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ABSTRACT: The utilization of biobased feedstocks to prepare Ethenolysis of fatty acid esters
useful compounds is a pivotal trend in current chemical research. o 8 el om gl a. 2 e
Among a varied portfolio of naturally available starting materials, k B o/:g“ ""f";Mé-o-é’ ;Mo‘_m /6 flly available motalp
fatty acids are abundant, versatile substrates with multiple P w5 0S50 e ) g ¥ Mechanochemicatapproach
applications. In this context, the ethenolysis of unsaturated fatty .. ) -t O O \fov SOV L. Convententereparaton
acid esters such as methyl oleate is an atom-economical way to e s of oo M'N Lowload::omwm
prepare functional C10 olefins with a biobased footprint. Despite O onsiica onsilica
the existence of a variety of metathesis catalysts for the latter R oo
. . g g g g e Z

process, there is a lack of readily available, efficient, and inexpensive N e = + o ray

. oy A~~~
catalytic systems based on earth-abundant metals (Mo, W) whose ©®

preparation does not require sophisticated syntheses and

manipulations. Here, a systematic exploration of homogeneous

and heterogeneous inorganic Mo, W (oxy)halides shows that MoOCI,, while inactive as a homogeneous species, forms active and
selective silica-supported ethenolysis precatalysts able to reach equilibrium conversion of methyl oleate within a few minutes upon
activation with SnMe,. Such heterogeneous MoOCI,-based precatalysts were easily accessed through mechanochemical solvent-free
procedures and found to contain, upon characterization by elemental analysis and Raman spectroscopy, isolated (=SiO)Mo(=
O)Cl, units or polymeric silica-supported [—O(=SiO),MoCl,_,0—],, (n = 1, 2) complexes depending on the molybdenum
loading. The former isolated species exhibited a higher catalytic performance. The developed heterogeneous precatalysts could be
applied to the ethenolysis of various substrates, including polyunsaturated fatty acid esters and industrial fatty acid methyl ester
(FAME) mixtures from palm oil transesterification.

B INTRODUCTION under 10 bar ethylene.”””" However, given the high cost of
ruthenium-based catalysts® and the geographically restricted

Recent years have seen a growing interest in the development >
availability and critical resource status of ruthenium,’” there

of a broad portfolio of bioderived compounds as alternatives to

the traditional fossil fuel-derived chemicals.'”* Naturally has been an increasing interest toward alkylidene complexes™
available vegetable oils (VOs) are a major feedstock for of inexpensive and ubiquitously available metals such as
biorefineries,”* leading to a variety of so-called oleochemicals molybdenum.27’34 A homogeneous molybdenum imido
with ramifications in the synthesis of surfactants,”® lubricants,”’ alkylidene monoaryloxide monopyrrolide complex was re-
polymers,'*™"* and other useful compounds such as carbo- ported to carry out the ethenolysis of methyl oleate with high
nated vegetable oils.'*"*~'” An important class of oleochem- yields and selectivity at room temperature under 10 bar
icals is represented by functional olefins such as 9-decenoic ethylene.”> However, the preparation of the latter complex
acid methyl ester (9-DAME), which is a valuable fine chemical requires a multitude of synthetic steps}36_38 which have a
with poterlltial application for the preparation of biodiesel significant impact on its cost and availability. Gauvin and
surrogates,'¥'” bioaviation fuel,”’ and as a starting material for Taoufik et al.’* used the methodology of surface organo-

the preparation of diverse functional compounds.”'™** 9- metallic chemistry (SOMC)*™*" to produce silica-supported

DAME can be obtained from the ethenolysis (metathetic (=$i0),Mo(=0)Np, (Np: neopentyl) from the grafting of

cleavage with ethene)”* of oleic fatty acid ester chains derived Mo(=0)(Np);Cl as a precatalyst able to generate a Mo-
from VO transesterification leading to the formation of an 3

equivalent of 1-decene, a valuable a-olefin used for the -
synthesis of polymers”® and food additives® just to cite some Rec_e“'ed: Mar_Ch 6, 2024
applications. The catalytic ethenolysis of oleic fatty acids to Revised: Apr¥1 5, 2024
produce 9-DAME and 1-decene has been studied in the Accepted: Apr}l 10, 2024
past.”**”** Homogeneous ruthenium alkylidene complexes are Published: April 20, 2024
powerful catalysts for the ethenolysis of methyl oleate, showing

high catalytic turnover at moderate methyl oleate conversion
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Table 1. Results of the Screening of Homogeneous and Heterogeneous W, Mo, Chloride and Oxychloride Catalysts for the

Ethenolysis of Methyl Oleate®

[0} Mo or W Catalyst (7 mol% metal)
/\/\/\/\%\/\/\/\)j\o/ +Z Sne, ANANANANE T /\/\/\/\)Lo/
methyl oleate, 1a ethylene gas DCM, 2 bar, 1-decene 9-decenoic acid methyl ester (9-DAME)
530 rpm, 80°C, 1 hr.
entry catalyst conversion” (%) ethenolysis selectivity” (%)
1 WOCl, 24 99
2 Wl 13 99
3 MoOCl,
4 MoCl;
S Aerosil silica (SiO,_,s50)
6 GD-20%-MoOCL@8iO0, < 82 >99
7 GD-20%-MoCl,@SiO;_55 27 >99
8 GD-20%-WOCL@Si0,_»5, 4 >99
9 GD-20%-WCl;@SiO,_,50 20 99
10 BM-20%-MoOCL@SiO0;_»< 79 98
11 BM.-20%-MoCl@Si0,_,, 62 98
12 BM-20%-WOCL@SiO,_,5
13 BM-20%-WCl@SiO0,_»5o 46 >99

“Conditions: methyl oleate (0.5 mL, 1.47 mmol), 7 mol % Mo or W metal, 80 °C, 2 bar, 1 h of activation time using SnMe,:Cl = 7:1, 1 h of
reaction time; all reactions were carried out in 10 mL of DCM. “Conversion and selectivity were determined by GC-MS using methyl laurate as an

external standard.

alkylidene functionality upon thermal treatment with release of
neopentane.*** (=S$i0),Mo(=O)Np, led to satisfactory
(~70%) methyl oleate conversions with high selectivity for
ethenolysis versus self-metathesis in 15 h under mild
conditions (50 °C, 2 bar) with low loadings of molybdenum
(0.1 mol %). However, the preparation of Mo(=0)-
(Np);CI*”*® requires extremely air-sensitive manipulation
and synthesis using highly flammable Grignard reagents.*’
Moreover, SOMC, while serving for the generation of potent
olefin metathesis catalysts,"°~>" requires the careful prep-
aration of opportunely dehydroxylated, metal oxide supports
by applying procedures and assets that are hardly accessible in
most laboratories.” Overall, the works described above clearly
demonstrate that increasing the complexity of metathesis
catalysts (or of their synthetic strategy) clearly leads to systems
with remarkable activity for methyl oleate ethenolysis.
However, the cost and limited accessibility of these catalysts
represent significant hurdles even at a simple laboratory scale.

Therefore, it is worth researching practical ways to carry out
the heterogeneous ethenolysis of methyl oleate using earth-
abundant metal- and organic-ligand-free complexes obtained
from commercially available, relatively inexpensive materials.
To this end, we decided to revisit the use of commercially
available tungsten and molybdenum halides and oxyhalides in
the presence of common methylating agents for the in situ
generation of metal alkyl species able to evolve into
catalytically active metal alkylidenes during the ethenolysis
reaction. The application of WCls/SnMe, for the self-
metathesis of fatty acid esters was initially reported by van
Dam et al.>* Muetterties et al. later proposed WOCI, as the
active species.”> Mol et al. reported the ethenolysis of methyl
oleate catalyzed by WCly/SnMe, under mild conditions (70
°C, 2 bar ethylene) but with relatively low ethenolysis versus
self-metathesis selectivity.”>>” Overall, despite a few scattered
reports, there has been no systematic investigation of
supported and unsupported metal halide and oxyhalide
complexes for the ethenolysis of fatty acid esters with respect
to the identification of the most efficient compound and metal

19713

center (W or Mo), and to the effects of metal loading,
dispersion, and local structure on catalytic performance of the
heterogeneous counterparts. To close such a gap in the
literature, we carried out in this work a systematic investigation
of homogeneous and heterogeneous W and Mo halides and
oxyhalides for the ethenolysis of unsaturated fatty acid esters.
We show that thus-far-neglected MoOCI, supported on silica
leads to an active, selective, and readily available precatalyst for
the ethenolysis of fatty acids that can be accessed through
convenient, solvent-free mechanochemical techniques and
applied for a variety of fatty acid esters.

Bl RESULTS AND DISCUSSION

Preparation and Preliminary Screening of Inorganic
Mo, W (oxy)halide Precatalysts. We carried out a
preliminary screening of heterogeneous chloride and oxy-
chloride complexes of tungsten and molybdenum (WCl,
MoCl;, WOCl,, and MoOCl,) for methyl oleate ethenolysis to
gain a deeper insight into the most active compound for a
more systematic investigation. As a convenient approach to
prepare the heterogeneous materials for the initial screening,
the grafting of the metal precursors on silica (Evonik Aerosil-
200 dehydrated at 250 °C under a dynamic vacuum (1073
mbar), denoted in this manuscript as SiO,_,,) was carried out
by solventless solid grinding (GD) in an agate mortar in a
glovebox. A precursor loading of 20 wt % was used in all cases
leading to a metal loading of about 6.3 wt % for Mo-based
materials and 9 wt % for W-based materials.””® Such catalysts
were denoted as GD-20%-MoOCl,@SiO,_,55, GD-20%-
WOCL,@8i0,_,50, GD-20%-MoCl;@SiO,_,50, and GD-
20%-WCls@SiO,_,50. For the sake of comparison, the
obtained heterogeneous materials were applied for the
ethenolysis of methyl oleate under mild conditions (80 °C, 2
bar ethylene, 7 mol % metal, see Table 1) along with the
corresponding homogeneous halides in the presence of SnMe,
for the in situ generation of the molybdenum alkyl groups
(precursors of the catalytically active metal alkylidene upon
heating) by reaction with the Mo—Cl moieties of the
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Table 2. Determination of the Chloride Content of the Materials Prepared by Ball Milling According to Mohr’s Titration

entry catalyst Mo content (mmol/g) Cl content (mmol/g) Cl/Mo molar ratio
1 BM-5%-MoOCL@Si0;_»s 0.19 (1.8 wt %) 0.65 % 0.02 34+ 0.1
2 BM-10%-MoOCl,@8Si0,_,s, 0.37 (3.4 wt %) 1.10 + 0.01 3.0 + 0.1
3 BM-20%-MoOCL@Si0,_54 0.69 (6.3 wt %) 17 +£02 25+ 03

precatalyst.*”>” The results shown in Table 1 (entries 1—4) for
the homogeneous compounds are in line with previous
observations from the literature on the ability of homogeneous
tungsten chlorides and oxychlorides to act as precatalysts for
metathesis reactions involving methyl oleate despite the low
methyl oleate conversions observed in just 1 h reaction.”* >
At the same time, the complete lack of activity of both
homogeneous molybdenum complexes (Table 1, entries 3 and
4) justifies the lack of interest and reports in the literature for
the use of these compounds in the ethenolysis of internal
olefins. Importantly, a drastically different reactivity was
observed for the silica-supported counterparts of the Mo and
W chlorides and oxychlorides. Indeed, while the silica support
had no catalytic activity (Table 1, entry S), GD-20%-
MoOCL@SiO0,_,50 performed as the most active material by
affording high and selective methyl oleate conversion to 9-
DAME and 1-decene in 1 h followed by GD-20%-MoCl;@
$i0,_5s0-

The observation that the heterogeneous molybdenum-based
compounds acted as precatalysts for methyl oleate metathesis
while their homogeneous counterparts were completely
inefficient may derive from the occurrence of bimolecular
decomposition pathways to alkylidene-free species® for the
activated homogeneous compounds that could obviously not
occur for the silica-immobilized species. Conversely, immobi-
lization on silica led to a strong drop of methyl oleate
conversion for GD-20%-WOCL,@SiO,_,5, compared to its
homogeneous analogue while the performance of GD-20%-
WCIs@8i0,_,50 was not far from that of homogeneous WCly
with a slight increase in methyl oleate conversion.

Having assessed the beneficial effects of the immobilization
on silica of the Mo-based halide complexes on their
performance in the ethenolysis of methyl oleate, we considered
that the grinding preparation method in a glovebox, despite
being rapid and efficient, would not be suitable for the
preparation of catalysts on a multigram scale. Therefore, a
different mechanochemical approach (ball milling-based)**
was tested in which the support and the desired amount of
precursor were loaded into a sealed glass vial in the presence of
magnetic bars and ball-milled outside of the glovebox. Such a
strategy was used to prepare BM-20%-MoOCl,@SiO, s,
BM-20%-MoCl,@Si0,_,5,, BM-20%-WOClL,@SiO,_,, and
BM-20%-WCl;@SiO,_,5o (BM: ball milling). The results for
the ethenolysis of methyl oleate using the latter class of
materials as precatalysts are reported in Table 1, entries 10—
13. There was no substantial difference in catalytic activity
between BM-20%-MoOCl,@SiO,_,5, and its GD-20%-
MoOCL,@SiO,_,s, counterpart in 1 h reactions (Table 1,
entries 6, 10) when considering that a methyl oleate
conversion of about 80% corres?onds to the equilibrium
value of this ethenolysis process,”* in line with the results
obtained in the rest of this study (vide infra). The precatalysts
BM-20%-MoCl,@Si0,_,5, and BM-20%-WCl,@SiO,_,s
performed more efficiently than their GD counterparts, an
effect that is attributed to the more efficient dispersion of the
precursors by ball milling when compared to manual grinding

(Table 1, entries 7, 9, 11, 13).°" As in the case of the
corresponding material prepared by grinding, no significant
amounts of ethenolysis products were formed with BM-20%-
WOCL@Si0,_,50, confirming the lack of activity of this
precursor when supported on silica. It is worth noting that
other alkylating agents such as ZnMe, and AlEt,Cl were tested
as activators with BM-20%-MoOCl,@SiO,_,s, (Table S6) but
no ethenolysis products were observed.

Having assessed the highest catalytic efficiency of the
heterogeneous MoOClI,-based precatalysts and ball milling as
the most convenient synthetic protocol, we moved to a
systematic investigation of silica-supported MoOCI -based
catalysts. For this purpose, we also prepared the BM-5%-
MoOCl,@Si0,_,5o and BM-10%-MoOCL,@SiO,_,5, preca-
talysts to investigate the effect of precursor loading on the
structure of the surface complexes and on catalytic activity.

Characterization of Heterogeneous Catalysts. Deter-
mination of Chlorine Content. Metal halides are known to
undergo immobilization on the silica surface by their reaction
with the hydroxy groups (=Si—OH) of the support with the
release of an equivalent amount of HCI gas for each chlorine
atom lost. Therefore, an assessment of the molar chlorine/
metal ratio in relation to the initial precursor is a way to
estimate the podality (average number “m” of (=Si—0),,—
MX,_,, bonds) of the complex on the surface.””*® The chloride
content of the materials prepared by ball milling was
determined by Mohr’s titration with AgNO; after digestion
of the samples in 1 M NaOH (see details in Section S3.1), and
the averaged results of three independent measurements for
each sample are provided in Table 2. It is observed that the
chloride content obviously increased with the initial nominal
loading of MoOCl, used, but the Cl/Mo molar ratio decreased
in the same order, indicating a slight change in podality of the
surface complexes. Based on a Cl/Mo molar ratio of about 3 (a
slightly higher value of 3.4 in BM-5%-MoOCL,@SiO,_,5, may
arise from the experimental error related to the determination
of low amounts of chloride), it is inferred that the
molybdenum centers in BM-5%-MoOCl,@SiO,_,5, and
BM-10%-MoOCIl,@8Si0,_,5, were mainly grafted on the silica
surface with the loss of a chloride ligand (monopodal grafting)
from the MoOCl, precursor. The Cl/Mo molar ratio of 2.5
indicates that BM-20%-MoOCl,@SiO,_,s, was formed with a
similar distribution of monopodal and bipodal complexes
based on the average loss of about 1.5 chloride ligands per
molybdenum atom. Further assessment of the possible
structure of the molybdenum complexes is revealed later in
this article after discussion of the Raman spectra.

Powder X-ray Diffraction (PXRD) Patterns and SEM-EDS.
PXRD patterns of the BM-MoOCL@SiO,_,s5, precatalysts
prepared with different precursor loadings are shown in Figure
1. All materials generally exhibited a broad scattering typical of
the silica support and no evidence of crystalline species such as
MoO; (PXRD pattern given in Figure 1) even at high
precursor loading. Indeed, despite the relatively high metal
loading, SEM-EDS elemental mapping of BM-5%-MoOCl,@
Si0,_,50 and BM-20%-MoOCL@8i0,_,s, (Figure S1) shows
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| BM-20%-MoOCI,@SI0,.,5

BM-10%-MoOCI,@Si0, 55,

BNI-5%-MoOCl, @Si0, 55
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i

MoO,

10 20 30 40 50 60 70 80 90
20 (degrees)

Figure 1. XRD patterns of BM-MoOCl,@8iO,_,5, materials with
different MoOCl, loadings and reference compounds (SiO,, MoO5).

that the Mo and Cl atoms are, within the sensitivity limits of
the machine, evenly distributed throughout the material. In
particular, no discernible differences in molybdenum dis-
persion between BM-5%-MoOClL,@SiO,_,5, and BM-20%-
MoOCl,@SiO,_,5, could be observed in the SEM-EDS
micrographs despite the different local molybdenum concen-
trations (2.3 wt % for BM-5%-MoOCL,@8i0,_,5, and 5.1 wt
% for BM-20%-MoOClL,@8SiO,_,5 according to SEM-EDS
surface analysis). As in the case of BM-MoOCL@SiO,_,s,
materials, the PXRD patterns of the materials prepared by
manual grinding did not show the presence of crystalline
materials (see Figure S4). However, XRD investigation is not a
suitable technique to exclude the formation of tiny crystallites
and/or of extended bidimensional (2D) domains of metal
oxides on the support,64 which are more likely to occur in the
case of manual grinding when compared to ball milling.
Raman Spectroscopy. Raman spectroscopy is a powerful
characterization technique for the study of molybdenum
catalysts supported on metal oxides.””*® Despite the absence,
according to XRD investigation, of crystalline molybdenum
species on the surface of BM-MoOCI,@SiO,_,5, materials, it
is expected that the molybdenum species in BM-20%-
MoOCL,@SiO,_,50, with a Mo loading of 6.3 wt %, would
exhibit a high degree of polymerization in the form of
bidimensional domains.”” Therefore, the Raman spectrum of
BM-20%-MoOCIl,@8Si0,_,s, was initially compared to that of
MoO; as an inorganic molybdenum compound with a
polymeric structure.”® The Raman spectrum of MoO; is
characterized by two main bands at 997 and 820 cm™' that are
attributed to Vyo—0) and to L(yo—0-Mo, asym) respectively,
while a less intense signal at 666 cm™' is assigned to
V(Mo—0—-Mo, sym.).és Different from the case of MoOs, no bands
at wavenumbers higher than 900 cm™ were observed for BM-
20%-MoOCl,@SiO,_,s,, indicating the absence of Mo=0O
moieties for this material.”” It is noteworthy that the V(Mo=0)
band for halogen-containing molybdenum complexes is
expected to occur at around 1000 cm™' or above® as
confirmed by the Raman spectrum of MoOCIl, shown in
Figure 2 (V(yo—o): 1007 cm™"). The most intense signals in
the Raman spectrum of BM-20%-MoOCl,@SiO, ,s, are
represented by two peaks at 868 and 788 cm™', both occurring
in the region (700—900 cm™") assigned to the V(Mo—0-Mo, asym.)
stretching mode of the Mo—O—Mo moieties indicating the
occurrence of multinuclear polymeric molybdenum species in
this material.”” Given the absence of a band at about 670 cm™

160 A l MoO,
140 1 | \ A BM-20%-MoOCI,@Si0; 25
n BM-20%-MoOCI,@SI0; 54
§ 120 -1 ﬂ (exposed to air)
[=]
) n
2 100 Gb-20
< N A A A
3
8 80+
E
o 60
z GD-5%-MoOCI,@SiO.
@ 40
MoOCl,
20 4
04— sio,

T T T T T T T T T

T T
100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman Shift (cm™)

Figure 2. Raman spectra of molybdenum-based precatalysts and
reference compounds.

analogous to that found at 666 cm™' for MoO,
(V(Mo—o—Mo, sym.)), the band at 788 cm™' may arise from a
significant shift of ¥/(yjo—0—mo, sym,) to higher energies. However,
it is worth noting that Y(Mo—0-Mo, sym.) typically occurs in the
450—670 cm™" range.”>”" Alternatively, the occurrence of two
signals in the V(yo—0-Mo, asym) Tegion may arise due to the
existence of two different molybdenum species (for instance,
two molybdenum complexes carrying different numbers of
chlorine atoms) in the polymeric domains. It is also worth
noting that the vy, o_g;) stretching band has been proposed
to occur in the 850—950 cm™! range.71 In the latter case, the
V(Mo—O—Mo, asym.) Signal would be assigned to the band observed
at 788 cm ™.

However, exposure of BM-20%-MoOCl,@SiO,_,s, to air
led to an immediate color change of the material from bright
orange to light gray-blue that was accompanied by a strong
change in the Raman spectrum compared to the original
sample (see spectrum of BM-20%-MoOCL@SiO, 5, “ex-
posed to air” in Figure 2). Accordingly, the two bands at 788
and 868 cm™' strongly decreased in intensity and coalesced
into a single band at 808 cm™" while a new signal at 965 cm ™
appeared (V(\o—0)), indicating the formation of a new
polymeric compound resembling MoO; but with a slight
shift toward lower frequencies. The new compound presented
a lower ClI/Mo molar ratio compared to pristine BM-20%-
MoOCl,@Si0,_,s, (1.1 versus 2.5) based on Mohr’s titration.
These results point to a change of the surface molybdenum
complexes by reaction with air and moisture to afford silica-
supported polymeric molybdenum-oxo species. The fact that
both bands at 788 and 868 cm™' coalesced into a single
V(Mo—O—Mo, asym.) Signal supports the existence of two different
molybdenum complexes in the pristine material that evolved
into the same oxidized MoOj-like complex upon oxidation.
Overall, the Raman spectrum of BM-20%-MoOCL,@SiO,_s
indicates the formation of polymeric molybdenum species on
the silica surface that are devoid of Mo=0 moieties as a result
of the polymerization of the MoOCIl, precursor. It is
noteworthy that the Raman spectrum of GD-20%-MoOCl,@
$i0,_,50 (Figure 2) was nearly identical to that of BM-20%-
MoOClL,@SiO,_,s, confirming that both preparative techni-
ques led to the same kind of surface structures. To gain further
insight, the Raman spectra of BM-10%-MoOCL@SiO,_,so
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and BM-5%-MoOCl,@SiO,_,5, were measured. However,
these samples, presenting a significantly lower Mo loading than
BM-20%-MoOCL,@8Si0,_,s, (3.4 and 1.8 wt %, respectively),
failed to provide Raman spectra of sufficient quality and
resolution for a systematic spectral assignment. A similar
behavior was observed in the past for other literature-reported
molybdenum species supported on silica bearing slightly higher
molybdenum loadings (4—6 wt %).”%”? Therefore, given the
higher intensity of the main signals of GD-20%-MoOCl,@
$i0,_,59 compared to BM-20%-MoOCl,@SiO,_,5, we
prepared GD-10%-MoOCl,@SiO,_,5 and GD-5%-
MoOCL,@SiO,_,5, that produced Raman spectra of suitable
quality for peak assignment. It is worth noting that while the
materials prepared by grinding did not show the presence of
crystalline species by XRD analysis as in the case of their ball-
milling counterparts, the enhancement of the Raman intensity
for the former may arise from a slightly less-efficient dispersion
of the precursor and the formation of larger molybdenum
domains or small crystallites.”””* Interestingly, the spectrum of
GD-10%-MoOCl,@Si0,_,5, was nearly identical to those of
GD-20%-MoOCL,@Si0, ,5, and BM-20%-MoOCl,@
8iO,_,50, indicating the formation of the same polymeric
surface species. Conversely, the spectrum of GD-5%-
MoOCl,@8Si0,_,5, exhibited different features such as a
band at 1076 cm™, attributed to the V(mo—0) Stretching mode
in a molybdenum-oxo center with halide ligands,63 and the
nearly complete lack of bands in the 700—900 cm™" region of
the spectrum indicating the absence of polymeric molybdenum
domains. These data support the existence of individual
molybdenum-oxo complexes on the surface of GD-5%-
MoOCl,@8i0,_,5, (and very likely BM-5%-MoOCL,@
SiO,_,50) as an effect of the low molybdenum loading
disfavoring the formation of polymeric species.”’ It is worth
noting that the presence of chloride ligands in all prepared
materials is confirmed by the occurrence of a weak signal at
about 300 cm™" (literature-reported shift for Mo—Cl stretchin%
in molybdenum oxychloride complexes: 300—320 cm™')">’
in their Raman spectra, which was also observed for MoOCI,
but not for MoO;.

Based on the discussion above, possible structures for the
surface complexes of the synthesized molybdenum precatalysts
are shown in Figure 3. The materials prepared with higher

cl Cl cl 2
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BM-20%-MoOCI,@Si0,. 59
BM-10%-MoOCI,@Si0; 559
GD-20%-MoOCI,@Si0;.250
GD-10%-MoOCI,@Si0,.,59

BM-5%-MoOC1,@Si0.,50
GD-5%-MoOCI,@Si0; .59

Figure 3. Proposed structures of the main surface molybdenum
species of the synthesized materials.

precursor loading (BM-10%-MoOClL,@SiO,_,5, and BM-
20%-MoOCl,@SiO,_,5,, and the analogous materials pre-
pared by grinding) exhibit polymeric surface complexes devoid
of molybdenum-oxo moieties, in line with the results of Raman
spectroscopy investigation. Given the molar chlorine/molyb-
denum ratio of 2.5, as determined by Mohr’s titration, and the

likely existence of two different surface species, as discussed in
the Raman Spectroscopy section, the polymeric molybdenum
domains for BM-20%-MoOCL@SiO,_,s, are inferred to
contain two kinds of surface molybdenum complexes (bipodal
with two chloride ligands and monopodal with three chloride
ligands). For BM-10%-MoOCL,@SiO,_,s, given the molar
ratio of 3 between chlorine and molybdenum, the monopodal
polymeric complex should represent the main surface
structure. BM-5%-MoOCl,@SiO,_,5, and GD-5%-
MoOCl,@Si0,_,5, are proposed to exhibit monopodal,
nonpolymeric molybdenum-oxo complexes with three chloride
ligands. All surface species in Figure 3 contain at least two
chloride ligands and are, therefore, suitable precursors for the
generation of a metallocarbene catalyst after methylation with
SnMe,.*

Results of Catalytic Ethenolysis Experiments. Follow-
ing structural elucidation, the materials prepared by ball milling
were compared for catalytic performance in the ethenolysis of
methyl oleate at 80 °C and 2 bar of ethylene, using SnMe, as
the activator. For each precursor loading, the kinetic reaction
profile in 1 h was determined through four independent
reactions (Figure 4, conversion and selectivity data are given in
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Figure 4. Kinetic profiles of methyl oleate conversion and ethenolysis
selectivity using different metathesis precatalysts based on MoOCl,
(1.47 mmol of methyl oleate, 200 uL of SnMe,, ¢, =1h,P,
=2 bar, T = 80 °C).

ctivation ethylene

Table S7). For BM-5%-MoOCL,@8Si0,_,s,, the methyl oleate
conversion was 45% in just S min (Table S7, entry 1) and the
methyl oleate conversion reached 78% after just 15 min. In the
following 45 min, only a negligible increase of substrate
conversion was observed due to the ethenolysis process
reaching equilibrium at about 80 + 2% conversion. The
ethenolysis process was generally selective, with the formation
of only very minor or trace amounts of self-metathesis
products. The ethenolysis process catalyzed by BM-10%-
MoOCL@SiO,_,5o was just slightly slower than that by BM-
5%-MoOCI,@Si0,_,5, while BM-20%-MoOCL@Si0O,
required 1 h to reach equilibrium conversion. Accordingly,
extending the reaction time with BM-20%-MoOClL,@SiO,_,so
to 3 h did not lead to an increase in conversion (Table S7,
entries 13—16). The higher catalytic performance of BM-5%-
MoOCL@SiO,_,50 compared to the materials with a higher
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SnMe4l tactivation =1 hl Pethylene =2 bar/ tethenolysis =1 h)

molybdenum loading, especially BM-20%-MoOCL@SiO,_,s,
is likely due to its higher chlorine content (Table 2) favoring
the formation of Mo-alkyl moieties, upon activation by SnMe,,
that are crucial to generate the active Mo-carbene catalyst.
Additionally, the site isolation of BM-5%-MoOCl,@SiO,_,s(,
compared to the other materials exhibiting polymeric
molybdenum structures (Figure 3), may contribute to its
higher catalytic performance as an effect of the different
structure and the dispersion (reduced steric demand) of the
active sites.”’~’” Halving the amount of each material (3.5 mol
% Mo) led, approximately, to half of the methyl oleate
conversions (Table S8, entries 1—3) observed with 7 mol %
Mo in the same reaction time. For the case of BM-5%-
MoOCl,@Si0,_,5, the methyl oleate conversion with 3.5 mol
% Mo reached 61% after 12 h but only a small increment was
observed by extending the reaction time to 24 h (Table S8,
entries 4, ). Additionally, when using just 1 or 2 mol % BM-
5%-MoOCl,@8SiO, ,5,, no significant methyl oleate con-
version was observed in 12—24 h. These results underscore
the importance of using a suitable loading of the catalytic
material.

An overview of the TON (turnover number) and TOF
(turnover frequency) values provided in Table S7 shows that
the TON values obtained with BM-5%-MoOCL,@SiO,_,5,
were generally low (about 11 at equilibrium) due to the high
molybdenum loading of 7 mol %. Nevertheless, due to the
short reaction times, BM-5%-MoOCL,@SiO,_,5, afforded
TOF values of 45 h™ in 15 min and up to 77 h™" in § min
reactions. For the sake of comparison, it is worth mentioning
that SOMC-generated™ silica-supported molybdenum preca-
talyst (=Si0),Mo(=O0)Np, afforded a methyl oleate
conversion of about 70% at 50 °C, 2 bar ethylene but in 15
h using a molybdenum loading of 0.1 mol % with a TON of
about 700 and a TOF of about 47 h™'. The latter value is
comparable to that obtained for BM-5%-MoOCL@SiO,_,s, at
80 °C under the same ethylene pressure.

Despite the higher catalytic activity of BM-5%-MoOCIl,@
8i0,_,50, the use of BM-20%-MoOCl,@SiO,_,s,, with a high
metal content, allowed equilibrium conversion to be reached in
a reasonable time (1 h) by using significantly lower amounts of
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the precatalyst. Therefore, further optimization and inves-
tigation of catalytic performance were mainly carried out by
using BM-20%-MoOCL,@8i0,_,s,. The latter precatalyst was
used to investigate the optimal reaction temperature and
pressure. The results exhibited in Figure Sa (see also values
given in Table S9) show that an increase in ethylene pressure
compared to the initial value of 2 bar led to a decrease in
substrate conversion. Such an effect may be attributed to the
occurrence of self-metathesis of ethylene at high pressure
keeping the active sites engaged in nonproductive processes.”*
An optimization of the reaction temperature (Figure Sb and
Table S10) showed that a temperature of 60 °C was sufficient
to obtain a moderate substrate conversion with high selectivity
for the ethenolysis process although the conversion was lower
than that at 80 °C. Increasing the temperature to 100 °C led to
a decrease of methyl oleate conversion and to a slight drop in
ethenolysis selectivity, which is possibly due to the partial
decomposition of the catalyst.

Following the investigation with methyl oleate as a
benchmark substrate, we explored the ethenolysis of other
substrates by BM-20%-MoOCl,@Si0,_,5, and BM-5%-
MoOCL,@SiO,_,50 including methyl esters of PUFAs
(polyunsaturated fatty acids). The substrates used and
potential products are shown in Scheme 1 along with the
main reaction outcomes. A more detailed catalytic optimiza-
tion for each substrate is given in Tables S11—S14. Compared
with methyl oleate, the ethenolysis of ethyl oleate (2a, Scheme
1) by BM-20%-MoOCL,@Si0,_,s, afforded higher conversion
at equilibrium (86% after 3 h) under the optimized reaction
conditions with nearly complete selectivity for the product of
ethenolysis. For the same process, BM-5%-MoOCL@SiO,_,so
afforded 80% conversion in just 1 h (with slightly lower
ethenolysis selectivity versus self-metathesis than for BM-20%-
MoOCL,@Si0,_,s5), confirming the higher catalytic activity of
the latter precatalyst compared to BM-20%-MoOCl,@
$i0; 150

There generally is a lack of studies on the ethenolysis of
esters of PUFAs, although some reports on the ethenolysis of
FAME (fatty acid methyl ester) mixtures including PUFA
esters such as methyl linoleate and methyl linolenate have
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Scheme 1. Application of BM-20%-MoOCL,@SiO,.,5, and BM-5%-MoOCl,@SiO,.,5, for Ethenolysis of Various Substrates

under Optimized Reaction Conditions

Ethenolysis
Substrate

ethyl oleate, 2a
BM-ZO%-MOOCI4@Si02_250: 86% (98%)a
(7 mol% Mo; 80 °C, 2 bar, 3 h SnMe4, DCM)
BM-5%-MoOCI,@Si0,_350: 80% (91%)?
(7 mol% Mo; 80 °C, 2 bar, 1 h SnMe4, DCM)

(0]
/\/\/\/\%\/\/\/\)J\O/

methyl linoleate, 3a

=
p—

BM-20%-MoOCI,@Si05.550: 67% (90%)?
A%/A'? selectivity (9-DAME/3c): 1.8 : 1
(7 mol% Mo; 80 °C, 2 bar, 3 h, SnMe4, DCM)

o Z

= A = o~

methyl linolenate, 4a
BM-20%-MoOCI,@Si0;.550: 93% (>99%)?

A%/A1? selectivity (9-DAME/3c): 2.1 : 1

(7 mol% Mo; 80 °C, 2 bar, 24 h, SnMe,, DCM)
BM-5%-MoOCIl,@Si0,._550: 97% (>99%)2
A%/A"? selectivity (9-DAME/3c): 3.9 : 1

(7 mol% Mo; 80 °C, 2 bar, 6 h, SnMe4, DCM)

(0]
/\/\/\/\/\/\/\/\)j\o/ =z

041.1% j—
PO W

. 5.7%
Saturated Fatty Acids (53.2%)

FAME-PO
BM-20%-MoOCI,@Si0,_p50: 76%P (>99%)?
(7 mol% Mo; 80 °C, 2 bar, 3 h, SnMe4, DCM)

f—

Possible ethenolysis
Products

/\/\/\M
1-decene 0

WLO/\

9-decenoic acid ethyl ester (9-DAEE)

0
NN /\/\/\/\)J\O/
9-DAME  major

1,4-decadiene, (3b)

O
I +WLO/

1-heptene 9, 12-tridecadienoic acid methyl ester, (3c)

minor
MM/
4 4
6-dodecene (3f)
self-metathesis

AN = AN
4 4
6,9,12-octadecenetriene (3e)
self-metathesis

(0]
NN+ /\/\/\/\)J\O/
major

1,4,7-decatriene, (4b) 9-DAME

0]
N +WO/

1,4-heptadiene, (4c)  9,12-tridecadienoic acid methyl ester, (3c)

minor
(0]
1-butene 9,12,15-hexadecadienoic acid methyl ester, (4d)
not found
(0]
NN NN /\/\/\/\)J\O/
1-decene 9-DAME
(0]
1-heptene 9,12-tridecadienoic acid methyl ester, (3c)

trace amounts

“Selectivity for the ethenolysis process. “Conversion and selectivity are for the methyl oleate fraction of FAME-PO.

appeared for Grubbs-type catalysts,””"' typically leading to
complex mixtures of compounds. In the case of polyunsatu-
rated methyl linoleate (3a, Scheme 1), a satisfactory substrate
conversion was obtained using BM-20%-MoOCl,@SiO,_s
after 3 h at 80 °C, 2 bar ethylene with high (90%) selectivity
for the ethenolysis process versus self-metathesis based on the
formation of a small amount of 6,9,12-octadecenetriene (3e)
and 6-dodecene (3f). For this substrate, additional results
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exhibited in Table S12 show that increasing the ethylene
pressure to S bar (1 h) only led to a slight increase in
conversion compared with the corresponding experiment
carried out at 2 bar. As in the case of methyl oleate, a
significant increase in the ethylene pressure (10 bar)
significantly suppressed 3a conversion. Finally, lowering the
reaction temperature from 80 to 60 °C led to a strong
reduction of 3a conversion, while an increase of the reaction
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temperature to 100 °C did not lead to significant changes in
conversion. It is worth noting that the ethenolysis of 3a
exhibited higher selectivity (about 2:1) for the products
expected by the cleavage at the A’ double bond (9-DAME and
1,4-decadiene, 3b) rather than at A'> (1-heptene and 9,12-
tridecadienoic acid methyl ester, 3c). For methyl linolenate
(4a, Scheme 1), nearly complete conversion was observed
using BM-20%-MoOClL,@SiO,_,5, with complete selectivity
for the ethenolysis products, but the reaction required 24 h at
80 °C with nearly 90% conversion being observed in just 12 h
(Table S13). Notably, BM-5%-MoOCL@SiO,_,s, afforded
nearly complete 4a conversion after just 6 h. As for the other
substrates, increasing the ethylene pressure with BM-20%-
MoOCl,@8Si0,_,5, did not have beneficial effects on the
catalyst performance. The reaction temperature could be
decreased to 60 °C with a small drop in conversion, while an
increase of temperature to 100 °C did not have significant
effects.

As for 3a, there generally was higher selectivity for the ester
produced by the cleavage of the A? double bond (leading to 9-
DAME) rather than the A'* double bond (leading to 3c) of 4a.
This was particularly the case of BM-5%-MoOCL@SiO,_,s,
that showed about 4:1 9-DAME/3c selectivity. The ester
formed by the ethenolysis at the A'* double bond (4d, Scheme
1) generally occurred, at most, in trace amounts. These results
seem to indicate that the selectivity for ethenolysis at a specific
double bond decreased with the distance from the ester group.
However, it is also possible that the polyunsaturated methyl
ester products 3c, 4d, once formed, kept on reacting with
excess ethylene leading to the formation of 9-DAME as the
main ester product.

Finally, we explored the performance of BM-20%-
MoOCl,@8Si0,_,5 for the ethenolysis of FAME from palm
oil transesterification (FAME-PO, Scheme 1, further details on
composition are given in the Supporting Information) as a
more realistic biobased substrate compared to pure methyl
oleate. The ethenolysis process led to the selective conversion
of the methyl oleate fraction of FAME-PO to a degree (76%)
comparable to what was observed for pure methyl oleate at 80
°C (Figure 4 and Table S7) but in a longer reaction time of 3
h. The small amount of methyl linoleate (about $%) in FAME-
PO was also completely consumed; however, only trace
amounts of ester 3¢ were observed, likely due to its low
concentration in the product and its subsequent conversion to
9-DAME. Additionally, the results in Table S14 show that the
catalytic performances of BM-20%-MoOCl,@SiO,_,5, and
GD-20%-MoOClL,@Si0,_,5o for FAME-PO ethenolysis under
the same reaction conditions were nearly identical.

Finally, it is worth noting that metathesis catalysts based on
supported molybdenum and tungsten complexes, such as those
investigated in this work, are generally not recycled and/or
recyclable after use in batch reactions because of the high
lability of the formed alkylidene moieties.”**”** Indeed, at the
end of each reaction, the recovered catalysts generally turned
to a light blue color, suggesting deactivation and could not be
reused. SEM-EDS analysis of spent BM-20%-MoOCl,@
$i0,_550 and BM-5%-MoOCl,@8Si0,_,5 (Figures S2 and
S3, respectively) after 1 h reaction under standard conditions
(Table 1) showed the presence of only trace amounts of
chlorine and small amounts of tin (0.27—1.76 atom %) from
the activator. Molybdenum was found on the catalyst surface
with atomic concentrations (6.52 and 2.44%) similar to those
observed for the pristine materials in Figure S1 (5.05 and

2.35%), excluding the occurrence of significant molybdenum
leaching. This observation was confirmed by ICP-OES analysis
of the reaction products showing, respectively, about 300 ppm
of molybdenum concentration for the reaction catalyzed by
BM-20%-MoOCl,@8Si0,_,s and just 18 ppm of molybdenum
concentration for the reaction catalyzed by BM-5%-MoOCl,@
Si0,_,5, (Table S15). The latter values corresponded to less
than 1% of the molybdenum used in the ethenolysis process
with BM-20%-MoOCl,@8i0,_,5, and just 0.06% for BM-5%-
MoOCl,@8Si0,_,5,. Moreover, the residual amount of tin in
the product for the reaction catalyzed by BM-20%-MoOCl,@
SiO,_,5, was analyzed by ICP-OES (Table S16), showing that
only 5% of the added amount of tin was found in the product.
Given the small amount of tin found on the surface of the
catalyst by SEM-EDS and ICP-OES (Table S16), it is likely
that most of the tin was removed from the product in the form
of volatile SnCl,Me,, species during catalyst recovery and
solvent evaporation. We also tested whether the very limited
molybdenum leaching would play a role in the ethenolysis
process; however, a hot-filtration test™ (see Section S8 and
Figure SIS for details) showed no significant increase of
substrate conversion after filtering off the catalyst. The lack of
reusability of the spent catalyst in batch experiments is very
likely due to the unavoidable exposure to air of the catalytic
materials during recovery, leading to the formation of inactive
oxidized molybdenum species that could not be reactivated
because of the lack of chloride ligands.

Given the lack of reusability of the catalytic materials in
batch experiments, it would be convenient to operate the
metathesis reaction in flow systems where fresh substrates are
provided at all times and the activated precatalyst, once placed
in the reactor, does not undergo further manipulation.
Preliminary studies using a flow system described in detail in
Section S9 indicate that BM-20%-MoOCl,@SiO,_,5, is
suitable for application in flow systems with a stable methyl
oleate conversion of 65% for the initial 180 min of reaction
(Figure S17). The methyl oleate conversion after 240 min
decreased to about 50%. The latter study also evidenced a
difference in performance between the cases where the SnMe,
activator was included or not included in the methyl oleate
feed, indicating that the catalytic material could be partially
reactivated in situ. Further investigation on the application of
the BM-MoOCIl,@SiO,_,5, catalysts under dynamic flow
conditions to extend the catalyst lifetime through the
optimization of multiple parameters is currently ongoing.

B CONCLUSIONS

The ethenolysis of unsaturated fatty acid esters is regarded as a
valuable approach to produce useful biobased olefins. Previous
research on the development of metathesis catalysts for the
ethenolysis of methyl oleate has been focused on systems able
to provide high catalytic turnovers rather than on catalyst
availability. This has generally led to powerful but expensive
and sophisticated organometallic species whose synthesis
required multistep and challenging synthetic manipulations.
Apart from preliminary works on the ability of WCls/SnMe, to
catalyze the ethenolysis of fatty acids, no systematic study of
readily available homogeneous and heterogeneous inorganic
(oxy)halides of molybdenum and tungsten had been previously
carried out. Despite its lack of catalytic activity in the
homogeneous form, MoOCl,, dispersed on the silica surface
through a convenient mechanochemical approach (ball
milling), formed active precatalytic species for the ethenolysis
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process upon activation by SnMe,. Depending on the loading
of MoOCl, on silica, different surface species were generated
consisting of monopodal molybdenum oxychloride complexes
(BM-5%-MoOCl,@S8i0,_,5,) or polymeric molybdenum
chloride species bridged by oxygen atoms (BM-20%-
MoOCL,@Si0,_55). The former exhibited higher catalytic
performance, likely as an effect of site isolation and higher
chlorine content, reaching equilibrium conversion of methyl
oleate within 5—15 min, while the latter precatalyst was more
convenient to use by requiring lower amounts of material.
Importantly, the developed precatalysts could be applied to the
selective ethenolysis of a variety of (poly)unsaturated fatty acid
esters including industrial FAME mixtures, while preliminary
results show that BM-20%-MoOCl,@SiO,_,, is suitable for
application in flow reactors. Overall, we believe that a
systematic exploration and optimization of the structure,
loading, and support of readily available heterogeneous
ethenolysis precatalysts based on inorganic compounds of
molybdenum and tungsten is key to generate inexpensive and
unsophisticated materials for the valorization of fatty acid
esters.
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