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Abstract:



A variety of selenium compounds were proven to be useful reagents and catalysts for organic synthesis over the past several decades. The most interesting aspect, which emerged in recent years, concerns application of hydroperoxide/selenium(IV) oxide and hydroperoxide/organoselenium catalyst systems, as “green reagents” for the oxidation of different organic functional groups. The topic of oxidations catalyzed by organoselenium derivatives has rapidly expanded in the last fifteen years This paper is devoted to the synthetic applications of the oxidation reactions mediated by selenium compounds such as selenium(IV) oxide, areneseleninic acids, their anhydrides, selenides, diselenides, benzisoselenazol-3(2H)-ones and other less often used other organoselenium compounds. All these compounds have been successfully applied for various oxidations useful in practical organic syntheses such as epoxidation, 1,2-dihydroxylation, and α-oxyfunctionalization of alkenes, as well as for ring contraction of cycloalkanones, conversion of halomethyl, hydroxymethyl or active methylene groups into formyl groups, oxidation of carbonyl compounds into carboxylic acids and/or lactones, sulfides into sulfoxides, and secondary amines into nitrones and regeneration of parent carbonyl compounds from their azomethine derivatives. Other reactions such as dehydrogenation and aromatization, active carbon-carbon bond cleavage, oxidative amidation, bromolactonization and oxidation of bromide for subsequent reactions with alkenes are also successfully mediated by selenium (IV) oxide or organoselenium compounds. The oxidation mechanisms of ionic or free radical character depending on the substrate and oxidant are discussed. Coverage of the literature up to early 2015 is provided. Links have been made to reviews that summarize earlier literature and to the methods of preparation of organoselenium reagents and catalysts.
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1. Introduction


Owing to the synthetic utility of the oxofunctionalization of a broad spectrum of organic substrates, oxidation is one of the fundamental processes, very often applied in contemporary organic synthesis in both research and industry. Among various oxidants selenium compounds, mainly selenium(IV) oxide (commonly named selenium dioxide, (1) and organoselenium compounds, presented in Scheme 1, such as selenoxides (2), areneseleninic acids (3) and their anhydrides (4), selenides (5), diaryl diselenides (6), cyclic selenenamides (7) and cyclic seleninate ester (8) play an important role. In earlier works selenium compounds 1–4 were used for oxofunctionalization of different organic substrates, mainly in stoichiometric amounts (oxidants A). More recently, some selenium compounds such as 1, 3, 5–8 were used in catalytic amounts, while the primary oxidants (oxidants B) were 30% hydrogen peroxide, tert-butyl hydroperoxide (TBHP), iodoxybenzene (PhIO2) and occasionally other oxygen donors [1,2,3,4,5,6,7,8,9,10]. Commercially available and relatively cheap peroxides of low molecular weight, such as H2O2 and TBHP, contain a high proportion of active oxygen and are environmentally friendly, because their reduction products are water or tert-butanol, easy to remove from reaction products and to regenerate. Since both of them are only moderately active toward most organic substrates, various promoters are used, among them, selenium compounds transferring oxygen atoms from primary oxygen donor to oxidized substrate [11,12,13,14,15,16,17,18]. The oxidation of organoselenium (also organotellurium and sulfur) compounds to diselenides, selenones, selenoxides, seleninic acids and other derivatives are illustrated in several books [9,19].



It should be noted that selenium compounds are generally regarded as toxic. It is important to realize that low volatility selenium compounds such as selenium(IV) oxide, selenoxides, diaryl diselenides, areneseleninic acids, their anhydrides, selenenamides and related compounds are odorless, but may be moderately toxic when they are absorbed. Selenium(IV) oxide forms selenous acid, a severe skin irritant, upon contact with water, sweat, or tears. The knowledge about the toxicity of broad spectrum of organoselenium compounds is still incipient despite several works on their in vivo toxicity [20,21,22]. For example, diphenyl diselenide (6, R = Ph), and 2-phenylbenzisoselenazol-3(2H)-one, named ebselen (7, R = Ph) are regarded as nontoxic. The acutely lethal dose (LD50) for ebselen in rats treated intraperitoneally is 400 μmol·kg−1 and for diphenyl diselenide 1200 μmol·kg−1 [23]. Some aspects that will encourage the reader to discover an unexpected green side to selenium and the chemistry connected with its organic derivatives were elucidated in review [24]. Organoselenium compounds represent a new class of reagents and catalysts in modern chemistry, green chemistry, and biological response modifiers [25,26].



Following the discovery of a broad spectrum of selenium compounds of practical importance as reagents, catalysts and intermediates, the important role they play in synthetic organic chemistry as oxygen donors and oxygen-transfer agents, judging from the numerous articles that have appeared over the last fourteen years, will be presented in this review, which covers the scientific literature in general from 2000 to the present, but includes a few significant earlier references necessary for discussion.
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Scheme 1. Selenium compounds as oxygen donors and oxygen-transfer agents. 






Scheme 1. Selenium compounds as oxygen donors and oxygen-transfer agents.



[image: Molecules 20 10205 g001]






2. Selenium(IV) Oxide and Selenic(IV) Acid as Oxidizing Agents and Oxidation Catalysts


The first publication on the use of selenium(IV) oxide in oxidation reactions appeared in 1932 [27] and since then it has been applied as a versatile reagent for the synthesis of various types of organic compounds [12,23,24,25,28,29,30]. Due to its toxicity when taken orally, intense local irritation of skin and eyes, and the sometimes malodorous volatile selenium-containing by-products are formed, SeO2 is used in modern synthesis only when it competes favourably with other methods, provides unique reactivity or when it is used in catalytic amounts [1,2,4,12,24,25,26,27,29,30,31,32]. The TBHP/SeO2 or H2O2/SeO2 systems are more convenient to use than SeO2 alone, particularly when it is used in catalytic amounts, very often in 5 mol %. Reaction conditions are much milder and as a result, yields are higher with less oxidation, dehydration and rearrangement by-products. Moreover the problem of the removal of colloidal selenium is circumvented.



2.1. Allylic Hydroxylation


Selenium(IV) oxide-mediated oxidation of substituted olefins (Riley oxidation) is regarded as one of the most reliable and predictable methods for introducing a hydroxy group into the allylic position. The reaction reveals a very useful regio- and stereoselectivity when applied to trisubstituted olefins, producing predominantly (E)-allylic alcohols.



Selenium(IV) oxide mediates the unique allylic oxidation of alkenes 9 with usual retention of the double bond position. The mechanism of this reaction remained unclear until Sharpless and Lauer in 1972 [33] explained the selective oxidation as the result of a two-step process: an ene reaction followed by sigmatropic [2,3]-rearrangement of intermediate selenic(IV) acid 10 that give selenic(II) acid ester 11, while the double bond returns to its original location. In the last step the ester is hydrolyzed into the allylic alcohol 12 (Scheme 2). It was postulated that in the presence of a hydroxylated solvent, e.g., water, alcohol or a carboxylic acid, the active oxidant could be selenic(IV) acid or its alkyl ester.
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Scheme 2. Mechanism of selenium(IV) oxide α-hydroxyalkylation of alkenes. 






Scheme 2. Mechanism of selenium(IV) oxide α-hydroxyalkylation of alkenes.
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A comparison of the observed 13C and 2H kinetic isotope effects with the predicted values shows that the observed effects are consistent with an initial concerted ene reaction step mediated by SeO2. However, this comparison does not rule out the involvement of a selenic(IV) ester in the ene reaction or a stepwise reaction involving reversible electrophilic addition of HSeO2+ followed by a rate-limiting proton abstraction. B3LYP calculations strongly favour SeO2 over a selenic(IV) ester as the active oxidant, with a predicted barrier of 21–24 kcal·mol−1 lower for the reaction of 2-methyl-3-butene with SeO2 than that for the reaction with H2SeO3. The possibility of a selenic(IV) ester as the active oxidant is also disfavoured by the observation of oxidations in non-hydrolytic solvents. A concerted ene reaction with SeO2 as the active oxidant thus appears to be the major mechanistic pathway in these reactions [34,35,36].



Selenium(IV) oxide allylic hydroxylations are highly regiospecific and occur at the α-position to the more substituted carbon of the double bond with a reactivity order CH2 > CH3 > CH. When the double bond is inside a ring, oxidation occurs in the ring when possible, and in the α-position to the more substituted end of the double bond. Another synthetically very useful aspect in this conversion of the nonactivated C=C double bond into the allylic alcohol intermediate lies in its high stereoselectivity, as demonstrated in the oxidation of 1-tert-butyl-4-alkylidenecyclohexanes [36].



The (Z)-selective allylic alcohol formation of dialkyl alkylidenesuccinates induced by SeO2 has been demonstrated to accomplish one-step syntheses of several essential and fused butenolides via an unusual E- to Z- carbon-carbon double bond isomerization followed by lactonization pathway. The observed regio- and stereoselective SeO2 allylic oxidation protocol has also been extended to the diastereoselective total synthesis of the bioactive natural product isomint lactone, its direct conversion to mint lactone and an example of the base-catalyzed intramolecular rearrangement of γ-lactone to δ-lactone. As depicted in Scheme 3, the initial expectation was that the regioselective SeO2 allylic oxidation of (E)-dimethyl 2-propylidenesuccinate 13 would provide (E)-dimethyl 2-propylidene-3-hydroxysuccinate 15 or pyran skeleton 16. The allylic oxidation of compound 13, in the presence of a catalytic amount of SeO2 and tert-butyl hydroperoxide in tert-butyl alcohol/1,4-dioxane at room temperature, was not successful and the starting material remained unreacted. When the compound 13 was treated with SeO2 (1.60 equiv) in refluxing 1,4-dioxane, the allylic oxidation reaction was completely regioselective and provided the butenolide product 14. This suggested that in the SeO2-induced transformation of dimethyl (E)-2-propylidenesuccinate 13 to product 14, apart from allylic hydroxylation, the course of reaction involves a E- to Z- carbon–carbon double bond isomerization and an in situ intramolecular cyclization step [37].
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Scheme 3. Regio- and stereoselective SeO2 oxidation of (E)-dimethyl 2-propylidenesuccinate 13. 






Scheme 3. Regio- and stereoselective SeO2 oxidation of (E)-dimethyl 2-propylidenesuccinate 13.
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Selenium dioxide was found to be a reliable reagent for the direct regioselective insertion of oxygen at the allylic carbon via α-hydroxylation. Various 1,3-diarylpropenes were oxidized with SeO2 in ethanol in 50%–58% yield. For example, the reaction of diarylpropene 17 with SeO2 in ethanol gave p′-methylchalcone 18 in 50% yield (Scheme 4) [38].
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Scheme 4. Oxidation of diarylpropene to p′-methylchalcone. 






Scheme 4. Oxidation of diarylpropene to p′-methylchalcone.
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Selenium(IV) dioxide is still used for allylic hydroxylation in several multistep syntheses and transformations of natural products, their precursors and analogues such as 6-hydrocorticosteroids, 6-β-hydroxy derivatives of progesterone and testosterone, glycospirostanes, the optically pure cyclohexenone core scyphostatin and hydroxytaxadienes [39,40,41,42,43,44,45]. Allylic oxidation of phlomisoic acid and its methyl ester by selenium(IV) dioxide occurred stereoselectively to form α-hydroxy derivatives of labdanoids [46].



Like selenium(IV) oxide alone, the reagent TBHP/SeO2 oxidizes alkenes, cycloalkenes and alkynes in the allylic position. Hydroxylation of cycloalkenes carrying alkyl substituents at the allylic position, takes place preferentially on the ring α-carbon atom. Oxidation of terminal alkenes results in C=C bond migration and primary allyl alcohols formation. Terminal and non-terminal vinyl fluorides have been hydroxylated regioselectively in the allylic and propargylic position adjacent to the fluorine-bearing carbon [47].



TBHP/SeO2 was used in the allylic hydroxylation of isolated double bonds in straight-chain hydrocarbons, e.g., monounsaturated fatty acids, esters and alcohols. Either allylic position was hydroxylated or both positions reacted, to give dihydroxy isomers. Yields of monohydroxy compounds in which the OH group was between the double bond and C(1), were usually higher than those in which the OH group was between the double bond and the methyl terminus. When an α-methylene group is oxidized, the reaction proceeds under mild reaction conditions [1,2,9,17,43,48]. For example, TBHP/SeO2 oxidation of compound 19 in multistep synthesis of (−)-okilactomycin gave both possible isomers 20 and 21 (Scheme 5) [49]. A mixture of taxadienes (87% of taxa-4(5),11(12)-diene and 13% of taxa-4(20),11(12)-diene), was subjected to oxidation with TBHP/SeO2 and stoichiometric amounts of selenium(IV) oxide. In both cases, the expected α-hydroxylation products were isolated [50].
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Scheme 5. Allylic TBHP/SeO2 oxidation in the total synthesis of (−)-okilactomycin. 






Scheme 5. Allylic TBHP/SeO2 oxidation in the total synthesis of (−)-okilactomycin.
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Urea-hydrogen peroxide (UHP), in the presence of catalytic quantities of SeO2, has successfully led to the allylic oxidation of alkenes while keeping the other chemical functionalities intact. The reaction conditions are environmentally benign as both UHP and microwave irradiation are considered eco-friendly green chemistry routes [51]. Sesquiterpene lactones like dehydrocostus lactone and isoalantolactone were subjected to allylic hydroxylations with SeO2 in combination with urea hydrogen peroxide in polyethylene glycol to form allylic alcohols. The reactions were more selective, and the yields were higher than reactions with TBHP/SeO2 in dichloromethane [52,53]. Good results were obtained where TBHP/SeO2 was used as the oxidant for methyl geraniate, whereas farnesyl acetate, a terpene possessing three different double bonds, yielded only 24% of the desired alcohol [54].



The TBHP/SeO2 oxidation of some simple cycloalkenes produced, in addition to the expected allylic alcohols, allylic t-butyl ethers and t-butyl peroxides. For cyclohexene, the major products were the ether and peroxide. As the ring size increased, the yields of alcohols increased and those of ethers and peroxides decreased. When the oxidation was carried out in the presence of hydroquinone, the peroxides were not observed, although the yields of alcohols and ethers remained unaffected. Consequently, a free-radical pathway has been proposed. Another mechanism, involving a carbocation intermediate, can be also envisaged to explain the isolation of isomeric allylic esters, resulting from TBHP/SeO2 oxidation of pinene derivatives [55]. Selenium(IV) oxide associated with N-methylmorpholine N-oxide was successfully applied as very efficient hydroxylating agent for monocyclic unsaturated terpenoids. An advantage of this feature is high conversion of the substrate (67%–100%) and stereospecific functionalization [56].



In contrast with alkenes, alkynes show a strong tendency to α,α′-dihydroxylation upon reaction with TBHP/SeO2. The oxidation of different acetylenes allowed assignment of the reactivity sequence CH2=CH > CH3. Alkynes bearing one methylene and one methine substituent afforded the enynone as the major product [57]. Despite the fact that stereochemical aspects and mechanism of the reaction are known, so far it has not shown any synthetic utility.




2.2. 1,2-Dihydroxylation of Alkenes


A number of alkenes were trans-dihydroxylated with 30% aqueous hydrogen peroxide in the presence of 20 mol % of SeO2 at room temperature. The isolated yields of the diols were in the 55%–88% range. Cyclic, acyclic, terminal and internal alkenes were smoothly converted to their corresponding vicinal diols and no mono α-hydroxylation or α-oxygenation to aldehydes or ketones was observed. It was found, that aliphatic alkenes exhibited better results than their aromatic analogues and sterically hindered double bonds exhibited poorer yields compared with less hindered ones. When arylidenemalononitriles were used as substrates, they produced the corresponding carbonyls due to the presence of the two electron-withdrawing groups on one terminal of the olefins. The peroxyselenic(IV) acid 22, formed in situ from hydrogen peroxide and selenic(IV) acid, is responsible for the epoxidation of alkenes, which in the presence of water and selenic(IV) acid forms the corresponding trans-1,2- diols 23 (Scheme 6) [58].
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Scheme 6. Hydrogen peroxide trans-1,2-dihydroxylation of alkenes catalyzed by SeO2. 
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A synthetic method for some arylpyridines involved H2O2/SeO2 dihydroxylation and methoxyhydroxylation of 4-aryl-1,2,3,6-tetrahydropyridines. This facile strategy was also used to synthesize several hydroxylated 4-arylpyridines, 3-hydroxy-4-arylpyridines, and 3,4-diarylpyridines [59]. A novel selenium(IV) oxide-mediated dihydroperoxidation of 3-aryl-1,4,5,6-tetrahydropyridine was also examined [60].



Long chain alkenes and unsaturated acid esters oxidized with H2O2/SeO2 at ambient temperature gave, depending on the reaction time, vicinal diols, selenite esters and epoxides. For methyl oleate, after a short reaction time (4 h) the epoxide was produced, while the time was prolonged for 24 h, ester accompanied with diol was a major product. It supported the hypothesis that the product sequence is epoxides → selenite esters → vicinal diols [61].




2.3. Oxidation of the Methyl and Methylene Groups


Selenium(IV) oxidation of methylpyridines, methylquinolines, methylphenanthrolines, methylpterines and other heterocycles by heating with selenium(IV) oxide in 1,4-dioxane, is a good way to synthesize the corresponding aldehydes. The 2-methyl group is more susceptible toward oxidation than a 4-methyl group, e.g., in 2,4-dimethylquinoline or its oxide, the 2-methyl group was oxidized preferentially [1,2,9].



Conversion of methyl and methylene groups to formyl and keto groups by oxidation with stoichiometric amounts of selenium(IV) oxide still remains an attractive route in comparison with other methods. Some examples show the use of this reagent in the synthesis of aldehydes and ketones. The 7-methyl group of 2-acetylamino-7-methyl-1,8-naphthyridine was oxidized with SeO2 in 1,4-dioxane to the corresponding formyl group in 75% yield [62]. Oxidation of 4-amino-2-methyl-5,10-dioxo-1,5,10,10a-tetrahydrobenzo[g]quinoline-3-carbonitrile with selenium(IV) oxide provided 4-amino-2-formyl-5,10-dioxo-1,5,10,10a-tetrahydrobenzo[g]quinoline-3-carbonitrile in 76% yield [63]. Refluxing dioxane solutions of 6-methyl-2,4-dioxypyrimidine with selenium(IV) dioxide or with selenic(IV) acid in acetic acid, was found to afford orotic aldehyde in 50% or 62% yield, respectively [64]. A series of other important heterocyclic aldehydes and ketones were synthesized by microwave- assisted selenium(IV) oxide oxidation [65,66]. The crucial step in synthesis of the antibiotic caerulomycin E was selenium(IV) oxide oxidation of a methyl group to a formyl group in 4-methoxy-6-methyl-2,2′-bipyridine [67]. On the way to synthesize verdamycin C2, the corresponding aldehydes were obtained by oxidation of allylic primary azides of 2-substituted dihydro[2H]pyrans with SeO2 [68].



The relative ease of overoxidation to carboxylic acid permits ones to convert methyl groups into carboxylic acids directly [69]. In some cases it is the most serious disadvantage of the reagent. The oxidation can be stopped at the first stage in the presence of acetic anhydride. The intermediate selenic(II) ester is re-esterified and the acetate derived from the primary alcohol is formed [1,2,9]. The TBHP/SeO2 reagent allowed the oxidation of activated methyl groups of N-heterocyclic compounds under milder conditions than SeO2 alone, without the formation of the over-oxidized carboxylic acids [70]. A subsequent oxidization of the formyl group to carboxylic group, which underwent spontaneous decarboxylation, was applied for selective elimination of the methyl substituent from azaheterocyclic compounds, e.g., 7-methylxantopterin [71]. Mono- and diformyl-4H-pyranones were obtained in suitable yields using SeO2 as a stoichiometric methyl group oxidant. In this process selenium(IV) dioxide was reduced to elemental selenium which was reclaimed by reaction with nitric acid, and the selenic(IV) acid formed was used for oxidation in the next oxidation cycle [72].



Oxidation of toluenes to benzaldehydes was carried out by the formation of the active oxidant obtained by treatment of SeO2 with TBHP, prior to addition to the substrate. However, the oxidation of toluenes to benzaldehydes, in the presence of other oxidizable groups, is most often troublesome. The oxidation of benzylic groups to the corresponding carboxylic acid functionality is mediated by a combination of selenium(IV) oxide (or elemental selenium) and nitrogen oxides, while the stoichiometric oxidant is dioxygen. 2-Methylnaphthalene reacted completely after 4 h at 160 °C, forming 2-naphthalenecarboxylic acid in 80% yield. Under the same reaction conditions 4-pyridine-carboxylic acid was obtained from 4-methylpyridine in 94% yield. The proposed mechanism is summarized in Scheme 7. Nitric oxide (NO) is oxidized rapidly and spontaneously to nitrogen dioxide (NO2). The latter has two functions. First, it abstracts one of the benzylic hydrogens from the substrate to form the benzyl radical, nitric oxide and water. Second, it oxidizes selenium to SeO2 (or H2SeO3) formed in the presence of water), which then selectively oxidizes the benzyl radical to the corresponding aldehyde and finally to the acid [73].
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Scheme 7. The mechanism of nitrogen oxides/SeO2 benzylic oxidations. 






Scheme 7. The mechanism of nitrogen oxides/SeO2 benzylic oxidations.
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Oxidation of the methylene group of enolizable ketones with SeO2 in acetic acid or in 1,4-dioxane provides α-oxidation to α-diketones. Indolones oxidized in this way gave α-diketones in 51%–95% yields [74]. The chemoselective reactions of selenium(IV) oxide with differently substituted 1,4-adducts derived from substituted arylidene acetophenones 24 were also described. This reaction has been shown to be dependent on the nature of the substituent present, leading to different products by α-oxidation to diketones, α-oxidation followed by dehydrogenation or followed by dehydrogenation, enolization, and cyclization (Scheme 8) [75].
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Scheme 8. Selenium(IV) oxide oxidation of ethyl 3,5-diaryl-2-cyano-5-oxapentanoate. 






Scheme 8. Selenium(IV) oxide oxidation of ethyl 3,5-diaryl-2-cyano-5-oxapentanoate.
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In one of the steps of the total synthesis of novel natural product 6-epi-(−)-hamigeran B (25), isolated from a poecillosclerid sponge, α-methylene group in cyclohexanone moiety was oxidized to an α-keto group in 80% yield with SeO2 in dioxane-water in the presence of catalytic amounts of acetic acid (Scheme 9) [76].
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Scheme 9. Synthesis of 6-epi-(−)-hamigeran B. 






Scheme 9. Synthesis of 6-epi-(−)-hamigeran B.
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An improved procedure for the microwave-assisted selenium(IV) oxide oxidation of aryl methyl ketones to aryl glyoxals and diarylethanones to 1,2-etanediones, was elaborated using dimethylsulfoxide as solvent [77,78]. Under focused monomode microwave irradiation, camphor (26) and camphor sulfonic acid (27) (Scheme 10), and also camphor sulfonylimine, were oxidized with SeO2 to the respective 3-oxocompounds 28 and 29, with the further advantage of an almost quantitative precipitation of elemental selenium which was easy to remove from the reaction mixture by filtration [79].
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Scheme 10. SeO2 oxidation of camphor derivatives. 






Scheme 10. SeO2 oxidation of camphor derivatives.



[image: Molecules 20 10205 g010]





For synthesis of the 1,2,3-trione compounds from 1,3-diketones H2O2/SeO2 was used as oxidative agents and THF-H2O as solvent. This method provides better yields in comparison with other similar methods [80].




2.4. Dehydrogenation and Oxidative Bond Cleavage


Elimination reactions, including dehydrogenation, are favoured when a strong conjugated system can be formed, and are often applied for aromatization of unsaturated carbocyclic and heterocyclic rings. For this purpose selenium(IV) oxide is a good reagent. Some examples have been given in reviews [4,9]. More recently 1,4-dihydropyridines were aromatized in 87%–98% yields using stoichiometric SeO2 at ambient temperature [81]. Aromatization of Hantzch 1,4-dihydropyridines 30 to the corresponding pyridines 31 was carried out in high yield under heterogeneous conditions using silica-supported P2O5 and SeO2 as the stoichiometric oxidant (Scheme 11) [82]. In one of the steps of the synthesis of antimicrobial pyrimidine-5-carboxylates, the 3,4-dihydropyrimidine ring was aromatized to a pyrimidine ring using SeO2 [83]. Microwave-assisted dehydrogenation of 4,6-diaryl-4,5-dihydropyridazin-3(2H)-ones to 4,6-diarylpyridazin-3(2H)-ones, with SeO2 in the solid state is a good way for the aromatization of the heterocyclic ring because of the short reaction times and high yields of products (79%–84%) [84].
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Scheme 11. Selenium(IV) oxide-mediated aromatization of Hantzch 1,4-dihydropyridines. 






Scheme 11. Selenium(IV) oxide-mediated aromatization of Hantzch 1,4-dihydropyridines.
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A new method for the synthesis of 5-azaindole involves [3+2] dipolar cycloaddition between nitriles and a 3,4-cyclopropanopiperidine, followed by SeO2 oxidation [85]. It affords the target compounds in moderate to excellent yields. Selenium(IV) oxide oxidation of cholesterol reveals a solvent-dependent product selectivity and provides a facile one-pot synthesis of its derivatives, including aromatic analogs of naturally occurring ergosterol [86].



Attack of selenium(IV) oxide at activated positions can lead to oxidative bond cleavage when appropriate leaving groups are present. Aryl propargyl ethers undergo oxidation at the α-alkynyl position to afford a phenolic species and propargyl aldehyde. The analogous aryl allyl ether fragmentations occur in somewhat lower yields. (Hydroxyaryl)pyrazolines were oxidized with nitrogen extrusion to afford 2-hydroxychalcone [9,30].



It was found that during the H2O2/SeO2 oxidation of lupanone oxime, nitrogen atom elimination takes place to yield two different lactones. Contrary to the earlier observation that the nitrogen of the oximes remains intact during its reaction with only SeO2, in this case the addition of H2O2 has been found to remove the nitrogen during the course of the reaction [87]. Selenium(IV) oxide-catalyzed oxidation of acetic acid hydrazide by bromate gives acetic acid as the oxidation product. Kinetic studies have shown that the reaction proceeds through formation of a complex between the catalyst and hydrazine which will be oxidized by the oxidant in a rate determining step [88]. Selenium(IV) oxide also catalyzes the oxidation of nicotinic acid hydrazide (NIH) by bromate in hydrochloric acid medium. The NH2 group of the hydrazoic moiety and pyridine nitrogen of the NIH forms protonated species which are involved in two ion pair complexes with the oxidant in a prior equilibrium. In the case of the uncatalyzed reaction the complex with the protonated hydrazoic moiety decomposes to give the corresponding acyl diimide intermediate, while that of the pyridine nitrogen decreases the rate of reaction. In the presence of selenium(IV) oxide as catalyst, the NIH reduces the catalyst to H2SeO2, which is oxidized by the oxidant to complete its catalytic cycle. The reaction product is found to be nicotinic acid and there is no intervention of any free radicals [89].




2.5. Oxidative Cyclization and Ring Transformations


Selenium(IV) oxide reacts with semicarbazones of aldehydes or ketones under heating in acetic acid or dioxane. An oxidative ring closure takes place and 1,2,3-selenadiazoles are produced. This method has long been used for synthesis of these heterocycles, and has a practical value because these species are utilized as useful synthetic intermediates through a variety of thermal and photochemical decomposition reactions with the loss of nitrogen and/or selenium. More recently, ethoxycarbonyl hydrazones and tosylhydrazones were also used for the reaction with SeO2 in acetic acid. A number of works on the synthesis and use of 1,2,3-selenadiazoles has been discussed in reviews [9,90,91,92] and in more recently published original papers [93,94,95,96,97,98,99,100]. Synthesis of novel benzopyrano-1,2,3-selenadiazole and spiro[benzopyrano]-1,3,4-thiadiazoline derivatives as possible antitumor agents is an example [96].



Most ring syntheses of 1,2,5-selenadiazoles and their fused systems such as 2,1,3-benzoselenadiazoles involve the reaction of 1,2-diamines with selenium(IV) oxide or selenium oxychloride [9,90,93,101]. For example, 1,2-phenylenediamine and different ring-substituted derivatives were cyclized to 2,1,3-benzoselenadiazoles in good to excellent yields. Some of them are valuable synthetic intermediates [102,103].



Various substituted 4-hydroxyimidazoles were obtained in a single-pot synthesis by SeO2 oxidation of 1,3-diazabuta-1,3-dienes [104]. Selenium(IV) oxide-mediated oxidative amidation of arylglyoxals with secondary amines, carried out under microwave irradiation gave the α-keto amides, followed by an acid-promoted deprotection and cyclization to afford quinoxalinones and diazepinones in moderate to good yields. For example, in the presence of SeO2 in CH2Cl2, reaction of PhCOCHO and 2-(BocNH)C6H4NHBu-i, followed by treatment with trifluoroacetic acid gave quinoxalinone in 65% yield [105]. A simple method to preparation of indeno[2,1-b]thiochromene-6,11-dione (33) from 2-methyl-3-phenylthiochromen-4-one (32) involves an intramolecular Friedel-Crafts reaction-oxidation cascade. It starts from SeO2 oxidation of 2-methyl group into formyl group which subsequently acylate of adjacent benzene ring, to give a new cyclopentanone ring (Scheme 12) [106].
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Scheme 12. Intramolecular Friedel-Crafts reaction-oxidation of indeno[2,1-b]tiochromene-6,11-dione promoted by selenium(IV) oxide. 






Scheme 12. Intramolecular Friedel-Crafts reaction-oxidation of indeno[2,1-b]tiochromene-6,11-dione promoted by selenium(IV) oxide.
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The oxidative step of the one-flask synthesis of meso-tetraphenylporphyrin (34, Scheme 13), and other tetraarylporphyrins, was conducted with heterogeneous SeO2 as oxidant instead of the usual quinones DDQ or p-chloranil. The simplicity of the workup, allied with mild reaction conditions, makes this method a good option for the synthesis of this kind of compounds [107].
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Scheme 13. Synthesis of tetraphenylporphyrin through condensation of pyrrole and benzaldehyde followed by oxidation with SeO2. 






Scheme 13. Synthesis of tetraphenylporphyrin through condensation of pyrrole and benzaldehyde followed by oxidation with SeO2.
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Selenium(IV) oxide affects the oxidative ring contraction of some six-membered sulfa- and selenaheterocyclic rings (e.g., in selanachromene or tiochromene), to a five-membered ring [9]. The reaction of 2,3-dihydro-1H-1,2-diazepino[3,4-b]quinoxaline with SeO2 in AcOH/H2O resulted in ring transformation to give the 1,4-dihydro-4-oxopyridazino[3,4-b]quinoxaline [108], while the result of oxidation of dialkyl-3H-azepines depends on the position of alkyl groups and different compounds, among them ring-opening and ring-contraction products are formed [109].




2.6. Miscellaneous Oxidative Transformations


There are several reports on the use of SeO2 as a stoichiometric oxidant, and more often as a catalyst, for oxidative transformations of different organic compounds, other than those mentioned in the previous sections. Aromatic aldehydes and ketones treated with selenium(IV) oxide react in different ways. Hydrogen peroxide with a catalytic amount of SeO2 promotes the Bayer-Villiger reaction of various aromatic aldehydes possessing hydroxy or methoxy substituents. Oxidation of aromatic aldehydes 35 having no substituents or these ones bearing methyl groups lead to the corresponding carboxylic acids 36. Similar results were found for aromatic aldehydes having one or two electron-withdrawing groups, although for disubstituted ones the reaction proceeded more slowly. In all these cases, arenecarboxylic acids were isolated in yields of above 83%. Even benzaldehydes having the electron-donating methoxy group in the ortho or o- or p-position produced substantial amounts (44%–46%) of acids 36 beside phenols 37. Oxidation of aromatic dialdehydes resulted in production of dicarboxylic acids in 80%–93% yields. Aliphatic aldehydes undergo oxidation to carboxylic acids substantially faster than aromatic ones and carboxylic acids were produced in 80%–100% yield (Scheme 14) [110]. Treatment of acetophenone and acetone with hydrogen peroxide in tertiary butanol with selenium dioxide as catalyst gave phenylacetic acid and propionic acid with selectivities of 80% and 97%, respectively [111].
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Scheme 14. Selenium(IV) oxide catalyzed oxidation of aldehydes. 






Scheme 14. Selenium(IV) oxide catalyzed oxidation of aldehydes.
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Selenium(IV) oxide promotes C-C bond formation. A direct and efficient protocol for the preparation of unsymmetrical and heteroaryl 1,2-diketones through oxidative coupling between the α-carbon atom of the aromatic ketone with unactivated arenes in the presence of SeO2 and p-TsOH·H2O was reported. In this way unsymmetric benzils were obtained in good yield (38%–75%). A plausible mechanism is shown in Scheme 15. The oxidation of acetophenone 38 to glyoxal 39 by SeO2, is followed by the preferential formation of an O–Se bond through the carbonyl oxygen atom of the aldehyde group in the presence of p-TsOH·H2O, to give the intermediate 40. The activating effect of the keto group and the formation of the O–Se bond generate a strong electrophilic centre at the aldehyde carbon atom of 40, which is highly susceptible to attack from electron-rich arenes to give the selenite intermediate 41. Oxidative decomposition of 41 led to the final product 42 [112].
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Scheme 15. Proposed mechanism for the one-pot synthesis of unsymmetrical benzils. 
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Oxidative cyclization of 2-hydroxybenzoylacrylonitriles 43 with selenium(IV) oxide was the final step of synthesis of 2-alkyl-, 2-aryl-, and 2-heteroaryl-3-cyanochromones 44 (Scheme 16) [113].
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Scheme 16. Synthesis of 2-substituted 2-cyanochromones. 
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Oxidative coupling of racemic 1-ethoxy-1-oxophosphindolin-3-one and its 5-CF3-derivatives with SeO2 furnishes 1,1′-diphosphaindigo derivatives [114]. A facile synthetic approach for the synthesis of α-ketoamides 46 by reaction of selenium(IV) oxide-mediated oxidative amidation between arylglyoxals 45 and secondary amines accelerated with microwave irradiation was described (Scheme 17) [115].
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Scheme 17. Selenium(IV) oxide-mediated synthesis of α-ketoamides. 






Scheme 17. Selenium(IV) oxide-mediated synthesis of α-ketoamides.
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Differently ring-substituted anilines were oxidized to nitroso compounds or azoxybenzenes using hydrogen peroxide and various catalysts, including selenium(IV) oxide. As has been shown for methyl 4-aminobenzoate the result depends strongly on the solvent. Treatment of this compound with H2O2/SeO2 in methanol at room temperature furnishes exclusively the azoxybenzene. By conducting the oxidation with the same reagent in aprotic, non-polar dichloromethane, the nitrosoarene was a major product [31,116].



Selenium(IV) oxide alone and H2O2/SeO2 oxidize sulfides to sulfoxides and/or sulfones . The C–N bond in some endocyclic sulfonamides can be split off and converted into a carbonyl group by oxidation with SeO2 followed by hydrolysis. Symmetrical and unsymmetrical diketones are readily prepared by this method [117]. Selenium(IV) oxide catalyzed oxidation of benzotriazole thioethers by H2O2, proceeds selectively and yields sulfoxide only while oxidation by H2O2 without catalyst is not selective and sufoxides and sulfones are formed [118].



Selenium containing sub-valence heteronuclear peroxotungstate, [C18H37N(CH3)3]4[H2SeIV3W6O34] was found to be a good catalyst for hydrogen peroxide oxidation of dibenzothiophene to its corresponding sulfone under mild biphasic conditions [119]. Another selenium(IV)-containing dinuclear peroxotungstate, [(n-C4H9)4N]2[SeO4{WO(O2)2}2] was used for the hydrogen-bond-assisted epoxidation of homoallylic and allylic alcohols with H2O2. This system has an advantage over H2O2/SeO2 system such as high yields, selectivity to epoxy alcohols, efficiencies of H2O2 utilization (use of 1 equiv. H2O2, or organic hydroperoxide, with respect to a substrate instead of excess) and mild reaction conditions [120].





3. Organoselenium Compounds as Oxidizing Agents and Oxidation Catalysts


Until the early 1970s only selenium(IV) oxide (for instance, in allylic oxidations) and elemental selenium (as dehydrogenating agent) had been applied for synthetic purposes. Following the discovery of a broad spectrum of organoselenium compounds of practical importance as reagents, catalysts and intermediates, they began to play an important role in synthetic organic chemistry, judging from the numerous original papers, books and review articles that have appeared over the years [1,2,3,4,5,6,7,8,9,10,17]. Because only a few organoselenium compounds which can be used as stoichiometric oxidants or catalyst are commercially available and some of them are expensive, the methods for their preparation have been elaborated in detail. Moreover, most of them has been applied in catalytic amounts only and some of them can be recovered and reused.



3.1. Selenides and Selenoxides


Synthetic applications of selenides and selenoxides as reagents or oxygen-transfer catalysts are less common than the use of selenium(IV) oxide and are limited to only a few cases. Selenoxides and selenides have been used as catalysts in both H2O2/R1Se(O)R2 or H2O2/R1SeR2 systems, since the selenoxides are generated in situ from selenides and returned to the reaction cycle. It has long been known that the selenoxides, particularly diphenyl, bis(p-methoxyphenyl) and dimethyl, are mild reagents and catalysts for oxidation of various organic compounds such as alkenes, alcohols, thiols, sulfides, phosphines, hydrazides, amines, catechols, halomethylarenes and trivalent phosphorus compounds [4,6,9,17,121].



In recent years some new selenides and selenoxides were applied as catalysts of oxidative transformations of different organic compounds. 2-Carboxyphenyl phenyl selenide was successfully used as catalyst for hydrogen peroxide oxidation of sulfides into sulfoxides and/or sulfones [122]. Benzyl 3,5-bis(trifluoromethyl)phenyl selenoxide is an efficient catalyst for the epoxidation of various olefinic substrates and the Baeyer–Villiger oxidation of aldehydes and ketones with hydrogen peroxide [123]. Another oxygen-transfer, easy-to-regenerate, catalyst 2,4-bis(perfluorooctyl)phenyl butyl selenide was used for epoxidation of alkenes by 60% hydrogen peroxide in fluorinated solvents [124]. Oxidation of aldehydes and ketones 47 under mono-, bi- or triphasic conditions with 3,5-bis(perfluoro-octyl)phenyl butyl selenide gave carboxylic acids or carboxy esters, respectively. The active intermediate was the corresponding bis(perfluorooctyl) benzeneperoxyseleninic acid 48 (Scheme 18) [125].
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Scheme 18. Selenium catalyzed oxidation of carbonyl compounds with aqueous hydrogen peroxide. 
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It has been found that allyl selenides are good catalysts for the TBHP oxidation of benzylthiol to benzyldisulfide although there is no experience of their use in practical synthesis. Evidence has been put forth showing that 3-hydroxypropyl allyl selenide 49 acts in biomimetic way, like the enzyme glutathione peroxidase, being a precatalyst which undergoes a series of rapid oxidations and sigmatropic [2,3]-rearrangement steps to form a cyclic seleninate ester 50. This active intermediate is involved in a catalytic cycle as shown in Scheme 19. Aromatic cyclic seleninate esters and spirodioxyselenuranes, although less active, can act in a similar way [126,127,128,129]. Kinetic study results have revealed that in the presence of H2O2 selenoxides are converted to hydroxy perhydroxy selenanes HOSe(R1,R2)OOH, which are kinetically better oxidizing agents than selenoxides [130]. The evaluated ability of PhSeZnCl to catalyze the oxidation of thiols to disulfides was also correlated to a catalytic glutathione peroxidase-like activity and in the same work, the first evidence that vinyl phenylselenides can promote the oxidation of thiols reducing hydrogen peroxide through the formation of a selenoxide intermediate was also reported [131]. Two chlorooxaselenuranes were used for oxidation of sulfides into sulfoxides [132].



Dendrimeric polyphenyl selenide can catalyze the oxidation of bromide with hydrogen peroxide for subsequent reaction with alkenes (Scheme 20) [133]. A dendrimer with twelve PhSe groups showed an autocatalytic effect which resulted in the turnover numbers above 6 × 104. The reaction is initiated by the bromonium cation generated in the uncatalyzed background reaction [129,134]. An impressive catalyst for the bromination of arenes and for bromolactonization is (4-hydroxymethyl) phenyl selenoxide. The catalyst is easily separated from the reaction mixture by filtration and can be reused without loss of activity [135].
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Scheme 19. Allyl selenide 49 as a catalyst for TBHP oxidation of benzylthiol to benzyldisulfide. 






Scheme 19. Allyl selenide 49 as a catalyst for TBHP oxidation of benzylthiol to benzyldisulfide.
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Scheme 20. Oxidation of bromide ion with dendrimeric polyphenyl selenide. 
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3.2. Seleninic Acids and Their Derivatives


In the 1970s and 1980s Barton, Ley and Back recognized the synthetic utility of benzeneseleninic acid C6H5SeOOH (51) and anhydride (C6H5Se)2O (52) as oxidants, or catalysts of hydrogen peroxide oxidation. A couple of years later, 2-nitro- and 2,4-dinitrobenzeneseleninic acids (53 and 54) were also successfully employed as oxidants and catalysts for hydrogen peroxide oxidation of various organic compounds. The methods for their preparation and use in synthesis have been the subject of reviews [1,4,6,8,9,17,136,137,138]. They are easily prepared by oxidation of the corresponding diselenides with ozone, TBHP or H2O2. The acid 51 and anhydride 52 are commercially available reagents. The acids 51, 53, 54 and anhydride 52 show some similarity to selenium(IV) oxide in their behavior, but often react more cleanly, making isolation of the products less troublesome. Moreover, the formation of evil-smelling by-products is minimized and formation of red selenium is generally avoided.



In the older works it has been revealed that oxidation of phenols with acid 51 provides an useful route to 1,4-quinones, while the use of anhydride 52 affords chiefly the corresponding 1,2-quinones. When the reaction was carried out in the presence of hexamethyldisilazane, a reactive intermediate, namely oligomeric (RSeN)4 was formed and then oxidized a phenol to a selenoiminoquinone. The reduction of selenoiminoquinones gave o-hydroxyanilines or their derivatives. Polystyrene-supported acid 51 was employed as catalyst for TBHP oxidation of benzyl and allyl alcohols into aldehydes and phenols into quinones. Alkyl groups in alkylarenes and alkylheteroarenes were oxidized with anhydride 52 into formyl or keto groups. A variety of carbonyl compounds were dehydrogenated to the corresponding α,β-unsaturated derivatives. When iodoxybenzene (PhIO2) or 3-iodylbenzoic acid was used a stoichiometric oxidant, anhydride 52 or its precursor, diphenyl diselenide, was employed in a catalytic amount. Anhydride 52 was also used as a reagent for α,β-dehydrogenation of lactones and lactams, but in some cases the lactams were oxidized to imides. Acid 51, and more often anhydride 52, were employed for oxidation of sulfides, thioketones and thioacetals, and for oxidation of nitrogen compounds such as hydrazines, hydrazides, amines, imines, hydroxylamines, and enamides [6,7,8,9].



Oxidation of indolines affords the corresponding indoles, and this method was successfully applied to the final step in total synthesis of ergot alkaloids, among them (±)-lysergol 55 (Scheme 21) [139].
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Scheme 21. Dehydrogenation with anhydride 52 in the total synthesis of (±)-lysergol. 
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Potassium benzeneseleninate 57 was employed for the oxidation of halomethylarenes 56 into aldehydes 58. Diphenyl diselenide (59) resulting from this reaction can be quantitatively converted into salt 57 and reused (Scheme 22) [140].
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Scheme 22. Oxidation of halomethylarenes with potassium benzeneseleninate. 






Scheme 22. Oxidation of halomethylarenes with potassium benzeneseleninate.
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Acids 53, 54 and related diselenides were applied as catalysts for hydrogen peroxide and TBHP oxidation of different groups of aldehydes and aryl methyl ketones into phenol formates or acetates which are subsequently hydrolysed to phenols in one-pot procedures. In the same way the vinyl formates, accompanied by the products of their subsequent transformations, were obtained from α,β-unsaturated aldehydes. Epoxidation of styrene and its analogues with hydrogen peroxide catalyzed by acid 53 also has synthetic value. The same reagent was used for practical conversion of N,N-dimethylhydrazones into nitriles, while aldoximes in the presence of primary or secondary alcohols produced carboxy esters. Pentaflurobenzeneseleninic acid and 2-(N-oxide)pyridineseleninic anhydride are reagents used for the oxyfunctionalization of the allylic position in alkenes and oxidation of the hydroxymethyl group into the formyl group [6,9].



In conjunction with iodoxybenzene as reoxidant an easily accessible perfluorooctaneseleninic acid (C8F17Se(O)OH) was employed as the catalyst in allylic oxidations leading to α,β-unsaturated carbonyl compounds in moderate to good yield. After a reductive workup with sodium metabisulfite the catalyst was recovered by fluorous extraction in the form of bis(perfluorooctyl) diselenide, which itself serves as a convenient catalyst precursor [141]. The same oxidation system was used for the efficient oxidation of alkyl aryl ketones to ketoacids and even benzylic methylene groups were oxidized to the corresponding ketones [142]. Polystyrene-supported benzeneseleninic acid and hydrogen peroxide was shown to be an efficient and mild reagent for the directly conversion of both aromatic and aliphatic aldoximes into carboxylic acid esters [143].



Areneseleninic acids like selenoxides were used as catalysts for the oxidation of bromide with hydrogen peroxide to hypobromite and bromine in a two-phase reaction mixture. Among various areneseleninic acids tested as catalysts, the most effective were benzeneseleninic acid 51 and 4-methoxybenzeneseleninic acid. Br2 and NaOBr generated in situ bring on the cyclization of γ,δ-unsaturated acids, such as for example, 4-pentenoic acid 60 or related unsaturated alcohols, which give the lactone 61 accompanied by a small amount of dibromo acid 62 (Scheme 23). Similarly, the electrophilic bromination of activated aromatic rings can be performed in high yield [144,145].
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Scheme 23. Bromolactonization of an γ,δ-unsaturated acid via benzeneseleninic acid catalyzed oxidation of NaBr with H2O2. 






Scheme 23. Bromolactonization of an γ,δ-unsaturated acid via benzeneseleninic acid catalyzed oxidation of NaBr with H2O2.
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Oxidation of phenols with anhydride 52 was applied for conversion of the phenolic part of chiral cyclophanes into quinone [146]. Treatment of 13-ketobaccatin III (a precursor of the anticancer drug pactitaxel) with the same reagent resulted in novel A, B ring rearranged products [147]. 1,2-Dicarbonyl compounds employed as key-intermediates in indolone-N-oxide synthesis were prepared in 20%–70% yield by direct oxidation of aryl- and alkyl-substituted alkenes by benzeneseleninic anhydride [148] t-Butylhydroperoxide in the presence of catalytic amount of benzeneseleninic anhydride was an effective oxidizing agent for the selective oxidation of alcohols at the benzylic position. The ketones were obtained in good yields [149]. Reaction of 2,3-dioxochlorins with benzeneselenic anhydride results in the formation of unusual ring-contracted azetine derivatives that further react with anhydride to afford porpholactones [150]. Direct dehydrogenation of spirostan sapogenin 63 with benzeneseleninic anhydride/iodoxybenzene in the presence of BF3/Et2O, afforded 23-oxosapogenins in addition to their 22-oxo-23-spiro isomers. In the case of sarsasapogenin acetate 63 the major reaction product the 23-spiro-22-ketone 64 was accompanied by 23-oxosarsasapogenin acetate 65 (Scheme 24) [151].
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Scheme 24. Reaction of sarsasapogenin acetate 63 with benzeneseleninic anhydride. 






Scheme 24. Reaction of sarsasapogenin acetate 63 with benzeneseleninic anhydride.
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Most recently it has been revealed, that the cyclic seleninate ester 8 acts as a catalyst for the rapid and chemoselective oxidations of sulfides to sulfoxides with hydrogen peroxide in the presence of trifluoroacetic acid and also act as a catalyst for the conversions of alkenes to epoxides and of morpholinyl enamines to α-hydroxyketones. In some cases, such as in the oxidations of styrene, α-methylstyrene, and cinnamyl alcohol, oxidative cleavage of the alkene instead of epoxidation occurred to give either benzaldehyde or acetophenone. α-Methylstyrene oxide was converted to acetophenone under the reaction conditions, while α-methylstyrenediol did not react. Oxidations of morpholinyl enamines proceeds by the initial formation of diaminodioxanes, which are hydrolyzed in situ to give α-hydroxyketones such as 2-hydroxycyclohexanone [152].




3.3. Diselenides


Diselenides RSeSeR are known as precatalysts for catalytic oxidations. The use of these widely available compounds in the past decades as catalysts for the oxidation of different functional groups of organic compounds has been summarized elsewhere, e.g., in the reviews [4,6,7,9,17,146,153]. Diphenyl diselenide is a commercially available compound, whereas other diselenides can be easily obtained in the reaction of alkyl, aryl, and heteroaryl halides or tosylates with dilithium or disodium diselenide formed in situ from elemental alkaline metal and selenium in aprotic media [7,146,147,153,154].



Currently, diselenides have been used more frequently than seleninic acids. They act as catalysts for the oxidation of different organic compounds with hydrogen peroxide, TBHP and other oxygen donors. The proposed mechanism of the oxidation of organic substrate in the presence of areneseleninic acid 66 or its precursor the diaryl diselenide 67, is presented in Scheme 25. Diselenide 67 is oxidized in situ with hydrogen peroxide or TBHP into seleninic acid 66 and then to active oxygen donor the areneperoxyseleninic acid 68. 2-Nitro and 2,4-dinitrobenzeneperoxyseleninic acids were obtained by hydrogen peroxide oxidation of the corresponding diaryl diselenides and fully characterized [155]. In an anhydrous medium the mechanism can be more complex. The well-known oxidation of activated alcohols (e.g., benzyl alcohol) with TBHP catalyzed by diphenyl diselenide was reinvestigated using a range of analytical techniques.
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Scheme 25. The mechanism of hydroperoxide oxidation of organic substrate catalyzed by diaryl diselenide or areneseleninic acid. 






Scheme 25. The mechanism of hydroperoxide oxidation of organic substrate catalyzed by diaryl diselenide or areneseleninic acid.
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Evidence was found for the involvement of seleninic anhydride in the catalytic mechanism. An improved protocol for the selective oxidation of activated alcohols to aldehydes was devised resulting in significantly decreased catalyst loadings (<1%) [156]. It has been observed that the effectiveness of selenium catalysts strongly depends on the substrate used. While ortho-substituted diphenyl diselenides are the best catalysts for hydrogen peroxide oxidation of sulfides into sulfoxides and ketazines to their parent ketones, the poly(bis-1,2-phenylene) diselenide 74 was selected for preparative oxidation of various aromatic aldazines, aldoximes, and conversion of tosylhydrazones into arenecarboxylic acids [157]. In the presence of poly(bis-9,10-anthracenylene) diselenide (75) a broad spectrum of aliphatic, unsaturated and aromatic nitriles was obtained, in excellent preparative yields, by oxidation of the corresponding N,N-dimethylhydrazones [158]. It was the catalyst of choice for oxidation of cycloalkanones 81 to cycloalkanecarboxylic acids 82 (Scheme 26). Since the cycloalkanones are cheap and easily available substrates, the elaborated method is suitable for the synthesis of acids 82, particularly those having five-, six- and seven-membered rings. The mechanism of the ring contraction was also proposed [159].
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Scheme 26. Oxidative conversion of cycloalkanones 81 into cycloalkanecarboxylic acids 82 catalyzed by poly(bis-9,10-anthracenylene) diselenide 75. 






Scheme 26. Oxidative conversion of cycloalkanones 81 into cycloalkanecarboxylic acids 82 catalyzed by poly(bis-9,10-anthracenylene) diselenide 75.
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The bis[2-nitro-4-(trifluoromethyl)phenyl] diselenide 77 was found to be an efficient catalyst for hydrogen peroxide oxidative degradation of the electron-rich benzene ring of phenols.



Depending on the substrate used, muconic acid ((2E,4E)-hexa-2,4-dienedioic acid, 83), muconolactones 84 or 1,4-benzoquinones 85 were produced in satisfactory to good yields (Scheme 27). Similar ring-degradation took place, when substituted naphthalenes were oxidized. Cinnamic acid or benzofurane derivatives were the final products [160,161].
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Scheme 27. Oxidative conversion of phenols to muconic acid and muconolactones. 






Scheme 27. Oxidative conversion of phenols to muconic acid and muconolactones.
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The 1,2-bis[3,5-bis(trifluoromethyl)phenyl] diselenide 80 has been reported as significantly more active than other previously described selenium catalysts for the epoxidation and Baeyer-Villiger oxidation of carbonyl compounds with hydrogen peroxide [162,163]. Most recently dibenzyl diselenide was found to be the best precatalyst for the same oxidation of (E)-α,β-unsaturated ketones with hydrogen peroxide. The catalyst used in this reaction could be recycled and reused several times [164].



A highly efficient and green strategy for the epoxidation of fatty esters, combining a green oxidant (aq. hydrogen peroxide) and a recyclable catalyst 80 was presented. The possibility of integrating renewable solvents derived from glycerol in the productive cycle of biodiesel commodities was also explored. Fluorinated solvents (both commercial and glycerol-derived) play a double key role on this methodology. They strongly accelerate epoxidation reaction with respect to common non-fluorinated solvents and, on the other hand, some of them allow catalyst recycling [165].



It was reported that diselenides bearing trifluoromethanesulfonate groups catalyzed the oxidation of cyclohexanones into the corresponding lactones in 59%–99% yield. The oxidation of 2,5-dimethoxybenzaldehyde made it possible to obtain of 2,5-dimethoxyphenol almost quantitatively. The reaction was carried out in dichloromethane at room temperature and no fluorous solvent was required [166]. A low loading and recyclable diselenide 80 was found as an excellent catalyst for hydrogen peroxide oxidation of cyclohexene to trans-1,2-cyclohexanediol in 96% yield [167].



Novel optically active diselenides, having a chiral oxazoline moiety, were prepared and used as catalysts for hydrogen peroxide oxidation of a variety of cyclobutanones. The corresponding γ-lactones were obtained in up to 92% yield but the enantioselectivity of the product was not satisfactory [168]. The enantiospecific synthesis of several bicyclic enones 87, starting from enantiomerically pure (+)-(1S,5S)-bicyclo[3.3.1]-nonane-2,6-diones 86 includes an oxidative unsaturation step with PhIO2/ (PhSe)2 (Scheme 28) [169].
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Scheme 28. Oxidative unsaturation of (+)-(1S,5S)-bicyclo[3.3.1]-nonane-2,6-diones. 






Scheme 28. Oxidative unsaturation of (+)-(1S,5S)-bicyclo[3.3.1]-nonane-2,6-diones.
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Some diaryl diselenides, patricularly diphenyl diselenide and di(3-fluorophenyl)diselenide) are effective and reusable catalysts for the hydrogen peroxide dehydration of oximes leading to a practical and scalable preparation of useful nitriles under mild conditions [170].



A two-stage catalytic process using H2O2/urea as a primary oxidant and benzothiazine dioxide with diselenide 80 as oxygen transfer cocatalysts was applied to the epoxidation of alkenes and oxidation of saturated and unsaturated aliphatic substrates. For tertiary alkanes and cycloalkanes C-H hydroxylation is strongly preferred, even for starting materials in which methylene oxidation enjoys a significant statistical advantage. Substrates possessing equatorial C-H groups on cyclohexane rings are optimal, as highlighted by the reaction of cis-decalin. Alkenes are efficiently oxidized to epoxides [171]. Hydrogen peroxide in the presence of diphenyl diselenide oxidized alkenes to epoxides that are subsequently hydrolyzed to 1,2-diols [172].



A method for in situ generation of nitroso compounds from oxidation of anilines 88 by hydrogen peroxide in the presence diphenyl diselenide as catalyst was developed. The generated nitroso compounds 89 were subsequently used in hetero-Diels-Alder reactions. A variety of oxazines 90 were synthesized in reasonable to good yields by this one-pot procedure using primary aromatic amines with different substituents and various conjugated dienes (Scheme 29) [173].



Water-soluble diphenyl diselenides having the benzene ring substituted with the N-methyl-imidazolium group, have proven to be efficient catalysts for the oxidation of NaBr with H2O2, and various organic substrates can be brominated in this way [174].
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Scheme 29. Organoselenium-catalyzed oxidation of aniline analogs followed by hetero-Diels-Alder reaction with 1,3-cyclohexadiene. 






Scheme 29. Organoselenium-catalyzed oxidation of aniline analogs followed by hetero-Diels-Alder reaction with 1,3-cyclohexadiene.
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3.4. Selenenamides and Related Compounds


Three decades ago it was revealed that a simple, synthetically available cyclic selenenamide 2-phenylbenzisoselenazol-3(2H)-one (7) named ebselen could act against oxidative stress in a similar way to the common selenoenzyme glutathione peroxidase (GPx). Later it was found that other 2-substituted benzisoselenazol-3(2H)-ones, cyclic selenenamides 91–93 and their open-chain analogues, among them bis[(2-carbamoylphenyl)-phenyl] diselenide (94, Figure 1) are able to deactivate active oxygen species present in the living cell, such as peroxides, hydroperoxides, hydroxyl radicals and superoxide anion. The mode of their biological action has been postulated to be similar to that observed for GPx, and results in dehydrogenation of thiols into disulfides while hydrogen peroxide is reduced to water. Biomimetic oxidation of various thiols into disulfides, moderate by ebselen and the other organoselenium compounds, is beyond the scope of this article and it has been discussed elsewhere [175,176,177,178,179].


Figure 1. The cyclic selenenamides 7, 91–93 and related diselenide 94.
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Other works showed the evidence that the ebselen, related selenenamides and diselenides could catalyze the oxidation of various organic compounds with hydroperoxides. The catalyst 7 (R=H) was used in 5 mol %, and diselenide 94 in 2.5 mol % while the stoichiometric oxidant was 30% hydrogen peroxide or 80% TBHP.





The catalytic acivity of ebselen (7, R = Ph) for hydroperoxide oxidation of different groups of organic compounds, raised a question about the role of the oxidant and catalyst in this reaction, the more so because a similar activity of seleninamide (selenoxide) 95, and related open-chain diselenides 94 was observed [180,181]. Oxidation of aromatic aldehydes, having electron-donating substituents, with TBHP in the presence of ebselen led almost exclusively to the corresponding carboxylic acids, thus avoiding the Baeyer-Villiger rearrangement. Studying this reaction in more detail, it was found that ebselen treated with a large excess of hydrogen peroxide, under cooling, yielded an unstable crystalline compound, i.e., the hydroperoxyselenurane 96. A more stable and fully characterized analogue 97 was obtained under similar conditions by oxidation of the corresponding benzisoselenazol-3(2H)-one with hydrogen peroxide or with TBHP (Scheme 30). It seems possible, that treatment of organic substrates in the presence of ebselen, but also seleninamide 95 or related diselenide, with a large amount (100-fold molar excess) of hydroperoxide results in the formation of hydroperoxyselenurane 96, being the active oxygen donor involved in oxidation of the organic substrate [182]. On the other hand, it has been shown that the GPx-like catalytic mechanism of ebselen is different for the antioxidant and anti-inflammatory activities and involves reversible cyclization of the selenenic acid (RSeOH) to ebselen. The long duration reaction of ebselen with hydrogen peroxide (10-fold molar excess) produces exclusively the corresponding seleninic acid 98, being a crucial intermediate involved in the postulated oxidation mechanism [183].



Using H2O2/ebselen sulfides were exclusively oxidized into sulfoxides. Aromatic aldoximes oxidized in methanol give carboxymethyl esters in 62%–82% yield. Nitriles were produced, almost quatitatively, from N,N-dimethylhydrazones by oxidation with H2O2/ebselen or from benzylamines, oxidized with TBHP/ebselen in 62%–70% yield. Hydrogen peroxide oxidation of ketazines gave the parent ketones in 62%–98% yield. Cyclooctene treated with TBHP gave epoxide, accompanied with trace amounts of 3-hydroxycyclooctene, resulting from α-hydroxylation. It was postulated, that all these reactions have ionic character [6,9,17].
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Scheme 30. Oxidation of benzisoselenazol-3(2H)-ones with hydroperoxides. 






Scheme 30. Oxidation of benzisoselenazol-3(2H)-ones with hydroperoxides.
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Another mechanism, involving a radical could also be envisaged to explain some other reactions. Catalyzed by ebselen, TBHP oxidation of alkylarenes to alkyl aryl ketones [184], anthracene to antraquinone, 1,4-dimethoxyarenes to 1,4-quinones (e.g., 2-methyl-1,4-dimethoxynaphthalene to menaquinone) [185], and the oxidative coupling of 2-aminophenol 99 to phenoxazinone 100 gave results similar to those with the one-electron oxidants Ce(IV), Ag(II), or Mn(III) [180,181], Moreover, oxidation of ketazine 101, derived from 2-acetylpyridine, gave a mixture of ketone 102 and condensed triazole 103 (Scheme 31) [184], The same results were obtained when cerium ammonium nitrate was used as the reagent. This suggest, that the reaction proceeds via cation-radicals.
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Scheme 31. TBHP/ebselen-mediated oxidation of o-aminophenol 99 and ketazine 101. 






Scheme 31. TBHP/ebselen-mediated oxidation of o-aminophenol 99 and ketazine 101.
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The catalytic activity of the various isoselenazolones in the bromolactonization of pent-4-enoic acid was investigated. Isoselenazolone 104 was found as an efficient catalyst in three reactions: the bromolactonization of alkenoic acids with bromine or N-bromosuccinimide (NBS) in the presence of potassium carbonate as base, the bromoesterification of alkenes using a variety of carboxylic acids, and the oxidation of secondary alcohols to ketones using bromine as an oxidizing agent [186].



Some benzisoselenazol-3(2H)-ones and open-chain selenenamide were covalently immobilized to the solid support, either silica or polymer. Two of them 105 and 106 (Figure 2) exhibited appreciable catalytic activity similar to the activity of ebselen, and could be easily recovered by filtration, and reused. The catalyst 105 has been applied for hydrogen peroxide oxidation of sulfides and TBHP oxidation of the aromatic aldehydes to acids, and alkylarenes to alkyl aryl ketones [187].The catalytic activity of 106 was demonstrated in TBHP oxidation of aldehydes to the corresponding carboxylic acids and benzylamines to nitriles. Moreover, the process was employed for hydrogen peroxide oxidation of azomethine compounds such as tosylhydrazones to the corresponding arenecarboxylic acids and ketones. Oximes were oxidized to the mixtures of esters and carboxylic acids while the N,N-dimethylhydrazones produced the mixtures of nitriles and carboxylic acids, depending on the substrate used and the reaction conditions [188].


Figure 2. Isoselenazolone 104, immobilized ebselen 105 and selenenamide 106.
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It should be noted that ebselen and its analogs 7 can be obtained easily, in the four-step synthesis, from anthranilic acid 107 and aniline via bis(2-carboxyphenyl) diselenide 108 and dichloride 109 (Scheme 32). The method has a more general value, because by using of various amines and other compounds with primary amino groups, different benzisoselenazol-3(2H)-ones and 2-substituted diphenyl diselenides, also these bounded to solid support, can be obtained in high yields [189,190]. More recently other competitive methods for the synthesis of ebselen and other benzisoselenazolones have been elaborated [9,90,186,191,192].
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Scheme 32. A general method for synthesis of benzisoselenazol-3(2H)-ones. 






Scheme 32. A general method for synthesis of benzisoselenazol-3(2H)-ones.
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4. Conclusions


In this work an attempt has been made to summarize the progress in the exploitation of the selenium compounds as oxidants and oxygen-transfer agents. It was shown that the classic reagent SeO2 is still used in modern organic synthesis as a primary oxidant or as catalyst. The biggest progress has been observed in the design and application of organoselenium compounds, particularly diselenides, areneseleninic acids, their derivatives and cyclic selenenamides as catalysts for oxidation of different functional groups of organic compounds with hydrogen peroxide, t-butyl hydroperoxide and iodoxybenzene. The most important reactions have been allylic α-hydroxylation, α-oxygenation of alkenes and enolizable ketones, epoxydation of alkenes, oxidation of methyl groups in arenes and heteroarenes, 1,2-hydroxylation of alkenes, dehydrogenation and oxidative C-O and C-C cleavage, oxidative ring closure and ring transformations, heteroatom N- and S-oxidation, Baeyer-Villiger conversion of ketones into lactones, regeneration of carbonyl groups from azomethine groups and others. The mechanisms of some important reactions have been discussed and their scope and limitations have been indicated. Links have been provided to reviews summarizing the earlier literature and to the methods of preparation of organoselenium catalysts. We expect that this review will serve as a valuable critical overview of the area, and it is hoped that the contribution will helps encourage further research in this field.
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