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Abstract

The conversion of methyl oleate by cross-metathesis with ethylene using readily accessible
supported group VI oxo species was addressed. TON up to 500 and 5000 were achieved using
respectively bisgrafted tungsten- and molybdenum based systems, (=Si0)2M(=0)R2 (M= W,
R= CH>CMes, M=Mo, R= CH2SiMes). In the case of molybdenum, these results are comparable
to those obtained by Mo-based systems in homogeneous catalysis. Optimization studies showed
that ethylene pressure plays a major role in these systems, with inhibition at high pressure

resulting from degenerated metathesis involving ethylene and a-olefins.
Introduction

The production of linear a-olefins has a demonstrated industrial interest due to their utilization
in a variety of applications such as co-monomer or precursor for surfactant. They are also used
as starting material of a number of value added chemicals. However, their production based on
fossil feedstock is dependent of the oil price volatility and on its inexorable depletion. Thus,
another step forward is their production from renewable feedstock.! Oleochemicals, such as
fatty acid monoester (FAME), are attractive bio-refinery feedstocks due to their availability on

large scale at reasonable prices. Moreover, these products present multiple functional groups
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allowing further chemical modifications to valuable products.?® For example, methyl oleate
(MO), commonly used as a benchmark compound, obtained from transesterification of seed
oils, contains an internal carbon-carbon double bond, which can react by cross metathesis
reaction with ethylene to give an equimolar ratio of two a-olefins, 1-decene and methyl 9-
decenoate. These products both have high commercial values. For example, methyl 9-decenoate
is used in the preparation of plasticizers, lubricants, pheromones and fragrances.*® The
potential of this so-called ethenolysis reaction of MO has been demonstrated with homogeneous
catalysis and in particular, the moderately oxophilic ruthenium carbene bearing a cyclic alkyl
amino carbene is able to reach 340,000 TON.®

Ethenolysis (Cross-metathesis, CM)

o (o}

Ethylene jM)L
_ L

Self-metathesis

[e] (o]
7 7 —_— 7 7 7 7

Scheme 1. Methyl oleate ethenolysis and self-metathesis

Furthermore, early reports suggest that an increase of the conversion and quenching of self-
metathesis of the ester can be achieved with an excess of ethylene (e.g., by using elevated or
constant ethylene pressures).!® Nevertheless, for an industrial application, cheap, robust and
recoverable catalysts are desirable. The development of catalysts based on cheaper group VI
transition metal (Mo, W) is therefore of high interest. The challenge to take into account for the
use of these metals is their oxophilic and highly sensitive nature. In fact, since the early report
of Mol® on the ethenolysis of MO by the WCle-MesSn system, examples of the use of group VI
metals are scarce. The most active system has been reported by Schrock et al. using
molybdenum imido alkylidene complexes with bulky aryloxide groups (TON up to 4750) with
a selectivity higher than 99% and yields up to 95%.!! The tungsten analogue leads to a
somewhat lower activity (TON = 310), although the selectivity remains high. Though the
published Ru-based and group VI state of the art catalysts exhibit remarkable activity, the
overall cost, notably the multi-step synthesis of the sophisticated ligands limits potential

implementation in large scale industrial processes.

In addition, for an industrial application, use of heterogeneous catalyst not only allows an easy

separation (ie. facilitates the downstream purification of the products, for instance in batch



preparation of pharmaceuticals, in which traces of metals must be removed) of the catalyst, but
also avoids the bimolecular decomposition of the active center. This is particularly relevant for
the ethenolysis reaction, which involves a methylidene intermediate prone to deactivate through
bimolecular coupling and reduction of the metal.’>'* Nevertheless, only few examples of
heterogeneous catalysts have been published so far. They consist of rhenium oxide in
combination with alkyl tin or MeReOs impregnated on Al203 and Al.O3-SiO». These catalysts
display a relatively low activity.'®*>® More recently, examples of immobilized ruthenium or
tungsten catalysts have been reported, however they rely on the immobilization of costly
organometallic precursors for a moderate activity.2’~2° In the case of the tungsten catalyst, the
authors selected an elaborated NHC-W(VI1) organometallic precursor to graft on the silica
surface, which somehow removes all the economical benefits of the use of this relatively cheap
metal.’® Both a neutral and a cationic version of the catalyst have been tested in ethyl oleate
ethenolysis and the cationic one appeared to be much more active than the neutral counterpart
with a global TON of 930 after 1 h with a selectivity of 82% in cross-metathesis products,
accompanied by homodimerized products, thus achieving TON = 760 for ethenolysis.

Thus, all the above-described systems able to efficiently perform metathesis of functionalized
olefins such as MO are significantly more complex and more costly than those commonly used
in industry for the metathesis of non-functionalized olefins, such as group VI metal oxides
dispersed on inorganic carriers involved in major processes (OCT, Phillips...). Unfortunately,
the later catalysts have so far proved to be non-reactive towards such substrates, due to the
activation step (carbene formation) which requires high temperature and are thus non-adaptable
for substrates containing functional groups. A breakthrough in the field would be to develop
simple oxo catalysts amenable to carry out this transformation. Indeed, we have recently
reported the preparation of several supported group VI alkyl oxo catalysts displaying high
activity in olefin metathesis. These catalysts have been prepared using the surface
organometallic methodology, which consists of the controlled chemical reaction of a surface
silanol with a metal alkyl, alkoxide or halogen group. Nevertheless, we have focused our
attention on the grafting of simple or easily accessible precursors. Notably, we have
investigated the grafting of alkyl precursors to avoid the use of the controversial and toxic tin
alkylating agents.> We have reported the grafting of M(=0)RsCI (M = Mo, W; R = -CH2CMej
(Np) or -CH2SiMes (Ns)) precursors for which we have optimized the synthesis, rendering them
accessible on large scale with a stepwise, one-pot synthesis from M(=0)Cls (M = Mo, W). For

the tungsten system, W(=O)NpsCl only leads to the formation of a monopodal species



(=Si0)W(=0)Nps, independently from the dehydroxylation temperature of the silica carrier,
while  W(=O)Ns3:Cl gives a monopodal (=SiO)W(=O)Nsz or a bipodal species
(=Si0),W(=0)Ns; according to the choice of the support dehydroxylation temperature.2®-
Furthermore, the monopodal tungsten oxo tris neosilyl surface species can react with one
equivalent of phenol such as 2,6-dimethylphenol to conveniently give a modified catalyst
(=Si0)W(=0)Ns2(OCsHsMe2).2> More importantly, Mo(=0)NpsCl provides directly the well-
defined bipodal surface species (=Si0).Mo(=0O)Np2 when grafted onto a silica dehydroxylated
at 200 °C.%:2" This material was shown to be active in olefin metathesis reactions for functional
substrates. Herein, we report the use of simple supported group VI metal catalysts bearing only

an oxo ligand and alkyl ligands (Chart 1) in the ethenolysis of MO.
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Chart 1. Supported pre-catalysts used for ethenolysis of MO.

Results and discussion

First a screening of the catalysts at 100 °C, 10 bar shows that the monopodal species
(=Si0)W(=0)Nsss is far less active than the bipodal surface species (Table 1, entry 1 and 3).
Only a TON of 3 was reached after 1 h with the monopodal species, whereas a TON of 65 was
obtained with the same conditions with the bipodal species (=Si0),W(=0O)Ns> (Table 1, entry
2 and 5). This result is consistent with our previous study where a faster activation and a higher
activity were reported for the bipodal species in propylene self-metathesis.?®> The longer
induction period observed for the monopodal species was attributed to the steric hindrance due
to the presence of three neosilyl ligands that prevents the initial coordination of propylene to
the metal center, essential to trigger the alkylidene formation by a-H abstraction. This shows
the subtle balance needed to optimize the formation of the active center from these pre-catalysts.

Finally, the (=SiO)W(=0)Ns2(OAr) surface species having a similar coordination sphere than
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(=Si0)2W(=0)Ns is only half as active with a TON of 220 versus 520 for (=Si0)2W(=0)Ns:
after 15 h with similar reaction conditions (Table 1, entry 2 and 5). Again these results are
consistent with the fact that the bipodal species is more efficient than the modified monopodal

surface species for propylene self-metathesis.?®

From preliminary results we have determined that the most efficient supported tungsten catalyst
for the ethenolysis of MO is obtained from the bipodal (=Si0),W(=0)Ns; pre-catalyst. Further
studies have shown that the TON increases with respect to reaction time (Figure S1, Table S1).
An extensive Kinetic study reveals that the initial conversion is rather low, with a virtually linear
increase in conversion until 5 hours. Then, the conversion converges towards 52%. However,
under these conditions the selectivity in cross metathesis (ethenolysis or CM, scheme 1) is lower
at low reaction time (until 3 hours). This observation could be due to self-metathesis reaction
of MO rapidly operating before the addition of ethylene. A selectivity up to 95% in cross-
metathesis products is reached after 5 hours.

Table 1. Conversion, cross-metathesis selectivity (CM) and TON in MO ethenolysis with supported W catalysts

entry catalyst MO:W time (h) conv. CM Sel ® TON
ratio (%) (%)
1 (=SiO)W(=0O)Ns3 100 1 3 92 3
2 (=SiO)W(=0)Ns,(OAr) 1000 15 22 94 220
3 (=Si0),W(=O)Ns, 100 1 65 90 65
4 (=Si0),W(=O)Ns, 1000 1 14 80 140
5 (=Si0),W(=0O)Ns, 1000 15 52 95 520

MO ethenolysis (T = 100 °C; initial Pcoua = 10 bar), @ selectivity in cross metathesis.

The effect of the temperature was also evaluated with a MO/W ratio of 1000 and an ethylene
pressure of 10 bar. Three temperatures were tested, namely 100, 150 and 200 °C. As observed
in Figure 1 and Table S1 at short reaction times (ca. 1 h) an increase of the conversion is
observed with the raising of the reaction temperature. However, when a drastic increase of the
conversion is observed from 100 to 150 °C, only a small conversion rise is seen when the
temperature is further increased to 200 °C. The temperature has also a beneficial effect on the
selectivity in cross metathesis. In fact, the selectivity at 150 °C after 1 h reaches 95%. However,
the kinetic study at the three temperatures reveals different behaviors. At 100 °C the conversion
increases continuously to reach a value around 50% after 15 h. The extended reaction time also
allows to reach a selectivity in CM of 95%. At 150 °C and 200 °C a similar conversion around
50% is reached in only 1 h, but no further MO was converted with a longer reaction time (ca. 5

h). This might be either due to a deactivation of the catalysts or to the presence of notable
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amount of a-olefins (1-decene, ethylene), rendering the degenerated metathesis reactions more

dominant and thus inhibiting the desired metathesis reaction.?
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Figure 1: Conversion (left) and selectivity (right) of MO ethenolysis at 100 (m), 150 (e) and 200 °C ( A) (Catalyst:
(=Si0);W(=0)Ns,, MO/W=1000; initial Pcons = 10 bar)

Another important reaction parameter that can strongly affect the catalytic performance is the
ethylene pressure. As a large excess of ethylene is expected to favor the cross-metathesis of
MO against the MO self-metathesis, we investigated the effect of the initial ethylene pressure
from 2 to 30 bar after 3 hours reaction time on the conversion and selectivity (Figure 2, Figure
S2 and S3).
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Figure 2: Conversion (left) and selectivity (right) at 3 h of MO ethenolysis in function of the initial ethylene
pressure (Catalyst: (=Si0);W(=0)Ns;, MO/W=1000; T = 100 °C)

No significant influence of the conversion is observed for pressures above 10 bar. Contrarily,
higher conversion is observed for lower initial ethylene pressure. On the other hand, the
selectivity in cross-metathesis products is practically independent on the ethylene pressure. This
finding follows the opposite trend of that observed with Grubbs first generation catalysts for

which a study has shown that varying the ethylene pressure from 1 to 16 bar does not have a



significant impact on the initial activity but leads to higher final conversion.?® More
importantly, contrary to what is observed with these ruthenium systems, the pressure has a small
effect on the selectivity for the supported tungsten catalysts. Low pressure experiment with high
selectivity can only be achieved with a micro-chemical system.® As the ethylene pressure holds
a clear influence on catalytic performances, a major issue is the drop of pressure accompanying
increasing conversion, which influences the reaction outcome. Thus, in order to clearly assess
the effect of ethylene pressure on this tungsten-based catalytic system, ethenolysis was
performed under constant pressure. Overall, five kinetic studies have been run by varying the
pressure from 0.5 to 10 bar (Figure S4). As seen in Figure 3, the conversion increases from 0.5
to 5 bar and then decreases at 10 bar. Thus, 5 bar corresponds to the optimum condition. The
selectivity remains unchanged (over 95 %) when an ethylene pressure higher than 2 bar is
applied. The lower conversion and selectivity obtained at 0.5 and 1 bar are probably due to
lower concentrations of ethylene in toluene, which is detrimental to reaction kinetics. At 10 bar
ethylene concentration appears to be too high: The decrease in conversion is probably due to
the ethylene degenerated self-metathesis which is occupying catalytic sites in non-productive
metathesis. At such a pressure, degenerated metathesis reactions take over, involving ethylene
alone and/or ethylene and a-olefins, as reported in the case of Ru-catalysts.?® After 15 h

reaction, the conversion obtained at 1, 2 and 5 bar are fairly similar.
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Figure 3: Conversion (left) and selectivity (right) at 15 h of MO ethenolysis in function of the constant ethylene
pressure (Catalyst: (=Si0),W(=0)Nsz, MO/W=1000; T = 100 °C)

One of the concerns of MO cross-metathesis is the possible inhibition of the catalyst by the
ester function. To delineate the influence of the functional group, the ethenolysis of octadecene
was performed with the optimized reaction conditions (9-octadecene/W = 1000, 100 °C,
constant ethylene pressure of 5 bar). The conversion reaches 24% after 3 hours with a high
selectivity that decreases over time as isomerization is occurring (Figures S1 and S5). The



conversion of the non-functionalized substrate is therefore lower than that of the MO under the
same reaction conditions. This indicates that the ester function has no detrimental effect on
catalytic site activity. This result reveals that in this system, activity is limited by degenerated

metathesis processes involving 1-decene and ethylene as in the case of ruthenium.?82°

After this promising study on supported tungsten oxo alkyl catalysts, we were interested to
evaluate their molybdenum analogues, which have proven to be tolerant to functional groups
and more active in propylene self-metathesis at lower temperature.?®?” As noticed for the
tungsten system, the bipodal surface species (=Si0).Mo(=0)Npz is more active even when the
reaction temperature is increased in the case of the monopodal species (=SiO)Mo(=0O)Nps to
favor the carbene formation by a-H abstraction.?’ Regarding the bipodal surface species, this
system being efficient at lower temperature, only a marginal increase of the activity is observed
when the reaction is performed at 50 °C instead of room temperature (ca. 25 °C). In fact, for a
MO/Mo ratio of 1000 and a constant ethylene pressure of 5 bar, a conversion of 67% is reached
at 50 °C while a conversion of 63% is obtained at 25 °C both with a CM selectivity around
90%. Nevertheless, for convenience, with our reactor, further experiments have been performed
at 50 °C in order to study the effect of pressure. The effect of ethylene pressure was also
evaluated on this molybdenum system (Figure 4). As in the case of the tungsten analogue the
conversion and the selectivity are dependent on the ethylene pressure. The optimum pressure
to reach a high conversion with a high selectivity is found to be 5 bar. Beneath this pressure the
selectivity is below 90% whereas at a higher pressure the conversion drops. With all the
experimental conditions optimized, the ratio of MO/Mo was changed (Figure S6), in order to
improve the TON. It can be emphasized that even if the conversion decreases with an increasing
MO/Mo ratio, a TON close to 5000 can be reached after 15 h with a MO/Mo ratio of 20,000
with an ethylene pressure of only two bar. The limited value for conversion of methyl oleate
observed here can originate from two separate causes: predominance of degenerated metathesis
reaction between a-olefins and ethylene (as evidenced above), or catalyst deactivation. The
latter can be due to causes intrinsic to the catalysts (for instance by reduction of the metal
center), or to reaction with impurities from the feed. Indeed, experiments with lower catalyst
loadings show that under demanding conditions (such as in Figure S6, with substrate/catalyst
ratio up to 20000), catalyst deactivation can most likely be ascribed to degradation resulting
from feed impurities. Further studies will be targeted at elucidating the cause for this limit in

conversion under various reaction conditions.
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Conclusion

In this study, the issue of the conversion of a typical fatty acid methyl ester into a-olefins by
ethenolysis was addressed. As this reaction has been identified as a promising route within
biorefinery processes to afford a sustainable access into such compounds, the use of supported
group VI oxo species presenting a low cost and an easy synthetic access, was explored. By
circumventing the activation step of the oxo moiety thanks to the presence of alkyl groups on
the metal center (compared to classical bis oxo species), good catalytic performances were
achieved. The best tungsten-based system, (=Si0)W(=O)Nsz, afforded above 500 TON, while
the Mo-based catalysts, (=SiO).Mo(=0)Npz, afforded higher productivity, with 5000 TON,
which is comparable to the state-of-the art molecular catalysts based on group VI. This opens
the way to future exploitation of these grafted catalysts on an industrial scale. Optimization
studies showed that ethylene pressure plays a major role in these systems, with inhibition at
high pressure resulting from degenerated metathesis involving ethylene and a-olefins, 1-decene
in particular. For a most suitable approach to tackle this issue and improve the catalytic systems
performance, the use of a continuous process is envisioned, where the a-olefin products would

be constantly extracted from the reaction mixture.

Experimental

All experiments were carried out by using standard Schlenk and glove-box techniques. Ethylene

(Air Liquide, 99.95%) was dried and deoxygenated before use by passing it through freshly



regenerated molecular sieves (3A) from Aldrich and R-3-15 catalysts (BASF). Methyl oleate
(99%, from Nu-Chek-Prep, Inc.) was degassed, stored over Al(iBu)s/SiO and distilled prior
use. Toluene was dried over Na and distilled. Silica supports were received from Evonik. SiO»-
200 and SiOz-700 were prepared from Aerosil silica (Evonik, specific area of 200 m?.gt), which
was dehydroxylated at 200 and 700 °C respectively under high vacuum (10 Torr) for 15 h to
give a white solid having a specific surface area of 190 m?.g™and containing 2.3 and 0.7 OH
nm2 respectively. (=SiO)W(=O)Ns3, (=SiO)W(=0)Nsz(OCsHsMez2), (=Si0),W(=0)Ns,
(=Si0)Mo(=0)Nps and (=Si0).Mo(=0)Np, were prepared according to published methods.?*-
23.25-21 Elemental analyses were performed at the Pascher Mikroanalytisches Labor at Remagen-
Bandorf (Germany). IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer by using
a DRIFT cell equipped with CaF> windows. The samples were prepared under argon within a

glove-box. Typically, 64 scans were accumulated for each spectrum (resolution 4 cm™).
General procedure for MO ethenolysis catalytic tests at R = 1000

MO ethenolysis catalytic tests have been performed using a 60 mL autoclave in 7 mL of dry
toluene. In a glove box toluene, MO (1.38 g; 4.65 mmol) and the scavenger Al(iBu)s/SiO2 (200
mg; 0.156 mmol Al) are gently mixed together before adding the appropriate amount of catalyst.
The autoclave is sealed then taken out from the glove box. The desired initial or constant
ethylene pressure is introduced in the autoclave then the reaction is heated at the desired
temperature under stirring (200 rpm). After catalysis, the autoclave is cooled to RT in an ice
bath then slowly depressurized. 1 mL of methanol is added then all the reaction mixture is
transferred into a vial. Walls of the autoclave were rinsed with around 10 mL of toluene/MeOH
(95/5). Around 400 mg (precisely weighed) of tetradecane is added as the external standard
then the slurry is passed through a frit. The solid is washed with 30 mL of toluene/MeOH (95/5)
then the filtrate is injected in GC. Conversion is calculated from the consummation of MO
determined using the tetradecane as external standard. The TON is calculated with the formula
TON = (Conversion*(Substrate/M)/100). The molar selectivity in cross metathesis products
(CM selectivity) is obtained from the production of 1-decene, methyl 9-decenoate (CM
products), 9-octadecene, 1,18-dimethyl 9-octadecendioate (SM products) determined using the
tetradecane as external standard (for example: Sel(1-decene) % = N(moll-decene) / £mol(1-

decene, methyl 9-decenoate, 9-octadecene, 1,18-dimethyl 9-octadecendioate)*100%.
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Readily accessible molybdenum oxo supported catalysts prepared from surface organometallic
approach afford high performance in the ethenolysis of biosourced methyl oleate, with

productivity comparable to the state-of-the art molecular group 6 catalysts.
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