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ABSTRACT: The design and synthesis of polynuclear metal cluster-based
coordination cages is of considerable interest due to their appealing
structural characteristics and potential applications. Herein, we report a
calix[4]resorcinarene-based [Coy,] coordination cage, [Coy,(TPC4R-
1),(1,3-BDC) 19(13-OH),,(H,0),o(DMF),]-7DMF-23H,0 (1), assembled
with 2 bowl-shaped calix[4]resorcinarenes (TPC4R-I), 10 angular 1,3-
benzenedicarboxylates (1,3-BDC), and 12 Co(II) cations. Remarkably, it is
shown to be a highly efficient recyclable heterogeneous catalyst for CO,

conversion due to its exposed Co(II) Lewis acid sites.

Bl INTRODUCTION

The design and assembly of polynuclear metal cluster-based
coordination cages have attracted great interest due to their
unique structures and broad applications including gas
sorption, drug delivery, and catalysis.' "' Notably, organic
linkers with special structural features play a key role in
controlling structures of the polynuclear metal cluster-based
coordination cages.lz_14 In this context, calix[4]arenes have
been widely used in coordination chemistry.">~>' Among
them, calix[4]resorcinarenes are exceedingly attractive supra-
molecules owing to their special structural features modified by
functionalized groups.”””>’ As a result, the design and
assembly of the polynuclear metal cluster-based coordination
cages with calix[4]resorcinarenes are quite desirable yet remain
a synthetic challenge.”®

Carbon dioxide (CO,) is responsible for the increasing
global warming as well as exacerbating climate changes as a
major greenhouse gas.”” The chemical conversion of CO, via
the catalytic reaction is an attractive method for the recycling
of carbons.’®™*” In this regard, the CO, cycloaddition to
epoxides has attracted considerable attention.”® To date,
numerous catalysts have been developed for the cycloaddition
of CO, with epoxides.”**® The polynuclear metal cluster-
based coordination cages with metal Lewis acid sites, as an
emerging type of heterogeneous catalysts, have received
increasing interest owing to their easy separation and reusage
in catalysis.”>*” However, nearly no polynuclear metal cluster-
based coordination cages with calix[4]resorcinarenes have
been applied as heterogeneous catalysts for the CO,
cycloaddition to epoxides thus far.*”

Based on the considerations above, an appropriate angular
1,3-benzenedicarboxylic acid (1,3-H,BDC) was used to tune
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the assembly of calix[4]resorcinarene-based (TPC4R-I)
coordination cage. Herein, a remarkable [Coy,] coordination
cage with [Co,0,] cubanes, namely, [Co,,(TPC4R-I),(1,3-
BDC),4(t5-OH),(H,0),o(DMF),]-7DMF-23H,0 (1), was
assembled with functionalized calix[4]resorcinarene (TPC4R-
I), angular 1,3-H,BDC, and Co(II) cations (Scheme 1).
Notably, 1 represents a unique example of [Co,,] coordination
cages with [Co0,0,] cubanes surrounded by calix[4]-
resorcinarenes. Importantly, 1 features highly efficient cyclo-
addition of CO, with epoxides as a recyclable heterogeneous
catalyst.

Scheme 1. Construction of Calix[4]resorcinarene-Based
[Coy,] Cage of 1¢
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Bl RESULTS AND DISCUSSION

Crystal Structure of 1. The formula of 1 is established by
X-ray diffraction analysis, thermogravimetric analysis, as well as
elemental analysis. Crystallographic diffraction demonstrates
that 1 features an unusual calix[4]resorcinarene-based [Co,]
coordination cage assembled with two independent [Co,0,]
cubanes and four independent mononuclear Co(II) cations
(Figure 1). Two pairs of centrosymmetrically related [Co,0,]

Figure 1. Crystal structure of [Co,,] coordination cage of 1.

cubanes and four mononuclear Co(II) cations are bridged by
the 1,3-BDC anions to produce the remarkable [Coy,]
coordination cage, which is further ligated by two TPC4R-I
species on both sides (Figure 1). The [Co,0,] cubane consists
of four Co(II) cations, two u,-O atoms, and two u;-O atoms
(Figure Sla). Each Co(Il) cation in the [Co40,] cubane is
linked by the u,-O and u;-O atoms. Notably, two 2-(pyrazol-3-
yl)pyridine groups from two different TPC4R-I species chelate
two Co(Il) cations of one [Co,O,] cubane, thus highly
stabilizing the [Co,0,] cubane. The Co—O distances in the
[Co,0,] cubane range from 2.006(4) to 2.325(4) A, and the
Co--Co separations by the oxygen atoms vary from 3.09 to
3.66 A. To our knowledge, 1 represents a unique example of
[Coy,] coordination cages with [Co,0,] cubanes surrounded
by calix[4]resorcinarenes. Bond valence sum (BVS) calcu-
lations indicate that the cobalt atoms are in +2 oxidation state
(Table S1). After removal of solvents, the free void volume in
each unit cell is about 39.7% according to calculation with
PLATON.™

Notably, we recently reported two related [Co4] cages,
[Co,(TPC4R1),(HL),(L)s(H,0),,]-12DMF-4H,0 (1-
SO;H) and [Co,o(TPC4R-1),(HL1),(L1)s(H,0),]-
17DMA-H,0 (1-OH) (H;L = S-sulfonic-isophthalic acid,
H;L1 = S-hydroxy-isophthalic acid, and DMA = N,N'-
dimethylacetamide).”” Each [Coy] cage consists of 16 Co(II)
cations, 2 calix[4]resorcinarenes, and 12 angular isophthalate
derivatives. Obviously, the two types of [Co;,] and [Coy4)
cages were prepared from the analogous precursors under
similar reaction conditions (e.g, reaction temperatures and
solvents), but their cage structures are completely different.

Based on our experiments and the cage structures, we can infer
that the substitutents (—SO;H and —OH vs —H) of the
isophthalate derivatives play a key role in the construction of
different cage motifs. In other words, the formation of the
[Coy,] and [Coyg] cages is highly dependent on the additional
negative charges of the isophthalate derivatives used.”
Cycloaddition of CO, with Epoxides. Given the Co(II)
Lewis acid sites in 1, the CO, cycloaddition to epoxide was
studied in detail®~*' Prior to the catalytic study, 1 was
activated to remove the coordinated water and DMF
molecules.*”*’ Typically, 1 was solvent-exchanged with dry
acetone for at least ten times over 3 days. Then, the sample was
filtered and activated at 80 °C under vacuum for more than 10
h. Initially, the cycloaddition between epichlorohydrin (ECH)
and CO, was utilized as the model to scout for the optimum
reaction conditions (Scheme 2). After the catalytic reactions

Scheme 2. Schematic Drawing for Cycloaddition of CO,
with ECH
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finished, the reaction flask was immediately placed in cold
water. Then, the residue was washed with cold CH,Cl, (3 mL)
and centrifugated to isolate the products. The reaction
products were then purified by extraction with a mixture of
CH,Cl, and water (8 mL, 1/1 v/v). The product carbonates
were characterized by '"H NMR (Figures S2—S10). The
corresponding conversions were determined by gas chroma-
tography (GC) (Figures S11 and S12). As listed in Table S2,
the CO, cycloaddition with ECH by 1 (0.002 mmol) gave only
25% conversion after 6 h in the absence of tetra-n-
butylammonium bromide (n-Bu,NBr). Accordingly, a con-
version of ca. 47% was achieved with only n-Bu,NBr as catalyst
under the same reaction condition (entry 2, Table S2).
Notably, when n-Bu,NBr and 1 were applied as cocatalysts, the
conversion of ECH was significantly enhanced to 96% (entry
4, Table S2). Moreover, the conversion of ECH was
investigated with different amounts of 1 under the same
condition. When the amount of 1 reached 0.003 mmol, the
conversion was enhanced to 98% after 6 h (entries 3—5, Table
S2). Further, under elevated reaction temperatures from 30 to
60 °C, the corresponding conversions of ECH increased from
30% to the final 96% after 6 h (entries 4 and 6—8, Table S2).
Noticeably, compared to the activated sample of 1, the
unactivated one gave the relatively low conversion (entry 9,
Table S2). As a result, subsequent studies on cycloadditions of
CO, with epoxides were carried out with n-Bu,NBr (0.25
mmol) and the activated sample of 1 (0.002 mmol) at 60 °C
and 1 atm CO, for 6 h.

To explore the applicability of the catalytic reactions, the
epoxides with different structures were studied as sub-
strates.**™*® The cycloaddition of CO, with ECH, 1,4-
bis(oxiran-2-ylmethoxy)butane (BOMB), 2-((benzyloxy)-
methyl)oxirane (BMO), 2-(phenoxymethyl)oxirane (PMO),
and 2-(butoxymethyl)oxirane (2-BMO) (entries 1—5, Table 1)
afford the high conversions of 96%, 96%, 86%, 86%, and 81%,
respectively, within 6 h. In contrast, when the electron-donors
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Table 1. Cycloaddition of CO, with Different Epoxides by
la

Time Conversion Time Conversion

Entry Epoxide Product () %) (h) (%)

0O

1 Cl\%l (_I\)‘:</n 6 96 12 99
2 «\/\/“\/& N\/vd 6 96 12 99
v jeg

s Qs

40 82

=,
%

9 v\j\,o\/é \/\j\/o\/‘j 6 61 12 83

“Reaction conditions: 1 (0.002 mmol), n-Bu,NBr (0.25 mmol),
epoxide (S mmol), CO, (1 atm), and 60 °C.

1,4-di(oxiran-2-yl)butane (DOB), 2-butyloxirane (2-BO), and
2-phenyloxirane (2-PO) were utilized as substrates, the
corresponding conversions were reduced (entries 6—8, Table
1). However, only 61% of the overall 2-(((2-ethylhexyl)oxy)-
methyl)oxirane (EOMO) was converted into the product
under the same condition (entry 9, Table 1), which can be
attributed to the high steric hindrance of substrate.*’”>"
Further, when the reaction time reached 12 h, most of the
substrates were completely converted into the catalytic
products (entries 1—7, Table 1). In contrast, the conversions
of the electron-donor 2-PO and the steric hindrance EOMO
were only 82% and 83%, respectively, after 12 h (entries 8 and
9). Noticeably, within 12 h, the epoxide was converted into the
single cyclic carbonate with >99% selectivity determined by 'H
NMR data (Table $3).>?

Moreover, catalytic kinetics for the cycloaddition of PMO
with CO, was also studied with 1 and n-Bu,NBr as cocatalysts.
The catalytic experiment was conducted at different reaction
time intervals. With the increasing reaction time, the
conversions of the substrate PMO were gradually enhanced,
as depicted in Figure 2a. After 6 h, ca. 86% of PMO was
converted into the target product, and the final conversion
reached 97% after 8 h.

Notably, 1 can be recovered from the reaction system by
centrifugation, washed with acetone, and dried under vacuum
at 50 °C before the next catalytic cycle. As illustrated in Figure
2b, 1 still retains the high catalytic performance after five runs,
demonstrating its good reusability during the CO, cyclo-
addition with epoxides. In addition, the heterogeneity was also
studied for the catalytic reaction. 1 was removed after 4 h of
the catalytic reaction. As depicted in Figure 2a, no obvious
increase was observed for the catalytic product in the filtrate,
suggesting the heterogeneity of the catalysis. The PXRD
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Figure 2. (a) Catalytic dynamic study for the cycloaddition of CO,
with PMO catalyzed by 1 (blue) and filtrate (green). (b) Recyclable
cycloaddition of CO, with PMO using 1 as catalyst.

pattern of 1 after the cycloaddition reaction was determined
and demonstrated its structural integrity after catalysis (Figure
S13a). Overall, the high catalytic activity and easy reusability
made 1 an excellent catalyst for CO, cycloaddition to epoxides.

Additionally, 1 features the high catalytic efficiency for the
cycloaddition of CO, under relatively mild conditions. The
catalytic activities of 1 toward the CO, cycloaddition reactions
are comparable to the known metal organic compounds (Table
S4). For example, for the reaction time of 6 h, the conversion
of ECH for 1 is 96% at 60 °C and 1 atm CO,, while the
corresponding conversion for catalyst [Zrgs(u;-
OH)4(OH)4(Cu-L2),] (L2 = 6,13-dicarboxy-1,4,8,11-tetraa-
zacyclotetradecane) (a) reached 94% at increased temperature
(90 °C) and gas pressure (10 atm) (Table $4).>* For PMO,
the 64% conversion was achieved with 1 as catalyst at 60 °C
for 4 h, whereas the conversion is only 41% for catalyst
{[Mns(L3)(H,0)s(DMA),]-SDMA-4C,H,OH} (L3 =
5,10,15,20-tetra(4-(3,5-dicarboxylphenoxy)phenyl)porphyrin)
(b) at 80 °C for 4 h.*’ Notably, the substrate PMO was
completely converted with 1 as catalyst at 60 °C for 12 h.
Nevertheless, the similar conversions of PMO were acquired
when the reaction temperatures were elevated to 80 and 100
°C for {[(CH;),NH,]s[Cd;(L4)(H,0),]-12H,0} (L4 =
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resorcin[4]arene-functionalized dodecacarboxylate) (c) and
[Ni,(LS)(DMF)(H,0),] (LS = tetrakis(4-carboxyphenyl)-
ethylene) (d), respectively (Table S4).””* These results
demonstrate that the catalytic performance of 1 is comparable
to those of the metal organic compounds determined at high
reaction temperatures and elevated gas pressures.

Moreover, the catalytic activity of 1 for the CO, cyclo-
addition is comparable to the related mononuclear, dinuclear,
or tetranuclear metal cation-based complexes (Table SS). For
instance, an 82% conversion of 2-PO was acquired using 1 as
catalyst at 60 °C for 12 h, while the similar conversion was
achieved even at increased reaction temperature (100 °C) for
monuclear Co(II)-based {[{Co(L6)(L7)(2H,0)}-2H,0],}
(L6 = trans,trans-muconate dianion and L7 1,2-bis(4-pyridyl)-
ethane) (e).>* Particularlly, the same conversion was obtained
for dinuclear Co(II)-based {[Co4(L8),(L9);(H,0);]-12DMF-
9H,0}, (f) (L8 = 4,4',4"-s-triazine-1,3,S-triyl-tri-p-amino-
benzate and L9 = 1,4-diazabicyclo[2.2.2]octane), when the
reaction temperature was elevated to 80 °C and the reaction
time was prolonged to 15 h (Table S5).>> Noticeably, the final
conversion of 2-PO is only 68% for tetranuclear Ni(II)-based
{[Niy(L10)(u3-OH),(H,0),]-2H,0-DMA},, (L10 = 5,5',5"-
(methylsilanetriyl)triisophthalate) (g) at increased reaction
temperature (100 °C) and gas pressure (10 atm).>®

It is well-established that the metal cation Lewis acids could
act as the catalytic active sites for the CO, cycloaddition
reactions.”’ "> The coordinated water molecules and solvents
in the single Co(II) cation and the [Co,0,] unit were removed
by fully activating the sample of 1 before the catalytic study.
Thereby, the single Co(II) cation and the [Co,0,] unit in 1
feature the exposed Lewis acid sites and act as the catalytic
centers, which resulted in a synergistic effect for the
cycloaddition reaction of CO,.

To further explore the role of the whole cage structure in the
CO, cycloaddition reaction, the reference experiment for the
cycloaddition of ECH and CO, was conducted using cobalt
acetate (0.002 mmol) and #-Bu,NBr (0.25 mmol) under the
same condition.”* A total conversion of 67% was obtained with
cobalt acetate and n-Bu,NBr as cocatalysts at 60 °C for 6 h
(Table S2). Obviously, this conversion is much lower than that
(96%) with 1 and n-Bu,NBr as cocatalysts. The result suggests
that the whole cage structure with rich Lewis acid Co(II) sites
is effective for improving the CO, cycloaddition to epoxides. In
addition, the ICP analysis of the filtrate after the cycloaddition
of CO, ruled out the leaching of the Co(Il) cations from 1,
confirming the whole cage as the catalyst.

B CONCLUSIONS

In summary, we present a calix[4]resorcinarene-based [Co,]
coordination cage 1, constructed by 2 bowl-shaped calix[4]-
resorcinarenes, 10 angular 1,3-benzenedicarboxylates, and 12
Co(Il) cations. 1 represents an unusual example of [Coy,]
coordination cages with [Co,0,] cubanes surrounded by
calix[4]resorcinarenes. Importantly, the activated sample of 1
with exposed Lewis acidic sites, as a recyclable catalyst, features
high catalytic activities for CO, cycloaddition to epoxides. This
work offers a feasible route for the design and synthesis of
functional polynuclear metal cluster-based coordination cages.
Further efforts to assemble the calix[4]resorcinarene-based
cages featuring elegant motifs and potential applications are
ongoing in our lab.
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