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Dyes as efficient and reusable organocatalysts for
the synthesis of cyclic carbonates from epoxides
and CO,t

Jing Chen, 2 Giulia Chiarioni,? Gert-Jan W. Euverink ©® and
Paolo P. Pescarmona (2 *2

Inexpensive dyes available at the industrial scale, namely, rhodamine B (RhB), rhodamine 6G (Rh6G) and
methylene blue (MB), were investigated as organocatalysts for the cycloaddition of CO, to styrene oxide
to yield styrene carbonate under solvent-free conditions (80 °C, 10 bar CO,, 24 h). Each of these dyes
consists of a bulky cation, and a chloride anion that can act as a nucleophilic catalytic species in the
target reaction. In order to prepare additional catalysts, the Cl™ containing dyes were ion-exchanged with
KX (X = Br, I) to afford their counterparts with Br~ or |~ as the anion. Among this set of nine organo-
catalysts (three dyes, each with three types of halide), the highest yield of styrene carbonate was obtained
with Rh6G-I, and trends were identified based on the nature of the organic cation and halide, with the
latter having a much larger impact on the activity (I > Br~ > Cl7). Additionally, we explored the effect of
adding H,O as a green, inexpensive hydrogen bond donor acting as a co-catalyst, further optimising the
styrene carbonate yield (96% with RhB-I and Rh6G-I in the presence of 50 mg H,O). However, the activity
of these organocatalysts was only modest if the reaction temperature was decreased to 45 °C. To tackle
this limitation, we designed a tailored yet straightforward modification of RhB-| to synthesise a bifunc-
tional organocatalyst bearing a hydrogen bond donor in proximity of the iodide anion (RhB-EtOH-I). This
strategy proved successful and the RhB-EtOH-| catalyst achieved a major increase in styrene carbonate
yield (29% after 18 h at 45 °C, 10 bar CO,) compared to the RhB-I/H,O catalytic system (7%). The
RhB-EtOH-I catalyst was also versatile and promoted the conversion of a broad scope of epoxides with
good to high cyclic carbonate yields under relatively mild reaction conditions (60 °C, 10 bar, 24 h).
Although these dye organocatalysts were homogeneous, RhB-EtOH-I could be easily recovered by pre-
cipitation with diethyl ether and reused without any loss of catalytic activity. Additionally, we demon-
strated that nanofiltration was an effective technique for removing the dye organocatalysts from the cyclic
carbonate, affording a high purity product (<0.1 ppm of RhB in propylene carbonate). The metal-free
nature of the optimum organocatalyst (RhB-EtOH-I), its facile preparation and the low cost and commer-
cial availability of its precursors, its promising activity under mild reaction conditions and its reusability are
all assets in the context of green chemistry and for potential large-scale applicability.

years." One of the drivers behind these research efforts is the
public concern about climate change arising from the current

The utilisation of CO, to synthesise valuable chemicals, poly-
mers, and fuels has been a growing research area in recent
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high atmospheric CO, concentration caused by anthropogenic
CO, emissions (ca. 35 Gton CO, emissions in 2021)."* Another
reason for investigating the conversion of CO, into useful pro-
ducts is its renewable nature, abundancy and low toxicity,
which makes it a green, inexpensive C1 feedstock that can par-
tially substitute fossil-based resources.” However, CO, is a
rather stable and inert molecule as the carbon atom is present
in its highest oxidised state.” The thermodynamic limitation
can be overcome by reacting CO, with high-energy substrates,
such as epoxides, hydrogen or amines, while the kinetics of
CO, conversion can be improved by utilising appropriate
catalysts.>® Particularly, the reaction of CO, and epoxides to

This journal is © The Royal Society of Chemistry 2023
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yield cyclic carbonates is a promising route in the context of
green chemistry as it has a theoretical 100% atom efficiency, it
can be generally carried out under solvent-free conditions at
relatively mild temperature and CO, pressure, and the
obtained cyclic carbonates typically have low toxicity, high
boiling point and high polarity, leading to a wide range of
applications as green solvents, components for electrolyte
solutions for lithium-based batteries, monomers for the prepa-
ration of polymers, and reactants for organic synthesis.””®

The simplest and most affordable catalysts for the cyclo-
addition of CO, to epoxides are halide salts, among which the
ones that show the best catalytic performance are organic
halides such as imidazolium salts, quaternary ammonium
salts and phosphonium salts.”"" These compounds possess a
halide nucleophilic species, which catalyses the reaction by
causing the initial ring opening of the epoxide, followed by
nucleophilic attack of the obtained alkoxide on CO, and finally
by ring closure with formation of the cyclic carbonate product
(Scheme $17).">'> Among the organic halides, phosphonium
salts such as PPNCI (bis(triphenylphosphine) iminium chlor-
ide) display high catalytic activity due to the delocalisation of
the positive charge and the bulky nature of the cation, which
make the halide more readily available for acting as a
nucleophile.”>™*®> However, phosphonium salts are not ideal
from the green chemistry point of view because their synthesis
involves toxic organophosphines.’®'” More generally, these
organocatalysts are significantly less active than catalytic
systems that also contain metal centres acting as Lewis acids,
which accelerate the reaction by activating the epoxide towards
the nucleophilic attack by the halide.'*'®'® State-of-the-art
metal-based homogeneous and heterogeneous catalysts enable
the reaction of CO, with epoxides under milder conditions (i.e.
T < 45 °C and pco, < 10 bar) compared to the organic halides
alone."'®?° However, the costly and complex synthesis of
these metal-based catalysts, and the toxicity of some of the
employed metals, are concerns for large-scale applications.*"*?
Hydrogen bond donors (HBDs) are a green alternative to metal
centres as Lewis acid species that has been increasingly investi-
gated in recent years. HBDs can activate the epoxide by
forming a hydrogen bond with its oxygen atom.'®**>* Several
types of HBD compounds have been explored, ranging from
organic acids®>*® and alcohols®>”*® to phenolic derivatives,***°
silanediols,*" and H,0.">?” Notably, bio-based compounds are
often rich in HBD groups and several of them (e.g. amino
acids, chitosan, cellulose, lignin) have been used for this appli-
cation.>® HBDs are generally utilised as part of a binary cata-
lytic system in combination with an organic halide, and most
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commonly with Bu,NX or PPNX (X = CI, Br, I).'>?%3
Compared to organic HBDs, H,O is preferable in the context of
green chemistry as it is non-toxic, inexpensive, abundant,
renewable and, in general, easier to separate.'” An attractive
alternative is to design a single-component bifunctional cata-
lyst in which the nucleophile and an HBD group (e.g. -OH,
—-COOH, or -NH-) are present in the same compound, and pre-
ferably in close proximity to each other to enhance their
cooperation.** This type of metal-free bifunctional catalyst
design has been developed both for homogeneous and hetero-
geneous catalysts.'>**?%*” The homogeneous ones generally
display higher activity but suffer from complex and costly cata-
lyst separation and recycling.”*” This limitation is intrinsically
overcome with heterogeneous catalysts, though this typically
comes at the cost of lower catalytic activity due to worse acces-
sibility for the active sites.’” ** Therefore, designing metal-free
bifunctional catalysts that combine the advantages of homo-
geneous and heterogeneous catalysts while avoiding their
limitations is a desirable yet challenging target.

In this work, we aimed at tackling this challenge by study-
ing and optimising the use of rhodamine 6G (Rh6G) and rho-
damine B (RhB) as organocatalysts for the cycloaddition of
CO, to epoxides yielding cyclic carbonates. Both compounds
(Fig. 1) are well known for their application as dyes.*> We
choose to investigate these compounds as they have several
attractive features for the target application: (i) they contain a
chloride anion that can act as a nucleophile and can be easily
exchanged for other halides (bromide, iodide), thus allowing
the catalytic behaviour to be tuned; (ii) they contain a bulky
cation with the positive charge being delocalised over the
xanthene-based core;** (iii) they contain HBD groups (-COOH
in RhB and -NH- in Rh6G); (iv) they have a considerable mole-
cular mass (479 g mol™"), which is significantly higher than
that of cyclic carbonates (e.g. 102 g mol™" for propylene car-
bonate) and which is expected to enable their separation from
the reaction mixture by nanofiltration;**> and (v) they are in-

Rhodamine B (RhB) Rhodamine 6G (Rh6G) Methylene blue (MB)

Fig. 1 Dyes used in this work as organocatalysts for the cycloaddition
of CO, to epoxides.
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Scheme 1 Synthesis of RnB-EtOH-I.
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expensive and commercially available on a large scale.
Additionally, in the case of RhB, tuning of the functional
groups can be achieved through reaction of the carboxyl group
through a simple, accessible protocol (Scheme 1). Designing
and developing a catalyst that has all these features, and thus
combining highly accessible active sites with easy separation,
would represent a clear green advance in the conversion of
CO, into cyclic carbonates.

Results and discussion

Evaluation of dyes as organocatalysts for the cycloaddition of
CO, to styrene oxide

In this study, rhodamine B (RhB) and rhodamine 6G (Rh6G)
were investigated as metal-free bifunctional homogeneous cat-
alysts for the cycloaddition of CO, to epoxides leading to cyclic
carbonates. Previous studies showed that these organocatalysts
in their original chloride form showed only moderate activity
in the conversion of CO, into cyclic carbonates, and needed to
be combined with organic bases or organic halide salts to
achieve acceptable catalytic performance.*®*” Here, we demon-
strate that the catalytic performance of RhB and Rh6G can be
boosted dramatically through a series of tailored and yet
straightforward modifications. The first, notable enhancement
of the catalytic activity of RhB and Rh6G was achieved by ion
exchange of the dye with either KBr or KI. This set of organo-
catalysts (RhB-X and Rh6G-X, with X = Cl, Br, I) was tested for
the conversion of CO, and styrene oxide into styrene carbonate
under relatively mild conditions (80 °C, 10 bar CO,, 24 h). This
was selected as the test reaction because styrene oxide is a
rather challenging substrate for the cycloaddition reaction
(compared for example to the often reported propylene oxide
or epichlorohydrin).*®* The performance of these organo-
catalysts was compared to that of methylene blue (MB) and its
ion-exchanged derivatives (MB-X, with X = Cl, Br, I), as this dye
is characterised by a smaller cation and does not contain HBD
groups (Fig. 1). As shown in Table 1, the organocatalysts con-
taining Cl~ as an anion were rather inefficient towards the con-
version of CO, and styrene oxide into styrene carbonate
(Table 1, entries 1-3). On the other hand, RhB-Br and MB-Br
gave intermediate yields of cyclic carbonate product (entries 4
and 5) and all the organocatalysts with iodide as an anion
achieved good -catalytic activity (entries 7-9); the highest
styrene carbonate yield (81%) was obtained with Rh6G-I. The
selectivity towards the cyclic carbonate product was virtually
complete in all these tests. The observed trend of increasing
activity in the order of CI~ < Br~ < I” was observed before for
other catalysts active in the cycloaddition reaction and can be
correlated to the leaving ability of the three halides, which fol-
lowed the same order.'>?**° This implies that with these cata-
lysts the ring closure with the formation of the cyclic carbon-
ate, during which the halide leaves the reaction intermediate
(see Scheme S17), is the rate-determining step of the reaction.
However, the leaving ability of the halide acting as a nucleo-
phile is not sufficient to explain the much lower activity of
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Table 1 Screening of (ion-exchanged) dyes as organocatalysts for the
conversion of styrene oxide and CO into styrene carbonate

(e}
o)
Catalyst O)ko
+ CO,
80°C, 10 bar CO,, 24 h ©)—/

Cyclic carbonate

Cyclic carbonate

Entry Organocatalyst yield” [%] selectivity” [%]
1 MB-CI 5 >99
2 RhB-Cl 4 >99
3 Rh6G-Cl 6 >99
4 MB-Br 33 >99
5 RhB-Br 34 >99
6 Rh6G-Br 4 >99
7 MB-1 66 >99
8 RhB-I 71 >99
9 Rh6G-I 81 >99

Reaction conditions: styrene oxide (20 mmol), organocatalyst (1 mol%
relative to the epoxide), o-xylene (1.5 mmol) as an internal standard,
solvent (if used): propylene carbonate (PC), HBD (if used): H,O, 80 °C,
10 bar CO,, 24 h. “The yield and selectivity were determined by 'H
NMR using o-xylene as internal standard.

Rh6G-Br compared to RhB-Br and MB-Br (entries 4-6) while its
counterpart in iodide form, Rh6G-I, shows higher activity than
RhB-I and MB-I (entries 7-9). To understand this complex
behaviour, it is necessary to take the solubility of the different
(ion-exchanged) dyes in the reaction mixture into account
(Table S1t). Incomplete solubility of the organocatalyst in the
reaction mixture is undesirable as the fraction that remains
undissolved would be much less accessible for the epoxide
and CO, and would thus contribute much less to the catalytic
activity. Visual assessment of the solubility of each catalyst
before the reaction, either at room temperature or at the reac-
tion temperature (80 °C), and again at room temperature at the
end of the catalytic test showed some general trends: (i) the
solubility of all dyes increases in the presence of styrene car-
bonate and it is higher at the end of the reaction at room
temperature than before the reaction, unless the carbonate
yield is extremely low; (ii) the dyes in iodide form are the most
soluble in the reaction mixture, followed by those in chloride
and bromide forms; (iii) for each halide, RhB is the most
soluble dye, followed by MB and Rh6G. These trends enable us
to explain the observed low catalytic performance of Rh6G-Br,
and also suggest that large differences in activity as a function
of the nature of the halide are not only due to the trend in
leaving ability discussed above but are also related to the solu-
bility of the catalyst in the reaction mixture.

Another factor that is expected to influence the catalytic
activity of organic halides is the nature of the cation, which in
the case of the dyes studied in this work can have two effects:
(i) the size and delocalisation of the positive charge over the
cation affect the electrostatic interaction with the halide, thus
determining its availability to act as a nucleophile;”">*®
(ii) the presence of functional groups that can contribute to
the catalytic performance. Besides the -COOH group in RhB,

and

This journal is © The Royal Society of Chemistry 2023
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which can act as an HBD to activate the epoxide towards
nucleophilic attack by the halide,?® there are three types of
N-containing groups in the dyes: (1) R,HN" groups (in Rh6G);
(2) R;NM groups (in RhB and MB); and (3) N-heterocyclic
group (in MB). Both type (1) and type (2) sites have partial
iminium and partial amine character because the positive
charge is delocalised over the organic cation (conventionally,
one of the two groups is drawn as an amino group and the
other as an iminium group - see Fig. 1).>° The type (1) groups
in Rh6G can in principle act as hydrogen bond donors.
However, the delocalisation of the positive charge implies an
HBD behaviour that is intermediate between that of a second-
ary amine and that of an iminium group, with the latter being
expected to be more effective as an HBD.>"*> The type (2)
groups do not contain H atoms that can act as HBDs. On the
other hand, this group could in principle activate CO, as a
base.>® However, the delocalisation of the positive charge
implies that the basicity of these groups is weak.>* The type (3)
group in MB is part of the thiazine ring located between the
two aromatic rings. The resonance effect of the aromatic rings
is expected to lead to a decrease in electron density in the
heterocyclic ring and, as a consequence, to weak basicity for
this group.>>>* The anticipated overall weak basicity of MB is
demonstrated by the relatively high acid dissociation constant
of the conjugate acid of MB (pK, = 3.8)>° compared to the
much lower acidity of the conjugate acid of the bases that are
known to activate CO,, such as DBU (conjugate acid pK, =
24.3) and DMAP (conjugate acid pK, = 18.0).>>*” Based on
these considerations, type (2) and (3) groups in RhB and MB
are not expected to behave as active sites for the CO, cyclo-
addition reaction, whereas type (1) groups may act as mild
HBDs. In order to evaluate the effect of the cation, the discus-
sion can be focussed on the dyes in iodide form, for which the
solubility in the reaction mixture is not a limiting factor
(Table S11). Among these organocatalysts, those containing a
larger cation with an HBD group (Rh6G-I and RhB-I) displayed
the expected higher activity compared to MB-I (Table 1, entries
7-9). However, the significantly higher styrene carbonate yield
obtained with Rh6G-I compared to RhB-I suggests that the
HBD group of the latter (-COOH) is relatively inefficient at pro-
moting the cycloaddition reaction. This can be attributed to
the distance of -COOH from the nitrogen atoms in RhB-I,
close to which the iodide is more likely to be found. It has
been shown that minimising the distance between the HBD
group and the positively charged atom is vital for improving
the catalytic activity of organocatalysts in the cycloaddition of
CO, to epoxides.***® In the RhB structure, the carboxyphenyl
group is preferably oriented perpendicularly to the plane of
the xanthene-based core,”® imposing a long distance between
the -COOH group and the nitrogen atoms, and thus limiting
its contribution as an HBD.

Optimisation of the catalytic activity of the dyes by adding a
solvent

In order to overcome the poor solubility in the initial reaction
medium of MB-X and Rh6G-X when X = Cl or Br (Table S17),

This journal is © The Royal Society of Chemistry 2023
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we utilised a previously reported strategy based on using a
cyclic carbonate as a solvent."® The choice of using a cyclic car-
bonate to increase the solubility of the dye in the reaction
mixture is not only motivated by the high polarity, high
boiling point and low or no toxicity of these compounds,® but
also by the fact that no separation is needed if the carbonate
used is the same as the one produced during the reaction.
Indeed, with several of the dyes tested, we observed that the
solubility in the reaction mixture at room temperature was sig-
nificantly higher at the end of the catalytic test (Table S17), as
a consequence of the formation of styrene carbonate. For prac-
tical reasons, we studied the effect of adding a cyclic carbonate
as a solvent by using propylene carbonate (PC), due to its com-
mercial availability. The effect of PC on the solubility and cata-
Iytic activity of MB-X and Rh6G-X was evaluated by gradually
increasing its amount in the initial reaction solution (Fig. 2).
In all cases, the addition of PC had a beneficial effect on the
solubility of the dye, though the amount required differed
(Table S17t). It was observed that, for each type of halide X (Cl
or Br), MB-X was more soluble in the reaction mixture than
Rh6G-X. Additionally, the dyes with X = Cl show higher solubi-
lity than their counterparts with X = Br (Table S1f). The
enhanced solubility of the MB-X and Rh6G-X organocatalysts
upon adding PC as a solvent resulted in the anticipated
increase in activity (Fig. 2), with the improvement being most
remarkable for MB-Cl, for which the yield of styrene carbonate
increased from 5% without any PC to 61% when the reaction
was carried out with 1.4 mL of PC as a solvent (Fig. 2). The
optimum amount of PC used as a solvent differed between
MB-Cl, MB-Br, Rh6G-Cl and Rh6G-Br, but in all cases the cata-
Iytic performance ultimately decreased when a larger amount
of PC was used, most likely due to reduced contact between
the catalyst and substrate caused by dilution of the reaction
mixture."”

100
L —e— MB-CI
90 - MB-Br
—o— MB-I
80 —e—Rh6G-CI
70 | —— Rh6G-Br
—— Rh6G-|

00 05 10 15 20 25 30 35 40 45
PC /mi

Fig. 2 Effect of the use of propylene carbonate (PC) as a solvent on the
catalytic activity of MB-X and Rh6G-X (X = Cl, Br, |) in the reaction of
CO, with styrene oxide. Reaction conditions: styrene oxide (20 mmol),
organocatalyst (1 mol% relative to the epoxide), o-xylene (1.5 mmol) as
internal standard, 80 °C, 10 bar CO,, 24 h.
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On the other hand, in the case of MB-I and Rh6G-I, the
addition of even a small amount of PC as a solvent (0.5 mL)
had a detrimental effect on the catalytic activity (Fig. 2). This
can be rationalised by considering that these dyes were already
rather soluble in the initial reaction mixture (Table S17).
Therefore, in this case, the addition of a solvent was not ben-
eficial and caused only an undesired dilution of the reaction
mixture.

Optimisation of the catalytic activity of the dyes by adding H,O
as an HBD

With the purpose of further improving the catalytic activity of
MB-X, RhB-X and Rh6G-X (X = Cl, Br, I) in the CO, cyclo-
addition reaction, we investigated the effect of adding H,O as
a green, inexpensive HBD. In the case of MB-X and Rh6G-X
with X = CI or Br, we also used 1 mL of PC as a solvent to
improve the solubility of the dye in the reaction mixture (vide
supra). When employing 50 mg H,0O as an HBD, the styrene
carbonate yield was significantly improved with all the dye
organocatalysts with the exception of MB-Cl (Fig. 3).
Remarkably, the use of H,O as an HBD allowed almost com-
plete conversion of styrene oxide to be achieved with the dyes
having iodide as the anion (92-96% yield for MB-I, RhB-I,
Rh6G-I). The selectivity towards styrene carbonate was slightly
decreased by the presence of H,O due to the hydrolysis of
styrene oxide into the corresponding styrene diol (1-phenyl-
1,2-ethanol)."® However, the formation of this side product
was minimal (96% yield of styrene carbonate with 97% selecti-
vity when using the optimum catalyst, Rh6G-I). The only dye
for which the addition of H,O as an HBD was detrimental to

= 100

1
[
o

1
S
o
Selectivity / %

1 ml PC used as a solvent
Yield: mm No H20 — 0.05 g H20
Selectivity: ¢ NoH20 ¢ 0.05g H20

Fig. 3 Effect of using H,O as an HBD on the catalytic activity of (ion-
exchanged) dyes as organocatalysts for the conversion of styrene oxide
and CO, into styrene carbonate. Reaction conditions: styrene oxide
(20 mmol), organic catalyst (1 mol% relative to the epoxide), o-xylene
(1.5 mmol) as internal standard, 80 °C, 10 bar CO,, 24 h.
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the catalytic activity was MB-Cl. This drop in activity is attribu-
ted to the polar protic nature of H,O, which implies that the
partially positive charge on its H atoms lead to ion-dipole
interactions with the halides, thus causing a shielding effect
that deceases the nucleophilicity of the halide.">®® The magni-
tude of this effect diminishes by decreasing the strength of the
base (CI” > Br~ > I") and by increasing the size of the anion
(CI” < Br~ < 1").">%! Therefore, the addition of water is ben-
eficial if its effect as an HBD is more substantial than the
shielding effect, and this should happen in the order of I" >
Br~ > CI7.'»?%3%49 1ny this work, this is the case for dyes that
contain iodide and bromide anions. For the dyes with chlor-
ide, the shielding effect becomes the dominant factor for
MB-CIl but not for RhB-Cl and Rh6G-Cl. The difference in
behaviour between the three dyes with chloride anions is
attributed to the presence of HBD groups in the structures of
RhB and Rh6G, which can also interact with the partially nega-
tive charge on the O atoms of H,O through hydrogen
bonding®” and thus mitigate the shielding effect.

Ion-dipole interactions are also expected to take place
between the HBD groups of RhB-X and Rh6G-X and the halide,
with their magnitude being a function of the strength of the
base (CI~ > Br~ > I").%® Such intramolecular interactions can
decrease the nucleophilicity of the halide and thus negatively
affect the catalytic activity.®* This can explain why MB-X, which
does not contain HBD groups, is more active than RhB-X and
Rh6G-X in the experiments without the addition of H,O when
X = Cl and, to a lesser extent, when X = Br, while the trend is
inverted when X = I (Fig. 3, green bars).

With the dyes that proved to be the most active organo-
catalysts, ie. those carrying iodide anions (MB-I, RhB-],
Rh6G-I), we studied the effect of decreasing the catalyst
loading to 0.5 mol% (relative to the styrene oxide) in the pres-
ence of 50 mg H,O in the cycloaddition of CO, to styrene oxide
(Fig. 4). The results showed that in the presence of H,O as an
HBD, similar or slightly higher catalytic activity was obtained
compared with the same dyes employed with a double loading
(1 mol%) but without H,O. This demonstrates that the
amount of organocatalyst can be largely reduced by the use of
H,O as an HBD co-catalyst.

Enhancement of the catalytic activity by functionalisation of
RhB-I

Once the reaction conditions had been optimised and the
most promising dye organocatalysts had been identified (MB-I,
RhB-I and Rh6G-I), we continued our study by investigating
their performance in the cycloaddition of CO, to styrene oxide
at a milder reaction temperature and slightly shorter reaction
time (45 °C, 10 bar CO,, 18 h). Under these conditions, the
catalytic activity was markedly lower compared to the tests per-
formed at 80 °C and only low yields of the styrene carbonate
product were achieved, with a maximum of 11% with Rh6G-I
(Table 2, entries 1-3). Additionally, in all these reactions, a
nearly constant yield of the styrene diol by-product was
obtained (2-3%), which suggests that the hydrolysis of styrene
oxide depends on the presence of H,O and is catalysed by the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Effect of using H,O as an HBD on the catalytic activity of dye-I|
(dye = MB, RhB, Rh6G) combined with a lower catalyst loading relative
to the epoxide (0.5 mol% in tests with H,O, 1 mol% in tests without
H,0). Reaction conditions: styrene oxide (20 mmol), o-xylene
(1.5 mmol) as internal standard, 80 °C, 10 bar CO,, 24 h.

Table 2 Screening of different organocatalysts for the conversion of
styrene oxide and CO, into styrene carbonate under mild reaction
conditions

0
o
@/A Catalyst OJ\O
+ CO,
45 °C, 10 bar CO,, 18 h ©)_/

Yield® Selectivity”  PC as H,0
Entry Organocatalyst [%] [%] solvent [mL] [mg]
1 MB-I 1 18 0 0.05
2 RhB-1 7 67 0 0.05
3 Rh6G-1 11 77 0 0.05
4 MB-1I 7 >99 3.9 0.05
5 Rh6G-1 10 >99 2.0 0.05
6 RhB-EtOH-I 29 >99 0 0
7 RhB-EtOH-I 32 93 0 0.05
8 RhB-EtOH-I 34 88 0 0.10
9? Bu,NI 13 >99 0 0
10°  PPNI 20 >99 0 0
11°  RhB-EtOH-I 34 (297  >99 0 0
12°¢ RhB-EtOH-T 14 >99 0.5 0.05
13/ RhB-EtOH-I 11 >99 0.5 0.05

Reaction conditions: styrene oxide (20 mmol), organocatalyst (1 mol%
relative to the epoxide), o-xylene (1.5 mmol) as an internal standard,
solvent (if used): propylene carbonate (PC), HBD (if used): H,O, 45 °C,
10 bar CO,, 18 h. “The yield and selectivity were determined by 'H
NMR using o-xylene as internal standard. ”Taken from ref. 15.
“Reaction conditions: styrene oxide (60 mmol), organocatalyst
(1 mol% relative to the epoxide), o-xylene (4.7 mmol) as internal stan-
dard, 45 °C, 10 bar CO,, 18 h.  The value in brackets is the isolated
yield of styrene carbonate obtained by column separation. ¢ 60 °C, CO,
balloon, 24 h, avoiding exposure to light. 760 °C, CO, balloon, 24 h,
under visible light irradiation (wavelength range: 400-700 nm).

carbonic acid generated by the dissolution of CO, in the reac-
tion mixture but is largely independent of the dye. As a conse-
quence of the formation of the diol, the selectivity towards
styrene carbonate decreased with its yield (Table 2, entries
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1-3). In line with what was reported above, adding propylene
carbonate as a solvent in the reaction catalysed by MB-I or
Rh6G-I did not improve the yield of styrene carbonate (Table 2,
entries 4 and 5). However, it did suppress to a large extent the
formation of the diol by-product and thus led to much higher
selectivity towards styrene carbonate, probably as a conse-
quence of dilution of the carbonic acid that catalysed the
hydrolysis reaction.

These results prompted us to envisage a strategy to further
improve the catalytic activity of these dye organocatalysts. For
this purpose, we introduced a tailored functionalisation of
RhB-1. The -COOH group present in RhB proved to be ineffi-
cient as an HBD for activating styrene oxide, most likely due to
the large distance between this group and the nitrogen atoms
close to which the iodide nucleophile was expected to be
found (vide supra). Based on this hypothesis, we decided to
modify RhB-I by introducing a terminal ethanol moiety by the
facile reaction of the carboxyl group of RhB-I with 2-bro-
moethanol (Scheme 1). In this way, we aimed at minimising
the distance between the HBD group (-OH) and the
nucleophile.***® Our strategy proved successful and the modi-
fied dye (RhB-EtOH-I) achieved a major improvement in the
yield of styrene carbonate (from 7 to 29%, compare entries 2
and 6 in Table 2), with virtually complete selectivity (>99%).
This result is significantly superior to the activity of bench-
mark commercial organocatalysts, namely, Bu,NI or PPNI
(Table 2, entries 9 and 10)."° An additional advantage of
having an HBD as a functional group within the dye compared
to the use of H,O as an HBD is that the formation of the diol
side product is prevented, leading to the observed full selecti-
vity towards styrene carbonate (Table 2). Moreover, since
RhB-EtOH-I already contains an effective HBD, the addition of
H,0 only led to a minor increase in the catalytic activity but
resulted in a lower selectivity towards styrene carbonate due to
the formation of the diol (Table 2, entries 7 and 8). It is worth
noting that RhB-EtOH-I was fully soluble in the styrene oxide
reaction medium even at room temperature (Table S2t), and
this probably contributed to its high activity in the cyclo-
addition reaction with CO,. Next, we demonstrated that the
synthesis of styrene carbonate using the RhB-EtOH-I catalyst
could be achieved with a similar yet slightly higher yield in a
three-fold scale-up (Table 2, entry 11). The formed styrene car-
bonate product was purified by column separation with
n-hexane/ethyl acetate (3:1) as the eluent, achieving an iso-
lated yield of 29% (which was only slightly lower than the 34%
yield calculated based on analysis of the crude reaction
mixture). "H NMR and ®C NMR spectra (see Fig. S21 and
S22t1) demonstrated the high purity of the collected solid
styrene carbonate.

The performance of our optimum catalyst (RhB-EtOH-I)
was compared to state-of-the-art bifunctional homogeneous
organocatalysts, including phosphonium,?>*%%°
imidazolium®"®**® and ammonium salts,**3*%973 and to
selected halide-free catalysts,”*””® of which some are (partially)
bio-based compounds (see Table S4}). Although a fully mean-
ingful comparison is hindered by the different conditions
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under which these organocatalysts have been tested in the lit-
erature, it can be concluded that our RhB-EtOH-I is fully com-
petitive with the state-of-the-art catalysts, and is able to achieve
good cyclic carbonate yields with a relatively low catalyst
loading (1 mol% relative to the epoxide) at significantly milder
temperatures compared to those employed for most of the
organocatalysts in the literature. When compared to the cata-
lysts that were tested at similar temperatures (45 and 60 °C),
RhB-EtOH-I displayed a similar performance with only a
slightly lower TON and/or TOF compared to the most active
catalysts, which however have the drawback of being based
on phosphonium salts and, therefore, are less desirable in
terms of greenness as their synthesis toxic
organophosphines.'®'”

involves

Investigation of the effect of light on the catalytic activity of
the dyes

The cycloaddition of CO, to styrene oxide has also been
reported to occur using photocatalysts under visible light
irradiation.”® Multiple studies claimed that photocatalytic
materials, such as porphyrin-based MOFs, can promote the
conversion of CO, and epoxides into cyclic carbonates at room
temperature when irradiated with a visible light source (e.g. a
Xe or LED lamp).®°"®* However, the temperature increase in
the photoreactor caused by the irradiation was often not inves-
tigated, leaving doubts about whether the CO, cycloaddition
was thermally or phototriggered.®> A few studies critically
evaluated the temperature of the photocatalytic system and
performed blank CO, cycloaddition reaction tests under the
system temperature without light irradiation,®* or stabilised
the system temperature around room temperature by conduct-
ing the photocatalytic tests in a water bath.®® In this way, for
specific photocatalytic systems, the influence of temperature
was accounted for and the promoting effect of visible light
irradiation on the CO, cycloaddition reaction was demon-
strated. Since dyes absorb light in the visible range and can act
as sensitisers,®® we investigated a possible photocatalytic con-
tribution to their activity by carrying out our test reactions in a
photoreactor (Fig. S3f) under irradiation with visible light
using our optimum catalyst, RhB-EtOH-I. The parent RhB has
visible light absorption peaking at 554 nm, and by irradiation
of a RhB solution with visible light (wavelengths longer than
400 nm), the photoactivated RhB can produce singlet and
triplet excited states.®” RhB-EtOH-I has a similar visible light
absorption spectrum to that of RhB (Fig. S4t), and yet displays
significantly higher activity than the latter in the CO, cyclo-
addition reaction (Table 2, entry 2 vs. entry 6), which suggests
that the observed activity is not of photocatalytic origin.
Indeed, the yield of styrene carbonate obtained with
RhB-EtOH-I under visible light irradiation did not show any
improvement compared to that obtained under the same con-
ditions (including constant T = 60 °C) but without exposure to
visible light (Table 2, entries 12 and 13). Therefore, we can
conclude that there is no photochemical contribution to the
observed activity of RhB-EtOH-I in the reaction of CO, with
styrene oxide yielding styrene carbonate.
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Versatility of dye organocatalysts with different epoxide
substrates

The dye organocatalysts with the most promising activity in
the cycloaddition of CO, to styrene oxide (RhB-I, Rh6G-I and
RhB-EtOH-I) were investigated further by screening their per-
formance with a broad scope of epoxides. This study of the ver-
satility of the organocatalysts was carried out with the assist-
ance of 50 mg H,O as an HBD (Table 3). In the cases in which
the dye organocatalyst was not fully soluble in the reaction
mixture at room temperature (Table S31), a minimum amount
of propylene carbonate (Table 3) was used as a solvent to opti-
mise the solubility. However, this was not beneficial for the
tests with propylene oxide, and in such cases the results
without additional solvent were reported. The reaction temp-
erature was 60 °C and the initial CO, pressure was 10 bar in
most of the tests, apart from those with the more challenging
epoxides (1,2-epoxyhexane, cyclohexene oxide and limonene
oxide), for which harsher conditions were employed (Table 3).
In general, RhB-EtOH-I was the most active of the three dye
organocatalysts, achieving good to excellent cyclic carbonate
yields (from 50 to 92%, Table 3). The only substrate for which
poor results were achieved is limonene oxide, a sterically hin-
dered internal epoxide that is well-known for being recalcitrant
to conversion into the corresponding cyclic carbonate;*®®° neg-
ligible conversion of this compound was observed in all tests
despite the harsher conditions that were employed (entries
19-21). Notably, RhB-EtOH-I achieved very high propylene car-
bonate yield (92%, see entry 3) although it was not fully
soluble in the reaction mixture even at the end of the test
(Table S3). This implies that the activity might still be
improved by enhancing the solubility of the catalyst. Some
general trends were observed based on the inherent steric and
electronic characteristics of the epoxides.*®> Low steric hin-
drance around the epoxide ring facilitates its nucleophilic
attack by the halide anion and the consequent ring-opening
step that initiates the cycloaddition reaction (Scheme S17t),2%%
thus explaining the high conversion and cyclic carbonate yield
achieved with propylene oxide, especially with Rh6G-I and
RhB-EtOH-I (entries 2 and 3). Electron-withdrawing species,
such as the chlorine in epichlorohydrin or the oxygen atom in
allyl glycidyl ether, also promote nucleophilic attack on the
epoxide ring, thus explaining the high conversion and cyclic
carbonate yield obtained with these substrates (entries 4-9).
Cyclohexene oxide is an internal epoxide substrate for which
the conversion into the cyclic carbonate is further hindered by
the geometric strain created by the two connected rings in
cyclohexene carbonate.'>® Therefore, harsh reaction con-
ditions (120 °C, 10 bar CO,, 18 h) were necessary to achieve
good yields of this cyclic carbonate (entries 16-18). Notably,
with cyclohexene oxide the highest carbonate yield (65%) was
obtained with Rh6G-I, possibly as a consequence of the higher
temperature used in these tests, which increased the otherwise
rather low solubility of this dye in the reaction mixture
(Table S37). With all the epoxides tested, the undesired hydro-
lysis side reaction leading to the conversion of the epoxide

This journal is © The Royal Society of Chemistry 2023
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Table 3 Screening of epoxides in the cycloaddition of CO, yielding the corresponding cyclic carbonates, with the organocatalysts RhB-I, Rh6G-I|

and RhB-EtOH-I, and with the addition of H,O as an HBD

nt atalyst oxidae clic carbonate product as solvent™ [m 1€ (1) electivl ()

Entry  Cataly Epoxid Cyclic carb prod T[°C PC lvent® [mL Yield® [% Selectivity® [%
RhB-I o} 60 0 59 98
Rh6G-T o )k 60 0 87 >99

3 RhB-EtOH-I /A O} P 60 0 92 >99
RhB-1 o 60 0 86 >99
Rh6G-I O o Ao 60 1.0 86 >99

cl

6 RhB-EtOH-I CIQ_/ 60 0 86 >99
RhB-1 o 60 0 30 >99
Rh6G-I o \/& vo 60 0.5 74 >99
RhB-E(OH-T & o Mt 60 0 87 >99

/\/

10 RhB-I o 60 0 28 94

11 Rh6G-I o )J\ 60 0.5 48 >99

12 RhB EtOH-I 60 0.5 54 >99

13¢ RhB-I 0 80 1.0 47 >99

14¢ Rh6G-I \/\/& o)ko 80 0.7 45 >99

15 RhB-EtOH-I \/\)_/ 60 0.5 52 >99

164 RhB-I o] 120 0.5 28 >99

o)

174 Rh6G-I o)ko 120 0.5 65 >99

184 RhB-EtOH-I <\:§ 120 0.5 50 >99

194 RhB-I o) 120 0.5 <1 >99

o 4
204 Rh6G-I ® b 120 0.5 <1 >99
217 RhB-EtOH-I 120 0.5 <1 >99

Reaction conditions: epoxide (20 mmol), organocatalyst (1 mol% relative to the epoxlde) o-xylene (1.5 mmol) as internal standard, 50 mg H,O as
an HBD, solvent (1f used): propylene carbonate (PC), 60 °C, 10 bar CO,, 24 h. “ The minimum amount of PC requlred to dissolve the catalyst was

used in each test.
30 bar CO,, 18 h.

into the corresponding diol was limited to less than 1% yield,
implying that the selectivity towards the target cyclic carbonate
product was >98% in all the tests in which the conversion was
>30%.

Recovery and reuse of the dye organocatalyst

To assess the stability and reusability of the RhB-EtOH-I
organocatalyst, we conducted a test using propylene oxide as a
substrate under our standard reaction conditions (60 °C, 10
bar CO,, 24 h), achieving a propylene carbonate yield of 59%

This journal is © The Royal Society of Chemistry 2023

b The yield and selectivity were determlned by "H NMR using o-xylene as internal standard. ° 80 °C, 10 bar CO,, 24 h. ¢

120 °C,

(see Fig. S1f). The dye organocatalyst could then be readily
recovered from the reaction solution by precipitation using
diethyl ether as an antisolvent. The latter is a volatile com-
pound (b.p. 35 °C) that can be easily removed from the high
boiling cyclic carbonates by distillation and reused. With this
approach, RhB-EtOH-I was recovered in a yield of 64%, and the
integrity of the compound was demonstrated by 'H and *C
NMR analysis (see Fig. S23-S261). The separated organo-
catalyst solid was nearly pure, with a practically negligible frac-
tion of propylene carbonate (0.8 wt% relative to RhB-EtOH-I).

Green Chem., 2023, 25, 9744-9759 | 9751
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The recycled RhB-EtOH-I achieved the same yield (59%) and
selectivity (>99%) towards propylene carbonate as the fresh
catalyst (see Fig. S17), thus demonstrating that its performance
was fully retained upon recycling. The cumulative TON over
the two catalytic runs was 119 (see Fig. S1f). Although this
approach proved to be efficient at recovering and reusing the
RhB-EtOH-I organocatalyst, the propylene carbonate obtained
after removing diethyl ether still contained some RhB-EtOH-I,
as indicated by its light purple colour. This might represent a
limitation for the practical application of the cyclic carbonate
product. To overcome this issue, we chose to explore the use of
nanofiltration®® as a sustainable separation technique to
purify cyclic carbonates. The choice of this strategy stems from
the fact that nanofiltration techniques have been reported to
be efficient at removing dyes during water treatment,’>°® and
from the availability of a commercial nanofiltration membrane
with a suitable cut-off size (400 Dalton). This is expected to
enable the target separation by taking advantage of the large
size of the dyes we used as catalysts (MM = 615 g mol™" for
RhB-EtOH-I, MM = 479 g mol ™" for RhB) compared to that of
the cyclic carbonate products (MM = 102 g mol " for propylene
carbonate, MM = 164 g mol ' for styrene carbonate). The
nanofiltration experiments were conducted with an aqueous
solution containing RhB and propylene carbonate to simulate

— Permeate [

@
— I > < )\

Q

Membrane > < |
i @
Pressure gauge \ 4
ii ’l'” Rotameter
- ——(@
Sample Feedstock Pump

Fig. 5 Scheme of the nanofiltration setup employed for the separation
of the dye catalyst (Pl = pressure indicator).
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the reaction mixture at the end of our catalytic experiments.
RhB was used in these tests as this dye is commercially avail-
able, is soluble in the aqueous medium in which the nanofil-
tration membrane operates (while RhB-EtOH-I has poor solubi-
lity in water), and has a lower molecular mass than our
optimum catalyst, implying that if the separation is efficient
with RhB it will work at least equally well with RhB-EtOH-I. In
the nanofiltration setup (Fig. 5), a hollow fibre membrane with
a cut-off size of 400 Da was installed, which allowed propylene
carbonate to permeate through the membrane and RhB to be
rejected and thus remain in the concentrated feedstock. This
approach proved very successful: 99% of RhB remained in the
concentrated feedstock (Table 4), with only a very minor frac-
tion permeating through the nanofiltration membrane, result-
ing in a light pink aqueous solution in the permeate with less
than 5 ppm RhB (in contrast to the dark purple colour of the
feedstock, see Fig. S21). The concentration of propylene car-
bonate in the permeate was nearly the same as in the feed-
stock (>95% permeation, see Table 4), demonstrating that the
majority of propylene carbonate could be recovered. In order
to achieve an even higher degree of removal of the dye from
the permeate containing propylene carbonate, we conducted a
second nanofiltration test with an aqueous solution contain-
ing 5 ppm RhB, i.e. mimicking the concentration of the perme-
ate obtained in the first nanofiltration test. This allowed us to
achieve virtually complete removal of RhB from the permeate
(<0.1 ppm, see Table 5), which ensured a colourless permeate
(Fig. S21). This demonstrates that by combining two consecu-
tive nanofiltration steps, a very high efficiency in the separ-
ation of the dye organocatalyst can be achieved. Notably, the
permeate had a high flux of 11.62 L m™> h™", indicating the
potential for achieving high output in the purification of the
cyclic carbonate by nanofiltration. Finally, we investigated if
the dye remained stable throughout the separation process by
nanofiltration. For this purpose, we analysed the samples
before and after the nanofiltration experiment by UV-vis spec-
troscopy. The position of the characteristic band of RhB in the
visible range (Amax = 555 nm, Fig. S5f) was the same in all
cases, indicating that RhB remained intact during the nanofil-
tration process.

By combining the results obtained by precipitation and
nanofiltration, we demonstrated that the RhB-based organo-
catalysts can be recovered and reused without loss of activity

Table 4 Separation of RhB from propylene carbonate (PC) by nanofiltration

Feedstock samples

Permeate samples

Time [min] [RhB] [ppm] [PC] [mmol L] [RhB] [ppm] [PC] [mmol L] Rejection [%)] Permeation [%]
0 419 76 — — — —
60 425 77 3 73 99 95
90 419 73 3 70 99 96
120 413 74 4 72 99 97
150 404 74 4 72 99 97

Conditions: rhodamine B 0.51 g, propylene carbonate 10.01 g, H,O 1 L, pressure 1 barg, feed flow rate 50 L h™".
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Table 5 Efficiency of the removal of RhB from dilute solutions by
nanofiltration

Time [RhBJteeq [RhB]permeate Rejection
[min] [ppm] [ppm] [%]

0 5.1 5.1 —

60 6.1 0.1 98

90 6.4 0.1 98

120 6.7 0.1 98

150 7.0 0.1 99

Conditions: rhodamine B 0.005 g, propylene carbonate 0.14 g, H,O 1
L, pressure 1 barg, feed flow rate 50 L h™".

and that cyclic carbonate with a very high degree of purity can
be isolated. However, the degree of recovery of the RhB-EtOH-I
catalyst is not yet complete. Further work can aim at improving
this step either by tuning the solvent used for the precipitation
or by optimising the nanofiltration approach to enable operat-
ing directly with the reaction mixture (the membrane used in
this work requires an aqueous environment). The last option
would require an investigation of the compatibility of the
nanofiltration membrane with cyclic carbonates and, if this
proved not to be feasible, exploring alternative nanofiltration
membranes that could operate with our reaction mixture.
Furthermore, it will be necessary to optimise the nanofiltration
conditions, for example by recirculating the solution contain-
ing the catalyst and by increasing the pressure to decrease the
volume and thus increase the concentration of the catalyst in
the solution that is not permeated. The target would be to
obtain a supersaturated solution of the catalyst, from which
the compound would precipitate spontaneously, allowing its
recovery. If the above-mentioned points are effectively tackled,
the recovery of the catalyst and the purification of the cyclic
carbonate product would become possible using exclusively
nanofiltration technology.

Conclusions

In this work, we showed that tailored yet straightforward modi-
fications of commercial dyes enabled us to dramatically boost
their performance as organocatalysts for the cycloaddition of
CO, to epoxides to produce cyclic carbonates. First, we
increased the activity of inexpensive and commercially avail-
able dyes (RhB, Rh6G, MB, all containing chloride anions) in
the cycloaddition of CO, to styrene oxide (80 °C, 10 bar CO,,
24 h) by means of ion exchange with KX (X = Br, I). The dye
organocatalysts containing I as the anion showed the highest
catalytic activity as a consequence of the better leaving ability
of iodide compared to bromide and chloride and of the worse
solubility of the organocatalysts containing CI~ and Br~. The
latter issue was tackled by adding a cyclic carbonate as a green
solvent, which led to a significantly higher styrene carbonate
yield. A further improvement of the catalytic performance was
achieved by using H,O as a green and inexpensive hydrogen
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bond donor (HBD) to activate the epoxide towards nucleophilic
attack by the iodide anion. The combination of all these strat-
egies enabled excellent styrene carbonate yields to be reached
in the catalytic tests at 80 °C (96% with RhB-I and Rh6G-I in
the presence of 50 mg H,0). However, the performance of
these organocatalysts at a lower temperature (45 °C) was less
satisfactory, with only rather low styrene carbonate yields
(maximum of 11% with Rh6G-I). In order to achieve a good
performance under these mild conditions, we functionalised
RhB-I by the straightforward reaction of its carboxyl group
with 2-bromoethanol. The obtained bifunctional RhB-EtOH-I
catalyst was characterised by a terminal ethanol moiety that
was estimated to be located in close proximity to the iodide
nucleophile, and this feature was anticipated to enhance its
effectiveness as an HBD for promoting the catalytic reaction.
The approach proved very successful and RhB-EtOH-I dis-
played a much higher styrene carbonate yield at 45 °C (29%)
compared to the other dye organocatalysts, without requiring
the addition of water as an HBD. The obtained yield is also sig-
nificantly higher compared to that obtained with benchmark
organocatalysts such as BuyNI (13%) and PPNI (20%) under
the same reaction conditions. Moreover, the synthesised
RhB-EtOH-I organocatalyst showed good to excellent cyclic car-
bonate yields with a broad scope of epoxide substrates includ-
ing the challenging cyclohexene oxide. Finally, we demon-
strated that the RhB-EtOH-I catalyst could be easily recovered
by precipitation with diethyl ether and reused without any loss
of catalytic activity. Purification of the cyclic carbonate product
from the dye organocatalyst was achieved by nanofiltration. By
means of two consecutive nanofiltration steps, it was possible
to attain virtually complete removal of the dye (>99.98%) with
excellent permeation of the cyclic carbonate (>95%). In
summary, we introduced novel dye organocatalysts with highly
promising activity and selectivity in the cycloaddition of CO,
to different epoxides yielding the corresponding cyclic carbon-
ates under mild reaction conditions. Besides the relevance of
the high activity and selectivity in an important reaction in the
context of green chemistry, namely, the conversion of CO, into
cyclic carbonates, these catalysts display several additional
attractive green features: they are metal free; they can be easily
prepared from inexpensive, commercially available dyes; they
are homogeneous catalysts and yet can be efficiently separated
from the cyclic carbonate products and reused.

Experimental section

Materials

Rhodamine 6G (Rh6G, 95% purity), rhodamine B (RhB, 95%
purity), rhodamine B base (RhB base, 97% purity), methylene
blue (MB), styrene oxide (97%), allyl glycidyl ether (99.9%), epi-
chlorohydrin (>99%), 1,2-epoxyhexane (97%), cyclohexene
oxide (98%), (+)-limonene oxide (mixture of cis and trans,
97%), propylene carbonate (99.7% purity), magnesium sulphate
(MgSO,4, >99.5%), potassium iodide (KI, >99%), imidazole
(299%), and deuterated solvents (CDCl;, CD;OD, and D,O
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used as solvents for NMR spectroscopy) were purchased from
Sigma-Aldrich. Diethyl ether (AR grade), ethanol (AR grade) and
ethyl acetate (AR grade) were obtained from Biosolve chemi-
cals. Dichloromethane (AR grade) and n-hexane (99%) were
purchased from Macron fine chemicals. 2-Bromoethanol
(96%), propylene oxide (99.5%), and potassium bromide (KBr,
>99%) were obtained from Fisher Scientific. Acetonitrile
(99.9%) and o-xylene (>99%) were purchased from Honeywell.
Sodium bromide (NaBr, >99%) was obtained from
ThermoFisher Scientific. All the chemicals were used without
further purification.

Characterisation of the modified dyes

Analysis of the modified dyes (see below) by NMR spectroscopy
was carried out on a Varian Mercury Plus 400 MHz or Agilent
MR 400 MHz apparatus. The NMR spectra were referenced
using residual solvent peaks. Several techniques were
employed: 'H NMR, *C NMR, '"H-"*C-HSQC (heteronuclear
single quantum coherence), "H-">C-HMBC (heteronuclear mul-
tiple bond correlation). Elemental analysis for H, C, N and S
was carried out on a Vario Micro Cube elemental analyser.

Ion exchange of the dyes

For a typical ion-exchange experiment, 2.01 g dye (4.18 mmol
of RhB and Rh6G, 6.25 mmol of MB) was dissolved in either
130 mL (RhB) or 150 mL of deionised water (Rh6G and MB)
and then mixed with a three-fold molar excess of KBr or KI
pre-dissolved in 3-5 mL deionised water under stirring. A pre-
cipitate of the ion-exchanged dye started to form while adding
the potassium halide solution. The mixture was stirred at
60 °C for 1 h and then placed in an ice bath for 1 h. The solid
was separated from the supernatant by Biichner filtration,
after which the solid product was washed with ca. 1 L deio-
nised cold water. The obtained product was dissolved in the
minimum amount of acetonitrile (150 to 600 mL) and dried
with magnesium sulphate. The solid drying agent was
removed by centrifugation, and the solvent was removed by
reduced-pressure distillation to recover the product. The
product (RhB-X, Rh6G-X, MB-X, with X = Br or I) was dried in a
vacuum oven at 80 °C overnight. RhB-Br: 1.02 g, 47% yield.
Rh6G-Br: 0.77 g, 35% yield, MB-Br: 0.62 g, 26% yield, RhB-I:
1.20 g, 50% yield, Rh6G-I; 1.73 g, 71% yield, MB-I: 0.90 g, 34%
yield. The elemental composition of the exchanged dyes was
determined by elemental analysis. Theor. for MB-Br: C
52.75 wt%, H 4.98 wt%, N 11.53 wt%, S 8.80 wt%; found: C
51.04 wt%, H 4.89 wt%, N 11.46 wt%, S 9.56 wt%. Theor. for
MB-I: C 46.72 wt%, H 4.41 wt%, N 10.22 wt%, S 7.79 wt%;
found: C 45.84 wt%, H 4.61 wt%, N 10.19 wt%, S 7.32 wt%.
Theor. for RhB-Br: C 64.25 wt%, H 5.97 wt%, N 5.35 wt%;
found: C 65.30 wt%, H 6.08 wt%, N 5.62 wt%. Theor. for
RhB-I: C 58.95 wt%, H 5.48 wt%, N 4.91 wt%; found: C
58.68 wt%, H 5.57 wt%, N 4.93 wt%. Theor. for Rh6G-Br: C
64.25 wt%, H 6.97 wt%, N 5.35 wt%; found: C 65.05 wt%, H
6.02 wt%, N 5.53 wt%. Theor. for Rh6G-I: C 58.95 wt%, H
5.48 wt%, N 4.91 wt%; found: C 59.49 wt%, H 5.54 wt%, N
5.01 wt%.
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Synthesis of RhB-EtOH-Br

RhB-EtOH-Br was synthesised through the reaction of RhB
base with 2-bromoethanol (Scheme 1). In a typical synthesis,
RhB base (2.03 g, 4.52 mmol) and a three-fold excess of
2-bromoethanol (1.70 g, 13.57 mmol) were dissolved in 30 mL
ethanol. The mixture was stirred at 70 °C for 24 h. After the
reaction, the solvent was removed under reduced pressure. The
obtained crude product was washed with ethyl acetate (30 mL
x 9 times). The solid was further purified by dissolving it in
30 mL dichloromethane, followed by extraction with a satu-
rated aqueous solution of NaBr (30 mL x 6 times) to remove
RhB that might be present as a side product. MgSO, was
added to dry the organic solution and then removed by cen-
trifugation. The purified RhB-EtOH-Br product was obtained
by removing the solvent under reduced pressure, followed by
drying at 80 °C overnight in a vacuum oven (brown powder,
2.15 g, 83% yield).

Analysis of RhB-EtOH-Br (C30H;35N,0,Br): "H NMR (400 MHz,
methanol-d4, 25 °C) § 8.39 (dd, J = 7.8, 1.4 Hz, 1H, H1), 7.88
(td, J = 7.5, 1.5 Hz, 1H, H3), 7.82 (td, J = 7.7, 1.4 Hz, 1H, H2),
7.44 (dd, J = 7.5, 1.4 Hz, 1H, H4), 7.13 (d, J = 9.4 Hz, 2H, H5),
7.03 (dd, J = 9.5, 2.5 Hz, 2H, H6), 6.98 (d, J = 2.4 Hz, 2H, H7),
4.11-4.01 (m, 2H, H10), 3.68 (q, J = 7.1 Hz, 8H, H8), 3.56-3.48
(m, 2H, H11), 1.31 (t,/ = 7.1 Hz, 12H, H9). >*C NMR (400 MHz,
methanol-d4, 25 °C) § 166.62, 160.32, 159.43, 157.13, 135.16,
134.09, 132.38, 132.36, 131.64, 131.60, 131.45, 115.42 (C6),
114.87, 97.23 (C7), 67.91 (C10), 60.67 (C11), 46.81 (C8), 12.80
(C9). The full NMR spectra of RhB-EtOH-Br can be found in
the ESI (Fig. S13-S16%). The elemental composition of the
RhB-EtOH-Br was determined by elemental analysis. Theor. for
RhB-EtOH-Br: C 63.49 wt%, H 6.22 wt%, N 4.94 wt%; found: C
63.35 Wt%, H 6.21 wt%, N 5.01 wt%.

Synthesis of RhB-EtOH-1

RhB-EtOH-Br (1.96 g, 3.52 mmol) was dissolved in 30 mL deio-
nised water while stirring at 60 °C. Then, an aqueous solution
of KI (1.76 g, 10.56 mmol in ca. 2 mL H,0) was added to the
above solution upon stirring, leading to the precipitation of
RhB-EtOH-1. The solution was stirred in an oil bath at 60 °C
for 1 h and then placed in an ice bath and stirred for 1 h. The
precipitate was recovered by centrifugation and washed with
ca. 200 mL deionised H,O. Next, the obtained solid was dis-
solved in 30 mL dichloromethane and then recrystallised by
adding 180 mL diethyl ether to the solution. Afterwards, the
recrystallised solid was dissolved in 30 mL dichloromethane
and dried with MgSO,. The drying agent was removed by cen-
trifugation, and the solvent was removed under reduced
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pressure to obtain the solid product. The product was dried in
a vacuum oven overnight at 80 °C (brown-gold powder, 1.81 g,
85% yield).

Analysis of RhB-EtOH-I (C3oH;5N,0,4I): '"H NMR (400 MHz,
methanol-d,, 25 °C) 6 8.39 (dd, J = 7.8, 1.4 Hz, 1H, H1), 7.88
(td, J = 7.5, 1.5 Hz, 1H, H3), 7.81 (td, J = 7.7, 1.4 Hz, 1H, H2),
7.44 (dd, J = 7.5, 1.4 Hz, 1H, H4), 7.13 (d, J = 9.5 Hz, 2H, H5),
7.03 (dd, J = 9.5, 2.5 Hz, 2H, H6), 6.98 (d, J = 2.4 Hz, 2H, H7),
4.10-4.03 (m, 2H, H10), 3.69 (q, J = 7.1 Hz, 8H, HS), 3.56-3.49
(m, 2H, H11), 1.31 (t,J = 7.1 Hz, 12H, H9). >C NMR (400 MHz,
methanol-d4, 25 °C) § 166.63, 160.33, 159.44, 157.13, 135.16,
134.09, 132.39, 132.37, 131.65, 131.60, 131.45, 115.43 (C6),
114.87, 97.23 (C7), 67.91 (C10), 60.68 (C11), 46.81 (C8), 12.80
(C9). The full NMR spectra of RhB-EtOH-I can be found in the
ESI (Fig. S17-S207%). The elemental composition of RhB-EtOH-I
was determined by elemental analysis. Theor. for RhB-EtOH-I:
C 58.64 wt%, H 5.74 wt%, N 4.56 wt%; found: C 59.09 wt%, H
6.04 Wt%, N 4.65 wt%.

Catalytic tests

The catalytic tests for the cycloaddition of CO, to produce
cyclic carbonates were carried out in a high-throughput unit
manufactured by Integrated Lab SC Solution (ILS), allowing to
carry out the reaction with (supercritical) CO, up to 200 bar
and 200 °C. The reactor unit consists of two modules that can
be operated independently: (1) a single batch reactor with a
borosilicate window that allows observing the phase behav-
iour; (2) a block with 10 batch reactors that enables 10 catalytic
tests to be performed simultaneously under the same reaction
conditions. Each batch reactor is stirred individually with a
magnetic stirring bar. Pressurisation of the reactors with CO,
is achieved using a ISCO pump. Each batch reactor is equipped
with a burst disk to prevent over-pressurisation. In the
10-reactor block, each reactor chamber is equipped with a
shutoff valve to avoid cross-contamination between reactors.
Both modules were employed for the catalytic tests in this
work. In a typical test, the epoxide (20 mmol), organocatalyst
(1 mol% loading relative to epoxide), deionised water (50 mg)
if added, and o-xylene (1.5 mmol) as NMR internal standard
were placed in the glass vial (46 mL volume, 30 mm external
diameter) with a magnetic stirring bar. The prepared sample
vial was closed with a screw cap with a silicon/polytetrafluoro-
ethylene (PTFE) septum. The septum was pierced with two
needles for gas exchange. Then, each glass vial was placed in a
batch reactor. After closing the reactor lid, the reactor module
was first flushed with 5 bar N, and then with 5 bar CO, to
remove air and then depressurised. Next, the reactor module
was pressurised with CO,, warmed up to the target tempera-
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ture, and further pressurised with CO, to the desired pressure
(if necessary). The reactor was operated under these conditions
for 18 or 24 h while stirring at 950 rpm. Then, the stirring
plate was turned off, and the reactor was cooled down by
cooling water and then depressurised to atmospheric pressure.
Finally, the reactor module was opened, and the glass vials
were taken out. NMR samples were prepared by adding 10 mg
of reaction solution to 0.7 mL of CDCl;. The conversion of the
epoxide, and the yield and selectivity of the cyclic carbonate
were calculated based on the '"H NMR spectra measured with
Varian Mercury Plus 400 MHz and Agilent MR 400 MHz spec-
trometers (see Fig. S6-S12} for representative spectra), using
the following equations:

. MOlepoxide,t
Conversionepoxide (%) = (1 — PO ) X100%
m01€poxide,initial
molc li b
. _ yelic carbonate, t 07
Yleldcycliccarbonate (0/0) =X 100%)
mOlepoxide‘initiaI
.. yieldcycliccarbonate
Selectivi ; %)= |—T-—"—"—| x100%
t‘YCychc carbonate ( ) coNversionepoxide

The molepoxide,c and the moleyelic carbonate,c Were determined
based on the integration of the "H NMR signals of the epoxide
and carbonate rings, respectively, followed by normalisation
based on the integration of the signals of the internal
standard.

The formation of the diol side product was investigated by
gas chromatography-mass spectrometry analysis (GC-MS),
which was carried out on an Agilent Hewlett-Packard-HP 6890
instrument (Rxi®-5 Sil MS column, 30 m, 0.25 mm) equipped
with an Agilent Hewlett-Packard 5973 MSD mass spectrometer.
No additional side products were observed by GC-MS or
'H NMR.

Selected catalytic tests were performed in duplicate or, in
the few cases in which the reproducibility degree was not satis-
factory, multiple times. For these experiments the average con-
version and average yield are reported, while the standard devi-
ation is provided in the form of error bars.

Three-fold scaled-up synthesis and purification of styrene
carbonate

The synthesis of styrene carbonate through the reaction of CO,
cycloaddition to styrene oxide (reaction conditions: 45 °C, 10
bar CO,, 18 h) was repeated on a three-fold larger scale com-
pared to the standard catalytic tests in this work, ie. with
7.37 g (60.15 mmol) of styrene oxide, 0.37 g (0.60 mmol) of
RhB-EtOH-I, 0.50 g (4.71 mmol) of o-xylene as internal stan-
dard. For the rest, the procedure was identical to the one
described for our standard catalytic tests. At the end of the
experiment, a small aliquot of the reaction mixture (ca. 10 mg)
was dissolved in 0.7 mL CDCl; and analysed by '"H NMR to
determine the conversion of styrene oxide, and the yield and
selectivity of styrene carbonate. Then, the styrene carbonate
product was purified by silica-gel column separation (dcolumn =
4 cm, leoumn = 31 cm, loaded with ca. 80 g of silica) using
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n-hexane/ethyl acetate (3:1) as the eluent (800-1400 mL). To
avoid column overload with the reaction mixture sample,
which would reduce the column separation performance, the
column separation was conducted with separate batches, each
with a portion of the reaction mixture (ca. 2.0 g of the total
8.90 g of reaction mixture). Additional column separation was
conducted if the collected styrene carbonate fractions still con-
tained impurities. The purified styrene carbonate was obtained
as a solid after removing the eluent by rotary evaporation and
was dried at 80 °C overnight in a vacuum oven. The separated
batches were finally merged (2.89 g, isolated yield 29%) and
analysed by 'H and '*C NMR on an Agilent MR 400 MHz
spectrometer (for this analysis, 20 mg of the sample were dis-
solved in 0.7 mL CDCIl;). The obtained spectra are presented
in Fig. S21 and S22+.

Recovery and reuse of the RhB-EtOH-I catalyst

The reusability test of the RhB-EtOH-I catalyst was carried out
using propylene oxide as the substrate under our standard
reaction conditions (60 °C, 10 bar CO,, 24 h), but with all
amounts scaled-up by a factor of 2, i.e. propylene oxide: 2.36 g
(40.60 mmol), fresh RhB-EtOH-I catalyst: 0.25 g (0.40 mmol),
and o-xylene as internal standard: 0.32 g (3.05 mmol). For the
rest, the procedure was identical to the one described for our
standard catalytic tests. At the end of the experiment, a small
aliquot of the reaction mixture (ca. 10 mg) was dissolved in
0.7 mL CDCl; and analysed by "H NMR to determine the con-
version of propylene epoxide, and the yield and selectivity of
propylene carbonate. Then, the reaction mixture in the glass
vial (without the cap) was warmed up to 80 °C for 1 h in a well-
closed fume hood to remove the residual propylene oxide. The
RhB-EtOH-I catalyst in the reaction mixture was recovered by
precipitation using diethyl ether as an antisolvent. First, the
reaction mixture was divided into two identical portions and
transferred into two centrifugation tubes (50 mL volume for
each tube), followed by slow addition of 40 mL diethyl ether to
each tube through a dropping funnel (10-15 min in total),
leading to the precipitation of the solid RhB-EtOH-I catalyst.
Then, the precipitate was settled by centrifugation (4000 rpm,
5 min) and the supernatant was easily removed by pouring it
out from the centrifugation tube. Then, 40 mL diethyl ether
was added to each tube, and the suspension was sonicated for
10 min. The solid was again settled by centrifugation, the
supernatant was discarded and the solid catalyst was dried at
80 °C overnight in a vacuum oven (brown-gold solid, 0.16 g,
0.26 mmol, corresponding to 64% recovery). The fresh and
recovered RhB-EtOH-I catalysts were analysed by 'H and “*C
NMR on a Bruker Avance NEO 600 MHz spectrometer (for this
analysis, 20 mg of the sample were dissolved in 0.7 mL CDCl;).
The obtained spectra are presented in Fig. S23-526.F

The recovered RhB-EtOH-I catalyst was reused in a second
catalytic run under the same reaction conditions as in the
initial catalytic activity test, maintaining the same catalyst-to-
substrate ratio and adjusting the quantities based on the recov-
ered amount of catalyst, ie propylene oxide: 1.48 ¢
(25.54 mmol), recovered RhB-EtOH-I catalyst: 0.16 g
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(0.26 mmol), and o-xylene as internal standard: 0.21 g
(1.9 mmol). At the end of the experiment, the reaction mixture
was analysed by "H NMR as after the first catalytic run.

Purification of the cyclic carbonate by nanofiltration

The nanofiltration experiments were conducted in the setup
depicted in Fig. 5. The aqueous feedstock containing RhB and
propylene carbonate was placed in a 2 L beaker and fed into
the system by a pump (rotary vane pump, model: PO211). A
rotameter was connected to the pump to measure the feed-
stock flow rate. The pressure exerted on the feedstock, concen-
trate and permeate was controlled by three needle valves and
measured by the pressure gauges (PI, pressure indicator) on
each line. A hollow fibre membrane (code MP025 dNF 40, pur-
chased from NX-filtration) with an effective area of 0.05 m?>
and a cut-off size of 400 Da was installed in this setup, which
allowed small compounds (<400 Da) to permeate through the
membrane and the large ones (>400 Da) to be rejected and
thus remain in the concentrate. During nanofiltration, the
output flows of both concentrate and permeate were placed in
the feedstock beaker to keep the feedstock at a constant con-
centration. Small volume samples (10 mL) were taken at
regular time intervals from the permeate (5 samplings).

The nanofiltration experiment was performed with an
aqueous feedstock (1 L) containing RhB (0.51 g) and propylene
carbonate (10.01 g) at 1 barg, 25 °C for 2.5 h. Before starting
the nanofiltration test, the aqueous solution was circulated in
the system for 15 min without applying pressure to condition
the pump and the concentrate line with the aqueous feed-
stock. Then, a 10 mL sample was taken to measure the initial
concentration of RhB and propylene carbonate in the system.
Next, the pressure exerted on the concentrate was adjusted to 1
barg and the feedstock flow rate was set at 50 L h™" to start the
nanofiltration test. After the system ran for 1 h to reach steady
state, a 10 mL sample was taken from both the permeate and
the (recirculating) feedstock every 30 min, for evaluation of the
membrane separation efficiency. The system was then washed
out with water until the outlet aqueous solution was
colourless.

The efficiency in the separation of RhB from propylene car-
bonate (PC) was estimated based on the following equations:

[RhB] ermeate
Rejectiong, (%) = <1 - p7> x 100%
e [RhB]feed
. ; [PC} permeate
Permeationpc (%) = ————— x 100%
[Pc]feed

The concentration of RhB was quantified by UV-vis analysis
(Agilent Cary 60 UV-vis). Before measuring the samples, 5 stan-
dard aqueous RhB samples with concentrations ranging from
1 to 12 ppm were prepared and measured by UV-vis (wave-
length range: 200-600 nm) to obtain a linear plot of absor-
bance vs. concentration. The concentration of RhB in the feed-
stock samples (recirculating) was significantly higher than that
of the permeate, above the concentration ranges of the cali-
bration curve. Therefore, before measurement these samples
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were diluted by adding a 0.2 g sample from the recirculating
feedstock to a 20 mL glass vial and mixing it with 10.0 g deio-
nised water. The permeate samples had low RhB concen-
trations and were measured directly by UV-vis spectroscopy
without dilution. The absorbance was obtained from the UV-
vis spectra (at a wavelength of 554 nm) and then used to calcu-
late the RhB concentration by means of the calibration curve
(using Lambert-Beer law). The moles of propylene carbonate
were calculated based on the "H NMR spectra measured on a
Varian Mercury Plus 400 MHz or Agilent MR 400 MHz spectro-
meter. The NMR samples were prepared by mixing a 2.5 g
sample from the nanofiltration experiment and 0.03 g imid-
azole (NMR internal standard) in a 20 mL glass vial. Then,
10 mg of this solution was added to 0.7 mL of D,0.

To measure the permeate flux, water was fed into the
system at the flow rate of 50 L h™" with the pressure set at 1
barg. A certain amount of permeate was collected (V = 100 mL)
and the time (¢) needed to reach such a permeate volume was
noted. Then, the permeate flux (/perm) Was calculated using the
following equation:

J v
perm - A X t
in which 4 is the effective membrane area (0.05 m?).

Photochemical tests

The effect of visible light irradiation on the catalytic activity of
RhB-EtOH-I was determined in a photoreactor operated under
the conditions specified in Fig. S3.1 For this test, RhB-EtOH-I
(0.12 g, 0.2 mmol), styrene oxide (0.48 g, 20 mmol), propylene
carbonate (0.61 g), and H,O (0.05 g) were placed into the same
type of glass vial used for the catalytic test described above.
The glass vial was then closed with a screw cap with a silicon/
polytetrafluoroethylene (PTFE) septum. Then, the septum was
pierced with two needles for gas exchange. One of the needles
was connected to the gas cylinder by a plastic tube, and the
other one was open to the air, allowing the release of gas from
the glass vial. The glass vial was flushed with N, through the
needle connected to the N, cylinder and then flushed with
CO, by switching the connection to the CO, cylinder.
Afterwards, the glass vial was connected to a balloon by a
plastic tube through one of the needles in the glass vial, while
the other one was still attached to the CO, cylinder. In this
way, the glass vial was filled with CO, until the balloon was
inflated. The needle was disconnected from the CO, cylinder
and immediately attached to one syringe, which prevented CO,
loss from the reactor while also preventing pressure build up
in the reactor. Finally, the sample was placed in an oil bath in
the photoreactor, which had two LED lights on each side
(Fig. S3t1). As a reference, a second sample with the same
amounts of RhB-EtOH-I, styrene oxide, propylene carbonate
and H,O but with the glass vial and cap completely covered
with aluminium film to avoid exposure to light was tested
together with the first sample. Both samples were magnetically
stirred at 60 °C for 24 h. At the end of the test, an aliquot of
each sample was taken and analysed by "H NMR to determine
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the yield and selectivity as described above in the section on
the catalytic tests.
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