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An innovative catalytic pathway for the synthesis
of acyl furans: the cross-ketonization of methyl
2-furoate with carboxylic acids+
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The usefulness of ketonization reactions for the valorization of a wide plethora of biomass-derived car-
boxylic acids is widely recognized; however, the full potential of this reaction has yet to be suitably
exploited for the production of high added-value aromatic and/or aliphatic asymmetric ketones. For this
reason, herein we report for the first time in the literature the continuous-flow, gas-phase synthesis of
2-acetyl furan (AF) by means of the catalytic cross-ketonization of bio-based 2-methyl furoate (2-MF) and
acetic acid (AA) over a simple and cheap ZrO, catalyst. Interestingly, AF is considered a valuable food addi-
tive and a pharmaceutical intermediate for the synthesis of antibiotics. The optimization of the molar ratio
between reactants at 350 °C allowed us to achieve 87% AF selectivity at 90% 2-MF conversion, with a
space—time yield of 0.152 h™%, a value that is similar to the ones obtained by following the traditional
Friedel-Crafts acylation and Wacker oxidation routes. On the other hand, the E-factor of the herein-pro-
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posed process is several times lower compared to the aforementioned traditional routes performed in the
liquid phase and under batch conditions. Finally, the versatility of the cross-ketonization synthetic
approach was successfully demonstrated and applied for the selective synthesis of other valuable acyl
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Introduction

In recent years, ketonization has emerged as a very promising
way to valorise multiple biomass-derived products such as car-
boxylic acids, esters, aldehydes and alcohols.'™

During the last two decades, the ketonization of light car-
boxylic acids such as acetic™® and propionic acids,*” which are
typically found in relatively high amounts in the liquid
product of the flash-pyrolysis of lignocellulosic biomass,® has
been extensively investigated to produce biofuels, as an inter-
mediate upgrading step prior to a final refining with molecular
H, (hydrodeoxygenation, HDO).? In fact, since the coupling of
two acids into a ketone coproduces CO, and H,O, ketonization
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furans (i.e., propionyl furan and butyryl furan).

can be exploited to remove a significant fraction of the oxygen
contained in pyrolysis oils before HDO, thus diminishing
substantially the H, demand of the final refining process.
On top of that, ketonization enhances the stability and the
calorific power of bio-oils by reducing their acidity and creat-
ing new C-C bonds. Similarly, a multistep catalytic process
involving ketonization followed by hydrogenation of the
resulting ketones has been recently proposed for the upgrad-
ing of wet waste-derived volatile fatty acids (VFAs) to a renew-
able jet fuel.'® VFAs (C,-Cs carboxylic acids) are obtained by
the fermentation (arrested methanogenesis)'' of food waste,
animal manure, and wastewater sludge. Considering the
environmental impact of organic waste landfill (due to the
release of CH, in the atmosphere), this multistep process is
considered promising for decarbonizing air transport. The
usefulness of ketonization has also been recognized as a way
to produce valuable bio-based waxes by coupling the C;,-C1g
fatty acids found in waste animal fat or vegetable oils." It has
been pointed out that the availability of renewable waxes is
highly desirable because the production volume of their pet-
roleum-based paraffin counterparts is decreasing due to the
increased interest in hydro-cracking and hydro-isomerization
towards lower molecular weight products (e.g., fuels and
lubricants).
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Despite the recent advancements in ketonization-based pro-
cesses for the production of renewable fuels and oleochem-
icals, the full potential of this reaction has yet to be suitably
exploited. This is especially true considering the wide plethora
of high added-value aromatic, aliphatic and/or allylic asym-
metric ketones used as intermediates for the preparation of
fine chemicals,"*™® the production of which mainly relies on
the Friedel-Crafts acylation and oxidation reactions, while the
application of a selective, continuous-flow, cross-ketonization
in the gas-phase is relatively underdeveloped. Actually, the
coupling of binary mixtures of model acids has been exten-
sively investigated to uncover the reaction mechanism,"”° but
the literature specifically focusing on the selective synthesis of
valuable asymmetric ketones in the gas-phase is limited to a
few model reactions, such as the preparation of heptanoyl
benzene,”*  2-acetyl pyridine,”® acetyl cyclopropane,*
2-undecanone,”*** pinacolone, propiophenone and cyclohexyl
phenyl ketone.?® On the other hand, a liquid-phase process for
the production of 2-dodecanoyl furan (a valuable precursor of
bio-based surfactants) by means of the cross-ketonization of
furoic acid with lauric acid was recently reported.”””*® The
main hurdle limiting the widespread application of this syn-
thetic approach is that the cross-ketonization between two
non-identical acids usually competes with the unwanted coup-
ling of each reactant with itself (the so-called “homo-ketoniza-
tion”), resulting in unsatisfactory selectivities, as shown in
Fig. 1. Therefore, selectively obtaining the desired cross-ketoni-
zation product is crucial to find a suitable strategy to reduce
the extent of the parasitic homo-ketonization. Depending on
the catalyst used, gas-phase ketonization can occur following
two distinct mechanisms. The so-called “surface mechanism”
is typical of materials possessing high lattice energies' such as
zeolites, ZrO,, TiO, and Al,0; and postulates that the coupling
of chemisorbed reactants is confined to the surface of the cata-
lyst, following the Langmuir Hinshelwood model.'%?%3°
Despite the large body of research available on this
matter,>'”2%31733 the exact mechanism is still the object of
debate and the participation of several intermediates has been

proposed, such as carboxylic anhydrides,® carboxylate
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Fig. 1 Reactions involved in the coupling of a mixture of two non-iden-
tical carboxylic acids: (a) cross-ketonization towards an asymmetric
ketone; (b) and (b’) homo-ketonization towards two different symmetri-
cal ketones.
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anions,® ketenes®® or via p-ketoacids,®” the latter being the
most probable one.” In the mechanism via a f-ketoacid, a
basic site on the catalyst surface activates an adsorbed carboxy-
late anion (the so-called enolic component'®) by the abstrac-
tion of an acidic a-hydrogen, forming a nucleophilic 1-hydroxy
enolate anion; then, this nucleophilic intermediate reacts with
an adjacent electrophilic carboxylate anion (the so-called
carbonyl component'®) forming a p-ketoacid, which finally
decomposes into CO, and a ketone. Compelling evidence from
several authors indicates that the reactivity of carboxylic acids
decreases with a decreasing number of o-H'” and with increas-
ing steric hindrance of the a-H.'>?° In the extreme case of
acids completely lacking o-H, homo-ketonization cannot
occur.”® As a consequence, the product distribution of the
cross-ketonization of an equimolar mixture of two acids
depends on their difference in reactivity, so that the coupling
of two acids with similar reactivity results in a binomial distri-
bution (e.g., B: A: B’ = 1/2/1) between the symmetric (B and B’)
and asymmetric ketones (A). Instead, significant deviations in
such products distribution can be obtained by either change
the molar ratio of the reagents in the feed or in the presence
of a recalcitrant, less reactive acid.'® Remarkably, cross-ketoni-
zation with surface ketonization catalysts requires the presence
of an a-H in just one of the two reacting acids, which acts as
the enolic component: therefore, even if unable to undergo
homo-ketonization, acids completely lacking a-H can still par-
ticipate in cross-ketonization as the carbonyl component,'®?°
thus reducing the possible products from three to two.

The so-called “bulk mechanism” is typical of metal oxides
with low lattice energy such as alkaline-earth oxides®' and
rare-earth oxides® and involves a bulk acid-base reaction
between the oxide and carboxylic acid vapours that produces
carboxylate salts and water.”® High temperatures trigger the
thermal decomposition of carboxylate salts and the resulting
fragments undergo a radical recombination®® that produces a
ketone, leaving behind a metal carbonate/oxycarbonate.
Finally, a catalytic cycle is established when the reaction temp-
erature is high enough to decompose the carbonate/oxycarbo-
nate, producing CO, and regenerating the pristine metal oxide.
On one hand, bulk homo-ketonization can be used to target
symmetric ketones that cannot be obtained by surface homo-
ketonization (e.g., by coupling acids lacking a-H such as
benzoic acid to produce benzophenone?®). On the other hand,
bulk ketonization is less suitable than surface ketonization for
the selective production of asymmetric ketones because the
extent of homo-ketonization cannot be limited by the absence
of a-H.

Starting from these considerations, herein is proposed a
synthetic strategy aimed at maximizing the cross-selectivity of
ketonization by targeting asymmetric ketones obtainable from
one acid lacking o-H in combination with a surface ketoniza-
tion catalyst (thus reducing the number of possible products
from 3 to 2) and by feeding a moderate excess of one of the
two reactants. As a proof of concept, 2-acetyl furan (AF) was
selected as the target product because it is considered both a
valuable food additive®® and chemical intermediate in the syn-

This journal is © The Royal Society of Chemistry 2023
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thesis of the antibiotic cefuroxime.*® Moreover, this compound
can be obtained by the coupling of furoic acid (FA) or its esters
with acetic acid (AA) or ethyl acetate (EA), which are all obtain-
able from renewable platform molecules such as furfural and
bio-ethanol (Fig. 2).

To the best of our knowledge, the synthesis of AF in the
gas-phase by means of cross-ketonization is reported herein
for the first time. Finally, with respect to the traditional pro-
cesses in the liquid phase (namely, Friedel-Crafts acylation of
furan (F) with acetic anhydride (AAN) catalysed by Lewis acids
or zeolites and the Wacker oxidation of vinyl furan (VF) with
tert-butyl hydroperoxide (TBHP) catalysed by Pd(u) complexes),
it represents an innovative alternative that could benefit from
continuous operation, lower formation of wastes and easier
work-up operation.

Experimental
Synthesis and characterization of catalysts

Ceria (CeO,) is a commercial reference material (Rhodia
Actalys HAS 5) and was calcined in air at a heating rate of 5 °C
min~" up to 400 °C for 3 hours before use. Zirconia (ZrO,) was
synthesized by means of precipitation, adapting a method
reported elsewhere;® ceria-zirconia (Ce/Zr/O) was synthesized
adapting the method used for the synthesis of ZrO,. A more
detailed description of catalysts’ preparation can be found in
the ESLt

Powder X-ray diffraction (XRD) patterns of ZrO,, CeO, and
Ce/Zr/O were collected on a Philips X'Pert diffractometer with
the Bragg-Brentano geometry and the Cu Ko radiation as the
X-ray source (A = 1.54178 A, Ni-filtered). Raman spectra were
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collected between 100-2000 cm™' using a Renishaw InVia
Raman spectrometer configured with a Leica DM LM micro-
scope and equipped with an Ar' laser (514.5 nm) and a diode
laser (785.0 nm). Energy dispersive spectrometry (EDS) was
carried out with a scanning electron microscope (SEM) Zeiss
EP EVO 50 equipped with an INCA X-Act penta FET precision
detector (Oxford Instruments Analytical). Spectra were
recorded with an accelerating voltage of 20 kV for 60 seconds.

The specific surface area (SSA) of all catalysts was measured
using a single-point BET Fisons Sorpty 1750 instrument.

The reducibility of catalysts was assessed by means of temp-
erature-programmed reduction (TPR) with hydrogen, using a
Micromeritics AutoChem II 2920 instrument equipped with a
TCD detector. Thermogravimetric analyses (TGA) were carried
out using a NETZSCH TG 209 F1 instrument. A more detailed
description of temperature ramps used to carry out TPR and
TGA characterization can be found in Chapter S2 in the ESL.{

Catalytic tests

All catalytic tests were carried out in a gas-phase plant operat-
ing at atmospheric pressure (Fig. S11) and the catalyst (1 mL)
was charged into a fixed bed down-flow quartz reactor in the
form of pellets with granulometry between 30 and 60 mesh.
The two reactants (2-MF, 98% Sigma-Aldrich and AA, 99%
Sigma-Aldrich or EA, 99% Sigma-Aldrich) were mixed in the
desired molar ratio and fed together from the same syringe
using a KD Scientific Legacy 100 volumetric pump; the LHSV
and the flow of the N, carrier were adjusted in order to obtain
the desired molar fractions in the gas-phase always maintain-
ing a contact time 7 (at 7= 350 °C) = 1 s, equivalent to a GHSV
(at T =25 °C) = 1722 h™". Before each catalytic test, the catalyst
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Fig. 2 Overview of the valorization of different renewable feedstocks via ketonization towards biofuels, jet fuels, bio-based waxes and bio-based

asymmetric ketone intermediates. Production routes to acetyl furan (AF).
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was heated up to reaction temperature at 10 °C min~" under a
flow of N, and the final temperature was maintained for
30 min before starting to feed the liquid reactant. The effluent
from the reactor was bubbled through two cold traps in series
kept at 0 °C with an ice bath and filled with acetonitrile
(AcCN, Sigma-Aldrich, 99.8%) to absorb the condensable pro-
ducts. At regular intervals of time the content of the two cold
traps was collected, added with 1 g of a dodecane (Sigma-
Aldrich, 99%) internal standard solution (4 x 10~> mol g™ ). All
catalytic tests were carried out for at least 6 hours and the
average conversion and yields were calculated only once a
stationary catalytic performance was achieved. A control experi-
ment was repeated 3 times under the same conditions to
check for reproducibility and conversion and yields differed by
less than 5% from one reaction to another.

Product analysis

The outlet from the cold traps was connected to an Agilent
5890 Series II GC instrument equipped with FID and TCD
detectors. The quantification of the condensed products was
carried out offline with an Agilent J] and W DB-1701 capillary
column (25 m x 530 um x 1.05 um) connected to the FID detec-
tor. The quantification of the gaseous products was carried out
online using an Agilent CP-Molsieve 5A capillary column
(25 m x 530 um x 50 pm,) and an Agilent CP-SilicaPLOT capil-
lary column (30 m x 530 um x 6 um). Unknown products were
identified by means of an Agilent Technologies 6890 GC
instrument equipped with an Agilent Technologies 5973 quad-
rupole mass analyser (GC-MS) and an Agilent HP-5 capillary
column (30 m x 250 pm x 1.05 pm). The following equations
were used to calculate the conversions of the two reactants (X%,
eqn (1)), the yields (Y% eqn (2)), the selectivities (S eqn (3)),
and the sum of yields (YSY, eqn (4)).

X" = (moljy, — molgyy)/(moliy) x 100 (1)
Y} = (molyyr)/(molfy) x 100 (2)

SF = (v;)/(X®) x 100 (3)

Yst =) ¥R (4)

Results and discussion
Fresh catalysts characterization

The powder XRD diffractograms of the fresh catalysts are
reported in ESI, Fig. S2; the XRD diffractogram of ZrO, is
characterized by the typical reflections of the most stable
monoclinic phase, plus a very weak reflection (20 = 30.3
degrees) attributable to the presence of a small impurity of the
tetragonal phase; this material is the one possessing the
lowest specific surface area (SSA) of 55 m” g~*. Instead, both
the commercial CeO, and the mixed metal oxide Ce/Zr/O
possess a fluorite-type cubic lattice and a higher SSA of 193 m?
¢! and 124 m?® g7, respectively. However, the diffractogram of
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the synthesized Ce/Zr/O mixed oxide is characterized by
broader reflections, and each one is systematically shifted
towards higher values of 26 degrees with respect to those of
pure CeO,, indicating that the substitution of the bulkier Ce**
cation (0.97 A) by the smaller Zr** cation (0.84 A) results in a
contraction of the interplanar distances in the fluorite-type
lattice, in agreement with previous literature.*"**> The actual
Ce/Zr atomic ratio in Ce/Zr/O measured by means of SEM-EDS
is equal to 1.05, corresponding to the composition
Ceo.51210.490;.

2-Acetyl furan production via continuous-flow cross-
ketonization

Preliminary solubility/miscibility tests of furoic acid (FA),
methyl 2-furoate (2-MF) or ethyl 2-furoate (2-EF) with acetic
acid (AA) or ethyl acetate (EA) led us to select 2-MF as the most
favourable reactant. In fact, both FA and 2-EF are solids at
room temperature and must be dissolved in EA or AA to be
vaporized and fed to the reactor. Unfortunately, FA solubility
in both AA and EA is low, while 2-EF is sufficiently soluble
(e.g., 0.71 g mL ™" equal to a 1:1 molar ratio) only in EA. On
the other hand, 2-MF, being the only furoic derivative liquid at
room temperature, is miscible with both AA and EA.

Prior to investigating the cross-ketonization, the stability of
2-MF under typical reaction conditions was investigated by
feeding only 2-MF (1 mol%) diluted in N, in the absence of
any catalyst at 350 °C by keeping the same total volumetric
flow compared to the following catalytic tests. The outcome of
this run is shown in Fig. S3at and the results are expressed in
terms of conversion and yields as a function of the time on
stream (TOS). The conversion of 2-MF, initially as high as 80%,
decreased down to less than 5% after 6 hours on stream; the
main products of the reactions were furan (F), methanol
(MeOH) and carbon dioxide (CO,), together with other
unknown compounds obtained in low yield (others). Since F,
MeOH and CO, were obtained in a near to 1:1:1 molar ratio
under steady-state conditions, they are likely to be formed by
the same reaction (e.g., hydrolysis of 2-MF in the presence of
traces of water followed by decarboxylation). When 2-MF was
fed over 1 mL of ZrO, in a decomposition test (Fig. S3b¥)
carried out under the same conditions as the blank run, a very
similar product distribution was obtained, but the conversion
(~10%) was slightly higher. These results suggest that 2-MF is
quite stable under the reaction conditions investigated even in
the presence of ZrO,. The synthesis of acetyl furan (AF) by
means of the gas-phase cross ketonization between 2-MF and
AA was initially investigated by feeding an equimolar mixture
of the two reactants over the ZrO, catalyst at 350 °C with a
contact time 7 of 1 second. The results of this catalytic test in
terms of conversion and yields with respect to 2-MF are
reported in Fig. 3a. Both 2-MF conversion and product selectiv-
ities changed significantly with TOS. At the beginning of the
reaction 2-MF conversion was complete, then decreased down
to 54% over the course of 11 hours on stream. The desired AF
was obtained as the main product with 53% yield after
2-5 hours on stream, but then its yield decreased down to 37%

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Results of the cross-ketonization between 2-MF and AA as a function of TOS with respect to 2-MF (a) and AA (b). Reaction conditions: temp-
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during the following 6 hours. The main by-product was F with
a constant yield of 10%, which is higher than the one obtained
during the previous blank run; this fact was ascribed to the
occurrence of the homo-ketonization of AA to acetone (AC),
CO, and water, which fostered the hydrolysis and decarboxyl-
ation of 2-MF to F, MeOH and CO,. The results of the same
catalytic test expressed with respect to the other reactant (AA)
are shown in Fig. 3b. Interestingly, AA conversion was com-
plete over the course of the entire reaction, while the yield of
AC increased steadily exceeding the AF yield after 5 hours on
stream and reaching 63% after 11 hours. Therefore, the incom-
plete conversion of 2-MF has to be ascribed to the occurrence
of AA homo-ketonization to AC, which limited the amount of
AA available in the reaction environment reducing the extent
of the desired cross-ketonization between 2-MF and AA to AF.

100 rfe—eo—o—e

Starting from these results, in the attempt of achieving a
complete conversion of the furoic reactant, it was decided
to increase the molar excess of AA with respect to 2-MF
while keeping constant the total % of organics in the feed.
It is worth noting that according to the synthetic approach
described in the introduction, the reactant lacking o-H
(e.g., 2-MF) should be the one fed in excess due to its lack
of reactivity toward homo-ketonization; however, in the
case of AF synthesis this is not economically favourable,
because of the higher cost of 2-MF compared to AA. The
results of the gas-phase cross-ketonization carried out by
feeding a mixture of 2-MF/AA/N, = 0.4/1.6/98 over ZrO, at
350 °C with a contact time 7z of 1 second are shown in
Fig. 4a (with respect to 2-MF) and in Fig. 4b (with respect
to AA).
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conditions: temperature = 350 °C, 2-MF/AA/N, = 0.4/1.6/98 mol%, contact time = z = 1 s, GHSV = 1722 h™%, 1 mL ZrO,. Symbols: (a) 2-methy!
furoate conversion (X 2-MF), sum of yields (YS 2-MF), acetyl furan yield (AF), furan yield (F), vinyl furan yield (VF), sum of yields of unknown by-pro-
ducts (Others); (b) acetic acid conversion (X AA), sum of yields (YS AA), acetone yield (AC), acetyl furan yield (AF), sum of yields of unknown by-pro-
ducts (Others).
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Increasing the excess of AA was very effective, because
under these conditions the conversion 2-MF was complete and
the yield in AF was 70% after 6 hours on stream, a value which
slightly increased for the next 10 hours. Indeed, at the begin-
ning of the reaction also vinyl furan (VF) was found in the reac-
tion mixture: its yield reached a maximum (10%) after a TOS
of 3 hours and then decreased down to zero at the end of the
reaction. The formation of this compound can be explained by
the consecutive H-transfer reduction of the carbonyl group of
AF by the MeOH co-produced during the cross-ketonization
acting as an H-donor.**™*® The resulting secondary alcohol
immediately dehydrates under the given reaction conditions
leading to the formation of VF, as shown in Scheme 1. The
main drawback of feeding a molar excess of AA is related to its
high reactivity, which results in complete conversion of this
reactant and the formation of significant amounts of AC. Still,
the separation of AC from AF by distillation is easier than the
work-up operation required for the traditional Friedel-Crafts
acylation and Wacker oxidation methods, and AC is a product
of interest both as a solvent and as a chemical intermediate
(e.g., in the production of methyl methacrylate, bisphenol A,
methyl isobutyl ketone and diacetone alcohol*’). Recently, the
use of AC has also been proposed for the gas-phase synthesis
of 2-undecanone by means of the so-called reketonization
reaction.>**®

Once favourable reaction conditions for the synthesis of AF
were identified over ZrO,, it was decided to extend the study
also to other materials often reported as very active and selec-
tive ketonization catalyst in the literature (i.e., CeO,"'” and Ce/
Zr/0*). The catalytic activity of these materials was compared
under the same conditions of the test shown in Fig. 4 and the
results for CeO, and Ce/Zr/O with respect to 2-MF as a function
of TOS are reported in Fig. S4a and S4b+, respectively. Both cat-
alysts at the beginning of the reaction were very active and
2-MF conversion was complete, but the carbon loss was signifi-
cant (i.e., the sum of the yields of all detected products did not
exceed ~ 40-50%). Then, after several hours on stream the
conversion dropped down, roughly matching the sum of
yields. This trend, unseen over ZrO,, was attributed to the well-
known redox activity CeO, and Ce/Zr/O,”°>> which fostered

OH
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y{ AC +V \
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-co, R -H,CO
o]

-H,0
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Scheme 1 Proposed reaction scheme for the cross-ketonization of
2-MF with AA.
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the decomposition of 2-MF into gaseous products such as pro-
pylene and butylene, which were identified by means of
GC-MS but could not be quantified with the online GC-TCD
system used. The H,-TPR characterization of the 3 catalysts
shown in Fig. S51 substantially confirms that in the tempera-
ture range relevant for ketonization ZrO, is a non-reducible
oxide,>® while the reduction of both CeO, and Ce/Zr/O calcined
at moderate temperature (e.g., 400 °C) starts at temperatures
below 350 °C, in agreement with previous literature.’*> ZrO,,
CeO, and Ce/Zr/O after reaction were also characterized by
means of XRD and Raman spectroscopy. The XRD characteriz-
ation showed that the crystal structure of all three materials is
unchanged after reaction (Fig. S61) with no segregation of bulk
metal carboxylates, in agreement with the surface ketonization
mechanism; on the other hand, two bands attributable to the
presence of amorphous coke (e.g., Raman shift = 1605 and
1385 ecm ') were found in the Raman spectra of CeO, and Ce/
Zr/O but not in the one of ZrO, (Fig. S7at), indicating that
carbon deposits were formed over the surface of the Ce-con-
taining catalyst during the reaction. Therefore, a thermo-
gravimetric analysis under an air flow (TGA, Fig. S7bt) was
carried out to quantify the carbonaceous deposit, showing a
weight loss of 2.9, 8.5 and 13.4% for ZrO,, Ce/Zr/O and CeO,,
respectively. Noteworthily, these carbon deposits can justify
only 15.4% and the 22% of the carbon loss observed respect-
ively for CeO, and Ce/Zr/O during the reaction, further
suggesting that the formation of light alkenes was the major
contributor to the carbon loss. Finally, the SSAs of ZrO,, CeO,
and Ce/Zr/O after the reaction were 39 m* g~ (=29%), 87 m>
¢! (=55%) and 3 (—98%) m? g™ respectively, suggesting that
the fouling catalyst surface and blockage of pores was more
serious for Ce-containing catalysts. The bar chart shown in
Fig. 5 summarize the main results of the catalyst screening,
comparing the mean values of conversion and yields obtained
over ZrO,, Ce/Zr/O and CeO,, calculated once a steady perform-
ance of the catalyst was achieved (in the case of CeO, and Ce/
Zr/O, conversion and yields were calculated once the conver-
sion of 2-MF dropped down matching the sum of yields). The
results obtained strongly suggest that ZrO, is the most active
and selective catalyst for the gas-phase synthesis of AF by
means of cross-ketonization because it does not foster the
unwanted decomposition of 2-MF. On the other hand, the AC
produced by the homo-ketonization of AA was stable over all
3 materials, which were more or less equally active and selec-
tive (Fig. 5b), in agreement with the literature."”*°

Comparison of acetic acid and ethyl acetate as ketonization
agents

The reaction between 2-MF and ethyl acetate (EA) for the syn-
thesis of AF was investigated to assess whether aliphatic esters
may be suitable reactants as well as the corresponding car-
boxylic acids, in view of an extension of the synthetic method
proposed in this work to other substrates. In fact, some reac-
tants may not be soluble/miscible with carboxylic acids
(protic, polar solvents), thus requiring the use of the respective
aprotic, less polar esters. The results of a catalytic test carried

This journal is © The Royal Society of Chemistry 2023
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out by feeding a mixture of 2-MF/EA/N, = 0.4/1.6/98 over ZrO,
at 350 °C with a contact time 7 of 1 second is shown in
Fig. S8at (with respect to 2-MF) and in Fig. S8bt (with respect
to EA). Under these conditions, significant amounts of highly
reactive ethanol (EtOH) were co-produced by the homo-ketoni-
zation of EA, as depicted in Scheme 2. As a result, the product
selectivities changed significantly over the course of 18 hours
on stream, due to the occurrence of 3 main reactions: (1) the
desired cross-ketonization between 2-MF and EA to give AF; (2)
the consecutive H-transfer reduction and dehydration of AF to
VF with the more reactive EtOH as the H-donor;’*”” (3) the
transesterification of the reactant 2-MF with EtOH to give
2-ethyl furoate (2-EF). In particular, during the first hours ZrO,
fostered the consecutive H-transfer reduction of AF so that the
main product was VF (Y = 29%); then, after 9 hours of TOS, AF
became the main product of the reaction (Y = 51%), possibly
due to the deactivation of the active sites of ZrO, responsible

o]
+ )
+ ROH
aldehyde 2.p
+ EtOH
- MeOH 5;'8”
ethylene
+ ROH o]
Q)k )ko/\—’\‘/ s T
MeOH _ - aldehyde
:h g AF “HO VF
+ H,0 - ethylene
- MeOH
-8, o “Z
Y

EtOH

F mj

Scheme 2 Proposed reaction scheme for the cross-ketonization of
2-MF with EA.
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for the H-transfer reductions. A similar behaviour was pre-
viously observed in the case of the H-transfer reduction of
methyl levulinate with EtOH over ZrO, and was ascribed to the
fouling of Lewis acidic sites by carbon deposits.>>*>” Between
the 5™ and the 9™ hour on stream the active sites of ZrO,
responsible for ketonization (i.e., Lewis acid-base pairs' as in
the case of H-transfer reactions®®) started deactivating as well,
so that the yield of AF progressively decreased down to 27%
after 18 hours on stream while at the same time the one in
2-EF increased up to 31%. The results shown in Fig. S8bt indi-
cate that EA is less reactive than AA under the same con-
ditions, because its conversion is significantly lower (x~50%
after 18 hours on stream against 100% after 17 hours on
stream for AA, Fig. 4b). Apart from reacting with the reactant
2-MF and with the product AF, the EtOH co-produced by the
homo-ketonization of EA also underwent intramolecular de-
hydration to ethylene over the acidic sites of ZrO, and dehydro-
genation to acetaldehyde (AAL) over its basic sites, in agree-
ment with previous reports.**®' The AAL resulting from EtOH
dehydrogenation reacted further with AC and EA leading to the
formation of small amounts of 2-pentanone (2-P) and ethyl
butyrate (EB), according to the multistep hydroxy-alkylation/de-
hydration/H-transfer reduction pathway shown in Scheme 2.
This reaction pathway is analogous to the one proposed pre-
viously by our group to explain the formation of methyl isobu-
tyrate (MIB) by the coupling of formaldehyde (FAL, produced
by in situ dehydrogenation of MeOH) with methyl propionate
(MP) and the formation of mono- and dimethyl pentanones
from the coupling of 3-pentanone (3-P) and FAL.%?
Remarkably, in spite of the selectivity issues related to the use
of EA as the aliphatic reactant, the results shown in Fig. S9a
and S9bf demonstrates that the yield towards AF can be
greatly improved (up to 71%) by simply feeding 2-EF instead of
2-MF as the furoic reactant, so that the two esters possess the
same aliphatic chain. Still, this approach does not limit the
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extent of the unwanted H-transfer reduction of AF to VF
during the first hours on stream, nor reduces the progressive
deactivation of the active sites responsible for ketonization
that lead to a decrease of both the furoic reactant conversion
and AF yield for longer TOS.

Optimization of reaction conditions and synthesis of other
alkanoyl furans

The results obtained so far indicated that ZrO, and AA are
respectively the most effective catalyst and reagent for the syn-
thesis of AF; therefore, it was decided to investigate more in-
depth the effect of the molar ratio between AA and 2-MF on
the product selectivity, by keeping the molar percentage of
2-MF constant and equal to 1% in the feed and varying AA mol
% from 1 to 4 to 9% (Fig. 6a and b). Comparing the results
shown in Fig. 5 (2-MF/AA/N, = 0.4/1.6/98 mol%) and in Fig. 6
(2-MF/AA/N, = 1/4/95 mol%) one can see that no adverse
effects on 2-MF conversion or AF selectivity occurred by
increasing the concentration of the reactants while maintain-
ing the molar AA/2-MF ratio equal to 4, this way boosting the
space-time yield of AF (STY, gar h™" gcar ') by roughly 2.5
times (e.g., from 0.0168 to 0.0427 h™"). On the other hand, by
increasing the molar ratio between AA and 2-MF up to 9 by
feeding a gas mixture consisting of 1/9/90 = 2-MF/AA/N, mol%
a remarkably stable AF yield of 85% was maintained for over
12 hours on stream (Fig. S10t). However, the improvement in
AF selectivity obtained by increasing the AA/AF molar ratio in
the feed from 4 to 9 (e.g., the AF yield increased from 80% to
85%) was altogether moderate and does not justify the use of
such a large excess of AA; therefore, the molar ratio 2-MF/AA =
1/4 was selected as the best compromise between achieving a
high AF selectivity and avoiding excessive waste of the AA reac-
tant. Finally, the STY of AF was further increased by roughly a
factor of 4 (e.g., from 0.0413 to 0.152 h™") by feeding a 2-MF/
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AA/N, = 4/16/80 mol% mixture over ZrO, at 350 °C and 7 = 1
second without adverse effects on the AF yield. The results of
the catalytic tests carried out with a molar ratio of AA/AF = 4/1
with increasing concentrations are summarized in Fig. S11.}
The versatility of the cross-ketonization approach for the
gas-phase synthesis of alkanoyl furans was investigated by
expanding the substrate scope for the preparation of propionyl
furan (PF) and butyryl furan (BF), by reacting 2-MF with pro-
pionic acid (PA) and butyric acid (BA), respectively. This study
was carried out by feeding a 2-MF/acid/N, gas mixture with a
1/4/95 mol% composition over ZrO, at 350 °C and at a contact
time of 1 second. The results shown in Fig. 7a indicate that
the method has broad applicability and can be used for the
synthesis of alkanoyl furans with C1-C3 aliphatic chains with
minimal loss of performance in terms of both 2-MF conver-
sion (100%, 96%, and 91% with AA, PA, and BA respectively)
and selectivity of the target product (80%, 76% and 76% for
AF, PF and BF respectively). Interestingly, the results shown in
Fig. 7b suggests that as the length of the alkyl chain of the car-
boxylic acid used increases the formation of a methyl ester by
means of its trans-esterification with the MeOH co-produced
by the target reaction (and by the decomposition of 2-MF into
F) becomes more and more favoured competing with the
homo-ketonization reaction toward the symmetric, aliphatic
ketones, which still remain the main by-products of this syn-
thetic strategy. Noteworthily, 3-pentanone finds application as
a solvent for paints, as well as in fragrances formulation and
as an intermediate for the production of vitamin E.** On the
other hand, the possible applications of 4-heptanone are
much less investigated in the literature. Nonetheless, it can be
considered an intermediate for the production of 2,6-dimethyl-
4-heptanone, which is again a known solvent for paints, dyes,
and adhesives, and as an extraction agent and a solvent for
recrystallization of organic compounds.®’ Finally, the best
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Fig. 6 Results of the cross-ketonization between 2-MF and AA as a function of the molar ratio between 2-MF and AA, with respect to 2-MF (a) and
AA (b). Reaction conditions: temperature = 350 °C, 2-MF/AA/N, = variable, contact time = z = 1 s, GHSV = 1722 h™%, 1 mL ZrO,. Symbols: (a)
2-methyl furoate conversion (X 2-MF), sum of yields (YS 2-MF), acetyl furan yield (AF), furan yield (F), sum of yields of unknown by-products
(Others); (b) acetic acid conversion (X AA), sum of yields (YS AA), acetone yield (AC), acetyl furan yield (AF), sum of yields of unknown by-products

(Others).
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Table 1 Comparison between the synthesis of AF via cross-ketonization with the traditional methods (Wacker oxidation and Friedel—Crafts acetyl-
ation) reported in the literature

Synthetic Process Time Temp. Reactants Yar (Xr) STYar
pathway type Catalyst Solvent [h] [°C] 7[s] molarratio [mol %] [h™'] Ref.
Cross- C, GP, Ht ZrO, — — 350 1 4(AA/2-MF) 77(90) 0.152 This work
ketonization B,LP, Ht FeO CioHas 1.5 315 — 0.2(LA/FA)  8.2(85) 0.51 27
MgO Ci,Hoe 1.5 350 — 0.6 (LA/FA) 50 249 28
(100)
Wacker oxidation B, LP, Pd(u)(aPmic)(CH;CN),(BF,), CH;CN 12 45 — 3 (TBHP/VF) 90 0.664 65
Hm
Oxidation B, LP, Cu(OOCCH3;), + H;PM04,040 CH,CN/ 10 90 — 2.5(TBHP/ 66 0.3 66
Hm H,0 EF)
B, LP, Ht FePW,,0,,/g-C3N, CH,CN 30 25 — 25(TBHP/ 65 0.239 67
EF)
Acylation B, LP, Sn(CF;505), CH;NO, 4 25 — 2 (AAN/F) 86 113 68
Hm Zn(CF;S0;), CH,NO, 4 25 — 15(AAN/F) 75 0.438 69
B, LP, Ht Sc(CF;S0;)s/terpyridine dendrimer CH;CN 0.25 130-160 — 2 (AAN/F) 99 4.624 70
ligand
HBEA (Si/Al = 12) Neat 2 60 — 5(AAN/F) 91 2.63 71
graphite/CH;SO,H Neat 033 0-10 — 1 (AA/F) 98 0.668 72
AIPW,,0,,/TFAAN Neat 1.25 0 —  1(AA/F) 94 0.354 73
Fe** exchanged K10 montmorillonite ~ Neat 8 40 —  0.25 (AAN/F) 22.5 0.248 74
AlLO3/TFAAN Neat 3 0-5 —  1(AA/F) 75 0.0211 75
Sulphated TiO, Neat 40 50 —  1.5(AAN/F) 95 0.0131 76
C,LP, Ht HBEA (Si/Al = 27.6) Neat — 60 8280 5 (AAN/F) 80 017 39
C, GP, Ht HZSM-5 — — 150 7200 1 (AAN/F) 42(93) 0.135 64

C = continuous, B = batch, GP = gas-phase, LP = liquid-phase, Ht = heterogeneous catalyst, Hm = homogeneous catalyst, 7 = contact time, Yr =
AF yield, Xy = furanic reactant conversion, STY,y = AF space-time yield = g h™" of AF divided by g of catalyst, TBHP = tert-butyl hydroperoxide, LA
= lauric acid, FA = furoic acid, EF = ethyl furan, AAN = acetic anhydride, TFAAN = trifluoroacetic anhydride, values reported for ref. 27 and 28
refer to the synthesis of dodecanoyl-furoate (DF) from furoic and lauric acid.

results obtained in this work in terms of conversion, yield and Lewis acid catalysts, the Wacker oxidation of VF with tert-butyl
STY are shown in Table 1, where they are compared to those hydroperoxide (TBHP) catalysed by Pd(u) complexes and the
calculated from the data published by other authors, via tra- oxidation of ethyl furan (EF) with TBHP catalysed by heteropo-
ditional synthetic strategies such as the Friedel-Crafts acyla- lyacids. Despite the different target products and reactor con-
tion of F with acetic anhydride (AAN) or AA in the presence of figurations, the performances of the recently reported liquid-
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phase process for the production of 2-dodecanoyl furan by
means of the cross-ketonization of furoic acid with lauric acid
were added to the comparison as well, because it provides an
example of cross ketonization with furoic acid and fatty
acids.?””*® To the best of our knowledge, only one continuous
gas-phase process has been proposed so far in the literature
for the production of AF:** it involves the use of zeolites as cat-
alysts for the acylation of F with AAN, and it is outperformed
by our method both in terms of selectivity and STY. On the
other hand, the STY calculated for most liquid-phase batch
processes reported in the literature are higher than ours. It is
worth noting, however, that only the reaction time (which is
the only information usually published) was considered in the
calculation of the STY in Table 1, therefore these values are
overestimated to some extent. In fact, the total time required
to prepare a batch of AF is actually longer due to the extra time
needed to charge the liquid reactants into the batch reactor, to
heat them up to reaction temperature, to unload the reactor, to
separate the catalyst and so on. Moreover, several batch pro-
cesses require either the use of CRM (critical raw materials)-
based catalysts (e.g., Pd, Sc, W), or harmful reactants (TBHP,
AAN, CH3SO;H, trifluoroacetic anhydride = TFAAN) or large
amounts of solvents. Therefore, the sustainability of our
method was compared to those of the traditional methods
reported in Table 1, by calculating the E-factor (kgwaste
kgar 1Y) on the basis of the information available in each refer-
ence about the waste produced due to unreacted reagents, by-
products formation, auxiliaries (solvents, catalysts, and co-cat-
alysts) and, whenever possible, work-up operation related to
catalyst separation. These results (together with detailed infor-
mation on how E-factors were calculated) are reported in
Table S1 of the ESL.f The comparison shows that the amount
of waste produced by our method (E-factor equal to 1.74) is
lower compared to every liquid-phase batch process, even con-
sidering the co-produced AC and F as waste, owing to the
advantages of gas-phase operation, which avoids both the use
of solvents and catalyst separation.

Conclusions

In this work, the synthesis of the valuable food additive and
pharmaceutical intermediate 2-acetyl furan (AF) by means of
the continuous-flow, gas-phase catalytic cross-ketonization of
reactants obtainable from renewable platform molecules (e.g.,
2-methyl furoate (2-MF) from furfural and acetic acid (AA)
from bio-ethanol) is reported for the first time in the literature.
This reaction is effectively promoted over a simple and cheap
ZrO, catalyst, which exhibited higher catalytic performance
and stability with respect to other well-known ketonization cat-
alysts (e.g., CeO, and Ce/Zr/O).

Catalytic tests showed that AA, being able to participate in
both the desired cross-ketonization with 2-MF and the
unwanted homo-ketonization toward acetone (AC), behaves as
a limiting reactant, so that a complete 2-MF conversion cannot
be achieved unless AA is fed with a slightly higher molar
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excess with respect to 2-MF. In these conditions (e.g., AA/2-MF
molar ratio = 4), 2-MF conversion became quantitative and the
AF selectivity was 80%, the main by-product being furan (F),
while all the AA exceeding the stoichiometry of cross-ketoniza-
tion was converted into AC, which however is a product of
interest and is easily separable. The use of other reactants
such as 2-ethyl furoate (2-EF) and ethyl acetate (EA) was investi-
gated as well, but it was found that it is less favourable. In fact,
the ketonization of both these reactants co-produces ethanol
(EtOH) in the reaction environment, fostering unwanted para-
sitic reactions such as the H-transfer reduction of AF to the
corresponding alcohol (which immediately dehydrates leading
to the formation of vinyl furan, VF) and the transesterification
of 2-MF that results in the formation of 2-EF. The optimization
of the reaction parameters (e.g., the molar ratio between reac-
tants and the concentration of the feed) allowed us to achieve
an STY of 0.152 h™" at 90% of 2-MF conversion and 86% AF
selectivity, which, to the best of our knowledge, are the best
values reported so far for the synthesis of AF in the gas-phase.
The substrate scope of the synthetic approach also was
extended to the preparation of 2-propionyl and 2-butyryl furan
(which were both obtained with 2-MF conversion >90% and
product selectivity >75%) by reacting 2-MF with propionic acid
and butyric acid, respectively. Finally, the environmental
impact of the synthetic strategy towards AF proposed in this
work was assessed by calculating its E-factor and it was found
that the amount of waste produced is several times lower than
that of traditional methods carried out batchwise in the liquid
phase (e.g., Friedel-Crafts acylation and Wacker oxidation),
thanks to the gas-phase operation that avoids both the use of
solvents and catalyst separation.
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