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β-Hydroxy hydroperoxides (β-hydroperoxy alcohols) are interesting chemical platforms, notably for the preparation of 1,2,4trioxanes, that are key features of numerous bioactive products such as artemisinin. In this review, the main synthetic methods to prepare β-hydroxy hydroperoxides are presented, such as the photooxidation of allylic alcohols with singlet oxygen and the ring-opening of epoxides with H2O2. The main applications of β-hydroxy hydroperoxides are also detailed, including their peracetalization to 1,2,4-trioxanes, their use as epoxidating agents and their fragmentation to carbonyl compounds. A final section is dedicated to the general characteristics and practical aspects of -hydroxy hydroperoxides, including their stability, safety and characterization through spectroscopic means.

Introduction

Oxidation reactions play an important role in the chemistry of life. One of the most well-known reactions is the oxidative phosphorylation where adenosine triphosphate (ATP) is formed. 1 This high chemical energy molecule is used by cells to store energy. Oxidation is also a fundamental reaction in chemistry. 2 Many oxidation methods have been developed to become nowadays one of the most used transformations. 3 Organic hydroperoxides and peroxides are part of the oxidation chemistry and their chemistry has been reviewed in some occasions. 4 They are used as reagents but they are also found as intermediates or products in numerous chemical processes such as polymerizations, 5 oxidations, 6 or in radical chemistry. 7 Among organic peroxides, β-hydroxy hydroperoxides, also named -hydroperoxy alcohols, 8 are interesting chemical platforms (Figure 1,a). The discovery of Artemisinin (Qinghaosu) by the Chinese scientist Tu Youyou in 1972 as an efficient anti-malarial drug has increased the scientific research attention on such particular species. 9 As a matter of fact, they are key precursors in the preparation of biologically active 1,2,4-trioxanes present in that drug and in all its derivatives (Figure 1,b). This peroxide bridge can be synthesized by acid-catalyzed acetalization of β-hydroxy hydroperoxide with carbonyl compounds (vide infra). Numerous chiral 1,2,4-trioxanes have been prepared and most of them are presenting different biological activities 10 such as antimalarial 11 but also anti-fungal, 12 anti-tumor, 13 anti-tuberculous, 14 or inhibitors of enzymes. 15 Despite its interest, the chemistry of -hydroxy hydroperoxides has not been reviewed to date. This review first presents the main synthetic tools to prepare such species. It intends to cover most reported methods, from the first uncatalysed reports in the 50's until the state-of-the-art heterogeneously-catalyzed modern methods. The applications of -hydroxy hydroperoxides are then presented, with a focus on synthetic methodologies. Finally, a last section is dedicated to the general characteristics and practical aspects of -hydroxy hydroperoxides, including their stability, safety and characterization through spectroscopic means. and CO2, notably through organocatalysis.
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Synthesis of -hydroxy hydroperoxides

Only a few routes have been developed so far to prepare hydroxy hydroperoxides in a convenient way. Two main strategies have been reported to incorporate the hydroperoxyl group into organic molecules: i) the photooxidation of allylic alcohols with singlet oxygen through ene reaction (Scheme 1, a), ii) the ring-opening of epoxides with H2O2 (Scheme 1, b). It is important to notice that these methods are using clean oxidants such as oxygen (O2) or hydrogen peroxide (H2O2).

Scheme 1. Main strategies for the preparation of -hydroxy hydroperoxides and simplistic mechanisms. LA: Lewis acid.

Pioneer works: X-Ray irradiation of RNA and DNA

In 1953, Scholes and Weiss have investigated the chemical action of X-Rays on nucleic acids in aqueous medium. 16 The mechanism of degradation of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) was later studied. 17 The authors have shown that oxidative radicals such as HO• and HOO• were produced and were responsible for the degradation of amino bases, leading to the formation of ammonia and inorganic phosphate. The authors have proposed that organic radicals generated in this process may react with oxygen to form hydroperoxides species. The nature of these organic hydroperoxides was later studied and it was found that they were associated with pyrimidine bases, such as thymine and uracile. 18 Further work was carried out on thymine 19 and the authors have proposed the formation of two regioisomeric hydroxy hydroperoxides derived from thymine (Scheme 2). The proposed structures were in accordance with the findings of Ekert and Monier, who found that thymine's peroxidation reaction occurred at the double bond. 20 Scheme 2. Formation of regioisomeric -hydroxy hydroperoxides by X-Ray irradiation of thymine.

In order to know which diastereoisomer of -hydroxy hydroperoxide was formed by X-Ray irradiation of thymine, Ekert and Monier have next prepared each species independently (Scheme 3). 21 Thymine was first treated with concentrated H2O2 in the presence of catalytic amount of osmium tetroxide to give a regioisomeric mixture of cis--hydroxy hydroperoxides (Scheme 3, a). These regioisomers were separated by paper chromatography. In order to obtain the corresponding transisomers, thymine was first reacted with BrOH to give trans-5bromo-4-hydroxythymine. This intermediate was treated with concentrated H2O2, followed by wet Ag2O to give the transisomer with peroxy group at the position 4 (Scheme 3, b).

Reversing the sequence allowed preparing the other transisomer with the peroxy group at the position 5 (Scheme 3, c).

Scheme 3. Preparation of the four diastereoisomers of -hydroxy hydroperoxides derived from thymine.

Knowing all diastereoisomers, the authors have concluded that X-Ray irradiation of thymine produced cis-I (major) and trans-I (minor) -hydroxy hydroperoxydes, by comparison with authentic samples. Despite that no yields were given in this study, it introduces interesting strategies to access all diastereoisomers of -hydroxy hydroperoxydes. Notably, the structure of cis-5hydroperoxy-6-hydroxy-5,6-dihydrothymine was later confirmed by X-ray crystallography. 22 Moreover, other -hydroxy hydroperoxides derived from steroids such as deoxycorticosterone and cortisone were also produced through X-Ray irradiation. 23 

Photooxygenation of olefins

In 1977, Murayama and Sato have reported an innovative method for the preparation of β-hydroxy hydroperoxides by photooxydation of olefins using stoichiometric amount of uranyl acetate. 24 The reaction mixture was irradiated with Pyrex-filtered light under oxygen atmosphere to give β-hydroxy hydroperoxides with 8-14% yield (Scheme 4). The authors have attempted to purify the products by column chromatography, however, they were cleaved in aldehydes and ketones on silica.

Scheme 4. Preparation of -hydroxy hydroperoxides by photooxidation using uranyl acetate.

Despite that the use of uranyl acetate allows the direct conversion of unfunctionalized olefins to β-hydroxy hydroperoxides, the low yields obtained could probably explain why this method has not been further developed.

Photooxygenation of allyl alcohols

The photooxidation of allylic alcohols is one the most straightforward access to -hydroxy hydroperoxides and one the most studied so far. It relies on the generation of singlet oxygen 1 O2 from oxygen in the presence of a photosensitizer. The reaction proceeds through ene reaction of singlet oxygen with an allylic double bond and is referred as the Schenck-ene reaction. 25 It has been proven as an excellent tool for the synthesis of antimalarial drugs. 26 The group of Singh first reported in 1990 the preparation of hydroxy hydroperoxides by photooxygenation of allylic alcohols. 27 A range of (E)-3-aryl-2-butenols was photooxygenated in EtOH using methylene blue as photosensitizer to give the corresponding 3-aryl-1-hydroxy-but-3-en-2-hydroperoxides with 37-55% (Scheme 5). According to the authors, the allylic alcohols were carefully designed with an aryl group at position 3 to ensure the desired regiospecificity. Interestingly, -hydroxy hydroperoxides were found stable enough to be handled at room temperature, thus allowing their purification by column chromatography on silica gel.

Following this pioneer's work, Adam and Nestler reported in 1992 the photooxygenation of chiral allylic alcohols. 28 A chiral allylic alcohol was photooxygenated using singlet-oxygen 1 O2 in CCl4 (Scheme 6). The generation of 1 O2 was performed by passing a stream of dry oxygen in the solution containing tetraphenylporphyrin (TPP) as photosensitizer under irradiation of two 150-W sodium lamps at 0°C. Under these conditions, the conversion was complete and the corresponding (S,S)-hydroxy hydroperoxide was obtained with excellent regioselectivity (96:4 /) and diastereoselectivity (d.r. = 93:7). Scheme 6. Photooxygenation of chiral allylic alcohols.

To account for the excellent degree of diastereoselection, the authors proposed that the OH-group of the chiral allylic moiety coordinates with 1 O2 through hydrogen-bonding to produce two diastereoisomeric transition state threo (leading to the major S,S-diastereoisomer) and erythro (leading to the minor S,Rdiastereoisomer) (Scheme 7). The excellent level of diastereoselectivity was attributed to minimal allylic strain in threo-transition state (H/H versus H/Me interactions in erythro), thus leading to S,S-isomer as the major product. When the reaction was conducted in MeOH, the d.r. dropped to 73:27, thus confirming the crucial role of the hydroxyl group to direct the approach of 1 O2 in the transition state. This was also demonstrated through the use of prenol ethers and acetates, that gave poor d.r.'s by comparison with prenol. 29 Scheme 7. Proposition of transition states.

Following to their preliminary work, Adam and Nestler have further investigated the ene reaction of singlet oxygen to a range of Z-configurated chiral allylic alcohols (Scheme 8, a). 30 The chiral allylic alcohols were photooxygenated under similar conditions and the corresponding -hydroxy hydroperoxides were also obtained with high regioselectivity (>97 : <3) and diastereoselectivity (93:7 to 95:5). These results indicate that the threo diastereoselectivity is widely preferred with Z chiral allylic alcohols that show a high π facial selectivity. Moreover, the diastereoselectivity is not affected by the size of the aliphatic substituent at the stereogenic center. This substituent is located at the periphery and does not interfere with the transition state. When the reaction was conducted with an E-chiral allylic alcohol, the d.r. drops to 54:46 (Scheme 8, b). The loss of diastereoselectivity with this substrate was attributed to a lack of 1,3-allylic strain.

Scheme 8. Photooxygenation of a range of Z-chiral allylic alcohols.

The same reaction conditions were later applied to electron-poor allylic alcohols and their ether derivatives. 31 The desired hydroxy hydroperoxides were obtained with high threodiastereoselectivity (dr = 84:16 to 95:5) and were converted to lactones (including (iso)dihydromahubanolide B) 32 through a reduction/lactonization sequence.

In 1996, Adam and Prein have studied the diastereoselectivity of the Schenck ene reaction using various allylic alcohols, including cyclic substrates. 33 With 2-cyclopentenol, the reaction was found highly diastereoselective, the trans--hydroxy hydroperoxide being formed with > 90% (Scheme 9). Scheme 9. Photooxygenation of 2-cyclopentenol.

In 1999, Dussault and Schultz were interested in the stereoselective synthesis of natural products bearing hydroperoxide groups such as hydroperoxyeicosatetraenoic acids (9-HPETEs) or alkoxydioxins. 34 The common synthon can be obtained from a 1,2-hydroperoxy alcohol resulting in the photooxygenation of 3-hydroxy-4-Z-alkenoate. As seen before, the 1 O2 addition is theoretically highly diastereoselective and the syn product should be obtained thanks to hydrogen bonding between the hydroxyl group of the allylic alcohol and singlet oxygen in the transition state. However, in that case, a 60:40 mixture of two diastereoisomers was obtained with 57% yield (Scheme 10). This phenomenon was explained by a disruption of the hydroxyl-directed singlet oxygen addition due to an intramolecular hydrogen bond between the hydroxyl group and the ester. In order to have a better understanding of the impact of neighboring groups on diastereoselective photooxygenation, various Z-allylic alcohol derivatives were tested.

Scheme 10. Effects of neighboring groups in the photooxygenation of Z-allylic alcohols.

Remarkably, the presence of ethers at the position 3 (relative to the original hydroxyl group) has little impact on the diastereoselectivity of the reaction, that is remaining quite high (88:12 to 95:5). In contrast, the diastereoselectivity significantly drops when such coordinating groups are located at the position 2. In the latter cases, the authors have proposed that steric effects were responsible of a change of conformation rather than a disruption of the presence of hydrogen bonding in the transition state.

In 2002, Singh has reported the photooxygenation of geraniol. 35 The reaction occurs in acetonitrile in the presence of TPP and a mixture of mono-and dihydroperoxide species was obtained, including -hydroxy hydroperoxides (Scheme 11). The mixture was reduced in alcohol with NaBH4 to give diols (38%) and triols (10%), indicating that the formation of -hydroxy hydroperoxides is very minor.

Scheme 11. Products of photooxygenation of genariol.

In 2006, Griesbeck has described the synthesis of diastereomerically pure 3-β-naphthyl-substituted 1,2,4trioxanes. 36 In this context, β-hydroxy hydroperoxides were prepared by singlet oxygen addition of chiral allylic alcohols under solvent-free conditions. For that purpose, catalytic amounts of a photosensitizer (TPP) were adsorbed in a polymer matrix made of polystyrene crosslinked with divinylbenzene (PS-DVB). 37 In this process, the dye is fixed in the polymer network by non-covalent interactions. The remaining of the dye in the polymer matrix is assured by its extreme low solubility in polar solvents. The resulting support was used as reaction media for the photooxygenation of chiral allylic alcohols (Scheme 12). A range of -hydroperoxy alcohols was obtained with good yields (65-80%) and good diastereoselectivity with syn isomer obtained as the major product. Interestingly, other systems 38 in which the sensitizer is covalently bound to the polymer gave similar results. However, these results are lower than those obtained in CCl4.

Scheme 12. Photooxygenation of chiral allylic alcohols under solvent-free conditions using TPP embedded in a PS-DVB polymer matrix.

Once the photooxygenation of allylic alcohols has been well established, several improvements were sought in term of substrate scope. Indeed, due to the requirement of non-polar solvents such as CH2Cl2 and CCl4, the reaction does not perform well for polar substrates, due to their low solubility in these solvents. To overcome this problem, Griesbeck found that the photooxygenation can be efficiently carried out in deuterated solvents, even with polar substrates. 39 A screening of deuterated solvents has been done for the photooxygenation of 4-hydroxy tiglic acid using either rose Bengal or mesotetraphenyl porphyrin as a sensitizer. The authors have found that using CD3OD, the -hydroxy hydroperoxyde can be obtained with 95% yield without any by-products. Esterification and amidation of 4hydroxy tiglic acid was also performed, followed by photooxygenation in CDCl3 in the presence of TPP. Under these conditions, -hydroxy hydroperoxydes bearing an ester group were formed in 95% yield while the amide was isolated with a moderate 58% yield.

In 2017, Griesbeck has further investigated the use of functionalized polar allylic alcohols for the ene reaction of singlet oxygen. 40 However, CCl4 was used as a solvent in this case. β-Hydroxy hydroperoxides were obtained with moderate to high yields (37-98%) and with high regio and syn (threo)diastereoselectivity.

In 2009, Sabani et al. have reported the first diastereoselective ene reaction of singlet oxygen with enantiomerically-enriched chiral allylic alcohols. 41 The starting materials were synthesized by addition of organozinc reagents to α,β-unsaturated aldehydes using either (-) or (+)-3-exomorpholinoisoborneol (MIB) as a catalyst (Scheme 13). 42 Scheme 13. Photooxygenation of chiral enantiomerically-enriched allylic alcohols.

The desired chiral enantiomerically-enriched alcohols were obtained with 55-95% yield and 90-98% e.e. They were used for the diastereoselective ene reaction of singlet oxygen using TPP as photosensitizer to give β-hydroxy hydroperoxides with 54-97% yield. The reaction was found to be highly diastereoselective (dr = 91:9 to 92:8) with the threo isomer formed as the major product. The regio and diastereoselectivity was explained by the hydroxyl-directed mechanism as previously described.

In 2006, Clennan has reported the ene reaction of allylic alcohols with singlet oxygen in zeolites. 43 The zeolite (NaY, 13-Å diameter supercages, 7.4-Å pores) was impregnated with methylene blue to give MB@NaY as a heterogeneous photosensitizer. The photooxygenation of allylic alcohols was carried out in hexane using a continuous flow of O2, under 600-W tungsten-halogen lamp irradiation. A small amount of pyridine was added to prevent acid-catalyzed rearrangements of allylic alcohols. Under these conditions, the allylic alcohol gave hydroxy hydroperoxide with 97% (at 91% conv.) with only 3% of epoxide (Scheme 14, a). The selectivity was found to be better than using TPP in CDCl3 that gave a mixture of four products (results in brackets). However, when starting from a secondary allylic alcohol, the diastereoselectivity reaches 90% in solution while only a dr of 72:28 was obtained using MB@NaY (Scheme 14, b). Other substrates were also considered but they gave a lower selectivity for -hydroxy hydroperoxides. The authors have shown that the use of zeolite has only a limited impact on the regio-and stereochemical outcomes of the reaction. However, for most substrates, switching from solution to zeolite improves hydrogen abstraction from the least substituted side of the alkene. Moreover, the overall kinetics increase in the presence of zeolite. Scheme 14. Photooxygenation of allylic alcohols in the presence of MB@NaY heterogeneous catalyst. Results in brackets are obtained using TPP in CDCl3 for 1 h.

The photooxygenation reactions are usually carried out in classical reaction vessels, in which the interface between oxygen and the other reagents and the spatial illumination are limited. Moreover, the short lifetime of singlet oxygen in solution combined with long molecular diffusion distances result in long reaction time and reduce the overall efficiency. In this context, Kim has developed in 2011 a triple-channel microreactor in order to perform the photooxygenation of allylic alcohols with singlet oxygen. 44 Indeed, microreactors present many advantages, especially for biphasic gas-liquid reactions, because the interfacial area between gas and liquid phases and the ratio of the interfacial area to the volume is better than in batch reactors. In the developed triple-channel microreactor, the solution of the reagents circulates in the middle channel while the gas circulates on the two sides of the middle one. The channels are separated with a thin membrane of polydimethylsiloxane (PDMS, 100 m). A solution of allylic alcohol and methylene blue in acetonitrile was pumped through the system, illuminating by 16 W white LED as a light source. Under these conditions, the conversion was 97-98% after only 2 min (residence time) (Scheme 15). The space-time yields obtained for the production of β-hydroxy hydroperoxides under flow conditions completely outperform those obtained under traditional batch mode (results in brakets). These results demonstrate that microreactors offer many benefits for the preparation of β-hydroxy hydroperoxides by photooxygenation under continuous-flow. In 2012, Poliakoff and George have developed a continuous flow process to synthesize antimalarial trioxanes from mesityl oxide, using the photo-oxidation of the corresponding allylic alcohol as a key step. 45 The reaction was first investigated in batch using 5,10,15,20-tetrakis-(pentafluorophenyl)porphyrin (TPFPP). Due to the low solubility of this sensitizer in the starting material, cyclic ketones (cyclopentanone or cyclohexanone, 2 equiv) were considered as solvents, keeping in mind that they are also serving as reagents for the final peracetylation step. The photooxidation was carried out at 40°C, using 6% O2 in CO2 with a total pressure of 18 MPa. Under these conditions, the conversion reached 80% and the desired β-hydroxy hydroperoxide was obtained with a dr of 85:15 in favor of the syn isomer (Scheme 16).

Scheme 16. Batch process for the photooxidation of an allylic alcohol using TPFPP as a photosensitizer.

The reaction was then scale-up in a continuous flow process using a CO2 flow rate of 0.3 mL/min. The flow rate of the solution of allylic alcohol in ketone (2 equiv) and TPFPP was set at 0.03 mL/min. Using these parameters, the residence time was 40 min and β-hydroxy hydroperoxide was obtained with 86% yield with the same selectivity for the syn-isomer (dr = 85:15) (Scheme 17). Interestingly, the authors have found that dissolving the sensitizer in a fluorous solvent HFE-7500 allow its recycling, without affecting the yield and the selectivity of the product. Finally, this key reaction was incorporated in a 3-step process, involving: i) reduction of mesityl oxide to alcohol using i PrOH as a H-transfer agent in the presence of basic MgO, ii) photooxidation to β-hydroxy hydroperoxide, iii) peracetalization with acetone using silica/BF3 as a catalyst (Scheme 17). Due to the high reactivity of 1 O2, the scale-up of the photooxidation of allylic alcohols is usually difficult to develop. In this context, Poliakoff and George have demonstrated that using supercritical CO2 in a flow system can be an efficient tool for the synthesis of β-hydroxy hydroperoxides. Moreover, it could present many advantages: scCO2 is non-toxic, nonflammable, and O2 is fully miscible in this solvent. The reaction could be faster than in classical solvent and the lifetime of 1 O2 is longer. Finally, it also offers some benefits in term of safety as the reactor volume is reduced by comparison with the batch mode.

In the 2000's, a new catalytic method has been developed to generate 1 O2 quantitatively by disproportionation of hydrogen peroxide at room temperature using sodium molybdate as a catalyst (Scheme 18). 46 So, in this case, the generation of 1 O2 does not require light and photochemical equipment. This reaction usually works well for the oxidation of lowmolecular-weight organic substrates. In order to extend the scope of this method to other substrates, it is possible to use microemulsions as reaction media. The latter presents many advantages and especially in peroxidation reactions such as protection of substrates and products from alkaline conditions or from oxidant source. Avoiding these direct contacts between substrates and reagents can increase the chemoselectivity for some substrates with electron-rich double bond by reducing the formation of the epoxidation product. Based on this principle, Nardello et al. have reported the oxidation of chiral allylic alcohols with H2O2/MoO4 2-as 1 O2 source in microemulsions (Scheme 19). 47 Scheme 19. Oxidation of chiral allylic alcohols using H2O2/sodium molybdate. The microemulsion was composed of CH2Cl2, D2O, EtOH and SDS (sodium dodecyl sulfate) in the proportions 74:6:10:10 (wt %).

The microemulsion media was formed by CH2Cl2/D2O using sodium dodecyl sulfate (SDS) as a surfactant and ethanol (or butanol) as a cosurfactant. Under these conditions, -hydroxy hydroperoxides were obtained with good yields (73-93%). Contrary to the previously reported photooxygenation conditions, the oxidation of chiral allylic alcohols using H2O2/Na2MoO4 also leads to the formation of some appreciable amounts of epoxides. In this system, water microdroplets are formed due to the presence of (co-)surfactants and are dispersed in a continuous organic phase. The aqueous phase contains H2O2, MoO4 2-, and the peroxomolybdate species; the organic phase contains SDS, n-BuOH or EtOH, the allylic alcohol, the hydroperoxide and epoxide products (Figure 2). The amphiphilic compounds of the organic phase are in equilibrium with the aqueous phase in the interface. However, 1 O2 being hydrophilic and lipophilic but not amphiphilic, it is not located in the interfacial boundary. Some studies have determined that it is 4.2 times more concentrated in the organic phase than in the water phase. When 1 O2 is generated in the aqueous phase, it diffuses in the organic phase to react with the allylic alcohol. It was observed that the chemoselectivity decreases with substrate concentration. Indeed, the H2O2/MoO4 2-system is a good epoxidizing agent. Within microemulsions, the substrate and the oxidizing reagent are not in direct contact because they are in different locales. This reduced the amount of epoxide products. In almost all cases, the diastereoisomer threo was preferred (for both peroxidation and epoxidation) similar to the classical photo-oxydation reaction (Scheme 20).

Scheme 20. Diastereoselectivity in the oxidation of chiral allylic alcohols using H2O2/sodium molybdate in microemulsions.

To conclude, the photooxygenation of (chiral) allylic alcohols by ene reaction of singlet oxygen is a powerful method to prepare β-hydroxy hydroperoxides with high yields and high diastereoselectivities. The key feature of this method is the generation of singlet oxygen using oxygen as a clean oxidant in the presence of a photosensitizer. In this regard, it is well suited for further development in flow conditions. On the downside, the requirement of allylic alcohols is limiting its use on a broader range of substrates.

Direct oxidation of alkenes with H2O2

Contrary to the photooxygenation of allylic alcohols, only a few works have been reported for the direct -hydroxy hydroperoxidation of unfunctionalized alkenes with H2O2.

In 1970, the group of Perrotti has investigated the epoxidation of olefins with anhydrous H2O2. 48 Isobutene was treated with anhydrous H2O2 in the presence of catalytic amounts of molybdenyl (IV) acetoacetonate at 70°C (Scheme 21). At about 50% conversion, almost no epoxides or glycols were obtained but a large amount of acetone was detected by mass spectrometry. In contrast, at the end of the reaction, the epoxide, the glycol and acetone were recovered with 30, 40 and 10% yield, respectively. Based on these results, the authors have concluded that a β-hydroxy hydroperoxide was formed as a reaction intermediate. This species was also isolated, thus confirming their hypothesis. Moreover, it was detected as acetone in gas chromatography, indicating that it decomposes under the GC conditions. In 2002, Hagiya et al. have filed a patent to produce β-hydroxy hydroperoxides from olefins. 49 The olefinic compounds were treated with 30%-H2O2 in excess in the presence of tungsten boride at room temperature. Under these conditions, the desired β-hydroxy hydroperoxides were obtained with 36-81 % yield (Scheme 22). Scheme 22. Direct synthesis of -hydroxy hydroperoxides from olefins.

In 2004, Hirota and Hagiya have also patented a method to obtain either an epoxide, a β-hydroxy hydroperoxide or a carbonyl compound (aldehyde or carboxylic acid) from an olefin using metallic tungsten or molybdenum. 50 The catalyst was prepared in the presence of an amine and phosphoric acid. The proportions of β-hydroxy hydroperoxides produced were found highly dependent on the reaction conditions. For example, when 1-heptene or 1-octene were treated with 30%-H2O2 in the presence of a tungsten complex, the corresponding hexanoic and heptanoic acids were formed with 60 and 84% yield, respectively. Despite that β-hydroxy hydroperoxides were not isolated in this case, the authors have proposed these species as reactive intermediates. In a 2003 patent, Ichikawa et al. have reported the direct conversion of unsaturated fatty compounds to the corresponding β-hydroxy hydroperoxides. 51 Treatment of methyl oleate with excess aqueous 30%-H2O2 (2-2.5 equiv) in the presence of tungstic acid in tert-butanol gave the fatty β-hydroxy hydroperoxides with only 25% yield (Scheme 23). More recently, within the frame of a study aiming at valorizing unsaturated fatty compounds to carboxylic acids, Ruffo et al. have synthesized fatty β-hydroxy hydroperoxides directly from oleic acid. 52 The reaction conditions were very similar to those reported by Ichikawa. 51 Using excess 30%-H2O2 (5 equiv) in the presence of H2WO4 at 70°C under solvent-free conditions, oleic acid was directly converted the corresponding β-hydroxy hydroperoxides with 45% NMR yield (Scheme 24). Despite that an enriched fraction was isolated (90% purity), no attempt has been made by the authors to further isolate this species.

Scheme 24. Direct formation of fatty -hydroxy hydroperoxides.

The synthesis of -hydroxy hydroperoxides by direct oxidation of unfonctionalized alkenes with H2O2 is very attractive but also very challenging. Indeed, the selectivities are usually plumbed by the presence of several byproducts such as epoxides, 1,2diols, cleavage products, among others. Many efforts are still needed to develop efficient and selective catalytic systems.

Ring-opening of epoxides with H2O2

Due to the difficulties to obtain β-hydroxy hydroperoxides with good yields (and also acceptable reproducibilities) by direct oxidation of alkenes, the ring-opening of epoxides with H2O2 has been developed more intensively.

In 1971, Adam and Rios have first reported the uncatalyzed perhydrolysis of terminal epoxides into β-hydroxy hydroperoxides using H2O2 (98%) in ether at room temperature (Scheme 25). 53 Under these conditions, the reaction requires 14 days and β-hydroxy hydroperoxides were isolated with 70 to 92% yield, after purification by distillation. The ring-opening of epoxides with H2O2 seems to be highly regioselective as only products resulting from the addition of H2O2 onto the more substituted (benzylic) carbon were isolated. The corresponding diols were identified as the main by-products of the reaction. The authors have observed that a β-hydroxy hydroperoxide bearing ,'-phenyl groups readily decomposes, even at low temperature (-40°C), to give benzophenone. A similar decomposition was also observed in the presence of strong acid catalysts.

Scheme 25. Uncatalyzed synthesis of -hydroxy hydroperoxides by ringopening of terminal epoxides with H2O2.

The group of Adam has also reported an uncatalyzed preparation of β-hydroperoxy alcohols by ring-opening of epoxides with H2O2. 54 In that case, the authors have used an aqueous 85% solution of H2O2 (about 2.5 equiv) that was thoroughly dried over MgSO4. The reaction was carried out at 0°C for 24 hours. Under these conditions, a range of βhydroperoxy alcohols was isolated with 61-79% yield after purification by column chromatography. The addition of H2O2 was regioselective at the more substituted or benzylic position.

In 1976, Subramanyam has developed an acid-catalyzed method to obtain β-hydroxy hydroperoxides by ring-opening of epoxides with H2O2 (98%). 55 Using a catalytic amount (not precised) of perchloric acid (HClO4), excess H2O2 (5 equivalents) in ether between 0 and 5°C, β-hydroxy hydroperoxides were obtained in 2 hours with 55 to 95% isolated yield (Scheme 26). The reaction is highly regioselective as the hydroperoxyl group is always adding onto the most stable carbonium of the intermediate. This observation led the authors to propose a SN1 mechanism for this transformation.

In 1978, Ogata et al. have prepared a range of -hydroperoxy alcohols in order to study their C-C cleavage under basic conditions (vide infra). 56 A small range of epoxides was treated with a Na2SO4-dehydrated ether solution of 90% H2O2 (about 18 equiv), in the presence of catalytic amount of trifluoacetic acid (Scheme 27).

Scheme 27. CF3CO2H-catalyzed ring-opening of epoxides to -hydroxy hydroperoxides.

After 4 hours, the -hydroperoxy alcohol derived from methylstyrene oxide was obtained with 21% isolated yield. The purity of the compound reached 94% as determined by iodometry. Other epoxides were also treated under the same conditions but no yield was reported. The regioselectivity of the addition of H2O2 was found to be the same than the work of Subramanyam, 55 using HClO4 as a catalyst.

In 2013, the group of Qiao has reported the use of tin (IV) chloride (SnCl4)a strong Lewis acidas a catalyst for the conversion of oxiranes in β-hydroxy hydroperoxides using ethereal H2O2 (Scheme 28). 57 The reaction was carried out at room temperature using 5 equivalents of H2O2 in the presence of 10 mol% of SnCl4. Under these conditions, the reaction requires 0.2 to 2 hours and β-hydroxy hydroperoxides were isolated with 37 to 81% yield. For 2,2-disubstituted (spiro) epoxides, the nucleophilic addition of H2O2 is regioselective either at the quaternary carbon or at the benzylic position (Scheme 28, a). These results are consistent with those obtained with the use of phosphomolybdic acid (PMA) and SbCl3/SiO2 (vide infra). Different regioselectivities were obtained for 2-substituted epoxides. For benzyl-protected glycidol, the addition of H2O2 occurs at the less substituted carbon and the product was isolated with 60% yield (Scheme 28, b). Once again, these results are in agreement with those obtained with PMA and SbCl3/SiO2. However, with 2-butyl epoxide, the addition of H2O2 preferentially occurs at the more substituted carbon, thus giving a 10:1 mixture of β-hydroxy hydroperoxides (Scheme 28, c). The regioselectivity is opposite to those obtained with SbCl3/SiO2 for a long alkyl chain terminal epoxide. Therefore, these two methods could be seen as complementary. Finally, internal epoxides were also tested and the corresponding β-hydroxy hydroperoxides were obtained with 55 and 67% yield (Scheme 28, d). Zhang and Li have reported the conversion of terminal epoxides into β-hydroperoxy alcohols using H2O2 catalyzed by silicasupported antimony trichloride (SbCl3/SiO2) (Scheme 29). 58 The catalyst was prepared by direct adsorption of SbCl3 on silica gel. However, no data has been reported for the characterization of the catalyst in this study. This supported catalyst was used with a loading of 10 mol% for the ring-opening of aromatic and aliphatic epoxides with an ethereal solution of H2O2 (about 10 equiv, prepared by extraction of an aqueous 30%-H2O2 solution). Interestingly, the authors have shown that SbCl3/SiO2 is more reactive than unsupported-SbCl3. Moreover, the reaction time can be shortened by performing the reaction under ultrasonic irradiation. Under these conditions, a range of -hydroxy hydroperoxides was prepared with 72-86% isolated yields. The reaction was found to be highly regioselective. With epoxides derived from styrene derivatives, the nucleophilic addition of H2O2 occurs at the more substituted (benzylic) position, yielding -hydroxy hydroperoxides with up to 95% regioselectivity. Scheme 29. Ring-opening of epoxides to -hydroxy hydroperoxides catalyzed SbCl3/SiO2.

On the contrary, with terminal alkyl epoxides, the addition of H2O2 occurs at the less substituted carbon, resulting in terminal hydroperoxides with up to 94% regioselectivity. Finally, cyclohexene oxide was used as a model for internal epoxides. In that case, the ring-opening of the epoxide was transstereospecific giving the corresponding trans--hydroxy hydroperoxide as the sole isomer. Despite that the authors have prepared a supported catalyst, the recovery, reuse and recyclability of SbCl3/SiO2 have not been demonstrated in this study.

In 2005, Vennerstrom has first reported the use of molybdenyl acetylacetonate MoO2(acac)2 as a catalyst for the ring-opening of epoxides with H2O2. 59 β-Hydroxy hydroperoxides were prepared from spiro-epoxides using with 50% aqueous H2O2 (10 equiv, pretreated with anhydrous MgSO4) in the presence of molybdenyl acetylacetonate MoO2(acac)2 (5 mol%) (Scheme 30). Under these conditions, β-hydroxy hydroperoxides were obtained with 59 and 29%, along with 1,2-diols as byproducts. The authors have mentioned that the use of other solvents (THF, Et2O, acetonitrile, 2-propanol) or catalysts led to significantly lower yields. Within the frame of a study aiming at preparing piperidine dispiro-1,2,4-trioxane analogues, the group of O'Neill has prepared some β-hydroxy hydroperoxide intermediates by ringopening of epoxides with H2O2. 60 The required piperidinederived spiro-epoxides were first prepared by Corey-Chaykovsky reaction with good yields. These spiro-epoxides were converted into β-hydroxy hydroperoxides using MgSO4dried H2O2 in Et2O in the presence of bis(acetylacetonato)dioxomolybdenum(VI), MoO2(acac)2 as a catalyst. When these conditions were applied to a N-boc protected piperidine epoxide, the corresponding -hydroxy hydroperoxide was obtained with 98% yield without any purification. Strikingly, no reaction occurred when these conditions were applied to a Nphenylsulfonyl protected-piperidine epoxide. However, no explanation has been given by the authors to account for this great difference of reactivity between these two substrates.

In 2009, the group of Wu has reported the use of phosphomolybdic acid (PMA) as a catalyst for the ring-opening of epoxides with H2O2 to give β-hydroperoxy alcohols at ambient temperature. 61 The authors have first investigated the use of urea-H2O2 complex as a solid source of H2O2, however, no desired product was obtained whatever the reaction conditions. On the contrary, the use of ethereal H2O2 (5 equiv) in the presence of 10 mol% of PMA allows the conversion of a range of 2,2-disubstituted epoxides to form the corresponding βhydroperoxy alcohols with 47-87% isolated yield (Scheme 31, a and b). For all these substrates, the ring-opening of epoxides is highly regioselective to give the hydroperoxyl group at the quaternary carbon. Interestingly, the presence of O-protective groups such as Bn, TBS, MOM and allyl are well tolerated under the reaction conditions and β-hydroperoxy alcohols were obtained with 60-87% yield (Scheme 31, b).

Other epoxides of interest were also tested (Scheme 32). For terminal epoxides, the regioselectivity of the ring-opening is highly dependent of the nature of the substituent. With 2-aryl substituted epoxide, the hydroperoxyl group is located at benzylic position mainly due to stabilization effects (Scheme 32, a). On the opposite, without such stabilization, the addition of H2O2 occurs at the terminal position via a SN 2 mechanism thus giving the hydroperoxyl group at the less substituted position (Scheme 32, b). With cyclohexene oxide, the β-hydroperoxy alcohol was obtained with 95% yield, that is significantly better than reported by Zhang and Li (83%) using SbCl3/SiO2 as a catalyst (Scheme 32, c). Finally, an ester-functionalized substrate was also tested (Scheme 32, d). To account for the stereochemistry observed in the product, the authors have proposed that the carbocation formed is stabilized by the carbonyl of the ester group, opposite to the OH group. Under this configuration, the addition of H2O2 occurs onto the benzylic position of the epoxide but on the same side than the hydroxyl group, thus giving the product after lactonization. Scheme 32. Substrates of interest for the phosphomolybdic acid (PMA)catalyzed ring-opening of epoxides with H2O2.

More recently, the group of Wu has studied the chemoselectivity of the perhydrolysis of epoxides with H2O2 with complex substrates also bearing ketal or ketone groups. 62 The reactions were conducted with ethereal H2O2 at room temperature and using MoO2(acac)2 (2-5 mol%) as a catalyst. The competing perhydrolysis of 1,1-disubstituted epoxides was first studied in the presence of acetals. (Scheme 33). Scheme 33. Chemoselectivity of the perhydrolysis of epoxides in the presence of acetals.

In that case, the β-hydroxy hydroperoxides are mostly formed with good yields (79-85%) (Scheme 33, a-b). However, in a crowded environment, the epoxy ring remains intact and the ketal was fully converted to the corresponding gemdihydroperoxide with 82% yield (Scheme 33, c). The competing perhydrolysis of epoxides was also investigated with bi-or trifunctional substrates bearing ketones (Scheme 34). With monosubstituted or 1,2-disubstituted epoxides, ketones reacted predominantly with H2O2 to give gem-dihydroperoxides with 90 and 60% yield (Scheme 34, a-b). On the contrary, when the reaction was performed with a substrate bearing a ketone and a tri-substituted epoxide, the formation of β-hydroxy hydroperoxide was favored (63%), highlighting the high reactivity of such epoxide under these conditions (Scheme 34, c). Finally, with a tetra-substituted epoxide, a bicyclic compound was obtained with high yield (91%) (Scheme 34, d). This product was formed by initial addition of H2O2 on the keto group followed by ringopening of the epoxide. The study of Wu clearly demonstrates that the regioselectivity of the perhydrolysis of epoxides in the presence of ketones or acetals is relatively substrate-dependent. However, they gave a general trend for the reactivity of these functional groups with H2O2, decreasing in that order: tri-or tetrasubstituted epoxides > ketones > ethylene glycol ketals > monosubstituted and 1,2disubstituted epoxides.

Scheme 34. Chemoselectivity of the perhydrolysis of epoxides in the presence of ketones.

Recently, Duguet et al. have reported the preparation of fatty hydroxy hydroperoxides. 63 The reaction was carried out using aqueous 50%-H2O2 (1.1 equiv) in the presence of phosphotungstic acid (PTA, 0.1 mol%) (Scheme 35). These conditions were applied to a range of fatty epoxides derived from vegetable oils such as methyl oleate, erucate, ricinoleate and linoleate, to give fatty -hydroxy hydroperoxides with 20-80% isolated yields. Similar conditions were also reported in a recent patent in which fatty epoxides, including an epoxidized olive oil derivative, were converted into -hydroxy hydroperoxides under solvent-free conditions. 64 The group of Zhang has reported a heterogeneous catalytic system based on magnetic nanoparticles (CoFe2O4)-supported phosphomolybdate for the conversion of epoxides into β-hydroxy hydroperoxides. 65 The authors have first prepared CoFe2O4 nanoparticles that were coated with a layer of silica using tetraethyl orthosilicate (TEOS). Then, these nanoparticles were functionalized with an amino group introduced by using aminopropyltriethoxysilane (APTES), that served as an anchor to graft phosphomolybic acid (PMA).

The catalytic activity of CoFe2O4@SiO2-PrNH2-PMo has been studied for the ring-opening of epoxides with ethereal H2O2 (5 equiv) using a catalyst loading of 20 mol% in molybdenum (Scheme 36). Interestingly, the reaction takes place smoothly at room temperature for only 15-30 minutes to give the desired βhydroxy hydroperoxides with 78-92% isolated yield. The addition of H2O2 occurs at the benzylic position for styrene oxide derivatives (Scheme 36, a) while it occurs at the less substituted position for O-aryl and O-alkyl glycidol derivatives and 2-alkyl substituted epoxides (Scheme 36, b). These regioselectivities are completely consistent with those obtained with unsupported phosphomolybdic acid (PMA) as reported by Wu. Internal epoxides such as cyclohexene oxide and stilbene oxide were also converted with high yields (Scheme 36, c). In 2017, a very similar work than reported earlier by the Zhang group (from the same university) has described the conversion of epoxides into β-hydroxy hydroperoxides using ethereal H2O2 catalyzed by magnetic nano-graphene oxide-supported molybdenum (Fe3O4/GO-Mo). 66 The preparation of the catalytic system was not described in this study but was previously reported and characterized in another context. 67 An excess amount of H2O2 (5 equivalents) and using a 20 mol% catalyst loading of Fe3O4/GO-Mo at room temperature were found to be the optimal conditions. The same substrate scope (apart one new example) than the Zhang study has been investigated, giving the same β-hydroxy hydroperoxides with very similar yields. The authors have shown that the catalyst can be removed at the end of the reaction using an external magnet and, therefore, can be reused for eight times with the same efficiency.

To conclude, the ring-opening of epoxides using H2O2 as a clean oxidant is an attractive way to obtain -hydroxy hydroperoxides. Acid-catalyzed methods developed over the years are becoming more and more efficient and cleaner to give a larger substrate scope of -hydroxy hydroperoxides with high regioselectivity. Moreover, epoxides are easily accessible starting materials. Despite numerous advantages, this method still presents some drawbacks. Indeed, hydrogen peroxide should be concentrated enough or dried before use in order to reach good selectivities, notably to avoid the formation of undesired 1,2-diols. Unfortunately, the use of concentrated H2O2 can be very harmful. In future works, it will be interesting to develop more selective catalysts for the use of aqueous H2O2 or other catalytic systems that are able to generate dry H2O2 in situ. The development of continuous flow methods should also be pursed in order to avoid the concentration of the peroxo species.

Applications of -hydroxy hydroperoxides

Peroxyacetalization to 1,2,4-trioxanes

The (per)acetalization of β-hydroxy hydroperoxides with aldehydes or ketones allows the preparation of 1,2,4-trioxanes. This reaction is highly relevant since this heterocycle is the main pharmacophore found in numerous anti-malarial drugs, such as Artemisinin 68 and analogues. 69 Indeed, the 1,2,4-trioxane group is responsible of the antimalarial activity by interacting with Fe(II) in the heme of the parasite to form free radicals that kill it. Due to the development of resistance, conventional drugs are less and less efficient against malaria. In this context, new treatments are sought. The formation of 1,2,4-trioxanes by peroxyacetalization of βhydroxy hydroperoxides was first demonstrated by Payne and Smith in 1957. 86 The authors have treated a crude solution of a supposed β-hydroxy hydroperoxide with acetone under acidic conditions and the corresponding 2,2-dimethyl 1,3,4-trioxa-transdecalin (Scheme 37). The formation of the trans-isomer has been established by hydrogenation that gave a mixture of transcyclohexane-1,2-diol and acetone. Scheme 37. First preparation of a 1,2,4-trioxane by peracetalyzation of a hydroxy hydroperoxide.

Similar conditions has also been reported in an early work of Singh. 27 A range of β-hydroxy hydroperoxides, prepared by photooxidation of allylic alcohols with singlet oxygen, was subjected to the peracetalization reaction. The reaction was conducted at 0°C in CH2Cl2 with either acetone, cyclohexanone or p-methoxybenzaldehyde to give the corresponding 1,2,4trioxanes with 38-66, 43-74 and 34-64% yields, respectively (Scheme 38).

Scheme 38. Acid-catalyzed peracetalyzation of a-hydroxy hydroperoxides.

All these compounds were tested against chloroquine-resistant Plasmodium falciparum and exhibit interesting antimalarial activities (IC50 down to 2.86 ng/mL, with Qinghaosu used as a reference, IC50 = 0.65 ng/mL).

In another pioneer work, Adam and Rios have prepared 1,2,4trioxanes by acetalization of β-hydroxy hydroperoxides with acetone using cupric sulfate as a catalyst. 53 Under these conditions, 1,2,4-trioxanes have been obtained with 50-54% yield. In these early works, the nature acid catalyst used for the peroxyacetalyzation of β-hydroxy hydroperoxides was not precised. Most 1,2,4-trioxanes are prepared from β-hydroxy hydroperoxides generated by photooxidation of allylic alcohols. Some other interesting 1,2,4-trioxanes were prepared from geraniol. 35 After photooxygenation, mono-and dihydroperoxides were generated and the products were separated. The mixture of dihydroperoxydes was subjected to peroxyacetalization with a small range of ketones, followed by reduction with NaBH4 (Scheme 39). The desired trioxanes were obtained as a mixture of diastereomers. Interestingly, other trioxanes were also produced when the second hydroperoxy group occupies a tertiary carbon. The formation of these products occurs through an acid-catalysed Hock cleavage that gave a mixture of acetone and aldehyde, that is further reduced to the primary alcohol upon treatment with NaBH4.

Scheme 39. Synthesis of 1,2,4-trioxanes derived from geraniol.

The anti-malarial activity of these trioxanes was first tested in vitro against P. falciparum and their MIC (minimal concentration to exhibit the development of ring-stage parasites) ranges from 31 to 1000 ng/mL. The best activities were obtained for trioxanes bearing an adamantane core, with one trioxane presenting the same activity than artemisinin (31 ng/mL). This trioxane has also been found effective in vivo against multi-drug resistant Plasmodium yoelii in Swiss mice.

In 2005, Vennerstrom has worked on the understanding of the antimalarial activity of artemisinin, in which the dispiro-1,2,4trioxane is known to play a key role. 59 The mechanism of action is supposed to arise from the reductive cleavage of the peroxy bond with heme released by parasite hemoglobin digestion. In order to study the -scission, two regioisomeric 1,2,4-trioxanes were synthesized. For that purpose, a cyclohexene oxidederived -hydroxy hydroperoxide was treated with 2adamantanone in the presence of catalytic amount of paratoluene sulfonic acid (PTSA) to give the corresponding trioxane A with 95% yield (Scheme 40, a). The condensation of adamantane-derived hydroperoxide with cyclohexanone gave the regioisomeric trioxane B with 76% yield (Scheme 40, b). The antimalarial activities of the two regioisomers were first evaluated in vitro against P. falciparum. Trioxane A was found active with an IC50 of 49 ng/mL while its regioisomer B was found completely inactive (IC50 of 1000 ng/mL ). This shows that the ketone part of the 1,2,4-trioxane should be sterically hindered to exhibit interesting properties. The trioxanes were also evaluated in vivo against P. berghei but none of them was found to be active under the conditions used.

In 2008, the group of O'Neill has reported two complementary pathways for the preparation of regioisomeric 1,2,4-trioxanes (Scheme 41). 60 A Boc-protected piperidine-derived -hydroxy hydroperoxide was treated with 2-adamantanone in the presence of para-toluenesulfonic acid to give the corresponding 1,2,4-trioxane with 92% yield (Scheme 41, a). The Boc protecting group was then deprotected and replaced by the N-phenylsulfonyl group using a three-step sequence. The other regioisomer was also prepared for comparison purposes of antimalarial activity. The ring-opening of the epoxide obtained from 2-adamantanone with H2O2 gave the corresponding hydroxy hydroperoxide with only 25% yield. This intermediate was reacted with a N-phenylsulfonyl piperidinone derivative to give a 1,2,4-trioxane regioisomer with 39% yield (Scheme 41, b). Both regioisomers were tested against a strain of P. falciparum and they only exhibit moderate activity. However, some differences of antimalarial activity were observed between these two regioisomers (710 nM Versus > 1000 nM). This difference of activity has been attributed to different pathways in the homolytic cleavage of the endo-peroxide-bridge.

The synthesis of 1,2,4-trioxanes has also been carried out starting from enantiomerically enriched (R,R)-or (S,S)-threo-βhydroxy hydroperoxides. 41 These derivatives were reacted with a small range of cyclic ketones in the presence of p-toluene sulfonic acid to give enantioenriched 1,2,4-trioxanes in 16-78% yield (Scheme 42). It should be noted that the minor diastereosisomer can be separated at that stage by column chromatography. The X-Ray analysis of some trioxanes revealed the relative syn relationship between oxygens in the molecule.

Scheme 42. Synthesis of enantiomerically-enriched 1,2,4-trioxanes.

In 2002, Griesbeck first reported a synthesis of 1,2,4-trioxanes by Lewis-acid catalyzed peroxyacetalization β-hydroxy hydroperoxides. 70 Treatment of 3-hydroperoxy-4-methylpent-4en-2-ol with a range of ketones and aldehydes in the presence of boron trifluoride.etherate complex afforded trioxanes with moderate to good yields (63-78%) (Scheme 43). The authors have also demonstrated that ketone diethyl acetal can be used with similar efficiency than the initial ketones. Finally, they have also described a cyclic perortho ester by reaction of a β-hydroxy hydroperoxide with triethylortho acetate. Some of these trioxanes were tested against P. falciparum and gave interesting activities (Scheme 43). However, these results are far from those obtained with chloroquine and artemisinine, with 65 and 1.2 ng/mL, respectively. Based the precedent work, another range of β-hydroxy hydroperoxides was treated with -naphthaldehyde in the presence of BF3.Et2O as a Lewis acid. 36 Under these conditions, 1,2,4-trioxanes have been obtained with 14 to 43% yield. These low-to-moderate yields have been explained by the formation of byproducts resulting from BF3-catalyzed cleavage of the initial trioxane, followed by cross-peroxyacetalization.

The peroxyacetalization was also carried out using β-hydroxy hydroperoxides bearing polar groups such as carboxylic acids, esters and amides. 39 With a carboxylic group, the solubility of the starting material in CH2Cl2 is poor, so the reactions were performed under solvent-free conditions using an excess of ketones. However, the reactions with aromatic aldehydes were carried out in CH2Cl2/MeoH. Under these conditions, the corresponding trioxanes were isolated with 68-85% yields. A similar strategy was applied for β-hydroxy hydroperoxides bearing amides and esters. 71 The group of Griesbeck has reported the preparation of bicyclic 1,2,4-trioxanes by peroxyacetalization of -hydroxy hydroperoxides using ortho-esters. 72 The reaction was catalyzed by pyridinium para-toluene sulfonic acid (PPTS) and the desired products were isolated with 21-30% yields (Scheme 44). Starting from a high diastereomeric ratio, bicyclic trioxanes (2,3,8,9tetraoxabicyclo[3.3.1]nonanes) were isolated as a single diastereoisomer. The antimalarial activity of these original compounds has been assessed against P. falciparum and EC50 were found to be around 19-20 M (reference value = 100 nM for artemisinin). Similar chemistry was later reported for the preparation of other functionalized bicyclic trioxanes. 40,73 Scheme 44. Synthesis of bicyclic 1,2,4-trioxanes.

More recently, Zhang has reported a first heterogeneous system for the catalytic synthesis of 1,2,4-trioxanes from -hydroxy hydroperoxides and a range of aldehydes and ketones. 74 The peracetalization occurs under mild conditions using FeCl3/SiO2 as a catalyst (Scheme 45). Substrates bearing the hydroperoxy group at either the primary or the secondary carbon were used with a wide range of aldehydes and the corresponding trioxanes were isolated with high yields (Scheme 45, a). The reaction proved to be also very efficient with ketones (Scheme 45, b). Interestingly, the catalyst can be recovered and recycled five times without significant erosion of product yield (88-91%). Moreover, only very little leaching of Fe was detected by ICP-AES.

Scheme 45. Supported Lewis acid for the synthesis of 1,2,4-trioxanes.

The peroxyacetalization reaction is one of the main applications of -hydroxy hydroperoxides, leading to the formation of biologically active 1,2,4-trioxanes. 75 For example, the power of the sequence ring-opening of epoxide with H2O2/acid-catalyzed peracetalization was brilliantly illustrated by the group of Wu for the total synthesis of Artemisinin (Scheme 46). 68 A welldesigned enantiopure epoxide was transformed to the desired βhydroxy hydroperoxide with 74% yield. Treatment of this intermediate with p-TSA in CH2Cl2 gave a bicyclic 1,2,4-trioxane with 84% yield upon deprotection of the ketal. The construction of the final ring was achieved using PhI(OAc)2/I2 to give deoxoartemisinin with 69% yield. Finally, oxidation with RuCl3/NaIO4 afforded artemisinin with 49% yield.

Scheme 46. Total synthesis of artemisinin through intermolecular formation of 1,2,4-trioxane.

The efficiency of the peracetalization is highly substratedependent. Only a few catalytic systems have been reported to date using Brönsted (PTSA, CSA) or (supported) Lewis (FeCl3/SiO2, BF3.Et2O) acids. In this context, new catalytic systems should be developed in order to perform the peroxyacetalization under neutral conditions that could improve both yields and substrate scopes.

Reduction to 1,2-diols

Hydroperoxides are known to be converted to the corresponding alcohol using reductants. For example, one of the key steps for the preparation of rose oxide -a compound used in the fragrance industry -is the reduction of a hydroperoxide with NaBH4. 76 Despite of that, very little is known about the reduction ofhydroxy hydroperoxides. These species can be reduced to the corresponding 1,2-diols using dimethyl sulphide, 21 potassium iodide, 56 sodium thiosulfate 95 and even hydrogen in the presence of Pd/C 24 (Scheme 47). Scheme 47. Reduction of -hydroxy hydroperoxides to 1,2-diols.

Interestingly, triphenylphosphine has been also reported to reduce a diastereo-enriched -hydroxy hydroperoxide (dr = 93:7) to the corresponding 1,2-diol with retention of the high diastereoselectivity (Scheme 48). 30 Scheme 48. Reduction of -hydroxy hydroperoxides with PPh3.

These reduction conditions are usually used to convert the newly synthetized -hydroxy hydroperoxides to 1,2-diols for comparative purposes. Indeed, the characterization of the corresponding diols are usually well reported in the literature. Despite the fact that several reductants were reported to reduce hydroperoxides to alcohols, no detailed study (with kinetics for example) has been reported on -hydroxy hydroperoxides.

Kinetic resolution of chiral -Hydroxy hydroperoxides

Considering the utility of -hydroxy hydroperoxides for the construction of biologically-relevant 1,2,4-trioxanes, the access to enantiopure chiral species is of high interest. In 1993, the group of Adam has first reported an enzymatic method for the preparation of enantioenriched hydroperoxides through kinetic resolution of racemic species. 77 The kinetic resolution occurs through enantioselective reduction of the hydroperoxyl function to alcohol catalysed by horseradish peroxidase (HPR) using guaiacol as a sacrificial reductant. Starting from a chiral -hydroxy hydroperoxide, the HPRcatalyzed enantioselective reduction of the secondary hydroperoxide gave a mixture of (R)-hydroperoxide and (S)alcohol with > 95% enantiomeric excess for both products (at 50% conversion) (Scheme 49, a). 78 The kinetic resolution was also applied to a range of chiral -hydroxy hydroperoxides, prepared by photooxygenation of chiral allylic alcohols, with similar success (i.e., up to 99% e.e.). 79 Scheme 49. Kinetic resolution of -hydroxy hydroperoxide through Horseradish Peroxidase-catalyzed enantioselective reduction.

The reaction was later applied to a tertiary -hydroxy hydroperoxide. 80 However, in that case, the resolved hydroperoxide was only obtained with 9% ee, due to the low conversion of the initial racemic mixture. More interestingly, the kinetic resolution of racemic hydroperoxides was also developed using seleno-subtilisin as a semi-synthetic enzyme in the presence of thiophenol. 81 The enantioselective reduction of a chiral -hydroxy hydroperoxide also gave the resolved products with high enantiomeric excess (99% ee) but with opposite absolute configuration by comparison with the HPR-catalyzed process (Scheme 49, b). So, both enantiomers can be prepared through these complementary methods. Note that the Coprinus peroxidase (CiP) enzyme was also employed for such kinetic resolution but lower results were obtained. 82 

-Hydroxy hydroperoxides as epoxidation agents

During the investigation on the epoxidation of olefins with anhydrous H2O2, the group of Perrotti has also studied the potential role of -hydroxy hydroperoxides as epoxidation agent of olefins (Scheme 50). Isobutene and cyclohexene were treated with 2-hydroperoxy-2-methylpropan-1-ol in the presence of molybdenyl acetoacetate at 70°C. Under these conditions, isobutene and cyclohexene oxides were formed quantitatively along with 2-methylpropane-1,2-diol as a co-product. This study demonstrates that -hydroxy hydroperoxides are excellent epoxidation agents and confirms that these species are reactive intermediates in the direct epoxidation of olefins with anhydrous H2O2.

Scheme 50. -Hydroxy hydroperoxides as epoxidation agent of olefins.

Further to some preliminary results, 83 Adam and Nestler have reported an intramolecular epoxidation reaction of a -hydroxy hydroperoxide bearing an adjacent double bond. 28 The starting material was prepared by ene reaction of singlet oxygen with a chiral allylic alcohol and was obtained with a d.r. of 97:3 (in CCl4). Hence, the -hydroperoxy homoallylic alcohol was subjected to intramolecular epoxidation catalyzed by Ti(OiPr)4. Under these conditions, the expected epoxy diol was obtained with a d.r. of 95:5. This intramolecular titanium-catalyzed epoxidation was further incorporated into a one-pot two-step sequence, in which the chiral allylic alcohol is transformed into an epoxy diol with high yield and high diastereoselectivity (Scheme 51). 84 Scheme 51. One-pot titanium-catalyzed epoxy-hydroxylation of allylic alcohols to epoxy diols.

Interestingly, the authors have shown that the major S,Sdiastereoisomer reacts faster (within minutes) than the minor R,S-isomer (within hours), allowing the kinetic resolution of the diastereoisomeric mixture. Overall, the sequence ene reaction of singlet oxygen / Ti-catalyzed epoxidation allows the construction of four adjacent chiral centers with high regio-and diastereocontrol from a relatively simple chiral allylic alcohol. Adam et al. have further investigated the use of -hydroxy hydroperoxides as oxygen donors in the epoxidation of unsaturated diols. 85 Unsaturated diols were treated with 2hydroperoxy-2-phenyl-1-propanol in the presence of Ti(OiPr)4 to give epoxy diols with high dr's (Scheme 52). The high level of diastereoselectivity was attributed to the rigidity of the transition state during the oxygen transfer.

Scheme 52. -Hydroxy hydroperoxides as oxygen donors in intermolecular epoxidation of unsaturated diols.

The use of -hydroxy hydroperoxides as epoxidation agents is probably only making sense if the reaction is done intramolecularly, as previously reported. Indeed, using such species to prepare epoxides in an intermolecular fashion, necessarily results in the production of 1,2-diols as byproducts, thus seriously compromising the atom-economy of the process.

Fragmentation of -hydroxy hydroperoxides

The fact that -hydroxy hydroperoxides can be fragmented to the corresponding aldehydes was first (indirectly) evidenced by Payne and Smith. 86 While attempting the preparation of glycol monoethers from cyclohexene and 90% H2O2 in tert-butanol, the authors did not observe the desired product. Trans-1,2cyclohexanediol was obtained as the major compound (50%) and 1-cyclopentenecarboxaldehyde was obtained with 9% yield after distillation of the crude reaction mixture (Scheme 53). From this result, the authors have postulated that the formation of the aldehyde could arise from the ring-opening of the epoxide with H2O2 to form the corresponding -hydroxy hydroperoxide. The latter could undergo an acid-catalyzed rearrangement to adipaldehyde, followed by intramolecular aldolizationcrotonisation to obtain the observed aldehyde. In 1970, the group of Perrotti has shown that a -hydroxy hydroperoxide reactive intermediate was cleaved to acetone in GC. 48 To confirm their hypothesis, the same -hydroxy hydroperoxide was prepared from butylene oxide and was thermally decomposed at 100°C to give acetone, formaldehyde and water (Scheme 54). To the best of our knowledge, this constitutes the first direct evidence that -hydroxy hydroperoxides can be thermally cleaved to the corresponding carbonyl compounds. In 1972, Richardson and Heesen have studied the basecatalyzed fragmentation of 2-tert-butylperoxy-2-methyl-1propanol at room temperature. 87 In 40% aqueous methanol, the products of fragmentation are tert-butyl alcohol, acetone and formaldehyde (Scheme 55). Despite that 2-tert-butylperoxy-2methyl-1-propanol is not a -hydroxy hydroperoxide, the study of its cleavage gave some insights of the decomposition mechanism of such species.

55.

Base-catalyzed fragmentation of 2-tert-butylperoxy-2-methyl-1propanol.

Kinetics studies have suggested that the decomposition rate increases with higher base concentration and higher temperature. In this respect, the base-catalyzed fragmentation mechanism was found to be similar to the fragmentation of 2tertbutylperoxy-2-methylpropanoic acid, that was previously studied by the same group. 88 The authors have concluded that the mechanism is purely ionic, considering that tert-butyl alcohol was produced in quantitative yield. Indeed, according to the authors, a radical decomposition would have given tert-butoxy radicals which would have decomposed and so the yield of tertbutyl alcohol would have not been quantitative. Finally, the lower yield of acetone has been attributed to the formation of byproducts by condensation with formaldehyde.

In 1978, Ogata has described the oxidative cleavage of epoxides with alkaline hydrogen peroxide in methanol at ambient temperature. The authors have shown that the reaction proceeds via a β-hydroperoxy alcohol intermediate which can be isolated in some cases. Under these conditions, ketones and carboxylic acids (from oxidation of aldehydes) were obtained with 71-88% yield as determined by GC analyses (Scheme 56, a). For some bulky substrates, no reaction took place because of steric issues. With alkyl terminal epoxides, β-hydroperoxy alcohols were obtained along with the corresponding glycols and some cleavage products (Scheme 56, b). It should be noted that, in these basic conditions, hydrogen peroxide adds to the less substituted carbon of the epoxide. 89 Scheme 56. Oxidative C-C cleavage of epoxides with alkaline hydrogen peroxide.

The base-catalyzed decomposition of β-hydroperoxy alcohols was studied under the same conditions using the isolated intermediates and some regioisomeric compounds, prepared by CF3CO2H-catalyzed ring-opening of epoxides with H2O2 (Scheme 57). With substrates bearing the hydroperoxyl group at the benzylic position, the cleavage occurs smoothly and the products were formed with high GC yields (Scheme 57, a). Interestingly, benzaldehyde can be obtained in 89% yield, in contrast with the cleavage of styrene oxide with excess H2O2, only producing benzoic acid. However, the outcome of the reaction is very substrate-dependent with alkyl β-hydroperoxy alcohols. When either the hydroperoxy or the hydroxy group occupies a tertiary position, the cleavage affords 2-pentanone with 81 and 65% yield, respectively (Scheme 57, b). In sharp contrast, when either the hydroperoxy or the hydroxy group occupies a secondary position, no cleavage product was obtained and the corresponding glycols were formed with quantitative yields (Scheme 57, c). Based on these results and the rates of decomposition, the authors have proposed a mechanism (Scheme 58). Considering that hydroperoxides are more acidic than alcohols, these species are first deprotonated to give a peroxy anion, which is assumed to be a stable intermediate that does not decomposed. So, the fragmentation would proceed through the alkoxide ion to give the desired cleavage products. The authors have mentioned three main driving forces for the cleavage: i) the resonance stabilization of the forming carbonyl group in the transition state, ii) the release of the steric strain, and iii) the importance of the acidity of the peroxy alcohols, with primary alcohols giving higher rates than secondary alcohols. In 1982, Takeda has described the carbon-carbon bond cleavage of α-azo--hydroxy hydroperoxides using acids, bases, or reducing reagents under mild conditions. 90 α-Azo--hydroxy hydroperoxides were first treated with concentrated sulfuric acid at 12°C for 4-5 hours (Scheme 59, a). Scheme 59. Cleavage of α-azo--hydroxy hydroperoxides under acid, basic and neutral conditions. the GC injector (250°C).

In 1998, the group of Venturello has reported the oxidative cleavage of olefins to carboxylic acids using H2O2 as an oxidant in the presence of methyltrioctylammonium tetrakis(oxodiperoxotungsto)phosphate(3-). 92 The in-depth study revealed the occurrence of a perhydrolytic pathway, in which hydroxy hydroperoxides are formed as reactive intermediates. Similar to Perrotti and Adam, the authors showed that an isolated mixture of regioisomeric -hydroxy hydroperoxides, such as 2(1)-hydroperoxy-1(2)-octanols and decanols, readily decomposed to aldehydes into the gas chromatography. Moreover, the cleavage of -hydroxy hydroperoxides has also been investigated in the presence of H2O2. The authors have shown that oxidative cleavage of -hydroxy hydroperoxides bearing a secondary hydroperoxy group mainly proceeds through the formation of -hydroperoxy ketones, that are further decomposed to aldehydes and carboxylic acids, in equimolar amount (Scheme 61, a). Starting from a substrate bearing a primary hydroperoxy group, the formation of -hydroperoxy ketone is less favoured (6% at 17% conv.). On the contrary, it was found that the cleavage directly occurs from -hydroxy hydroperoxide to give a mixture of aldehydes that is further oxidized to acids (Scheme 61, b). Scheme 61. Oxidative cleavage of -hydroxy hydroperoxides (the formation of minor byproducts such as diols, -hydroxyketones and diketones is omitted for clarity).

In 2009, Vennerstrom described some acid-catalyzed degradation of a -hydroxy hydroperoxide in which the peroxy group occupies a quaternary carbon (Scheme 62). 93 A first (minor) pathway, involving a Grob-type fragmentation, was proposed to account for the formation of acetophenone (10%) and formaldehyde (Scheme 62, a). A second (major) pathway involves the formation of a tertiary carbocation after generation of H2O2 (Scheme 62, b). This was demonstrated by the formation (28%) of a lactone derived from acid-catalyzed Baeyer-Villiger oxidation of adamantanone. The isolation of 2phenylpropanal (19%), formed through a 1,2-hydride shift, further confirms the formation of a benzylic carbocation. In 2012, Salomon et al. have studied the fragmentation of βhydroxy hydroperoxides in aldehydes under various reaction conditions. 94 A seven-membered -hydroxy hydroperoxide was selected as a model substrate to study the fragmentation in the presence of amine bases or carboxylic acids (Scheme 63). Using pyridine, -hydroxy hydroperoxide was cleaved to dialdehyde with 38% yield and also reduced to the corresponding diol with 16% yield (Scheme 63, a). In contrast, only diol was obtained (57%) when using Et3N and no degradation product was observed. Finally, only traces of dialdehyde were observed with trifluoroacetic acid (Scheme 63, b). The β-hydroxy hydroperoxide was also decomposed in dialdehyde (43%) and diol (11%) in D2O upon incubating at 37°C for 24 h (Scheme 64). Interestingly, the dialdehyde was obtained as a hydrate in this conditions. The authors have hypothesized that traces of metal ions in water were responsible for this decomposition. In order to prove this, hydroperoxide was treated with metal ions such as Cu 2+ or Fe 3+ (10 mol%) in aqueous solution at 37°C. Under these conditions, the decomposition was faster (30 min) and dialdehyde was obtained with 70 and 80% yield, respectively. This result has prompted the authors to propose a metal-mediated decomposition of β-hydroxy hydroperoxide by single electron transfer mechanism to give an alkoxy radical. This radical could trap a hydrogen to form a diol. However, this alkoxy radical could also undergo -scission to give the dialdehyde as a hydrate. The fragmentation of the hydroperoxide was also studied with vitamin E (-tocopherol) and vitamin C (ascorbic acid), as these species are known to accelerate the degradation of lipid hydroperoxides in the presence of metal ions. Indeed, in the absence of Cu 2+ or Fe 3+ , neither vitamin E nor vitamin C could efficiently catalyze the fragmentation. However, the combination of both vitamins and metal ions could promote the fragmentation with moderate yields (Scheme 64). For example, the association of vitamin C with Fe 3+ or Cu 2+ allows forming dialdehyde with 65 and 66% yield, respectively.

In 2002, Hagiya et al. have patented the cleavage of a wide range of -hydroxy hydroperoxides. 95 In one of the examples, hydroxy hydroperoxide obtained from carene oxide was treated with aqueous 30wt%-H2O2 (1 equiv) (Scheme 65). The reaction was carried out in toluene at 70°C for 16 hours in the presence of Vanadium (0). Under these conditions, the corresponding keto-aldehyde was obtained with 70% GC yield. Despite that the cleavage was carried out in relatively mild conditions, this method suffers from the use of Vanadium that is considered toxic. Moreover, several hours of reaction are required to activate the catalyst. Recently, Duguet et al. have reported the thermal cleavage of fatty -hydroxy hydroperoxides in continuous flow conditions. 63 A solution of a -hydroxy hydroperoxide derived from methyl oleate in CH3CN was pumped through an oven set at 300°C (no cleavage has been observed below temperature) and the products were recovered upon cooling the outlet of the system. At 300°C, with a flow of 1 mL.min -1 , the residence time was about 3 min and the cleavage was complete. Nonanal and methyl azelaaldehydate obtained from this cleavage were obtained with 68% GC yield (Scheme 66). Interestingly, fatty aldehydes are excellent building-blocks for the preparation of renewable surfactants and biobased polymers. The fragmentation of -hydroxy hydroperoxides is an interesting tool to form carbonyl compounds, especially when the overall process is considered. Indeed, the sequence epoxidation/ringopening with H2O2/fragmentation could offer an excellent alternative the reductive ozonolysis to prepare aldehydes (Scheme 67). Advantageously, H2O2 serves as a green oxidant for the two first steps and is widely available at various concentration. In contrast, ozone should be prepared in-situ from oxygen using an electric arc that makes the process extremely energy-intensive. One could expect than the oxidative cleavage of alkenes through the formation of -hydroxy hydroperoxides will be further developed, especially in the context of the valorization of biomass (terpenes, vegetable oils, etc.) where the cleavage of C-C bond is of prime importance.

Characteristics and practical aspects of hydroxy hydroperoxides

Despite that hydroperoxides are known to be energetic compounds, -hydroxy hydroperoxides are usually found stable at room temperature. They can be kept for several weeks under an inert atmosphere without significant sign of degradation. However, the formation of the corresponding diols is usually observed upon storage. So, -hydroxy hydroperoxides are stable enough to be isolated by traditional techniques such as column chromatography. However, considering that they are energetic species, great care should be employed when concentrating solution using a rotary evaporator. Moreover, most authors are usually performing this operation behind a safety shield. To the best of our knowledge, only one report has mentioned an explosion while attempting the distillation of a hydroxy hydroperoxide (obtained using 90% H2O2) derived from acetone. 86 When -hydroxy hydroperoxides are subjected to elevated temperature (generally > 100°C), they can undergo carboncarbon cleavage to give the corresponding carbonyl compounds. This could lead to the formation of byproducts during purification. In contrast, this property can be advantageously used for the preparation of high-added value compounds from biomass feedstocks. 63,95 Some differential scanning calorimetry (DSC) analyses have been reported on neat fatty -hydroxy hydroperoxides. 63 For example, the DSC decomposition enthalpy was found to be -611 J.g -1 (-211 KJ.mol -1 ) with a peak at 107°C, for the hydroperoxide derived from epoxidized methyl oleate. Moreover, DSC traces are very broad indicating a gradual release of heat, similar to fatty ozonides, thus showing a limited risk of explosion for such species. However, to the best of our knowledge, no DSC analyses has been reported so far for low-molecular weight -hydroxy hydroperoxides, that could represent much more safety risks. From an analytical point of view, -hydroxy hydroperoxides are usually characterized by 1 H and 13 C NMR spectroscopies. The characteristic signal of the peroxy group (OOH) is usually observed in the 10.5-11.5 ppm region in 1 H NMR (when NMRs are recorded in d6-DMSO). This is indicating that this proton is quite acidic, as usually observed for other hydroperoxides. However, no detailed study has been reported on the acidy of such species. Considering that -hydroxy hydroperoxides can be decomposed when subjected to high temperatures, the use of (traditional) gas chromatography should not be employed to characterize these species (unless using a cold-on column injector). 92 Indeed, they are usually cleaved in the GC injector to give carbonyl fragments. Consequently, HPLC is usually used for their detection, quantification (calibration curves), and determination of exact mass, when coupled with high-resolution mass spectroscopy.

Conclusions

Since their first preparation in the 50's, β-hydroxy hydroperoxides became an attractive research field. Indeed, as described in this review, this interesting chemical platform can be used as a reagent, intermediate or be transformed in order to obtain valuable products. Over the years, several methods have been developed to synthesize β-hydroxy hydroperoxides according to two main methods that are now mature: i) the photooxidation of allylic alcohols with singlet oxygen and ii) the ring-opening of epoxides with H2O2. Advantageously, these two methods are using either oxygen or hydrogen peroxide as clean oxidants. Their syntheses have become cleaner and safer and their diastereo and regioselectivity have been incredibly enhanced. Most recent methods are now using recoverable and recyclable catalysts or are performed in continuous flow conditions. Scientific attention has been first focused on β-hydroxy hydroperoxides because of their key role as intermediates in the preparation of the anti-malarial drug Artemisinin and its analogues. Indeed, the biologically active 1,2,4-trioxane ring present in that drug can be synthesized by Brönsted or Lewis acid-catalyzed peroxyacetalization of β-hydroxy hydroperoxides with ketones or aldehydes. Recently, the fragmentation of β-hydroxy hydroperoxides to carbonyl compounds such as ketones and aldehydes has emerged as a novel application of this class of compounds. This cleavage can be performed under acid or basic conditions, physiological conditions, and even thermally under continuous flow. The cleavage of double bonds through the formation of hydroxy hydroperoxides particularly attractive in the context of the valorization of biomass (terpenes, vegetable oils, etc.) where the cleavage of C-C bond is of prime importance. 
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 2 Figure 2. Oxidation of chiral allylic alcohols in microdroplets.
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 36 Scheme 36. Synthesis of -hydroxy hydroperoxides catalysed by magnetic nanoparticles (CoFe2O4)-supported phosphomolybdate.
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 54 Scheme 54. Proposed mechanism of base-catalyzed fragmentation of 2-tertbutylperoxy-2-methyl-1-propanol.
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Scheme 58 .
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 62 Scheme 62. Acid-catalyzed fragmentation of a -hydroxy (tertiary) hydroperoxyde.
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 63 Scheme 63. Base or acid-catalyzed cleavage of -hydroxy hydroperoxides to aldehydes.
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 65 Scheme 65. Vanadium-catalyzed cleavage of terpenic -hydroxy hydroperoxide.
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 66 Scheme 66. Thermal cleavage of -hydroxy hydroperoxides to aldehydes under continuous flow conditions. Isolated yields presented in brakets.
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 67 Scheme 67. Cleavage of alkenes to aldehydes by either reductive ozonolysis or epoxidation/ring-opening of epoxide/fragmentation.
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Scheme 31. Phosphomolybdic acid (PMA)-catalyzed ring-opening of 2,2disubstituted epoxides with H2O2.
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Under these conditions, the C-C bond is cleaved to give N-acyl-N'-phenyldiazenes. These intermediates undergo acid-catalyzed methanolysis, furnishing either a ketone (R = Me) or an aldehyde (R = H) (isolated as a dimethylacetal in that case). A similar reactivity has also been observed with perchloric acid. The authors have also investigated the base-catalyzed cleavage of an α-azo--hydroxy hydroperoxide (Scheme 59, b). The reaction was carried out using NaOH at 12°C for 5 hours. Under these conditions, the cleavage product was obtained as a ketoacid with 56% yield (distilled as a methyl ester). The reductive cleavage of α-azo--hydroxy hydroperoxides was also investigated using dimethyl sulfide as a reducing agent (Scheme 59, c). Under these conditions, the cleavage products were isolated with 80 and 70% yield, respectively. The formation of such compounds is supposed to arise from the reduction of the hydroperoxide function to give the corresponding -hydroxyalkyl azo function. This unstable species undergoes a six-membered rearrangement to afford the observed products after tautomerism. The reduction can also be performed using triphenyl phosphine but the work-up was found to be tedious.

In 1996, Adam has studied the titanium zeolite-catalyzed oxidation of α-methylstyrene with hydrogen peroxide. 91 In this study, a mixture of 2-hydroperoxy-2-phenyl-1-propanol (14%), 2phenyl-1,2-propanediol (34%), 2-phenylpropanal (36%) and acetophenone (14%) was obtained when the reaction was performed in acetonitrile at 50°C (Scheme 60). Scheme 60. Ti-beta-catalyzed oxidation of α-methylstyrene with hydrogen peroxide (product distribution).

The authors have proposed that -hydroperoxy alcohol undergoes a Grob fragmentation to give acetophenone. Considering that this compound was also observed using either Ti-beta-Na (purely Lewis sites) or beta-H (purely Bronsted sites), the authors have concluded that both Lewis and Bronsted sites of the catalyst (Ti-beta-H) were involved in the fragmentation. To confirm this, several control experiments were carried out using aqueous HCl or Ti(OiPr)4. Under these conditions, hydroperoxide was efficiently converted to acetophenone, thus confirming that both Lewis acidity and Ti sites are effective in the decomposition of -hydroxy hydroperoxides. the authors have also observed that -hydroxy hydroperoxide is