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Green foundation box

1. Our work provides an innovative catalytic strategy to improve the synthesis 
of a renewable building block for green polymers by using a single-step, 
solvent-free route involving only renewable reactants and a reusable 
catalyst.

2. Our method allows preparing a useful product (2,5-bis-dicarboxyl furan cyclic 
carbonate, BDFCC) with 100% renewable carbon content, through a route 
with high atom efficiency (85%) and without requiring  hazardous reactants 
used in previously reported work (such as thionyl chloride or meta-
chloroperbenzoic acid). The sustainability of the process was further 
enhanced by understanding that the use of a fossil-derived solvent was not 
needed and by developing an equilibrium-shifting strategy based on using a 
N2 flow to remove methanol. 

3. Future research should aim at larger-scale synthesis with tailored reactor 
configurations for enabling the effective by-product removal that is 
necessary to circumvent the thermodynamic limit of this reaction. 
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Solvent-Free Synthesis of Renewable FDCA-based Bis-Cyclic 
Carbonate Using a Metal-Free Heterogeneous Catalyst
Giovanni Berluti,a Angelo Scopano,a Gabriele Galletti,a Edwin Otten,b Coralie Jehanno,c and Paolo P. 
Pescarmonaa,*.

In this work, we developed a new, fully renewable catalytic strategy to synthesise an industrially relevant bio-based cyclic 
carbonate: 2,5-bis-dicarboxyl furan cyclic carbonate (BDFCC). This compound contains two terminal cyclic carbonate groups, 
which makes it attractive for application as a building block for green polymers. BDFCC was prepared from two renewable 
compounds: the methyl ester of 2,5-furan dicarboxylic acid and glycerol carbonate, via a transesterification reaction at mild 
temperature (80 °C) using a novel, metal-free dual catalytic system consisting of commercially available ion-exchange resin 
beads (Amberlite IRA-900-Cl) and glycidol. Under conditions previously reported for homogeneous catalysis, involving n-
hexane as solvent, only a moderate yield of BDFCC was achieved (42%). An improvement in both performance and 
sustainability of the process was achieved by implementing an equilibrium-shifting solvent-free strategy, which overcomes 
the thermodynamic limit of the reaction (ΔrG0 = +25 kJ mol-1 based on DFT calculations). This approach, combined with an 
optimisation of the reaction conditions, allowed increasing the BDFCC yield to 86%. Furthermore, the heterogeneous resin 
bead catalyst was recyclable over multiple runs without experiencing loss of activity. Control experiments allowed to gain 
insight in the reaction mechanism and revealed the crucial role played by glycidol in promoting the catalytic activity of the 
Amberlite resin beads.

Introduction
Cyclic carbonates (CCs) are a class of green chemicals receiving 
increasing industrial interest for their low toxicity and broad 
range of applications. They can be used as monomers to 
produce polycarbonates, polyurethanes, polyesters or 
polyamines, or as solvents in Li-ion batteries, paints and 
coatings, dyes and personal care products.1 As an additional 
attractive feature in the context of sustainability, they can be 
synthesised from CO2, which is a low-cost highly available 
industrial waste products, through a reaction with theoretical 
100% atom efficiency. However, the remaining atoms 
constituting the cyclic carbonate molecule are generally still 
derived from fossil sources.2 For this reason, growing interest 
has been directed to produce cyclic carbonates from bio-
derived feedstock.3,4 Among these bio-based cyclic carbonates, 
2,5-bis-dicarboxyl furan cyclic carbonate (BDFCC) is particularly 
interesting because it contains two terminal cyclic carbonate 

groups (Figure 1). This feature is attractive for its application as 
a monomer for the production of non-isocyanate polyhydroxy 
urethanes (NIPHUs) and bisphenol A- or phosgene-free 
polycarbonates.5,6,7 Therefore, BDFCC is considered promising 
to substitute substances that are currently used in the chemical 
industry but are classified as carcinogenic and mutagenic to 
reproduction (CMRs). BDFCC can be synthesised from 2,5-
furandicarboxylic acid (FDCA) or its derivatives (Figure 1). These 
compounds are characterised by a low tendency to undergo the 
undesired side reactions leading to humins formation, which 
instead plague other bio-based compounds such as 5-
hydroxymethylfurfural.7,8 Due to the recent realisation of up-
scaled industrial production,6 the use of FDCA as feedstock has 
increased its potential for applications.9 These features are 
promising to enable the synthesis of BDFCC. However, there are 
only few studies in the literature reporting the synthesis of this 
bis-cyclic carbonates.5,10,11,12 So far, four synthetic routes have 
been explored to prepare BDFCC (Figure 1). In the work 
performed by L. Zhang et al,5 BDFCC was achieved starting from 
FDCA by a three-step synthesis. This route consisted in the 
formation of an allylic carbonyl intermediate using allyl 
bromide, followed by an epoxidation step using meta-
chloroperbenzoic acid (m-CPBA) and the final carbonation using 
CO2 and tetraethyl ammonium bromide (TEAB) as a catalyst. 
The same product was achieved in a different study using the 
acyl chloride derivative of FDCA, which was obtained by 
converting FDCA using SOCl2.10 Then, the esterification of this 
intermediate using glycerol carbonate (GlyC) and triethylamine 
as a catalyst yielded the target product. Similarly to this reaction 
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route, in the studies performed by G. Shen et al, the final cyclic 
carbonate was achieved starting from 2,5-dimethyl furan 
dicarboxylate (i.e. the dimethyl ester of FDCA) by 
transesterification with glycerol carbonate catalysed by 4-
Dimethylaminopyridine (DMAP).11 The remaining synthetic 
route, developed by M. Eltayeb et al focused on the direct 
conversion of FDCA and glycerol carbonate by Steglich 
esterification.12 Due to its catalytic mechanism consisting in the 

cooperation between DMAP and ethyl-(N′,N′-dimethylamino) 
propylcarbodiimide hydrochloride (EDC), this esterification 
allows to use FDCA as a starting material without requiring a 
multi-step synthesis. All the routes described above rely on the 
use of homogeneous basic catalysts, and most of them require 
a multi-step synthesis and in some cases hazardous reagents 
(e.g. SOCl2, m-CPBA). Such conditions inevitably generate 

Figure 1 Reported synthetic pathways to produce BDFCC. *EDC: 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride, used in the catalytic 
mechanism (300 mol% relative to FDCA). *Alkyl and *Acyl urea: side products deriving from EDC mechanism (See ESI for the calculation of the renewable 
carbon content). AE: atom efficiency.
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waste, require extensive purification, and limit scalability, 
making them incompatible with the principles of green 
chemistry. To unlock the potential of BDFCC as a bio-based 
platform molecule, it is essential to develop simpler, safer, and 
more sustainable catalytic strategies to produce this 
compound. In particular, a single-step, solvent-free process 
using a recyclable heterogeneous catalyst would dramatically 
improve process intensification, reduce downstream 
separation, and offer a realistic path towards industrial-scale 
implementation. In this work we developed a novel dual 
catalytic system to enable the straightforward 
transesterification of the dimethyl ester of FDCA (2,5-dimethyl 
furan dicarboxylate, MFDC) and glycerol carbonate under mild 
conditions (80 °C, atmospheric pressure). Compared to the 
other routes in Figure 1, our approach has the potential to be 
more sustainable, because: (i) it utilises two renewable starting 
materials as MFDC (a product of the sugar bio-refinery6) and 
glycerol carbonate (achievable from glycerol, a highly available 
and cheap by-product of the bio-diesel production,13 and from 
CO214); (ii) it does not require hazardous reagents as SOCl2 or m-
CPBA; (iii) it is carried out using an affordable, metal-free 
heterogeneous catalyst, (iv) in a solvent-free process. 
Furthermore, glycerol can also be used as feedstock in the 
production of glycidol,15,16 making the chosen synthetic route 
fully renewable. In terms of green metrics,17 the chosen 
synthetic pathway showcases high atom efficiency and 
renewable carbon content in comparison to the other routes 
reported in Figure 1, while maximising the use of safe reactants.

Experimental section
Materials

2,5 dimethyl furan dicarboxylate (MFDC, >98%), glycerol 
carbonate (GlyC, >90%), Tris(2,4-pentanedionato)chromium(III) 
(>98%) and (±)-limonene (>95%) were purchased from Tokyo 
chemical industry (TCI). Amberlite IRA-900-Cl ion-exchange 
resin beads, glycidol (gly, 96%), epichlorohydrin (>99%), 1,2-
epoxy butane (99%), methanol (>99%), n-hexane (>99%), 
cyclohexane (>99%), isopropyl ether (99%), pentadecane 
(>99%), heptadecane (99%), dimethyl furan (99%), 2-methyl 
tetrahydrofuran (>99.5%), dimethyl sulphoxide (DMSO, >99%), 
p-cymene (99%), 1,3,5 trimethoxybenzene (>99%), and 
deuterated dimethyl sulphoxide (d6-DMSO, >99%) were 
purchased from Sigma Aldrich.

Catalytic test

Synthesis of BDFCC
The catalytic tests were performed in 20 mL glass test tubes 
equipped with a magnetic stirrer and heated in an oil bath (see 
ESI, Figure S1). 
In a typical catalytic test, MFDC (1 mmol), Amberlite IRA-900-Cl 
(30 mg), glycerol carbonate (2.2 mmol) and glycidol (0.4 mmol) 
were added in this order. Lastly, and if applicable, 0.5 mL of 
solvent was added to the previous mixture.
In a standard test carried out using a solvent under reflux, the 
test tube was connected to a 2x14/23 160 mm nozzle condenser 

cooled by water. Most tests were performed at 80 °C and stirred 
at 450 rpm for the selected reaction time, though also a lower 
reaction temperature (60 °C) was explored (see ESI, Figure S2). 
When solvent-free conditions were adopted, no solvent was 
added to the mixture and different set-up configurations were 
explored employing or not a gas carrier (see ESI). At the end of 
each test, the supernatant solvent (when added) was separated 
from the crude mixture, followed by purification from solvent 
residues by vacuum-evaporation. Afterwards, trimethoxy 
benzene (1.8 mmol) was added to the reaction mixture as 
internal standard for NMR spectroscopy quantification, and 
approximately 2.5 mL of d6-DMSO was added to solubilise the 
mixture. The test tube was kept under stirring at 450 rpm and 
80 °C until complete dissolution (2 to 3 min). When the 
experiments led to high yields, highlighted by the presence of a 
large amount of a white solid, the solubilisation was achieved 
using the double of the amount of d6-DMSO, using a heat gun 
to help dissolve the solid and, if necessary, by manual stirring. 
Once a homogeneous solution was achieved, 0.6-0.7 mL of 
diluted reaction mixture was collected for the 1H-NMR analysis. 
Quantitative 13C-NMR was conducted by collecting 
approximately 0.5-0.7 mL of the same solution and then adding 
5-6 mg of chromium (III) acetyl acetonate used as a relaxing 
agent for the 13C-NMR analysis. Quantitative 1H-NMR (600 MHz) 
and 13C-NMR (150 MHz) spectroscopy were used in 
combination to quantify the conversion, yield and selectivity 
(see section on NMR quantification in the ESI for details about 
the calculation). The resulting files (FID format) were analysed 
and processed using the software “MestReNova” v15.0.0-
34764. 

Reproducibility tests
Each of the tests of the target reaction at 2, 7, and 24 h, either 
with n-hexane or in a solvent-free system, was carried out at 
least in triplicate, to evaluate the reproducibility of the results. 
The average and standard deviation calculated from the results 
of these tests are shown in Figures 2a and 2b. These tests 
demonstrated a good degree of reproducibility, particularly 
when taking into account the complexity of the quantification 
of the reaction products, which give overlapping 1H-NMR 
signals (see section on NMR quantification, ESI). 

DFT calculations
The standard Gibbs free energy of MFDC, glycerol carbonate, 
BDFCC and methanol (see ESI, Figures S3-5, Tables S1-4) were 
calculated using the Gaussian 16, Revision B.01 program. The 
following parameters were adopted for the calculation: 
method: B3LYP; basis set: def2TZVP; empirical dispersion: GD3. 
Geometry optimisations were performed in the gas phase. The 
optimised structures correspond to a true minimum on the 
potential energy surface based on a frequency analysis (no 
imaginary frequencies). Solvation energies were obtained from 
a single-point energy calculation on the gas phase geometries 
using an SMD continuum model (solvent: DMSO).

Catalyst recyclability test
The recyclability test of the catalyst was performed in the N2-
flow configuration under specific solvent-free reaction 
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conditions (see ESI). This allowed preventing the embrittlement 
of the Amberlite beads that was observed after multiple runs if 
a 10 x 6 mm magnetic rod was used as stirring element and the 
beads were washed in acetone and dried at 80 °C. At the end of 
the first catalytic run the reaction mixture was collected to 
perform further NMR spectroscopy analysis using a 120 x 0.8 
mm syringe, while avoiding the removal of the catalyst beads. 
Then, 2 mL of MeTHF was added into the vial to wash away 
residual reactants adsorbed on the beads. The solvent was then 
removed with a syringe, and the solid catalyst was dried by 
purging the vial with an air flow through a needle. After this 
step, the starting reagents besides the Amberlite IRA-900-Cl 
beads were loaded into the vial. This procedure was repeated 
over five consecutive runs (see ESI, Table S5). A recyclability test 
without the reintroduction of glycidol was performed following 
the same procedure described above (see ESI, Figure S6).

Upscaled synthesis of BDFCC 
For a 3.0 g production of BDFCC, a 50 mL glass vial was loaded 
with MFDC (0.02 mol), glycerol carbonate (0.2 mol), Amberlite 
IRA-900-Cl (16 wt.% relative to MFDC) and glycidol (40 mol% 
relative to MFDC), respectively (see ESI, Figure S7). The reaction 
was performed at 80 °C under a constant N2 flow of 55 mL min-

1 and stirred at 450 rpm, until complete conversion of MFDC to 
BDFCC, as determined based on the depletion of the ester peak 
(-OMe) at 3.9 ppm in the 1H-NMR spectrum (>95% after 66 h). 
To isolate BDFCC, which is a solid at the end of the reaction, the 
sample was dissolved in acetone. The catalyst beads were easily 

removed by filtration through a plastic sieve (mesh size: 0.5 
mm). The filtered solution was then concentrated by vacuum 
evaporation, after which the precipitation of the solid BDFCC 
was achieved by rapidly adding cold water (40 mL). After this, 
the solid was separated from the liquid mixture by vacuum 
filtration on a Buchner filter. The recovered liquid fraction was 
cooled down to approximately 0 °C, allowing precipitation of an 
additional amount of BDFCC, which was then recovered by 
vacuum filtration. This treatment at 0 °C was repeated a second 
time. After this, the solid fractions were merged, washed with 
cold water (20 mL) to remove possible traces of glycerol 
carbonate and separated from the liquid by vacuum filtration 
(this washing procedure was repeated 4 times). The same 
procedure was repeated in a different test using Ar as a gas 
carrier, yielding the same results and proving Ar to be 
interchangeable with N2. For a 7.0 g production of BDFCC, a 100 
mL round bottom flask was loaded with 0.04 mol of MFDC and 
the other reagents respecting the same ratios as in the 3.0 g 
production of BDFCC. The reaction was performed at 80 °C, 
under a constant moderate Ar flow and left stirring for 24 h 
while monitoring the conversion of MFDC to BDFCC by 1H-NMR 
spectroscopy (>90% after 24 h). At the end of the reaction, the 
same purification process previously described was performed 
yielding BDFCC with a purity of >90%. 

Products identification
The separation and identification of the main transesterification 
products was performed by column chromatography followed 
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Scheme 1 Proposed mechanism for the transesterification of MFDC and GlyC catalysed by Amberlite IRA-900-Cl in cooperation with glycidol. Functional 
groups: Me: Methyl, CC: Cyclic Carbonate and Ep: Epoxy.
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by NMR spectroscopy (Figures S9-19). The main products of the 
reaction i.e. the Mono-CC and Di-CC (BDFCC) were then 
characterised by Fourier Transform infrared (FT-IR) 
spectroscopy (Figure S20). The spectra were recorded between 
4000 and 500 cm-1 using the attenuated total reflectance 
technique (ATR) on a IRTracer-100 spectrometer by averaging 
64 scans with a spatial resolution of 4 cm-1 using the Happ-
Genzel apodisation method. 

Amberlite resin beads characterisation
The fresh Amberlite IRA-900-Cl resin beads were characterised 
by FT-IR spectroscopy (Figure S21) using the method described 
above. The surface morphology of the resin beads (previously 
coated with gold to increase the conductivity) was investigated 
by scanning electron microscopy (SEM) using a Nova NanoSEM 
650 microscope (Figures S22a-c). The thermal stability of the 
resin beads was investigated by thermogravimetric analysis 
(TGA) under air from 35 to 750 °C with a ramp of 10 °C min-1 
using a thermogravimetric analyser TGA-550. (Figure S23). 

Result and discussion
Synthesis of BDFCC

In the first step of this work, the transesterification of MFDC 
with glycerol carbonate to synthesise BDFCC was explored using 
commercial Amberlite IRA-900-Cl resin beads as a 
heterogeneous catalyst. These resin beads consist of a porous 
cross-linked network of polydivinyl benzene and polystyrene 
with tetrasubstituted ammonium groups with chloride ions as 
the counter anions (see ESI, Figures S21-22 for characterisation 
by FT-IR and SEM). The Cl- content of these beads was 
previously determined to be 3.83 mmolCl g-1.18 TGA indicated 
that the resin beads start to undergo thermal degradation well 
above 200 °C (see ESI, Figure S23). This means that they are 
expected to be stable in the temperature range in which they 
are generally employed (< 100 °C), and in which our study was 
also performed. The initial catalytic tests were carried out at 80 
°C, based on the conditions used in previous studies for 
transesterification reactions employing n-hexane as solvent.19 

Under these conditions, the Amberlite IRA-900-Cl showed 
negligible activity for the target transesterification, resulting in 
no cyclic carbonate-functionalised furanic products (Table 1, 
Entry 1). We attributed the inactivity of the Amberlite to the 
weak Brønsted basicity of the chloride moieties, making them 
unsuitable for deprotonating glycerol carbonate and thus 
initiate the transesterification. To tackle this issue, we 
introduced glycidol as a second component of this catalytic 
system. Glycidol can form an anionic chlorohydrin intermediate 
upon nucleophilic attack by halides (and indeed chlorohydrin 
was identified by 1H-NMR analysis of a fraction separated by 
column chromatography from the crude of reaction , see ESI 
Figure S15),20 which has been shown to possess sufficient 
basicity to enable deprotonation and activate 
transesterification reactions.21 Our strategy proved effective, 
and the enhanced dual catalytic system consisting of Amberlite 
IRA-900-Cl (30 mg) in combination with glycidol (40 mol% 
relative to MFDC) yielded a mixture of the mono-substituted 
cyclic carbonate (Mono-CC) and the di-substituted cyclic 
carbonate (BDFCC), which precipitated from the reaction 
mixture as a white crystalline solid (XMFDC = 90 %, YBDFCC = 34 % 
and YMono-CC = 27 % after 7 h at 80 °C, see Figure 2a). Side-
products were also obtained, i.e. the mono-substituted epoxy 
product “Mono-Ep”, generated through the nucleophilic attack 
of glycidol on one side of MFDC, and the epoxy-carbonate-
substituted product “Ep-CC” (see ESI, Table S6, Entry 1, 7 h). The 
latter is a potentially relevant product too, as its two different 
functional groups can be attractive for application as a 
monomer for polymer synthesis. The results of this catalytic test 
suggest a mechanism in which the chlorides contained in the 
Amberlite IRA-900-Cl activate glycidol via formation of a 
chlorohydrin intermediate (Scheme 1, Step 1). This step is 
followed by deprotonation of glycerol carbonate, (Step 2), 
which enables its reaction with the starting MFDC (Step 3). The 
methoxide leaving groups, being strong Brønsted bases are also 
expected to take part in the deprotonation of glycerol 
carbonate (Step 4), sustaining the transesterification process 
and yielding methanol as a by-product, as observed by 1H-NMR 
spectroscopy (Figure S18). The formation of the epoxy-
substituted side-products indicates that the deprotonation of 

Figure 2 Synthesis of BDFCC as a function of reaction time, with n-hexane or in a solvent-free system, and with different GlyC : MFDC ratios. Conditions: (a) MFDC (1 
mmol), GlyC (2.2 mmol), n-hexane (0.5 mL), reflux. (b) MFDC (1 mmol), GlyC (2.2 mmol), no solvent, 80 °C, N2 flow (10 mL min-1). Each experiment was performed at 
least in triplicate.
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glycidol competes with that of glycerol carbonate (Scheme 1, 
Step 2). Indeed, glycidol has been already used for the direct 
transesterification and esterification of FDCA-derivatives to 
produce DGF via homogeneous basic catalysis (Figure 1).19,22,23 
To further explore the products distribution of this reaction, 
other tests with a duration of 2 and 24 h were performed 
(Figure 2a). These tests highlighted that Mono-CC acts as an 
intermediate that reaches a maximum yield after 2 h, after 
which its concentration declines due to its conversion into 
BDFCC. The yield of BDFCC reached 42% after 24 h. The summed 
yield of the Mono-Ep and Ep-CC species after 24 h (Table S6, 
Entry 1, 24 h) did not change significantly compared to the 
values observed after 7 h. 

Solvent effect and equilibrium shifting strategy 

While the results reported so far demonstrate that Amberlite 
IRA-900-Cl in combination with glycidol is an effective catalytic 
system for the synthesis of BDFCC, it only reaches moderate 
yield of the desired bis-carbonated product, and it relies on the 
use of n-hexane as solvent. Due to its fossil origin, high volatility, 
flammability, environmental impact and risk for health, a 
greener alternative to n-hexane is desirable.24,25,26 For this 
purpose, an initial screening of different solvents to replace n-
hexane was performed. Two main criteria were considered in 
the selection: (i) protic solvents were discarded due to their 
possible reactivity under the alkaline reaction conditions, which 
would be detrimental for the reaction selectivity; (ii) potentially 
renewable, bio-based alternatives were chosen, i.e. 
heptadecane, pentadecane, limonene, p-cymene, 2-methyl 
tetrahydrofuran and 2,5-dimethyl furan. However, fossil-
derived solvents such as cyclohexane, diisopropyl ether and 
dimethyl sulphoxide were also used in these studies as a 
comparison to n-hexane. A low level of toxicity was also 
targeted, with 2-methyl tetrahydrofuran and 2,5-dimethyl furan 

being preferable in this sense. Notably, this screening proved 
that the nature of the solvent has a major role on the MFDC 
conversion and products yields (Figure 3). N-hexane gave the 
best results, whereas polar compounds such as 2,5-
dimethylfuran, 2-methyl tetrahydrofuran, and dimethyl 
sulphoxide were detrimental for the formation of the Mono-CC 
and BDFCC products. We observed that the initial reaction 
mixture was monophasic when the more polar solvents were 
employed, whereas it was biphasic with the less polar solvents 
that are not miscible with the solution of MFDC (a solid at room 
temperature) in GlyC. This suggests that the role of the 
compound used as a solvent is actually not to help form a 
homogeneous mixture with the reactants. We reasoned that 
the role of the apolar solvent is rather that of helping the 
removal of methanol formed during the reaction (Scheme 1) 
from the phase containing the reactants and products. 
Transesterification, similarly to esterification, is a class of 
reactions generally characterised by close to neutral enthalpy 
and entropy differences.27 This implies that equilibrium shifting 
strategies are required to reach a high yield of the product. In 
this context, an apolar compound that does not mix with the 
reactants but forms a low boiling mixture with methanol would 
tend to vaporise and recondense in the reflux setup used in 
these tests, whereas the methanol that is vaporised together 
with it would be largely removed being more volatile. In turn, 
this would shift the equilibrium concentration towards the 
products. This hypothesis explains well our results (Figure 3), 
which showed that the highest conversion and product yields 
were obtained with the lowest-boiling among the apolar 
solvents (n-hexane), followed by the second lowest-boiling 
apolar solvent (cyclohexane). Polar solvents form a single phase 
with the reactants, and the obtained mixture is expected to 
have a higher boiling point than the solvent alone since GlyC and 
MFDC have very high boiling points. This limits the reflux and 

Figure 3 Effect of the type of solvent on the transesterification of MFDC with GlyC. Conditions: MFDC (1 mmol), GlyC (2.2 mmol), Amb IRA-900-Cl (30 mg), 
Gly (0.4 mmol), solvent (0.5 mL), 7 h, 80 °C (under reflux for hexane, cyclohexane, isopropyl alcohol and 2-methyl tetrahydrofuran). The polarity order was 
defined based on the dielectric constant values of the solvents.
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thus the removal of the methanol from the reaction mixture. 
Combining these considerations, it can be concluded that both 
low boiling point and apolarity promote the conversion and 
products yields. Taking these two parameters into account, the 
trends observed in Figure 3 can be understood. With the 
purpose of removing methanol in a more effective way and at 
the same time to increase the sustainability of the process, we 
omitted n-hexane from the reaction and instead we explored 
different solvent-free strategies (neat reactions). Three 
different set-up configurations were explored: a solvent-free 
reaction in (i) a closed vessel, (ii) an open vessel and (iii) in an 
open vessel under N2 flow (Figure S1). The extent of methanol 
removal was calculated by 1H-NMR spectroscopy (see section 
on NMR quantification in the ESI for details on the calculation). 
In line with logical expectations, most of the methanol 
remained in the system when the closed-vessel configuration 
was used (16% loss, see Figure 4), whereas a large fraction of 
the methanol was removed in the open-vessel configuration 
(93% removal) and virtually complete removal was achieved in 
the gas-flow configuration (>99% removal). The yield and 
selectivity towards the target BDFCC improved significantly with 
increasing degree of methanol removal (Figure 4), reaching 86% 
conversion of MFDC with 27% yield of Mono-CC and 38% yield 
of BDFCC in 7 h of reaction at 80 °C under N2 flow (Figure 4). 
When carrying out the catalytic test under N2 flow at different 

reaction times (Figure 2b), the performance was similar yet 
slightly better compared to that in the presence of n-hexane, 
both in terms of summed yield and selectivity towards the 
carbonated furanic products (compare YMono-CC and YBDFCC values 
at the different reaction times in Figure 2a and 2b). Besides the 
target carbonated furanic products, we also observed the 
formation of a small amount of the Mono-Ep and Ep-CC side 
products, with the selectivity towards and the overall yield 
increasing with the degree of MFDC conversion (see ESI, Table 
S6, Entry 2). 
Furthermore, a test was performed at 60 °C using the open 
vessel configuration under N2 flow, leading to markedly lower 
conversion and a very low yield of BDFCC (6% after 7 h of 
reaction) despite a similar degree of methanol removal (see ESI, 
Figure S2). Therefore, 80 °C was selected as temperature for 
further investigation of the transesterification of MFDC with 
GlyC.

DFT calculations

To corroborate that the transesterification of MFDC with GlyC is 
a thermodynamically-limited reaction as postulated, density 
functional theory (DFT) calculations using the Gaussian 
software were performed to determine the thermodynamic 
parameters for MFDC, GlyC, methanol and BDFCC (see ESI, 
Figures S3-4, Tables S1-4). In this calculation, the molecular 
geometry of each compound in the gas-phase was optimised at 
the B3LYP/def2TZVP level of theory including the Grimme’s D3 
empirical dispersion method to improve the description of the 
van der Waals and London dispersion forces (see ESI for further 
details).28 A frequency analysis confirmed the structures to be 
minima on the potential energy surface, and provided 
thermochemical data. This calculation surprisingly led to a large 
positive Gibbs free energy of +27 kJ mol-1 for our reaction 
(Figure S3, Table S2), which is significantly larger than 
commonly expected for transesterifications,29 and which 
indicates that the reaction is thermodynamically unfavourable. 
This Gibbs free energy value stems from a very low total 
difference in entropy of -0.001389 kJ mol-1 and to a more 
significant difference in enthalpy of +23 kJ mol-1. This indicates 

Closed Open N2-flow

X M
FD

C
/ 

Y Pr
od

uc
t

(%
)

YBDFCC (Di-CC)

YMono-CC

YEp-CC

YMono-Ep

XMFDC

16% 93% >99%

MeOH removal %

Figure 4 Studies on methanol removal using different set-up configurations. 
Conditions: MFDC (1 mmol), GlyC (2.2 mmol), Amb IRA-900-Cl (30 mg), Gly 
(0.4 mmol), 7 h, no solvent, 80 °C, 10 ml min-1 of N2 (N2-flow system). The 
test under N2 flow was performed in triplicate.

Figure 5 Synthesis of BDFCC as a function of reaction time, in a solvent-free system with different GlyC : MFDC ratios. Conditions: (a) MFDC (1 mmol), GlyC (4.4 mmol), 
solvent-free, 80 °C, N2 flow (10 mL min-1). (b) MFDC (1 mmol), GlyC (10 mmol), solvent-free, 80 °C, N2 flow (10 mL min-1).
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that the unfavourable thermodynamics of the 
transesterification of MFDC to BDFCC originates from the 
relatively high enthalpy of the products. We subsequently took 
the gas phase geometries and performed a single-point energy 
calculation using the SMD continuum model to obtain the 
solvation energies of all species, utilising DMSO as a model 
solvent.30 Under these conditions, a change in Gibbs free energy 
of +25 kJ mol-1 was calculated for the transesterification of 
MFDC and GlyC in liquid phase (Table S3), indicating a small 
stabilisation of the products due to solvation. Using the ΔrH0 and 
ΔrS0 calculated by DFT at 298 K in DMSO, and assuming them to 
be independent of temperature, we calculated a ΔrG353.15K = +26 
kJ mol-1 (i.e. at the reaction temperature of 80 °C), and from this 
we calculated an equilibrium constant of Keq = 0.0001 (Table S4). 
Using this Keq value with the employed reactant ratio 
GlyC/MFDC = 2.2, a conversion at equilibrium of XMFDC,eq,353K = 
5% is obtained. This value is significantly lower than the 
conversion of MFDC that we observed experimentally in the 
test in DMSO at 80 °C for 7 h (24%, see Figure 3), which would 
correspond to a ΔrG353.15K = +11 kJ mol-1 assuming that 
equilibrium was reached within the 7 h of reaction. However, at 
the temperature of reaction (80 °C), methanol evaporation 
cannot be avoided due to its low boiling point (Tb = 65 °C), and 
thus a higher degree of conversion that the one predicted by 
DFT can be expected. To circumvent this issue, we tested the 
reverse reaction, i.e. the methanolysis of BDFCC into MFDC and 
GlyC, performed using a ratio methanol/BDFCC = 2. This test led 
to 89% conversion of BDFCC after 24 h, which did not increase 
if the reaction was extended to 92 h (Figure S5). This value is in 
satisfactory agreement with the theoretical conversion at 
equilibrium (95%) calculated considering a ΔrG353.15K = -26 kJ 
mol-1. These results confirm that the transesterification of MFDC 
and GlyC is thermodynamically limited, underlining that 
methanol removal is crucial to obtain good yields of the desired 
BDFCC product. 

Solvent-free synthesis optimisation 

After understanding the key role of methanol removal in 
shifting the chemical equilibrium and improving the 
sustainability of the reaction, the conditions for the systems 
under N2 flow were optimised to achieve higher BDFCC yields. 

While the new N2-flow system proved more effective than the 
system using n-hexane, with none of the two full conversion of 
MFDC into BDFCC was achieved after 24 h of reaction (Figure 2a 
and 2b). Moreover, in both cases the selectivity of the reaction 
was affected by the formation of the Mono-Ep and Ep-CC side 
products. The combined yield of these species remained 
approximately steady at ≈ 10% throughout the experiment, 
with a gradual increase in the Ep-CC-to-Mono-Ep ratio as the 
reaction proceeded for 24 h (see ESI, Table S6, Entry 2). We 
reasoned that these limitations are probably caused by two 
main factors: (i) the only slight excess of GlyC (1.2 eq.) relative 
to MFDC; (ii) the partial solidification of the reaction mixture 
observed after 7 h under these conditions. The former can limit 
the reactivity due to a lack of reactants, according to Le 
Chatelier’s principle. The latter can physically limit the mobility 
of GlyC and MFDC in the reaction mixture. Specifically, the 
solidification of the reaction mixture was always observed when 
high yields of Mono-CC and BDFCC were achieved (after 4 h 
using a 2.2 : 1 ratio of GlyC : MFDC), due to the low remaining 
amount of glycerol carbonate able to dissolve them. Therefore, 
aiming at higher yield of BDFCC, different ratios of GlyC : MFDC 
were explored using the novel solvent-free conditions (Figures 
5a-5b).
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Figure 7 Recyclability test. Conditions: MFDC (1 mmol), GlyC (10 mmol), Amb IRA-
900-Cl (30 mg), Gly (0.4 mmol), no solvent, 2 h, 80 °C, 30 ml min-1 of N2 flow (used 
as a gas carrier to remove the by-product methanol).* The summed yield of the 
products in the last two runs was slightly higher than the conversion of MFDC. This 
suggests a positive error in 13C-NMR and 1H-NMR quantification at the reaction 
conditions used. Thus, for these tests the product yields were normalised so that 
their sum is 100% (see ESI, Table S5).

Figure 6 Studies on methanol removal using: (a) different type of gas carrier and (b) different N2 flows. Conditions: (a) MFDC (1 mmol), GlyC (2.2 mmol), Amb 
IRA-900-Cl (30 mg), Gly (0.4 mmol), no solvent, 2 h, 80 °C, 10 mL min-1 of gas. The test under N2 flow was performed in quadruplicate. (b) MFDC (1 mmol), 
GlyC (10 mmol), Amb IRA-900-Cl (30 mg), Gly (0.4 mmol), no solvent, 2 h, 80 °C.
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Table 1 Catalyst components activity. Conditions: MFDC (1 mmol), GlyC (2.2 mmol), Amb IRA-900-Cl (30 mg, when employed), epoxide (0.4 mmol, when employed), no 
solvent, 2 h, 80 °C, 10 ml min-1 of N2 (when used); n.a. = not applicable. The test in a closed system (Entry 5) was performed in duplicate. The test under N2 flow (Entry 8) 
was performed in quadruplicate. See ESI for details on the epoxide mole balance calculation.

The use of a larger excess of GlyC provided a monophasic 
solution in which the Mono-CC and BDFCC products dissolve 
even when obtained at higher yields. This resulted in a system 
in which GlyC and MFDC reactivity is preserved. The results 
achieved using the GlyC : MFDC ratios of respectively 4.4 : 1 and 
10 : 1 showed the expected increase in the yields of cyclic 
carbonates over time, as well as of the selectivity towards 
BDFCC (compare Figures 2b, 5a and 5b). Employing GlyC : MFDC 
= 10 : 1, nearly full conversion (95%) of MFDC with a very high 
yield (86%) and selectivity (90%) of BDFCC were reached after 
24 h (Figure 5b). As an additional benefit, using a 10 : 1 ratio of 
GlyC significantly limited the formation of the side products 
originating from the reaction of MFDC with glycidol. After 24 h 
of reaction, the yields of Mono-Ep and Ep-CC were negligible (< 
1%) while a 15% yield of Mono-Ep was observed in the initial 
phase of the test (Table S6, Entry 4). These results can be 
understood considering the competition between GlyC and 
glycidol in Step 2 in Scheme 1 (vide supra). The higher relative 
amount of GlyC limits the deprotonation of glycidol, decreasing 
the formation of Mono-Ep and Ep-CC, and favours their 
conversion into Mono-CC and BDFCC, with glycidol as a leaving 
group. In an attempt to further improve the process, different 
types of carrier gases and flows rates were studied to compare 
the different methanol removal extent (Figure 6a-b). Among the 
gas flows tested to promote the reaction, nitrogen and air 
showed the best performance as better stripping of the reaction 
by-product was achieved, (Figure 6a, >95% methanol removal). 
On the contrary, using CO2 resulted in lower yield of Mono-CC 
and BDFCC despite the similarly high degree of methanol 
removal (Figure 6a). We hypothesise that this is due glycidol 
consumption through its reaction with CO2 causing the catalyst 
deactivation. Indeed, glycidol is known to react with CO2 in the 
presence of halide-based catalysts to produce glycerol 
carbonate.31,32 As a consequence, less glycidol would be 
available to act as initiator of the catalytic mechanism for the 
reaction of MFDC with GlyC (Step 1 in Scheme 1). After 
concluding that nitrogen and air flows are the most suitable 

options to promote the reaction, nitrogen was chosen for 
follow-up tests, as the presence of oxygen in the gas might 
result in oxidation side reactions at longer reaction times. 
Different nitrogen flows were then tested (after 2 h of reaction), 
showing an increasing selectivity towards the BDFCC product by 
increasing the gas flow from 10 to 50 mL min-1 (Figure 6b). This 
trend can be explained by the increased efficiency of methanol 
removal with increasing the gas flow. 30 mL min-1 was selected 
as the optimal gas flow, as a trade-off between maximising the 
selectivity towards the carbonated furanic products and 
minimising gas consumption. With the developed set-up 
configuration, the recyclability tests were performed using the 
optimised GlyC : MFDC ratio and N2-flow intensity. The catalyst 
was recycled four times, demonstrating a constant conversion 
and selectivity over 5 consecutive runs (Figure 7). Glycidol 
reintroduction with the starting materials was found to be 
critical to keep the activity of the system (see ESI, Figure S6).

Understanding the contribution of the components of the catalytic 
system 

To gain further insight into the contribution of each component 
of catalytic system to the observed overall activity, a series of 
systematic control experiments was performed. Each 
component was individually investigated at 80 °C for 2 h, using 
a ratio of GlyC : MFDC of 2.2 : 1 and using a closed-vessel or a 
N2-flow configuration (Table 1). As previously discussed, 
Amberlite IRA-900-Cl alone in a closed-vessel showed negligible 
activity for the transesterification of MFDC (Table 1, Entry 1). 
This can be explained considering that the chloride anions 
contained in the Amberlite beads are weak Brønsted bases and 
are thus not expected to be able to deprotonate the hydroxyl 
group of glycerol carbonate. On the other hand, testing glycidol 
alone resulted in a low but measurable MFDC conversion, with 
Mono-CC and Mono-Ep as the product, each in 5% yield (Table 
1, Entry 2). This result could be considered surprising, since no 
chlorohydrin anionic intermediate can be formed without a 
nucleophilic species as the chloride provided by the Amberlite 

Entry Catalytic component Set-up XMFDC YMono-CC YBDFCC YMono-Ep YEp-CC
Epoxide mole 

balance
1 Amb IRA-900-Cl Closed 3 0 0 0 0 n.a.

2 Glycidol (Gly) Closed 11 5 0 5 0 91%

3 Epichlorohydrin (ECH) Closed 3 0 0 0 0 55%

4 Butylene oxide (BO) Closed 3 0 0 0 0 28%

5 Gly + Amb IRA-900-Cl Closed 23 9 2 6 0 65%

6 ECH + Amb IRA-900-Cl Closed 14 10 1 0 0 60%

7 BO + Amb IRA-900-Cl Closed 9 5 0 0 0 25%

8 Gly + Amb IRA-900-Cl N2 flow 70 32 13 9 6 71%

9 ECH + Amb IRA-900-Cl N2 flow 14 10 0 0 0 35%

10 BO + Amb IRA-900-Cl N2 flow 6 0 0 0 0 0%
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IRA-900-Cl. This suggests that glycidol is able to act as a 
nucleophile in the transesterification of MFDC. This behaviour 
might be related to the proposed tendency of glycidol to form 
resonance structures in which the epoxide ring opens and then 
forms again using the O atom in the hydroxyl group, through a 
proton-transfer mechanism.33 To test if this effect is specific to 
glycidol, epoxides without a hydroxyl group, such as 
epichlorohydrin (ECH) and butylene oxide (BO) were tested 
under the same conditions. These control experiments resulted 
in negligible yields of carbonated furanic products. On the other 
hand, when tested in cooperation with the Amberlite resin 
catalyst, all epoxides led to the formation of carbonated furanic 
products (Table 1, Entries 5, 6 and 7), supporting the proposed 
role of the formation of the anionic chlorohydrin intermediate 
in the transesterification mechanism (Scheme 1). It is worth 
noting that with ECH and BO, only carbonated products were 
observed (mainly Mono-CC, Entries 6 and 7), whereas glycidol 
led to a significant amount of Mono-EP side product (Entry 5), 
due to its self-deprotonation and to the deprotonation in Step 
2 of Scheme 1. Although these results should be discussed only 
in a qualitative way as evaporation of ECH (b.p. 117 °C) and 
particularly of BO (b.p. 65 °C) were observed despite the use of 
a close-vessel configuration (see epoxide mole balance in Table 
1), they clearly point to a different behaviour between glycidol 
and the other epoxides that do not contain the vicinal hydroxyl 
group. 
To investigate the effect of a gas flow on the reaction system, 
the same studies were repeated under N2 flow. In line with the 
trend observed in the closed-vessel configuration, the best 
catalytic performance was achieved when the Amberlite beads 
were used in combination with glycidol. Under these conditions, 
besides removing methanol, the gas flow led to a significant 
epoxide evaporation, particularly when ECH and BO were used 
(see epoxide mole balance in Table 1). On the other hand, the 
use of gas carrier proved crucial to boost the performance of 
the reaction by circumventing the thermodynamic limit (vide 
supra). Combining these observations, we conclude that the 
high boiling point (167 °C) and resonance structures of glycidol 
make this compound the most effective epoxide species for 
promoting the transesterification of MFDC with GlyC at the 
solvent-free conditions developed in this work. 

Next, the most effective catalytic system consisting of Amberlite 
IRA-900-Cl and glycidol was tuned by screening different 
concentrations of the two components (Figure 8). When 
keeping the amount of Amberlite IRA-900-Cl fixed and varying 
that of glycidol, the best performance was observed at 
intermediate amount of glycidol (20 mol% relative to MFDC, see 
Figure 8a). This can be rationalised considering that glycidol 
plays a catalytic role in this system, but if its relative amount 
becomes too high it starts to compete with glycerol carbonate 
in the transesterification reaction, thus leading to an increased 
selectivity towards the epoxy-functionalised products (Mono-
Ep and Ep-CC, see Figure S8, ESI). Also in the tests in which the 
amount of glycidol was kept constant and that of Amberlite IRA-
900-Cl varied (Figure 8b), the optimum catalytic performance 
was observed at intermediate values, i.e. with a glycidol-to-
chloride ratio of 1.7 (see ESI, Tables S7 and S8). A lower glycidol-
to-chloride ratio is probably detrimental for Step 1 in the 
proposed mechanism (Scheme 1). On the other hand, it is more 
difficult to explain why increasing the relative loading of the 
Amberlite catalyst leads to a lower total yield of carbonate-
functionalised furanic products (and particularly of the 
disubstituted product), though it is worth noting that we 
observed a decrease in the glycerol carbonate mole balance 
from 97 to 87% with increasing loading of Amberlite (Table S8).

Upscaled synthesis of BDFCC 
After successfully optimising the synthesis of BDFCC under 
solvent-free reaction conditions, the feasibility of a reaction 
scale-up was assessed. When the synthesis was performed on 
our conventional lab scale, 0.18 g of MFDC was used as a 
starting material (86% yield of BDFCC after 24 h under 
optimised conditions). When the synthesis was upscaled by a 
factor of 20 (Figure S7), the reaction was carried out using 3.6 g 
of MFDC, which after 66 h led to >99% conversion. Then, an 
efficient and sustainable work-up process was developed. 
BDFCC displays two cyclic carbonates groups, which lead to a 
polarity comparable to that of GlyC, in which BDFCC is thus very 
soluble. Glycerol carbonate has a high boiling point, which 
makes it difficult and energy-intensive to separate it from other 
compounds by distillation.34 Instead of adopting 
chromatographic methods that are time-consuming and 
require large volumes of solvents, we adopted a precipitation 

Figure 8 Optimisation of: (a) the amount of glycidol; (b) the amount of Amberlite IRA-900-Cl. Conditions: (a) MFDC (1 mmol), GlyC (2.2 mmol), Amberlite 
IRA-900-Cl (30 mg), no solvent, 2 h, 80 °C, 10 ml min-1 of N2. The test at 40 mol% of glycidol was performed in quadruplicate. (b) MFDC (1 mmol), GlyC (2.2 
mmol), Gly (0.2 mmol), no solvent, 2 h, 80 °C, 10 ml min-1 of N2.
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technique. Specifically, we developed a precipitation method 
that exploits water as a green solvent to precipitate BDFCC and 
remove GlyC in the aqueous phase. In this way, the GlyC/water 
fraction can be easily separated from the solid BDFCC by 
vacuum filtration. This method is straightforward and allowed 
recovering 63% of BDFCC with purity >95% (4.63 g of BDFCC 
isolated, impurities: glycerol carbonate and Mono-CC). When 
the synthesis was further upscaled by a further factor of 2, 7.4 
g of MFDC led to the production of 14 g of BDFCC, though the 
efficiency of our separation procedure decreased to 48% (6.9 g 
of isolated BDFCC). 

Conclusion
In this work, we reported a novel catalytic method to synthesise 
a fully renewable and industrially relevant FDCA-derived 
compound characterised by a rigid structure imparted by a 
furanic core and two cyclic carbonate groups (2,5-bis-dicarboxyl 
furan cyclic carbonate, BDFCC). This product was achieved via 
the highly atom efficient, one-step transesterification of 2,5-
dimethyl furan dicarboxylate (MFDC) with glycerol carbonate 
(GlyC) at mild temperature (80 °C). For the first time, a novel, 
affordable and metal-free dual catalytic system consisting of 
heterogeneous Amberlite IRA-900-Cl polymer beads in 
cooperation with catalytic amount of glycidol was found to be 
highly active for the target reaction, resulting in the formation 
of BDFCC with high selectivity. The thermodynamically-limited 
nature of this reaction – which was demonstrated by DFT 
calculations – was circumvented by understanding that using a 
solvent as commonly done for similar reactions is not necessary. 
Instead, performing the reaction under a flow of N₂ efficiently 
removed the methanol by-product, thereby shifting the 
equilibrium concentration towards the products. Under these 
solvent-free and thus more sustainable conditions, and after 
optimising a series of parameters such as the GlyC/MFDC ratio, 
time, type of gas carrier and gas flow, an optimum BDFCC yield 
of 86% was achieved. This represents a marked green advance 
compared to the previous state of the art for this reaction, 
which achieved 45% yield of BDFCC requiring a double reaction 
time at the same temperature and employing toluene as 
solvent and a homogeneous catalyst that is intrinsically more 
difficult to recover and reuse.11 In parallel, a screening of the 
activity of the catalyst components allowed to address their 
role, which resulted in a proposal for the reaction mechanism 
involving an anionic chlorohydrin intermediate formed via 
nucleophilic attack of glycidol by the halides contained in the 
Amberlite resin beads (Scheme 1). Furthermore, the catalytic 
system showed stable performance upon recycling. Finally, 
scalability was demonstrated by upscaling the reaction by a 
factor of 40, achieving an isolated BDFCC yield of 48%. In 
summary, we introduced a catalytic approach that enables the 
solvent-free, scalable synthesis of the renewable FDCA-derived 
bis-cyclic carbonate BDFCC. We expect that this development 
will facilitate the adoption of this monomer for the production 
of green polymers. 
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