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A series of novel dye-based organocatalysts was designed, synthesised
and tested in the cycloaddition of CO, to styrene oxide yielding styrene
carbonate under mild reaction conditions (45 °C, 10 bar CO,). Tuning
the acid strength and the geometry of the —OH functional group in the
modified dyes allowed the generation of a tailored bifunctional catalyst
(RhB-Ethyl-PhOH-I) with enhanced catalytic activity.

Cyclic carbonates are a versatile class of compounds finding applica-
tion as green solvents for organic synthesis and for electrolytes in Li-
batteries,” and as reactants for the synthesis of a variety of products
ranging from engineering plastics to speciality chemicals." These
growing applications have led to a sizeable market, estimated to be
around 100-200 ktonne per year.” Their synthesis through the
cycloaddition of CO, to epoxides is particularly appealing as it is a
100% atom-efficient reaction and utilises a renewable and non-
hazardous feedstock as carbon dioxide.® In this context, the devel-
opment of low-cost and efficient catalysts for the cycloaddition of CO,
to epoxides is of utmost importance towards the upscaling of the
production of cyclic carbonates.’ Ideally, a catalyst should be not only
active and selective but also inexpensive, readily available, and based
on earth-abundant elements. In this sense, metal-free organocatalysts
are preferable over metal-based catalysts that typically require costly
multiple synthesis steps for their preparation and may rely on scarce
elements.' Organic halides, such as quaternary ammonium, phos-
phonium, and imidazolium salts, contain anions (e.g Cl™, Br, and
I") that can act as nucleophilic species to catalyse the conversion of
CO, and epoxides into cyclic carbonates (see Scheme S1 for the
catalytic mechanism, ESIt). Organic halides with a bulky cation with
delocalised positive charge are preferable, as this can reduce the ionic
interaction energy, thus making the anion more readily available for
acting as a nucleophile.*” However, organocatalysts are generally less
active than metal-based catalysts due to the lack of metal Lewis acid
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sites that promote the reaction by activating the epoxides towards
nucleophilic attack (Scheme S1, ESIT).>® One way to overcome this
limitation is to introduce in the catalytic system a hydrogen bond
donor (HBD) group that can act as Lewis acid (e.g. -OH and -COOH),
either in the form of a separate compound or as a functional group
within the same compound.” The latter option is more attractive as it
enables tuning the relative position of nucleophile and HBD, which
in turn allows improving the cooperation between the two catalyti-
cally active species. So far, numerous HBD-functionalised quaternary
onium salts have been studied as bifunctional organocatalysts
(Fig. S1, ESIY), achieving the cycloaddition of CO, to epoxides under
mild reaction conditions (T' < 70 °C, pco, < 40 bar).” Recently, we
reported the synthesis of a novel dye-based bifunctional organocata-
lyst (RhB-EtOH-I, 1a in Fig. 1A), which achieved the cycloaddition of
CO, to styrene oxide at 60 °C, 10 bar CO,, with nearly double
carbonate yield compared to the unfunctionalised RhB- catalyst.®
Additionally, the RhB-based catalysts could be separated from the
cyclic carbonate product either by precipitation with diethyl ether or
by nanofiltration, and retained their activity upon reuse.® Inspired by
these promising results, we designed new dye-based bifunctional
organocatalysts with enhanced activity by varying the geometry and
type of functional group (Fig. 1A). These metalfree homogeneous
catalysts were prepared through a one-step, straightforward and
affordable protocol involving the reaction of RhB base with an
organic halide (Fig. 1A, see the ESIt for experimental details). The
obtained organocatalysts were categorised based on the nature of the
introduced functional groups (Fig. 1A). Type 1 comprises dyes that
were modified with HBD groups containing linkers of varying
lengths, with the purpose of tuning the geometry of the HBD group
(-OH) relative to the nucleophile (I"). Minimising the distance
between the HBD group and the nucleophile is expected to be
beneficial for the cooperative action of the two active species (see
Fig. 1B).%° However, since the positive charge in RhB is delocalised
over the xanthene-based core, the iodide is not expected to be
localised in a single, specific position, making it difficult to predict
a priori the length of the linker leading to the optimum activity.
Additionally, the functional groups in the type 1 dyes differ in terms
of acid strength. This implies different strengths of the H-bond
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Fig. 1 (A) Design strategy and synthesis of modified dye organocatalysts. ¥ The RhB-EtOH-| catalyst was previously reported by our group.®
(B) Schematic representation of the cooperative action of the nucleophilic and HBD species of the bifunctional dye-based organocatalysts.

interaction, which in turn influences the activation of the epoxide
(Fig. 1)."° Type 2 consists of organocatalysts without HBD groups. The
functional groups in 2a and 2b are analogous to those in 1b and 1c,
but without the -OH group acting as HBD. Therefore, these catalysts
serve as references for evaluating the efficiency of the HBD-
functionalised catalysts. Additionally, the difference in the polarity
between the functional groups of types 1 and 2 is anticipated to affect
their solubility in the epoxide, thereby impacting their catalytic
activity. Among the type 2 catalysts, 2c and 2d were synthesised with
the additional purpose of providing grafting sites for immobilisation
on solid supports (e.g: by thiol-ene reaction with thiol-functionalised
silica'). All the dyes in Fig. 1A were prepared with either chloride
(CI") or bromide (Br ™) as the halide. However, it has been shown that
employing iodide (I") as the halide leads to more active dye-based
catalysts (due to the better leaving ability of I").”%'> Therefore, the
prepared dyes were converted to their iodide-form via a straightfor-
ward ion-exchange step with KI (Fig. 1A). The successful synthesis of
the modified dyes was demonstrated by characterisation using NMR
spectroscopy (‘H NMR, *C NMR, "H-"*C HSQC, and "H-"*C HMBC)
and elemental analysis (C, H, O); see the ESIT for the spectra (Fig. S2-
$49) and data. This set of organocatalysts in iodide form was tested
for the conversion of CO, and styrene oxide into styrene carbonate
under mild conditions (45 °C, 10 bar CO,, 18 h). Styrene oxide was
selected as the test compound because it is a rather challenging
substrate for this reaction.’® The reaction conditions were chosen to
achieve intermediate epoxide conversion, as this allows highlighting
better the differences in catalytic activity. Both the type 1 and type 2
catalysts were able to convert CO, and styrene oxide into styrene
carbonate with complete selectivity towards the desired cyclic carbo-
nate product (Table 1, entries 1-7). Among the type 1 catalysts, RhB-
Ethyl-PhOH-I exhibited significantly higher activity than RhB-EtOH-I
and RhB-PrOH-], reaching a styrene carbonate yield of 41%, which
corresponds to a 12% and 20% higher yield, respectively, compared
to the other two HBD-containing catalysts (Table 1, entries 1-3). The
superior activity of the RhB-Ethyl-PhOH-I catalyst is likely due to the
higher acid strength of the phenol moiety (pK; phenot = 9.9) than that
of alcohol functional groups (PKaethanol = 15.9, PKa1-propancl = 16.1),
enabling the formation of stronger hydrogen bonds with epoxides.'
This result is consistent with the reported effectiveness of phenolic
compounds as HBD additives in binary catalytic systems for the
cycloaddition of CO, to epoxides.*'® On the other hand, the higher
catalytic activity of RhB-EtOH-I compared to RhB-PrOH-], despite the
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similar acidity of the alcohol groups, may be attributed to the
different alkyl linker length,” suggesting that a shorter linker is
beneficial for the simultaneous interaction between the -OH group,
the epoxide and the iodide, thereby facilitating the nucleophilic
attack of the iodide on the epoxide (see Fig. 1B).° Compared to the
type 1 catalysts, the type 2 catalysts exhibited in general lower activity
due to the absence of the HBD group enabling the activation of the
epoxide, with styrene carbonate yields around 21-23% (entries 4-7 vs.
entries 1 and 3). However, all type 2 catalysts displayed significantly
higher activity than the parent RhB- (Table 1, entry 8). This trend
might be related to the incomplete solubility of RhB-I in the reaction
mixture at the beginning of the catalytic test (see Table S1, ESIt),
whereas the type 2 catalysts display full solubility under the same
conditions (with the exception of 2a).**

To gain more insight into the origin of the enhanced activity
exhibited by RhB-Ethyl-PhOH-I, we investigated the effect of com-
bining RhB-I with an HBD, such as H,O or phenol, to generate a
binary catalytic system, which was tested under the same reaction
conditions (Table 1, entries 9-11). All these RhB-I/HBD binary
catalytic systems showed higher activity than RhB-I alone (compare
entry 8 with entries 9-11). Increasing the phenol amount to 2 mol%
(relative to the epoxide) boosted the styrene carbonate yield to 16%
(entry 11). Nonetheless, even the optimum RhB-I/phenol binary

Table 1 Screening of the modified dye organocatalysts in the conversion
of styrene oxide and CO; into styrene carbonate

Cyclic carbonate  Cyclic carbonate

Entry  Organocatalyst yield” [%] selectivity” [%]
1® RhB-EtOH-I (1a) 29 >99
2 RhB-PrOH-I (1b) 21 >99
3 RhB-Ethyl-PhOH-I (1¢) 41 >99
4 RhB-Pr (2a) 21 >99
5 RhB-Ethyl-Ph-I (2b) 23 >99
6 RhB-Allyl-I (2¢) 23 >99
7 RhB-Butenyl-I (2d) 21 >99
8® RhB-I 5 >99
98 RhB-1/H,O 7 67
10° RhB-I/phenol (1:1) 9 84
11° RhB-I/phenol (1:2) 16 90

Reaction conditions: styrene oxide (20 mmol), organocatalyst (1 mol%
relative to the epoxide), o-xylene (1.5 mmol) as internal standard, 45 °C,
10 bar CO,, 18 h. “ The yield and selectivity values were determined by
"H NMR using o-xylene as internal standard (see the ESI for a representative
spectrum). © 1 mol% of phenol relative to the epoxide was used as HBD.
2 mol% of phenol relative to the epoxide was used as HBD.
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Fig. 2 Effect of using H,O as additional HBD on the activity of modified
dyes as organocatalysts for the conversion of CO, and styrene oxide into
styrene carbonate. Reaction conditions: styrene oxide (20 mmol), organo-
catalyst (1 mol% relative to the epoxide), o-xylene (1.5 mmol) as internal
standard, 45 °C, 10 bar CO,, 18 h. ? Data taken from ref. 4.

catalytic system exhibited markedly lower catalytic activity than
RhB-Ethyl-PhOH-I. This indicates that our strategy was successful
in designing a bifunctional catalyst in which the proximity of the
nucleophile and of the HBD within the same compound (RhB-
Ethyl-PhOH-]) leads to their enhanced cooperation compared to a
binary system (RhB-I/phenol), in which the same two catalytic
species are present on two separate compounds.

Although several of our modified dyes already contain an
HBD group, their performance might be further enhanced by
combining them with an HBD additive.”'* We chose water as
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an inexpensive, abundant, non-hazardous and thus green
HBD.*”® When a small amount of H,O (50 mg) was added as
a co-catalyst, the activity of the modified dye catalysts (type 1
and type 2) improved, with an increase of up to 13% in styrene
carbonate yield (Fig. 2). In line with logical expectations, the
benefit of using H,O as HBD was in general more prominent in
combination with the non-HBD-functionalised organocatalysts.
However, when discussing these results it is necessary to consider
that the presence of H,O can also lead to a decrease in the
solubility of the dye-based catalysts in the reaction mixture at the
beginning of the reaction (Table S1, ESIt), resulting in fewer active
sites available for catalysing the reaction in solution, which partially
offsets the beneficial effect of H,O as HBD. Among the dye-based
catalysts assisted by H,O as HBD, RhB-Ethyl-PhOH-I again
achieved the highest activity, yielding 49% styrene carbonate, i.e.
24% and 11% higher yield than the benchmark organocatalysts
Bu,NI and PPNI,* respectively (Fig. 2). Compared to the state-of-art
bifunctional organocatalysts (Fig. S1, ESIT),">*® RhB-Ethyl-PhOH-I
exhibited competitive activity (Table S3, ESIt), particularly when
considering that these results were obtained under mild reaction
conditions (45 °C, 10 bar CO,) and with relatively low catalyst
loading. The use of water as HBD can cause a slight decrease in
selectivity towards the desired cyclic carbonate product, due to
hydrolysis of the epoxide.* However, the selectivity towards styrene
carbonate remained high with the RhB-Ethyl-PhOH catalyst (96%),
with only a minor amount of styrene diol (2%) formed as a by-
product.* For the rest of the dye-based catalysts, the styrene
carbonate selectivity was slightly lower, but still >92% (Fig. 2).
Increasing the amount of H,O to 100 mg led to a less notable
improvement in the activity of the dye-based catalysts and resulted
in a further decrease in the selectivity towards styrene carbonate,
due to higher styrene diol yields (5 and 6%).'° The higher fraction
of H,O also negatively affected the solubility of some of the dyes in

Table 2 Versatility of selected modified dye organocatalysts (with H,O as additional HBD) in the cycloaddition of CO, to different epoxides

Entry Organocatalyst Epoxide Cyclic carbonate product Solvent [mL] Yield® [%] Selectivity” [%]
1 RhB-Ethyl-Ph-T o 0 0 67 >99
2 RhB-EtOH-T A o o 0 65 >99
3 RhB-Ethyl-PhOH-T P 0 84 >99
4 RhB-Ethyl-Ph-1 o jl 0 54 >99
5 RhB-EtOH-T a A o o 0 51 >99
6 RhB-Ethyl-PhOH-I a 0 53 >99
7 RhB-Ethyl-Ph-1 o 0 33 93
8 RhB-EtOH-T? ©_<? w 0 32 93
9 RhB-Ethyl-PhOH-T 0 0 49 9%
10 RhB-Ethyl-Ph-1 o )OL 0.5 20 >99
11 RhB-EtOH-1 PPA e 0.5 12 >99
12 RhB-Ethyl-PhOH-T PP 0.5 46 >99
13 RhB-Ethyl-Ph-T° . 0 54 >99
14 RhB-EtOH-1”* O':jo O Vo 0.5 50 >99
15 RhB-Ethyl-PhOH-I o 0 62 >99
16 RhB-Ethyl-Ph-T° 0.5 <1 n.a.
17 RhB-EtOH-I?¢ >/-—<:2( >_Q</OL\ 0.5 <1 n.a
18 RhB-Ethyl-PhOH-I o 0o 0.5 <1 n.a.

Reaction conditions: epoxide (20 mmol), organocatalyst (1 mol% relative to the epoxide), o-xylene (1.5 mmol) as the internal standard, 50 mg H,O,
45 °C, 10 bar CO,, 18 h. * The yield and selectivity values were determined by "H NMR using o-xylene as internal standard (see Fig. S50-S56, ESI for

representative spectra). ” Taken from ref. 8. 120 °C, 30 bar CO,, 18 h; in

entries 13-15, cis-cyclohexene oxide was used as the substrate and only

the cis-form of cyclohexene carbonate was obtained (see Fig. S54, S55 and S57-S61, ESI for the NMR spectra). n.a. = not applicable.
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the reaction mixture (Table S1, ESIf). Combining these observa-
tions, it was concluded that using 50 mg of H,O as HBD additive is
preferable over a larger amount.

The versatility of RhB-Ethyl-PhOH-I was investigated with a range
of substrates, comprising external and internal epoxides bearing
groups with different electronic and steric effects (Table 2). For
comparison, another catalyst of type 1 (RhB-EtOH-I) and one of type 2
(RhB-Ethyl-Ph-I) were tested, to determine whether the observed
catalytic trends are correlated with the nature of the epoxide. Due to
differences in their functional groups and the nature of the epoxides,
these catalysts displayed different solubility in the reaction mixtures.
In general, RhB-Ethyl-Ph-I and RhB-Ethyl-PhOH-I exhibited better
solubility than RhB-EtOH-I (Table S2, ESIt). Following a previously
reported approach, a small amount of propylene carbonate was
added to solubilise the dyes that showed incomplete solubility.*®
Propylene carbonate was chosen as it is a non-hazardous, polar
aprotic solvent.*® Additionally, it does not need to be separated from
the reaction mixture in the case of CO, cycloaddition to propylene
oxide, being the cyclic carbonate product.* Most CO, cycloaddition
reactions were conducted under mild conditions (45 °C, 10 bar CO,,
18 h, entries 1-12), except for the more challenging cyclohexene
oxide and limonene oxide substrates, for which harsher conditions
were employed (120 °C, 30 bar CO,, 18 h, entries 13-18). Among the
three dye-based catalysts, RhB-Ethyl-PhOH-I consistently displayed
the highest activity, with good to excellent cyclic carbonate yields
(46 to 84%, Table 2). However, it showed poor activity towards the
CO, cycloaddition to the refractory limonene oxide (entry 18).>° The
highest product yield was obtained for propylene carbonate (entry 3).
This is attributed to the small size of this epoxide,”* which allows
easier access to the active sites of the catalyst. Electron-withdrawing
groups, such as Cl in epichlorohydrin, promote the nucleophilic
attack on the epoxide, resulting in high cyclic carbonate yields,
which in this case were very similar for the three catalysts
(entries 4-6). Notably, the catalysts were also effective in the conversion
of an internal, challenging substrate such as cyclohexene oxide,"**
though this required harsher reaction conditions (entries 13-15). Apart
from the above-mentioned case of styrene oxide, the undesired
hydrolysis of the epoxide into the corresponding diol was negligible,
leading to nearly complete cyclic carbonate selectivity.

The RhB-Ethyl-PhOH-I catalyst can be recovered by precipitation
using diethyl ether as an antisolvent. The *H and "*C NMR spectra of
the recovered RhB-Ethyl-PhOH-I (Fig. S62 and S63, ESIt) are analo-
gous to those of the fresh catalyst and the activity was fully retained
upon reuse (Fig. S64, ESIt). Finally, we demonstrated that nearly full
conversion of propylene oxide with complete selectivity to propylene
carbonate (98% yield, >99% selectivity, Fig. S65, ESIt), can be
achieved with the RhB-Ethyl-PhOH-I catalyst by increasing the reac-
tion temperature to 60 °C (with the other conditions as in Entry 3,
Table 2). The obtained propylene carbonate can be isolated to achieve
the product with high purity (see the ESIt for the procedure and
Fig. S66-S68 for the NMR and GC-MS data).

In conclusion, we demonstrated that careful tuning of the nature
and position of the HBD group in modified RhB dyes allows designing
a bifunctional metal-free homogeneous catalyst with enhanced activity
and high selectivity in the reaction of CO, with a broad scope of
epoxides to yield cyclic carbonates under mild reaction conditions.

This journal is © The Royal Society of Chemistry 2025
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