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Abstract:

The synthesis of THF and tetrahydro-2H-pyrane is of interest due to the applications of such
molecules as antitumour, pesticidal, antiprotozoal and antimicrobial agents for instance. Here,
an original approach was performed to prepare these derivatives starting from linoleic acid in
the presence of hydrogen peroxide and phosphotungstic acid in the absence of a phase transfer
agent. A maximum cyclic compounds yield of 99% was obtained under mild conditions of
temperature. A heterogeneous catalyst was synthesized by exchanging proton by Cs to obtain
Cs2,3Ho,7PW12040 that was recycled up to 3 cycles. It is one of the best yield to these products

observed in the literature from fatty acids.
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1. Introduction

Nowadays, vegetable oils are used as renewable raw materials for the manufacture of industrial
products such as biofuels, lubricants, surfactants and pharmaceutical and cosmetic products [1].
To access these products, vegetable oils undergo chemical treatments such as hydrolysis,
transesterification, oxidation, hydrogenation, metathesis, etc [2]. The presence of one or more
C=C double bonds in the fatty chain of these molecules provides a chemical manifold and
makes their functionalization a center of interest for several domains such as polymer synthesis,
cosmetics and others. Hydroxylation reactions can led to vicinal alcohols which are an
interesting class of molecules in the formulation of several products, such as paints, surface
coating, food emulsifiers, soap surfactants, biofuel additives, etc. [3]. These vicinal alcohols
also act as an intermediate for the production of dicarboxylic acids such as azelaic and
pelargonic acids, which are valuable specialty monomers [4]. In the literature, the hydroxylation
of polyunsaturated fatty esters is generally followed by a cyclization process leading to the
formation of substituted tetrahydrofurans (THFs). These compounds are of interest due to their
biological activity in areas such as polyether antibiotics and Annonaceous acetogenins [5-6].
Hence, Annonaceous acetogenins constituted of THF and Tetrahydro-2H-pyrane derivatives
are bioactives as antitumour, immunosuppressive, pesticidal, antiprotozoal, antifeedant,
anthelmintic and antimicrobial agents. Several acetogenins were isolated such as 4-acetyl
gigantetrocin A [7], 4-acetyl annonacin [8] and 4-acetyl xylomaticin [8], annohexocin [9] and
murihexocins [10]. The synthesis of these types of molecules via oxidative cyclization of fatty
acid methyl ester such as linoleic acid has been little investigated. Yet it is a desirable approach

with benefits for simplicity and atom-economy if developed with green catalysts.



Travis et al. [11] investigated the oxidative cyclization of methyl linoleate and methyl
arachidonate in a reaction medium containing tetrahydrofuran (THF), water and perchloric acid
(HCIOg4). Furanic isomers (five-membered ring) were formed (Scheme 1) through a cascade

epoxidation/hydrolysis reaction (30% yield).
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Scheme 1. Formation of 2,3,5-THF-tri-substituted diols from arachidonic acid [19].

In another study, several oxidant systems (KMnOs, OsO4, RuClz) were studied for the
oxidative cyclisation of fatty acids (arachidonic acid) and fatty acid esters (methyl linoleate)
[12]. These oxidants led to low yields of furanic isomers (30%) due to a competitive secondary
oxidation reactions (fatty acid fragmentation). In addition, the oxidants used can be toxic,
expensive and corrosive. Another interesting oxidant is hydrogen peroxide since the only by-
product formed during the H>O> based oxidation reaction is water. In the literature, the
hydroxylation of unsaturated fatty acids using H20: as oxidant was generally performed using
tungsten catalytic systems based for examples on tungstic, phosphotungstic or pertungstic acids
[13-15]. The main drawbacks of these approaches were the need for high concentrations of
hydrogen peroxide (up to 70%) and the use of a phase transfer agent. Another important
challenge for successful hydroxylation reactions is the control of the selectivity toward the
desired product, since several molecules can be obtained such as epoxides, diols or compounds

resulting from the oxidative cleavage [16-18].



Herein, we report the selective oxidative cyclization (hydroxylation/cyclization) of
linoleic acid to tetrahydrofuran (1 and 2) and tetrahydro-2H-pyrane (3) derivatives in the
presence of hydrogen peroxide and phosphotungstic acid as depicted on Scheme 2. The
experimental conditions were optimized in order to obtain a high yield in cyclic isomers. A
heterogeneous form of HaPW 12,040 was synthesized (Csz23Ho7PW12040), and the recyclability
of this catalytic system was studied. To the best of our knowledge, this is the first time that
these cyclic compounds were obtained with high yield (99%) from fatty acids with an atom

economical and safe oxidant, in absence of a phase transfer agent.
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Scheme 2. Conversion of linoleic acid to substituted THF and Tetrahydro-2H-pyrane.

2. Experimental part

2.1. Materials and methods

Hydrogen peroxide (30 wt.%) purchased from Acros-Organics was the oxidant used for all
reactions. Linoleic acid was purchased from Sigma Aldrich with a purity of 99% (Figure S1)
and phosphotungstic acid Hs3PW12040 from Sigma-Aldrich, was used as an acid catalyst.

2.2. Synthesis of Cs2,3Ho7PW12040 catalyst



The heterogeneous catalyst was synthesized by the exchange of 2.3 protons of H3PW 12040 by
2.3 Cs atoms from cesium nitrate according to the study of Gharib et al. (Scheme 3) [19].

H3PW12040 + 2.3 CsNO3  ------------- > Cs23PW12040 + 3 HNO3
Scheme 3. Synthesis reaction of Csz.3Ho7PW12040.

To this aim, phosphotungstic acid (1.0 mmol, 2.9 g) was introduced to 15 ml of deionized water
in a 50 ml flask under magnetic stirring for 10 min at room temperature. An aqueous solution
of cesium nitrate (2.5 mmol, 0.49 g in 4 ml deionized water) was added drop by drop to the
solution. A stirring was maintained for 24 h at room temperature. The white catalyst was
recovered by filtration. The catalysts was washed several times with deionized water before
being drying in an oven at 60 °C for 16 h. The specific surface area was measured by N>
adsorption—desorption isotherms and was 123 m2.g™* accordingly to the literature [20]. The pore
volume was 0.103 cm?®/g and the pore size measured by BJH was 8.9 nm. The acid sites of this
catalyst was measured by NHz TPD in the literature and was reported to be 161 uLmol g [21].
2.3. Catalytic tests

In a 50 ml round flask, linoleic acid (1.5 mmol, 420 mg) was introduced with an amount of
aqueous hydrogen peroxide (30 wt.%, 1.5- 3.5 eq., 0.23-0.54 ml) to a specified amount of
phosphotungstic acid (21-63 mg). The reaction medium was subsequently heated under reflux
and kept under vigorous agitation. After reaction, ethyl acetate (40 ml) was added to the reaction
medium in order to solubilize and extract the organic phase. The organic phase was
subsequently recovered and dried by adding sodium sulphate. After a filtration, the ethyl acetate
was evaporated using a rotary evaporator. Before gas chromatography (GC) analysis, the
sample was diluted using 1 ml of pyridine and silylated by adding hexamethyldisilazane (1 ml)
and chlorotrimethylsylane (1 ml). Sorbitol (2 mg) used as external standard was added to the

sample before analysis.



2.4. Analyses

In our study, the analysis and quantification of linoleic acid and formed products were
performed using a Varian 3900 gas chromatograph. The latter is equipped with a split/splitless
injection port, a flame ionization detector (FID) and a BP5 column (30 m x 0.32 mm x 1 um)
composed of a mixture of 5% phenyl and 95% dimethyl polysiloxane.

Linoleic acid conversion and products yields were calculated based on calibration curves and

using the following equations:

i t
. linoleic acid/Asorbitol - Alinoleic acid/Asorbitol
Conversion (%) = X 100

i
Alinoleic acid/Asorbitol

Vield (%) = mol.of products at t « 100
e " ol of linoleic acid att =0

Where Al oieic acia @4 Abinoreic acia Tepresent the values of the area of linoleic acid
chromatographic peaks respectively at the initial time (time zero) and time of control (similarly

for A;mduct and A;mduct ) . Asorpitor 1S the area of the external standard.

The yields of reactive products were measured using *H NMR spectroscopy recorded on
a 400 MHz Bruker Avance DPX spectrometers for 9,12-diepoxystearic acid and by GC analysis
for the substituted THF and terahydro-2H-pyrane derivatives. To this end, these products were
synthesized from linoleic acid with a purity of 99% and used for calibration. The nature of the
cyclic compounds were confirmed by *H NMR (Figure S2) and by mass spectrometry analysis
using a Bruker Impact HD (Q-TOF) (Figure S3). Despite our efforts, we could not separate the
three cyclic compounds by GC analysis, due to their similar polarity. Thus, a global yield of the

three cyclic compounds was reported.



3. Results and discussion

In a first set of experiments, the oxidative cyclization of linoleic acid (1.5 mmol) was performed
in the presence of 15 wt.% of Hs3PW 12040 and 3.5 equivalents of H2O2 (30 wt. %) at 80 °C. After
2 h of reaction, a total conversion of linoleic acid was observed with the formation of two 5-
membered ring cyclic ethers (1 and 2) and one 6-membered ring one (3) with a total yield of

50% (Figure 1, Scheme 2).
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Figure 1. Kinetic profile of the conversion of linoleic acid (1.5 mmol) as a function of time in

the presence of 3.5 equivalents of H202 and 15 wt.% of H3PW 12040 at 80 °C.

Cyclic products were analyzed by *H NMR and MS analysis. The cyclic compounds were
therefore synthesized by hydroxylating 1.5 mmol of linoleic acid in the presence of 15 wt.% of
phosphotungstic acid and 2.5 equivalents of H20, at 80 °C for 30 min of reaction. The purity
of the synthesized products were measured using *H NMR spectroscopy and mass spectrometry
as shown in Figures 2 and 3 respectively. On Figure 2, all the peaks correspond to the cyclic

compounds and the non identified impurities present in linoleic acid as shown on Figure S1.
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Figure 2. *H NMR of the produced cyclic compounds.
There is one peak that corresponds to the cyclic compounds with a m/z of 353 with a Na adduct.

Another peak at m/z of 683 was observed corresponding to two diols sur to the high

concentration of products used (Figure 3).
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Figure 3. Mass spectrometry of the produced cyclic compounds.
To confirm that we these compounds are formed, 3C NMR analysis was performed and we

obtained the following spectra that corroborate cyclic compounds are formed (Figure 4).
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Figure 4. 13C NMR of products obtained.
The chemical shifts were attributed using prediction and the peaks are split due to the presence
of diastereoisomers. A 2D-HSQC NMR analysis was also performed and confirm that cyclic

compounds were formed as depicted on Figure 5.
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Figure 5. 2D HSQC NMR of products obtained.

Based on these analysis, the products were purified and they were analyzed by GC (Figure 6)

Sorbitol

Figure 6. Chromatogram of the three cyclic isomers (sorbitol: internal standard)
A calibration was made (Figures S2 and S3) and all the yields provided are GC yields.
Unfortunately we were not in a position to separate them by GC and quantify them individually.
For the intermediate, 9,12-diépoxystearic acid was identified and quantified. Other products

were also detected. Despite our effort to analyze these by-products, we were only able to
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identify one of them by mass spectroscopy analysis (Figure S4). A m/z of 195 was observed
corresponding to the molecular weight of 9-oxononanoic acid and a sodium adduct (Scheme 4).

HOWO

(o)

Scheme 4. Product resulting from the fragmentation of cyclic isomer: 1: 9-oxononanoic acid.

A kinetic profile was also carried out (Figure 1). After 5 min of reaction, 85% of linoleic
acid was converted to the three cyclic compounds with a total yield of 39% and 46% of
selectivity. Another product was formed corresponding to 9,12-diepoxystearic acid with a yield
of 11% (Scheme 5). By-products were also observed as reported on Figure 1. In all the presented

results the missing percentage in yield is due to the formation of unidentified products.

jW\A/A\/w
HO

Scheme 5. Structure of 9,12-diepoxystearic acid.

After 15 min of reaction, the conversion of linoleic acid increased slightly to 95%. In
parallel, the yield of cyclic compounds increased from 39% to 45%, while the yield of 9,12-
diepoxystearic acid decreased from 11% to 0%. A total conversion and a maximum yield in the
cyclic compounds of 50% (50% selectivity) were observed after 30 min of reaction. The
decrease in the yield of 9,12-diepoxystearic acid from 11% to 0% can be due to its conversion
to cyclic compounds or to its decomposition. Upon prolonged reaction time, the cyclic
compounds selectivity did not change that can be due to the stability of the active species or to

the lack of hydrogen peroxide in the reaction media. Additional studies were performed in order
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to improve yield and selectivity in cyclic isomers and also to determine if 9,12-diepoxysteraric

acid is an intermediate in this reaction.

3.1. Influence of the amount of hydrogen peroxide

The first parameter studied was the amount of H.O2. The reaction was performed using similar
conditions as before with different loading of H202: 1.5 eq., 2.5 eq. and 3.5 eq. (Table 1). A
decrease in the quantity of hydrogen peroxide from 3.5 to 2.5 eq. led to an increase of the yield
of cyclic isomers. Thus, after 15 min of reaction, 75% of cyclic isomers and 15% of 9,12-
diepoxystearic acid were formed for 90% conversion of linoleic acid against 50% of cyclic
compounds after 30 min in the presence of 3.5 eq. of H20>. In the presence of 2.5 eq. of H20-,
a total conversion was achieved after 30 min of reaction and 2% yield of 9,12-diepoxystearic
acid with 98% of cyclic compounds were observed. With the increase of the reaction time from
15 min to 30 min, the selectivity to the desired cyclic compounds increased from 55% to 98%
due to a decrease of 9,12-diepoxystearic acid yield on the benefit of the cyclic compounds
showing that 9,12-diepoxystearic acid is a potential intermediate in the oxidative cleavage of
linoleic acid. Moreover, an amount of 2.5 eq. of H20. prevented secondary reactions from
happening and thus led to a maximum yield of 98% in cyclic isomers. However, upon prolonged
reaction time (60 min), the cyclic isomers yield decreased due to their decomposition. By-
products were also present throughout the reaction in the presence of 3,5 equivalents of H20»
may be due to either (1) the presence of an excess of H20. which, after oxidizing the entire
catalyst into active species, begins to oxidize unstable cyclic isomers into by-products, or (2)
the potential degradation of the active species WO(O2). that is produced from H3PW12040 in
the presence of H2O>, as reported in the literature [23-25]. Hence, in the literature, it is well
known that the stability of polyoxometalates in the presence of an aqueous solution of hydrogen

peroxide can be an issue [22]. The degradation of cyclic isomers after 60 min in the presence
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of 2.5 eq. of H202 may be rationalized by the decomposition of the reaction products by excess

H20- or active catalytic species after complete substrate (linoleic acid) consumption.

Table 1. Influence of the amount of hydrogen peroxide in the oxidative cyclization of linoleic

acid (1.5 mmol) in the presence of 15 wt.% of HsPW1204 at 80 °C.

H202(eq.) Time (min) Conv.  Yield of cyclic  Yield of 9,12-diepoxystearic acid

(%) comp. (%) (%0)
15 60 60 39 21
15 90 75 15

2.5 30 100 98 2
60 100 60 0
35 60 100 51 0

In the presence of a lower amount of H2O equal to 1.5 equivalents, a maximum linoleic
conversion of 60% was achieved after 60 min of reaction with the formation of maximum yields
of 40 % of cyclic compounds and 20 % of 9,12-diepoxystearic acid. This means that this amount
of H.O> was insufficient to fully convert linoleic acid and 9,12-diepoxystearic acid into cyclic
isomers. In summary, the use of 2.5 equivalents of H.O> was optimal to achieve a total
conversion of linoleic acid and a cyclic compounds yield of 98%, after 30 min of reaction, with

15 wit% catalyst.

3.2. Influence of catalyst amount

The influence of the amount of catalyst was subsequently optimized. To this aim, different
amount of H3PW 12,040 were compared: 2 wt.%, 5 wt.% and 15 wt.% (Figure 2). The reaction
was performed at 80 °C in a reactor containing 1.5 mmol of linoleic acid and 2.5 equivalents of
H20,. By reducing the amount of catalyst from 15 wt.% to 5 wt.%, the TOF increased from
1,658 to 5,570 h™L. Similar results were observed but for a longer reaction time (60 min) to reach

98% of cyclic isomers yield along with 2% of 9,12-diepoxystearic acid for a total conversion
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of linoleic acid in the presence of 5 wt.% of HsPW 1204 catalyst. In contrast, for longer reaction
time (120 min), the cyclic compounds were stable and their yield remained constant (99%). In
the presence of 5 wt.% catalyst, the amount of active species formed did not lead to the

fragmentation of cyclic isomers after 60 min of reaction.
These results show that in the presence of a catalyst loading higher than 5 wt.%:

(1) the oxidation of the initial form of the catalyst into active species by hydrogen peroxide
takes longer time than that in the presence of 5 wt.%, which explains the decrease in
TOF of the reaction. Once the entire catalyst is oxidized into active species, the latter
(the active species) being more important than in the presence of 5 wt.% catalyst, the

reaction rate increases and a total conversion is achieved for a shorter reaction time;

(2) the excess of active species which still present in the reaction medium will subsequently

fragment the cyclic reaction products.
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Figure 2. Influence of H3PW1204o catalyst loading on linoleic acid (1.5 mmmol) oxidative
cyclization in the presence of 2.5 eq. of H.O> at 80 °C. a) conversion of linoleic acid; b) cyclic

compounds yield (filled lines) and 9,12-diepoxystearic acid yield (dashed lines).

A further decrease of the catalyst loading from 5 wt.% to 2 wt.% led to a conversion of

98% after 1 h of reaction with a decrease in the TOF from 5,550 h! to 4,658 h™t. This amount
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of catalyst is not sufficient to convert the entire reaction intermediate into cyclic isomers since
the maximum yield in cyclic isomers formed is 75% after 60 min of reaction with 23% yield of
9,12-diepoxystearic acid. Upon prolonged reaction time, no change in the selectivity of the
reaction was observed. It can be due to a decomposition of H,O at this temperature as shown
below).

Therefore, an amount of 5 wt.% catalyst is optimal to convert selectively linoleic acid

into cyclic compounds (98% yield) without any degradation of these products.

3.3. Influence of temperature
The influence of temperature was finally studied (Table 2). The kinetic study was performed
using 1.5 mmol of linoleic acid in the presence of the optimal amounts of catalyst (5 wt.% of

H3PW12040) and 2.5 eq. of H20..

Table 2. Influence of temperature on the oxidative cyclization of 1.5 mmol of linoleic acid, 5

wt.% of HsPW12040 and 2.5 eq. of H2Oo.

T(°) Time Conv.(%)  Cyclic compounds 9,12-diepoxystearic acid
(min) Yield (%0) Yield (%)
5 60 26 14
15 75 35 23
60 °C 30 95 79 0
60 98 79 0
5 75 50 25
15 90 70 20
80 °C 30 92 85 7
60 100 98 2
5 66 40 26
15 80 61 19
90 °C 30 85 75 10
60 100 99 1
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At 90 °C, similar results to those obtained at 80 °C were observed in terms of conversion
and yields. A total conversion was achieved after 60 min of reaction with formation 99% yield
of cyclic compounds and 1% of 9,12-diepoxystearic acid.

However, by decreasing reaction temperature from 80 to 60 °C, degradation products are
formed even at short reaction time. A maximum vyield of 80% of cyclic compounds was
achieved after 30 min of reaction for 95% conversion of linoleic acid. The presence of
degradation product at 60 °C can be due to lack of catalytic activity to convert linoleic acid to
cyclic compounds. Thus, a competition could take place between the activity of the active
species and the hydrogen peroxide action to linoleic acid that will decompose linoleic acid. To
confirm this hypothesis, a reaction was performed in the absence of catalyst and in the presence
of 1.5 mmol of linoleic acid and 2.5 eq. of H.0: at 60 °C. After 60 min of reaction, 20% of
linoleic acid was converted into non identified products. This result confirms that a temperature
of 60 °C is not high enough to completely oxidize linoleic acid. In conclusion, the highest cyclic
compounds yields (98%) were obtained using 2.5 eq. of hydrogen peroxide in the presence of
5 wt.% of H3PW12O4 after 1 h of reaction at 80 °C. Based on the effect of the temperature
studied, the activation energy of this reaction was calculated based on the Arrhenius’ law. The

Ea was 187.2 kJ.mol* based on Figure S5.

3.4. Reaction pathways

The oxidative cyclization of linoleic acid involves an epoxidation step of the two double bonds
leading to the production of 9,12-diepoxystearic acid as an intermediate as shown before. Then
hydrolysis/dehydrative cyclization of the 9,12-diepoxystearic acid occurred. One can mention
that during all the experiments, no diol neither monoepoxide was detected. In the cyclization
step, four pathways can occur (Scheme 6). 9,10,12,13-tetrahydroxystearic acid can be formed

either in a single step by the parallel opening of the two oxirane rings of 9,12-diepoxystearic
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acid or via two steps by the opening of an oxirane ring to form the compounds A or B shown
in Scheme 4. In this case, the oxirane ring of each compound (A or B) will be then opened to
form the 9,10,12,13-tetrahydroxystearic acid (pathway 1 in Scheme 6). However, the formation
of the 3 cyclic compounds from the two compounds A and B can also be done on a direct
cyclization (pathway 2 in Scheme 6) from the reaction of a -OH group of the compound A or
B with the oxygen of the oxirane ring. None of the two compounds (A and B) was detected in
all reactions. One of these pathway is the opening of the oxirane rings of the epoxides to form
the 9,10,12,13-tetrahydroxystearic acid (pathway 3 in Scheme 6). The different cyclic isomers
will therefore be formed as a result of the interaction between two different hydroxyl groups on
the carbon atoms C9 and C12, C10 and C13 and C9 and C13 respectively to form the cyclic
compounds 1, 2 and 3 (Scheme 2). On the other hand, 9,10,12,13-tetrahydroxystearic acid was
not detected in the kinetic studies so its formation is probably followed by a very rapid
interaction between the different hydroxyl groups. Another route is the direct cyclization of
9,12-diepoxystearic acid which could explain that no monoepoxide neither diol was detected
(pathway 4, Scheme 6). However, as a consequence, it is complex to select one of these

pathways for this reaction. Further studies need to be done to understand the reaction pathway.
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Scheme 6. Reaction pathways of the formation of cyclic isomers from linoleic acid.

3.5. Synthesis of THF and Tetra-2H- pyrene derivatives in the presence of Cs2,3Ho7PW12040

Since the homogeneous catalyst HsPW12040, Was not recyclable, a heterogeneous catalyst was
synthesized, Csz3Ho7PW12040, to study the possibility to use a recyclable catalyst in the
conversion of linoleic acid into cyclic compounds. The recycling of Csz3Ho7PW12040 was
therefore performed by filtration after reaction using the following conditions:10 wt.% catalyst
and 2.5 equivalents of H2O- at 80 °C for 2 h reaction (Figure 3). Under these conditions 85%
of linoleic acid was converted to 60 % of cyclic compounds and 25% of 9,12-diepoxystearic

acid.
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Figure 3. Recyclability of Cs3Ho7PW12040 in the presence of 1.5 mmol of linoleic acid, 2.5

eq. of H202 and 10 wt. % Csz3Ho,7PW12040 at 80 °C for 2 h of reaction.

The results show that the heterogeneous catalyst could be recycled up to 3 times without
significant loss in activity and selectivity. Similar conversions of linoleic acid (about 85%) and
constant yields to cyclic isomers (about 60%) and 9,12-diepoxystearic acid (about 25%) were
observed. After the 4" cycle, the catalytic efficiency of the catalyst decreased, resulting in a
decrease of linoleic conversion from 85% to 69% with the formation of 30% of cyclic isomers
and 35% of 9,12-diepoxystearic acid. This can be explained by a leaching of tungsten which

are the active species as previously observed in our lab [26].

Conclusion

In this paper, the efficiency of the HsPW12040/H202 system was studied on the oxidative
cyclization of linoleic acid to substituted THF and tetrahydri-2H-pyrane. The reaction leads to
the formation of three cyclic compounds that are bioactive molecules via a reaction pathway
which involves 9,12-diepoxystearic acid as a reaction intermediate. Under optimal conditions

a total conversion was achieved after 60 min of reaction with a yield of 98% to cyclic isomers.
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Compared to the different oxidants and catalytic systems used in the literature, the
H3PW12040/H20> system resulted in higher cyclic compounds yields (98%) in the presence of
a “greener” oxidant (H202 instead of NalO4) and in the absence of any phase transfer agent.
Moreover, under optimal conditions the degradation of the cyclic compounds was avoided. A
heterogeneous catalyst Cs;3Ho7PW12040 Was synthesized and was recycled up to 3 times

without significant loss of activity and yield.
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