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1. Introduction

The growing limitations of fossil resources have turned the
spotlight onto innovative and sustainable technologies."?
Renewable sources have gained enormous attention over the
past years and this is largely due to the constant demand
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The conversion of naturally occurring organic substances into value-added platform chemicals by simple,
green, and efficient procedures represents one of the most accessible and sought-after routes towards
sustainable chemistry. In the present work, we report the remarkable catalytic activity of rare-earth metal
triflates in conjunction with choline chloride, a natural, low-cost, and available organic compound to
selectively convert glucose and fructose into hydroxymethylfurfural (HMF). The hypothesized mechanism
is based on the initial glycosylation of glucose assisted by scandium(u) triflate and choline chloride to
produce a glycoside, which can evolve through an intramolecular rearrangement and subsequent de-
hydration to produce the final product HMF. A comparison with other types of catalysts is carried out with
particular focus on the side reactions. The apparatus consists of a closed biphasic system and the excel-
lent capacity of methyl propyl ketone (MPK) to extract HMF in only one cycle is proved. The process was
conducted at 150 °C using 1.5 molar equivalents of choline chloride in which glucose was converted into
HMF after three hours using the catalyst in 8% molar quantity, while fructose was converted in one hour
employing the catalyst in 4% molar quantity. The best performance was obtained by employing scandium
() triflate as a catalyst with an yield of 94% and 99% of HMF from glucose or fructose, respectively. We
assumed a first-order reaction model for both glucose and fructose conversion into HMF. The R-squared
values are greater than 0.9, demonstrating that our kinetic model fitted well with the experimental results.
In addition, activation energies are 16.9 kJ mol™ for glucose and 9.31 kJ mol™ for fructose due to the
longer reaction path of glucose. The catalytic system can be recycled up to five times with a HMF yield of
over 80% for glucose and over 90% for fructose, maintaining the same selectivity.

processes.” " Glucose is not only abundant in nature and
food-related products, but it also represents important energy
storage for different living organisms.'®"? It can be recovered
from natural sources or can be produced from naturally occur-
ring polymers, for instance, and non-food waste, like
cellulose.'*™® Fructose is less abundant than glucose but is

related to the expansion of the world population.>” Biomass-
derived substances represent the main source to draw renew-
able raw materials to be converted into useful products with a
similar value to those obtained from fossil feedstocks.®®
Carbohydrate research grew fast in this direction and it is now
a consolidated starting point to develop alternative chemistry
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also conspicuously present in nature as a renewable
feedstock.””® Furan biomass-derived molecules represent
important targets for carbohydrate research.>® Over the years,
an extraordinary number of breakthroughs have been achieved
regarding synthetic strategies and industrial applications,
which have allowed these products to gain a precious market
value.”’>* Given the increasing use and multiple connections
in various sectors, such as biofuels, textile industry, medical,
pharmaceutical, and construction, these compounds have
acquired the name of platform molecules.**?® HMF is one of
the most investigated molecules belonging to this category
with a broad network of interactions in different sectors.””®
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Furthermore, as a platform molecule, HMF represents a versa-
tile intermediate to obtain various high-value derivatives, for
example, deriving from its oxidation. In fact, 2,5-diformylfuran
and 2,5-furandicarboxylic acid are promising intermediates for
pharmaceuticals and very useful polymer-building blocks for
the synthesis of functional polymers.>?~"

HMF is a well-known product of sugar dehydration, studied
and researched for decades.**?* Catalysis has played a central
role in this process from the past years to the present
day.****Conventionally, when the starting material is glucose,
a Lewis acid is usually employed for its isomerization to fruc-
tose and then a Brensted acid is necessary to push the de-
hydration towards the product.*®*” Other reports have also
hypothesized the direct dehydration of glucose to HMF by
Bronsted acid without passing through fructose.*®>° The inter-
est in the selective production of HMF is always growing and
this increases the publication of scientific papers.*>*" A valid
experimental procedure developed in this field consists of a
biphasic system, in which the extraction solvent plays a central
role together with other factors such as the catalyst loading,
temperature, and reaction time.**** Hydroxymethyl furfural is
known to be unstable under aqueous conditions in the pres-
ence of Bregnsted acids, because it can undergo rehydration to
levulinic acid and formic acid or produce humin by auto-
condensation.***> Metal halides usually employed as Lewis
acids easily decompose in the presence of water or under
harsh reaction conditions producing inorganic acids, such as
hydrochloric acid, that can decompose HMF.*®*” Choline
chloride-based DES together with metal halide have been
proven to be efficient methods to produce HMF from carbo-
hydrates, but the main drawbacks are the need for large
amounts of solvents to extract the product from the ionic
phase and the toxicity of Lewis acid metals, for example, the
use of chromium.*®*° Rare earth metal halides and triflate
have proved to be excellent Lewis acids as the catalytic system
for HMF synthesis from glucose and fructose but the use of
harmful solvents like N,N-dimethylacetamide (DMA), and
DMSO was necessary to reach efficient yields.”®" In continuity
with respect to the well-documented catalytic activity and
water-tolerability of triflate lanthanides,>®** in this work, we
proved the stability and the exceptional catalytic activity of
rare-earth metal triflates to produce HMF through isomeriza-
tion-dehydration of carbohydrates, with the participation of
choline chloride, an abundant, cheap and biodegradable sub-
strate that allows Fisher-type glycosylation on fructose before
the dehydration steps. The used reaction apparatus consists of
a biphasic system in which methyl propyl ketone (MPK) was
proved to be an excellent extraction solvent for the recovery of
HMF with respect to conventional ones. A comparison employ-
ing the relative metal halides was carried out and the yields
and reaction by-products are discussed. The methodology
furnished optimum selectivity and yields. Screening of
different rare-earth metal cations was carried out, with the
analysis of the used molar ratio, catalyst loading, temperature,
and reaction time. The catalytic mechanism has been hypoth-
esized and discussed. The mechanism is explained through
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the high affinity of scandium for oxygen, the tendency of
glucose to form the glucoside with choline, conditions suitable
for dehydration, and numerous NMR and kinetic tests. HMF
was extracted after only one reaction cycle while the recyclabil-
ity of the catalytic system was proved to furnish excellent yields
up to five times.

2. Experimental
2.1 Materials and methods

All chemicals and solvents were purchased from common
commercial sources (see ESIT). Solvents were distilled before
use. The analytical standard of HMF was purchased in analyti-
cal grade from Sigma Aldrich. All reactions were monitored by
GC/MS analysis (Shimadzu, Kyoto, Japan). The GC-MS
Shimadzu workstation was constituted by a GC 2010 (equipped
with a 30 m-QUADREX 007-5MS capillary column, operating in
the “split” mode, 1 mL min~" flow of He as carrier gas) and a
2010 quadrupole mass-detector. "H and *C NMR spectra were
recorded on Briiker spectrometers (Bruker Instrument, Inc.,
Zurich, Switzerland) at 300 MHz and 126 MHz, respectively, in
CDCl; or D,O. Chemical shifts were reported in § units (ppm)
with tetramethylsilane (TMS) as a reference.

Samples were analysed using HPLC Agilent series 1100
equipped with an isocratic pump (Agilent technologies 1200
series) and UV-vis detector for HMF analysis and a refractive
index detector for the detection of unreacted glucose and fruc-
tose. The reversed phase analytical column was a C18 Jupiter,
with dimensions of 300 A, 250 x 4.60 mm, and 10 microns for
particle size (Phenomenex, USA). The wavelength of the refer-
ence was 360 nm with a peak width of 100, while the wavelength
for HMF analysis was set to 385 nm with a peak width of 8 mm.
The chosen mobile phase was methanol (50%) and acetonitrile
(50%), in the isocratic elution mode at a flow rate of 1 mL
min~". The sample injection volume was 20 pL. The column
was washed with methanol after 5 injections for 30 minutes.
The quantitative analysis of HMF was performed by HPLC with
a UV-vis detector, using the external analytical standard
method. The unknown sample was diluted in water, filtered,
and injected after removing the reaction solvent. The unreacted
quantities of glucose and fructose were analysed by HPLC, dis-
solving the solid at the bottom of the biphasic system in water,
using HPLC with a refractive index detector and a solution of
5 mM H,SO, as the mobile phase. Each test was done in tripli-
cate and the values were expressed as mean values. Qualitative
analysis of the products and the relative by-products in the
solvent phase was evaluated by GC-MS, using a gradient temp-
erature from 70 °C to 250 °C with an increase of 16 °C min~".

Glucose conversion or fructose conversion (x), HMF yield
(y), and HMF selectivity (s) were calculated based on the fol-
lowing eqn (1)—(3), in accordance with the previously reported
studies:

c? -t
X=—""°"

sugar sugar

CO

sugar

x 100 (1)
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Ce
y=—ME % 100 (2)
CHMF
)
s=2 x 100 3
o (3)

where C(s)ugar and C,,,, correspond to the initial concentration
of glucose or fructose and the relative concentration at the
reaction time ¢ (in mol L™). C%,,; is the effective concentration
of HMF after the reaction time and C%,, . is the theoretical con-
centration assuming that glucose or fructose is totally
converted.

For the recycling test, the catalytic system consisting of
choline chloride/rare earth metal triflate was used without any
pre-treatment for the next cycle, after removing the extraction
solvent.

2.2 Preparation of rare earth metal triflates

Cerium(m) triflate, lanthanum(m) triflate, and ytterbium(m) tri-
flate were prepared freshly in accordance with a procedure
reported in the literature.”® Cerium chloride heptahydrate,
lanthanum chloride heptahydrate, and ytterbium chloride
hexahydrate, were dissolved in distilled water and trifluoro-
methanesulfonic acid (3 molar equivalents) was added drop-
wise at room temperature. The reaction was allowed to stir at
room temperature for two hours and after that, the solvent was
removed under a vacuum. The solid was washed several times
with diethyl ether and dried in an oven at 80 °C for one day
and after that, the product was kept in a chemical drier for 15
days. Traces of water remained in the FT-IR spectrum in
accordance with the literature.®® The FT-IR spectra of the
freshly synthesized cerium(m) triflate, lanthanum(m) triflate,
and ytterbium(m) triflate were acquired using the Shimadzu
IRAffinity-1S spectrometer (Shimadzu Corporation) in the spec-
tral region of 375 and 4000 cm™" with a resolution of 1 cm™,
setting 50 scans for a single analysis and using the KBr pellet
technique. The KBr pellets were obtained by mixing the
sample with KBr powder (ratio 1:100) and pressing with a
hydraulic press, at the pressure of 10 tons for 5 minutes. The
resulting pellets were placed in the appropriate compartment
of the instrument and exposed to the FT-IR light beam for
analysis.

2.3 Reaction procedure

Glucose (40 mg) was mixed with choline chloride (1.5 molar
equivalents) and the relative metal triflate (8% molar quantity
with respect to glucose) in a closed Pyrex vial. Methyl propyl
ketone (4 ml) was added, the vial was closed with a cap and
the biphasic system was allowed to stir for three hours by
using a magnetic bar at 150 °C. The solution was decanted
and filtered through a sintered glass filter and the solvent was
removed under a vacuum. The product in the form of a yellow-
ish oil was analysed by GC-MS and HPLC to detect any trace of
by-products and isolated with a yield of 94%. The unreacted
solid was dissolved in water and analysed by HPLC to detect
the trace of unreacted glucose. The purity of the product was

This journal is © The Royal Society of Chemistry 2023
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also confirmed by "H NMR spectroscopy in accordance with
the spectra previously reported.>’

Fructose (40 mg) was mixed with choline chloride
(1.5 molar equivalents) and the relative metal triflate (4%
molar quantity with respect to fructose) in a vial. Methyl
propyl ketone (4 ml) was added, the vial was closed with a cap
and the biphasic system was allowed to stir for one hour by
using a magnetic bar at 150 °C. The solution was decanted
and filtered through a sintered glass filter and the solvent was
removed under a vacuum. The product in the form of yellowish
oil was analysed by GC-MS and HPLC to detect any trace of by-
products and isolated with a yield of 99%. The unreacted solid
was dissolved in water and analysed by HPLC to detect the
traces of unreacted fructose. The purity of the product was also
confirmed by "H NMR spectroscopy in accordance with the
spectra previously reported.*®

3. Results and discussion

We focused our attention on the development of a synthetic
strategy to produce HMF in high yields and selectivity, starting
from fully renewable sources. Choline chloride is biocompati-
ble and cheap molecule that was proved recently to possess a
stabilizing effect for HMF production.®® In particular, there are
different reports on the physicochemical investigation of
choline chloride-based DES with glucose and fructose or other
sugars.”® One of the most important limitations of the use of
DES as a solvent, involves the difficulty to extract HMF quanti-
tatively, due to the strong affinity of this molecule for these
hydrogen-bond-rich phases.®® K. De Oliveira Vigier et al,
recently focused attention on the role of choline chloride not
only as a stabilizing agent but mostly as a reactive participant
in the conversion of xylose into furfural.* With these impor-
tant considerations in mind, we started the optimization of
the process.

3.1 Optimization of the catalytic system

Initially, starting from glucose and fructose, we used an equi-
molar quantity of choline chloride in which these sugars were
completely solubilized at 150 °C after some time. To evaluate
any conversion, we used a closed vial, MIBK (methyl isobutyl
ketone) as a conventional extraction solvent, to create a bipha-
sic system,®” as illustrated in Fig. 1. The latter is only a repre-
sentative scheme, in which the real used volumes are not
shown.

After three hours, no trace of HMF was detected by GC-MS
in the solvent phase. HMF is commonly produced by the de-
hydration reaction of sugars and for this reason, with the aim
of creating a stable catalytic system, we used rare earth metal
triflates because the water-tolerability of these species has
been known for a long time.®>®** We started with the optimiz-
ation of the reaction conditions using glucose, choline chlor-
ide, and Er(OTf); with MIBK as the extraction solvent. The
results are reported in the following Table 1.

Green Chem., 2023, 25,1679-1689 | 1681
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Fig. 1 Schematic representation of the biphasic system used for HMF
production.

Table 1 The optimization of the reaction conditions for glucose con-
version into HMF using erbium(i) triflate

Entry”® Catalyst (mol%) Choline chloride (eq. mol) HMF yield (%)

1 1% 1 5

2 2% 1 25
3 4% 1 55
4 8% 1 68
5 10% 1 68
6 8% 0.5 55
7 8% 1.5 78
8 8% 2 70

“ Glucose (40 mg, 0.22 mmol), 4 ml of MIBK at 150 °C under magnetic
stirring for 3 hours.

Using one equivalent of choline chloride, the glucose con-
version into HMF increases with the increase of the percentage
of the catalyst (entries 1-4). The percentage of the product is
the same using 8% of the catalyst instead of 10% (entries 4
and 5). When half of the choline chloride equivalents are used
(entry 6), the glucose conversion is lower. This result may
demonstrate that choline chloride plays an essential role in
the catalysis of this reaction and that it is not merely a reaction
medium. In any case, the optimal equivalents of choline chlor-
ide are 1.5 because when 2 equivalents were used, the extrac-
tion process becomes worse, probably because the product has
a stronger affinity with choline chloride with respect to the
solvent (entries 7 and 8). Starting from fructose, the optimized
conditions consist of 1.5 equivalent of choline chloride, 4%
molar of the catalyst, and the quantitative yield is obtained
after one hour. Both for glucose and fructose, we did not
detect any by-products in the reaction phase by HPLC analysis.

At this point, a screening of different metal triflates starting
from glucose and choline chloride was carried out and the
resulting HMF yield is reported in Table 2.
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Table 2 Screening of different rare earth metal triflates on glucose

Entry” Catalyst HMF yield (%)
1 La(OTf), 70
2 Ce(OTf), 72
3 Ho(OTf); 77
4 Er(OTf), 78
5 Yb(OTf); 81
6 Sc(OTf), 84

“Glucose (40 mg, 0.22 mmol), choline chloride (46 mg, 0.33 mmol),
4 ml of MIBK, 8% molar equivalent of the catalyst, at 150 °C for
3 hours under magnetic stirring.

The HMF yields increase passing from lanthanum to ytter-
bium and scandium (entries 1-6), demonstrating that Lewis
acid catalysis is fundamental in this process and is linked to
electrons and the ionic radius of the element.*

The same evaluation of the different metal triflates was con-
ducted starting from fructose and the yield of HMF is reported
in Table 3.

The same trend of the metals is obtained from the reaction
starting from fructose, with a yield increasing from lanthanum
to scandium (entries 1-6). As can be seen, the yield in HMF is
higher with respect to all the metals tested under the same
reaction conditions on glucose.

In this reaction process, given the production of water
molecules, the Lewis acidity of rare earth metals is also influ-
enced by hydrolysis constants and high order of exchange rate
constants for the substitution of inner-sphere water ligands
(WERC), as reported in many studies, which are in agreement
with the observed trend. In accordance with the literature,®®
the parameters are shown in Table 4.

Metal cations with pKj values from 4.3 to 10.08 and WERC
higher than 3.2 x 10° M™'s™" show excellent performances in the
reactions in which they act as Lewis acids. When the values are
below this limit, metals are easily hydrolysable, while beyond this
limit they are too stable to catalyse a reaction.®”*®

From entries 1-6, it is evident that all the rare earth metals
used are in this range of values and can be considered optimal
Lewis acids.

At this point, considering the very good results obtained
from both glucose and fructose, we decided to employ scan-
dium(m) triflate as a catalyst for HMF production.

Table 3 Screening of different rare earth metal triflates on fructose

Entry” Catalyst HMF yield (%)
1 La(OTf), 78
2 Ce(OTf); 80
3 Ho(OTf); 99
4 Er(OTf), 99
5 Yb(OTf); 99
6 Sc(OTf), 99

¢ Fructose (40 mg, 0.22 mmol), choline chloride (46 mg, 0.33 mmol),
4 ml of MIBK, 4% molar equivalent of the catalyst, at 150 °C for 1 hour
under magnetic stirring.

This journal is © The Royal Society of Chemistry 2023
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Table 4 Water hydrolysis constant and exchange rate constants for the
substitution of inner-sphere water ligands of rare earth-metal cations
used in this study

Entry Cations PKn WERC

1 La** 7.6-8.5 10°-10®
2 ce** 8.3 2.7 x 108
3 Ho*" 8 6.1 x 10’
4 Er’* 7.9 1.4 x 10°
5 Yb* 7.7 8 x 107
6 st 4.3 4.8 x 107

It is noteworthy that, in the presence of triflates as a cata-
lyst, formic acid as a by-product was not detected. All of this is
evident by the GC-MS chromatograms of crude that have
showed only formation of HMF (see ESIY), also by using the
operative conditions reported in literature to perform the
quantitative detection of formic acid.®®”°

3.2 The effect of the solvent

Starting from the promising results achieved with MIBK, we
tested different solvents on the model reaction starting
from glucose, choline chloride, and scandium(m) triflate. The
results are presented in Fig. 2.

When polar aprotic solvents like acetone and acetonitrile
were used, the yield of HMF was 41% and 30%, respectively.
Probably the greater polarity of the solvent prevents the
product formation because the reagents are solubilized and
their contact was restricted. This deduction was confirmed
when ethanol and water were used as polar protic solvents.
The yields of 10% and 8%, respectively, are due to the
complete dissolution and solvation of the reagents without the
formation of a biphasic system in the vial.

When methyl propyl ketone (MPK) was used, the reaction
yield increased to 94% (Table 5, entry 1) with respect to 84%
(Table 2, entry 6) deriving from the use of conventional methyl
isobutyl ketone (MIBK). This effect is justifiable because MPK

100 4

80

60 -

HMFyield (%)

40 1 g

0 T T T T T
acetone  acetonitrile  ethanol water MIBK

MPK

Fig. 2 HMF yield using different solvents. Reaction conditions: glucose
(40 mg, 0.22 mmol), choline chloride (46 mg, 0.33 mmol), 8% scandium
(m) trifluoromethanesulfonate, 4 ml of solvent, 150 °C for 3 hours. The
experiment was repeated three times and the value was expressed as a
mean value.
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Table 5 Isolated yields of HMF in the optimum reaction system: MPK/
Sc(OTf)s/choline chloride

Entry Reagent Conversion (%) HMF yield (%)
1 Glucose 95 94
2 Fructose 100 99

is slightly more polar than MIBK, but has no solvation effect
compared to the reactants. In addition, it has a lower boiling
point, which allows easier removal from the product once
formed. The reaction was also conducted in MPK for fructose,
observing the same quantitative yield of 99%. Table 5 summar-
izes the obtained results for glucose and fructose as the start-
ing materials.

To demonstrate the ability of MPK to extract the product,
we calculated the partition coefficients of HMF (Pyyr) in MPK/
water and MIBK/water systems. Therefore, 5 mL of MPK or
MIBK, and 5 mL of water containing 100 mM HMEF, were
mixed together and heated to the desired temperature. The
partition coefficient (Py\r) was calculated by dividing the con-
centration of HMF (Cyyr) in the extraction phase by Cyyr in
the aqueous phase. The concentration was analysed by HPLC
coupled with a UV detector. In Table 6 we reported the
obtained data from 25 °C to 60 °C.

As reported in Table 6, the partition coefficient of HMF in
MPK/water is higher than that of MIBK/water at all the tested
temperatures (entries 1-3). This is another confirmation of the
potential that this new solvent has if compared to the conven-
tional ones, such as MIBK.”*

3.3 Effect of reaction temperature

We evaluated the effect of temperature on the conversion of
glucose and fructose into HMF, starting from the optimized
reaction conditions. The values are reported in Fig. 3.

The production of HMF in this catalytic process is strongly
dependent on the temperature. For glucose, the yield is about
12% at 80 °C until the maximum yield of 94% is reached
150 °C. From 150 °C onwards, the graph reached a plateau. It
is remarkable how the product remains stable in the extraction
solvent under the optimized reaction conditions even at high
temperatures. The same trend was proved to start from fruc-
tose with reaction yields of HMF higher at all the tested reac-
tion times. The yield is about 35% at 80 °C until a maximum
yield of 99% at 150 °C and the value remained constant at
higher temperatures. Both for glucose and fructose, a signifi-
cant increase in the HMF yield between 110 °C and 130 °C was

Table 6 The influence of temperature on Pyue (in MPK or MIBK and
water 1:1 Virganic/Vaq and 0.1 mM HMF)

Entry T (°C) Pinr (MPK) Pianr (MIBK)
1 25 1.55 1.34
2 40 1.54 1.33
3 60 1.54 1.33

Green Chem., 2023, 25,1679-1689 | 1683
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Fig. 3 HMF yields from glucose at different reaction temperatures
(blue). Reaction conditions: glucose (40 mg, 0.22 mmol), choline chlor-
ide (46 mg, 0.33 mmol), 8% scandium(m) trifluoromethanesulfonate,
4 ml of MPK, after 3 hours. The HMF yields from fructose at different
reaction temperatures (red). Reaction conditions: fructose (40 mg,
0.22 mmol), choline chloride (46 mg, 0.33 mmol), 4% scandium(m) trifl-
uoromethanesulfonate, 4 ml of MPK.

evident. Excellent selectivity was confirmed by no detection of
by-products through the analysis of the reaction phase by
HPLC for both carbohydrates.

3.4 Effect of reaction time

The dependence of the HMF yield on the reaction times is
another critical parameter; the plots relative to the reaction
starting from glucose (A) and fructose (B) at three different
temperatures are shown in Fig. 4.

We began the investigation of the reaction kinetics relative
to HMF production from glucose (Fig. 4A). The slope of the
graph is higher at 130 °C and 150 °C respect to 110 °C, this is
proof that temperature is crucial in this process. From 120 to
180 minutes, the process shows the best yield of 94% at
150 °C. Over the time of 180 minutes, the graph reached a
plateau at all the temperatures used.

For the reaction conducted starting from fructose, the kine-
tics are remarkably different (Fig. 4B). The slope of the graph
is similar at 130 °C and 150 °C and just a little lower at 110 °C.
The reaction starting from fructose is already efficient in terms
of yield. After only five minutes, the yield of HMF produced
was 40% at 150 °C, the optimized yield of 99% was reached
after 60 minutes at the same temperature. An identical yield
was obtained after 90 minutes, demonstrating the stability of
the product in the reaction medium. The difference in the
reaction kinetics starting from glucose and fructose will be dis-
cussed in sections 3.6 and 3.7.

3.5 Product analysis using metal halides

At this point, we carried out an investigation about the use of
the metal halides instead of triflates on the optimized reaction
starting from glucose. The percentage of the products is
reported in Fig. 5.

From the reported results, it is evident that the production
of chloromethyl furfural (CMF) is the main compound in all
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Fig. 4 (A) HMF yields at different reaction times starting from glucose
at three different temperatures. Reaction conditions: glucose (40 mg,
0.22 mmol), choline chloride (46 mg, 0.33 mmol), 8% scandium(i)
triflate, 4 ml of MPK. (B) HMF yield at different reaction times starting
from fructose at three different temperatures. Reaction conditions: fruc-
tose (40 mg, 0.22 mmol), choline chloride (46 mg, 0.33 mmol), 4%
scandium(n) triflate, 4 ml of MPK.
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Fig. 5 Glucose conversion using metal halides. Reaction conditions:
glucose (40 mg, 0.22 mmol), choline chloride (46 mg, 0.33 mmol), 8%
of the catalyst, 4 ml of MPK, after 3 hours at 150 °C.

obtained mixtures. This molecule is another important plat-
form molecule with high potential.”” The production of CMF
can be rationalized with the fact that such catalysts are
unstable under the conditions used in this study. The pro-
duction of water together with high temperature and pressure
promotes the decomposition of the metal halides.”? This
decomposition is due to the hydrolysis of the species with the

This journal is © The Royal Society of Chemistry 2023
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consequent production of hydrochloric acid. The presence of
an inorganic acid together with the availability of chloride ions
coming from both the acid and the choline chloride converts
the produced HMF into the respective halogenated molecule
CMF (see ESIt). Another indicator of this result is the presence
of levulinic acid in the mixture. This acid is a common degra-
dation product of HMF, mostly in the presence of water and a
Bronsted acid like hydrochloric acid.”

3.6 Hypothesis of the catalytic mechanism

After we have analysed and discussed the critical parameters
of the process, we supposed the mechanism underlying this
new synthetic method for the production of HMF starting
from glucose or fructose in the presence of Sc(ur) triflate/
choline chloride as a catalytic system, as depicted in Fig. 6.
Due to the substantial difference between the kinetics of
the reaction starting from glucose and the same reaction start-

View Article Online
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ing from fructose, we supposed an initial isomerization of
glucose to fructose in the first step, which justifies the longer
reaction times.”®

Furthermore, considering the known affinity of lanthanides
and rare earth elements, in general, to coordinate with oxygen
atoms,”® we supposed the initial chelation of scandium(m) tri-
flate with hydroxyls on C1 and C2 of glucose. Then, choline
chloride can react with glucose anomeric hydroxyl by Fisher-
type glycosidation to produce glycoside 1, which can evolve to
fructofuranosyl oxonium ion 2 through an intramolecular
rearrangement.”” In the subsequent dehydration step, scan-
dium(m) triflate is the fundamental key to promoting double
water elimination and producing the final product HMF 3.

To support this hypothesis, we recorded *C NMR spectra
on the glucose/Sc(OTf);/choline chloride mixture in which we
did not observe any C=O group of the open-chain form of
glucose.”® Instead, in this mixture, we noted a slight shift of

OH D-glucose
o)
HO
HO OH
OH
+ OH
HO o 0 Sc(0Tf); o
HO
L i oH
H OH K
HMF *g6—OTf &l e
3 [ NMe
TIO OTf o™~
<
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HO (0] =0 /7?&
& “
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Fig. 6 The supposed catalytic mechanism starting from glucose.
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signal of the glucose anomeric carbon with respect to the clas-
sical value of only glucose, which may confirm the formation
of glucoside 1 (see ESI for spectraf).

3.7 Reaction kinetic models of HMF synthesis from glucose
and fructose

There are few studies on the production of HMF from glucose,
fructose, or other carbohydrates in a biphasic system.”®*" In
other procedures starting from cellulose, the production of
HMF passing from glucose is described through consecutive
first-order reaction models and the rate constant for glucose
isomerization to fructose is commonly neglected.®""** We used
a biphasic system and no trace of fructose was detected during
the reaction investigation. In addition, we did not detect other
common by-products such as levulinic acid or formic acid.®®
For these reasons, we assumed that the production of HMF
from glucose and fructose follows a first-order model with the
relative rate constants k; and k,, reported as follows:

Glucose &, HMF

Fructose i HMF

The experiments were conducted at three different reaction
temperatures of 110, 130, and 150 °C for the conversion of
both glucose and fructose. Due to the different reaction kine-
tics, we decided to use a different sampling interval, from 0 to
60 minutes for fructose and from 0 to 200 minutes for glucose.
We reported the derived reaction rate equations for glucose
conversion into HMF:

dc,
o~ Rl (4)
dCumr
= —kC 5
de tg (5)

where C; is the glucose concentration and Cyyr is the HMF
concentration.

Due to our assumption, the equations are similar for fruc-
tose conversion:

dc
T; = — kng (6)
dc

(;MF = ky,Ct 7)

where Cr and Cymp correspond to fructose and HMF concen-
trations, respectively.

The activation energy was calculated using the Arrhenius
equation:

E,
k=A exp<—ﬁ) (8)
In Fig. 7, we reported the Arrhenius plots for glucose and
fructose conversion into HMF.
The R-squared values for both glucose and fructose conver-
sions are greater than 0.9, which demonstrates that our
assumed model fits well with the experimental results. The
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Fig. 7 Arrhenius plot for glucose conversion into HMF (blue) and fruc-
tose conversion into HMF (red).

Table 7 Kinetic parameters for glucose and fructose conversion into
HMEF in a biphasic system

Temperature (K) 383.15 403.15 423.15
Rate constant (min~")

K, 3.6x107° 4.7%x107° 5.4x107°
K, 1.4 x 1072 1.5x 1072 1.7 x 1072
Activation energy (k] mol ")

En 16.9

E., 9.31

value is just a little lower for glucose, despite the assumption
of neglecting the isomerization step. The values of the acti-
vation energies are reported in Table 7.

The value of the activation energy of 16.9 k] mol™" is higher
for glucose conversion with respect to fructose conversion
(9.31 k] mol™"). These findings are in accordance with our
hypothesized mechanism in which glucose passes for fructose
through isomerization and then dehydrates, while for fructose,
the reaction path is the direct dehydration to HMF. These
values are of the same order but lower than the ones reported
in similar studies.”>#*%”

oIIIII
1 2 3 4 s

Recycling cycles

J:-O’\(DH
0008

M glucose

HMF yield(%)

N
o

u fructose

Fig. 8 Recycling of the catalytic system for glucose and fructose.
Reaction conditions: glucose (20 mg, 0.11 mmol), 4 ml of solvent,
150 °C for 3 hours. Fructose (20 mg, 0.22 mmol), 4 ml of solvent, 150 °C
for 1 hour. The experiments were repeated three times and the values
expressed are the mean values.
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Table 8 A comparison with the HMF yield reported in the literature

Entry Reagent Catalyst Time (min) T (°C) HMF yield (%) Ref.

1 Glucose NbO/NbP 120 152 26.5 88

2 Glucose HNbWO4 180-1440 120-140 36-44 89

3 Fructose WO;/SnO, 120 120 93 90

4 Fructose PWAI-200 240 170 61.7 91

5 Glucose DES/CrCl; 40 70 80 92

6 Fructose HCI/KBr 1 (MW) 160 91 93¢

7 Glucose AICl3/HCl 20 175 54.5 94¢

8 Glucose Phosphated titania 60 150 66 95

9 Fructose [C4SO;Hmim] [HSO,] 180 120 94.6 96 “

10 Fructose Sulfur-doped peanut shell 120 130 94.6 97

11 Glucose Sc(OTf); 180 150 94 This study
12 Fructose Sc(OTf); 60 150 99 This study

“Reactions in which biphasic systems are employed.

3.8 Recycling test

To demonstrate the further use of the method, we evaluated
the recyclability of the catalytic system for up to five cycles.

After the fresh reaction, a polar phase containing the cata-
lytic system (scandium(u) triflate/choline chloride) was added
with sugar (glucose or fructose) and MPK, and the process was
repeated four times. The results are shown in Fig. 8.

The reaction yield for glucose is 90% after three cycles and
82% after five cycles, while for fructose, the yield is 95% after
three cycles and 90% after five cycles. The different behaviour
of the catalytic system for glucose may be due to a greater
probability of deactivation due to prolonged reaction tempera-
ture and pressure. Anyway, the results are satisfactory with
respect to the literature values reported in the following
paragraph.

3.9 A comparison with literature data

In Table 8, we show a comparison with significant works from
the past years on the catalytic conversion of glucose or fructose
into HMF.

The HMF yield from glucose is lower for all the reported
studies using different solid acid catalysts (entries 1 and 2),
metal halides (entries 5 and 7), and a microreactor with
phosphated titania catalyst (entry 8) with respect to the
present work (entries 11 and 12). The same result was obtained
considering the study on fructose conversion, using solid acid
catalysts (entries 3 and 4), water-soluble inorganic acid
(entry 6), acid-functionalized ionic liquid (entry 9), and
sulphur-doped peanut shell catalysts in ionic liquid (entry 10)
with respect to the results of the present study (entries 11
and 12).

4. Conclusions

In this work, we presented an innovative strategy to produce
HMEF with excellent yields and selectivity starting from glucose
or fructose. The methodology employs a reusable catalytic
system consisting of rare earth metal(m) trifluoromethanesul-
fonates (i.e. scandium(m) triflate) and choline chloride. We

This journal is © The Royal Society of Chemistry 2023

tested different solvents and methyl propyl ketone furnished
the best performance. This solvent has several advantages,
including a low boiling point, which allows easy removal from
the product. In addition, it is stable under the temperature
and pressure used in this study and can be recycled after evap-
oration. During the discussion, we analysed all the critical
parameters related to this synthetic procedure, including the
choice and catalyst loading, reaction time, and temperature.
Due to the difference in the reaction kinetics for glucose and
fructose conversion, we hypothesized a catalytic mechanism.
The role of the rare-earth metal Lewis acid is crucial, both for
glucose isomerization into fructose and also for fructose de-
hydration. We also hypothesized the important role of choline
chloride in glucose glycosylation. The best results in HMF
yield were obtained using scandium(m) triflate. In this work,
we have provided a method for obtaining HMF from glucose
and fructose in short reaction times and in very high yields.
Rare earth metal triflates can be purchased or produced from
their relative metal halides, while choline chloride is an abun-
dant and cheap reagent. The high selectivity of the developed
methodology avoids further purification practices, since after
the reaction, it is sufficient to remove only the extraction
solvent to obtain pure HMF that can be used in subsequent
applications. Finally, this methodology can also be applied to
biomass-derived sugars, demonstrating the high eco-compat-
ibility of the process.
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