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Abstract:



Efficient one-pot catalytic synthesis of (+)-nootkatone was performed from (+)-valencene using only hydrogen peroxide and amphiphilic molybdate ions. The process required no solvent and proceeded in three cascade reactions: (i) singlet oxygenation of valencene according to the ene reaction; (ii) Schenck rearrangement of one hydroperoxide into the secondary β-hydroperoxide; and (iii) dehydration of the hydroperoxide into the desired (+)-nootkatone. The solvent effect on the hydroperoxide rearrangement is herein discussed. The amphiphilic dimethyldioctyl ammonium molybdate, which is also a balanced surfactant, played a triple role in this process, as molybdate ions catalyzed at both Step 1 and Step 3 and it allowed the rapid formation of a three-phase microemulsion system that highly facilitates product recovery. Preparative synthesis of the high added value (+)-nootkatone was thus performed at room temperature with an isolated yield of 46.5%. This is also the first example of a conversion of allylic hydroperoxides into ketones catalyzed by molybdate ions.
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1. Introduction


(+)-Nootkatone (Figure 1), a sesquiterpene firstly isolated from the heartwood of Alaskan yellow cedar and present in citrus species, is a sought after molecule widely used in flavor and cosmetic fields thanks to its unique grapefruit odor and low perception threshold [1,2,3]. It is allowed as a food additive at a 0.5 mg/Kg concentration level by the European Food Safety authority [4] and listed as an authorized flavor for food in the European Regulations. Moreover, recent research has revealed its impressive repellent activity, making it an interesting additive in insecticides against such various insects as termites or ticks [5,6]. The trace amount of (+)-nootkatone in plant sources results in the high price of this flavor and fragrance compound, which is extracted from natural plants in an industrial demand that cannot be met. Accordingly, several chemical synthetic approaches have been developed since the exact structure is known. However, the early synthetic strategies via the Robinson annulation with cyclohexanone derivatives [7,8,9,10,11], the Diels–Alder reaction between the cyclohexa-1,4-diene derivatives and appropriate dienophiles [12,13], cyclopentenone annulation and ring enlargement [14], intramolecular Sakurai reaction [15], and more recently the Diels-Alder/Aldol tandem reaction [16] suffer from a poor control of the configuration of the methyl groups at the C5 and C6 positions as well as the isopropenyl group at C8 position, which generally provide racemic (±)-nootkatone or diastereomers thereof. Different from (+)-nootkatone, (−)-nootkatone has a spicy and woody flavor, making it less useful. The synthesis of enantiopure (+)-nootkatone was firstly reported by Yoshikoshi’s group from (−)-β-pinene in an 11%~14% overall yield via the acid catalyzed cyclobutane cleavage–Aldol cyclization tandem reaction as a key step [17,18] and was improved by Laine et al. via the stereoselective Grignard/anionic oxy-Cope reaction, giving an overall yield up to 33% [19]. However, the lengthy reaction procedure, the toxic solvent used, the strict reaction conditions, the tedious work-up, and the low overall yield make the total synthesis of (+)-nootkatone not the best choice from an economic and ecological point of view.


Figure 1. Structure of (+)-valencene and (+)-nootkatone.
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Alternatively, (+)-nootkatone can be prepared by the allylic oxidation of the parent hydrocarbon, (+)-valencene (Figure 1), which is readily obtained from Valencia orange and successfully fermented with biotechnology by Allylix and Isobionics [20]. The oxidation of (+)-valencene with the carcinogenic tert-butyl chromate or sodium dichromate was reported by Hunter et al. [21] and Shaffer et al. [22]. Tert-butyl peracetate was also used for allylic oxidation of valencene, but additional chromic acid was required for the oxidation of intermediate nootkatol [23]. One-pot catalytic conversion of (+)-valencene into (+)-nootkatone has been realized with tert-butyl hydroperoxide in combination with silica-supported Co(OAc)2, Cu(OAc)2, or V(OAc)2 catalysts [24]. Chlorite-based oxidations have also been reported [25]. Nevertheless, the explosive, corrosive, and/or toxic properties of the systems mentioned above call for greener and more effective methods for preparing (+)-nootkatone from (+)-valencene. Recently, Guerra et al. [26] have reported on the allylic oxidation of (+)-valencene with tert-butyl hydroperoxide using a copper–aluminum mixed oxide as a catalyst in the presence of l-proline. They obtained (+)-nootkatone with a yield of 40%. On the other hand, various biocatalysts, such as G. pentaphyllum cultures, green algae Chlorella species, fungi Bothryosphaeria dothidea, the lyophilisate of edible mushroom Pleurotus sapidus, and several bacterial cytochrome P450 enzymes have also been studied for this transformation [27,28,29,30,31,32,33,34,35]. However, the costly culture conditions, the low conversion rate and yield, the inhibition of enzymes by products, and the presence of various by-products still hamper the industrial preparation of (+)-nootkatone via biocatalysts. Chemo- or biocatalytic methods based on radical chain oxidations with oxygen are more cost-efficient, but may suffer from poor process robustness, while still requiring toxic metal chemocatalysts and large, sub-stoichiometric amounts of unstable organic mediators that cannot be recycled [36,37]. It is, however, noteworthy that (+)-nootkatone synthesized from (+)-valencene could be claimed as “natural” only if all starting materials can be found in nature, which concerns only the enzymatic processes.



We report herein two one-pot syntheses of (+)-nootkatone from (+)-valencene. Both methods involve singlet oxygen (1O2, 1Δg) as the oxidant and molybdate ions as a catalyst. The one-pot process comprises three cascade reactions starting from the singlet oxygenation of valencene, which can be either photochemical or chemical, followed by a Schenck rearrangement and ended with the transformation of the allylic hydroperoxide intermediate into the desired nootkatone, also catalyzed by molybdate ions. These cascade reactions describe for the first time the allylic oxidation of cyclic alkenes to ketones catalyzed by molybdate ions.




2. Results and Discussion


Singlet oxygen, 1O2 (1Δg), readily reacts with the trisubstituted double bond of (+)-valencene, according to the ene reaction providing selectively two regioisomers. The photooxidation of (+)-valencene into hydroperoxides by photochemically generated 1O2 has already been reported [22,38,39]. The reactions were typically carried out in a methanol/benzene (1:1) mixture in the presence of rose Bengal. These conditions provide mainly a tertiary allylic β-hydroperoxide (≈70%–80%), which spontaneously rearranges at room temperature into a secondary allylic β-hydroperoxide (≈60%) according to the Schenck rearrangement [38,39,40]. The other secondary hydroperoxide (≈15%–20%) formed as a minor product is stable. Davies and Davison reported that these hydroperoxides can also be obtained with ground state oxygen through another mechanism, giving mainly the secondary β-hydroperoxide in a first step [38]. More recently, Jensen et al. reported the formation of nootkatone by autoxidation of valencene in microfluidic system under solvent-free and catalyst-free conditions [41]. The only work describing the conversion of the secondary β-hydroperoxide into nootkatone was reported by Ohloff in the presence of copper (I) ions [39].



In a first reference experiment, we carried out the photooxidation of (+)-valencene 1 in the presence of rose Bengal in methanol. The two expected hydroperoxides 2 (71%) and 3 (17%) were obtained as depicted in Figure 2. Some minor other side products resulting from a reaction of 1O2 with the exo-cyclic double bond were also observed.


Figure 2. Photooxidation of (+)-valencene in methanol.
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The selectivity for 2 can be accounted for by steric effect as already reported for molecules of a similar structure, such as cholesterol and naphthalenyl derivatives [42,43]. Indeed, the attack of 1O2 from the α-face is sterically hindered by the two methyl groups, and the axial hydrogen on C10 is prevented from ene reaction; meanwhile, the equatorial hydrogen is less accessible than the axial hydrogen atoms on C1. Thus, the β-isomer of 2 is the main product. While the ene reaction is relatively independent of the solvent nature, the conversion of hydroperoxide 2 into hydroperoxide 4 is closely related to the type of solvent. Indeed, in methanol, hydroperoxide 2 was stable, and almost no rearrangement product was obtained beyond one month. On the other hand, in a non-protic solvent such as toluene, the Schenck rearrangement of 2 into 4 was able to reach up to >99% in two days at room temperature and only in 5 h at 40 °C (Figure 3). Several other solvents were then investigated at room temperature. The conversions of 2 into 4 are reported in Table 1. It is noteworthy that hydroperoxide 3 does not rearrange.


Figure 3. Schenck rearrangement of hydroperoxide 2 into hydroperoxide 4 followed by conversion of hydroperoxide 4 into nootkatone 5 catalyzed by molybdate ions in toluene.
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Table 1. Conversion of hydroperoxide 2 into hydroperoxide 4 determined by 1H NMR after 48 h in various solvents at room temperature using an internal standard (see Supporting Information Figures S11–S13).







	
Solvents

	
Conversion of 2 into 4 (%)






	
MeOH

	
<5




	
Acetone

	
55




	
Acetonitrile

	
66




	
Chloroform

	
89




	
Toluene

	
>95










The kinetics of the Schenck rearrangement reaction is greatly affected by the solvent [40,44]. As shown in Table 1, toluene gave the highest rearrangement rate in hydroperoxide 2. As previously reported, the hydroperoxide dimer combined by hydrogen bonding showed much lower activity than the free hydroperoxide [45,46]. The higher stability of hydroperoxide 2 in methanol can be explained by the hydrogen bond formation between the solvent molecule and the hydroperoxide function, which suppresses the rearrangement.



The dehydration of allylic hydroperoxides into the corresponding enone catalyzed by Lewis acids such as Cu2+, Co2+, Mn2+, and Zr4+ has already been reported [47,48,49]. In this mechanism, the coordination of the metal with the peroxide has been considered to weaken the O–O bond and, accordingly, facilitates the dehydration. During our investigations, we found that molybdate ions were also able to catalyze the dehydration of 4, yielding the desired (+)-nootkatone 5 (see Figure 3). The reaction was investigated in toluene with the amphiphilic bis(dimethyldioctyl)ammonium molybdate abbreviated as [DiC8]2[MoO4]. Figure 4 shows the conversion of hydroperoxide 4 into (+)-nootkatone 5 as a function of time for stoichiometric and catalytic amounts of molybdate salt.


Figure 4. Kinetics of hydroperoxide 4 conversion into nootkatone 5 catalyzed with [DiC8]2MoO4. ● 0.2 equiv T = 50 °C; ○ 1 equiv T = 25 °C; ▲ 0.2 equiv T = 25 °C.
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While the reaction with 0.2 equiv molybdate at 25 °C is quite slow compared to stoichiometric amounts of molybdate, it is remarkably increased at 50 °C, suggesting a catalytic process. This temperature has been chosen as a good compromise between increasing the reaction rate and avoiding possible thermal degradation of the hydroperoxide intermediates. A possible catalytic cycle is proposed in Figure 5. The coordination of hydroperoxide to the molybdate anion and the proton transfer generates the active species B. The α-hydrogen of alkylperoxy ligand is abstracted via a six-membered transition state by the oxygen anion of molybdate, which affords the enone product, and the molybdate is regenerated by dehydration of intermediate species C. A similar six-membered ring transition state has been proposed for the tungstate catalyzed alcohol oxidation by H2O2 [50]. The α-hydrogen abstraction of alkyl peroxy ligand was considered as the rate-determining step, which was also supported by the experiment. The yellow solution obtained just after the addition of [DiC8]2MoO4 to the hydroperoxide 4 toluene solution confirms the complex formation. Moreover, the complex formation was also confirmed by the 1H NMR analysis, where α and adjacent alkene protons of alkyl hydroperoxide group moved to higher fields after the addition of [DiC8]2MoO4 (Figure 6). It is noteworthy that complex formation is rapid, while the generation of (+)-nootkatone is slower.


Figure 5. Proposed catalytic cycle for the [DiC8]2MoO4-catalyzed dehydration of hydroperoxide 4.
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Figure 6. Evolution of the 1H NMR spectrum of hydroperoxide 4 just after the addition of [DiC8]2MoO4.
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Based on these findings, the one-pot cascade conversion of (+)-valencene into (+)-nootkatone was carried out in toluene in the presence of 0.2 equiv [DiC8]2MoO4. Considering the low solubility of rose Bengal in toluene, 5,10,15,20-tetra-phenyl-21H,23H-porphine (TPP) was used as a photosensitizer. The photooxidation of (+)-valencene proceeded at room temperature and the conversion was complete in 5 h. The solution was then heated at 50 °C for 4 h to complete the rearrangement and the dehydration steps leading to the desired nootkatone with an isolated yield of 40%.



As far as the chemical process is concerned, molybdate ions are known to catalyze the disproportionation of hydrogen peroxide, a green and safe oxidant, into 1O2 [51,52] with a quantitative yield of 100%, affording a simple and safe alternative to the photochemical process.



The use of an amphiphilic catalyst, [DiC8]2[MoO4], was motivated by three main reasons:

	
the dark singlet oxygenation (i.e., the chemical oxidation versus the photooxidation [53]) of valencene can be efficiently performed in the absence of organic solvent thanks to the surface activity of the catalyst, which lowered the interfacial tension between the organic phase, i.e., the substrate, and the aqueous H2O2, thus generating nanodroplets and a higher interfacial area in the solvent-less medium;



	
[DiC8]2[MoO4] can play a dual catalytic role in Step 1 (see above) and Step 3 of the process;



	
it is a “balanced catalytic surfactant” that can thus provide a three-phase-microemulsion system (i.e., a microemulsion phase in equilibrium with both water and solvent excess phases) in the presence of water and an appropriate solvent, allowing for easy product isolation and catalyst recycling via simple phase separation [52].








During valencene peroxidation, H2O2 was added stepwise to favor the formation of the triperoxomolybdate [MoO(O2)3]2−, the main precursor of 1O2 [51]. The addition of H2O2 can be readily and visually controlled by the bleaching of the orange-red to pale yellow solution when H2O2 has been consumed (Figure 7). When conversion of (+)-valencene was completed, the mixture was incubated at 50 °C for 5 h providing nootkatone. Efficient separation of product and catalyst was easily achieved by addition of diethyl ether affording an optimal three-phase-microemulsion within a few seconds, avoiding the formation of undesired stable emulsions (Figure 7). This one-pot chemical process provided nootkatone with a yield of 46.5% in addition to some nootkatol (22%). The nootkatol might have been formed through the direct interaction of some peroxomolybdate intermediates with valencene. Its formation can be minimized by a careful control of the pH, which must be in the range 9–10 to favor the precursor of 1O2, i.e., the triperoxomolybdate. At the end of the reaction, the products were simply isolated by removing the excess Et2O phase. The middle microemulsion phase contained the catalyst, [DiC8]2MoO4, and some products (less than 20%) that could be completely recovered after two extractions with diethyl ether. The middle phase microemulsion could be recycled without any loss of activity, since all the catalyst was contained in this phase and since the H2O2/MoO42− system is well known for not presenting leaching [52]. It is noteworthy that the reaction was even slightly kinetically superior with the recycling catalyst, probably due to a favorable preconditioning.


Figure 7. Dark 1O2 oxygenation of (+)-valencene into (+)-nootkatone by the system [DiC8]2MoO4/H2O2.
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3. Materials and Methods


3.1. General Information


Deuterium solvents were purchased from Eurisotop (Saint-Aubin, France) (>99%). Rose Bengal (RB), tetraphenylporphyrin (TPP) and valencene were from Sigma-Aldrich (Saint-Quentin Fallavier, France) (99.9%). Valencene was Sigma-Aldrich ®Saint-Quentin Fallavier, France distilled in vacuum before use. The photooxidation was carried out with the sodium lamp Faeber Lighting System 150W ST (Uboldo, Italy) . Chemical shifts in NMR spectra were recorded in ppm (δ) relative to the internal standard tetramethylsilane (TMS). The signals were described as s (singlet), d (doublet), t (triplet), dd (double doublet), dt (double triplet), m (multiplets), and br (broad).




3.2. Photooxidation of (+)-Valencene 1 in Methanol with Rose Bengal as a Photosensitizer


A 10 mL CH3OH solution with 0.125 mg of Rose Bengal was prepared in a 25 mL special flat flask for photooxidation. Valencene (204.4 mg, 1.0 mmol) was dissolved in the solution, and the reaction was then triggered by the bubbling of the oxygen under the light of the sodium lamp Faeber Lighting System 150W ST at 10 °C. The reaction was followed by NMR analysis (Bruker, Wissembourg, France) of the reaction mixture every 2 h until the conversion was complete. At the end of the reaction, the solvent was evaporated in vacuum, and the crude product was purified through chromatography on silica gel (petroleum ether/ethyl ether = 4:1). It is noteworthy that hydroperoxides 2, 3, and 4 can be separated by a tedious chromatography with an Rf equal to 0.5, 0.4, and 0.34, respectively, but some hydroperoxide 2 rearrange into hydroperoxide 4 during the evaporation of the solvent, giving back a mixture of 2 and 4. A more rapid chromatography without separation of 2 and 3 minimizes the formation of 4, affording a mixture of 2 and 3 as major isomers with an 82:18 ratio. Thus, the desired product 2 was obtained with a yield of 41%. 1H NMR (300 MHz, CD3OD) δ = 5.83 (dt, J = 3.1 Hz, 9.9 Hz, 1H), 5.61 (d, J = 9.9 Hz, 1H), 4.71–4.77 (m, 1H), 4.66–4.70 (m, 1H), 2.09–2.34 (m, 4H), 1.74–1.82 (m, 5H), 1.38–1.64 (m, 4H), 0.89 (s, 3H), 0.80 (d, J = 6.7 Hz, 3H); 13C NMR (75 MHz, CD3OD) δ = 131.0, 130.5, 107.6, 39.7, 35.4, 32.9, 30.7, 26.9, 25.2, 19.4, 13.9, 13.3. HRMS: calcd for C15H24O2 (M + H)+ 237.3578, found 237.1849.




3.3. Conversion of Hydroperoxide 2 into Hydroperoxide 4 via Schenck Rearrangement and Further Catalytic Conversion into (+)-Nootkatone 5


Hydroperoxide 2 (42 mg, 0.18 mmol) was dissolved in 1 mL of toluene-d8 (for direct NMR analysis) and incubated at 40 °C for 5 h, leading to the complete and quantitative conversion into 4. 1H NMR (300 MHz, toluene-d8) δ = 5.40–5.43 (m, 1H), 4.74–4.77 (m, 2H), 4.20–4.24 (m, 1H), 1.78–2.18 (m, 5H), 1.60–1.68 (m, 4H), 1.30–1.41 (m, 2H), 0.94–1.19 (m, 2H), 0.82 (d, J = 6.9 Hz, 3H), 0.78 (s, 3H); 13C NMR (75 MHz, toluene-d8) δ = 137.1, 116.8, 108.7, 77.6, 44.4, 40.6, 35.0, 32.6, 32.5, 30.9, 20.4, 16.6, 14.8. HRMS: calcd for C15H24O2 (M + H)+ 237.3578, found 237.1849.



Then, [DiC8]2MoO4 (24.9 mg, 0.036 mmol) was dissolved in the reaction mixture as a catalyst to convert hydroperoxide 4 into nootkatone 5. The mixture was incubated at 50 °C for 7.5 h. When the conversion was complete, the solvent was evaporated in vacuum, and the reaction residue was subject to chromatography on silica gel (PE/ethyl ether = 3:1), affording 29.0 mg of (+)-nootkatone as a colorless oil with a grapefruit flavor (75%). 1H NMR (300 MHz, toluene-d8) δ = 5.74 (s, 1H), 4.75–4.79 (m, 1H), 4.70–4.73 (m, 1H), 1.87–2.14 (m, 5H), 1.67–1.73 (m, 1H), 1.54–1.61 (m, 5H), 0.97–1.12 (m, 1H), 0.79–0.87 (m, 1H), 0.70 (s, 3H), 0.59 (d, J = 6.9 Hz, 3H); 13C NMR (75 MHz, toluene-d8) δ = 137.1, 125.0, 109.3, 43.8, 41.9, 40.2, 40.1, 32.4, 31.5, 20.4, 16.1, 14.4. HRMS: calcd for C15H22O (M + H)+ 219.1749, found 219.1748.




3.4. Direct Synthesis of (+)-Nootkatone 5 in Toluene by Photooxidation of (+)-Valencene 1 in the Presence of [DiC8]2MoO4


(+)-Valencene (202.4 mg, 1.0 mmol) and [DiC8]2MoO4 (140.2 mg, 0.2 mmol) were dissolved into 5.0 mL of toluene-d8 containing 0.5 mg of TPP. The solution was bubbled with oxygen and irradiated with a sodium lamp. The conversion of (+)-valencene was followed directly by 1H NMR and was complete after 18 h at room temperature. Then, the solution was kept at 50 °C for 4 h to achieve the (+)-nootkatone formation as confirmed by 1H NMR. The product was isolated by chromatography on silica gel (PE/ethyl ether = 3:1), and 75.6 mg of pure nootkatone was isolated (40%).




3.5. Dark Singlet Oxygenation of (+)-Valencene 1 to (+)-Nootkatone 5


[DiC8]2MoO4 (175 mg, 0.25 mmol), valencene (102.2 mg, 0.5 mmol), H2O2 (58 μL of a 50 wt. % solution, 1.0 mmol), and 30 μL of NH3 aqueous solution were introduced into a glass tube. The reaction mixture was stirred and kept at 30 °C. Another batch of H2O2 (58 μL of a 50 wt. % solution, 1.0 mmol) was added when the red color faded. A total of 15 batches, i.e., 0.87 mL of H2O2 50 wt. %, 15 mmol, to complete the conversion of (+)-valencene. Then, the reaction mixture was incubated at 50 °C for several hours for the complete formation of nootkatone. The solution was cooled down to room temperature, and 2 mL of diethyl ether were added. A three-phase microemulsion system was spontaneously formed. The upper organic phase was separated and the middle phase microemulsion was extracted two more times (2 mL × 2). The organic phases were combined and evaporated. The residue was subject to the chromatography on silica gel (PE/ethyl ether = 3:1), affording 43 mg of the desired nootkatone (39%). The spectra were in agreement with those previously reported.




3.6. Preparative Scale Synthesis of (+)-Nootkatone 5


[DiC8]2MoO4 (876 mg, 1.25 mmol), valencene (510 mg, 2.5 mmol), H2O2 (290 μL of a 50 wt. % solution, 5 mmol), and 150 μL of an NH3 aqueous solution were introduced into a glass tube. The reaction mixture was stirred and kept at 30 °C. Another batch of H2O2 (290 μL of a 50 wt. % solution, 1.0 mmol) was added when the red color faded. A total of 15 batches, i.e., 4.35 mL of H2O2 50 wt. %, 75 mmol, to complete the conversion of (+)-valencene. Then, the reaction mixture was incubated at 50 °C overnight for the complete formation of nootkatone. The solution was cooled down to room temperature, and 6 mL of diethyl ether were added. The three-phase microemulsion system was spontaneously obtained. The organic phase was separated, and the middle phase microemulsion was extracted two more times (6 mL × 2). The organic phases were combined and evaporated. The yield of isolated (+)-nootkatone was 46.5%.





4. Conclusions


One-pot catalytic synthesis of (+)-nootkatone via singlet oxygenation of (+)-valencene was successfully performed with the possibility of generating 1O2 either photochemically or chemically. In the chemical process, molybdate plays a dual catalytic role as it disproportionates H2O2 into 1O2 and converts the hydroperoxide arising from the Schenck rearrangement into the desired nootkatone. This latter reaction has not been reported before for the conversion of allylic hydroperoxides into unsaturated ketones. The process reported here with (+)-nootkatone, obtained in relatively high yields compared to previous reported work, is promising, as it opens new avenues for other allylic hydroperoxides and further green industrial developments.
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