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Cyclic carbonates synthesised from COs:
Applications, challenges and recent research trends

Paolo P. Pescarmona

Cyclic carbonates are a class of versatile compounds that can
be prepared using the greenhouse gas carbon dioxide as a
building block and that can find applications as green solvents
and as a sustainable alternative to toxic reactants currently
used in the chemical industry. The current trends in research
related to cyclic carbonates are reviewed in this contribution.
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Introduction

Cyclic carbonates are a class of compounds that is
receiving growing interest both at academic and indus-
trial level because their preparation and applications
present several attractive features in the context of
green chemistry and sustainability (Fig. 1). Yet, there are
important challenges that still need to be tackled in
terms of catalytic synthesis, of renewability, and of scope
and efficacy of the applications of cyclic carbonates.
This leads to a teeming research area, which is reviewed
here with special focus on current research trends.

Synthesis of cyclic carbonates

The most common and effective route to prepare cyclic
carbonates, also at industrial level, is the cycloaddition
of CO; to epoxides. This reaction has several assets in
the context of green and sustainable chemistry, as it uses
a renewable, nontoxic and widely available reactant as
carbon dioxide; it displays 100% atom efficiency, as all
reactants are incorporated in the product (Fig. 1); and
can be carried out effectively without requiring a
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solvent. The reaction is thermodynamically favourable
as it exploits the high free energy of epoxides to coun-
terbalance the high thermodynamic stability of carbon
dioxide.

On the other hand, it should be noted that this route
alone cannot have a major impact on decreasing the at-
mospheric CO; concentration caused by anthropogenic
emissions, as the current yearly production of cyclic
carbonates (estimated to be in the order of 100 kton/y)
[1] is significantly lower than the worldwide carbon di-
oxide emissions (about 37 000 Mton/y, of which less
than the half are emitted from large point sources, from
which concentrated CO; could be captured and utilised
directly, thus preventing it from entering the atmo-
sphere) [2]. Tackling the global CO; challenge will most
likely require a diversified approach including carbon
capture and utilisation techniques, mitigation of CO;
emissions by improving energy efficiency and minimis-
ing heat losses, switching to nonfossil fuels (eg
hydrogen) and to renewable power (e.g. wind, solar); and
climate engineering (e.g. reforestation) [1].

Another important aspect that should be considered
when evaluating the green character of the synthesis of
cyclic carbonates is the use of epoxides as reactants in
the cycloaddition with CO;. The industrial synthesis of
cyclic carbonates is concentrated on propylene carbon-
ate and ethylene carbonate (Table 1), which are pre-
pared from propylene oxide and ethylene oxide,
respectively. These two epoxides are in turn produced
from the petroleum-based propylene and ethylene. Be-
sides the nonrenewable origin of the starting materials,
another concern in terms of sustainability is the high
toxicity and volatility of propylene oxide and, particu-
larly, of ethylene oxide (which is a gas at room temper-
ature). Several approaches are currently investigated to
tackle these issues, with the target of achieving the safe
production of fully renewable cyclic carbonates. For
what concerns the nonrenewable origin of the starting
compounds, alternative routes for the industrial pro-
duction of ethylene from bio-based ethanol are being
established worldwide, whereas different routes have
been proposed for the production of propylene from bio-
based resources, but these are not yet at the stage of
industrial implementation [1]. In addition, the chemical
industry will most likely adopt these more sustainable
routes only if they become cost-competitive with the
current petroleum-based manufacture, unless driven by
specific governmental regulations or incentives. Several
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Synthesis of cyclic carbonates from CO, and epoxides and selected applications.

other epoxides are commonly investigated for the syn-
thesis of cyclic carbonates, although the main motiva-
tion is currently the academic interest for achieving the
conversion of a wide scope of epoxides including more
challenging ones as styrene oxide or cyclohexene oxide.
Among these epoxides, growing attention has been
devoted to those derived from renewable, bio-based
compounds, such as (R)-(4)-limonene, which is a
naturally occurring terpene that can be extracted from
abundant citrus peels waste from juice production [3];
and unsaturated fatty acids and esters containing one or
more double bonds, which can be prepared from tri-
glycerides present in vegetable oils. The double bonds
in these compounds can be converted catalytically into
epoxide groups, preferably by using a sustainable
oxidant as hydrogen peroxide, which generates water as
the only side product [4]. The successive cycloaddition
of CO; to the epoxide groups in these compounds is
rather challenging due to steric hindrance [3,5—7]. It is
worth noting that bicyclic carbonates can be obtained
from (R)-(+)-limonene and both bicyclic and tricyclic
carbonates can be prepared from unsaturated fatty acids
[6—8]. The obtained fully renewable compounds with
multiple cyclic carbonate groups can find application as
precursors in the synthesis of nonisocyanate poly-
hydroxyurethanes (vide infra) [6]. Another widely stud-
ied epoxide, epichlorohydrin, can be prepared from a
renewable resource as glycerol, which is available on a
large scale as the main side product of the manufacture
of biodiesel. However, the sustainability of the synthesis
of epichlorohydrin is decreased by the use of HCI as
chloride source. It should be noted that epichlorohydrin
is often selected as a substrate in academic studies

mainly because the electron withdrawing nature of the
chlorine renders the conversion to the cyclic carbonate
easier than with other epoxides [9]. Glycerol carbonate
is a more relevant cyclic carbonate that can be obtained
from renewable glycerol [10,48]. This versatile com-
pound can be prepared through a transcarbonation re-
action between dimethyl carbonate or propylene
carbonate and bio-based glycerol. This synthesis route is
more viable than the direct reaction between glycerol
and CO,, which is thermodynamically unfavourable and,
therefore, results in low yields unless the formed water
is removed using sacrificial dehydrating agents. An
attractive, alternative synthesis approach to produce
glycerol carbonate consists in the one-pot reaction of
propylene oxide, CO;, and glycerol [11].

Strategies have been also investigated to overcome the
toxicity of epoxides, particularly in the case of the most
volatile ones, that is, ethylene oxide and propylene
oxide. This can be achieved through the one-pot, direct
synthesis of cyclic carbonates from alkenes, involving
two steps: the epoxidation of the alkene and the sub-
sequent cycloaddition of CO; to the formed epoxide
[1,12]. This approach would allow avoiding the purifi-
cation and handling of the toxic epoxides, thus
increasing significantly the sustainability of the process
while at the same time reducing its costs. However,
different challenges still need to be tackled to make this
approach viable, particularly in the development of
catalytic systems that are able to promote both steps of
the one-pot process at mild conditions, using a green
oxidant such as H;O; or O; (rather than organic perox-
ides) and while minimising the formation of side
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Table 1
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Selected physicochemical properties of the main cyclic carbonates employed as green solvents [10,13].

Besides the specific physicochemical properties (e.g. polarity, protic/aprotic nature, viscosity) that are desirable for being a good solvent in a

chosen application, green solvents should ideally be:

> nontoxic and nonhazardous (e.g. nonflammable and noncorrosive)

> unreactive under operating conditions and yet biodegradable
> easy to separate and to recycle

> sustainably produced (from renewable resources, through a manufacturing process with low energy demand, involving few steps, and in

which no harmful compounds are used or produced)

Ethylene carbonate
(o)

N

(0) 0

/

Formula C3H403
Molecular mass [g/mol] 88.063
Melting point, T, [°C] 36

Boiling point, Ty, [°C] 248

Density, d [g/mL] 1.3214 (39 °C)
Viscosity, n [mPa-s] 1.93 (40 °C)
Dielectric constant, e 89.78 (40 °C)
Dipole moment, |1 [D] 4.9

Refractive index, np
Vapour pressure [kPa]
Flash point [°C]

A{H° [kJ/mol]

Cp, [J/(mol -K)]
Solubility (at 20 °C)

1.4148 (50 °C)

0.003 (25 °C)

143

-581.6 (25 °C, solid)

133.9 (50 °C, liquid)

Miscible in H>O, ethanol, ethyl
acetate, acetic acid, ethyl ether,
chloroform, benzene

Harmful if swallowed, causes
serious eye irritation, may cause
damage to organs (kidney) through
prolonged or repeated exposure
if swallowed

Hazards

Propylene carbonate

(0] (o)

N

Glycerol carbonate

(0] o) (0] [0}
/\ HO\)_/

C4HeO3 C4HeO4

102.090 118.088

-49 -69

242 100-115 (at 0.1 mmHg)

1.2047 (20 °C) 1.4

2.53 (25 °C) 85.4 (25 °C)

66.14 (20 °C) 111.5

4.9 n.a.

1.4189 (20 °C) n.a.

0.131 (50 °C) n.a.

135 190

-613.2 (25 °C, liquid) n.a.

218.6 (25 °C, liquid) n.a.

Very soluble in H>O (240 g/L),
ethanol, acetone, benzene

Very soluble in H,O (>1000 g/L)

Causes serious eye irritation No hazard currently mentioned

in the Safety Data Sheet (SDS)

products to achieve high selectivity towards the cyclic
carbonate product [1].

Catalysts for the cycloaddition of CO; to
epoxides

Different epoxides have different reactivity towards the
cycloaddition of COj, but in all cases a catalyst is
required for the reaction to proceed with acceptable
rates. The nature of the catalyst, in combination with
the nature of the epoxide and the reaction conditions,
plays a crucial role also in determining the selectivity
between the two possible products of the reaction of
CO; with epoxides, that is, cyclic carbonates and poly-
carbonates (Fig. 1). Based on these premises, it is not
surprising that the design and development of active
and selective catalytic systems is a central topic of
research in the domain of the conversion of CO; into
cyclic carbonates. The most common and active cata-
lytic systems for this reaction comprise sites with Lewis
acid character that are able to coordinate the O atom of

the epoxide, thus activating the molecule towards the
nucleophilic attack by a Lewis base, which leads to ring
opening of the epoxide. Next, the insertion of CO; takes
place leading to a carbonate intermediate, which un-
dergoes intramolecular ring closure to yield the cyclic
carbonate product (Fig. 2). The sites with Lewis acid
character can be provided by one or more metal centres
(e.g. in a metal complex) or by metal-free hydrogen bond
donor species (e.g. organic molecules with —OH groups)
[14], whereas the Lewis base species are typically pro-
vided by halides (C17, Br, I"). The two types of active
species can be present within a bifunctional single-
component catalyst or in a binary system consisting of
two separate components. Complete selectivity towards
the cyclic carbonate product is generally achieved with
metal-free catalysts, whereas for metal-containing cata-
lysts the selectivity between cyclic and polymeric car-

bonate typically depends on the nature of the
nucleophilic species and of the metal, on the
nucleophile-to-metal ratio and on the reaction

www.sciencedirect.com
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conditions, all of which can be tuned to maximise the
formation of the desired product [1]. Other, less
common catalytic systems have been proposed to
operate through the initial activation of CO; via a
nucleophilic attack by a non-ionic base (typically N- or
P-containing organic bases) [15,16]. The formed CO;,
adduct can carry out a nucleophilic attack on the
epoxide, with formation of a carbonate intermediate
from which the cyclic carbonate is obtained by ring
closure.

Several homogeneous and heterogeneous catalytic sys-

tems have been developed for the cycloaddition of CO,

to epoxides, with the former having in general higher

activity and the latter having the important asset of

easier separation and reusability.

¢ Among homogeneous catalysts, the class that has been
most widely studied consists of metal complexes,
either as bifunctional or binary catalytic systems.
Recent research trends are focussed on developing
robust, air- and moisture-stable complexes based on
earth-abundant, inexpensive and low-toxicity metals
(e.g. Aland Fe) [17—21]. The most active among these
catalysts are able to operate with very low catalyst
loading (<0.5 mol%, Table 2, entries 1—2), at very
mild conditions, including room temperature re-
actions and pgp, < 10 bar, while achieving high cyclic
carbonate yields with a broad scope of epoxide sub-
strates [22]. Although metal complexes can reach
excellent catalytic activity, their large-scale applica-
bility is typically hampered by complicated and

Figure 2
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Most commonly proposed mechanism for the synthesis of cyclic car-
bonates through the catalytic cycloaddition of CO, to epoxides

[LA = Lewis acid site; X = Cl, Bror I. LA and RX can be separate species
(binary catalytic system) or be part of the same compound (bifunctional
single-component catalyst)].

expensive synthesis procedures. This limitation
stimulated the development of metal-free organo-
catalysts, which generally consist of an organic mole-
cule that acts as hydrogen-bond donor to activate the
epoxide towards the nucleophilic attack by a halide
provided by an organic salt, such as a tetrabuty-
lammonium halide (BuyNX, with X = CI, Br, I) or
bis(triphenylphosphine) iminium halide (PPNX)
[1,5,16]. Although still less active than state-of-the-
art metal complexes, the latest generation of organo-
catalysts is able to achieve high cyclic carbonate yields
with a broad scope of epoxides under mild reaction
conditions. This can be attained through the design
and synthesis of tailored multifunctional organo-
catalysts in which all active sites are present in prox-
imity to each other in the same compound [23]. The
synthesis of chiral bifunctional organocatalysts has
also been reported, allowing the kinetic resolution of
epoxides to produce chiral cyclic carbonates [24],
although with only moderate enantiomeric excess
compared with what can be achieved with state-of-
the-art chiral metal complexes [25]. A different
trend in current research in metal-free catalysts for
the synthesis of cyclic carbonates consists in identi-
fying commercially available, nontoxic and renewable
hydrogen-bond donors to be used in combination with
inexpensive organic halides (¢.g. BusNX). An example
in this context is the use of ascorbic acid as hydrogen
bond donor, which is able promote the cycloaddition
reaction catalysed by BuyNI at room temperature and
at 1—5 bar CO; (Table 2, entry 3) [26]. Recently, it
was demonstrated that water, which can be consid-
ered as the most sustainable and cheapest hydrogen-
bond donor, can effectively promote the activity of
organic halide catalysts (BuyNX, PPNI), allowing to
realise the cycloaddition of CO; to a variety of epox-
ides under very mild conditions (25—45 °C, 10 bar
COg,, Table 2, entry 4) [27]. Another notable devel-
opment is the discovery of the ability of salophens,
which are commonly used as ligands in metal com-
plexes, to act as metal- and halide-free homogeneous
catalysts for the cycloaddition of CO; to epoxides,
although this requires relatively high reaction tem-
perature (120 °C) [28]. In a different context, an
important advance is the development of imidazo-
lium hydrogen carbonate as metal-free bifunctional
catalyst that is able to catalyse the one-pot synthesis
of cyclic carbonates from CO; and styrene (or other
aromatic compounds) with zerz-butyl hydroperoxide
(TBHP) as the oxidant [12].

e Among heterogeneous catalysts, a major trend in the

current research is the design and development of
tailored bifunctional catalysts, as in the case of metal
organic frameworks (MOFs) [29,30] or porous organic
polymers (POPs) [9]. For these classes of materials,
the challenge has been to include both Lewis acid
sites to activate the epoxide and Lewis bases acting as
nucleophilic species in proximity to each other within

Current Opinion in Green and Sustainable Chemistry 2021, 29:100457
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Table 2

Selected homogeneous (entries 1-4) and heterogeneous (entries 5—8) catalytic systems for the cycloaddition of CO, to epoxides. All the
data in this table refer to the reaction of propylene oxide (PO) with CO,, yielding propylene carbonate (PC).

Entry Catalyst Cat. loading T[°C] pco, Time Convpp or Selpc TON_A° TON,g° Productivity Ref
[mol%]a [bar] [h] Yieldpc [%] [gpc/
[°/o] (gcat * h)]
1 s ] ~ LA:0.01 90 10 2 29 (Y) >99 2900 580 - 22
k LB: 0.05
1 o«(&r?(ﬂ/ifc'
\° ci/PPNC )
2 LA: 0.01 90 10 2 49 (Y) >99 4900 980 - 22
@ O Q h LB: 0.05
! ) /PPNCI
\_ J/PPNG
3 s o ~ LA:2 RT 5 23 82 (Y) >99 41 21 - 26
\_ HO OH /Bu,NI )
4 LA:0.10mL 25 10 48 85 (Y) >99 3 28 - 27
[ H,0/Bu,NI J LB: 3
5 ~N LA: 0.1 40 10 3 >99 (C) >99 990 566 21.9 32
LB: 0.175
J
6 \ LA: 0.3 60 10 8 97 (Y) >99 334 334 7.4 33
LB: 0.3
. T] _\
X ,/
\_ =\
7 LA: 1.1 25 1.01 48 99 (Y) >99 90 545 0.73 36
LB: 0.2
8 e e\ LA 80 10 18 95 (Y) >99 81 81 1.0 37
Q © @ LB: 1
Amb-OH-1-910  rnr—CH-CHAnnn (Hzigr}m‘

2 Relative to the epoxide.

® Turnover number expressed as molconverted epoxide/MOlactive site (When the conversion was reported) or molcyciic carbonate/MOlactive site (When the
yield was reported), where the active sites are either the Lewis acid sites (TON_a) or the Lewis bases acting as nucleophiles (TON,g).

RT = room temperature.
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the material, without limiting the diffusion of re-
actants and products through the porous structure and
while granting high stability and thus reusability
under operating conditions. MOFs are crystalline
materials with well-defined porous structure and
often with very high specific surface area, whereas
POPs are typically amorphous materials with disor-
dered porosity. Although the lack of ordered pores
with defined size might be considered as a drawback,
POPs benefit from a larger degree of synthetic
freedom, which allows tuning the type and number of
active sites, the pore size and volume and the specific
surface area. This is exemplified by the inclusion of
metal complexes (¢.g. Mg- or Al-porphyrins) [31,32] in
the structure of the POP materials, which was re-
ported to lead to reusable heterogeneous catalysts
with remarkable activity in the cycloaddition of CO;
to epoxides under mild reaction conditions and with
low catalyst loading (Table 2, entry 5) [32]. A metal
centre is not strictly necessary to achieve high cata-
lytic activity: metal-free POPs containing halides as
nucleophiles and hydrogen bond donors to activate
the epoxide have been prepared through careful
choice and tuning of the building blocks [33].
Although the catalytic performance of these materials
is still generally inferior compared to metal-containing
POPs, relatively high turnover numbers and good
conversions under mild conditions can be achieved
(Table 2, entry 6). Promising catalytic activity was also
attained recently with hybrid organic—inorganic cat-
alysts consisting of silsesquioxanes functionalised
with imidazolium groups and covalently grafted on a
silica support [34]. Another original approach in the
design of heterogeneous catalysts for the cycloaddi-
tion reaction consists in preparing a composite mate-
rial in which a polymeric ionic liquid is incorporated
into the pores of a MOF (MIL-101) [35,36]. The
halides provided by the ionic liquid moieties coop-
erate with the Lewis acid sites provided by the metal
centres in the MOE leading to promising catalytic
activity (Table 2, entry 7). Although these de-
velopments in the materials design led to significant
advances in the activity of heterogeneous catalysts,
they typically require complex, multiple-step syn-
thesis methods, making these systems too expensive
for upscaling and industrial application. As a conse-
quence, there is also interest for developing straight-
forward catalytic systems that are preferably metal-
free and in any case consist of abundant elements,
have an accessible and upscalable synthesis method or
are commercially available and yet present catalytic
sites that lead to high activity (e.g. I as nucleophilic
species and —OH groups as hydrogen-bond donors,
Table 2, entry 8) and can be easily and efficiently
recycled [37].

Applications of cyclic carbonates

Among cyclic carbonates, propylene carbonate is the one
most commonly used as green solvent [38—41]. Pro-
pylene carbonate displays suitable properties as polar
aprotic solvent ("Table 1), having high dielectric constant
and dipolar moment, a large temperature range in which
it is liquid at atmospheric pressure (ze. between —49
and 242 °C), relatively low viscosity, and being colour-
less and odourless [10,40—42]. From the health and
safety point of view, propylene carbonate is an excellent
solvent, as it displays low vapour pressure, low toxicity;,
low flammability (high flash point) and is noncorrosive
[10,40]. In addition, it is biodegradable in air and in
water, where it slowly hydrolyses to low toxicity prod-
ucts as propylene glycol and carbon dioxide [10]. For
these properties, propylene carbonate was graded with
the highest score in all categories related to environ-
ment, human health and safety in the GSK Solvent
Sustainability Guide [39], was listed as a safe chemical
by both EU and USA Agencies [43,44] and is thus
generally regarded as a highly green solvent. However,
the definition and quantification of suitable metrics for
determining whether a solvent can be considered green
is a complex and challenging task, which requires
making assumptions that contain a certain degree of
arbitrariness [39,45]. This can explain the apparent
discrepancies that are found in the evaluation of pro-
pylene carbonate, which is identified as problematic by
the CHEM21 Selection Guide [45]. This ranking is
most likely caused by the high boiling point of propylene
carbonate, which implies that removal and recycling of
the solvent would require energy-intensive distillation
under reduced pressure. However, this limitation is not
of general validity and is only relevant for specific ap-
plications in which removal of the solvent is required.
Even in such case, there exist alternative separation
approaches, such as crystallisation, extraction (followed
by the less energy-intensive distillation of the extracting
solvent) or advanced membrane technology (e.g. nano-
filcration) [38]. Based on these considerations, it is
reasonable to consider propylene carbonate as a green
solvent, while being aware of the challenges related to
its separation as a consequence of the high boiling point
(which is a common feature of polar aprotic solvents)
[38,41], and of the downsides related to the fossil origin
and toxicity of the propylene oxide used in its prepara-
tion (vide supra).

The suitable properties of propylene carbonate as polar
aprotic solvent and its green features make it an attractive,
sustainable alternative to conventional, more harmful
polar aprotic solvents such as N,N-dimethylformamide
(DMF), N,N-dimethylacetamide, dimethyl sulphoxide
(DMSO), N-methyl-2-pyrrolidone (NMP), hexamethyl-
phosphoramide (HMPA) and acetonitrile [39,41].

Current Opinion in Green and Sustainable Chemistry 2021, 29:100457
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Ethylene carbonate has similar properties to propylene
carbonate ('Table 1), but is a solid at room temperature
(T, = 36 °C), which renders it less suitable for appli-
cation as a solvent. To overcome this limitation,
ethylene carbonate is generally used as solvent in com-
bination with other compounds (e.g. dimethyl carbon-
ate). A similar restraint is encountered for a number of
other cyclic carbonates, which have melting points
above room temperature (e.g. styrene carbonate and 1,2-
limonene carbonate).

Ethylene carbonate and propylene carbonate are produced
industrially by several companies worldwide and are the
two cyclic carbonates with the largest scale and widest
range of applications [46,47]. High-purity ethylene car-
bonate and, to a lesser extent, propylene carbonate find an
important application as solvent components in the
formulation of electrolytes for lithium-based batteries that
can be used in electronics and electric vehicles. The cyclic
carbonate provides the high dielectric constant compo-
nent that is necessary to dissolve the lithium salts, thereby
generating a conductive electrolyte [1]. Other relevant
applications of propylene carbonate and ethylene car-
bonate as solvents include their use for cleaning, paint
stripping and degreasing [1] and their utilisation in end-
use products as paints and coatings, lubricants, dyes,
cosmetic and personal care products [46,47].

Another cyclic carbonate that is receiving increasing in-
terest is glycerol carbonate, owing to its renewable
character (vide supra), low toxicity, low flammability, wide
range of temperature at which it is a liquid, water solu-
bility and biodegradability (Table 1) [10,48]. Although
less established, the types of potential applications of
glycerol carbonate are similar to those of ethylene car-
bonate and propylene carbonate [10,48]. However, the
rather high viscosity of glycerol carbonate (Table 1)
might be a limitation for its application as solvent.
Besides these industrial applications, cyclic carbon-
ates, and particularly propylene carbonate, are
increasingly investigated as green solvents for a wide
range of (catalytic) chemical syntheses, alone or in
mixtures with other solvents, often providing a suit-
able and more sustainable alternative to conventional
solvents (eg. DMF or dichloromethane) [10,40—
42,49-51].

Although cyclic carbonates have a broad range of
applicability as solvents, they can undergo base-
catalysed ring-opening reactions with alcohols and
amines. While this represents a limitation for their
scope of applicability as solvents, it offers opportu-
nities as reactants for chemical syntheses, providing a
sustainable alternative to toxic compounds as phos-
gene, isocyanates and epoxides [1]. The reaction of
cyclic carbonates with aliphatic alcohols leads to a
transcarbonation, as for example in the reaction of
ethylene carbonate with methanol to produce
dimethyl carbonate. This reaction is employed in the
Asahi Kasei industrial process, which provides a
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greener alternative for the synthesis of bisphenol-A-
based polycarbonates (an important class of engineer-
ing plastics) compared with the conventional route
that uses the extremely toxic phosgene as reactant [1].
The reaction of cyclic carbonates with aliphatic pri-
mary and secondary amines generates urethane groups.
When carried out with a diamine, this reaction offers a
greener alternative to the conventional synthesis of
polyurethanes (an important class of polymers with
application as coatings and foams), which is based on
the reaction of toxic isocyanates with polyols [1,52].
Recent research in the field of nonisocyanate poly
(hydroxy)urethanes is focussed on the development of
soft and rigid foams [53,54]. The family of reactions
between amines and cyclic carbonates is also exploited
for modifying and tuning the properties of epoxy resins
[1]. Cyclic carbonates can also be used in the base-
catalysed alkylation of aromatic compounds with
protic groups and of aliphatic thiols [1,10,54]. Notably,
with these compounds the nucleophilic attack on the
cyclic carbonate occurs on the methylene carbons,
whereas it takes place on the carbon atom of the
carbonyl group in the reaction with aliphatic alcohols
and amines (Fig. 1). The products of these alkylation
reactions find diverse applications in polymer chem-
istry [1].

Conclusions

Cyclic carbonates prepared from CO; find growing ap-
plications as green solvents in several industrial appli-
cations and as sustainable alternatives to toxic
compounds used in the synthesis of polymers (e.g
polycarbonates, polyurethanes). Current research trends
in the field of cyclic carbonates focus on expanding the
scope of their applicability and on developing novel
catalytic systems to maximise the efficiency and the
greenness of their production.

A few notes on good practice
in the testing of catalysts for
the cycloaddition of CO, to
epoxides

To provide a balanced and complete evaluation of the activity of a
catalyst, it is advised to express TON and/or TOF based on both
the Lewis acid sites (e.g. the metal centres or the hydrogen-bond
donors) and the Lewis base sites (e.g. the halides), as in Table 2
For heterogeneous catalysts, it is recommended to calculate and
report the productivity as an additional metric to evaluate the
catalytic activity, as done in Table 2.

It is advised to test new catalysts with a broad scope of epoxides
(e.g. the industrially relevant propylene oxide, and more chal-
lenging substrates as styrene oxide, cyclohexene oxide and 1,2-
limonene oxide).

e When performing catalytic tests, it is advised to use a nonvolatile
internal standard (e.g. mesitylene) during the reaction. This would
allow checking the mass balance and determining if any
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evaporation of the epoxide occurred. This is particularly important
for tests with propylene oxide as substrate, as this epoxide is
highly volatile and can be lost during the depressurisation of the
reactor. This would lead to an overestimation of the epoxide
conversion and cyclic carbonate yield, and thus provide an
incorrect evaluation of the catalytic activity. This issue can be
avoided by using an internal standard during the reaction.

o Typically, the cycloaddition of CO, to epoxides is carried out under
solvent-free conditions. In this context, catalytic tests with very
small amounts of epoxide (i.e. < 10 mmol, which in the case of
propylene oxide would mean < 700 pL) are not recommended, as
itis unlikely that stirring would be efficient under these conditions.

e Care should be taken when performing catalytic tests at low CO,
pressure (e.g. pco, = 1 bar) as under these conditions chances
are that the reaction becomes limited by the available amount of
CO:, (to give a measure of this: assuming an ideal gas behaviour,
a 50 mL reactor filled with 1 bar CO, contains 2 mmol of carbon
dioxide). In this context, it is crucial to report the volume of the
reactor used in the catalytic tests, particularly for those at low CO,»
pressure.

e With the purpose of developing catalysts that could operate with
CO; captured from industrial sources (Fig. 1), it would be useful
to test the performance of the most promising catalysts not only with
pure CO; but also with CO, containing the contaminants commonly
found in flue gases (e.g. H2S, CO, SOy, NOy, Hx0). [1,15]

Declaration of competing interest

The author declares that he has no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this
article.

Acknowledgements

The author acknowledges funding by the H2020 research and innovation
program of the European Union for the RECODE project (Recycling
carbon dioxide in the cement industry to produce added-value additives: a
step towards a CO; circular economy, https://www.recodeh2020.cu, Grant
agreement number 768583).

References
Papers of particular interest, published within the period of review,
have been highlighted as:

*

of special interest

1. Kamphuis AJ, Picchioni F, Pescarmona PP: Green Chem 2019,
21:406—-448.

2. Nocito N, Dibenedetto A: Curr. Opin. Green Sustain. Chem. 2020,
21:34-43.

3. Maltby KA, Hutchby M, Plucinski P, Davidson MG, Hintermair U:
* Chem Eur J 2020, 26:7405—7415.

This is a rich study in which the bio-based (R)-(+)-limonene is selec-
tively converted to either 1,2-limonene oxide or 8,9-limonene oxide with
the environmentally benign H>O, as oxidant and at mild temperature.
Next, the two epoxides are converted into the corresponding cyclic
carbonates, which are then used to generate building blocks for novel
non-isocyanate polyurethanes.

4. Lueangchaichaweng W, Singh B, Mandelli D, Carvalho WA,
Fiorilli S, Pescarmona PP: Appl. Catal. A 2019, 571:180—187.

5. Fiorani G, Stuck M, Martin C, Belmonte MM, Martin E, Escudero-
Adan WC, Kleij AW: ChemSusChem 2016, 9:1304—1311.

6. Longwitz L, Steinbauer J, Spannenberg A, Werner T: ACS Catal
2018, 8:665—-672.

7. Martinez J, Fernandez-Baeza J, Sanchez-Barba LF, Castro-
Osma JA, Lara-Sanchez A, Otero A: ChemSusChem 2017, 10:
2886-2890.

8. Pena Carrodeguas L, Cristofol A, Fraile JM, Mayoral JA,
Dorado V, Herrerias Cl, Kleij AW: Green Chem 2017, 19:
3535-3541.

9. Huang K, Zhang JY, Liu F, Dai S: ACS Catal 2018, 8:9079-9102.

10. Sonnati MO, Amigoni S, Taffin De Givenchy EP, Darmanin T,
Choulet O, Guittard F: Green Chem 2013, 15:283—-306.

11. Alassmy YA, Paalman PJ, Pescarmona PP: ChemCatChem
2021, 13:475-486.

12. Liu J, Yang G, Liu Y, Wu D, Hu X, Zhang Z: Green Chem 2019,
*  21:3834-3838.

The one-pot conversion of styrene to styrene carbonate was achieved
with good selectivity (78% at 54% conversion) using TBHP as the
oxidant at relatively mild conditions (65 °C), using a metal-free
hydrogen carbonate ionic liquid as homogeneous bifunctional cata-
lyst. Although TBHP is not the preferred oxidant in terms of sustain-
ability and the catalyst works only with aromatic compounds, this is a
very interesting work as it achieves the direct reaction from styrene to
styrene carbonate without the need of isolating the toxic styrene oxide
intermediate and using a metal-free catalyst.

13. Lide DR: Handbook of organic solvents. CRC Press; 1995.
14. Fiorani G, Guo W, Kleij AW: Green Chem 2015, 17:1375—-1389.

15. Shaikh RR, Pornpraprom S, D'Elia V: ACS Catal 2018, 8:
419-450.

16. Alves M, Grignard B, Mereau R, Jerome C, Tassaing T,
Detrembleur C: Catal. Sci. Technol. 2017, 7:2651—-2684.

17. Della Monica F, Buonerba A, Paradiso V, Milione S, Grassi A,
Capacchione C: Adv Synth Catal 2019, 361:283—-288.

18. Seong EY, Kim JH, Kim NJ, Ahn KH, Kang EJ: ChemSusChem
2019, 12:409-415.

19. Kamphuis AJ, Milocco F, Koiter L, Pescarmona PP, Otten E:
ChemSusChem 2019, 12:3635-3641.

20. Andrea KA, Butler ED, Brown TR, Anderson TS, Jagota D,
Rose C, Lee EM, Goulding SD, Murphy JN, Kerton FM,
Kozak CM: Inorg Chem 2019, 58(16):11231—-11240.

21. LiuJ, Yang G, LiuY, Zhang D, Hu X, Zhang Z: Green Chem 2020,
22:4509-4515.

22. Rintjema J, Kleij AW: ChemSusChem 2017, 10:1274—1282.
This is very welcome contribution as it provides a careful, meaningful
comparison between the state-of-the-art Al-complex catalysts for the
cycloaddition of CO, to epoxides. Comparison between the perfor-
mances of different catalysts is often hampered by the use of different
reaction conditions in the catalytic tests. This paper tackles this issue
through a systematic study.

23. LiuN, Xie YF, Wang C, Li SJ, Wei D, Li M, Dai B: ACS Catal2018,
8:9945-9957.

24. LiYD, Cui DX, Zhu JC, Huang P, Tian Z, Jia YY, Wang PA: Green
Chem 2019, 21:5231-5237.

25. Qin J, Larionov VA, Harms K, Meggers E: ChemSusChem 2019,
12:320-325.

26. Arayachukiat S, Kongtes C, Barthel A, Vummaleti SVC, Poater A,
Wannakao S, Cavallo L, D'Elia V: ACS Sustain Chem Eng 2017,

5:6392—-6397.
27. Alassmy YA, Pescarmona PP: ChemSusChem 2019, 12:
3856—3863.
28. Wu X, Chen C, Guo Z, North M, Whitwood AC: ACS Catal 2019,
* 9:1895-1906.

This article shows that salophens, which are often employed as ligands
in metal complexes, can catalyse the cycloaddition of CO; to several
epoxides with high cyclic carbonate yields employing a catalyst loading
as low as 0.1 mol% with epichlorohydrin, and 1 mol% with propylene
oxide. This is not the first report of a metal-free and halide-free catalyst
for this reaction and a temperature of at least 120 °C is needed to

Current Opinion in Green and Sustainable Chemistry 2021, 29:100457

www.sciencedirect.com


https://www.recodeh2020.eu
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref1
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref1
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref2
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref2
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref3
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref3
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref4
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref4
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref5
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref5
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref6
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref6
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref7
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref7
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref7
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref8
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref8
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref8
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref9
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref10
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref10
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref11
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref11
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref12
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref12
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref13
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref14
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref15
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref15
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref16
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref16
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref17
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref17
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref18
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref18
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref19
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref19
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref20
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref20
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref20
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref21
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref21
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref22
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref23
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref23
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref24
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref24
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref25
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref25
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref26
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref26
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref26
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref27
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref27
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref28
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref28
www.sciencedirect.com/science/journal/24522236

achieve the cycloaddition. Yet, the activity is higher than other catalysts
containing only C, H, O and N atoms. Another relevant feature of this
study is that it demonstrates the remarkable influence that the nature
and position of the substituents on the ligand can have on the catalytic
activity.

29. Liang J, Huang YB, Cao R: Coord Chem Rev 2019, 378:32—-65.

30. Singh Dhankhar S, Ugale B, Nagaraja CM: Chem Asian J 2020,
15:2403-2427.

31. Wang W, Wang Y, Li C, Yan L, Jiang M, Ding Y: ACS Sustain
Chem Eng 2017, 5:4523—-4528.

32. ChenY, Luo R, Xu Q, Jiang J, Zhou X, Ji H: ChemSusChem
2017, 10:2534-2541.

33. Ma D, Liu K, Li J, Shi Z: ACS Sustain Chem Eng 2018, 6:
15050-15055.

34. Calabrese C, Liotta LF, Giacalone F, Gruttadauria M, Aprile C:
ChemCatChem 2019, 11:560-567.

35. Ding M, Jiang HL: ACS Catal 2018, 8:3194—3201.

This is the first report of the original catalyst design that involves the
incorporation of a poly(ionic liquid) into the pores of a MOF, generating
a catalyst that surpasses the activity of the physical mixture of the MOF
and of the poly(ionic liquid). This result was attributed to the increased
accessibility of the active sites of the ionic liquid moieties stemmin zq
from the high specific surface area of the composite material (2462 m</
g), although the vicinity between the active sites provided by the ionic
liquid moieties (Br™ acting as nucleophile) and by the MOF (Cr centres
with Lewis acid character) might also play a role.

36. Aguila B, Sun Q, Wang X, O'Rourke E, Al-Enizi AM, Nafady A,
Ma S: Angew Chem Int Ed 2018, 57:10107—10111.

37. Alassmy YA, Asgar Pour Z, Pescarmona PP: ACS Sustain Chem
Eng 2020, 8:7993—-8003.

38. Jessop PG: Green Chem 2011, 13:1391-1398.

39. Alder CM, Hayler JD, Henderson RK, Redman AM, Shukla L,
Shuster LE, Sneddon HF: Green Chem 2016, 18:3879—3890.

40. Bello Forero JS, Hernandez Munoz JA, Jones Junior J, da
Silva FM: Curr Org Synth 2016, 13:834—-846.

Cyclic carbonates from CO, Pescarmona 9

41. Gao F, Bai R, Ferlin F, Vaccaro L, Li M, Gu Y: Green Chem 2020,
22:6240-6257.

42. Schaffner B, Schaffner F, Verevkin SP, Bérner A: Chem Rev
2010, 110:4554—-4581.

43. European Chemicals Agency (ECHA), Propylene carbonate
substance information, https://echa.europa.eu/substance-
information/-/substanceinfo/100.003.248 (accessed on October
29, 2020).

44. Stone KR: Environmental profile for propylene carbonate. Wash-
ington DC: United States Environmental Protection Agency; 1998.

45. Prat D, Wells A, Hayler J, Sneddon H, McElroy CR, Abou-
Shehada S, Dunn PJ: Green Chem 2016, 18:288—296.

46. https://www.futuremarketinsights.com/reports/ethylene-
carbonate-market (accessed on October 29, 2020).

47. https://www.marketresearchfuture.com/reports/propylene-
carbonate-market-8089 (accessed on October 29, 2020).

48. Christy S, Noschese A, Lomeli-Rodriguez M, Greeves N, Lopez-
Sanchez JA: Curr. Opin. Green Sustain. Chem. 2018, 14:99—-107.

49. Chen S, Penn RL: Cryst Growth Des 2019, 19:4332—4339.

50. Borrell M, Costas M: ACS Sustain Chem Eng 2018, 6:
8410-8416.

51. Orsy G, Fulép F, Mandity IM: Green Chem 2019, 21:956—961.

52. Bobbink FD, van Muyden AP, Dyson PJ: Chem Commun 2019,
55:1360—1373.

53. Sternberg J, Pilla S: Green Chem 2020, 22:6922—-6935.

This a creative and innovative piece of research in which inexpensive,
bio-based Kraft lignin is functionalised with glycerol carbonate, un-
dergoes transcarbonation with dimethyl carbonate and is then cross-
linked with a fatty-acid based diamine to generate a non-isocyanate
polyurethane foam with 100% bio-based carbon content and shape-
memory properties.

54. Monie F, Grignard B, Thomassin JM, Mereau R, Tassaing T,
Jerome C, Detrembleur C: Angew Chem Int Ed 2020, 59:
17033-17041.

www.sciencedirect.com

Current Opinion in Green and Sustainable Chemistry 2021, 29:100457


http://refhub.elsevier.com/S2452-2236(21)00013-4/sref29
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref30
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref30
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref31
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref31
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref32
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref32
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref33
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref33
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref34
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref34
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref35
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref36
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref36
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref37
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref37
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref38
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref39
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref39
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref40
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref40
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref41
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref41
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref42
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref42
https://echa.europa.eu/substance-information/-/substanceinfo/100.003.248
https://echa.europa.eu/substance-information/-/substanceinfo/100.003.248
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref44
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref44
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref45
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref45
https://www.futuremarketinsights.com/reports/ethylene-carbonate-market
https://www.futuremarketinsights.com/reports/ethylene-carbonate-market
https://www.marketresearchfuture.com/reports/propylene-carbonate-market-8089
https://www.marketresearchfuture.com/reports/propylene-carbonate-market-8089
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref48
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref48
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref49
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref50
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref50
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref51
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref52
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref52
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref53
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref54
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref54
http://refhub.elsevier.com/S2452-2236(21)00013-4/sref54
www.sciencedirect.com/science/journal/24522236

	Cyclic carbonates synthesised from CO2: Applications, challenges and recent research trends
	Introduction
	Synthesis of cyclic carbonates
	Catalysts for the cycloaddition of CO2 to epoxides
	Applications of cyclic carbonates
	Conclusions

	A few notes on good practice in the testing of catalysts for the cycloaddition of CO2 to epoxides
	Declaration of competing interest
	Acknowledgements
	References


