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Abstract: The development of more sustainable and eco-friendly polymers has attracted much atten-
tion from researchers over the past decades. Among the different strategies that can be implemented
towards this goal, the substitution of the toxic reagents/monomers often used in polyurethane
chemistry has stimulated much innovation leading to the development of the hydroxylated version of
PURs, namely, the poly(hydroxyurethane)s (PHURs). However, some PHURs remain far from being
sustainable as their synthesis may involve monomers and/or solvents displaying poor environmental
impacts. Herein, we report on the use of more sustainable conditions to synthesize the biobased
polycarbonates involved in the aminolysis reaction. In addition, we demonstrate that the use of
renewable deep eutectic solvents (DESs) can act both as excellent solvents and organocatalysts to
promote the aminolysis reaction.
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1. Introduction

Since their discovery by Otto Bayer in 1947 [1], polyurethanes (PURs) have become
the sixth most widely used polymer [2]. Indeed, PURs are especially versatile in various
applications such as rigid and flexible foams, clothing, coatings, adhesives, paintings,
packaging, elastomers, sealants and so on [3,4].

However, the synthesis of PURs involves the use of isocyanates that are more and
more questioned because of health and environmental concerns worldwide [5,6]. Recently,
new and safer PURs, called non-isocyanate polyurethanes (NIPURs), have appeared as
a promising alternative to replace conventional PURs. Three main routes have been re-
ported for the synthesis of NIPURs: (1) AB-type azide condensation, (2) transurethane
reaction, and (3) aminolysis [7,8]. An overview of the different routes usable for the synthe-
sis of NIPUs draws attention to the green synthesis of cyclic carbonate (CC) compounds
and the aminolysis reaction [9,10]. Presently, the main focus concerns the reaction be-
tween bio-based carbonates and amines, offering an interesting pathway to renewable
poly(hydroxyurethanes) (PHURs), an interesting class of NIPURs thanks to the presence of
the pending hydroxyl groups resulting from the aminolysis of the CC [11].

Although five cyclic carbonates (5CCs) are less reactive than the six cyclic carbonate
analogues, they are easier to synthesize from bio-based compounds using green method-
ologies. Accordingly, they appear as the best option for the preparation of PHURs [9,12,13].
Thanks to the presence of three reactive hydroxyl groups, glycerol is an interesting C3-bio-
based building block to produce highly-added value molecules such as glycerol carbonate
(GC), a monofunctional carbonate [14,15]. The presence of the two different functions
(hydroxyl and CC) confers GC interesting chemical reactivities and some special physical
properties such as high boiling point, high flash point, low flammability, and low toxicity.
Those properties are particularly pertinent for industrial applications [9,16].
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2,5-Furandicarboxylic acid (FDCA) is a high-value bio-based platform molecule de-
rived from renewable sources that have been acknowledged as a highly valuable feed-
stock [17,18]. Hence, the elaboration of PHURs incorporating FDCA and GC is very
appealing. However, the synthesis of PHURs from the 5CCs reaction generally requires
high temperatures and long reaction times that hamper the “green” character of the trans-
formation. Last, but not least, the use of a catalyst is generally necessary to allow the
use of a-sterically hindered amines (e.g., α-methyl primary amines) to reach decent molar
mass [19,20].

In this work, we report on the reaction of an FDCA-based bis-cyclic carbonate (FDCA-
Bis-CC) with a series of variously substituted amines in the choline chloride/urea (ChCl/urea)
deep eutectic solvent (DES) that acts both as a green solvent and a catalyst in the aminolysis
reaction. To the best of our knowledge, this promising additive-free synthesis of PHUs is
unprecedented in the literature (Scheme 1).
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Scheme 1. Synthetic strategy towards PHURs based on FDCA and glycerol.

2. Results and Discussion

Generally, the traditional methods used to synthesize the FDCA-bis-CC involve the
use of over-stoichiometric quantities of toxic chemicals such as m-chloroperoxybenzoic
acid or thionyl chloride [21–23]. Conversely, inorganic or organic Brönstedt bases or
Lewis acids such as distannoxanes have also been reported as efficient catalysts for the
transesterification reaction [24,25].

Within the frame of our study aiming at developing the greenest approach, we first
explored the use of heterogenous catalysts such as CaO for the transesterification reaction.
Toluene was chosen as the solvent and the reaction was carried out at 90 ◦C. Interestingly,
after the reaction, the heterogeneous catalyst could be easily recovered and reused affording
a cost-effective green process. Unfortunately, only traces of the expected target product
FDCA-Bis-CC (Table 1, entry 1) was isolated. Similarly, other inorganic, alkali bases such
as NaOCH3 or KOH did not afford the expected product in substantial amounts. NaOCH3
(Table 1, entry 2) afforded only traces of the trans-esterified product and KOH (Table 1,
entry 3) induced the degradation of the starting material. Fortunately, in the presence of
DMAP as an organocatalyst, we could obtain the FDCA-Bis-CC in a 52% isolated yield at
90 ◦C in toluene after a simple filtration. (Table 1, entry 5).

Table 1. Catalysts screening for the transesterification reaction.
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Entry Cat. Yield (%)

1 CaO Traces
2 NaOCH3 Traces
3 KOH Not detected
4 Ti(OBu)4 Not detected
5 DMAP 52

1 mmol dimethyl Furan-2,5-dicarboxylate (184 mg), 2.2 equiv. GC (259 mg), 10% Cat. (xx mg) were dissolved in
dry toluene (2 mL). The flask was kept open and the reaction mixture was stirred at 90 ◦C for 24 h.
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Thus, we adopted the following synthetic strategy using the DMAP as a catalyst to
synthesize the FDCA-bis-CC (Scheme 2).
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Scheme 2. Synthesis of FDCA-bis-CC by transesterification of DM-FDCA with GC.

The transesterification being an equilibrated reaction, a slight excess of GC (2.2 equiv.)
was used first to ensure the best conversion of DM-FDCA in toluene. Next, the effect of
the temperature on the outcome of the transesterification reaction was investigated. In
the presence of 10 mol% DMAP, at 80 ◦C, the expected FDCA-bis-CC was isolated as a
white powder in 45% yield by simple precipitation as FDCA-bis-CC is poorly soluble in
toluene at room temperature (Table 2, entry 1). Increasing the temperature to 90 ◦C (Table 2,
entry 2), the expected product was isolated in 52% yield by simple filtration. Increasing
further the temperature to 100 ◦C (Table 2, entry 3) allowed us to isolate the FDCA-Bis-CC
in a 65% yield. A higher yield was expected at this temperature, but as DM-FDCA is very
easily sublimated, part of the starting material was lost in these conditions and induced
reproducibility issues. Hence, the optimal compromise between yield and temperature
appeared to be 90 ◦C. In order to improve further the sustainability of the reaction, we
investigated the effect of the catalytic charge. In the presence of 5 mol% DMAP at 90 ◦C,
we were happy to observe that the yield of the reaction was not affected (50% yield vs. 52%
yield). Unfortunately, decreasing further the catalytic load to 2.5 mol% was detrimental
as the expected FDCA-Bis-CC was isolated in only 17% yield (Table 2, entry 5). Another
parameter was investigated next: the amount of GC. Interestingly, a slight increase in the
excess of GC from 2.2 to 2.5 equiv. allowed isolating the expected decarbonate in 67% yield
(Table 2, entry 6), but a plateau was reached as the isolated yield remained pretty much
steady when a larger amount of GC was used (Table 2, entry 7). Accordingly, we concluded
that the best conditions were 90 ◦C, 2.5 equiv. GC and 5 mol% catalyst. Based on these
optimal conditions, we investigated the effect of the reaction time on the outcome of the
reaction. After 48 h, we were pleased to see that we could further increase the efficiency of
the reaction and isolate the FDCA-Bis-CC expected product in 58% yield (Table 2, entry
8). Noticeably, when the reaction was carried in a 10 g scale (55 mmol DM-FDCA), an
excellent yield of 95% of FDCA-Bis-CC was obtained after a simple filtration and washing
with acetone.

Table 2. Conditions screening for the synthesis of FDCA-bis-CC through transesterification.

Entry Temp. (◦C) Catal. Yield (%)

1 80 10% 45
2 90 10% 52
3 100 10% 65
4 90 5% 50
5 90 2.5% 17

6 a 90 5% 67
7 b 90 5% 69
8 c 90 5% 58

1 mmol DM-FDCA (184 mg), 2.2 equiv. GC (259 mg), XX% DMAP were dissolved in 2 mL dry Tol. and the
reaction mixture was stirred at the indicated temperature for 24 h. a: 2.5 equiv. GC, b: 3 equiv. GC. c: 48 h.

Having developed an efficient strategy to prepare the FDCA-Bis-CC on a large scale
in the absence of lengthy column chromatographies and the use of highly toxic reagents,
we went further and investigated the aminolysis reaction of FDCA-Bis-CC to afford the
corresponding PHURs. It is well acknowledged that many parameters can affect the
aminolysis reaction and the recent efforts dedicated to optimizing the PHUR synthesis were
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proven fruitful. Of note, Cornille et al. reported that the nature of the substituents located
neighboring the 5CC has a strong influence on its reactivity towards the EDR-148 amine
and the following reactivity effect was proposed: ethyl-ester > acetate > trimethylhexanoate
> benzoate ≈ ethyl ether > phenyl-ether > butane [26]. Diakoumakos et al. also ranked
the reactivity of different amines towards ether-5 CC on the basis of their nucleophilicity
and their size. In particular, their study revealed that α-sterically hindered amines display
the weaker activity [27]. In order to increase the reactivity of the least nucleophilic amines,
various types of catalysts were screened for promoting the aminolysis reaction. Three
different mechanisms were proposed. It is possible to (a) increase the electrophilicity of
the CC, (b) enhance the nucleophilicity of the amine, or (c) direct the attack on the CC that
further reacts as a leaving group [20,28]. In recent years, organocatalysts have demonstrated
their prominence in the catalytic aminolysis reaction, among which the TBD and thioureas
exhibit the higher effective activity [29,30]. Parallelly, a series of studies on the role of the
solvent used during the aminolysis reaction indicated that generally, protic solvents have a
positive effect on the reactivity and conversion of CC by increasing the carbonyl positive
charge and also by interrupting the intramolecular hydrogen bond network present in
the PHUR chains [26,31,32]. Unfortunately, many traditional organic solvents used in
chemical reactions are hazardous to the environment and/or present acute and chronic
toxicity to humans and a low biodegradability [33]. Conversely, the DESs have been
proposed as green, alternative solvents over the past two decades. In particular, natural
deep eutectic solvents (NaDESs) are especially appealing as they are easily synthesized
from biobased or natural compounds. Hence, most NaDESs are eco-friendly, non-toxic
and inexpensive [34,35]. DESs present some remarkable properties such as an excellent
dissolution power even for metal oxides and they can act as catalysts and find application
in material chemistry [36,37]. Thus, recently, Xue introduced a novel ternary DES able
to dissolve the very insoluble lignin allowing the synthesis of a lignin-containing rigid
polyurethane foam [38]. In parallel, Han designed a DES based on ChCl and urea supported
by molecular sieves as a catalyst for the synthesis of CC from CO2 and epoxides [39]. Based
on these preliminary results, we investigated the aminolysis of the FDCA-bis-CC using the
Jeffamine D-2000 as a nucleophile in a series of green solvents. DMF used as a reference
solvent was used as a benchmark in the aminolysis reaction (Table 3).

Table 3. Screening of the solvents in the aminolysis of FDCA-bis-CC by the Jeffamine D-2000.

Entry Solvent Results

1 DMF Many by-products
2 glycerol n.r.
3 ChCl/urea = 1:2 Yes

4 a ChCl/urea = 1:2 n.r.
5 ChCl/AcNH2 = 1:2 n.r.
6 ChCl/glycerol = 1:2 n.r.
7 AcNH2/urea = 1:2 Yes *

0.5 mmol Jeffamine D-2000 (1 g), 0.5 mmol FDCA-CC (178 mg) and 1 mL solvent were introduced into a glass
reactor and heated for 24 h at 110 ◦C under an Ar atmosphere. n.r.: no reaction. a temperature was set to 100 ◦C.
* The AcNH2/urea DES is not stable at 110 ◦C.

Using classical conditions (equimolar amounts of diamine and bis-carbonate at 110 ◦C
in DMF), the aminolysis reaction did not proceed as expected as a myriad of products
were formed during the reaction (Table 3, entry 1). Switching DMF to glycerol (a protic,
biobased solvent; Table 3 entry 2) was not effective either, as the starting material remained
untransformed even after 24 h at 110 ◦C. The initial conditions being unsuccessful, we
envisioned the use of DES. Among the almost infinite possibilities of associating a hydrogen
bond donor and a hydrogen bond acceptor, we concentrated our efforts on DESs based on
ChCl that present the advantage of being a good candidate for assisting the aminolysis
reaction and on urea that could activate the carbonyl group of the carbonate function. Other
combinations (ChCl/glycerol, ChCl/AcNH2, . . . ) were used for assessing the role of the
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different partners. With the exception of the AcNH2/urea DES, which proved to slowly
decompose at 110 ◦C, only the ChCl/urea DES was effective for promoting the aminolysis
reaction (Table 3, entry 3). Interestingly, lowering the temperature to 100 ◦C prevented the
reaction to take place (Table 3, entry 4). When other hydrogen bond donors were used at
the expense of urea, the reaction did not proceed either (Table 3, entries 5 and 6). Hence,
the best conditions for promoting the aminolysis reactions involved the use of ChCl/urea
1: 2 as the solvent at 110 ◦C.

Accordingly, a series of variously substituted amines were reacted with FDCA-bis-CC
in the above-mentioned conditions (Scheme 3).
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Scheme 3. Synthesis of PHURs based on FDCA-Bis-CC and diamines.

As expected, if the reaction with rather nucleophilic amines afforded the desired
PHURs with relatively high molar mass (Table 4, entries 1 and 3) in mild conditions,
we were pleased to note that even at a lower temperature (65 ◦C instead of 110 ◦C), the
reactivity was still preserved opening promises for the use of short polyamines displaying
low boiling points and high nucleophilicity. Even less nucleophilic amines such as IPDA or
the α-methylated amines were reactive enough to afford the corresponding PHURs (Table 4,
entries 4–7), whilst generally with lower Mn.

Table 4. Properties of PHURs.

Entry Diamines T (◦C) t (h) Mn (g/mol) D

1 EDR-148 110 24 24,578 1.00
2 DA6 110 40 18,137 1.08
3 EDR-148 65 48 25,320 1.03
4 IPDA 110 40 27,374 1.08
5 Jeff D-2000 110 40 6784 1.01
6 Jeff T-403 110 40 32,113 1.04
7 Jeff T-3000 110 40 7386 1.01

3. Conclusions

In this work, we disclose a novel, green, and additives-free method to synthesize
PHURs even with α-methyl primary amine that generally displays poor reactivity. This
is made possible by the use of the ChCl/urea DES, which is used both as a green solvent
and a catalyst. In addition, the high solvent power of the DES allows for the synthesis of
polymers displaying a rather high Mn. Furthermore, as the bis-carbonate used as the key
reagent contains an FDCA moiety that is known to favor biodegradability [40–43], it is
expected that this approach will allow the development of bio-degradable PHURs. Work is
currently underway in our Laboratory to expand further the versatility of the approach.
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4. Experimental Section
4.1. Material

FDCA, dimethyl carbonate (DMC), 4-dimethylaminopyridine (DMAP), acetamide (AcNH2),
ChCl, 3-(aminomethyl)-3,5,5-trimethylcyclohexanamine (IPDA), N,N-Dimethylformamide
(DMF), and hexane-1,6-diamine (DA6) were purchased from Aldrich. ethylene glycol
bis(2-aminoethyl) ether (EDR-148) was purchased from Merck KGaA company (Darmstadt,
Germany). Jeff D-2000, Jeff T-403, and Jeff T-3000 were purchased from Huntsman com-
pany (Salt Lake City, UT, USA). All the chemicals were used without further purification.
Number-average molecular weight (Mn); dispersity (D).

4.2. Synthesis of GC

Glycerol (0.4 mol, 36.84 g), DMC (1.4 mol, 126 g), and CaO (6% mmol, 1.35 g) were
loaded into a 250 mL round-bottom flask equipped with a condenser and reacted at 75 ◦C
for 5 h. After cooling at room temperature, the catalyst was removed by filtration. MeOH
and excess DMC were removed at 45 ◦C under reduced pressure. The reaction mixture was
purified by silica gel chromatography using AcOEt/cyclohexane (2:1) as the eluent. The
expected GC was obtained in 86% yield (40.6 g) as a colorless oil [44,45].

1H NMR (300 MHz, DMSO) δ 5.28 (t, J = 5.6 Hz, 1H), 4.80 (ddd, J = 5.9, 4.3, 2.8 Hz,
1H), 4.51 (t, J = 8.3 Hz, 1H), 4.30 (dd, J = 8.2, 5.8 Hz, 1H), 3.69 (ddd, J = 12.6, 5.5, 2.8 Hz, 1H),
3.52 (ddd, J = 12.6, 5.7, 3.3 Hz, 1H).

13C NMR (75 MHz, DMSO) δ 155.33 (s), 77.15 (s), 65.98 (s), 60.70 (s).
IR (νmax cm−1) 3411(-OH), 1760 (CC C=O).
MS: [M + H]+ 119.1, [M + Na]+ 141.0.

4.3. Synthesis of Dimethyl Furan-2,5-dicarboxylate (DM-FDCA)

To a solution of 2,5-furandicarboxylic acid (70 mmol, 10.9 g) in dry MeOH (500 mL),
98% sulfuric acid (0.7 mL) was added. The resulting solution was heated at 65 ◦C for
4 d. The solution was cooled and concentrated in vacuo. The residue was filtered and
washed with a saturated aqueous NaHCO3 solution (4 × 60 mL) and water until neutral
pH. Dimethyl furan-2,5-dicarboxylate (DM-FDCA) was obtained as a white solid in 97%
yield (12.5 g) [46,47].

1. H NMR (300 MHz, CDCl3) δ 7.19 (s, 2H), 3.89 (s, 6H).
13C NMR (75 MHz, CDCl3) δ 158.46 (s), 146.69 (s), 118.56 (s), 52.47 (s).
IR (νmax cm−1): 1720 (ester C=O).
MS [M + H]+ 185.0, [M + Na]+ 207.0.

4.4. Synthesis of Furan-2,5-dicarboxylate Bis Cyclic Carbonate (FDCA-Bis-CC)

Dimethyl Furan-2,5-dicarboxylate (55 mmol, 10.1 g), GC (2.5 equiv., 16.2 g) and DMAP
(2 mol%, 134 mg) were dissolved in 200 mL dry toluene. The reaction mixture was stirred
at 90 ◦C for 5 d under a gentle flux of air to remove MeOH. After the reaction, the residue
was filtered off and washed with acetone (20 mL × 3) three times. Finally, we obtained the
Furan-2,5-dicarboxylate bis cyclic carbonate as a white solid in a 95% yield (18.6 g) [21].

1H NMR (400 MHz, DMSO) δ 7.43 (s, 2H), 5.26–5.06 (m, 2H), 4.72–4.46 (m, 6H), 4.40
(dd, J = 8.4, 6.1 Hz, 2H).

13C NMR (101 MHz, DMSO) δ 156.79 (s), 154.65 (s), 145.81 (s), 119.64 (s), 74.15 (s),
66.05 (s), 64.56 (s).

IR (νmax cm−1): 1777 (CC C=O), 1735 (ester C=O).
MS: [M + H]+ 357.0, [M + Na]+ 379.0.

4.5. Synthesis of the DESs

The hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) were added to
the round flask in the appropriate proportion. The mixture was stirred and heated slowly
until a homogeneous colorless liquid was formed with no visible precipitate.
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4.6. ChCl/Urea

Using the general procedure, 5 mmol ChCl and 10 mmol urea were stirred at 75 ◦C
until a homogenous solution was obtained [48].

4.7. PHURs Syntheses

General procedure: FDCA-Bis-CC (1 equiv.) and the appropriate diamine were intro-
duced in a round bottom flask under argon. ChCl/urea (1:2) was added and the reaction
mixture was stirred under argon until the monomer was consumed. The reaction mixture
was purified by dialysis to remove the DES and the short oligomers.

4.8. PHURs Synthesized from FDCA-Bis-CC and EDR-148 at 110 ◦C in ChCl/Urea

FDCA-Bis-CC (712 mg, 2 mmol), EDR-148 (296 mg, 2 mmol), and 2 mL of DES
(ChCl/urea = 1:2) were introduced in a 25 mL flask. The flask was evacuated and re-filled
with argon for several times, and finally heated at 110 ◦C for 24 h. After the reaction, the
mixture was poured into a dialysis bag (MWCO = 3500), and extracted three times every
three hours with 500 mL water.

1H NMR (400 MHz, DMSO) 8.6 (urethane N-H), 7.1 (furanic β H).
13C NMR (101 MHz, DMSO) 157 (ester), 155 (urethane), 148 (furanic α C), 114 (furanic β C).
IR (νmax cm−1): 1723 (ester C=O), 1680 (urethane C=ONO), 1525 (urethane N-H).
Mn = 19,849, D = 1.05.

4.9. PHURs Synthesized from FDCA-Bis-CC and DA6 in CHCl/Urea

FDCA-Bis-CC (712 mg, 2 mmol), DA6 (232 mg, 2 mmol) and 2 mL of DES (ChCl/urea
= 1:2) were introduced in a 25 mL flask. The flask was evacuated and re-filled with argon
several times, and finally heated at 110 ◦C for 40 h. After the reaction was completed, water
was used to remove the DES.

1H NMR (400 MHz, DMSO) 8.7 (urethane N-H), 7.1 (furanic β H).
13C NMR (101 MHz, DMSO) 157 (ester), 155 (urethane), 148 (furanic α C), 114 (furanic β C).
IR (νmax cm−1): 1785 (terminal carbonate), 1713 (ester C=O), 1650 (urethane C=ONO),

1535 (urethane N-H).
Mn = 18,137, D = 1.08.

4.10. PHURs Synthesized from FDCA-Bis-CC and IPDA at 110 ◦C in ChCl/Urea

FDCA-Bis-CC (712 mg, 2 mmol), IPDA (340 mg, 2 mmol), and 2 mL of DES
(ChCl/urea = 1:2) were introduced in a 25 mL flask. The flask was evacuated and re-
filled with argon several times, and finally heated at 110 ◦C for 24 h. After the reaction was
completed, water was used to remove the DES.

1H NMR (400 MHz, DMSO) 8.4–8.7 (urethane N-H), 7.1 (furanic β H).
13C NMR (101 MHz, DMSO) 157 (ester), 155 (urethane), 148 (furanic α C), 114 (furanic β C).
IR (νmax cm−1): 1810 (terminal carbonate) 1712 (ester C=O), 1651 (urethane C=ONO),

1540 (urethane N-H).
Mn = 27,374, D = 1.08.

4.11. PHURs Synthesized from FDCA-Bis-CC and Jeffamine D-2000 in CHCl/Urea

FDCA-Bis-CC (712 mg, 2 mmol), Jeffamine D-2000 (4 g, 2 mmol), and 0.5 mL of DES
(ChCl/urea = 1:2) were introduced in a 25 mL flask. The flask was evacuated and re-filled
with argon several times, and finally heated at 110 ◦C for 40 h. After the reaction was
completed, water was used to remove the DES.

1H NMR (400 MHz, DMSO) 8.3–8.6 (urethane N-H), 7.1 (furanic β H).
13C NMR (101 MHz, DMSO) 158 (ester), 155 (urethane), 148 (furanic α C), 114 (furanic β C).
IR (νmax cm−1): 1810 (terminal carbonate), 1720 (ester C=O), 1661 (urethane C=ONO),

1539 (urethane N-H).
Mn = 6784, D = 1.01.
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4.12. PHURs Synthesized from FDCA-Bis-CC and Jeffamine T-403 in CHCl/Urea

FDCA-Bis-CC (534 mg, 1.5 mmol), Jeffamine T-403 (440 mg, 1 mmol), and 0.5 mL of
DES (ChCl/urea = 1:2) were introduced into a glass reactor and heated for 40 h at 110 ◦C
under an Ar atmosphere. After the reaction, water was added to remove the DES.

1H NMR (400 MHz, DMSO) 8.3–8.5 (urethane N-H), 7.1–7.4 (furanic β H).
13C NMR (101 MHz, DMSO) 158 (ester), 155 (urethane), 148 (furanic α C), 114 (furanic β C).
IR (νmax cm−1): 1785 (terminal carbonate), 1708 (ester C=O), 1652 (urethane C=ONO),

1539 (urethane N-H).
Mn = 32,113, D = 1.04.

4.13. PHURs Synthesized from FDCA-Bis-CC and Jeffamine T-3000 in CHCl/Urea

FDCA-Bis-CC (534 mg, 1.5 mmol), Jeffamine T-3000 (3 g, 1 mmol), and 0.5 mL of DES
(ChCl/urea = 1:2) were introduced into a glass reactor and heated for 40 h at 110 ◦C under
an Ar atmosphere. After the reaction, water was added to remove the DES.

1H NMR (400 MHz, DMSO) 8.1–8.5 (urethane N-H), 7.1–7.3 (furanic β H)
13C NMR (101 MHz, DMSO) 157 (ester), 155 (urethane), 148 (furanic α C), 115 (furanic β C).
IR (νmax cm−1): 1813 (terminal carbonate), 1720 (ester C=O), 1650 (urethane C=ONO),

1534 (urethane N-H).
Mn = 7486, D = 1.01.

Author Contributions: Conceptualization, G.S. and B.A.; methodology, G.S.; validation, G.S. and B.A.;
formal analysis, G.S.; investigation, G.S.; writing—original draft preparation, B.A.; writing—review and
editing, B.A.; supervision, B.A.; project administration, B.A.; funding acquisition, G.S and B.A. All
authors have read and agreed to the published version of the manuscript.

Funding: CSC funding certification number is: 201906160127, the CNRS and the University Claude
Bernard Lyon 1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The China Scholarship Council (CSC) is deeply acknowledged for providing
financial support to G.S. The University Claude Bernard Lyon 1 and the CNRS are also acknowledged
for their support.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds (GC, DM-FDCA) are available from the authors.

References
1. Bayer, O. Das Di-Isocyanat-Polyadditionsverfahren (Polyurethane). Angew. Chem. 1947, 59, 257–272. [CrossRef]
2. Shen, L.; Haufe, J.; Patel, M.K. Report of Utrecht University Commissioned by European Polysaccharide Network of Excellence and

European Bioplastics; Utrecht University: Utrecht, The Netherlands, 2009.
3. Singh, H.; Jain, A.K. Ignition, Combustion, Toxicity, and Fire Retardancy of Polyurethane Foams: A Comprehensive Review. J.

Appl. Polym. Sci. 2009, 111, 1115–1143. [CrossRef]
4. Gama, N.V.; Ferreira, A.; Barros-Timmons, A. Polyurethane Foams: Past, Present, and Future. Materials 2018, 11, 1841. [CrossRef]
5. Bello, D.; Herrick, C.A.; Smith, T.J.; Woskie, S.R.; Streicher, R.P.; Cullen, M.R.; Liu, Y.; Redlich, C.A. Skin Exposure to Isocyanates:

Reasons for Concern. Environ. Health Perspect. 2007, 115, 328–335. [CrossRef]
6. Kreye, O.; Mutlu, H.; Meier, M.A.R. Sustainable Routes to Polyurethane Precursors. Green Chem. 2013, 15, 1431–1455. [CrossRef]
7. Delebecq, E.; Pascault, J.P.; Boutevin, B.; Ganachaud, F. On the Versatility of Urethane/Urea Bonds: Reversibility, Blocked

Isocyanate, and Non-Isocyanate Polyurethane. Chem. Rev. 2013, 113, 80–118. [CrossRef]
8. Maisonneuve, L.; Lamarzelle, O.; Rix, E.; Grau, E.; Cramail, H. Isocyanate-Free Routes to Polyurethanes and Poly(Hydroxy

Urethane)s. Chem. Rev. 2015, 115, 12407–12439. [CrossRef]
9. de Caro, P.; Bandres, M.; Urrutigoïty, M.; Cecutti, C.; Thiebaud-Roux, S. Recent Progress in Synthesis of Glycerol Carbonate and

Evaluation of Its Plasticizing Properties. Front. Chem. 2019, 7, 308–320. [CrossRef]
10. Sun, J.; Fujita, S.I.; Arai, M. Development in the Green Synthesis of Cyclic Carbonate from Carbon Dioxide Using Ionic Liquids. J.

Organomet. Chem. 2005, 690, 3490–3497. [CrossRef]

http://doi.org/10.1002/ange.19470590901
http://doi.org/10.1002/app.29131
http://doi.org/10.3390/ma11101841
http://doi.org/10.1289/ehp.9557
http://doi.org/10.1039/c3gc40440d
http://doi.org/10.1021/cr300195n
http://doi.org/10.1021/acs.chemrev.5b00355
http://doi.org/10.3389/fchem.2019.00308
http://doi.org/10.1016/j.jorganchem.2005.02.011


Molecules 2022, 27, 4131 9 of 10

11. Bähr, M.; Bitto, A.; Mülhaupt, R. Cyclic Limonene Dicarbonate as a New Monomer for Non-Isocyanate Oligo- and Polyurethanes
(NIPU) Based upon Terpenes. Green Chem. 2012, 14, 1447–1454. [CrossRef]

12. Ochoa-Gómez, J.R.; Gómez-Jiménez-Aberasturi, O.; Ramírez-López, C.; Belsué, M. A Brief Review on Industrial Alternatives for
the Manufacturing of Glycerol Carbonate, a Green Chemical. Org. Process Res. Dev. 2012, 16, 389–399. [CrossRef]

13. Carré, C.; Ecochard, Y.; Caillol, S.; Avérous, L. From the Synthesis of Biobased Cyclic Carbonate to Polyhydroxyurethanes: A
Promising Route towards Renewable Non-Isocyanate Polyurethanes. ChemSusChem 2019, 12, 3410–3430. [CrossRef] [PubMed]

14. Sonnati, M.O.; Amigoni, S.; Taffin de Givenchy, E.P.; Darmanin, T.; Choulet, O.; Guittard, F. Glycerol Carbonate as a Versatile
Building Block for Tomorrow: Synthesis, Reactivity, Properties and Applications. Green Chem. 2013, 15, 283–306. [CrossRef]

15. Behr, A.; Eilting, J.; Irawadi, K.; Leschinski, J.; Lindner, F. Improved Utilisation of Renewable Resources: New Important
Derivatives of Glycerol. Green Chem. 2008, 10, 13–30. [CrossRef]

16. Besse, V.; Camara, F.; Voirin, C.; Auvergne, R.; Caillol, S.; Boutevin, B. Synthesis and Applications of Unsaturated Cyclocarbonates.
Polym. Chem. 2013, 4, 4545–4561. [CrossRef]

17. Werpy, T.P.G. Top Value Added Chemicals from Biomass: Volume I—Results of Screening for Potential Candidates from Sugars and
Synthesis Gas; National Renewable Energy Laboratory: Golden, CO, USA, 2004.

18. Gómez Millán, G.; Hellsten, S.; Llorca, J.; Luque, R.; Sixta, H.; Balu, A.M. Recent Advances in the Catalytic Production of Platform
Chemicals from Holocellulosic Biomass. ChemCatChem 2019, 11, 2022–2042. [CrossRef]

19. Cornille, A.; Auvergne, R.; Figovsky, O.; Boutevin, B.; Caillol, S. A Perspective Approach to Sustainable Routes for Non-Isocyanate
Polyurethanes. Eur. Polym. J. 2017, 87, 535–552. [CrossRef]

20. Ecochard, Y.; Caillol, S. Hybrid Polyhydroxyurethanes: How to Overcome Limitations and Reach Cutting Edge Properties? Eur.
Polym. J. 2020, 137, 10915. [CrossRef]

21. Zhang, L.; Luo, X.; Qin, Y.; Li, Y. A Novel 2,5-Furandicarboxylic Acid-Based Bis(Cyclic Carbonate) for the Synthesis of Biobased
Non-Isocyanate Polyurethanes. RSC Adv. 2017, 7, 37–46. [CrossRef]

22. Deng, J.; Liu, X.; Li, C.; Jiang, Y.; Zhu, J. Synthesis and Properties of a Bio-Based Epoxy Resin from 2,5-Furandicarboxylic Acid
(FDCA). RSC Adv. 2015, 5, 15930–15939. [CrossRef]

23. Florek, J.; Mushtaq, A.; Larivière, D.; Cantin, G.; Fontaine, F.G.; Kleitz, F. Selective Recovery of Rare Earth Elements Using
Chelating Ligands Grafted on Mesoporous Surfaces. RSC Adv. 2015, 5, 103782–103789. [CrossRef]

24. Christoffers, J.; Önal, N. Azeotropic Transesterification of β-Keto Esters. Eur. J. Org. Chem. 2000, 2000, 1633–1635. [CrossRef]
25. Otera, J.; Yano, T.; Kawabata, A.; Nozaki, H. Novel Distannoxane-Catalyzed Transesterification and a New Entry to α, β-

Unsaturated Carboxylic Acids. Tetrahedron Lett. 1986, 27, 2383–2386. [CrossRef]
26. Cornille, A.; Blain, M.; Auvergne, R.; Andrioletti, B.; Boutevin, B.; Caillol, S. A Study of Cyclic Carbonate Aminolysis at Room

Temperature: Effect of Cyclic Carbonate Structures and Solvents on Polyhydroxyurethane Synthesis. Polym. Chem. 2017, 8,
592–604. [CrossRef]

27. Diakoumakos, C.D.; Kotzev, D.L. Non-Isocyanate-Based Polyurethanes Derived upon the Reaction of Amines with Cyclocarbonate
Resins. Macromol. Symp. 2004, 216, 37–46. [CrossRef]

28. Ochiai, B.; Inoue, S.; Endo, T. Salt Effect on Polyaddition of Bifunctional Cyclic Carbonate and Diamine. J. Polym. Sci. Part A
Polym. Chem. 2005, 43, 6282–6286. [CrossRef]

29. Lambeth, R.H.; Henderson, T.J. Organocatalytic Synthesis of (Poly)Hydroxyurethanes from Cyclic Carbonates and Amines.
Polymer 2013, 54, 5568–5573. [CrossRef]

30. Blain, M.; Yau, H.; Jean-Gérard, L.; Auvergne, R.; Benazet, D.; Schreiner, P.R.; Caillol, S.; Andrioletti, B. Urea-and Thiourea-
Catalyzed Aminolysis of Carbonates. ChemSusChem 2016, 9, 2269–2272. [CrossRef]

31. Garipov, R.M.; Sysoev, V.A.; Mikheev, V.V.; Zagidullin, A.I.; Deberdeev, R.Y.; Irzhak, V.I.; Berlin, A.A. Reactivity of Cyclocarbonate
Groups in Modified Epoxy-Amine Compositions. Dokl. Phys. Chem. 2003, 393, 289–292. [CrossRef]

32. Prömpers, G.; Keul, H.; Höcker, H. Polyurethanes with Pendant Hydroxy Groups: Polycondensation of 1,6-Bis-O-
Phenoxycarbonyl-2,3:4,5-Di-O-Isopropylidenegalactitol and 1,6-Di-O-Phenoxycarbonylgalactitol with Diamines. Green
Chem. 2006, 8, 467–478. [CrossRef]

33. Andrioletti, B. Techniques de l’Ingénieur, 2016, CHV4000, 1–7. Available online: https://www.techniques-ingenieur.fr/base-
documentaire/procedes-chimie-bio-agro-th2/voies-de-synthese-et-solvants-alternatifs-42492210/solvants-verts-chv4000/ (ac-
cessed on 29 May 2022).
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