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Abstract: In this study, commercially available molybdenum carbide (Mo,C) was used, in the
presence of H,O,, as an efficient pre-catalyst for the selective C-H allylic oxygenation of several
unsaturated molecules into the corresponding allylic alcohols. Under these basic conditions, an
air-stable, molybdenum-based polyoxometalate cluster (Mo-POM) was formed in situ, leading to
the generation of singlet oxygen ('0,), which is responsible for the oxygenation reactions. X-ray
diffraction, SEM/EDX and HRMS analyses support the formation mainly of the MogO19%~ cluster.
Following the proposed procedure, a series of cycloalkenes, styrenes, terpenoids and methyl oleate
were successfully transformed into hydroperoxides. After subsequent reduction, the correspond-
ing allylic alcohols were produced with good yields and in lab-scale quantities. A mechanistic
study excluded a hydrogen atom transfer pathway and supported the twix-selective oxygenation of
cycloalkenes on the more sterically hindered side via the 'O, generation.

Keywords: molybdenum carbide; polyoxometalates; singlet oxygen; C-H allylic activation; alkenes
oxygenation; terpenoids; lipids

1. Introduction

In recent years, the use of low cost, renewable and bio-based materials as cata-
lysts has received increasing attention in the field of green and sustainable chemistry.
Among the widely used, early-transition-metal catalytic materials, the carbides of the
earth-abundant Mo and W (Mo,C and W,C) [1-3] feature catalytic properties similar to
those of noble metals [4,5]. Several catalytic processes, including Fischer-Tropsch (FT) syn-
thesis [6,7], methane dry reforming [8], water-gas shift (WGS) reaction [9,10], alkenes [11]
and CO/CO; hydrogenation into value-added chemicals (methanol, dimethyl ether) or
fuels (methane and heavier hydrocarbons), have been reported using these two materi-
als [12-18]. In particular, Mo, C [19] has been reported to be a very effective catalyst for
several redox transformations [12,13,20-23]. In a recent development, a two-dimensional
(2D), multilayered 2D-Mo,C material was prepared from Mo,CTy of the MXene fam-
ily [24-26] and utilized for the hydrogenation of CO; into CO [27] or methane [28]. Fur-
thermore, under heterogeneous conditions, supported molybdenum carbides or nitrides
(i.e., K-Mo0yC/v-Al;O3) have been found to exhibit high activity and selectivity towards
CO or methane production, even at large scale (ca. 1 kg catalyst), with the C/Mo ratio in
their structure [29-31] (Scheme 1A) playing an important role. In this context, Mo,C was
used as an efficient catalyst for the selective transfer hydrogenation process of nitroarenes
into the corresponding anilines in the presence of hydrazine [32].
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Scheme 1. Molybdenum carbide as catalyst for (A) selective reduction processes, (B) Photother-
mal/Chemodynamic Therapy (PTT/CDT) study, and (C) selective oxygenation of alkenes.

Except for the reported reductive transformations, recently, Mo,C and W,C were
successfully used as efficient hydrogen evolution electrocatalysts [33], as well as highly
sensitive biomimetic sensors of H,O, [34]. Under similar oxidative conditions (in the
presence of HyOy), Mo,C (Mo?*) was transformed into Mo,C-derived polyoxometalate
clusters, i.e., Mo-POMs (Mo°*/¢+) [35], and then used as Photothermal/ Chemodynamic
Therapy (PTT/CDT) dual-agents (Scheme 1B) [36]. As reported, the resulting Mo-POMs
exhibited enhanced NIR-II absorption (1060 nm) and caused massive generation of singlet
oxygen (10,) [36,37]. In a biomimetic scenario, glutathione (GSH) was used for the reduc-
tion of the in situ oxidized Mo-POM species, enhancing their catalytic activity. Besides
these interesting applications, so far, only one other study has focused on the influence
of metal carbides on oxidation processes, in particular, the oxidation of 1-octene by O,
and tert-butyl hydroperoxide [38]. Considering the rare reports on Mo,C-catalyzed oxy-
genation procedures, and given our interest in developing novel catalytic protocols for the
oxidation of unsaturated hydrocarbons using POM-based catalysts [39-41] or Cu(I)-based
(i.e., [Cu(Xantphos)(neoc)]BF,) photocatalytic conditions [42], we report herein that Mo,C,
in the presence of H,O5, is a very efficient pre-catalyst that facilitates, through the in situ
formation of 10,, the selective C-H allylic oxygenation of alkenes and teprenoids. Nu-
merous oxygenation processes using in situ-generated 'O, by visible light photoexcitation
of organic dyes have been reported in the literature [43-56]. However, to the best of our
knowledge, this is the first protocol that utilizes Mo,C, which allows the synthesis of an
extended library of allylic alcohols, starting with cycloalkenes, styrenes, terpenoids and
unsaturated fatty acid methyl esters under mild conditions (Scheme 1C). The conditions
described herein have also been successfully applied to the laboratory-scale oxygenation of
the commonly used natural compounds [57-60] B-citronellol and linalool.
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2. Materials and Methods

Mo,C was purchased from abcr (particles size 2.5-3.5 micro, >99%); H,O, (30% w/v
in water) was purchased from Panreac; NHj3 (25% wt in water) was purchased from
VWR Chemicals; The inorganic and organic compounds were purchased from TCI, Fluka
and Sigma-Aldrich. All materials and solvents were used without further purification.
[BusN]4W19O3; was synthesized according to a method described in the literature [39]. The
photo-catalyzed oxygenation of 5 using Rose Bengal and [BusN]4W19O3; was performed
according to the synthetic procedures described in [61-63].

Preparation of Mo-POM ([MogO19]>7) catalytic system [37]. To a solution of Mo,C
(9.8 mmol, 2 g) in distilled H,O (15 mL) was added dropwise 2 mL of 30% w/w HyO,
(17.5 mmol) solution in water over a period of 30 min, and the reaction mixture was stirred
at room temperature for 24 h. During H,O, addition, the reaction mixture was cooled
with a water bath at ca. 30 °C (it is an exothermic reaction). Next, the residual Mo,C was
removed by centrifugation, and the formed Mo-POM was obtained as a blue powder upon
lyophilization (900 mg). FTIR (KBr, cm~!): 3401(mbr), 1709(w), 1622(wbr), 1400(w), 959(m),
914(m), 748(mbr), 560(m). UV-Vis (CH3CN), Amax/nm: 321, 384. HR-MS (ESI) spectrum
of Mo-POM [MogO1927] negative, calcd for MogO19: (z = 1) caled m/z 879.6130, found
880.3119 and (z = 2) caled m/z 439.8065, found 439.6546.

Preparation of [BugNIxMo-POM ([BusN]>[MogO19]) catalytic system. A solution of
Mo-POM (360 mg) in distilled H,O (2.5 mL) was heated to reflux. Next, a solution of
tetrabutylammonium bromide (BusNBr) (480 mg) in distilled H,O (0.5 mL) was added
dropwise over a period of 5 min and the precipitation of a blue powder was observed
after a few minutes. After 15 min, the mixture was filtered through a vacuum Buchner
apparatus and the filter cake washed with hot distilled water (2 mL), ethanol (2 mL) and
diethyl ether (3 mL). The final solid material was left to dry over air in a dark place to
afford [BuyN]xMo-POM catalyst as a blue powder (505 mg). FTIR (KBr, cm™1): 3392(mbr),
2961(m), 2873(m), 1708(w), 1622(m), 1469(m), 1380(m), 1172(w), 1152(w), 1108(w), 1063(w),
1033(w), 955(s), 877(w), 800(sbr), 655(mbr), 566(mbr), 434(w). UV-Vis (CH3CN), Apax/nm:
311, 738.

Preparation of [EtyN]xMo-POM ([Et4N]2[MogO19]) catalytic system. A solution of
Mo-POM (200 mg) in distilled H,O (1.5 mL) was heated up to reflux. Next, a solution
of tetraethylammonium bromide (Et;NBr) (210 mg) in distilled H,O (0.5 mL) was added
dropwise over a period of 5 min and the precipitation of a blue powder was observed
after a few minutes. After 15 min, the mixture was filtered through a vacuum Buchner
apparatus and the filter cake washed with hot distilled water (2 mL), ethanol (2 mL) and
diethyl ether (3 mL). The final solid material was left to dry over air in a dark place to
afford [Et;N]xMo-POM catalyst as a blue powder (251 mg). FTIR (KBr, cm™1): 3152(br),
1615(m), 1459(m), 1393(w), 1183(m), 965(sbr), 913(w), 751(sbr), 650(mbr), 563(m), 435(w).
UV-Vis (CH3CN), Amax/nm: 313, 753.

Oxygenation of 1-substituted cycloalkenes and dimethyl styrenes. Method A: To
a solution of the corresponding alkene (0.05 mmol) in a mixture of acetonitrile/water
(0.5 mL/0.1 mL) were added 25% aq. NHj (5 equiv., 0.25 mmol, 20 puL) and Mo-POM
catalyst (ca. 10 mol%, 5 mg). Then, a solution of HyO; (30% w/w) (60 equiv., 3 mmol, 300 uL)
was added dropwise over a period of 15 min and the reaction mixture was stirred at room
temperature for about 3 h. The reaction was monitored by thin layer chromatography
(TLC), and after completion, the reaction mixture was diluted with water and extracted with
ethyl acetate (2 x 2 mL). The combined organic layers were dried over MgSO, anhydrous,
filtered and evaporated in vacuo. The filtrate was purified by column chromatography
on silica gel by using a gradient mixture of EtOAc-Hexane to afford the corresponding
allylic hydroperoxide. Method B: To a solution of the corresponding alkene (0.05 mmol) in
a mixture of acetonitrile/water (0.5 mL/0.1 mL), 25% aq. NH3 (5 equiv., 0.25 mmol, 20 uL)
and Mo, C (25 mol%, 2.5 mg) were added. Then, a solution of HO, (30% w/w) (60 equiv,
3 mmol, 300 uL) was added dropwise over a period of 15 min and the reaction mixture
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was stirred at room temperature for about 3 h. After that, the same procedure for product
isolation as described above was followed.

Oxygenation of terpenoids and methyl oleate. To a solution of the corresponding
terpenoids or methyl oleate (0.05 mmol) in a mixture of acetonitrile/water (0.5 mL/0.1 mL)
were added Mo, C (25 mol%, mmol, 2.5 mg) and 25% aq. NHj3 (5 equiv., 0.25 mmol, 20 pL).
Then, a solution of H,O, (30% w/w) (20 equiv., 1 mmol, 100 pL) was added dropwise and
the reaction mixture was stirred at 25 °C for about 1 h. The reaction was monitored by
thin layer chromatography (TLC). After completion, the reaction mixture was diluted with
water and extracted with ethyl acetate (2 x 2 mL). The combined organic layers were dried
(MgSO4 anhydrous), filtered and evaporated in vacuo. The filtrate was purified by column
chromatography on silica gel using a gradient mixture of EtOAc-Hexane to afford the
corresponding allylic hydroperoxide.

Lab-scale oxygenation of 1-substituted cycloalkenes and dimethyl styrenes. To a so-
lution of the corresponding alkene (1 mmol) in a mixture of acetonitrile/water (10 mL/2 mL)
were added 25% aq. NHj3 (5 equiv., 5 mmol, 0.4 mL) and Mo,C (25 mol%, 50 mg). Then, a
solution of HyO; (30% w/w) (60 equiv., 60 mmol, 6 mL) was added dropwise within 15 min
and the reaction mixture was stirred at room temperature for about 20 h. The reaction was
monitored by thin layer chromatography (TLC), and after completion, the reaction mixture
was diluted with water and extracted with ethyl acetate (2 x 5 mL). The combined organic
layers were dried (MgSQOy), filtered and evaporated in vacuo. The filtrate was purified by
column chromatography on silica gel using a gradient mixture of EtOAc-Hexane to afford
the corresponding allylic hydroperoxide.

Lab-scale procedure for the oxygenation of linalool. To a solution of linalool (5 mmol,
0.9 mL) in a mixture of acetonitrile/water (50 mL/10 mL) were added Mo,C (20 mol%,
200 mg) and 25% w/w aq. NHj (5 equiv., 2 mL). Then, a solution of H,O, (30% w/w)
(20 equiv., 11 mL) was added dropwise within 15 min under stirring at 25 °C. The reaction
was monitored by thin layer chromatography (TLC), and after completion (1 h), the reaction
mixture was diluted with water and extracted with ethyl acetate (2 x 20 mL). The combined
organic layers were dried over anhydrous MgSQOy, filtered and evaporated in vacuo. An
appropriate amount of PPh; was added for the reduction of the OOH group into the
corresponding OH. The filtrate was purified by column chromatography on silica gel using
a gradient mixture of EtOAc-Hexane to afford the corresponding diols in 38% isolated
yield, (320 mg).

Lab-scale procedure for the oxygenation of -citronellol. To a solution of 3-citronellol
(15 mmol, 2,7 mL) in a mixture of acetonitrile/water (50 mL/10 mL) were added Mo,C
(10 mol%, 300 mg) and 25% aq. NHj3 (5 equiv., 2 mL). Then, a solution of H,O; (30% w/w)
(20 equiv., 33 mL) was added dropwise within 15 min and the reaction mixture was stirred
at 60 °C. The reaction was monitored by thin layer chromatography (TLC), and after com-
pletion (1 h), the reaction mixture was diluted with water and extracted with ethyl acetate
(2 x 20 mL). The combined organic layers were dried over anhydrous MgSQO;,, filtered
and the solvent evaporated in vacuo. The residue was purified by column chromatogra-
phy on silica gel using a gradient mixture of EtOAc-Hexane to afford the corresponding
hydroperoxides in 56% isolated yield (1.620 g).

3. Results and Discussion
3.1. Evaluation and Optimization of Catalytic Conditions

Based on a recently reported study on the synthesis and utilization of a Mo,C-derived
material (Mo-POM)—which, in the presence of HyO;, can act as an extremely effective
chemodynamic therapy (CDT) agent through the in situ formation of 'O, [36]—we sought
to investigate, for the first time, the potential utilization of the reported Mo-POM, generated
in situ, as a catalyst for the C-H allylic oxygenation reaction of alkenes and natural com-
pounds, such as terpenoids and fatty acid esters [64-66]. In our initial studies, Mo-POM was
synthesized following the procedure described in the literature (also see also experiment
part) [36]. To that end, the catalytic efficacy of Mo-POM was investigated by using 1-phenyl
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cyclohexene 1 as the probe molecule. Initial control experiments were conducted for the
oxygenation of 1 (0.05 mmol) by HyO; (3 mmol, 60 equiv.) in the absence of Mo-POM, in
CH3CN/H,0O mixture 0.5 mL/0.1 mL (for ensuring solubility of all reagents) and using
aq. NHj as base (0.25 mmol, 5 equiv.). However, no oxygenation products were observed
by GC analysis using dodecanol as an internal standard (Table 1, entry 1). Nonetheless, in
the presence of Mo-POM (5 mg), and under the same conditions, a 48% consumption of 1
was measured within 1 h reaction time, affording the allylic hydroperoxides 1a’ and 1b” in
34% and 7% yield (ca. 5:1 ratio), respectively. The corresponding [4 + 2] cycloadduct 1¢’
was formed in 9% yield (Table 1, entry 2), as determined by 'H NMR spectroscopy [66]. By
increasing the reaction time to 3 h, an almost quantitative consumption of 1 was observed
with the allylic hydroperoxides 1a” and 1b’, forming in 61% and 12% yields, respectively
(Table 1, entries 3 and 4). Meanwhile, under prolonged reactions times (up to 8 h), no
significant changes were observed in the product yields (results not shown). Moreover,
when the addition of H;O, was made via a syringe pump apparatus (see SI) within 3 h with
a constant flow rate at 100 uL/h, and allowing the process to continue for an additional 3 h,
no changes on the product yields were observed by 'H NMR spectroscopy (Table 1, entry 5).
It is interesting to note that by using lower catalyst loading, no reaction completion was
observed, while higher catalyst loadings did not significantly alter the reaction conversion
and product yields (Table 1, entries 6-8).

Table 1. Evaluation of conditions in the Mo-catalyzed oxygenation of 1.

Mo-catalyst
Ph H;oza(go);ZJV/w, 60 equiv.) Ph PR oH Ph
6 aq. NH3 (5 equiv.) é/OOH 6 (6]
+ + +
MeCN/H,0 (0.5/0.1 ml)
rt, 3h 1a' 1b' 1d’

Entry Conditions [2! %1[b] %1 ?b] o/:l?b] 102 /[}:]i

1 no catalyst/3h 100 - - -

2 Mo-POM (5 mg)/1h 52 28 6 9/5

3 Mo-POM (5 mg)/2 h 25 46 9 13/7

4 Mo-POM (5 mg)/3 h 2 61 12 14/11

51 Mo-POM (5 mg)/3 h/syringe pump 4 59 12 16/9

6 Mo-POM (1 mg)/3 h 48 29 6 9/8

7 Mo-POM (2.5 mg)/3 h 24 44 8 14/10
g ld] Mo-POM (10 mg)/3 h 5 56 10 16/13

9 [BuyN]Mo-POM (5 mg)/3 h 2 59 12 15/12

10 [Et4N]Mo-POM (5 mg)/3 h 6 57 12 13/12
11 [el Mo,C (10 mol%, 1 mg)/3 h 53 26 5 9/7
12 el Mo, C (25 mol%, 2.5 mg)/3 h 6 58 12 14/10
13 lel Mo, C (50 mol%, 5 mg)/3 h 5 55 11 16/13

[a] (1) 0.05 mmol, Mo-POM (5 mg) or Mo,C (2.5 mg, 25 mol%), aq. HyO, (30% w/w) (60 equiv.), aq. NHjz (5 equiv.),
MeCN/H,0 (0.5 mL/0.1 mL), room temperature for 3 h. I Determined by the "H-NMR spectra of the crude
reaction mixture and compared with the GC analysis after reduction of the hydroperoxides to the corresponding
alcohols after the addition of PhsP and by using dodecanol as an internal standard. lel Addition of H,O,
(30% w/w, 60 equiv.) via syringe pump within 3 h with a constant flow rate at 100 uL/h. (4 10 equiv. of aq. NH;
were added for maintaining pH > 10. ¢! 0.05 mmol of 1 was used.

In an effort to determine the identity of the Mo-POM catalyst, we attempted to synthe-
size and isolate it in the form of the more easily handled corresponding ammonium salts,
ie., [BuyN]xMo-POM and [Et4N]xMo-POM, through the precipitation procedure described
in the experimental part. X-ray diffraction analysis data on single crystals obtained from
EtOH solutions of the two ammonium salts, SEM/EDX mapping analysis, as well as high-
resolution mass spectrometry (HRMS) analysis measurements (Figures 52-S5), suggested
that the major species present in the isolated solids was the [MogO19]>~ polyoxometalate,
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as reported earlier in the literature [67,68]. These data are in accordance with their FTIR
spectra, in which the Mo=0 and M-O bond stretches were observed at ~960 cm~! and
~750-800 cm !, as well as UV-Vis spectroscopy (Figures S6 and S7). Having the two am-
monium salts of Mo-POM, i.e., [BugyN]xMo-POM ([BugN]>[MogO19]) and [Et4N]xMo-POM
([Et4N]2[MogO19]), in hand, we further proceeded to investigate their catalytic efficacy in
the above catalytic reaction. The results are summarized in Table 1 (entries 9 and 10). In
both cases, similar product yields were observed by 'H NMR of the crude reaction mixtures.
These results indicated that the observed polyoxometalate was a plausible active catalytic
species for the present oxygenation of 1.

After establishing the optimum reaction conditions, we sought to study the catalyzed-
oxygenation of 1 by the in situ prepared Mo-POM using Mo, C directly as a pre-catalyst.
Surprisingly, we found that using Mo,C (25 mol%, 0.015 mmol, 2.5 mg) under the same
conditions, the C-H allylic oxygenation of 1 (0.05 mmol) afforded products 1a” and 1b’ in
almost identical yields (Table 1, entries 11-13) with that measured after using Mo-POM
(see method B in the experimental part). Based on this result, we decided to investigate, for
the first time, the oxygenation of several alkenes and terpenoids into the corresponding
allylic alcohols (after reduction of the initially formed hydroperoxides) under both catalytic
procedures, i.e., in the presence of the isolated Mo-POM or by using Mo,C as pre-catalyst.

Apart from the CH3CN/H;0 5:1 v/v mixture, different solvent mixtures were also
tested, and the reaction took place efficiently in the aqueous mixtures of tetrahydrofuran
(THF) and acetone (Table S1, entries 3 and 7). On the other hand, the absence or presence
of a higher amount (0.5 mL) of water in acetonitrile decreased the reaction conversion
(Table S1, entries 9 and 10). After that, the influence of the aqueous NH3 amount on the
reaction progress and the stability of the products was evaluated by screening different
types of bases under the same reaction conditions (Table 2). Firstly, no consumption of 1
was observed in the absence of base (Table 2, entry 1); however, the aqueous solution of 25%
NHj; was found to be more suitable, affording higher product yields within 3 h (Table 2,
entries 2 and 3). In addition, lower equiv. of NHj3 led to no reaction completion, while
with a higher amount (10 equiv.), no reaction process was found (Table S2). Except for
ammonium solutions, the presence of inorganic bases did not lead to reaction completion,
while the use of Et3N was found to promote the reaction process but with no completion
(Table 2, entries 9 and 10). It is worth noting that in the presence of 5 equiv. of the organic
base, an exothermic reaction was observed. According to the optimized reaction conditions
(5 equiv. of aq. NH3 and 60 equiv. of HyO, and CH3CN/H;0 (5/1)), the role of H,O, on the
reaction progress was also tested. It was found that 60 equiv. are required to achieve higher
than 95% conversion of 1, whilst the product yields and the reaction profile were found
not to be affected by higher amount of H,O, or prolonged reaction time (24 h) (Table S3).
Temperature-dependent experiments showed that 25 °C is the appropriate temperature
for the fast consumption of 1 within 3 h, while by increasing to 60 °C, the corresponding
allylic hydroperoxides 1a” and 1b” were formed with similar relative yields as determined
by 'H NMR and GC after reduction with the addition of excess of PPhj (Table S4).

3.2. Application on the Catalytic Selective Oxygenation of Alkenes 1-19

After determining the optimal conditions, we sought to further explore the scope of the
present catalytic process by the oxygenation of several 1-aryl-substituted cycloalkenes (1-10)
and simple cycloalkenes, such as cycloheptene, cyclooctene and cyclodecene
(Table 1, entry 4). Both catalytic methods, in the presence of 5 mg of Mo-POM or 2.5 mg
(25 mol%) of Mo,C (values in parentheses), were used for the selective oxygenation of
1-10 (Scheme 2) into the corresponding allylic hydroperoxides (1a’-10a’) as major products
(see also Table S5). The corresponding secondary allylic alcohols (1a—10a) were isolated in
moderate to good yields (50-74%) by simple chromatographic purification on SiO, after the
in situ reduction of the corresponding, initially formed hydroperoxides by PPhs. To further
investigate the generality of our catalytic protocol, Mo-POM was used as an efficient 1O,
generator for the oxygenation of cis-1,2-dimethyl-substituted styrenes (11-17). In all cases,
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the desired allylic alcohols 11a-17a (after addition of PPh3) were formed in a 9/1 mole
ratio with the corresponding tertiary 11b—17b (see Table S6) and were isolated by column
chromatography in good yields 63-70% (Scheme 3). Moreover, under the present catalytic
conditions &, B-unsaturated alcohols 18 and 19 produced by the in situ reduction of the
corresponding allylic hydroperoxides with PPh3 were fast and quantitatively oxidized into
the corresponding diols 18a and 19a (Scheme 3) in moderate isolated yields (67-69%).

Table 2. Base screening in the oxygenation of 1.

Ph . Ph
Mo-POM . OOH o
30% aq. H,0, (60 equiv.) @
+
Base (5 equiv.)
1 MeCN/HZO ( 5:1), l'.t., 3h 1b' 1c' 1d'
[a] Yield of 1 Yield of 1a’ Yield of 1b’ Yield of 1¢’/1d’

Entry Base o, b] o, [b] o, [b] o, b]

1 - 100 - - -

2 10% aq. NH3 8 55 12 15/10

3 25% aq. NH3 2 61 12 14/11

4 10% NaOH 25 44 8 15/8

5 10% KOH 30 41 8 12/9

6 K,CO; 88 7 1 3/1

7 NaHCO3 58 26 5 8/3

8 Na,CO; 63 21 4 7/5

9 Et;N 21 52 10 10/7

10 Et3N (1.5 eq) 38 39 8 9/6

lal (1) 0.05 mmol, Mo-POM (5 mg), aq. HyO; (30% w/w) (60 equiv.), base, (5 equiv.), MeCN/H,O (0.5 mL/0.1 mL),
room temperature for 3 h. [’ Relative yields of products were determined by the appropriate peaks in the 'H-NMR
spectra of the crude reaction mixture and compared with the GC analysis after reduction of the hydroperoxides to
the corresponding alcohols by the addition of PPhj in excess.

R R OH
— Mo-POM (or Mo,C) =
30% ag. H,O, (60 equiv.)
(CHg)n 2 e oo
014 25%aq NHy (5 equiv) S
’ ' MeCN/H,0, r.t., 3h 50-74%

R=H, Ph, p-tolyl, pMeOCgHy4,

pCICeH4, mMMeOCgHs, PhsP (excess)

5L 88D

1a, 50% (52%)
(1 mmol: 41%y|e|d 2a,57% (55%) 3a, 50% (54%) 4a, 57% (56%) 5a, 54% (57%)

L. o &S

6a, 69% (71%) 7a, 74% (70%) 8a, 73% (69%) 9a, 69% 10a, 64%

Scheme 2. Catalytic selective oygenation of alkenes 1-10 in the presence of Mo-POM/NHj3/H,0,.
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Alkene (0.1 mmol), Mo-POM (5 mg)
30% aq. H,0, (60 equiv.), 25% aq. NH5 (5 equiv.)

Me MeCN/H,0, r.t., 3h
@/&Me PhsP (excess) N Me
(- \
H
R’ 70
R'=H (11), p-Me (12), 11a - 17a

p-MeO (13), p-Cl (14), p-Br(15),
m-MeO (16), m-Br (17)

spaegucgulsgn

11a (68%) 12a (74%) 13a (73%) 14a (77%)
(1 mmol: 55% yield) (1 mmol: 63% yield)
15a (71%) OMe Q)‘\/
16a (77%) 17a 78%)
present
Me OH conditions OH
—_—
Me X Me Me Me
18a (69%)
present OH
AN conditions
OH OH
Me
19 19a (67%)

Scheme 3. Alkenes 11-19 oxygenation to the corresponding allylic alcohols 11a-19a in the presence
of Mo-POM/NH3/H,0O; catalytic system.

Apart from the abovementioned cases, we also explored the possible application
of the optimum reaction conditions to laboratory-scale experiments using 1 mmol of 1,
50 mg (25 mol%) of Mo,C and 10 mL of MeCN/H,O (5:1), 5 mmol NH4OH and 60 mmol
of HyO, (Scheme 2). The reaction process was monitored by GC. After completion
(ca. 20 h), the allylic hydroperoxide 1a” was isolated through column chromatography,
reduced with the appropriate amount of PPh3 and the corresponding allylic alcohol 1a was
finally isolated through a short pad of S5iO; and hexane as the solvent in 41% yield, i.e.,
72 mg. Further synthetic procedures using the 11 and 14 at a lab-scale were also performed,
and the corresponding allylic alcohols 11a and 14a were isolated in 55% (82 mg) and 63%
(114 mg) yields, respectively (Scheme 3).

3.3. Selective Oxygenation of Terpenoids and Lipid

We sought to extend the application of this efficient oxygenation procedure to repre-
sentative examples of terpenoids (20-25) that are widely used in perfumes. Importantly,
the reactions proceeded at the electron-rich 6,7-double bond, with high chemoselectivity
toward the hydroperoxide products, while no epoxidation or alcohol moiety oxidation
were observed. Interestingly, the oxygenation of terpenoids required a lower amount of
H>0O; (20 equiv.) and shorter reaction time (60 min), leading to an equimolar mixture of
the corresponding secondary and tertiary hydroperoxides in 59-71% isolated yield, or the
corresponding allylic alcohols (20a—23a and 20b-23b) after reduction by PPhjs (Scheme 4).
In the case of S-citronellol (20) and citronellal (23), the catalyst was shown to be highly
effective at 60 °C within acetonitrile or methanol, or even ethylene glycol in a ratio of 5/1
with water (Table S7). Under the optimized conditions, a-pinene (24) and S-pinene (25)
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resulted the formation of the corresponding hydroperoxides which, upon reduction with
Ph3P, afforded the corresponding allylic alcohols, i.e., 24a and 25a, in yields of 73% and
67%, respectively (Scheme 4).

1. terpenoids (0.1 mmol), Mo,C (3 mg)

aq. H;0; (20 equiv.), aq. NH3 (10 equiv.)
MeCN/H;0, 60min

2. Ph3P (excess)

Me Me
/\)Mi/\/Mke /\/Mi/\/j<0H
HO Z e 60°C HO Me * HO Me
20 20b (%) 20a OH

71% (ratio= 1:1)

Me Me Me Me
W t /\)\/\)(
HO Me rt

21
21b 59% (ratio= 1:1)  21a
HO Me HO Me Me Me HO, Me Me
M + X
M X X OH
22b 22a G,

70% (ratio= 1:1)

Me Me MOH Me
—_— AN +
W o~ Me o~ Me
M 0
O 2 e 60°C 23b 23a &y
65% (ratio= 1:1)
—>
;;] t. Me7E ; J Me;i] Me7§%
2
24a (73%) d 25a (67%)
HO, Me Me HO, Me HO Me
~, & Me 5 ~,
H rt. H
Me 26 Me 26a
59% (ratlo— 1.3.1)
WOH
Me
Me g
" .. ~OH
Me or HO ,<
Me 26d Me
not detected
OOH
Me . _~_ S COoMe —— MGWW/\/COZMG
rt. = 27a
27
+
HOO
Me\/\/\/\)W/COZMe
27b

66% (ratio: 1:1)

Scheme 4. Application of the present Mo,C/NH3/H,0O; catalytic system in the oxygenation of
terpenoids and fatty acid methyl ester.

Interestingly, by using a-(-)-bisabolol (26) as a substrate, the oxygenation reaction
afforded the desired allylic hydroperoxides in moderate isolated yield, i.e., 59% (Scheme 4);
however, the corresponding «-(-)-bisabolol-oxides (26¢ and 26d) that have been reported as
oxidation products in the literature [69] were not observed among the reaction products
under the present conditions. Finally, the reaction was successfully applied to the oxygena-
tion of the methyl oleate 27, providing access to the allylic hydroperoxides 27a and 27b
in 1:1 ratio and in 66% isolated yield (Scheme 4). In these cases, the corresponding allylic
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hydroperoxides were isolated instead of the corresponding alcohols. Laboratory-scale
reactions were also tested under the present conditions using linalool (5 mmol, 0.9 mL)
and B-citronellol (15 mmol, 2,7 mL) and 200 mg (20 mol%) or 300 mg (10 mol%,) of the
Mo,C. In first case, the corresponding diols were isolated in 38% yield; however, in this
procedure, the corresponding hydroperoxides were isolated in 56% yield (for details, see
the experimental part above).

3.4. Mechanstic Study on the Selective Oxygenation of Alkene 6

To shed light on the plausible mechanism behind the present selective catalytic oxy-
genation process with Mo,C, initially, experiments using 6 as starting material were per-
formed in the presence of different quenchers. It is interesting that the presence of 1 equiv.
(0.1 mmol) of the 1O, quencher Co(acac); [70] prevented the reaction progress based on the
GC-analysis, while the presence of the radical inhibitor TEMPO (1 equiv., 0.1 mmol) did
not significantly affect the reaction process (Scheme 5). Using the tetrabutylammonium
decatungstate [BuyN]4W19O3; (TBADT) as a photocatalyst [39,71,72] in the oxygenation
of 6, the corresponding allylic hydroperoxide 6a’” was observed in lower yield, i.e., 20%
(Scheme 5). In contrast, the reaction shows a preference (80%) for hydrogen abstraction
from the lone [61,62], more congested side of the double bond, yielding hydroperoxide
6b’ and the corresponding enone 6¢ as major products (Scheme 5) [39]. Compound 6¢
was formed by the further oxidation of the initially formed 6b’ in the presence of TBADT
and O, [63]. This result was in line with the literature reporting non-bonding interactions
(steric effects) [73] between a large group (i.e., phenyl) and an incoming decatungstate
reactive intermediate (wO) in the C-H activation pathway [61]. Thus, the corresponding
hydrogen atom abstraction (HAT) from the lone-selectivity where this steric interaction
must be negligible provides a reasonable explanation for the observed side-selectivity with
TBADT [74-77]. In contrast, the Mo,C-catalyzed twix-selectivity (100% yield of 6a’) reflects
a complete change in mechanism with that proposed via the HAT mechanism [78-81]
(Scheme 5). It is worth noting that in the photo-oxygenation with Rose Bengal, a well-
known 'O, photosensitizer, i.e., 6a’ hydroperoxide, was observed as the only product,
similar to the result observed with Mo, C (81% selectivity) (Scheme 5). However, in both
cases, neither 6b’ or 6¢c were observed by 'H NMR spectroscopy. These results strongly
suggest that in the presence of Mo,C, alkenes oxygenation occurred via the generation of
10,, an in situ-generated reactive oxygen species, as also proposed in a literature report [36].

Ph Ph Ph
é\ Mo,C/H,05 d Mo,C/H,0, @
OOH =~————
Co(acac); TEMPO OCH
6a' (8%) 6 6a' (75%)
hviW,003,%10,| ... Mo,C/H,0,
previous work (ref. 39) 3 Ph 3 present work
lone-selectivity |:>‘ ‘<::| twix-selectivity
+ .6
Ph, | L ®Q\ /;h :
favored / A L\ =
H/ Q3 -H
Oow--H~ “H--Ow @ favored
(HAT) ('0,)
Ph Ph Ph
>+
HOO OD é\OOH
6b' 6c 6a'

major products only product
A 6b'+6c  _6a |
'Mo,C/H,0, nd 81%
'W;03* (HAT) 80% 20% !
‘Rose Bengal ('0;) nd 100% |

Scheme 5. Product selectivity in the oxygenation of 6 via W1003%~ (HAT) or Mo,C (103) catalysis.
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4. Conclusions

In this study, we report on oxygenation reactions of organic molecules by the applica-
tion of a Mo,C/H,0,/NHj catalytic system, leading to the in situ formation of 10,. This
catalytic protocol is applied to a wide range of alkenes, providing selective and efficient
access to allylic alcohols via C-H activation. The amount and type of the base was found to
heavily influence the reaction yield; however, NH3 aqueous solution was found to promote
the oxygenation reactions. Under the present mild conditions, terpenoids and unsaturated
fatty acid methyl ester were found to be oxidized selectively, leading to the formation of
the corresponding allylic alcohols after reduction. Polyoxomolybdenum anion species
MogO19%~ produced in situ during the addition of HyO, into the initial solution of Mo,C
was found to be the responsible catalytic species. Finally, the performance of the catalytic
system was tested at a lab-scale, affording the oxygenated products in good yields. These
results support the synthetic application of this catalytic protocol. Preliminary mechanistic
studies support that the Mo,C/H,O,-catalyzed alkene oxygenation follows the selectivity
of the singlet oxygen ene reaction.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/0rg3030014/s1, Figures S1-S7; Tables S1-S7; NMR data
and spectra.
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