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A convenient and simple procedure for the one-pot synthesis of
2,5-furandicarboxylic acid dimethyl ester (FDME) from galactaric
(mucic) acid via dimethyl carbonate (DMC) chemistry is presented.
Optimization of the reaction conditions showed that when galac-
taric acid was reacted with DMC in the presence of Amberlyst-36
for 2 hours at 200 °C, FDME formed as the main product. The com-
pound was isolated as a pure crystalline powder in 70% yield using
a simple custom-made purification protocol. The reaction inter-
mediates of this one-pot procedure were identified and a possible
reaction mechanism was proposed.

The global effort in reducing CO, emissions and the need to
convert the fossil-based economy into a bio-based circular
economy have urged the development of innovative green
technologies for the sustainable production of bioderived
chemicals. Current global bio-based chemical and polymer
production is estimated to be around 90 million tons, whereas
330 million tons are still produced starting from petrochemical
feedstocks."

Among the different bioderived compounds, a series of
furan-based molecules easily synthesised from p-fructose and
p-glucose have attracted scientists’ attention in consideration
of their potential market applications. In this regard, 2,5-fur-
andicarboxylic acid (FDCA) has been extensively investigated,
especially as a monomer for polyester production® such as
polyethylene furanoate (PEF), a valuable alternative to pet-
roleum-based polyethylene terephthalate (PET). Data collected
showed that PEF has promising mechanical and thermal pro-
perties, a strong gas barrier, a low carbon footprint, and pro-
duces few greenhouse gases during its synthesis.”

The increasing interest in FDCA has also been recently
boosted by a revolutionary catalytic process from Avantium
that is able to produce this monomer from carbohydrates (i.e.
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cellulose, hemi-cellulose, starch and sucrose) at an industrial
level.* However, most of the synthetic approaches to FDCA are
based on converting edible sugars such as glucose or fructose
into 5-hydroxymethylfurfural (HMF) via an acid-catalysed de-
hydration reaction followed by an oxidation step (Scheme 1).?
One of the main issues of this procedure is that it relies on
HMF as the key intermediate. In fact, 5-hydroxymethylfurfural
is considered the quintessential bio-based platform chemical,
but it has also been labelled “the sleeping giant”® due to its
many drawbacks including high cost (Scheme 1), difficult sep-
aration from reaction media, and purification and degradation
issues due to the formation of humins that ultimately affect
the product yield.”

In 1876, Fittig and Heinzelmann reported for the first time
an alternative synthetic approach to FDCA that avoids the use
of HMF as a substrate. In this procedure a water solution of
galactaric acid (Gal) was heated in the presence of a strong
acid (H,SO, or HBr) to achieve FDCA via a cyclisation/aromati-
zation reaction in approximately 50% yield (Scheme 1).*

Galactaric (mucic) acid belongs to the family of aldaric
acids, which are dicarboxylic derivatives of sugars often
referred to as “sugar acids”.’ This compound is produced in
quantitative yield by galactose oxidation promoted by nitric
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Scheme 1 Synthetic process for the production of FDCA through the
HMF route and galactaric acid route; prices available on Sigma-Merck
website.
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acid (HNOs)."® Other greener synthetic routes involve an extrac-
tion process either from citrus peel,'’ sugar beet,'* sound ripe
peaches and pears™® or orange peel waste.'® An alternative syn-
thesis employs genetically modified bacteria, yeast and fungi
like Escherichia coli, Saccharomyces cerevisiae and Trichoderma
reesei.”

Nowadays, galactaric acid is gaining increasing attention as
a value-added chemical from biomass'® in consideration of its
numerous applications as a biodegradable chelate, corrosion
inhibitor, cosmetic ingredient, pharmaceutical conjugate and
biopolymer precursor for nylon, polyanhydrides, polycations
and coordination polymers."”

In this regard, additional studies conducted on the conver-
sion of galactaric acid into FDCA demonstrated that benzene
sulfonic acid and p-toluene sulfonic acid are viable hom-
ogenous catalysts for this dehydration/aromatization reaction,
although FDCA was achieved in moderate yield (50%)."”

A few investigations were also directed to the synthesis of
FDCA esters (FDE) as these compounds are easier to isolate
than FDCA due to their enhanced solubility in organic media.
Diethyl 2,5-furandicarboxylate (FDEE) was prepared in moder-
ate yield (30%) by a two-step procedure; first galactaric acid
was converted into FDCA employing sulfonic acid, and then its
esterification to FDEE was achieved by a reaction with
ethanol.'® Heteropolyacids (H;PW;,04:7H,0) were shown to
be slightly more efficient in the preparation of FDE allowing
the direct synthesis of dibutyl 2,5-furandicarboxylate (FDBE) in
approximately 40% yield."®

More recently, silica-supported sulfonic acids were also
employed for converting Gal into a mixture of 2-furanmonocar-
boxylates and 2,5-furandicarboxylates.”® Under the best-found
reaction conditions FDCA butyl esters were achieved in a two-
step approach (Scheme 2a) encompassing galactaric acid ester-
ification in the presence of butanol (24 h) followed by its cycli-
sation/aromatization reaction at 220 °C (4 h). FDCA esters were
achieved in 80% yield, although this value includes the mono
and dibutyl furandicarboxylates. The products selectivity was
evaluated by GC, meanwhile there was no indication on the
FDBE isolated yield although it was stated that the pure com-
pound could be recovered by distillation.

Following our interest in a simple synthetic approach to
bio-based platform chemicals,*! in the present work we report
a convenient one-pot procedure to convert galactaric acid into
2,5-furandicarboxylic acid dimethyl ester (FDME) via dimethyl
carbonate (DMC) chemistry. In this synthesis, DMC was used

H QH o o}
BUOH, HS04 g, H Solid acid
OH ——> Y 0Bu— > Ro OR

O OH OH 24h O OH OH
FDBE

R=HorBu

FDME

Scheme 2 (a) Two-step approach to FDBE; (b) one-pot procedure of
FDME via DMC chemistry.
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as a green solvent and reagent in the presence of a commer-
cially available and inexpensive acidic heterogeneous catalyst
(Scheme 2b). Under the best-found reaction conditions, FDME
was isolated as a pure compound in 70% yield.

The reaction pathway was also investigated, and data col-
lected aided understanding DMC contribution in promoting
FDME formation in such a short reaction time.

In a typical reaction, galactaric acid (1.0 g) was reacted with
DMC (35 mL) in the presence of 0.5 mol eq. or 50 wt.% (0.5 g)
of the selected homogeneous or heterogeneous catalyst,
respectively (Table 1). The synthesis was carried out at 200 °C
for three hours in a stainless-steel autoclave under autogenous
pressure.

None of the selected homogeneous acids (0.5 mol eq.) was
capable of promoting the one-pot FDME formation (#1-3;
Table 1). In all trials the conversion of galactaric acid was very
poor.

In contrast, Purolite and Amberlyst catalysts, dried in an
oven at 100 °C prior to use, led to a quantitative conversion of
galactaric acid, although FDME yield varied depending on the
catalyst employed (#4-9; Table 1).

Three different Purolite types were investigated (Table S1 in
ESIY), all incorporating sulfonic groups:

« Purolite CT275, a macroporous catalyst showing excellent
accessibility of active sites. CT275DR comprises the same
chemical structure, the main difference being that the catalyst
was dried to achieve a residual humidity <3%;

 Purolite CT269, a macroporous catalyst with very good
mechanical resistance;

 Purolite CT151, a macroporous polystyrene crosslinked
with divinylbenzene.

Of these, Purolite CT275 resulted in being the most
efficient (#4; Table 1) possibly because of its high acidity in
combination with an appropriate surface area.

Initially, FDME was isolated from the reaction mixture by
gradient elution column chromatography (hexane:ethyl
acetate 7: 3 as the mobile phase). However, we were then able

Table 1 Effect of different acidic catalysts on the formation of FDME

Catalyst P t Conv.  FDME yield”

#  (0.5moleq./50 wt.%“)  (bar) (h) (%) (%)
1 Formic acid 20 3 <5 0

2 Oxalic acid 15 3 <5 0

3 Acetic acid 15 3 <5 0

4 CT275 55 3 99 57
5 CT275DR 95 3 99 46
6 CT269 95 3 99 30
7 CT151 100 <2 99 51
8 Amb-36 95 3 99 70
9 Amb-15 80 3 99 60

Reaction conditions: 1.0 g of galactaric acid (0.13 M) and 35 mL of
DMC in a stainless steel autoclave under pressure at 200 °C. “Isolated
yield of FDME after the purification step with charcoal and diethyl
ether. ” For entries 4-9 the amount of catalyst used was 0.5 g (50 wt.%
compared to Gal); the catalysts were dried in an oven at 100 °C over-
night prior to their use.
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to develop a simpler and quicker purification protocol. In this
procedure the brownish crude mixture, recovered after filtering
off the catalyst and evaporating the DMC excess, was dissolved
in diethyl ether (ca. 20 mL), a small amount of charcoal was
added and the solution was heated at 40 °C for 30 minutes.
The mixture was then filtered through a paper filter and the
resulting transparent liquid dried under vacuum to recover
FDME as a white crystalline powder.

Several column chromatography purification steps were per-
formed to isolate the reaction by-products; however, in all
cases FDME was the only compound present in good amount.
Thin layer chromatography (TLC) showed the presence of
numerous by-products that were either difficult to separate or
present in very small amounts. Such complexity in the reaction
mixture was elucidated when further studies on the reaction
mechanism were conducted (Scheme 3; Table S3 in the ESI}).

According to the isolated yields reported in Table 1,
although Amberlyst-15 was also able to promote the formation
of FDME in good yield, Amberlyst-36 was the best catalyst for
the one-pot conversion of galactaric acid into 2,5-furandicar-
boxylic acid dimethyl ester, i.e., 70% isolated yield. This result
could be ascribed to the higher acidity of Amberlyst-36 in com-
bination with a very defined surface area (Table S1; ESIT). As
the pore volume and the average pore diameter greatly differed
among the best performing catalysts, i.e., Ambelyst-36,
Ambelyst-15 and CT275, we estimated that their influence on
the reaction outcomes were not significant.

In all the trials conducted in the presence of a hetero-
geneous acid catalyst (#4-9; Table 1), the resulting autogenous
pressure observed was relatively high (50-95 bar). This was
ascribed to the numerous chemical transformations involved
in the conversion of Gal into FDME (see also Scheme 4) that
take place releasing a considerable amount of CO,, methanol
and water. Furthermore, the residual liquid recovered at the
end of the experiments was generally halved compared to the
initial amount of DMC used. This suggested that part of the
DMC was subjected to decarboxylation due to the combined
effect of the acid catalyst and high temperature. In this regard,
a blank experiment was conducted by heating the best per-
forming catalyst, Amberlyst-36 (0.5 g), and DMC (35 mL) at
200 °C for 2 hours. In this case also the autogenous pressure
was high (90 bar), and furthermore only 10 mL of DMC were
recovered at the end of the reaction confirming its decarboxyl-
ation due to the activity of the acid catalyst (see the ESI).

Further optimization trials of the one-pot conversion of Gal
into FDME were carried out focusing on Amberlyst-36, by eval-
uating the effect of the reaction time, temperature, catalyst
amount, and substrate concentration on product formation
(Table 2).

H QH H QH O
= MeOH/H* = Amb-36
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o) o]
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Scheme 3 Synthesis of FDME starting from Me-Gal.
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Scheme 4 Possible reaction mechanism for the one-pot synthesis of
FDME from galactaric acid via DMC chemistry. In the scheme the main
species detected through HR-MS are reported. All species detected are
shown in the ESI.{ Chemical groups whose location and spatial orien-
tation cannot be precisely determined are represented in grey.
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Table 2 Effect on reaction time and catalyst amount on the formation
of FDME

Gal Amb36 T P ¢ Conv.  FDME®

# (g (Wt%) (°C)  (bar)  (h) (%) yield (%)
1 1.0 50 200 >100 4° n.d. n.d.

20 1.0 50 200 95 3 99 70

3 1.0 50 200 95 2 99 70

5 1.0 100 200 >100 <1  nd n.d.

6 1.0 25 200 80 2 80 24

7 1.0 50 160 45 2 99 14¢

8 1.0 50 180 80 4 99 71

9 1.0 50 190 85 2 99 71

10 2.0 50 200 >100 0.1° n.d n.d.

11 2.0 50 180 95 4 99 63

12 3.0 50 180 95 4 99 61

Reaction conditions: Amberlyst-36 was dried in an oven at 100 °C and
was in wt% compared to Gal; 35 mL of DMC, T = 200 °C in a stainless
steel autoclave under pressure. “Isolated yield of FDME after the puri-
fication step with charcoal and diethyl ether. ” Pressure >100 bar, nd =
not detected.  This trial is the same as entry 8 in Table 1. ¢Isolated by
column chromatography.

An attempt was made to estimate the effect of a prolonged
reaction time (#1, Table 2) on the reaction outcome; however,
shortly after 3 hours the autogenous pressure generated

This journal is © The Royal Society of Chemistry 2022
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during the reaction exceeded 100 bar, the functioning limit of
our apparatus, thus the experiment was stopped.

On the other hand, when the reaction was performed for
2 hours, FDME was isolated in 70% yield (#7, Table 2) demon-
strating that the reaction time can be further reduced without
affecting the product yield.

The use of a 1.0:1.0 substrate : Ambelyst-36 weight ratio
caused, once again, an autogenous pressure above 100 bar,
therefore the reaction was stopped before the 2-hours reaction
time (#5, Table 2). A catalyst load of 25% by weight led to an
incomplete conversion of Gal and a scarce FDME yield, ie.,
24% (#6, Table 2).

Similarly, a test reaction carried out at 160 °C resulted in a
poor yield; for this experiment our purification protocol was
not effective and FDME has to be isolated by column
chromatography.

The one-pot procedure can be efficiently conducted at
180 °C, but it required 4 hours to achieve an isolated
yield comparable to the one obtained in 2 hours at 200 °C.
On the other hand, performing the reaction at 190 °C also led
to FDME in 71% yield after a 2-hour reaction time (#9,
Table 2).

Finally, the effect of substrate concentration was also
assessed to exploit the possibility of achieving a greater
amount of FDME and reducing the excess of DMC. All the
experiments so far reported employed a 0.13 M solution (1.0 g)
of the substrate in DMC. When we performed a reaction at a
0.26 M concentration of galactaric acid (2.0 g) at 200 °C, the
pressure rapidly increased above 100 bar and the experiment
had to be stopped. On the other hand, reactions performed at
0.26 M and 0.39 M substrate concentrations were feasible at
180 °C prolonging the reaction time to 4 hours. In both cases
the isolated yield of FDME was above 60% (#11-12, Table 2).

Preliminary experiments on catalyst recycling were also
carried out (Table S3, ESIf). The reaction conducted at 180 °C
for 4 hours was used as the case study (#8; Table 2). As the syn-
thesis of FDME was performed under continuous stirring, at
the end of the reaction the catalyst beads were reduced to
powder and could not be properly recovered. To avoid this
issue, the reaction was performed without mechanical stirring;
interestingly the FDME yield remained almost unaltered (60%
isolated). The Amberlyst-36 was recovered, washed with metha-
nol and dried overnight at 100 °C. A second run was carried
out under the same reaction conditions. In this case FDME
was recovered by column chromatography due to the presence
of numerous by-products and was finally isolated in 5% yield.
Restoration of the catalyst acidic sites was then attempted by
immersing the spheres in an acid solution (H,SO,) of water/
methanol. Analysis of the reaction mixture obtained when
employing the regenerated beads showed that the activity of
the catalyst was not re-established as the presence of FDME
was not detected either by NMR spectroscopy or TLC. This
result was ascribed to the high temperature employed for the
reaction as the Amberlyst-36 temperature limit is reported to
be 150 °C (Table S1, ESIT). Most probably the high temperature
required for the reaction impacts on the chemical structure

This journal is © The Royal Society of Chemistry 2022
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and in particular on the sulfonic units of the beads rendering
the catalyst not recyclable.

Despite the evident advantage of using Amberlyst-36 as a
commercially available cheap catalyst for the preparation of
FDME, further studies on developing new, recyclable catalytic
systems are essential to improve this synthetic approach.

In order to have a better understanding of the role of DMC
in this one-pot procedure, a series of tests were performed by
substituting DMC with different solvents. Preliminary experi-
ments showed that galactaric acid was mostly insoluble in all
media if DMC was not employed. Thus we decided to use
dimethyl galactarate (Me-Gal) as a substrate that we reckoned
should have fewer solubility issues (Scheme 3).

Me-Gal was prepared on a multi-gram scale by adapting a
procedure previously reported in the literature.

According to our best-found reaction conditions, the cycli-
sation/aromatization reaction of Me-Gal was performed at
200 °C in the presence of 50 wt.% of Amberlyst-36.
Acetonitrile, dioxane, tert-butanol, methyl lactate and water
were tested as solvents in substitution of DMC (Table S2,
ESI}). However, the formation of FDME was never observed in
these experiments. On the other hand, when Me-Gal was
reacted employing as a solvent, DMC or diethyl carbonate
(DEC), FDME and FDEE were isolated in 60% and 38% yields,
respectively.

These data confirmed that DMC (and in general DACs)
played an important role not only in the dissolution of Gal or
its derivative Me-Gal, but also in the subsequent cyclisation/
aromatization steps.

As stated above, despite our best efforts we were unable to
isolate other major reaction intermediates, thus we set up
several experiments under the best-found reaction conditions,
using high resolution mass spectrometry (HR-MS) to monitor
the reaction outcome over time, i.e., at 0 min, 30 min, 1 h and
2 h (Table S3; ESIT). The reaction time zero was fixed when the
autoclave reached a temperature of 200 °C. As the reaction
required 50 minutes to reach 200 °C, three additional experi-
ments were conducted where the heating was stopped 35 min
(82 °C), 20 min (160 °C) and 10 min (184 °C) before the reac-
tion time zero (Table S3, ESIY).

The crude mixture of the seven experiments was recovered
and dried, the solid residue was dissolved in dimethyl sulfox-
ide (DMSO), filtered to remove the catalyst and analysed
through HR-MS (Table S3, ESIt). Each sample was analysed by
HR-MS both in positive and negative ion modes.

Data collected showed the presence of numerous intermedi-
ates formed by the reaction of DMC with the diverse hydroxyl
and/or carboxylic moieties present in the galactaric acid
backbone.

Compared to the two step procedure previously reported by
Rautiainen et al.>® where esterification, cyclisation and de-
hydration (aromatization) were the main reactions involved, in
our procedure, the presence of DMC rendered the reaction
mechanism far more complicated.

Considering the compounds identified at different reaction
times, Scheme 4 shows a tentative reaction mechanism. It
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appears that the one-pot reaction proceeds first through mul-
tiple carboxymethylation reactions involving galactaric acid
hydroxyl groups, followed by a cyclisation step (Scheme 4).
This observation is compatible with the numerous studies on
DMC catalysed cyclisation reactions.>?

Most probably, the carboxymethylation reaction(s) pro-
moted by DMC facilitates the dissolution of Gal in the solvent,
thus favouring the subsequent steps.

Once the temperature has reached 200 °C (samples at
0 min, 30 min and 1 hour), esterification of cyclic intermediate
acidic groups takes place. In the last step (1 h and 2 h
samples), the aromatization of the tetrahydrofuran ring leads
to FDME either via dehydration or decarboxymethylation reac-
tions. In the latter case methanol and CO, are released as
leaving groups instead of water.

Some decarboxylation reactions also seem to occur as
demonstrated by the identification of 2-furoic acid and its
ester in the crude mixture after 2 hours at 200 °C. This obser-
vation is consistent with the results previously reported in the
acid catalysed two-step procedure leading to FDBE.*®

It is finally interesting to note that methoxycarbonylation
and cyclisation reactions via DMC chemistry are well-known
and extensively studied;>® however, these preliminary data
seem to suggest that DMC might also be capable of promoting
other reactions such as aromatization via
decarboxymethylation.

In conclusion, in this work the one-pot direct conversion of
galactaric acid into FDCA methyl esters via DMC chemistry is
reported. Amberlyst-36 was used as an inexpensive hetero-
geneous acidic catalyst and the reaction conditions were opti-
mized taking into consideration numerous variables. A
custom-made simplified purification protocol allowed the iso-
lation of FDME as a pure crystalline powder from the reaction
mixture in 70% yield. Investigation of the reaction pathway
showed an intricate mechanism due to the versatile reactivity
of DMC in combination with the numerous functional groups
present in the substrate. Nonetheless, DMC chemistry was
shown to be capable of efficiently driving the reaction outcome
through all possible intermediates to achieve the wanted
FDME in high yield. This procedure is yet another example of
DMC demonstrating great versatility as a reagent/solvent for
the sustainable valorisation of renewables.
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