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The development of efficient and environmentally friendly catalysts for carbon dioxide (CO3) cycloaddition
remains a significant challenge due to the corrosion, pollution, and purity issues caused by conventional halide-
containing systems. Herein, we present a halide-free tetra-1,3-diketone resorcinarene ion pair organocatalyst that
facilitates CO; fixation under mild conditions (120 °C, 0.1 MPa) through a dual activation mechanism—CO;
activation by the resorcinarene carbanion and epoxide activation via H-bonding. This catalytic system has been

shown to achieve high conversion (83-99 %) for terminal epoxides, retain notable activity for internal epoxides,
and demonstrate exceptional thermal stability (>230 °C) and recyclability (five cycles without significant loss of
activity). This system offers a sustainable alternative to traditional halide catalysts, combining environmental
advantages with practical industrial feasibility.

1. Introduction

Carbon dioxide (COj), a greenhouse gas, is employed as an
economical and sustainable C1 building block to produce high-value
industrial commodities, contributing to the mitigation of fossil fuel
dependence while simultaneously addressing carbon emission reduction
[1]. Substantial progress in this domain has facilitated the utilization of
CO as a molecular synthon, enabling the synthesis of diverse organic
structures [2]. Among these derivatives, cyclic carbonates occupy a
prominent position due to their extensive applicability, such as chemical
intermediate [3], polar aprotic solvent [4], electrolyte for lithium-ion
batteries [5], and monomers of polycarbonate [6] and non-isocyanate
polyurethane [7]. However, the inherent thermodynamic stability and
kinetic inertness of CO; necessitate catalytic activation to overcome its
high energy barrier [8]. A notable advancement in this field involves the
widespread adoption of organocatalysts, which offer distinct advantages
over conventional metal-based systems, including cost-effectiveness,
ready availability, non-toxicity, and exceptional stability [9-12].
Consequently, these catalysts are increasingly supplanting metallic al-
ternatives in industrial applications.

Catalytic systems composed of hydrogen bond donors (HBDs) and
halides have been demonstrated to exhibit exceptional catalytic activity
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for the cycloaddition of CO to epoxides (CCE) reaction (Scheme 1, a)
[13-15]. Significant progress has been made in the development of
catalytic systems, including binary catalytic systems, which combine
HBDs such as phenolic derivatives [13], fluorinated alcohols [16],
boronic acids [17], and even water [18] are combined with halides, as
well as one-component catalytic systems, which include ammonium
salts [19-21], phosphonium salts [22-24] and imidazolium-based ionic
liquids [25-27] with ~OH, -NH, or -COOH functional groups. Despite
the outstanding performance of some of these catalysts, most
halide-containing systems suffer from inherent drawbacks, including
equipment corrosion, environmental concerns, and reduced product
purity caused by halide residues [28-31]. Consequently, the develop-
ment of novel, highly efficient, and halide-free catalytic systems for this
cycloaddition reaction has become imperative.

In recent years, considerable attention has been devoted to the
design of halide-free catalysts, particularly those based on amines [32,
33], ion pairs [34,35], a series of binary catalytic system [36-40], and
supported catalysts [41]. One of the earliest examples of halide-free
catalytic system of cyclic carbonate synthesis was reported by Shi
et al., employed a binary catalytic system consisting of 4-dimethylami-
nopyridine (DMAP) and phenol under harsh conditions (120 °C, 3.6
MPa COy) to successfully convert various terminal epoxides into cyclic
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carbonates [36]. Our research group has recently developed several
halide-free HBD/Lewis base (LB) catalytic systems, with CO, activation
confirmed by '3C NMR and FT-IR spectra, while H-bonding interactions
between the catalyst and epoxides were verified via 'H NMR titration
experiments (Scheme 1, b) [42,43]. However, nearly all halide-free
catalytic systems exhibit limitations, including insufficient activity,
narrow substrate scope, lack of recyclability, and typically requiring
elevated temperatures and pressures to achieve efficient epoxide
conversion.

Calixarenes are an important class of macrocyclic compounds that
serve as third-generation supramolecular hosts after crown ethers and
cyclodextrins [44]. These compounds are distinguished by structurally
tunable 3D-shaped cavities and exhibit versatile molecular recognition
properties [45]. Resorcinarene, a special subset of calixarene, syn-
thesised via the acid-catalyzed condensation of resorcinol with aliphatic
or aromatic aldehydes, allow precise functionalization at well-defined
positions, including the upper rim phenolic hydroxyl groups, the C-5
positions of aromatic rings and the lower rim bridging methylene units
[46]. These modifications result in the attainment of well-defined
functionalities, thereby rendering resorcinarenes highly adaptable for
a variety of applications. Recent reports have demonstrated the catalytic
potential of certain resorcinarene derivatives in organic transformations
[47,48]. However, the application of halide-free resorcinarene-based
ion pair catalysts in CCE reactions remains unreported to date. Conse-
quently, the development of novel and highly efficient
resorcinarene-derived ion pair catalysts, along with the exploration of
their catalytic performance in organic synthesis, represents a research
area of significant scientific importance.

1,3-Diketone is a class of robust and non-toxic compounds widely
used in organic synthesis [49]. These compounds readily undergo
deprotonation to form stable carbanion intermediates after treated by
Brgnsted base. High-resolution mass spectrometric analyses have
confirmed that 1,3-diketone-derived carbanions efficiently trap CO; at
the a-carbon position to yield carboxylate intermediates [50]. This
observation highlights their potential as effective Lewis base catalysts
for cycloaddition reactions. When incorporated into a macrocyclic
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framework, the enol tautomer of 1,3-diketones is sterically constrained
due to the proximity of methylene-bridged substituents, and were
applied as versatile ligands for metal complexes and nanoparticles [51,
52]. Treatment of the resorcinarene scaffold with an organic base ina 1:
4 stoichiometry produces a predominantly carbanionic ion pair species
(Scheme 1, c).

We have developed a new resorcinarene bearing carbanion ion pair
as halide-free organocatalyst for the cycloaddition of epoxides with CO4
to cyclic carbonates. A systematic evaluation of resorcinarene structural
variants and organic base combinations was conducted to identify the
optimal ion pair configuration. Extensive reaction parameter optimiza-
tion and mechanistic studies enabled the development of a highly effi-
cient CO, fixation system under mild conditions.

2. Experimental section
2.1. Materials

Epoxides were purchased from Energy Chemical. CO, with a purity
of 99.999 % was commercially available from Nanjing Shangyuan Co. 2-
methylresorcinol, hexanal, bromochloromethane, N-bromosuccinimide,
2,2-azobis(2-methylpropionitrile), acetylacetone, dibenzoylmethane,
2,2,6,6-tetramethyl-3,5-heptanedione, sodium hydroxide and reaction
solvents were purchased from Titan. 1,8-diazabicyclo[5.4.0]-undec-7-
ene (DBU, purity >99 %, Macklin), 7-methyl-1,5,7-triazabicyclo
[4.4.0]dec-5-ene (MTBD, purity >99 %, Adamas), and 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (TBD, purity >99 %, Adamas) were purchased
commercially. All reagents were used without any further purification.

2.2. Characterizations

'H NMR and '3C NMR spectra were carried out on a Bruker Ascend
TM-400 (400 MHz) spectrometer for titration experiments, de-
terminations for the conversions and selectivity of epoxides, and char-
acterizations of catalysts and cyclic carbonates using CDCl3 or DMSO-d6
as the solvent. Chemical shifts § are reported in parts per million (ppm)
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relative to a residual undeuterated solvent as an internal reference (‘H &
7.26 for CDCls, 5 2.50 for DMSO-d6; 13C 5 77.16 for CDCls, § 39.52 for
DMSO-d6).

2.3. General procedure for the pre-organocatalysts

The compounds tetramethyloctol 3, tetramethylcavitand 4, and tet-
rakis(bromomethyl)cavitand 5 were obtained according to previous
literature (Scheme 2) [53-55]. Characterization data match those re-
ported in the literature.

Tetramethyloctol 3 [53]. 2-Methylresorcinol (5.0 g, 40.3 mmol) was
dissolved in a solution of ethanol (50 mL) and concentrated hydrochloric
acid (6.7 mL). To this stirring, solution was added dropwise hexanal
(4.7 mL, 40.3 mmol) over a period of 30 min at 0 °C. The reaction
mixture was warmed to room temperature before transferring to a
preheated oil bath and was kept at 70 °C for 24 h. After completion of the
reaction, the reaction mixture was poured into distilled water, the res-
idue was obtained and filtered. The solid was triturated with water,
filtered, and recrystallized from ethanol-water to give resorcinarene 3,
yield 6.5 g (91 %). 'H NMR (400 MHz, DMSO-d6) § 8.65 (s, 8H), 7.24 (s,
4H), 4.20 (t, J = 7.8 Hz, 4H), 2.21 (q, J = 7.7 Hz, 8H), 1.94 (s, 12H),
1.36-1.15 (m, 24H), 0.85 (t, J = 7.0 Hz, 12H). !*C NMR (100 MHz,
DMSO-d6) 6 149.0, 124.8, 121.1, 111.6, 56.1, 34.3, 33.1, 31.5, 27.7,
22.3, 18.6, 14.0, 10.1.

Tetramethylcavitand 4 [54]. To a solution of 6.2 g tetramethyloctol 3
(7.5 mmol, 1.0 equiv.) in 400 mL dry DMF was added 25.2 g K5COs3
(0.16 mol, 24.0 equiv.) in a 1000 mL three-necked flask. To this mixture
was added 7.9 mL bromochloromethane (0.12 mol, 16.0 equiv.) at room
temperature and stirred for 30 min before transferring to a preheated oil
bath, and the reaction mixture was stirred at 70 °C for 12 h. After
completion of the reaction, the reaction mixture was poured into
ice-cold water. The organic layer was extracted with 200 mL dichloro-
methane and washed with water (twice) and brine. The organic layer
was dried over anhydrous MgSO4 and the solvent was removed under
reduced pressure. The residue was passed through column chromatog-
raphy afford tetramethylcavitand 4 as white solid, yield 5.8 g (88 %). 'H
NMR (400 MHz, Chloroform-d) § 6.99 (s, 4H), 5.90 (d, J = 6.9 Hz, 4H),
4.78 (t, J = 8.1 Hz, 4H), 4.27 (d, J = 6.9 Hz, 4H), 2.24-2.15 (m, 8H),
1.99 (s, 12H), 1.47-1.31 (m, 24H), 0.92 (t, J = 7.1 Hz, 12H).13C NMR
(100 MHz, Chloroform-d) 6§ 153.4, 138.1, 123.7,117.7, 98.6, 37.1, 32.2,
30.2, 27.8, 22.8, 14.2, 10.5.

Tetrakis(bromomethyl)cavitand 5 [55]. A solution of tetrame-
thylcavitand 4 (5.5 g, 6.3 mmol, 1.0 equiv.), AIBN (0.6 mmol, 0.1
equiv.), and recrystallized NBS (25.2 mmol, 4.0 equiv.) in benzene (200
mL) were stirred at room temperature for 30 min. Subsequently, the
reaction mixture was transferred to a preheated oil bath (80 °C) and
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stirred vigorously for 24 h. After completion of the reaction, the
precipitated succinimide was removed by filtration, and the benzene
was evaporated under reduced pressure. Finally, the crude product was
purified by column chromatography to afford tetrakis(bromomethyl)
cavitand 5 as a white crystalline solid, yield 6.0 g (80 %). 'H NMR (400
MHz, Chloroform-d) § 7.13 (s, 4H), 6.02 (d, J = 6.9 Hz, 4H), 4.78 (t, J =
8.0 Hz, 4H), 4.56 (d, J = 7.3 Hz, 4H), 4.42 (s, 8H), 2.20 (q, J = 7.9 Hz,
8H), 1.47-1.28 (m, 24H), 0.91 (t, J = 7.0 Hz, 12H). 13C NMR (100 MHz,
Chloroform-d) §153.7, 138.2,124.7,121.1, 99.3, 37.0, 32.1, 30.2, 27.7,
23.1 22.8, 14.2.

General Procedure for Synthesizing Cavitand CR [51]: A mixture of
sodium salt of diketone (5.1 mmol, 6.0 equiv.) and 1.0 g tetrakis(bro-
momethyl)cavitand 5 (0.84 mmol, 1.0 equiv.) in 20 mL anhydrous
dioxane was placed in a 100 mL pressure vessel and stirred at 110 °C for
17 h in oil bath. After the mixture was cooled to room temperature and
filtered to remove insoluble residues. The filtrate was concentrated
under reduced pressure. The residue was acidified with aqueous HCI (20
mL, 1 M), followed by the addition of dichloromethane (20 mL). The
organic layer was separated, washed with water (3 x 20 mL), and dried
over anhydrous MgSOg4. The drying agent was removed by filtration, and
the filtrate was concentrated under reduced pressure to obtain the crude
product. Finally, purification by flash column chromatography separa-
tion (PE: EA = 50: 1-20: 1, v/v) afford white powder cavitand CR, the
product was further dried under vacuum at 40 °C for 24 h, yield 71-83
%.

Cavitand CR-Bu. Yield 5.8 g (71 %). 'H NMR (400 MHz, Chloroform-
d) §6.97 (d, J = 13.8 Hz, 4H), 5.76 (dd, J = 12.7, 7.0 Hz, 4H), 4.72-4.59
(m, 4H), 4.17 (t, J = 7.2 Hz, 4H), 3.86 (t, J = 6.4 Hz, 3H), 2.80 (d, J =
6.3 Hz, 8H), 2.13 (s, 31H), 1.48-1.22 (m, 24H), 0.91 (t, J = 6.9 Hz, 12H).
13C NMR (100 MHz, Chloroform-d) § 204.0, 153.2, 153.2, 138.3, 138.3,
125.0, 119.2, 98.8, 67.6, 37.0, 32.0, 30.1, 29.5, 27.6, 23.6, 22.8, 14.2.
HRMS-TOF (m/2): caled for C19oH145016 [M + H]™ 1602.0533, found:
1602.0529.

Cavitand CR-Me. Yield 5.4 g (83 %). TH NMR (400 MHz, Chloroform-
d) 6§ 6.97 (s, 4H), 5.89 (d, J = 7.1 Hz, 4H), 4.97 (t, J = 6.5 Hz, 4H), 4.72
(t, J = 8.1 Hz, 4H), 4.08 (d, J = 7.2 Hz, 4H), 2.79 (d, J = 6.5 Hz, 8H),
2.11 (q, J = 7.8 Hz, 8H), 1.40-1.25 (m, 24H), 1.05 (s, 72H), 0.90 (t, J =
7.1 Hz, 12H). 1*C NMR (100 MHz, Chloroform-d)s 208.9, 153.5, 137.8,
124.9, 118.8, 98.8, 52.8, 44.8, 36.8, 31.8, 30.2, 27.5, 27.0, 26.9, 22.7,
13.9. FT-IR (cm™!) 2924, 2861, 1632, 1453, 1389, 1344, 1301, 1237,
1144,1083,1010, 967, 936, 883. HRMS-TOF (m/2): caled for C76Hg7016
[M + H]" 1265.6777, found: 1265.6771.

Cavitand CR-Ph. Yield 7.0 g (78 %). 'H NMR (400 MHz, Chloroform-
d)57.75(d, J=7.2Hz, 16H), 7.45 (t, J = 7.4 Hz, 8H), 7.29 (t, J = 7.7
Hz, 16H), 6.67 (s, 4H), 5.70 (d, J = 6.9 Hz, 4H), 5.46 (t, J = 6.9 Hz, 4H),
4.37 (t, J = 8.0 Hz, 4H), 4.15 (d, J = 7.0 Hz, 4H), 3.04 (d, J = 6.9 Hz,

CH,BICl, K,CO;4
_ TP s

EtOH DMF
70°C, 24 h 70°C,12h
o O, Rr? R1.O 0 O
+ 1
Na R? R
o =000
| O,
NBS, AIBN RWJ\/LW
- - .~ - ®
benzene dioxane
reflux, 24 h 110 °C, 17 h CR-Bu: R' = +-Bu

5

CR-Me: R = CH,4
CR-Ph: R"=Ph

Scheme 2. Synthesis of tetra-1,3-diketone resorcinarene CR.
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8H), 1.90-1.86 (q, J = 8.0 Hz, 8H), 1.40-1.35 (m, 16H), 1.01-0.95 (m,
12H). '3C NMR (100 MHz, Chloroform-d)5 156.7, 135.3, 128.3, 122.0,
31.1, 23.4, 10.5. FT-IR (em™ 2929, 2861, 1635, 1448, 1394, 1303,
1235, 1147, 1083, 1010, 967, 931, 685. HRMS-TOF (m/z): calcd for
C114H117016 [M + HI' 1764.8239, found: 1764.8232.

Analog molecular M-Me. The preparation method is analogous to
that of CR. A mixture of sodium salt of the sodium salt of acetylacetone
(0.46 g, 3.7 mmol, 1.5 equiv.) and 2,6-dimethylbenzyl bromide (0.5 g,
2.5 mmol, 1.0 equiv.) in 8 mL anhydrous dioxane was placed in a 25 mL
pressure vessel and stirred at 110 °C for 17 h in oil bath. After the
mixture was cooled to room temperature and filtered to remove insol-
uble residues. The filtrate was concentrated under reduced pressure. The
residue was acidified with aqueous HCl (8 mL, 1 M), followed by the
addition of dichloromethane (10 mL). The organic layer was separated,
washed with water (3 x 10 mL), and dried over anhydrous MgSO4. The
drying agent was removed by filtration, and the filtrate was concen-
trated under reduced pressure to obtain the crude product. Finally,
purification by flash column chromatography separation (PE: EA = 80:
1, v/v) afford pale-yellow liquid, the product was further dried under
vacuum at 40 °C for 24 h, yield 4.1 g (87 %). 1H NMR (400 MHz,
Chloroform-d) § 7.06-6.97 (m, 3H), 3.93 (t,J =7.2 Hz, 1H), 3.21 (d, J =
7.2 Hz, 2H), 2.28 (s, 6H), 2.07 (s, 6H). 1*C NMR (100 MHz, Chloroform-
d) 5 204.4, 136.6, 135.2, 128.8, 126.8, 66.9, 30.4, 28.5, 20.3. HRMS-
TOF (m/2): caled for C1oH1502 [M+H]" 191.1072, found: 191.1071.

2.4. General procedure for the cycloaddition of epoxides and CO2

In a 2.0 mL glass vial, styrene oxide (0.57 mL, 5.0 mmol), cavitand
CR (0.005 mmol, 0.1 mol%), and organic base (0.02 mmol, 0.4 mol%)
were combined, and the mixture was stirred at room temperature for 10
min. The resulting solution was transferred to a 25 mL stainless steel
autoclave reactor. The reactor was sealed and subjected to three
consecutive purge cycles with CO; through alternating vacuum and gas-
fill sequences. Following the purge procedure, the system was pressur-
ized to 0.5 MPa with CO, and immersed in a preheated oil bath main-
tained at 120 °C, where it was stirred for 12 h to facilitate the reaction.
The reactor was immediately cooled to 0 °C in an ice-water bath. The
pressure was carefully released to atmospheric conditions by gradual
valve opening. A sample of the crude reaction mixture was dissolved in
chloroform-d containing 1,3,5-trimethoxybenzene as an internal stan-
dard [56]. Conversion of epoxide 1 and selectivity of cyclic carbonate 2
were determined by 'H NMR. For reaction under atmospheric pressure
(0.1 MPa), a 25 mL Schlenk reaction tube equipped with a CO2-filled
balloon was employed instead of the reactor. Cyclic carbonate products
were obtained by flash chromatography on silica gel (SiO3) with hexane:
ethyl acetate = 10: 1-3: 1.

3. Results and discussion

3.1. Design of resorcinarene ion pair catalysts and evaluation of the
catalytic performances in CCE reactions

Among the various functional building blocks that exist, 1,3-dike-
tones have emerged as pivotal reagents, extensively employed in the
design of diverse fine chemical and pharmaceutical agents [49]. The
presence of two strongly electron-withdrawing carbonyl groups in 1,
3-diketones facilitates the formation of stabilized carbanions through
a-proton abstraction upon treatment with Brgnsted bases. The resulting
carbanion exhibits significant electron delocalization towards both
carbonyl groups, thereby enhancing charge distribution and thermo-
dynamic stability. We propose to utilize these stabilized carbanions as
Lewis basic sites for CO, activation, generating carboxylate anions that
may serve as alternative nucleophiles for epoxide ring-opening re-
actions, potentially replacing conventional halide anions. The 1,3-dike-
tone moiety has been incorporated into the upper rim structure of rigid,
bowl-shaped resorcinarene scaffolds, three functionalized derivatives
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bearing tert-butyl (CR-Bu), methyl (CR-Me) and phenyl (CR-Ph) sub-
stituents were obtained (Fig. 1). The resulting compounds were
comprehensively characterized using NMR, IR, and thermogravimetric
analysis (TGA).

Notably, the keto-enol transformation was found to be significantly
restricted due to steric hindrance induced by cavitand. The use of 'H
NMR studies in CDCl3 revealed minimal enol content (<5-10 %) in so-
lution. These observations were further corroborated by X-ray crystal-
lographic analysis conducted by Zairov’s group, which confirmed that
CR-Me derivative adopts a "cone" conformation. In this configuration,
the pendant aryl rings exhibit nearly identical spatial orientations
relative to the reference plane defined by the four bridging carbon atoms
[571.

Homogeneous solution was prepared by dissolving CR and TBD in
styrene in a stoichiometric ratio of 1: 4, and the catalytic performance
was evaluated at 120 °C with a CO; pressure of 0.5 MPa. The obtained
results revealed that the methyl-substituted CR-Me/TBD system
exhibited superior activity (Table 1, entries 1-3). This observation can
be rationalized by considering the delicate balance between carbanions
stability and basicity: while the strongly electron-donating tert-butyl
group enhanced the nucleophilicity of carbanions, it concomitantly
reduced its thermodynamic stability. Conversely, the electron-
withdrawing phenyl group not only diminished carbanion’s basicity
but also introduced substantial steric hindrance, thereby significantly
compromising catalytic performance.

The catalytic performance was further evaluated by other organic
bases, and a trend of CR-Me/TBD (75 %) > CR-Me/MTBD (64 %) > CR-
Me/DBU (50 %) activity was found (Table 1, entries 2, 4, and 5). This
result seems to be due to the alkalinity, but we believe that it was a
coincidental result due to the combined influence of a complex of fac-
tors, including: i) Carbon ion concentration. 'H NMR analysis of a
mixture of CR and base according to a 1:4 stoichiometric ratio was
conducted, revealing that the more strongly basic TBD (pKa = 15 0.3)
and MTBD (pKa = 14.8) completely deprotonated the CR-Me, thereby
generating stable carbanions and a minor amount of allylic alcohol
anion. In contrast, the relatively weak base DBU (pKa = 13.9) achieved
only partial deprotonation (~50 %, Fig. 2). (ii) Mechanistic differences.
In contrast to the CR-Me/TBD and CR-Me/MTBD catalytic systems, free
DBU in the CR-Me/DBU system may participate in the reaction through
an alternative pathway of competitive activation of CO,. (iii), there is
the complex host-guest behavior of resorcinarene. The deprotonation of
the upper rim of carbanions results in the formation of local electron-
rich centers where the cations ([TBDH]", [MTBDH]*, or [DBUH]")
are more likely to be enriched, and the binding strength is also affected
by the structural smallness of the; (iv), the H-bonding ability of the
cations is a contributing factor. In comparison to [MTBDH]", [TBDH]"

CR-Me

Fig. 1. The structure of various tetra-1,3-diketone resorcinarene CR.
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Table 1
The cycloadditions of CO, to SO promoted by different resorcinarene ion pair

catalysts.
(0]
o4

0 CR/base (1/4), 0.5 mol%
//<:J + C()Z
Ph 120 °C, 12 h P
(0.5 MPa) no solvent Ph
SO SC
Entry  Catalyst Conv." Yield" Sel.” TON”  TOF"
[%] [%] [%] [h']
1 CR-Bu/TBD 69 69 >99 3456  2.88
2 CR-Me/TBD 75 74 98 36.96 3.08
3 CR-Ph/TBD 63 60 95 30.00 250
4 CR-Me/ 64 61 95 30.48  2.54
MTBD
5 CR-Me/DBU 50 50 >99 25.00 2.08
6 CR-Me/- 0 0 - - -
7¢ -/TBD 45 39 87 488  0.41
8¢ M-Me/TBD 52 42 80 525  0.44
(1/1)

Reaction conditions: SO (5.0 mmol, 0.57 mL), catalyst loading (0.5 mol%),
120 °C, 0.5 MPa CO», 12 h, no solvent.

2 Conversion and selectivity were determined via 'H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard.

> Turnover number (TON) = moles of product/(moles of 1,3-diketone unit in
catalysts). Turnover frequency (TOF) = moles of product/(moles of 1,3-diketone
unit in catalysts x time).

¢ catalyst loading (2.0 mol% = 4 x 0.5 mol%).

exhibits a greater abundance of N-H groups and demonstrates more
robust HBD capability.

In addition, the non-ionic CR-Me precursor showed negligible cata-
lytic activity, while TBD alone afforded merely 45 % conversion with 87
% selectivity (Table 1, entries 6-7). Notably, when employing a 1: 1 ion
pair formed between the CR-Me monomer analog M-Me and TBD, both
conversion (52 %) and selectivity (80 %) were substantially reduced
(Table 1, entry 8). This diminished performance may be attributed to
either dilution effects or unfavorable keto—enol transformation of the
monomers. These findings conclusively demonstrate that the rigid
resorcinarene scaffold plays a dual role in the cycloaddition reaction: it
not only enhances catalytic activity but also improves reaction
selectivity.

To evaluate the catalytic performance of resorcinarene ion pairs

N
(a) organic bases CO
N
DBU

Tetrahedron 187 (2025) 134897

Table 2
Optimization of reaction conditions for the cycloaddition of CO, to epoxides.

CR-Me/TBD (1/4) O
o4

0,
/<o‘ + CO, 0.1-1.0 mol% /k/O
Ph 80-140 °C, 12/24 h Ph
SO (0.1-1.0 MPa) no solvent sc
Entry  Catalyst Temp. Time P(CO,)  Conv.” Sel.” TOF®
Loading [°C] [h] [MPa] [%] [%]
[mol%]
1 0.1 120 12 0.1 68 95 13.46
2 0.1 120 12 0.5 75 98 15.31
3 0.1 120 12 1.0 81 >99 16.71
4 0.1 120 24 0.1 93 95 9.20
5 0.1 80 24 0.1 42 77 3.37
6 0.1 100 24 0.1 64 87 5.80
7 0.1 140 12 0.1 97 84 16.98
8 0.3 120 12 0.1 77 92 4.92
9 0.5 120 12 0.1 920 92 3.45
10 1.0 120 12 0.1 98 88 1.80

Reaction conditions unless specified otherwise: SO (5.0 mmol, 0.57 mL), no
solvent.

2 Conversion and selectivity were determined via 'H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard.

> Turnover frequency (TOF) = moles of product/(moles of 1,3-diketone in
catalysts x time).

under mild conditions, we examined the CR-Me/TBD catalyzed cyclo-
addition of CO, with epoxides was examined under different reaction
parameters. Initial experiments were conducted with 0.1 mol% catalyst
loading at 120 °C for 12 h while varying CO; pressure (0.1, 0.5, and 1.0
MPa). The results demonstrated a positive correlation between CO,
pressure and conversion rate, increasing from 68 % to 81 % (Table 2,
entries 1-3). To achieve satisfactory conversion under atmospheric
pressure (P (CO3) = 0.1 MPa), it was prolonged to 24 h with a conversion
of 93 % (Table 2, entry 4). Subsequent temperature optimization
revealed that reducing the temperature to 100 °C and 80 °C significantly
decreased conversions to 64 % and 42 %, respectively, while elevating to
140 °C improved conversion at the expense of slightly reduced selec-
tivity (Table 2, entries 5-7). Notably, increasing the catalyst loading to
1 mol% under ambient pressure conditions afforded 98 % conversion,
albeit with decreased selectivity (88 %) (Table 2, entries 8-10).
Comprehensive analysis identified the optimal reaction conditions as:

MTBD TBD
(b) pKalel 13.9 14.8 15.3
more
R i
100%
N
(4) CR-Me i o
(3) CR-Me: DBU = 1: 4 A
(2) CR-Me: MTBD = 1: 4 | 1
(1) CR-Me: TBD=1:1}J A A

9.0 86 82 78 74 70 66 62 58 54
1 (ppm)

Fig. 2. (a) The pKa values of conjugated acids of organic bases in DMSO [58]; (b) 'H NMR (400 MHz, Chloroform-d) spectra of 1,3-diketone resorcinarene CR-Me

mixed with organic base at ratio of 1: 4.
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Table 3

Synthesis of different cyclic carbonates under optimal conditions®.

CR-Me/TBD (1:4)
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o}

oA

(o)

2a, conv.%: 99%
sel. 99%

0

o

2e, conv.%: 93%
sel.87%

A

0

oA

>r° ’
2i, conv.%: 99%
sel. 95%

o]
o4
(0}

2m, conv.%: 26%"
sel. 92%

o4

2b, conv.%: 96%
sel. 94%

oA
W/O

2f, conv.%: 92%
sel. 83%

o~

o _J+_P°
o

2j, conv.%: 97%
sel. 91%

[o]
o4
o
2n, conv.%: 33%"
sel. 94%

a _t_°

2c, conv.%: 99%
sel. 98%

ol
/O\)\/ 0

2g, conv.%: 98%
sel. 99%

[o]
o4
(0}

2k, conv.%: 93%
sel. 95%

ol
Y

20, conv.%: 37%"
sel. 97%

0,
/<0‘ + €O, 0.1 mol% o
R no solvent )\/0
(0.1 MPa) 12000‘ 24 h R )
o] (o] [o]

Br\)\/o
2d, conv.%: 99%
sel. 99%
o]

oA
o o
=~
2h, conv.%: 97%
sel. 83%

o]
o4
o}

21, conv.%: 91%
sel. 89%

4
Ph/K(

Ph
2p, conv.%: 0%°

120 °C, 0.1 mol% catalyst loading, 0.1 MPa CO; pressure, and 24 h,

SOl T

2n, conv.%: 79%
sel. 99%

0/\[c;>ﬁo

[a] Reaction conditions: 0.1 mol% CR-Me/TBD, 120 °C, 0.1 MPa CO, (use a balloon), 24 h, no
solvent. [b] 0.4 mol% CR-Me/TBD, 120 °C, 1.0 MPa, 48 h [c] n-Butanol was employed as a solvent,
1.0 M 1p, 120 °C, 1.0 MPa CO», 48 h.

0}
which balanced both conversion efficiency and selectivity. )k
o) cat. 0.4 mol% o o
A N
3.2. Sub di loadditi ides into CO R 120 °C -
2. strate scope studies for cycloaddition of epoxides into CO2 (0.1 MPa) o 'solvent R
catalyzed by CR-Me/TBD
N
With optimized reaction conditions (120 °C, 0.1 MPa CO,, 24 h), we BF4 (\)\\/D BF4 (\);j
further investigated the substrate scope of the CR-Me/TBD catalyzed roN \ \
cycloaddition reaction using various epoxides (Table 3). Remarkably, H H H H
terminal epoxides, including aliphatic (1a-1f), glycidyl (1g-1j) and [BF 4 TTBDH] [BF 4 [MTBDH]*
aromatic (1k-11) derivatives, all exhibited excellent conversions (>90 conv. 2% conv. trans
sel. 99% sel. -

%) under atmospheric CO pressure, with exceptional selectivity (83-99
%) towards the corresponding cyclic carbonates. However, sterically
hindered internal epoxides showed markedly different reactivity

compared under optimized conditions.

behavior. Cyclohexene oxide showed no detectable conversion under

optimized conditions. By applying more stricter conditions (1.0 MPa
CO9, 0.4 mol% catalyst loading, 48 h) moderate conversions were ob-
tained for the internal epoxides: cyclohexene oxide (16 %), 1n (23 %)
and 1o (37 %). Notably, the highly hindered diphenyl-substituted
epoxide 1p remained unreactive even under these improved conditions.

organocatalyst CR-Me/TBD

Scheme 3. The catalytic performance of catalyst analogs ion pairs were

3.3. Proposition of the mechanism of the CCE reaction by halide

The activation mechanism was further elucidated through control
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SO/[CR-Me]*-4[TBDH]*

(8)0/1 3.226 ppm
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3.225 ppm NN _2.828 ppm
3.223 ppm _MNUA_2.628 ppm
4[TBDH]*
(5)1/0.5 3.221 ppm _MAA_2.827 ppm 7(\ N
H Py
“)1/02 2.826 ppm N N
H™ NT NT
. H H
3.206 ppm _MAN_2.823 ppm [CR-Me] Y S
o
H
(2) 1/0.05 3.187 ppm — MAA_2819ppm PhA
H
SO
(1) 110 NN 2815 ppm

335 330 325 320 3.15 3.10 3.05 3.00 295 2.9
1 (ppm)

283 286 284 282 280 278 276 2.7:
1 (ppm)

Fig. 3. Chemical shifts of the G-H proton of the [TBDH]" (pink circle) and methylene protons (blue squares) of the substrate SO in the titration in the 'H NMR
spectra (DMSO-d6), the series ratios of SO/[CR-Me]*-4[TBDH]" 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.

experiments, which verified the essential role of the resorcinarene
carbanion [CR-Me] 4', we prepared analog catalysts [TBDH]"-[BF4] and
[MTBDH]"-[BF4]° by replacing the reactive [CR-Me]* with inert [BF4]”
anions [42]. When evaluated under optimized cycloaddition conditions,
these modified catalysts showed negligible activity (Scheme 3), clearly
demonstrating that the 1,3-diketone-functionalized resorcinarene scaf-
fold is essential for catalytic activity. The proposed activation involves
Brgnsted base abstraction of the CR-Me methylene proton by TBD,
generating the conjugate acid [TBDH]". Comparative studies revealed
the superior performance of the CR-Me/TBD system (75 % conversion)
over CR-Me/MTBD (64 % conversion) in Table 1, suggesting the critical
role of the N-H groups in [TBDH] " as HBDs.

The resorcinarene-based ion pair [CR-Me] 4.4[TBDH]" was prepared
by mixing the resorcinarene CR-Me with the organic base TBD in
dichloromethane in a ratio of 1: 4 for 10 min at room temperature, with
direct removal of the solvent. To experimentally verify these in-
teractions, we performed 'H NMR titration studies (Fig. 3). The chemical
shift changes of the methylene protons in the adjacent region were
recorded, while the labile N-H protons were not directly observable.
Progressive addition of [CR-Me] 4.4[TBDH]" to SO (molar ratio 1: 0.05
to 1: 2) induced characteristic upfield shifts: The methylene protons of
[TBDH]™ (pink circles) shifted from 3.187 ppm to 3.224 ppm, while the
methyl protons of SO (blue squares) shifted from 2.815 ppm to 2.828
ppm. These systematic chemical shift perturbations provide indirect
evidence for H-bonding interactions between the catalyst and the
epoxide substrate, and support the proposed activation mechanism.

Based on the experimental evidence and supported by previous
mechanism studies [50,56,59], a plausible catalytic cycle for this

CR-Me/TBD

(0]
/O(/«O step IV ’\)k

(]
Y
9

R

Scheme 4. Proposed mechanism for the formation of cyclic carbonates from
epoxides and CO; promoted by resorcinarene ion pair catalyst CR-Me/TBD.

L Ve =0504%6

60

Weight/ %

40

20

T T T T T
100 200 300 400 500 600
Temperture/ °C

Fig. 4. TGA thermogram of resorcinarene ion pair catalyst [CR-Me]*-4
[TBDH]". Determined by TGA at a heat in grate under N, atmosphere, opera-
tion procedure: heat from room temperature to 600 °C at 10 °C/min.

o [CR-Me]*4[TBDH]* o]
o
0 . o, _ Oamom oA
120 °C, 24 h o AP
1e (0.1 MPa) no solvent 2c

(50 mmol)
conv.% 93%

yield% 91%
sel.% 98%

Fig. 5. Larger-scale synthesis.

transformation is proposed (Scheme 4). The reaction mechanism in-
volves four distinct steps: Step I, the nucleophilic addition of the
[CR-Me]* carbanion to CO, generates the reversible carboxylate inter-
mediate A. Step II, the [TBDH] " cation activates the epoxide 1 through
H-bond formation. Step III, the activated carboxylate species then un-
dergoes nucleophilic attack on the less hindered methylene carbon of
the epoxide to yield the alkoxide intermediate C. Step IV, the end of
alkoxides C initiates an SN2 nucleophilic attack within the molecule,
and the ring closes to produce the cyclic carbonate 2.

3.4. Catalyst recycling of CCE reaction catalyzed by CR-Me/TBD

Thermogravimetric analysis (TGA) was performed under a N; at-
mosphere with a heating rate of 10 °C/min from 30 to 600 °C. The re-
sults revealed negligible mass loss below 150 °C, confirming the high
thermal stability of the ion pair catalyst [CR-Me]*-4[TBDH]" under
optimized reaction conditions. A 5 wt% mass loss was observed at
230.4 °C (Fig. 4), further supporting the robustness of the catalyst
structure. To assess recyclability, the reaction was scaled up 10-fold
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Fig. 6. Recyclability study of resorcinarene ion pair catalyst [CR-Me]*-4
[TBDH]"*. Reaction conditions: ECH (50.0 mmol, 3.9 mL), [CR-Me]*-4[TBDH] "
(0.05 mmol, 0.1mol %), 120 °C, 0.1 MPa CO,, 24 h, solvent-free.

using epichlorohydrin (ECH) as a model substrate under optimized
conditions (0.1 MPa CO», 0.1 mol% catalyst loading, 24 h), achieving 93
% conversion (Fig. 5). Since the ion pair catalyst is insoluble in diethyl
ether, the cyclic carbonate products and unreacted epichlorohydrin
(ECH) are removed via ether extraction after each reaction cycle.
Following solvent evaporation and drying, the recovered catalyst is
reactivated through the addition of fresh ECH for subsequent reaction
cycles. The catalyst maintained high activity over five consecutive cy-
cles, with only a slight decrease in conversion from 93 % to 88 % (Fig. 6),
'H NMR analysis indicated that the slight deactivation might result from
partial catalyst decomposition upon repeated use (Fig. S17).

4. Conclusions

In conclusion, this study successfully developed a highly efficient
and reusable resorcinarene-based ion pair catalytic system (CR-Me/
TBD) for the cycloaddition of CO; to epoxides under mild conditions.
The optimal catalyst exhibited outstanding performance, achieving 93
% conversion of styrene oxide at ambient CO, pressure (0.1 MPa) and
120 °C, while demonstrating broad substrate scope with >91 % con-
version for 12 terminal epoxides and good activity for sterically hin-
dered internal epoxides under elevated pressure. Detailed mechanistic
investigations revealed a synergistic dual-activation mechanism, where
the [TBDH]" cation activates epoxides through H-bonding while the
[CR-Me]* carbanion facilitates CO, activation, with NMR studies
providing evidence for these interactions. The catalyst showed excellent
thermal stability (T4 5 o, > 230 °C) and maintained high activity over five
consecutive cycles (93 %-88 % conversion). This work not only presents
a practical solution for CO, utilization but also provides fundamental
insights into the design of cooperative ion pair catalysts, offering a
promising strategy for developing advanced catalytic systems for sus-
tainable chemical transformations.
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