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The cycloaddition of epoxides and CO, has been achieved by using the designed upper-rim functional-
ized calix[4]arene organocatalyst in aqueous at a mild temperature under normal pressure. The upper rim
of this novel calix[4]arene organocatalyst contains two hemisquaramides at the 1,4-positions. A variety of
cyclic carbonate derivatives were obtained in good yields, demonstrating excellent compatibility with var-
ious functional groups. The 7 ---7r supramolecular interaction between the calixarene cavity and epoxide
substrate may also play a significant role in facilitating this cycloaddition process. Additionally, this novel
reaction offers a valuable complementary approach to synthesizing cyclic carbonates from epoxides and

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Carbon dioxide (CO,) is one of the most significant greenhouse
gases in the Earth’s atmosphere [1,2]. Despite being a greenhouse
gas implicated in global warming, CO, is also a plentiful and
renewable C1 resource that undergoes chemical transformations to
yield high-value compounds [3-6]. In this field, the cycloaddition
of epoxides with CO, to construct cyclic carbonates has been
regarded as one of the most promising CO, conversion routes
[7,8]. Furthermore, cyclic carbonates are also high-value organic
compounds serving as electrolytes for lithium-ion secondary
batteries, monomers for polymers, and intermediates in pharma-
ceuticals [9-16]. Although extensive efforts have been attempted
for the synthesis of cyclic carbonates from epoxides and CO,, the
development of a novel green and efficient strategy would be of
great significance.

Recently, upper- or lower-rim functionalized calix[4]arenes
have been recognized as ideal catalysts in organic chemistry
due to their exceptional selectivity and efficient phase transfer
catalytic function [17-21]. However, only a few reports focused
on the cycloaddition of epoxides with CO, [22-24]. In 2016, the
Kleij group used the resorcin[4]arene catalyst for the cycloaddition
of epoxides with CO, in the presence of TBAI at a high pressure
(Fig. 1a) [22]. Furthermore, they also designed a bifunctional re-
sorcin[4]arene catalyst to achieve the same reaction without TBAI
(Fig. 1b) [23]. In 2020, Yuan and co-workers modified the upper
rim of calix[4]arene to obtain a cationic calix[4]arene polymer
catalyst, which can synthesize cyclic carbonates from CO, and
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epoxides at elevated temperature (100°C) under atmospheric
pressure (Fig. 1c) [24]. In addition, both metal-based catalysts
and ionic liquids also serve as typical catalysts for the synthesis
of cyclic carbonates from CO, [25-30]. Despite their potential,
these approaches are predominantly limited by requirements for
high reaction pressures and temperatures, as well as a restricted
substrate scope. Consequently, the development of novel function-
alized calix[4]arene organocatalysts to address these issues would
represent a significant advancement in synthetic chemistry.

In our continuing efforts for developing novel supramolecular
catalysis reactions [31-34], the designed upper-rim functionalized
calix[4]arenes bearing hemisquaramides (cat-1, cat-2 and cat-3),
squaramides (cat-4) and salophens (cat-5) have been used as
organocatalysts for the cycloaddition of epoxides and CO, in
aqueous at a mild temperature under normal pressure (Fig. 2).

Our investigation began with the reaction of styrene oxide
(1a), TBAI (tetrabutylammonium iodide) and CO, (1.0 atm) in
H,0 solvent at room temperature for 24h using the upper-rim
functionalized calix[4]arene bearing mono-hemisquaramide cat-1
as the organocatalyst. The desired cyclic carbonate 2a was iso-
lated with 22% yield (Table 1, entry 1). To our delight, the yield
of 2a was increased to 90% by using 1,3-bis-hemisquaramides
calix[4]arene catalyst cat-2. This observation suggests that the
synergistic effect between two hemisquaramide groups can signifi-
cantly contribute to improved catalytic performance (Table 1, entry
2). However, the use of 1,2-bis-hemisquaramides calix[4]arene cat-
alyst cat-3 only afforded 13% yield indicating that the positioning
of hemisquaramide groups is also crucial for this process (Table 1,
entry 3). Additionally, the utilization of 1,3-bis-squaramides
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(a) Kleij group [2016, CO, (1.0 MPa), 50 °C]

(b) Kleij group [2017, CO, (0.5 MPa), 80 °C]
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Fig. 1. Previous strategies for the synthesis of cyclic carbonates via CO, and epox-
ides based on the calix[4]arene-derived catalysts.
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Fig. 2. Designed upper-rim functionalized calix[4]arene organocatalysts.

calix[4]arene catalyst cat-4 resulted in an 81% isolated yield,
whereas the employment of the 1,3-bis-salophens calix[4]arene
catalyst cat-5 failed to generate product 2a. This implies that the
hemisquaramide group exhibits optimal performance within our
strategy (Table 1, entries 4 and 5). Next, the examination on iodide
additive revealed that other iodide additives including KI or NHyl
failed to provide the desired product 2a (Table 1, entries 6 and
7). Furthermore, the use of TBAB (tetrabutylammonium bromide)
afforded the desired product 2a in 65% yield (Table 1, entry 8).
The subsequent investigation on the amounts of cat-2 and TBAI
revealed that 5mol% of cat-2 and 10mol% of TBAI are optimal
(Table 1, entries 9-12). It is worth noting that the yield of 2a was
increased to 99% by improving the reaction temperature to 40°C
(Table 1, entry 13). Finally, the yield of 2a decreased to 23% in
the absence of cat-2, while only a trace amount of product was
detected in the absence of TBAI (Table 1, entries 14 and 15).

With the optimized reaction conditions in hand, the substrate
scope study of epoxides was carried out in Scheme 1. A vari-
ety of 2-aryl oxiranes generated the corresponding cyclic carbon-
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Table 1
Optimization of reaction conditions.?
(0]

/& . o, cat O)ko

Ph (1.0 atm) additive

1a : H,0, temperature, 24 h Ph 2a

Entry cat (mol%) Additive (mol%) Temp (°C) Yield (%)P
1 cat-1 (5) TBAI (10) 25 22
2 cat-2 (5) TBAI (10) 25 90
3 cat-3 (5) TBAI (10) 25 13
4 cat-4 (5) TBAI (10) 25 81
5 cat-5 (5) TBAI (10) 25 trace
6 cat-2 (5) KI (10) 25 trace
7 cat-2 (5) NH4l (10) 25 trace
8 cat-2 (5) TBAB (10) 25 65
9 cat-2 (3) TBAI (1 ) 25 83
10 cat-2 (10) TBAI (10 25 81
11 cat-2 (5) TBAI (5) 25 76
12 cat-2 (5) TBAI (20) 25 87
13 cat-2 (5) TBAI (10) 40 99
14 - TBAI (10) 40 23
15 cat-2 (5) - 40 trace

4 Reaction conditions: 1a (2.0 mmol), CO, (1.0 atm), calix[4]arene (cat), additive,
H,0 (5mL), temperature, 24 h.
b Isolated yields.
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Scheme 1. Scope of epoxides. Reaction conditions: 1 (2.0 mmol), CO, (1.0 atm), cat-
2 (5mol%), TBAI (10 mol%), H,0 (5mL), 40°C, 24h. Isolated yield. @ 48h. b TBAI
(5mol%), EtOH (5mL).

ates 2a-2m in good to excellent yields. Both electron-withdrawing
and electron-donating groups at the para-, meta- or ortho-position
on the aryl group were suitable in this catalytic system. Unfor-
tunately, the use of 2,3-diphenyloxirane failed to provide the de-
sired product 2n due to the steric hindrance effect. Additionally,
this catalytic system was compatible with 2-alkyl oxiranes such as
2-butyloxirane and 2-hexyloxirane, resulting in moderate to good
yields of the desired products 20-p. Furthermore, 2-alkyl oxiranes
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(a) The late-stage modification
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Scheme 2. The late-stage modification and gram-scale synthesis.
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Scheme 3. Mechanistic studies.

bearing an ether group also provided the desired products 2q-2s
in good yield. Finally, 1-ethyl-2-phenylaziridine was also utilized
in our protocol to form the desired product 2t with a moderate
yield.

To illustrate the synthetic utility of this novel catalytic ap-
proach, the late-stage modification of natural products was first
performed in Scheme 2a. As expected, natural products contain-
ing epoxides derived from complex organic skeletons, such as
carvacrol, piceol, raspberry ketone, pterostilbene and methyl p-
coumarate, have also been easily converted into the desired prod-
ucts 3a-e with good yields. In addition, a gram-scale reaction of
styrene oxide (1a) and CO, was also conducted under standard
conditions. To our delight, 4-phenyl-1,3-dioxolan-2-one (2a) was
obtained with a yield of 96% (Scheme 2b).

To gain some insights into the reaction mechanism, several con-
trol experiments have been performed (Scheme 3). The utilization
of cat-6 led to the isolation of only a 12% yield of the desired
product 2a in the model reaction. This comparative experiment
suggests the possible existence of .- supramolecular interaction
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Scheme 4. The proposed mechanism.
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Scheme 5. The recyclability experiments of calix[4]arene organocatalyst cat-2.

between the calixarene cavity and substrate 1a. Furthermore, the
model reaction without CO, was also examined, and the product 4
was isolated with a yield of 65%. This result demonstrates that the
acid ring-opening of 1a occurs in our catalytic system. Additionally,
under standard conditions, product 4 only yielded 17 % of the de-
sired product 2a, suggesting that our system may proceed through
an anionic intermediate B.

Based on our control experiments and the previous reports, a
plausible catalytic cycle is proposed (Scheme 4) [7,8,31-39]. Ini-
tially, 2-phenyloxirane 1a interacts with cat-2 to form the inter-
mediate A through both hydrogen bonding and 7 ---7 interactions
[32,33,39]. Notably, the solvent water may also facilitate the trans-
fer of substrate 1a into the hydrophobic cavity of calix[4]arene. In
this case, the C-0O bond of 1a is activated by a hydrogen bonding
interaction with two hemisquaramide groups, while its aryl group
is stabilized by 7---7 interaction with the calix[4]arene cavity. Sub-
sequently, the sterically hindered carbon of 1a is attacked by an io-
dide ion to form the anionic intermediate B. Next, CO, reacts with
the anionic intermediate B to afford the carbonate anion interme-
diate C. Finally, the desired product 2a is formed through an in-
tramolecular cyclization process, accompanied by the regeneration
of cat-2 and iodide ion.

To evaluate the recyclability of calix[4]arene organocatalyst
cat-2 within this process, five consecutive reaction cycles be-
tween 1a and CO, were carried out under the same catalyst. The
results indicated that the catalytic activity of cat-2 showed only
a minor decrease after five cycles, maintaining a yield of 90%
(Scheme 5).

In summary, the cycloaddition of epoxides and CO, in aque-
ous has been developed by using an upper-rim functionalized
calix[4]arene organocatalyst bearing two hemisquaramides at the
1,4-positions. Compared with previous catalytic systems, our cat-
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alytic protocol operates at a mild temperature under normal pres-
sure, demonstrating excellent functional group compatibility and
good isolated yields. The mechanism studies demonstrate the es-
sential role of the calixarene cavity, and suggest that the reaction
may involve a .- supramolecular interaction between the cal-
ixarene cavity and epoxide. The late-stage modification of natu-
ral products, gram-scale synthesis, and catalyst recyclability experi-
ments further demonstrated the synthetic utility of this innovative
methodology. The mild strategy presented here offers an impor-
tant complementary approach for the synthesis of cyclic carbon-
ates from epoxides and CO, in the field of organic chemistry.
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