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Abstract: The development of solvent-free, metal-free, recyclable
organic catalysts is required for the current chemical fixation of
carbon dioxide converted to cyclic carbonates. With the goal of
reducing the cost, time, and energy consumption for the coupling
reaction of CO; and epoxides, we developed a series of highly active
heterogeneous catalysts based on thiourea and quaternary
ammonium salt system via thiol-ene click reaction under ultraviolet
light. Benefitting from the synergistic interaction of the electrophilic
center (thiourea) and the nucleophilic site (ammonium bromide), the
catalysts exhibit excellent catalytic selectivity (99%) for the
cycloaddition of carbon dioxide with diversiform epoxides under mild
conditions (1.2 MPa, 100 °C). Moreover, the catalyst could be easily
recycled via facile filteration and reused for 5 times without
noticeable loss of activity and selectivity. Our work provided a
potential heterogeneous catalyst to catalyze the conversion of
carbon dioxide into high value-added chemicals with the combined
advantages of low cost, easy recovery, and satisfactory catalytic
properties.

Introduction

The sustainability of the chemical industry depends both on
chemical products and the related engineering process." In this
context, many kinds of chemical and polymeric materials have
been developed based on bio-based,? degradable, and
recyclable® feedstock to detour the fossil fuel rivals. The
transformation of carbon dioxide (CO.) into industrially attractive
chemicals is well consistent with the requirements of a strategy
of sustainable development, as CO, is a non-toxic, abundant,
low-cost and renewable C1 resource in nature.’) Among the
various strategies to produce CO--based products, the coupling
of CO, and epoxides into cyclic carbonate stands out an
attractive platform for both academic and industrial perspectives.
Being different from the traditional process that using of 1,2-diols
and the highly toxic carbonylation reagent (phosgene and its
derivatives), the cyclization of CO, and epoxide into cyclic
carbonate avoid producing condensation product, which is well
in line with the atomic economy. From an application viewpoint,

cyclic carbonates, such as propylene carbonate (PC) and
ethylene carbonate (EC), are vastly used as polar aprotic
solvents,® electrolytes in the battery,/”? and vital intermediates in
the manufacture of fine chemicals.®! Given the thermodynamic
stability and chemical inertness of CO,, the development of an
active catalyst to circumvent high temperature and pressure is
highly required to facilitate this coupling process, thus making
the coupling process greener. In the past decades, numerous
catalysts have been explored for the selective coupling of CO,
and epoxides, including metal complexes,'” ionic liquids (ILs),!""
metal-organic ~ framework  (MOF),'"?  ammonium  and
phosphonium  salts,!™™ N-heterocyclic carbenes (NHCs),!"¥

hydrogen bond catalysts,"” supported catalysts,"® porous
organic polymers (POPs)"" and so on.
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Scheme 1. General mechanistic pathways for the cycloaddition of CO, to
epoxide.

In the view of mechanism, the cycloaddition of CO, with
epoxide is generally afforded via using either a single
nucleophilic catalyst or a binary system consisting of
nucleophilic and Lewis-acidic components (Scheme 1). For
route one, under a single nucleophilic compound, such as strong
base, the reaction occurs at the electrophilic carbon center of
CO, and affords the corresponding carbonate, followed by a
ring-opening of epoxide and subsequent cyclization reaction,
leading to the target carbonate product.!'® In another route, the
epoxide substrate is activated and ring-opened by a nucleophilic
anion in the presence of hydrogen bond donor group (e.g., -OH,
-COOH and -NH-) or Lewis-acidic metal center. The subsequent
insertion of CO; into the newly generated alkoxide bond and
following intramolecular ring elimination produces the five-
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membered cyclic carbonate (Scheme 1, Route 2). The vast
researches during the past decade demonstrate that an efficient
method to construct a highly active catalyst for the cycloaddition
of CO; with epoxides is the incorporation of the nucleophilic
part(s) and electrophilic center(s) in one molecule via covalent
bond. Those compounds are well known as bi-/multi-functional
catalysts."! Usually, these bi(multi)functional catalysts display
higher activity and selectivity compared with their bi(multi)nary
counterpart under the same conditions. The high reactivity for
the bi(multi)functional catalyst benefited from the intramolecular
cooperative interaction of the nucleophilic site and the electron-
deficient center.™ Excellent examples were illustrated by Salen-
and Porphyrin-metal systems.?" Although substantial progress
has been gained, the preparation of such elaborate
organometallic catalysts often suffers from the tediously low-
yield synthetic process as well as the problem of the refractory
metal residue, especially for the poisonous cobalt and
chromium-based compounds, which exposes potential risk to
their applications in electronics and medicines. In this regard,
the use of organic Lewis-acidic constituents (such as alcohol,??
polyphenols,?® and carboxylic acid®®?) has been proved to be
effective to facilitate the ring-opening of epoxides through
hydrogen bond activation in the presence of halide anions,
providing an efficient metal-free strategy in preparation of cyclic
carbonates.”®

With the goal of reducing the cost, time, and energy
consumption for the coupling reaction of CO, and epoxides,
additional concerns are required for the separation and recovery
of the applied catalyst. In contrast to homogeneous catalytic
systems,®® heterogeneous catalysts display benefits in
simplifying the technological process and the reuse of catalyst,
providing a useful way to develop continuous flow reactions in
the actual production process.””’ Polymer resin has been
extensively proved to be an excellent support for heterogeneous
catalysts due to their variable design and stable structure.® For
example, Xiao and coworkers reported a series of organic ionic
polymers of vinyl-functionalized quaternary phosphonium salts
with halide ions.”® Ding et al. developed bifunctional polymer
catalysts featuring both of the electrophilic and the nucleophilic
parts, wherein the zinc atom acted as a Lewis-acidic center for
epoxide activation.’?®® 3% Furthermore, some organic catalysts
involving multifunctional sites have also been investigated,
which displayed excellent catalytic activity in the formation of
cyclic carbonate from CO, and epoxides.*3"
Thiourea derivatives have shown great potential in organic
synthesis due to their simplified preparation procedure and
bidentate H-bonding activation.®? A series of the thiourea-based
homogeneous catalyst has been reported for cycloaddition of
CO, with epoxides,® but the thiourea-based heterogeneous
catalysts for the cycloaddition of CO, to epoxides are still bare.
Otherwise, most polymer-supported catalysts currently explored
were prepared via the solvothermal free-radical polymerization
of the vinyl-functionalized monomers® or grafting active
component onto polymer matrix,*" in which the heat and
chemical solvents can be problematic. In this study, we prepared
a number of organic cross-linked polymers based on thiourea and
quaternary ammonium salt system via thiol-ene click reaction under
ultraviolet light, which featured with a convenient and low-cost
preparation method and displayed distinct advantages in terms
of reaction efficiency, solvent reduction, and spatial control. As a
result of the simple and efficient preparation procedure, the
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catalyst can be scaling-up manufacturing. Benefitting from the
synergistic interaction of the electron-deficient center (thiourea)
and the nucleophilic site (ammonium bromide), the composite
catalysts exhibit excellent catalytic selectivity (99%) toward CO,
cycloaddition with diversiform epoxides under mild conditions
(1.2 MPa, 100 °C). Besides, the catalyst could be easily recycled
via facile filtering separation and could be reused for at least 5
times without apparent loss of activity and selectivity. The facile
synthetic technique, in combination with the advantages of
catalytic performance, may open the pathway for designing new
heterogeneous catalysts that satisfy the requirements of efficient
conversion of CO; into cyclic carbonates without the need for co-
catalysts, solvent, and extreme conditions.

Results and Discussion
Synthesis and Characterization of catalyst

Nucleophilic monomer (N;;)

Ny ot 0 AVl
Nms

Nm1 ‘ ‘

Lewis-acidic monomer (L)

Co-monomer (C,,)

Scheme 1. Experimental system designed through thiol-ene click reactions
under ultraviolet light to prepare polymer catalysts with various monomers.

The synthetic procedure, involved monomer and diagrammatic
sketch for the cross-linked polymeric organocatalyst was
provided in Scheme 2. Inspired by the design philosophy of a
bifunctional catalyst, we introduced the concept of block design
into the system and divided the monomeric components into
three types according to their functions, i.e., nucleophilic
monomer (Nm), Lewis-acidic monomer (Ln) and co-monomer
(Cm) (Scheme 2). Through the catalyst-free Menschutkin
reaction, the allyl-functionalized monomeric quaternary
ammonium salts (Nm) could be efficiently obtained, wherein the
counterion (Br) worked as nucleophilic initiator to ring-open the
epoxides in the predesigned bifunctional catalysts. The thiourea
group on the Lewis-acidic monomer (Lm1) was utilized to activate
the epoxides, thus improving catalytic activity via cooperative
interaction with quaternary ammonium salts. To fully explore
structure-property relationships, the di-, tri- and tetra-substituted
allyl quaternary ammonium salts (Nm1, Nm2, and Nm3), and co-
monomers from dithiol to tetrathiol (Cmi, Cm2, and Cm3) were
systematically investigated. Given the wealthy double bonds in

This article is protected by copyright. All rights reserved.



ChemSusChem

the nucleophilic and Lewis-acidic monomers, the crosslinked
polymers with multifunctional sites were efficiently obtained in
the presence of sulfhydryl compound (Cn) under UV light
following the thiol-ene click chemistry, as outlined in Scheme 2.

During exploratory investigations into the reactivity of the
various monomers, we discovered that the optimum catalyst was
obtained by cross-linking monomers Cms, Lmi, and Nm2 with a
mole ratio of Cma/Lmi/Nm2 = 5/4/4. The prepared polymeric
organocatalyst hereafter was referred to as P-CmLmNm. Under
UV light for 10 minutes, up to 93% of raw materials were
converted into the solid product P-CmsLmiNm2 (Figure 1a), while
only 58% and 85% of raw materials were cross-linked into
insoluble catalyst powders for P-CmiLmiNm1 and P-CmaLm1Nm2
respectively. Upon increasing the radiation time, the yield of P-
CmsLmiNm2 was not obvious. When the radiation time increased
to 6h, the yield of P-CmiLmiNm2 and P-CmzLmiNms increased to
99% and 98%, respectively. The Fully complete transformation
of monomers into cross-linked catalysts was observed for P-
CmikmiNm2 and P-Cm2LmiNms after 12 hours. The conversion
efficiency of 100% indicates that the organocatalyst has great
potential for mass production and could be used directly without
any post-processing, greatly simplifying the preparation process.
(Figure 1b).
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Figure 1. (a) Yield of organocatalysts P-Cy3Lm1Nm1, P-CmskmiNm2 and P-
Cm3sLm1Nms as a function of lighting time under the UV lamp (36 W, 365 nm).
(b) Photograph of crushed organocatalyst P-CmaLm1Nm2.

The structural integrity and chemical composition of the catalyst
were confirmed by XPS and FT-IR. The P-CmsLmiNm2 was
selected as the model object of study given its high preparation
efficiency. Control catalysts P-CnsNmz2 that only contains the
quaternary ammonium salt unit as well as P-Cnskm1 that only
contains thiourea groups were also prepared for structural
comparison. According to the XPS spectra for N (Figure 2a), the
appearance of the single strong N-1s signals located at 401.58
eV corresponding to the nitrogen element of the quaternary
ammonium nitrogens and 399.18 eV derived from the thiourea
structure were clearly observed for P-CnsNmz and P-Crslmi,
respectively. For the P-CmsLm1Nm2, two signal peaks (401.58 eV
and 399.18 eV) appeared simultaneously, indicating that the
quaternary ammonium nitrogens and thiourea structure were
well kept in the system. The result of XPS spectra for S-2p
further proved the two states of the sulfur element, i.e., carbonyl
sulfide (C=S) and carbon-sulfur (-S-), which confirmed the
fidelity of the thiourea groups (Figure S2). The chemical
structure of the prepared polymeric organocatalysts was also
confirmed by FT-IR as shown in Figure 2b, wherein an apparent
stretching vibration of C=0 (1730 cm™) related to Cms were
clearly observed for all the three samples. The appearance of
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the absorbance of N-H at 1550 cm™ was attributed to the
thiourea structure in P-CyslmiNm2 and P-Cnskm1, and the
relative intensity is well consistent with the content of thiourea.
Furthermore, the undetected signals around 2500-2600 cm™” or
1700-1500 cm™', which belongs to S-H and C=C respectively,
indicates that the sufficient reaction of the thiol-ene click
chemistry under UV light.
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Figure 2. (a) XPS (N-1s) and (b) FT-IR spectra of the P-CmsLmiNmz2 and
control catalysts P-Cm3sNm2 and P-Crslmi.

Catalytic Performance

For the obtained cross-linked organocatalyst, we evaluated the
catalytic performance in the coupling of propylene oxide (PO)
with CO, as a model reaction, and the corresponding results
were summarized in Table 1. Control experiments were also
performed using P-CmsNm2 and P-CmsLm1 to highlight the
predesigned bifunctional catalysts P-CmsLm1Nm1, P-Cm3sLm1Nm2,
and P-CnsLmiNm3. We initially studied catalytic performance for
the monofunctional control catalysts P-CmiLm1 and P-CmaNm2
under 1.2 MPa CO, at 100 °C, but no product was observed
under P-Cnslmi, indicating the thiourea carrier alone cannot
catalyze the reaction since the lacking of the nucleophilic ion to
ring-open PO. For the control catalyst P-Cm3sNm2, the yield of PC
was achieved at 48% within 12 h. In the presence of the
bifunctional catalysts P-CmsLmiNm1, P-CmsLmiNm2 and P-
Cm3sLmiNms, the PC yield increased to 59%, 72%, and 76%
respectively (Table 1, entries 4-5) at the same conditions. These
results corroborate our catalyst design, that is, the improved
catalytic activity was achieved via the cooperation of the
thiourea groups with quaternary ammonium salts.

Taking the catalyst preparation efficiency and catalytic
performance into consideration, P-CmsLmiNm2 was selected as a
representative catalyst in the subsequent studies. The effects of
catalyst loading, CO, pressure, reaction temperature, and time
were investigated. The results indicated that the catalyst loading
had a significant impact on the reactions. With the increase of
the loading of P-CmsLmiNm2 from 0.5, 1.0 to 4.0 mol%, the PC
yield increased from 26, 44 to 99%, respectively (Table 1, entries
6-8). To our upset, the catalyst system showed deficient activity
under atmospheric pressure of CO, (Table 1, entry 9), which
may be caused by the lack of pore structure and low surface
area according to the BET measurement (Table S2). When the
pressure increased to 1.0 and 3.0 MPa, the reactivity increased
to 53% and 97%, respectively (Table 1, entry 10). The effect of
temperature on the reaction was also significant. The rise of
reaction temperature from 60, 80, 100 to 120 °C resulted in an
obvious increase in PO conversion with catalyst loading of 1%
(Table 1, entries 12-14). The dependence of PO conversion on
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the reaction time was also investigated under 1.2 MPa at 100 °C
(Table 1, entries 15-18). In most cases, extending reaction time
is favorable to increase the yield of PC, and almost quantitative
yield (> 99%) of PC could be achieved within 28 h.

Table 1. Optimization of PC Synthesis.[a]
o

o M
/A +co, —= § 7
Me >—/

Me  2a

Entry Catalyst mol Temp. CO, Time  Yield

[%] [°C] [MPa] [h] [%]
1 P-CrmsNm2 2.0 100 12 12 48
2 P-Crnslmi 2.0 100 1.2 12 -
3 P-CmsLmiNm 2.0 100 12 12 59
4 P-CmsLmiNm2 2.0 100 12 12 72
5 P-CmsLmiNms 2.0 100 12 12 76
6 P-CmsLmiNm2 0.5 100 1.2 12 26
7 P-CmslmiNm2 1.0 100 1.2 12 44
8 P-CmsLmiNmz 4.0 100 12 12 99
P! P-CmslmiNm2 2.0 100 0.1 12 2
10 P-CmsLmiNm2 2.0 100 1.0 12 53
1 P-CmsLmiNm2 2.0 100 3.0 12 97
12 P-CmslmiNm2 1.0 60 1.2 12 13
13 P-CmslmiNm2 1.0 80 1.2 12 31
14 P-CmslmiNm2 1.0 120 1.2 12 72
15 P-CmsLmiNm2 2.0 100 12 4 47
16 P-CmsLmiNm2 2.0 100 12 8 63
17 P-CmsLmiNm2 2.0 100 12 16 80
18 P-CmslmiNm2 2.0 100 1.2 28 99

[a] Reaction conditions unless specified otherwise: PO (19.3 mmol), polymer
catalyst based on Br, neat. The selectivity is higher than 99%. The reactions
involving CO; pressure higher than 0.1 MPa were carried out in a 70 mL
stainless steel autoclave, and the yield was determined by "H NMR. All the
results are averaged by three runs. [b] The reactions were carried out in a
round bottom flask with a CO, balloon.

Recyclability and stability

Catalyst recyclability and long-term stability under harsh
conditions are essential features for any heterogeneous
catalysts. As an insoluble and unmelted crosslinked polymer, P-
Cm3sLm1Nm2 and cyclic carbonate product can be layered after the
reaction, which could be easily separated through centrifugation
or filtration (Figure 3a). After washing and drying, the
organocatalysts could be directly carried out in the next catalytic
cycle. Thermal stability is an essential property for catalysts,
especially for those exothermic reactions. The TGA curves
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showed that the decomposition temperature of P-CmsLmiNm2
was as high as 251 °C (Figure S3), which enables the catalytic
reaction could be performed in the broader temperature range.
Under the optimized catalytic conditions, we conducted five
consecutive catalytic reactions using the same sample, and no
considerable decrease in the yield was observed (Figure 3b).
The preservation of the catalytic performance sufficiently proved
the catalyst's excellent stability and recyclability. After properly
extending the reaction time to 12 h, the catalyst can further
increase the yield to 99% (Figure S4). The stability of the
catalyst was further confirmed by the surface morphology of the
recycled catalyst, wherein no obvious change was observed
compared with the original sample by SEM (Figure 3c).
Meanwhile, the XPS spectrum of N-1s also had no noticeable
change (Figure 3d). All of these results proved the excellent
physical and chemical stability of P-CmaLm1Nma2.

o
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Figure 3. (a) Schematic diagram of catalyst cycle. (b) Recyclability test of P-
Cmslm1Nm2 in the cycloaddition of PO and CO,. Reaction conditions: PO (19.3
mmol), catalyst (0.39 mmol, based on Br), 373 K, 1.2 MPa of CO, for 8 h. (c)
the SEM images and (d) XPS (N-1s) spectra of the original and recycle
catalyst P-CmaLlm1Nm2.

Proposed reaction mechanism

On the basis of catalyst performance and the homogeneous
catalyst demonstrated in recent studies,®® %% a possible dual
cooperative activation mechanism was proposed for the
cycloaddition reaction of CO, with the epoxide to form cyclic
carbonate by P-CmsLmiNm2 (Figure 4a). Firstly, the two hydrogen
atoms in the thiourea unit worked as the Lewis-acidic
components in the system to activate the epoxy substrate
through hydrogen bonds, and the activated C-O bond was easy
to be ring-opened by the nucleophilic Br™ anion, resulting in the
intermediate 1. At the same time, the nitrogen atoms of the
secondary amine reversibly coordinated with CO. and
underwent proton transfer to obtain compound 2, which could
activate CO,. After that, the nucleophilic attack of the
intermediate 1 on compound 2 produced the intermediate 3,
which formed a cyclic carbonate through the subsequent
intramolecular closed-loop and regenerated the catalyst. During
the whole process, thiourea not only activated hydrogen bonds
but also promoted the conversion of carbon dioxide, playing a
synergistic role with the adjacent quaternary ammonium salt

This article is protected by copyright. All rights reserved.



ChemSusChem

components to ensure the coupling reaction proceed smoothly. It
should be mentioned that other possible mechanisms like

thiourea catalyst as a nucleophile also have been proposed.®**
35]

+CO,
S CO. )SL
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WY e
H,_H B Hj\ o)
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Figure 4. (a) Proposed reaction mechanism and (b) cycloaddition of CO; with
various substrates over P-CnsLmiNmz2. Reaction conditions: epoxide (19.3
mmol), catalyst (0.77 mmol based on Br), 373 K, and 1.2 MPa of CO, for 12 h.
The yield and the selectivity determined by NMR and all the results are
averaged by two runs.

Scope of epoxides

With an aim to testing the adaptability of P-CnaLmiNm2, @ series
of epoxide substrates were then evaluated under the optimized
reaction conditions, and the results are demonstrated in Figure
4b. To our delight, P-CmsLmiNm2 was found to apply to various
terminal epoxides with high yield and selectivity (> 99%) of the
corresponding cyclic carbonates. The electronic effect and steric
hindrance of the substituent groups of epoxides both affect the
reactivity. In detail, PO, 1,2-butylene oxide (BO), epichlorohydrin
(ECH), styrene oxide (SO) and 2-(phenoxymethyl)oxirane (PMO)
were effectively transformed to corresponding carbonates (2a,
2b, 2c, 2d and 2e) with high selectivity (> 99%). Despite the high
steric hindrance and low-reactivity, 2f couls also be smoothly
converted under the same addition. Moreover, the vinyl group
carried by 2g provides the possibility for subsequent functional
modification. The activity of meso cyclohexene oxide (CHO) to
2h was significantly reduced owing to its substantial steric
hindrance of the six-membered ring structure.
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Conclusion

In summary, we have developed a series of heterogeneous
polymer catalysts based on thiourea and quaternary ammonium
salt system via thiol-ene click reaction under ultraviolet light. As
a selected catalyst, P-CmsLmiNm2 was thoroughly studied in the
cycloaddition of CO., with epoxides and demonstrated
satisfactory catalytic performance to various terminal epoxides
via the synergistic effect of thiourea and quaternary ammonium
salt in the system. It was delightful to find that the catalyst could
be easily recycled via facile filtering separation and could be
reused for at least 5 times without apparent loss of activity and
selectivity. We hope that the advantages of low-cost scalable
preparation, in combination with satisfying catalytic
performances, may open the pathway for designing new
heterogeneous catalysts that satisfy the requirements of efficient
conversion of CO» into high-value-added chemicals without the
need for co-catalysts, solvent, and extreme conditions.

Experimental Section
Material and Instrumentation.

Diallyl-dibutyl-ammonium bromide (Nm1), triallyl-butyl-ammonium
bromide (Nm2), tetraallyl-ammonium bromide (Nms), and N, N'-
diallylthiourea (Lm1) Were prepared according to the literature!'”
31 and more detail were provided in Figure S1. Pentaerythritol
tetrakis  (3-mercaptopropionate) (Cms), diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) and all epoxides were
purchased from Sun Chemical Technology Co., Ltd. Carbon
dioxide (99.9%) and nitrogen (99.9%) were supplied by
Hangzhou Jinong Special Gas Co., Ltd. All epoxides were
distilled over CaH, in advance, and other chemicals were used
without further purification. 'H and "*C NMR spectra were
recorded on Bruker Avance III 400 MHz type (1H, 300 MHz) at
25 °C using tetramethylsilane (TMS) as an internal standard for
chloroform-d (CDCls) or benzene-d (C¢Dg). Thermogravimetric
analysis (TGA) was carried out on a TA-Q500 analyzer through
heating samples from RT to 600 °C in a dynamic nitrogen
atmosphere with a heating rate of 10 °C-min™'. Scanning
electron microscopy (SEM) was performed on a Hitachi
TM3030Plus operated at an accelerating voltage of 15 kV.
Fourier transform infrared (FT-IR) analyses were conducted
using a Thermo-Nicolet Nexus 470 FTIR spectrometer equipped
with an ultrahigh-performance attenuated total reflectance (ATR)
sampling accessory. The spectra were scanned over a
wavenumber range of 400-4000 cm™" with a resolution of 4 cm™,
and the spectra were collected with 32 scans. Nitrogen
adsorption and desorption isotherms were measured at 77 K
using a quantachrome autosorb system, and the samples were
degassed at 120 °C for 10 h before the measurements. Surface
areas were calculated from the adsorption data using the
Brunauer-Emmett-Teller (BET) method. The pore size
distribution curves were obtained from the adsorption branches
using the nonlocal density functional theory (NLDFT) method.
The contents of C, N, and S were quantified by using a EuroEA
Elemental analyzer. The X-ray photoelectron spectroscopy
(XPS) measurements were conducted using a Thermo Scientific
ESCALAB 250Xi high-performance electron spectrometer, using
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monochromatized Al Ka (hv =
source.

1486.6 eV) as the excitation

Synthesis of crosslink-polymer catalyst.

The synthetic scheme is shown in Scheme 2. Take the cross-
linked bifunctional P-CmsLmiNm2 as an example, Nm2 (2 g, 7.3
mmol), Lm1 (1.14 g, 7.3 mmol), Cm3 (4.46 g, 9.1 mmol), and TPO
(5 wt%) were dissolved in 10 mL of dichloroethane. Then the
mixture was transferred into a glass petri dish and placed
directly under a UV lamp (36 W, 365 nm) for 10 min. After
evaporation recovery of the solvent, a light yellow solid was
obtained. Under the same preparation method, control catalyst
systems P-Cm3Nm2 and P-Cslm1 were obtained with Crz by Nma2
and Ly, respectively.

Typical procedures of cycloaddition of CO; and epoxide.

All the cycloaddition reactions were conducted in a 70 mL
stainless steel reactor with a magnetic stirrer. Typically, a
mixture of P-CmsLm1Nm2 (0.39 mmol based on Br) and propylene
oxide (PO) (19.3 mmol) was added into a 70 mL stainless steel,
Then CO; was charged in the reactor and adjusted to 1.2 MPa,
then the autoclave with magnetic a stirring bar was heated to
100 °C and stirred for 12 h. After the reaction was completed,
the autoclave was cooled to ambient temperature, and the
excess CO; was vented. NMR was used to analyze the purity
and structure of the products using CDCI; as the solvent. The
amount of all catalysts was calculated based on the fixed Br that
was verified by elemental analysis, as shown in Table S1.

Recyclability Investigation for P-Crn3Lm1Nm2 Catalyst.

After the coupling reaction was completed, the recycled catalyst
was separated by centrifugation from the mixture and washed
with dichloromethane then used directly for the next run for
performance evaluation.
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A series of heterogeneous bifunctional catalysts, featured with a convenient and low-cost preparation are reported toward CO,
cycloaddition with diversiform epoxides with excellent catalytic selectivity and cycling performance.
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