Dual Catalytic Role of Molybdate Ions for Direct Conversion of Photooxidized FAMEs into Keto or Hydroxy Derivatives
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ABSTRACT. 
An organosoluble ammonium molydate salt catalytically converts allylic hydroperoxides of FAMES with good selectivities into either their corresponding alcohols or enones depending on the reaction conditions. While a gentle heating of methyl oleate hydroperoxides in toluene at 80 °C mainly provides the enone in a 83/17 ratio, presence of triethylamine at 40 °C reverses this ratio to 7/93 in favor of the alcohol. Extension of the reaction scope to other alkenes like cyclohexene, cyclooctene, -and -pinenes, -citronellol and 2-octene shows the wide potential applications of the process which lead to relevant oxygenated building blocks, especially oils as a possible alternative of castor oil.

Introduction
In addition to their originally dedicated applications in food sciences, oleochemicals are of great interest for the industry as biofuels and raw materials in different fields like lubricants or surfactants.1 Their transformation by oxidative cleavage2,3 or metathesis4,5 also offer valuable building blocks for polymers or fine chemistry. However, their structural diversity is by nature limited and only few fatty acids are produced in large scale. Among them, only ricinoleic acid 1, the main constituent of castor oil ( 90%), a unique and versatile renewable raw material, exhibits specific chemical and physicochemical properties thanks to its alkyl chain functionalized with a hydroxy group, allowing for example polyesters synthesis.6 However, its production faces several problems today due to the toxicity of ricin present in the seed and the allergenicity of the dusts, as well as its limited geographic areas of production, mainly in India, representing only 0.15% of the global oil production.7 On the opposite, oleic 2 and linoleic 3 acids are the main industrially produced fatty acids. Besides, as they present unsaturation(s) in their alkyl chain, one can imagine that a controlled chemical modification would offer an economically more profitable and safer alternative to ricinoleic acid.
Whereas biotechnology approaches have been developed to increase the proportion of ricinoleic acid in seeds,8 a chemical pathway involving sensitized photooxidation appears relevant as well since it uses only dioxygen as oxidant and proceeds with 100% atom efficiency with high selectivity at the allylic positions as shown in Scheme 1 (4a and 4b). 
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Scheme 1. Transformation of methyl oleate 2 into its hydroxy 5a-b and keto 6a-b derivatives.

Subsequent reduction or oxidation of the formed hydroperoxides can then provide trans allylic alcohols 5, which are isomers of ricinoleic acid, or enone esters 6 respectively. These latter can also constitute valuable platform molecules since the enone can be cleaved by retro-aldol reaction using NaOH at 150 °C,9 epoxidized in the presence of hydrogen peroxide10 or functionalized by Michael addition with amines11 or thiols for polymer building blocks synthesis.12 However, the direct oxidation of olefin into enone is challenging13-15 and the presence of the ester function can make it even more problematic.
Very recently, the use of oxoammonium salts as catalysts has been proposed for such a transformation combining an allylic transposition.16 It offers a nice alternative to the “dehydration” of allylic hydroperoxides through acetylation and elimination,17,12 but requires however a mixture of iodosobenzene diacetate and magnesium monoperoxyphthalate as oxidant. Alternatively, we have also recently reported a new pathway for the dehydration of valencene hydroperoxides using molybdate anion as a catalyst without any additives, leading to the corresponding enone, i.e. the flavor nootkatone.18 
Molybdate anion readily forms peroxo complexes in the presence of hydrogen peroxide.19 Many of them can catalyze various oxidative reactions.20,21 Olefin epoxidation  has been especially developed using alkyl hydroperoxides as oxidant,22 whereas alcohols can be converted into keto derivatives using oxoperoxobis(N-phenylbenzohydroxamato) molybdenum(VI)23 or (NH4)6Mo7O24.4H2O24 catalysts. Such oxidations can also be performed using tert-butyl hydroperoxide with tetrabromooxomolybdate ammonium salts as catalyst.25 Herein, in addition to extent our previous work about the dehydration of hydroperoxides on fatty esters substrates, we also show that the simple molybdate anion without additional ligands is able to reduce the allylic hydroperoxides into their corresponding allylic alcohols in the presence of triethylamine (scheme 1). This is an unprecedented reaction since the most related reaction that can be found in the literature is a patent in 1968 reporting the synthesis of amine-N-oxide using cumene hydroperoxide as the oxidant and molybdenum naphthenates as catalysts among others,26 like tungstate anion or titanium salts.27
This process thus offers a new and simple pathway to functionalize fatty acids with high atom economy and low cost materials. Same sequence was finally successfully extended to other alkenes to demonstrate that the scope of applications can be even wider.

Results and discussion
Synthesis of hydroxy esters 5 and keto esters 6 from methyl oleate 2
The hydroperoxides of methyl oleate and linoleate can be obtained easily by photooxidation. Despite the fact that methyl oleate is rather poorly reactive towards singlet oxygen 1O2 because its double bond is only di-substituted, the cis configuration reacts faster than the trans one28 and its chemical reactivity is even higher than its physical quenching (kr = 2.4 104 M-1.s-1 vs kq = 1.2 104 M-1.s-1 in CHCl3 at 20 °C).29 Thus, complete conversion could be obtained in 8 hours using TPP as a photosensitizer in dichloromethane. The choice of dichloromethane as solvent is justified due to its non flammability, its low boiling point which allows isolation of the hydroperoxides by simple evaporation at room temperature, the good solubility of the FAMEs, and noteworthy, the rather long lifetime of 1O2 in this solvent( = 99 µs).30 Faster reactions would occur in more halogenated solvents but dichloromethane looks as a good compromise between hazard and availability, as recognized for the industrial photochemical production of the antimalarial artemisinine.31 It is noteworthy that the hydroperoxides can also be obtained using the H2O2/MoO42- system, which is known as an efficient chemical source of 1O2,32-36 but in the present case, the low reactivity of the substrate would require high amounts of H2O2 and under such conditions, the photooxidation route is prefered.37
The dehydration of the allylic hydroperoxide into the corresponding enone was carried out in toluene using the bis-(N,N-dimethyl,-N,N-di-n-octylammonium) molydate catalyst [(n-C8H17)2Me2N+]2MoO42- previously designed as a balanced catalytic surfactant for dark singlet oxidation (DSO) in Winsor microemulsion systems which consist in a microemulsion phase in equilibrium with solvent and/or aqueous phases.38 This amphiphilic catalyst has thus affinity both for water and apolar solvents, that can be useful for catalyst separation and recovery (see below). The reaction was readily monitored by 1H NMR since some C-H signals are distinct between the allylic hydroperoxide (CH-OOH, pseudo-quartet at 4.28 ppm), the enone (=CH-C=O, doublet at 6.14 ppm) and the allylic alcohol (CH-OH, pseudo-quartet at 4.03 ppm). Optimization of the reaction conditions with methyl oleate are summarized in Table 1.

Table 1. Dehydration into enone or reduction into allylic alcohol of the allylic hydroperoxides (0.5 mmol) of methyl oleate using [C1C1C8C8N]2MoO4 catalyst in toluene (1 mL).
	Entry
	T (°C)
	Cat. amount (mol%)
	tr (h)
	Additives
	ROOH/enone/ROHa

	1
	60
	10
	1
8
	-
	76/17/16
0/78/22

	2
	60
	5
	8
	-
	39/48/13

	3
	60
	2.5
	8
	-
	67/27/ 6

	4
	80
	10
	0.5
	-
	0/78/22

	5
	80
	5
	0.5
4
	-
	41/47/12
0/81/19

	6
	80
	2.5
	0.5
4
8
	-
	57/37/ 6
10/78/12
(0/73/17)b

	7c
	60
	10
	4
	
	0/53/47

	8
	80
	5
	4
	MS 3Å (200 mg/mmol)
	6/77/17

	9
	80
	5
	4
	AcOH (1)d
	10/74/16

	10
	80
	5
	4
	NEt3 (1)d
	0/37/63

	11
	60
	10
	4
	NEt3 (3)d
	0/21/79

	12
	60
	2.5
	4
	NEt3 (3)d
	4/12/83

	13
	60
	0
	4
	NEt3 (3)d
	91/ 1/ 8

	14c
	40
	2.5
	8
	 NEt3 (3)c,d
	0/ 7/93
(0/ 5/84)b


a determined by NMR. b isolated yield on 5 mmol scale. c neat. d number of equivalents in bracket.

Full conversions of hydroperoxides were obtained with 10 mol% of catalyst at 60 °C in 8 hours but the selectivity of enone vs alcohol is limited to 78/22. Rising the temperature to 80 °C allowed to increase significantly the reaction rate and to reduce the catalytic charge to 2.5 mol% (entries 4-6), further improving slightly the selectivity. The amount of alcohol was however higher under neat conditions, even at 60 °C (entry 7). Hence, in order to accelerate the dehydration process, additives were tested. Since water is produced during the process and that protic solvents are known to stabilize the hydroperoxides, we first added molecular sieves 3Å (entry 8). Molecular sieves slightly slow down the reaction (see supporting information Figure S2) maybe by adsorption of the catalyst. We tried to check this hypothesis by measuring the respective concentration of the catalyst by 1H NMR compared to dichloroethane in toluene-d8, before and after the addition of molecular sieve, but no change was observed. Nethertheless, adsorption of a reactive intermediate cannot be ruled out. Also, molecular sieves don’t promote the dehydration since the conversion of the hydroperoxides reach only 2% at 80 °C for 4 hours when used alone. Triethylamine and acetic acid were also tested as additives in order to help the peroxide cleavage on a probable adduct formed between the molybdate anion and the hydroperoxide (scheme 2, see also the proposed mechanism section).


Scheme 2. Expected promoted cleavage of the adduct between hydroperoxide and molybdate anion in the presence of base or acid.

Whereas addition of acetic acid also lowers a little bit the conversion, triethylamine greatly enhances the selectivity but in favor of the alcohol. We thus wondered whether selective reduction of the hydroperoxides into alcohols may be achieved. Indeed, at 60 °C using 10 mol% of catalyst and 3 equivalents of triethylamine, a higher ratio of alcohol was obtained (entry 11). In order to reduce the proportion of the enone, the catalytic charge of molybdate was lowered to 2.5 mol%, improving a little the selectivity (entry 12). Noteworthy, the reaction is catalytic since in the absence of catalyst, a poor conversion is obtained (entry 13). Lastly, proceeding in pure triethylamine as solvent allowed to reach the best alcohol/enone ratio of 93/7 at 40 °C (entry 14).
Once the reaction conditions optimized for each product (Entries 6 and 14), reactions at 5 mmol scale (1.64 g) were performed followed by direct purification over silica gel chromatography to isolate the two isomeric alcohols (5a+b) in  1:1 ratio in 84% isolated yield (+ 5% of enone), as well as the keto ester (6a+b) in 73% yield (+ 17% of alcohol).

Synthesis of hydroxy and keto esters from methyl linoleate.
With two double bonds, the monohydroperoxide of methyl linoleate could not be selectively obtained by photooxidation since some dihydroperoxides were simultaneously formed. However, after full conversion of methyl linoleate over 4 hours of irradiation, the monohydroperoxides can be separated by silica gel chromatography in 58% yield. Four isomers are formed at the 9, 10, 12 and 13 positions, their relative ratio depending on the nature of the photosensitizer and the reaction time.39 A typical distribution would however be close to 28:19:21:31 like reported by Frankel and al. using methylene blue.40 According to the three OOH 1H NMR signals (recovering of the two minor compounds) and the one of the conjugated cis olefin, we also obtained the distribution of  30:20:20:30 for the four regioisomers oxidized at the positions 9,10,12 and 13 respectively (scheme 3). Alternatively, promoted autoxidation by nitroxide radicals would produce mainly hydroperoxides at position 9 and 13,41 but in the case of methyl oleate, such a preparative autoxidation pathway has not been reported so far and would provide a mixture of four regioisomers at positions 8, 9, 10 and 11 instead of two by photooxidation.42,43 Under the “reductive” conditions optimized with methyl oleate, the corresponding alcohols 7a-d could have been isolated in 76% yield after chromatography (Scheme 3) starting from 1 mmol scale. Under the “dehydrative” conditions, a mixture of dienones was obtained in 34% yield, mainly the two (,)-(,)-dienone isomers 8a and 8d in nearly 1:1 ratio with the keto function at the position 9 and 13, (see supporting information, Figure S13-14). This lower yield may be explained by the lower stability of the dienone. Side reactions may occur with the two other isomers, but the corresponding by-products could not have been identified.
[image: ]
Scheme 3. Transformation of methyl linoleate into its hydroxy or keto derivatives 7a-d and 8a-d.



Reaction scope to other alkenes
In addition to the FAMEs, the scope of the reaction was extended to different olefins: two cyclic ones, i.e. cyclohexene and cyclooctene, two terpens, i.e. the gem disubstituted -pinene likely to provide ,-unsaturated aldehydes and the trisubstituted -pinene, which can be photooxidized with high regioselectivity, and a terpenoid, i.e. citronellol, which gives a mixture of two hydroperoxides regioisomers. Lastly, the linear disubstituted 2-octene was also studied since such olefins can be easily obtained by metathesis with propene. On the other hand, terminal monosubstituted olefins were not retained here since they do not react with singlet oxygen and hydroperoxides cannot thus be directly generated during the first photooxidation step. The substrates were photooxidized with the same procedure as depicted in Scheme 1, the solvents were evaporated after complete conversion of the starting olefins, and the residues were then submitted without further purification to either the “dehydrative” or “reductive” conditions using 5 mol% of catalyst in deuterated toluene or triethylamine. 1,2-dichlorobenzene was added as an internal standard to determine the yields by 1H NMR. The results are summarized in Table 2. 



Table 2. NMR yields of dehydration into enone or reduction into allylic alcohol of allylic hydroperoxides (0.25 mmol) from several alkenes using [C1C1C8C8N]2MoO4 (5 mol%) catalyst and 1,2-dichlorobenzene as an internal standard (0.125 mmol). Conditions A = toluene (VT = 0.5 mL), 80 °C, 4h. Conditions B = triethylamine (0.75 mmol), 40 °C, 4h. Conversions = 100%.
	substrates
	
	keto / hydroxy derivatives
(1H NMR yields)

	Methyl oleate
	2
	     6(a+b) / 5(a+b)
A : 73 / 17a
B :   5 / 84a

	Methyl linoleate
	3
	          8(a-d) / 7(a-d)
  A :   32 a / n.d.
B :  n.d. / 76a

	Cyclohexene
	

	

A : 55 / 26
B : 22 / 66

	Cyclooctene
	

	

A : 37 / 19
B :   9 / 86

	-pinene
	

	

A : 51 / 12 b
B : 33 / 42 b

	-pinene
	

	

 A : 78 c /  9 
  B : 27  / 67

	(+)--citronellol
	

	
                             
     A : 31 / ( 0 + 7) d
   B :   0 / (48+48)

	2-octene
	

	

 A : (20 + 12) / (11 + 15)
B : (  2 +  0) / (37 + 40)


a isolated yield using 2.5 mol% of catalyst over 8 hours. b starting hydroperoxides already contains 11% of aldehyde after photooxidation. c mixture 62/16 of ketone/aldehyde resulting from Schenck rearrangement. d other by-products were unidentified. 

Under these conditions, all the conversions were quantitative over 4h (see comparative crude NMR spectra in Figures S15-20). Whereas the transformation of the hydroperoxides into alcohols proceeds smoothly at 40°C (condition B), higher temperatures of 80°C are required for their conversion into ketone to get good kinetics (condition A). Even if the generation of alcohol would be more difficult in absence of triethylamine, harden the reaction conditions leads globally to lower selectivities, except in cases of alpha and beta pinene. Also, compared to methyl oleate, the selectivities are a bit lower, especially for the enone formation under the dehydrative conditions A. Nevertheless, various substituted enones could have thus been obtained with fair yields, especially with the - and -pinenes. Surprisingly, Schenck rearrangement44,45 of the hydroperoxides of -pinene into the one of -pinene occurs during the reaction (scheme 4), giving some (,)-unsaturated aldehyde, but not the reverse reaction, probably due to a faster dehydration with the other isomer.



Scheme 4. Schenck rearrangement of -pinene hydroperoxide.44,45

Such a rearrangement does not occur during the smoother “reductive” conditions B in which very good selectivities were obtained with -pinene, -citronellol and 2-octene.



Separation and recovery of the catalyst
The amphiphilic properties of the catalyst can be used for its separation and recovery. Indeed, following the polarity of the solvent, it would preferentially be located either in the aqueous or the organic phases during an extraction. 
When using dehydrative conditions in toluene without any additive (conditions A), a single wash with water followed by azeotropic evaporation with ethanol allows to recover 37% of the catalyst from the aqueous phase. Its catalytic activity is maintained since a second run on the same scale gives 86% conversion with a catalytic charge reduced now to 1.7 mol% (See supporting information, Figure S21). A partial solubility in the organic phase explains the loss of the catalyst, but this would be avoided using a more hydrophilic one by shortening the length of the alkyl chains of the ammonium counter anions.
Recovery of the catalyst under the reductive condition using triethylamine (conditions B) is a bit more challenging since one equivalent of the water soluble triethylamine-N-oxide is generated as by-product. However, a first wash with water allows to separate them from the alcohol product, and two extractions of the aqueous phase with the more polar solvents ethyl acetate and 2-methyl tetrahydrofuran allow to recover 36% of the catalyst without any traces of triethylamine-N-oxide.
Catalyst recovery may thus be optimized tuning on its Hydrophilic-Lipophilic Balance and the selection of solvent extraction. Alternatively, supported ammonium catalysts on polymers may also be developed like for molybdate-catalyzed epoxidation.46,47 In such case, only a filtration would be required from the reaction media, even in presence of triethylamine-N-oxide.



Proposed mechanism
The reduction of hydroperoxide by triethylamine is accompanied by the formation of triethylamine-N-oxide, which can be observed in the crude 1H NMR spectrum. 
The fast formation of the ROO-Mo adduct A (scheme 5) can be assumed according to the significant 1H NMR shift of the allylic proton in alpha position of the hydroperoxide function, from 4.26 to 4.50 ppm in presence of stoichiometric amount of [C1C1C8C8N]2MoO4, as well of the ones of the olefinic system (Figure 1). Noteworthy, when the catalyst is used in stoichiometric amount, the hydroperoxide is fully converted in less than 1 hour at 80°C, and the enone/alcohol ratio improved at 92/8.
[image: ]
Figure 1. 1H NMR in Toluene-d8 of methyl oleate hydroperoxides alone (blue) and in presence of stoichiometric amount of [C1C1C8C8N]2MoO4, first after 15 minutes at room temperature (red), then after 1 hour at 80°C (black).

Whereas a 6-membered rearrangement (path a) leading to the enone would occur under heating, the presence of triethylamine would deprotonate the Mo-OH hydroxyle to give a tri-anion (path b), which would evolve as a peroxo by breaking the O-O bond of the alkylperoxide and thus throwing out the alcoholate, next protonated by the previously formed ammonium. The catalyst will then be regenerated from C by oxidation of triethylamine used as a sacrificial reducer.
[image: ]
Scheme 5. Proposed mechanism for the formation of allylic alcohols (path a) and/or enone (path b) from allylic hydroperoxides using molydate anion.

The basicity of triethylamine seems to be important to favor path b since using the more nucleophilic but less basic pyridine, the ratio between ROOH/enone/ROH after 4 hours at 40°C using 5 mol% of catalyst is only of 86/10/4 (see supporting information, Figure S22). It may also explain the formation of enone as by-product through an elimination mechanism as already proposed in Scheme 2, competitive to path a and path b.
In contrast, full conversion of the hydroperoxide into alcohol without any traces of the enone can be obtained using dodecanethiol in only 30 minutes under same conditions (see supporting information, Figure S23). A control experiment shows that the reaction proceeds much slower without catalyst (15% conversion after 30 minutes). With this electrophile, a direct reaction on the adduct A may rather occur. Despite that dodecanethiol is more efficient and selective as a reducer and that it is almost odorless thanks to its long alkyl chain, it is harder to separate than the volatile triethylamine and it is a more costly reagent.

Such reducing conditions with triethylamine look more advantageous compared to phosphines, sulfides, or hydride reduction considering safety or atom economy, as well as to hydrogenation which may be, in addition, problematic for the preservation of the unsaturation(s) of the FAMEs. Starting from methyl oleate, the atom economy for the formation of its hydroxy derivative is M(C19H36O3)/M(C19H36O2 + O2 + C6H15N) = 73%. Noteworthy, a simple wash with water and evaporation of triethylamine excess allow to recover easily the product. Concerning the keto derivative, the atom economy is even better M(C19H34O3)/M(C19H36O2 + O2) = 94.5% as only the dioxygen has to be taken into account, the catalyst being not considered by definition. Again, a simple wash allow to separate the catalyst. Such a combined photooxidation/molydate catalysis sequence provides thus a new access to these platform oleochemicals with high atom efficiency using a quite cheap catalyst and solely dioxygen as oxidant. Extension to various other olefins demonstrates that the process is not specific of particular substrates but can be applied to a large range of alkenes providing relevant oxygenated products.
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SYNOPSIS:
Hydroperoxides of FAMEs and other alkenes can be either reduced or dehydrated by molybdate catalysis to produce hydroxy or keto functionalized unsaturated compounds.
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