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B INTRODUCTION replacement for polyethylene terephthalate (PET).*> Although
it can be prepared via oxidation of S-HMF, this route has
significant drawbacks. The stability of 5S-HMF is rather low;
therefore, the current preparation procedures from sugars
result in poor isolated yields.®*” In addition, it has a low shelf
life. Under acidic conditions HMF undergoes polymerization
to an insoluble material called humins.”®

The technology developed by Avantium offers an alternative
route toward FDCA. In their process, the biobased sugars are
first converted to S-methoxymethyl-furfural (MMF), which is
much more stable (Figure 1).”” MMEF is then oxidized to
FDCA.” Since the reaction is performed in methanol, methyl
levulinate (ML) is formed as a side product. Once FDCA is
produced on a large scale (a 10 kTon plant is scheduled to
open in 2023), an outlet needs to be found for this side
product. Although many transformations of methyl levulinate
are known, few of these lead to products for which a large

Fossil resources are limited, and therefore, renewable routes
toward industrially relevant chemicals will be vital in the
future.~” Methyl acrylate (MA) is a high volume monomer for
the production of polymers.® These polymers find application
in many fields such as paints, coatings, adhesives, binders, etc.
The petrochemical route toward this molecule uses propene as
the starting material. However, in the past, acetylene has been
used, and currently, many groups work on the conversion of
propane.”

Several methods for the preparation of MA from renewable
resources have been reported.'” For example, glycerol can be
converted to acrolein,"'™"® which is then reacted with
methanol in the presence of an oxidant to afford the desired
compound."* MA can be directly prepared from 3-hydrox-
ypropionic acid, obtained by fermentation, and methanol."®
Alternatively, 3-hydroxypropionic acid can be dehydrated to

acrylic acid (AA) first,”™"” which can then be esterified to market exists, with the possible exception of y-valerolactone,’
MA. Methyl lactate can be converted to MA, although here the and thus, there is a need for further conversions into useful
hydroxy group has to be transformed into a leaving group in a existing products. In this paper, we show how ML can be
separate step.'”'” Another route toward renewable MA is the converted into methyl acrylate via a high-yielding gas phase
condensation of methyl acetate with formaldehyde.””™** In pyrolysis reaction of methyl 3-acetoxypropionate, which itself
fact, acetic acid itself can be converted to AA via reaction with can be obtained in high yield via Bayer—Villiger oxidation of
formaldehyde,*® which can be esterified to MA. None of these
processes have thus far been implemented on a large scale. Received: October 18, 2019

FDCA (2,5-furandicarboxylic acid) is a platform chemical, Revised:  December 5, 2019
with great potential for the preparation of renewable plastics.”* Published: January 13, 2020

In particular, its polymer with ethylene glycol, polyethylene
furandioate (PEF), has been touted as a renewable
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Figure 1. Methyl acrylate and acetic acid from biobased methyl
levulinate.

methyl levulinate as published by others (vide infra) (Figure
1.

B RESULTS AND DISCUSSION

Although the Baeyer—Villiger oxidation of benzyl levulinate
was reported to proceed in 60% isolated yield,”* we just
obtained mixtures of compounds in the attempted BV reaction
of methyl levulinate with H,0O, catalyzed by acids. Indeed,
Mascal has reported that the BV reaction of levulinic acid gives
mixtures of succinic acid and 2-hydroxypropionic acid, but the
latter underwent a retro-aldol reaction to ultimately form acetic
acid and formaldehyde.”® Fortunately, a good enzymatic
procedure was recently reported by Fink and Mihovilovic,
who performed the conversion of ML to methyl 3-
acetoxypropionate (M3AP) in 80% yield using a Baeyer—
Villiger monooxygenase.”* Since this procedure uses oxygen
rather than hydrogen peroxide as oxidant, it is clear that this is
scalable chemistry.

With the route from ML to M3AP secured, we decided to
explore the catalytic elimination of acetic acid from M3AP.

The reactions were performed by flowing gasified M3AP
(diluted with nitrogen) through a tube filled with a catalyst at
various temperatures in the gas phase. The results are shown in

Table 1. Amberlyst 15 afforded higher activity than the
palladium catalyst at 300 °C (Table 1, entries 1 and 2),
although its selectivity was very poor. Trying to improve the
efficiency of the reaction with the palladium catalyst, the
temperature was increased to 400 °C. The selectivity toward
MA remained above 80%, although the selectivity toward
acetic acid was reduced to 69%. In all these reactions, one of
the side products found was methyl acetate, which presumably
is the result of an acid-catalyzed transesterification between
acetic acid and either methyl acrylate or M3AP. Also, acetic
acid is known to undergo decarboxylat1on in the presence of
palladium catalysts at these temperatures.”® The latter explains
the lower selectivity toward AcOH compared to MA. A further
increase in temperature results in a large drop of the selectivity
of the reaction (54% to MA and 39% to AcOH, Table 1, entry
4).

Since the catalytic experiments appeared to be unselective
due to the side reactions, we decided to investigate an
uncatalyzed gas-phase elimination of acetic acid from M3AP.
The pyrolysis of alkyl acetates is known to yield an alkene
obtaining acetic acid as a side product. This reaction proceeds
thorough a thermal syn elimination in which the carbonyl
group of the acetate assists in abstraction of the proton (Figure

2).?

Figure 2. Mechanism of the acetate pyrolysis via f-elimination.

Taylor reported the effect of the f-alkoxycarbonyl group in
the pyrolysis of 3-acetoxypropionates. In that kinetic
investigation, it was found that the rate of the pyrolysis of
methyl acetoxypropionate is 100 times higher than that of the
pyrolysis of ethyl-actoxypropionate at 600 K.*” The author
claims that the A-MeO,C group therefore activates the
elimination by enhancing the acidity of the f-hydrogen.

We have performed the pyrolysis of M3AP in a quartz tube
filled with quartz pieces. The results are shown in Table 2. The
reaction does not work at 400 °C or lower temperatures
(Table 2, entries 1 and 2). Only partial conversion was
detected at 500 or 550 °C (Table 2, entries 3 and 4). At 600

Table 1. Catalytic Gas-Phase Elimination of Acetic Acid from Methyl 3-Acetoxypropanoate

h
o o gas-phase
)J\ /\)k _elimination _ \)J\ )J\
o o~ catalyst OH
M3AP AcOH
Entry” Catalyst T (°C) Conversion of M3AP (%) Yield of MA (%) Yield of AcOH (%) MB?(%)
1 Amberlyst 15 300 47 13 15 70
2 1 wt % Pd/ALO; 300 24 20 19 98
3 1 wt % Pd/ALO; 400 49 40 31 91
4 1 wt % Pd/AL O, 500 89 48 35 58

“General conditions: continuous flow of gas-phase M3AP (0.5 mL h™', 3.8 mmol h™') and N, gas (20 mL min™") through a tube filled with a 1 cm®
bed volume (200 mg) of the corresponding catalyst at the reaction temperature. Total flow, 1.3 L/h; M3AP:N, molar ratio, 1:13; GHSV, 1284 hY
contact time, 3 s. The resulting conversions and yields were calculated by GC using dimethylformamide (DMF) as the external standard. *MB =

mass balance.
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Table 2. Noncatalytic Gas-Phase Elimination of Acetic Acid
from Methyl 3-Acetoxypropanoate

as-phase
0 gas-pha 0 o)
)J\ elimination \)J\ . )k
0 o~ quartz o7 OH
M3AP MA AcOH
T Conversion of M3AP  Yield of MA  Yield of AcOH
Entry”  (°C) (%) (%) (%)
1 300 0 - -
2 400 0 — —
3 500 49 46 46
47 550 58 57 54
sb 600 99 98 97

“General conditions: continuous flow of gas-phase M3AP (0.5 mL
h™', 3.8 mmol h™") and N, gas (20 mL min™") through a quartz tube
filled with 7 cm® quartz pieces at the reaction temperature. Total flow,
1.3 L h™%; M3AP:N, molar ratio,1:13; GHSV, 183 h™}; contact time,
20 s. The resulting conversions and yields were calculated by GC and
'"H NMR. bAverage of two experiments.

°C, 99% of M3AP was converted, resulting in the formation of
MA in 98% yield. On top of that, the yield of acetic acid is also
almost quantitative (97%) under the reaction conditions. It is
also worth mentioning that in all these reactions the analyses
have shown no other side products. The two products are
easily separable by distillation."®

B CONCLUSION

In conclusion, we found that gas-phase pyrolysis of methyl 3-
acetoxypropionate results in almost quantitative yields of
methyl acrylate (98%) and acetic acid (97%). In contrast to the
unselective catalytic reactions, no other side products were
detected by GC analysis. This allows the simultaneous
production of these two industrially important molecules via
a two-step process starting from methyl levulinate. Although
the reaction temperature may seem high, this is not really a
problem on large scale as the heat produced in the reaction can
be used to form high temperature steam, which is the universal
energy carrier used on almost all large chemical sites.

Hence, this is a green and 100% atom efficient way to utilize
this side stream compound to useful chemicals. In addition,
once levulinic acid is produced on a large scale from
lignocellulosic biomass, it will also be possible to produce
methyl acrylate at a price which is competitive with its current
fossil price.
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