manganese-oxo species because four tert-butyl groups on Jacobsen’s catalyst prevent the formation of inactive μ-oxo dimers, resulting in a higher effective concentration of the active catalyst in solution compared with other less bulky Mn(salen) complexes [55]. The lower yields observed with Mn(L2-t-Bu) and Mn(L2-H) also suggest the substantial role of the cyclohexane moiety of L1 in the epoxidation reaction.





3. Experimental


3.1. Chemicals and Equipment


Cyclohexene and cyclooctene were passed through a short alumina column prior to their use. Except for Mn(L1-t-Bu), the Mn(salen) complexes were prepared according to the reported procedure [54]. All other chemicals and solvents, including the Mn(L1-t-Bu), were purchased and used without further purification. The oxidation products of trans-stilbene were analyzed using 1H NMR measurements obtained with a JEOL JMN-A500 NMR spectrometer. The other products were analyzed using Shimadzu GC-2014 and GCMS-QP2020 NX spectrometers equipped with a GL Science Inert Cap 1701 capillary column (60 m × 0.25 mm).




3.2. General Procedure for Electrochemical Epoxidation


Electrochemical epoxidation was performed using IKA ElectraSyn2.0 in a 5 mL vial equipped with a BDD plate as an anode and Pt as a cathode. A mixture of olefin (0.25 mmol), metal complex (0.05 mmol), dichloromethane (0.5 mL), and 1 M Na2CO3 (4.5 mL) was placed in the 5 mL vial. The vessel was immersed in an alcohol bath, whose temperature was kept at −5 °C with a cooling system (Techno Sigma, Okayama, Japan, UCR-150N-S). The mixture was electrolyzed for the indicated reaction time at a constant voltage, typically 2.5 V vs. Ag/AgCl (3 M NaCl), at a low temperature under air, and with gentle stirring so that the two phases were retained. After the reaction, p-nitrotoluene or nitrobenzene (0.1 mmol) was added to the resulting mixture as an internal standard. The product yields and cis/trans ratios were determined using GC analysis of authentic samples. The ee% was determined using HPLC.




3.3. General Procedure for Epoxidation with Hydrogen Peroxide


A mixture of olefin (0.25 mmol), metal complex (0.05 mmol), dichloromethane (0.5 mL), and 1 M Na2CO3 (4.5 mL) was placed in the 5 mL vial. The bath temperature was kept at −2 °C with a cooling system (Techno Sigma, UCR-150N-S). Hydrogen peroxide (0.25 mmol) was then added to the mixture. After the reaction, p-nitrotoluene (0.1 mmol) was added to the resulting mixture as an internal standard.





4. Conclusions


In conclusion, we confirmed that electrochemical alkene epoxidation proceeds using a BDD electrode, Jacobsen’s catalyst, and carbonate as a mediator in a 1 M sodium carbonate and dichloromethane biphasic system. It should be noted that unwanted chlorination at the allylic position of the alkene does not occur in our method. Epoxide yields were higher than those obtained from electrochemical epoxidation with chloride ions as the mediator when a BDD was used as an anode. We believe that carbonate ions are better mediators for electrochemical epoxidation than chloride ions. Cyclooctene epoxide yields were still low even after prolonged reactions under optimal conditions. The authors are currently attempting to improve the reaction conditions for carbonate-mediated electrochemical epoxidation.




5. Patents


The authors have filed a patent application (WO/2021/085268) on the basis of this work.
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Figure 1. Epoxidation reaction with the electrochemical oxidative generation of an oxidizing agent (XO). 
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Figure 2. Jacobsen’s catalyst and salen ligands (and their abbreviations). 
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Figure 3. Gas chromatograms for electrochemical cyclooctene epoxidation catalyzed by Mn(L1-t-Bu) under different reaction conditions. (a) CH2Cl2/1 M NaCl aq. (1:9), (+)Pt/(−)Pt, (b) CH2Cl2/1 M NaCl aq. (1:9), (+)BDD/(−)Pt, and (c) CH2Cl2/1 M Na2CO3 aq. (1:9), (+)BDD/(−)Pt. Other reaction conditions: substrate (0.25 mmol), catalyst (0.05 mmol), 2.5 V vs. Ag/AgCl, in undivided cell, 0 °C (bath temp.), 90 min. 
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Figure 4. Oxidovanadium(IV) porphyrin and manganese porphyrin catalysts are shown with the yields of epoxide obtained from the trans-β-methylstyrene under the electrochemical conditions. 
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Table 1. Epoxidation of trans-β-methylstyrene catalyzed by MnIII(L1-t-Bu) 1.
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	Anode (3 cm2)
	Epoxide Yield (%)





	BDD
	18.5



	glassy carbon
	2.2



	platinum
	1.8



	graphite
	1.8







1 Reaction conditions: substrate (0.25 mmol), catalyst (0.05 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), (−)Pt, 2.5 V vs. Ag/AgCl, in undivided cell, −5 °C (bath temp.), 30 min, under air.
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Table 2. Mn(L1-t-Bu)-catalyzed epoxidation of a series of alkenes 1.
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Substrate

(Ionization Energy)

	
Epoxide Yield (%)




	
Electrochemical Generation

	
H2O2/Na2CO3 2






	
trans-β-methylstyrene

	
18.5

	
26.4




	
(8.08 eV)




	
cis-β-methylstyrene

	
19.8 (85:15) 3

	
22.3 (84:16) 3




	
(8.48 eV)




	
cyclooctene

	
5.6

	
1.4




	
(9.02 eV)




	
trans-stilbene

	
1.6

	
1.0




	
(7.70 eV)




	
cyclohexene

	
0.3

	
0.4




	
(9.12 eV)








1 Reaction conditions: substrate (0.25 mmol), catalyst (0.05 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), (+)BDD/(−)Pt, 2.5 V vs. Ag/AgCl, in undivided cell, −5 °C (bath temp.), 30 min. 2 H2O2 (0.25 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), −2 °C (bath temp.). 3 trans/cis.
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Table 3. Mn(L1-t-Bu)-catalyzed epoxidation of trans-β-methylstyrene 1.
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Catalyst

	
Epoxide Yield (%)




	
Electrochemical Generation

	
H2O2/Na2CO3 2

	
NaOCl 3






	
Mn(L1-Ome)

	
5.3

	
2.1

	
45.5




	
Mn(L1-t-Bu)

	
18.5

	
26.4

	
74.1




	
Mn(L1-H)

	
2.2

	
13.2

	
59.8




	
Mn(L1-Cl)

	
1.8

	
3.3

	
60.9




	
Mn(L1-NO2)

	
1.8

	
1.8

	
53.8




	
Mn(L2-t-Bu)

	
7.3

	
1.5

	
–




	
Mn(L2-H)

	
0.5

	
0.8

	
–




	
none

	
0.7

	
0.5

	
8.4








1 Reaction conditions: substrate (0.25 mmol), catalyst (0.05 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), (+)BDD/(−)Pt, 2.5 V vs. Ag/AgCl, in undivided cell, −5°C (bath temp.), 30 min. 2 H2O2 (0.25 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), −2 °C (bath temp.). 3 Reaction conditions: substrate (0.2 mmol), catalyst (0.01 mmol), NaOCl (0.72 mmol), CH2Cl2/H2O (1:2), 0 °C (bath temp.), 16 h.
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Table 4. Cyclooctene epoxidation catalyzed by manganese salen complexes 1.
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Catalyst

	
Epoxide Yield (%)




	
Electrochemical Generation

	
H2O2/Na2CO3 2






	
Mn(L1-Ome)

	
6.8

	
8.6




	
Mn(L1-t-Bu)

	
9.9

	
9.3




	
Mn(L1-H)

	
7.7

	
8.1




	
Mn(L1-Cl)

	
8.0

	
7.6




	
Mn(L1-NO2)

	
8.1

	
6.3








1 Reaction conditions: substrate (0.25 mmol), catalyst (0.05 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), (+)BDD/(−)Pt, 2.5 V vs. Ag/AgCl, in undivided cell, 0 °C (bath temp.), 90 min. 2 H2O2 (0.25 mmol), CH2Cl2/1 M Na2CO3 aq. (1:9), 30 min.
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