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5 ABSTRACT: The cycloaddition of carbon dioxide to epoxide (CCE) reactions requires binary catalysts in which halide cocatalysts
6 are predominant. However, halide is notorious for its corrosion to steel reactors, and halide residue is environmentally harmful. In
7 the design of a halide-free catalyst for CCE reactions, we proposed resorcinarenes installed with the 5-(imino pyridyl) catalytic
8 group, in cooperation with 4-OH on the same resorcinol unit, as a bifunctional organocatalyst. A series of resorcinarene pyridyl (R-
9 Py) catalysts was designed and evaluated in CCE reactions of styrene oxide, of which the optimal catalyst R-Py2 converted 15
10 terminal epoxide, 3 internal epoxides, and commercial epoxide bisphenol A diglycidyl ether into the corresponding cyclic carbonates
11 in high yields and nearly quantitative selectivity (91−99%). Noticeably, epichlorohydrin transformed into its cyclic carbonate at
12 atmospheric pressure of CO2, at 100 °C, in 24 h with 99% conversion and 99% selectivity. The catalyst was recycled five times, while
13 the conversion remained at 96%. Control experiments with analogue catalysts R-Ph (5-(imino phenyl)) and R-Qu (5-(imino 8-
14 quinolyl)) and the 4-OH masked analogue catalyst R-Py2 (4-OMe) showed no conversions or decreases, suggesting the
15 indispensable pyridyl and phenolic OH groups in the bifunctional catalysis. These exemplified a first case of a calixarene-based
16 halide-free organocatalyst for CO2 cycloaddition and suggested an avenue of halide-free ion pair catalyst design for carbon dioxide
17 activations.

18 ■ INTRODUCTION
19 Carbon dioxide is a greenhouse gas and a nontoxic and
20 abundant renewable resource; excessive accumulation of
21 carbon dioxide will not only cause serious climate problems
22 but also cause waste of carbon resources.1 For the sustainable
23 development of society, using carbon dioxide as a C1 building
24 block to convert high-value-added chemicals is an ideal and
25 promising strategy.2 The cycloaddition of carbon dioxide to
26 epoxide (CCE) reaction has attracted the interest of academia
27 and industry due to its 100% atomic economics and
28 commercial value.3 Carbon dioxide is used as a raw material
29 source to replace the traditional highly toxic and corrosive
30 phosgene pathway, and the highly active substrate can
31 compensate for the high energy input of the cycloaddition
32 reaction process.4 With its high boiling point, low toxicity, and
33 biodegradability, the produced cyclic carbonate finds use as a
34 good chemical intermediate,5 polar aprotic solvent,6 electrolyte
35 solvent for lithium-ion batteries,7 and monomers of poly-
36 carbonate8 and nonisocyanate polyurethane.9 However, the
37 development of catalytic systems is necessary due to carbon
38 dioxide’s inherent chemical inertness and thermodynamic

39properties.10 Various catalysts have been developed for the
40CCE reaction, including metal complexes11 and organo-
41catalysts.12 As a more sustainable and environmentally
42acceptable alternative to metal complexes, organocatalysts
43have been developed increasingly in this field due to the
44procedure’s simplicity, low toxicities of catalysts, and cost
45effectiveness.
46Hydrogen bond donors (HBDs) are excellent organo-
47catalysts in cycloaddition reactions and have been widely
48used to activate the substrate through noncovalent H-bonding
49interactions.13 In general, the HBD alone does not exhibit
50activity while the halide does, and the catalytic activity of the
51binary catalytic system was significantly accelerated after the
52addition of HBDs.12 In a recognized cyclic mechanism, the
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53 coordination of the HBD with the substrate and the
54 nucleophilic attack of the halide anion facilitate the formation
55 of intermediate alkoxide compounds by ring opening of
56 epoxides, which attack carbon dioxide to generate carbonate
57 anions, and the departure of the halide anion promotes the

s1 58 formation of cyclic carbonates (Scheme 1a).13 The develop-
59 ment of bifunctional catalysts containing both HBDs and
60 halides has extended the field of H-bonding catalysis, such as
61 hydroxyl functionalized ammonium halides,14 phosphorus
62 halides,15 and pyridine halides.16 Nonclassical C−H hydrogen
63 bond donors17,18 and halogen bond donors19 accompanied by
64 cocatalyst halide anions were recently introduced by our group
65 in the CCE reaction. Some macrocyclic compound catalysts
66 rich in HBDs also showed good activity and selectivity in CCE
67 reactions, such as crown ether,20 β-cyclodextrin,21 self-
68 assembled calixarene,22 and chiral macrocycles.23

69 Macrocyclic compounds are regarded as excellent mimic
70 enzyme catalysts in the supramolecular chemistry field owing
71 to high binding affinity and enzyme-like binding bags.24−26

72 Many cavity-containing macrocycles and cages have been
73 applied as catalytic vessels to accommodate substrates;
74 functional groups near the cavities bind the reactants through
75 secondary interactions, increase the local concentration of the
76 reactants, and promote the reaction through proximity
77 effects.27 Resorcinarenes and their derivatives are used as

78molecular receptors,28 drug carriers,29 and host−guest
79complexes30 due to their unique cavity structure and functional
80groups. Among the various applications of resorcinarenes,
81catalysis for organic reactions has been prominently used and is
82considered an important platform for constructing efficient,
83stable, easy-to-handle, and recyclable catalysts, which could be
84modified by introducing functional groups to multiple sites at
85the upper and lower rims.31 Functionalized resorcinarene
86derivatives have shown good activity and selectivity as self-
87assembly catalysts in some reactions, such as hydrolysis of
88phosphorus acid esters,32 azide−alkyne cycloaddition reac-
89tion,33 and the formation of other compounds.34 There have
90also been a few reports of CCE reactions. For instance, Dufaud
91et al. reported on the well-recognition ability of the
92tetraphosphate cavitand host for the quaternary ammonium
93guest to improve the catalytic reactivity by increasing the
94nucleophilicity of the halide.35 Kleij et al. reported that a binary
95catalyst consisting of resorcin[4]arenes as HBDs and NBu4I as
96cocatalysts showed high reactivity and a privileged substrate
97scope,22 and polystyrene-supported bifunctional resorcin[4]-
98arenes as excellent stable and recyclable organocatalysts
99(Scheme 1b).36 Ma et al. reported that a stable microporous
100MOF has been constructed by the new resorcin[4]arene-
101functionalized dodecacarboxylic acid and Cd(II) cations as a
102promising heterogeneous catalyst for the CCE reaction.37

Scheme 1. H-Bond Donor Organocatalysis in CCE Reactionsa

a(a) Key steps of the CCE reaction of a one-component bifunctional catalyst (HBD/quaternary onium). (b) Macrocyclic organocatalytic systems
have been reported by Kleij et al.22,36 (c, d) Halide-free catalytic system of activated epoxide or carbon dioxide in our previous work.39−42 (e)
Imino pyridyl-functionalized resorcinarene as a halide-free macrocyclic organocatalyst replacing halide anions to attack epoxide ring opening.
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103 Although these studies have promoted the development of
104 supramolecular catalysis, these systems all include halide or
105 metal as part of the catalyst system, and the corrosivity of these
106 halides to standard stainless-steel reactors is an obvious
107 disadvantage of such catalysts in commercial applications.38

108 Our group has recently been devoted to the molecular design
109 of halide-free organocatalyst systems for the conversion of
110 epoxide and carbon dioxide.39−42 Therefore, we wanted to
111 develop a new halide-free macrocyclic organocatalyst system
112 for the CCE reaction.
113 The key to the design of nonhalide catalysts is to search for
114 nucleophilic nonhalide anions or atoms to replace halide
115 anions to attack epoxides or carbon dioxide (Scheme
116 1c,d).39−42 Recently, some halide-free catalysts with N bases
117 as nucleophilic groups have been reported, such as pyridinium
118 saccharinate,40 salophen,43 1,8-diazabicyclo[5.4.0]undec-7-ene
119 (DBU)/cellulose,44 and pyridyl salicylimines.45 In supra-
120 molecular chemistry, resorcinarene has been shown to
121 introduce multiple types and quantities of specific functional
122 groups into well-defined macrocyclic scaffolds to give the
123 molecule new functions. There are three active sites in
124 macrocyclic scaffolds of resorcinarene: (i) phenolic OH groups
125 at the upper rim, (ii) active C-5 positions on the aromatic ring
126 at the upper rim, and (iii) bridging methylene at the lower rim.
127 The C-5 positions at the upper rim of the resorcinarene
128 aromatic ring are electron-rich and are prone to electrophilic
129 substitution.34 The structural diversity of supramolecules is
130 greatly enriched by introducing various functional groups,
131 mainly including the functionalization with halide46 and the
132 nitrogen-,47 phosphorus-,48 and sulfur-containing groups.49

133 The pyridyl group is one of the most common nitrogen-
134 containing groups and can be introduced by a two-step
135 production.50 North et al. reported the application of
136 pyridine−imine−phenol ligands in various metal-catalyzed
137 polymerization and CCE reactions,51 and Yavuz et al. reported
138 on catalyzing cyclic carbonate formation in the presence of
139 pyridyl salicylimines bearing the pyridine−imine−phenol pair
140 moiety, revealing the catalytic mechanism of pyridine as a
141 nucleophile to attack epoxides ring opening and phenolic OH
142 as HBD.45

143 Based on these inspirations, we adopted a simple non-
144 chromatographic synthesis method by introducing pyridine−
145 imine pairs to resorcinarene C-5 positions to obtain the
146 resorcinarene pyridyl (R-Py) bearing the 5-(imino pyridyl)
147 catalytic group match with 4-OH.50 The 4-OH groups in the
148 resorcinarene scaffold are used as HBDs, and the 5-(imino
149 pyridyl) groups are used as a halide-free nucleophile to attack
150 the epoxide ring-opening reaction (Scheme 1e). The effects of
151 various catalytic groups, reaction temperatures, CO2 pressures,
152 and catalyst loading parameters on the reaction performance
153 and recycling ability were fully investigated. The resorcinarene
154 pyridyl catalyst as a new one-component bifunctional halide-
155 free organocatalyst has the advantages of noncorrosion,
156 environmental safety, thermal stability, and chemical stability,
157 which reflects the potential of this new model of macrocyclic
158 organocatalyst.

159 ■ EXPERIMENTAL SECTION
160 Materials. Epoxides were purchased from Alfa Aesar.
161 Carbon dioxide with a purity of 99.999% was commercially
162 available from Nanjing Shangyuan Co. Resorcinol, butyralde-
163 hyde, octanal, dodecyl aldehyde, trifluoroacetic acid, aniline, 2-
164 picolylamine, 2-aminopyridine, and 8-aminoquinoline were

165purchased from Energy Chemical. All reagents were used
166without further purification.
167Characterizations. 1H NMR and 13C NMR spectra were
168carried out on a Bruker Ascend TM-400 (400 MHz)
169spectrometer for titration experiments, determinations for the
170conversions and selectivity of epoxides, and characterizations
171of catalysts and cyclic carbonates using CDCl3 or DMSO-d6 as
172the solvent. Chemical shifts δ are reported in parts per million
173(ppm) relative to a residual undeuterated solvent as an internal
174reference (1H δ 7.26 for CDCl3, δ 2.50 for DMSO-d6; 13C δ
17577.16 for CDCl3, δ 39.52 for DMSO-d6).
176General Procedure for the Organocatalysts R-Ph, R-
177Py, and R-Qu. Resorcinarene 3.35,52 To a solution of
178resorcinol (5.0 g, 45.4 mmol) in ethanol (50 mL) was added
179concentrated hydrochloric acid (7.6 mL, 90.8 mmol). The
180stirred solution was cooled to 0 °C, and aldehyde (45.4 mmol)
181was added dropwise over 30 min. The mixture was then stirred
182at 70 °C for 24 h and allowed to cool to room temperature.
183The mixture was added slowly to a beaker with plenty of water
184and stirred constantly; the residue was obtained and filtered.
185The solid was triturated with water, filtered, and recrystallized
186from ethanol−water to give resorcinarene 3 (63−75% yield).
187Tetraformylresorcinarene 4.50 Resorcinarene 3 (2.0 mmol)
188and urotropine (16.0 mmol) were placed in a 100 mL round-
189bottom flask. Trifluoroacetic acid (12.5 mL) was added, and
190the mixture was stirred vigorously until it became a dark
191solution. The mixture was then stirred and refluxed for 24 h.
192The resulting solution was transferred to a flask containing
193dichloromethane (100 mL) and aqueous HCl (100 mL, 1 M).
194The mixture was stirred vigorously overnight. The organic
195phase was separated, and the aqueous phase was washed three
196times with CH2Cl2. The combined CH2Cl2 extracts were dried
197over anhydrous MgSO4 and evaporated to dryness. The
198resulting crude precipitate was washed with acetone (50 mL),
199filtered, and dried under vacuum to give the yellow product
200(53−68% yield).
201Organocatalysts R-Ph, R-Py1−4, and R-Qu.50 A solution
202of tetraformylresorcinarene 4 (1.3 mmol) and dichloro-
203methane (5 mL) was placed in a dry 20 mL vial, amine (5.2
204mmol) was added slowly with a pipet, and the vial was sealed.
205The solution was stirred for 24 h at room temperature and
206dried by evaporation. The precipitate was ground in EtOH,
207filtered, and repeatedly rinsed with EtOH to produce a blood-
208red solid powder and dried by vacuum to obtain blood-red
209solid powder (>95% yield).
210Organocatalyst R-Py5.53 Tetraformylresorcinarene 4a (0.5
211g, 0.64 mmol) was dissolved in acetonitrile (10 mL) by an
212experimental procedure. Potassium carbonate (1.4 g, 10.2
213mmol) was added, followed by dimethyl sulfate (1.0 mL, 10.2
214mmol). The resulting solution was refluxed for 26 h. The
215reaction was terminated, and the mixture was allowed to cool
216to room temperature. A solution of water (20 mL) was added
217to the crude reaction mixture and extracted with ethyl acetate
218(3 × 20 mL). The organic extracts were combined, dried with
219anhydrous magnesium sulfate, and filtered. The solvent was
220removed under vacuum, and the resulting solid was recrystal-
221lized from acetone to obtain octamethoxy resorcinarene (80%
222yield). Following the methodology outlined for synthesizing R-
223Py1−4, octamethoxy resorcinarene was reacted with 2-
224aminopyridine to afford R-Py5.
225Monomeric Analogue of R-Py2. A solution of 2,6-
226dihydroxybenzaldehyde (0.2 g, 1.43 mmol) and MeOH (5
227mL) was placed in a dry 20 mL vial, 2-picolylamine (149 μL,
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228 1.43 mmol) was added slowly with a pipet, and the vial was
229 sealed. The solution was stirred for 24 h at room temperature,
230 filtered, and repeatedly rinsed with MeOH to obtain a yellow
231 solid (85% yield).
232 General Procedure for the Cycloaddition of Epoxides
233 and CO2. The styrene oxide (0.57 mL, 5.0 mmol) and catalyst
234 R-Py2 (28.3 mg, 0.025 mmol, 0.5 mol %) were placed in a dry
235 25 mL stainless-steel reactor containing a magnetic stirring bar
236 at room temperature, the reactor was continuously purged with
237 CO2 to remove air, and finally the pressure was maintained at
238 0.5 MPa. The reactor was placed in an oil bath at 120 °C and
239 stirred for 12 h. When the reaction was complete, the reactor
240 was placed in an ice water bath and cooled to 0 °C. The
241 reactor was then slowly depressurized to atmospheric pressure.
242 The conversions of cyclic carbonate obtained were determined
243 by 1H NMR spectroscopy with CDCl3 as a solvent mixture
244 with the supplementation of 1,3,5-trimethoxybenzene. The
245 reaction mixture was filtered over silica gel (SiO2) with
246 petroleum ether:ethyl acetate = 30:1−5:1 to obtain the
247 corresponding cyclic carbonate.

248 ■ RESULTS AND DISCUSSION
249 Design of Resorcinarene Pyridyl Catalysts and
250 Evaluation of the Catalytic Performances in CCE
251 Reactions. The multiple catalytic groups are easily introduced
252 into the bowl-shaped resorcinarene, resulting in efficient and
253 stable self-assembled catalysts, which can be used as an
254 excellent molecular platform for activating various organic
255 reactions.34 N-based molecules and ions have been used as

256cocatalysts to convert epoxides and carbon dioxide to cyclic
257carbonates, due to its nucleophilic and leaving abilities, replace
258the traditional halide ion, avoid the corrosion to the steel
259reactor and alleviate the environmentally harmful from halide
260residue.40,43−45 A one-component bifunctional resorcinarene-
261based organocatalyst was proposed to be a representative
262halide-free catalyst in the CCE reaction, the 5-(imino pyridyl)
263groups were installed on the resorcinarene scaffold as a halide-
264free nucleophile moiety to attack the ring opening of the
265epoxide, and the 4-OH groups on the scaffold as HBDs
266 s2activate the epoxide (Scheme 2).
267The five halide-free catalysts R-Py1−5 (5-(imino pyridyl)),
268control catalysts R-Ph (5-(imino phenyl)), and R-Qu (5-
269(imino 8-quinolyl)) were prepared according to chromatog-
270 s3raphy-free procedures reported previously (Scheme 3). First,
271resorcinarene 3a−c with different alkyl chain lengths at the
272lower rim (R1) were prepared by reacting resorcinol with
273different aldehydes. Resorcinarene 3a−c were combined with
274trifluoroacetic acid (TFA) and urotropine (HMTA) through
275Duff formylation to prepare the intermediate tetraformylre-
276sorcinarene 4a−c. At room temperature, intermediates 3a−c
277reacted with aniline, 2-aminopyridine, 2-aminomethylpyridine,
278and 8-aminoquinoline stirred in dichloromethane solvent for
27912 h, respectively. The halide-free catalyst R-Py can be
280obtained by evaporation of the solvent without additional
281operation. The structure was characterized by 1H/13C NMR,
282TG, and melting point analyses.
283The cycloaddition reaction of solvent-free styrene oxide
284(SO) with CO2 was selected as the initial benchmark reaction

Scheme 2. Halide Organocatalysts R-Py Generated from the Resorcinarene Scaffold by Installed with 5-(Imino pyridyl)
Catalytic Group for CCE Reactions

Scheme 3. Preparation of Resorcinarene 3a−c, Tetraformylresorcinarene 4a−c, and Organocatalysts R-Ph, R-Py, and R-Qua

a(i) HMTA, TFA, reflux, 24 h; (ii) CH2Cl2, r.t., 12 h; (iii) Me2SO4, K2CO3, MeCN, reflux, 26 h; (iv) DCM, r.t., 12 h.
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285 for evaluating halide-free catalyst R-Py. SO (5 mmol), catalyst
286 (0.025 mmol, 0.5 mol %), and CO2 (0.5 MPa) were added to
287 the stainless-steel autoclave and stirred at 120 °C for 12 h.
288 According to previous reports, the nucleophilic ring opening
289 ability of pyridine and the nucleophilic ability of the basicity of
290 pyridine-imine pairs were adjusted.45 Therefore, we first
291 considered the influence of different R2 groups on the CCE

t1 292 reaction on resorcinarenes, and the results are shown in Table
t1 293 1. The absence of strong nucleophilic atoms in catalyst R-Ph

294 (5-(imino phenyl)), composed of phenyl, imine, and a
295 phenolic OH group, results in its expected lack of activity
296 (Table 1, entry 1). The results exclude the possible mechanism
297 of the nucleophilic ring opening by the formation of a carbonic
298 semicarbonate by phenolic OH groups activated carbon
299 dioxide. The mechanism of this catalytic system is different
300 from the salophen molecules previously reported in North et
301 al.,43 even though their structures both contain phenol and
302 imine moiety. Comparing catalysts R-Py1 (5-(imino pyridyl))
303 and R-Qu (5-(imino 8-quinolyl)), the former exhibits
304 moderate catalytic activity (conversion % = 59%, TOF =
305 2.31), whereas the latter has barely catalytic activity in the
306 conversion of epoxide to cyclic carbonate (conversion % = 2%,

307TOF = 0.08). Obviously, these results indicate that imino
308pyridyl was a good catalytic group in the conversion of
309epoxides, the larger volume of the 5-(imino 8-quinolyl) group
310may prevent contact with the substrate, or the weakening of
311the basicity of the quinoline−imine pairs may reduce the
312nucleophilicity of the N atoms. When the distance between the
313phenolic 4-OH group and pyridyl group of R-Py1 was
314extended, better catalytic activity in R-Py2 was observed
315(conv.% = 96%, TOF = 3.72).
316Next, we tried to increase the alkyl chain length of the lower
317rim of resorcinarene (R1 = Hep or Un). We predicted that the
318increase in alkyl chain length might reduce the solubility of the
319catalyst in the substrate. However, this phenomenon was not
320observed during the experiment, and the conversion of styrene
321oxide was not significantly decreased in the presence of R-Py3
322(R1 = Hep) and R-Py4 (R1 = Un) compared with R-Py2
323(entries 5−6). The calixarenes are regarded as HBDs with
324excellent performance in CCE reactions attributable to the
325abundance of OH groups.22,36,54,55 The masked 4-OH
326analogue catalyst, R-Py5 (4-OMe), was prepared via methyl
327protection for evaluation. Comparative analysis revealed a 26%
328reduction in conversion relative to the R-Py2 catalyst (entry

Table 1. Evaluation of the Performance of Halide-Free Organocatalysts in CCE Reactions of Styrene Oxide with Carbon
Dioxide to Obtain Styrene Carbonated

aConversion and selectivity were determined via 1H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard39,41 bTurnover frequency
(TOF) = moles of product/ (moles of pyridyl unit in catalysts × time). cCatalyst loading (2.0 mol % = 4 × 0.5 mol %). dReaction conditions: SO
(5.0 mmol, 0.57 mL), catalyst loading (0.5 mol %), 120 °C, 0.5 MPa CO2, 12 h, no solvent.
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329 7), thereby confirming that the 4-OH moiety, functioning as
330 HBDs, significantly enhances the catalytic efficiency. Never-
331 theless, the overall activity of the catalytic system�comprising
332 pyridyl, imine, and phenol motifs�is predominantly governed
333 by the pyridyl group. In terms of a monomeric structural
334 perspective, the phenolic OH group positioned on one side of
335 the resorcinarene scaffold is more susceptible to steric
336 constraints, which hinder its participation in substrate
337 activation. Notably, under conditions of equivalent pyridyl
338 and effective hydroxyl active groups, R-Py2 exhibited superior
339 catalytic activity compared to its monomeric analogue (entry
340 8), further underscoring the synergistic role of structural
341 integration in catalytic performance.
342 The performance of the catalyst under different reaction
343 conditions was studied to understand the effect of reaction

t2 344 parameters on the reaction rate; the results are shown in Table
t2 345 2. Under the reaction conditions with a catalyst loading of 0.5

346 mol %, the initial CO2 pressure in the reaction system
347 decreased from 0.5 to 0.1 MPa (using a balloon), and after 12
348 h of stirring in an oil bath at 120 °C, the conversion of the
349 epoxide substrate styrene oxide decreased from 96 to 23%.
350 When the pressure was raised to 1.0 MPa, the conversion
351 marginally improved to 98% (Table 2, entries 1−3). Under the
352 conditions of low catalyst loading of 0.1 and 0.3 mol %, the
353 conversion of SO decreased to 23 and 76%, respectively, and
354 the selectivity of cyclic carbonate SC was greater than 98%
355 (Table 2, entries 4−5). When the loading capacity was
356 increased to 1 mol %, the conversion was 93%, and the
357 selectivity decreased to 93% with the increase of catalyst
358 loading (Table 2, entry 6). The kinetic curves of the
359 preparation of carbonate SC from SO and CO2 were

f1 360 determined at 120 °C (Figure 1). Next, the performance of
361 the reaction at different temperatures was investigated. At the
362 higher temperature of 140 °C, the SO was almost completely
363 transformed and had a high selectivity of 99%, indicating the
364 high-temperature stability of the catalyst (Table 2, entry 7).

365Surprisingly, under the condition of 100 °C, the conversion of
366oxidized styrene was only 4%, which we suspect is related to
367the low activity of styrene oxide substrate; high temperature is
368more important for the conversion of low activity substrate.
369Previous experiments have also been reported accordingly.
370Therefore, we replaced the highly active epichlorohydrin as the
371substrate for the experiment and found that the substrate
372conversion reached 61% at 100 °C for 12 h, and it could be
373completely transformed at 24 h.
374After optimizing the reaction conditions, the scope of
375terminal epoxides was evaluated under the initial reaction
376conditions of 120 or 100 °C, 0.5 mol % R-Py2, P (CO2) = 0.5
377 t3MPa, and reaction time of 12 h; the results are shown in Table
378 t33. The epoxides of various end substituents were used to
379obtain 2a−l cyclic carbonate products with a conversion of
38089−99%. The saturated substituents of glycerol derivatives
381containing aliphatic groups have higher selectivity than
382epoxides containing aryl groups (97−98% of 1a−j vs 91−
38393% of 1k−l). For the internal epoxide 1m−p, the reaction
384time needs to be extended to 48 h and the CO2 pressure
385increased to 1.0 MPa to achieve a 15−94% conversion (1m−o
386in Table 3). The substrate 1p needs to be added to the solvent
387n-butanol due to the high melting point, but no corresponding
388carbonate ester is formed. In addition, the commercially
389significant epoxide bisphenol A diglycidyl ether resin was
390successfully converted to the corresponding cyclic carbonate
3912q with a conversion of 87%.
392Proposition of the Mechanism of the CCE Reaction
393by Halide Organocatalyst R-Py2. The pyridine nitrogen
394atoms in the resorcinarene pyridyl catalyst are highly
395nucleophilic and might either attack the epoxide directly to
396ring opening or combine with carbon dioxide to form the
397intermediate semicarbonates and then attack the ring opening.
398Carbon dioxide adducts are easier to detect by 13C NMR
399spectroscopy, so we placed the catalyst R-Py2 in a stainless-
400steel reactor with 0.5 MPa CO2 pressure, without epoxide, and
401DMSO-d6 as solvent at 120 °C for 12 h. The peak shape of
402catalyst R-Py2 was detected by 13C NMR without chemical
403shift, which indicated that catalyst R-Py2 did not react with
404carbon dioxide or thermal decomposition (Figure S1). The
405epoxide ring opening is more likely due to the direct attack of
406the pyridine nitrogen.

Table 2. Optimization of the Reaction Conditions for the
Cycloaddition of Carbon Dioxide to Epoxidesd

entry

catalyst
loading
[mol %]

temp.
(°C)

time
(h)

P (CO2)
(MPa)

conv.a
(%)

sel.a
(%) TOFb

1 0.5 120 12 0.1 23 89 3.41
2 0.5 120 12 0.5 96 93 14.88
3 0.5 120 12 1.0 98 91 14.86
4 0.1 120 12 0.5 23 99 18.89
5 0.3 120 12 0.5 76 98 20.69
6 1.0 120 12 0.5 91 93 7.05
7 0.5 140 12 0.5 98 99 16.17
8 0.5 100 12 0.5 04 99 0.66
9 0.5 100 12 0.1 61 99 10.07
10 0.5 100 24 0.1 99 99 8.17

aConversion and selectivity were determined via 1H NMR analysis
using 1,3,5-trimethoxybenzene as an internal standard. bTurnover
frequency (TOF) = moles of product/ (moles of pyridyl unit in
catalysts × time). cECH (5.0 mmol, 0.39 mL), R-Py2 (0.025 mmol,
28.3 mg), no solvent. dReaction conditions unless specified otherwise:
SO (5.0 mmol, 0.57 mL), no solvent.

Figure 1. Kinetic profiles for the formation of cyclic carbonate SC at
reaction temperatures of 120 °C using R-Py2 as a halide-free catalyst.
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407 The catalytic mechanism of the resorcinarene pyridyl
408 catalyst in the CCE reaction was further determined by 1H
409 NMR titration experiments. The intramolecular H-bonding in
410 R-Py2 results in a chemical shift that is not observed at room
411 temperature, so the monomeric analog catalyst of R-Py2 was
412 used with the substrate SO for 1H NMR titration experiments.
413 The ratio of SO to the monomeric analogue catalyst of R-Py2

f2 414 was gradually changed from 1:0.125 to 1:2 (Figure 2). With
415 the increase of the concentration of the monomeric analog
416 catalyst, the chemical shift value of the methyne proton of SO
417 (blue squares) migrated from 2.815 to 2.823 ppm, and the
418 chemical shift value of the proton of the phenolic OH groups
419 (pink circle) was migrated from 14.463 to 14.424 ppm. The H-
420 bond interaction between the catalyst and the epoxide
421 promotes the progress of the CCE reaction, as evidenced by
422 the migration phenomenon of these proton shifts.
423 Based on the above experimental results and previous
424 reports,45,56,57 the possible cycle mechanism of this reaction is

s4 425 proposed (Scheme 4). Epoxide 1 is activated under the action
426 of the OH H-bonding of catalyst R-Py2, and the alkaline
427 pyridine N atom carries out a nucleophilic attack on the carbon
428 atom on the methylene side of the end epoxide, forming the
429 intermediate alkoxide, which is stabilized by the H-bonding.
430 Subsequently, the oxygen anion at the end of the intermediate

431attacks CO2 to form a carbonate, and the ring is closed to yield
432the product cyclic carbonate 2.
433Catalyst Recycling of CCE Reaction Catalyzed by R-
434Py2. Thermogravimetric (TG) analysis showed that catalyst
435R-Py2 did not lose more than 1.0 wt % of mass when
436maintained in an N2 atmosphere at 120 °C for 2 h (Figure S3).
437The melting point test of catalyst R-Py2 shows that the
438melting point >300 °C. The results show that catalyst R-Py2
439has high thermal stability. The recovery of ECH 1c, 0.1 MPa,
440 f3for 24 h catalyzed by R-Py2 was studied (Figure 3). A total of
441five times reuse cycles were performed. Newly prepared dry
442catalyst R-Py2 was added for the first time, and a small amount
443of reaction solution 1H NMR was taken to detect the
444conversion. The first conversion of epoxide ECH 1c was
44599%, and the remaining product 2c and raw material were
446separated from by vacuum distillation.58 By the fifth cycle, the
447conversion of product 2c was still 96%, which still maintains
448high catalytic activity.

449■ CONCLUSIONS
450In summary, we successfully applied resorcinarenes installed
451with a 5-(imino pyridyl) catalytic group, in cooperation with 4-
452OH on the same resorcinol unit, as a bifunctional organo-
453catalyst to the CCE reaction. The effects of R1 and R2 groups

Table 3. Substrate Scope in Converting Various Terminal and Internal Epoxides 1a−q to Cyclic Carbonates 2a−q Using R-Py2
as the Catalysta

aReaction conditions: 0.5 mol % R-Py2, 120 °C, 0.5 MPa CO2, 12 h, no solvent. b100 °C, 0.1 MPa (use a balloon), 24 h. c120 °C, 1.0 MPa CO2,
48 h. dn-Butanol was employed as a solvent, 1.0 M R-Py2, 120 °C, 1.0 MPa CO2, 48 h.
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454 on the activity of resorcinarene pyridyl (R-Py) catalyst, R-Ph
455 (5-(imino phenyl)), and R-Qu (5-(imino 8-quinolyl)) was
456 investigated; the optimal catalyst R-Py2 (5-(imino pyridyl))
457 showed the highest catalytic activity. The analysis of the
458 influencing factors of reaction conditions showed that under
459 the condition of 0.5 mol % catalyst loading, 0.1 MPa CO2
460 pressure, and 100 °C, ECH was almost completely converted
461 to the corresponding carbonate with conversion 99% and
462 selectivity 99% after 24 h. Fifteen terminal epoxide substrates,
463 three internal epoxides, and commercially significant epoxide
464 bisphenol a diglycidyl ether resin were converted into

465corresponding cyclic carbonates at high selectivities of 89−
46699%. The designed analog catalysts R-Ph ruled out the
467possible mechanism of nucleophilic ring opening by activating
468carbon dioxide to form carbonic semicarbonates by phenolic
469OH groups; the control experiment and 1H NMR titration
470experiment proved the importance of the synergistic effect of
471phenolic OH groups and pyridine in the catalytic cycle. The
472thermogravimetric analysis shows that the catalyst has high
473thermal stability and high reusability in the catalyst cycle
474experiment. The successful application of a one-component
475calixarene catalyst in the CO2 fixation reaction provides strong
476evidence for further development of the halide-free catalyst.

Figure 2. Chemical shifts of the O−H proton of the monomeric analog of catalyst R-Py2 (pink circle) and methylene protons (blue squares) of the
substrate SO in the titration in the 1H NMR spectra (DMSO-d6), and series ratios of SO/monomeric analogue of R-Py2 in (1) 1/0, (2) 1/0.1, (3)
1/0.2, (4)1/0.5, (5) 1/1, (6) 1/2, and (7) 0/1. The full 1H NMR spectra of the titrations are shown in Figure S2.

Scheme 4. Proposed Mechanism for the Formation of
Cyclic Carbonates from Epoxides and CO2 Catalyzed by
Halide-Free Catalyst R-Py2.

Figure 3. Recyclability study of halide-free catalyst R-Py2. Reaction
conditions: ECH 1c (10.0 mmol, 0.78 mL), R-Py2 (0.05 mmol, 0.5
mol %, 56.5 mg), 100 °C, 0.1 MPa (use a balloon) of CO2, 24 h, neat.
Selectivity for cyclic carbonate 2c was all >99%.
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