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A B S T R A C T

The cycloaddition of carbon dioxide (CO2) to epoxide (CCE) reaction is a highly attractive sus-
tainable process due to its high atom economy and the versatility applications of the resulting 
cyclic carbonates. Conventional catalysts for CCE reactions were indispensable of halide cocat-
alyst, however, halides posed risk of corrosion to process steel equipment and the residue halide 
was environmentally harmful. To obviate halide, a new halide-free resorcinarene-based zwit-
terion (RES-Z) catalyst was designed and synthesized as organocatalyst for CCE reactions. The 
RES-Z catalyst exhibited excellent performance at 120 ◦C and 0.5 mol% catalyst loading under 
1.0 MPa CO2 pressure for 12 h, the commercially epoxide bisphenol A diglycidyl ether and 12 
terminal epoxides were converted into the corresponding cyclic carbonates with 73–99 % con-
version and 99 % selectivity. Bifunctional catalytic mechanism was proposed and validated by 
NMR titrations where the cationic moiety activated the epoxide and the anionic moiety activated 
the CO2. Moreover, the catalyst demonstrated exceptional recyclability, exhibiting no decline in 
catalytic activity over five consecutive reaction cycles. These findings not only substantiate the 
efficacy of resorcinarene-based organocatalysts in halide-free catalytic systems but also advance 
the sustainable utilization of CO2 in chemical synthesis.

1. Introduction

Carbon dioxide (CO2) as an abundant, cheap, and renewable C1 building block for the synthesis of value-added chemicals is one of 
the most active areas of research today, with the promise of reducing CO2 emissions and replacing petroleum-based feedstocks for the 
synthesis of fine chemicals (Artz et al., 2018). Nevertheless, this strategy presents considerable challenges, as merely 0.1 % of at-
mospheric CO2 is currently utilized in chemical synthesis, primarily due to the thermodynamic stability of carbon in its highest 
oxidation state (Cokoja et al., 2011a). The cycloaddition of CO2 to epoxides (CCE) was considered a promising conversion route 
(Cokoja et al., 2015). The products cyclic carbonates are an important class of compounds that can be used aas green solvents 
(Schäffner et al., 2010), electrolytes in lithium-ion batteries (Vivek et al., 2016), and monomers for non-isocyanate polyurethane 
(Guan et al., 2011) and polycarbonates (Yu et al., 2021). In terms of the reaction process, epoxides can be used as high-energy reactants 
to compensate for the high energy input of the cycloaddition reaction process, and the addition of well-designed catalysts can over-
come the very high thermodynamic energy barriers to CO2 fixation (Etacheri et al., 2011). Researchers have developed a variety of 
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catalytic systems to facilitate this reaction. These catalytic systems include metal complexes (Comerford et al., 2015; Cokoja et al., 
2011b), organocatalysts (Fiorani et al., 2015; Alves et al., 2017; Büttner et al., 2017; Aytar et al., 2024; Kilic et al., 2024, 2025a, 
2025b), and functional polymers. Compared to metal-based catalysts, organocatalysts are more attractive because they are inex-
pensive, readily available, low-toxicity, and sustainable.

In popular binary catalyst systems commonly utilized for cycloaddition reactions, pronounced synergistic catalytic effects have 
been consistently observed between hydrogen bond donor (HBD) and nucleophilic co-catalysts (Alves et al., 2017). Extensive literature 
reported numerous highly efficient bifunctional catalyst systems, particularly those incorporating ammonium salt (Kumatabara et al., 
2017), phosphonium salt (Wei-Li et al., 2014), pyridinium salt (Rostami et al., 2018), or imidazolium-based ion liquid (Peng and Deng, 
2001) functionalized with –OH, –NH, or –COOH groups. A common feature of most HBD/nucleophile systems, regardless of their 
configuration as one-component or binary catalysts, is their fundamental reliance on halide anions as indispensable catalytic com-
ponents (Scheme 1, a). However, the practical application exists limitations of such catalytic systems, due to equipment corrosion, 
environmental concerns, and reduced product purity resulting from halide residues (Kleij, 2020; Li et al., 2023; Ma et al., 2014). 
Consequently, significant research efforts have been directed toward the development of halide-free organocatalysts, which have 
emerged as a pivotal focus within the field of cyclic carbonate synthesis. This strategic shift not only addresses pressing environmental 
and safety concerns but also fulfills practical application requirements while preserving catalytic performance.

In the context of catalytic reaction mechanisms, the catalytic activity of halide containing system is attributed to the pronounced 
nucleophilicity and dissociative capacity of halide ion, which facilitate the cleavage of C–O bonds in epoxides and subsequent ring- 
closure processes (Zhang et al., 2020). As previous studies have reported, certain nucleophile have been shown to possess the ca-
pacity to competitively displace halide ions and directly interact with epoxides through cooperative H-bonding interactions (Shen 
et al., 2003; Tong et al., 2022; Yue et al., 2022). Furthermore, a series of Lewis bases (LB) systems with CO2 activation ability have been 
successfully applied to cycloaddition reactions, including organic bases (Sun et al., 2014), carbenes (Kayaki et al., 2009; Kilic et al., 
2020), N-heterocyclic olefins (Wang et al., 2013), zwitterions (Scheme 1, b) (Tsutsumi et al., 2010; Wang et al., 2014), 
phosphorus-ylide (Buβ et al., 2016; Zhou et al., 2015), and ion pairs (Liu et al., 2023; Zhu et al., 2024; Yuan et al., 2024).

Resorcinarene, a cyclic tetramer synthesized by the acid-catalyzed the condensation of resorcinol and aldehydes, has been dem-
onstrates easy to synthesize and functionalize (Neri et al., 2016). It exhibits distinctive structural features, including conformational 
flexibility, and variable cavity size. The structural versatility of resorcinarenes has been demonstrated to result in remarkable per-
formance in the domain of supramolecular self-assembly (Gajjar et al., 2020). This ability enables the construction of multicomponent 
architectures via directed H-bonding or metal coordination. The properties outlined above have led to the widespread applications of 

Scheme 1. Organocatalysts for CCE reactions. a) HBD/halide bifunctional catalytic system; b) zwitterion as halide-free catalyst (Tsutsumi et al., 
2010; Wang et al., 2014); c) resorcinarene-based zwitterion as halide-free organocatalyst.
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resorcinarenes in nanomaterial fabrication (Podyachev et al., 2021), fluorescent sensor (Makwana et al., 2015), molecular recognition 
(Murayama and Aoki, 1997), and catalysis (Liu et al., 2022). It is of particular interest that they exhibit exceptional self-assembly 
capability, which provides an innovative platform for designing multifunctional catalytic systems. Several prominent research 
groups including Dufaud (Mirabaud et al., 2015, 2017, 2018), Kleij (Martínez-Rodríguez et al., 2016; Jose et al., 2017), Patra (Giri 
et al., 2019), and Ma (Lu et al., 2017a, 2017b) et al. have developed various functionalized resorcinarene derivatives for CCE reactions. 
However, metal- and halide-free resorcinarene-based organocatalytic systems have not been reported. Thus, the development of 
organocatalysts derived from resorcinarene scaffolds that are environmentally benign for this transformation is of significant scientific 
value.

Based on the above inspiration, we designed and synthesized a halide-free, zwitterionic resorcinarene as a one-component 
bifunctional catalyst for the cycloaddition reaction of epoxide with CO2 (Scheme 1, c). In contrast to conventional HBD/nucleo-
phile systems that rely on halide anions, this system combines (1) a rigid macrocyclic cavity for substrate binding and (2) zwitterionic 
sites that enable synergistic CO2 activation and epoxide ring-opening, thereby eliminating the requirement for metals or co-catalysts. 
The tetracarboxylic resorcinarene derivatives were successfully constructed through a series of radical substitution, alkylation, and 
saponification reactions (Morozova et al., 2022); the effects of catalyst loading, reaction temperature, CO2 pressure, and reaction time 
on the catalytic performance were systematically investigated, substrate universality and catalyst cyclic stability experiments were 
carried out.

2. Experimental section

2.1. Materials

Epoxides were purchased from Energy Chemical. Carbon dioxide with a purity of 99.999 % was commercially available from 
Nanjing Shangyuan Co. 2-Methylresorcinol, hexanal, bromochloromethane, 2,2′-azobis(2-methylpropionitrile), N-bromosuccinimide, 
N,N-dimethylglycine ethyl ester, sodium hydroxide, and reaction solvents were purchased from Titan. All reagents were used without 
any further purification.

2.2. Characterizations

1H NMR and 13C NMR spectra were carried out on a Bruker Ascend TM-400 (400 MHz) spectrometer for titration experiments, 
determinations for the conversions and selectivity of epoxides, and characterizations of catalysts and cyclic carbonates using CDCl3 or 
DMSO‑d6 as the solvent. Chemical shifts δ are reported in parts per million (ppm) relative to a residual undeuterated solvent as an 
internal reference (1H δ 7.26 for Chloroform-d, δ 2.50 for DMSO‑d6; δ 3.31 for CD3OD-d4; and 13C δ 77.16 for Chloroform-d, δ 39.52 for 
DMSO‑d6, and δ 48.00 for CD3OD-d4). Melting points were measured on a Jingke melting point apparatus (uncorrected). FT-IR spectra 
were recorded on a Thermo Fisher Nicolet iS5 Fourier transform infrared spectrometer. High resolution mass spectra (HRMS) were 
conducted using an Ionspec 7.0 T spectrometer. Thermal gravimetric analysis (TGA) was conducted using TGA550 instrument model.

2.3. Synthesis of zwitterionic resorcinarene RES-Z

The compound tetramethyloctol 3, tetramethylcavitand 4, and tetrakis(bromomethyl)cavitand 5 were synthesis according liter-
ature procedures (Boerrigter et al., 1996, 1997; Wu et al., 2014).

Zwitterionic resorcinarene esters RES-ZE (Morozova et al., 2022). A 100 mL round-bottom flask was charged sequentially with 
tetrakis(bromomethyl)cavitand 5 (5.0 g, 4.2 mmol, 1.0 equiv.), anhydrous acetonitrile (50 mL), and N,N-dimethylaminoacetate ethyl 

Scheme 2. Preparation of zwitterionic resorcinarene RES-Z.
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ester (2.4 mL, 17.2 mmol, 4.1 equiv.). The reaction mixture was stirred at room temperature for 30 min, followed by heating at 60 ◦C in 
an oil bath with continuous stirring for 24 h. Upon completion of the reaction, the system was allowed to cool to ambient temperature. 
The resulting suspension was filtered, and the collected solid was washed thoroughly with acetonitrile (3 × 15 mL). Subsequent 
vacuum drying at 40 ◦C for 24 h afforded zwitterionic resorcinarene esters RES-ZE as a white powder in 94 % yield. m.p. 152–153 ◦C. 
1H NMR (400 MHz, CD3OD-d4) δ 8.04 (s, 4H), 6.16 (d, J = 7.5 Hz, 4H), 5.50 (s, 4H), 4.80 (d, J = 8.3 Hz, 4H), 4.63 (s, 8H), 4.44–4.32 
(m, 20H), 3.29 (s, 24H), 2.62 (q, J = 8.3 Hz, 8H), 1.53–1.32 (m, 36H), 0.93 (t, J = 7.3 Hz, 12H). 13C NMR (100 MHz, CD3OD-d4) δ 
166.5, 156.7, 140.0, 128.4, 115.9, 101.2, 63.5, 62.0, 59.0, 52.3, 39.1, 32.8, 31.4, 28.9, 23.9, 14.6, 14.5. FT-IR (cm− 1) 3671, 2974, 
2899, 1741, 1453, 1405, 1232, 1065, 969, 893, 934. HRMS (ESI-ToF) m/z calcd for [M − 4Br]4+ C80H120Br4N4O16 1392.8699, found: 
1392.8653.

Zwitterionic resorcinarene RES-Z (Morozova et al., 2022). A 100 mL round-bottom flask was charged with zwitterionic resorci-
narene esters RES-ZE (4.0 g, 2.3 mmol, 1.0 equiv.) in ethanol (40 mL). To solution was added an aqueous NaOH solution (2 mL, 
containing 1.2 g NaOH, 28.1 mmol, 12.0 equiv.). The reaction mixture was heated to 60 ◦C with vigorous stirring for 24 h under a 
nitrogen atmosphere. Upon completion, the system was cooled to room temperature, and the resulting precipitate was collected by 
vacuum filtration. The solid product was washed extensively with cold ethanol (3 × 15 mL) to remove residual salts and byproducts. 
The crude product was then dissolved in distilled water (10 mL), and the PH was adjusted to 7–8 by the addition of 0.1 M HCl solution. 
The aqueous solution was subjected to dialysis (MWCO 1000 Da) against distilled water for 72 h, with water changes every 4 h. The 
purified product solution was concentrated under reduced pressure, followed by final drying in a vacuum oven at 40 ◦C for 48 h to 
obtain the RES-Z as a white powder in 90 % yield. m.p. 227–229 ◦C. 1H NMR (400 MHz, CD3OD-d4) δ 7.64 (s, 4H), 6.10 (d, J = 7.4 Hz, 
4H), 4.82 (t, J = 8.1 Hz, 4H), 4.71 (s, 8H), 4.22 (d, J = 7.5 Hz, 4H), 3.85 (s, 8H), 3.16 (s, 24H), 2.43–2.38 (m, 8H), 1.52–1.31 (m, 24H), 
0.93 (t, J = 7.1 Hz, 12H). 13C NMR (100 MHz, CD3OD-d4) δ 169.1, 156.8, 139.7, 126.1, 117.3, 100.9, 65.6, 56.7, 51.6, 38.7, 33.0, 31.1, 
28.8, 23.8, 14.5. FT-IR (cm− 1) 2926, 2961, 1630, 1455, 1387, 1344, 1320, 1237, 1145, 1084, 1010, 967, 929, 883, 711. HRMS 
(ESI-ToF) m/z calcd for [M+H]+ C72H101N4O16 1277.7213, found: 1277.7187.

2.4. General procedure for the cycloaddition of epoxides and CO2

The epoxide (5.0 mmol) and RES-Z (31.9 mg, 0.025 mmol, 0.5 mol%) were placed in a dry 25 mL stainless steel reactor containing a 
magnetic stir bar. The reactor was constantly purged with 0.3 MPa CO2 to remove air and finally maintain the pressure at 1.0 MPa. The 
reactor was put into the oil bath at 120 ◦C and stirred for 12 h. After the reaction, the reactor was placed in an ice water bath and cooled 
to 0 ◦C. Then the reactor was slowly depressurized to atmospheric pressure. The 1,3,5-trimethoxybenzene was added as an internal 
standard to determine the conversion of epoxide 1 and the selectivity for the product cyclic carbonate 2 using 1H NMR internal 
standard method with reference to our previous work (Liu et al., 2023). Cyclic carbonate products were obtained by flash chroma-
tography on silica gel (SiO2) with hexane: ethyl acetate = 10: 1–3: 1.

Fig. 1. (A) 1H NMR spectrum of RES-ZE and RES-Z; (B) 13C NMR spectrum of RES-ZE and RES-Z; (C) FT-IR spectrum of RES-ZE and RES-Z. D) 2D 
COSY spectrum of RES-Z.

Y. Hu et al.                                                                                                                                                                                                              Sustainable Chemistry and Pharmacy 46 (2025) 102102 

4 



3. Results and discussion

3.1. Preparation of zwitterionic resorcinarene organocatalyst and evaluation of the catalytic performances in CCE reactions

The macrocyclic compound tetramethyloctol 3 was synthesized via acid-catalyzed condensation of 2-methylresorcinol and n- 
hexanal. Subsequent treatment with CH2BrCl facilitated the regioselective introduction of methylene bridges between adjacent 
resorcinol units, thereby resulting in the formation of a bowl-shaped tetramethylcavitand 4. Further structural modification of the 
upper rim through sequential bromination and alkylation afforded the zwitterionic resorcinarene esters RES-ZE. The zwitterionic 
resorcinarene RES-Z was synthesized through alkaline saponification, purified via sequential PH adjustment and dialysis (see Scheme 
2), and comprehensively characterized by 1H NMR, 13C NMR, COSY, HMBC, FT-IR, MS, TGA, and melting point determination.

The NMR spectrum demonstrated the complete saponification of zwitterionic resorcinarene esters RES-ZE, as evidenced by the 
disappearance of the characteristic ester proton signals at δ 1.3–1.4 ppm (d) and δ 4.3–4.4 ppm (e) in the 1H NMR spectrum (Fig. 1, A), 
and the disappearance of the carbon signals at δ 62.0 ppm (d) and δ 14.6 ppm (e) in the 13C NMR spectrum (Fig. 1, B). The attribution of 
protons can be clearly determined by COSY spectra (Fig. 1, D), and. A substantial discrepancy in the FT-IR spectra (Fig. 1, C) is 
observed at 1741 cm− 1 and 1630 cm− 1 (stretching vibrations of C––O groups of RES-ZE and RES-Z, respectively). The observed 
differences in structural characterization, particularly the complete disappearance of ester signals, provide definitive spectroscopic 
evidence of successful conversion to the zwitterion. These results clearly confirm both the structural integrity and the high purity of the 
product RES-Z.

The catalytic performance of zwitterionic resorcinarene catalyst RES-Z was evaluated using styrene oxide (SO) as the benchmark 
substrate for the reaction with CO2. Styrene oxide, a substrate with moderate ring-opening difficulty, has been selected as a template 
substrate in the majority of studies. Cyclic carbonate SC was prepared under solvent-free conditions at 120 ◦C under 0.5 MPa of CO2 
pressure. The zwitterionic resorcinarene RES-Z catalyst was loaded at 0.1 mol%, and the conversion was recorded at 36 % (Table 1, 
entry 1). Increasing the CO2 pressure while maintaining a low catalyst loading resulted in a significant increase in the conversions to 
54 % and 78 % (Table 1, entry 2–3), respectively. Subsequent examination of the catalyst loading effect, employing 1.0 MPa as the 
optimal pressure, indicated that a conversion of 97 % was attained with a catalyst loading of 0.5 mol% (Table 1, entry 6). While 
employing an excess catalyst of 1.0 mol% does give near-complete conversion of the epoxide, this approach is considered inefficient. A 
more economical alternative is determined to be 0.5 mol% of the catalyst. By elevating the temperature to 140 ◦C, the conversion 
efficiency can surpass 90 % within a reduced time (Table 1, entry 7). A decline in temperature to 100 ◦C or 80 ◦C led to a substantial 
reduction in catalyst activity (Table 1, entry 8–9). A more detailed scatter plot representation of these data is provided in Fig. 2. In 
summary, the optimal reaction conditions were ascertained to be 120 ◦C, 1.0 MPa, 0.5 mol% catalyst loading, and 12 h.

The scope of substrate suitability for the CCE reaction was investigated based on the optimized conditions obtained, using zwit-
terionic resorcinarene as an organocatalyst. A series of terminal epoxides bearing distinct substituents was selected for evaluation at 
120 ◦C, 0.5 mol% catalyst loading of RES-Z, a CO2 pressure of 1.0 MPa, and a reaction time of 12 h. The results are presented in Table 2. 
It was demonstrated that the aliphatic, glycidyl, and aromatic substituted terminal epoxides all demonstrated more than 91 % con-
version and 99 % selectivity. The internal epoxide with a large site resistance cyclohexene oxide was not converted, and the 
commercially valuable epoxide bisphenol A diglycidyl ether resins 1n achieved a conversion of 73 %.

Zwitterionic resorcinarene RES-Z is a stable, externally neutral compound that possesses a partially positively charged nitrogen 
atom and a partially negatively charged carboxyl oxygen atom as Lewis base sites in its molecular structure. This was demonstrated in 
several studies that Lewis bases and CO2 can form reversible adducts as epoxides when attacked by nucleophiles, thereby promoting 
ring opening (Tsutsumi et al., 2010; Wang et al., 2014; Zhou and Lu, 2017). To demonstrate the existence of CO2 adduction 

Table 1 
The cycloadditions of CO2 to SO promoted by zwitterionic resorcinarene catalysts under different reaction conditionsa.

Entry Catalyst Loading [mol%] Temp. [◦C] Time [h] P (CO2) [MPa] Conv.b [%] Sel.b [%] TOFc

1 0.1 120 12 0.5 36 >99 7.50
2 0.1 120 12 1.0 54 >99 11.25
3 0.1 120 12 2.0 78 >99 16.25
4 0.3 120 12 1.0 77 >99 4.93
5 0.5 120 12 1.0 97 >99 4.04
6 1.0 120 12 1.0 99 >99 2.06
7 0.5 140 10 1.0 93 >99 4.65
8 0.5 100 12 1.0 75 >99 3.13
9 0.5 80 12 1.0 59 >99 2.46

[a] Reaction conditions unless specified otherwise: SO (5.0 mmol, 0.57 mL), no solvent. [b] Conversion and selectivity were determined via1H NMR 
analysis using 1,3,5-trimethoxybenzene as an internal standard (Liu et al., 2023). [c] Turnover frequency (TOF) = moles of product/(moles of 
zwitterion unit in RES-Z × time).
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intermediates, zwitterionic resorcinarene was maintained in contact with CO2 under conditions that were optimized to ensure the 
efficacy of the reaction. These conditions included a temperature of 120 ◦C and a CO2 pressure of 1.0 MPa for 12 h. The carbon atom 
signal peaks on the carboxyl group were found to be significantly weakened by the 13C NMR spectrum (Fig. S1), and the carbon spectral 
peaks of CO2 appeared. These results may be related to the CO2 adduct instability, possibly due to the reversible release of free CO2 and 
the catalyst by decarboxylation occurring during the detection process.

Zwitterion is a naturally occurring substance derived from plants that has exhibited remarkable efficacy as a HBD organocatalyst in 
ring-opening polymerization reactions (Saito et al., 2019; Xu et al., 2024). To verify the catalytic mechanism of zwitterionic resor-
cinarene RES-Z in CCE reactions. As demonstrated in Fig. 3, a 1H NMR titration experiment was conducted using RES-Z in conjunction 
with the substrate SO in CD3OD-d4. In the absence of a catalyst, the chemical shifts of the methylene protons in the epoxide were 3.096 
ppm (orange rhombus) and 2.766 ppm (blue square), respectively. As the ratio of the substrate SO to RES-Z gradually changed from 1: 
0.05 to 1: 2, the chemical shifts (blue squares and orange rhombuses) of the methylene protons of the substrate SO shifted from 2.735 
ppm to 3.063 ppm–2.770 ppm and 3.101 ppm, respectively, as the catalyst concentration increased. Concurrently, the chemical shift of 
the methyl proton at the upper edge of the calixarene (pink circle) exhibited a shift from 3.125 ppm to 3.175 ppm. The experimental 
results demonstrate the occurrence of a hydrogen bond interaction between the calixarene catalyst and the epoxide.

The mechanism of zwitterionic resorcinarene-catalyzed CCE reaction is proposed based on previous literature reports (Li et al., 
2023; Tsutsumi et al., 2010; Liu et al., 2023) and the validation experiments described above. As demonstrated in Scheme 3, under the 
stipulated experimental conditions, the reaction of carboxyl ions and CO2 leads to the formation of the adduct A. The methyl group 
adjacent to the quaternary ammonium cation functions as HBD, thereby forming interactions with the oxygen atom of the epoxide 1. 
The methylene group, which demonstrates reduced resistance to nucleophilic attack, exhibits heightened susceptibility to such attacks. 
Consequently, epoxide 1 undergoes ring-opening, resulting in the formation of intermediate C due to the occurrence of SN2 nucle-
ophilic substitutions within the epoxide. After the ring closure, the generation of cyclic carbonate 2 occurs, concomitant with the 
release of the catalyst RES-Z.

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of catalyst RES-Z under a nitrogen atmosphere, 
with the temperature being raised from 30 ◦C to 600 ◦C at a heating rate of 10 ◦C/min (Fig. S2). The observation of a mere 5 wt% mass 
loss at 228.1 ◦C confirmed the exceptional thermal stability of RES-Z, thereby demonstrating its robustness during the reaction process. 
The recyclability of RES-Z was systematically investigated under optimized reaction conditions (120 ◦C, 1.0 MPa CO2 pressure, 0.5 mol 
% catalyst loading, 6 h). The recycling procedure of the catalyst is outlined as follows: (1) the employment of anhydrous zwitterionic 
resorcinarene RES-Z as the initial catalyst for the cycloaddition reaction of epichlorohydrin (ECH) and CO2; (2) the periodic sampling 
of the reaction mixture for the purpose of conversion monitoring by means of 1H NMR spectra; (3) the separation of the insoluble RES- 
Z from the reaction products via ether extraction; and (4) the recovery of the catalyst through vacuum drying for subsequent reuse. 
Remarkably, the catalytic performance demonstrated consistent excellence across five successive cycles, the conversion of ECH to the 

Fig. 2. Influence of different conditions of a) Reaction time (120 ◦C, 0.5 MPa CO2, 0.5 mol% RES-Z, 0–12 h), b) CO2 pressure (120 ◦C, 0.5 mol% 
RES-Z, 0.1–2.0 MPa CO2, 12 h), c) Catalyst loading (120 ◦C, 0.5 MPa CO2, 0.1–1.0 mol%, 12 h), and d) Reaction temperature (80–140 ◦C, 0.5 MPa 
CO2, 0.5 mol% RES-Z, 12 h) on SO conversion.
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corresponding cyclic carbonate 2c decreased from 77.3 % to 73.6 %, the activity did not decline significantly (Fig. 4). The notable 
recyclability of the catalyst, in conjunction with its thermal stability, underscores the practical potential of RES-Z for sustainable 
catalytic applications.

Table 2 
Synthesis of different cyclic carbonates under optimal conditionsa.

[a]Reaction conditions: 0.5 mol%, 120 ◦C, 1.0 MPa, 12 h, solvent-free. [b] 48 h.

Fig. 3. Chemical shifts of the O–H proton of the catalyst RES-Z (pink circle) and methylene protons (blue squares and orange rhombus) of the 
substrate SO in the titration in the 1H NMR spectra (CD3OD-d4), the series ratios of SO/RES-Z in (1) 1/0, (2) 1/0.05, (3) 1/0.1, (4) 1/0.2, (5)1/0.5, 
(6) 1/1, (7) 1/2, and (8) 0/1.
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4. Conclusions

In summary, we proposed a novel, halide-free, and highly stable resorcinarene-based organocatalyst, thereby preventing the 
detrimental corrosion of halide anions on steel reactors and reducing the environmental impact of halide waste. Zwitterionic resor-
cinarene was successfully prepared by a series of substitution, alkylation, and saponification reactions, with its structure confirmed by 
NMR, FT-IR, and MS. Key mechanistic insights were obtained through NMR titration experiments, which revealed that the methyl 
group on the quaternary ammonium moiety of RES-Z forms H-bonding interactions with the epoxide. Simultaneously, the carboxyl 
groups serve as Lewis base sites, generating reversible adducts with CO2. The resulting carboxylate-CO2 adduct then attacks the 
activated epoxide, leading to ring opening and subsequent cyclization into the cyclic carbonate via a synergistic mechanism. Opti-
mization studies demonstrated that the reaction conditions—including temperature, catalyst loading, reaction time, and CO2 pres-
sure—played crucial roles in catalytic efficiency. Under optimized conditions (120 ◦C, 0.5 mol% catalyst loading, 1.0 MPa CO2, 12 h), 
13 terminal epoxides were converted into their corresponding cyclic carbonates with 91–99 % conversion and 99 % selectivity. 
Notably, the catalyst exhibited broad substrate compatibility, accommodating both electron-rich and electron-deficient epoxides with 
high efficiency. The successful development of this zwitterionic resorcinarene catalyst system establishes a valuable paradigm for the 
rational design of halide-free organocatalysts.
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