
Spatially Ordered Arrangement of Multifunctional Sites at Molecule
Level in a Single Catalyst for Tandem Synthesis of Cyclic Carbonates
Shan-Chao Ke,# Ting-Ting Luo,# Gang-Gang Chang,* Ke-Xin Huang, Jia-Xin Li, Xiao-Chen Ma,
Jian Wu, Jian Chen, and Xiao-Yu Yang*

Cite This: https://dx.doi.org/10.1021/acs.inorgchem.9b02952 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: With fossil energy resources increasingly drying up and gradually causing
serious environmental impacts, pursuing a tandem and green synthetic route for a complex
and high-value-added compound by using low-cost raw materials has attracted considerable
attention. In this regard, the selective and efficient conversion of light olefins with CO2 into
high-value-added organic cyclic carbonates (OCCs) is of great significance owing to their
high atom economy and absence of the isolation of intermediates. To fulfill this expectation,
a multifunctional catalytic system with controllable spatial arrangement of varied catalytic
sites and stable texture, in particular, within a single catalyst, is generally needed. Here, by
using a stepwise electrostatic interaction strategy, imidazolium-based ILs and Au
nanoparticles (NPs) were stepwise immobilized into a sulfonic group grafted MOF to
construct a multifunctional single catalyst with a highly ordered arrangement of catalytic
sites. The Au NPs and imidazolium cation are separately responsible for the selective
epoxidation and cycloaddition reaction. The mesoporous cage within the MOF enriches the
substrate molecules and provides a confined catalytic room for the tandem catalysis. More importantly, the highly ordered
arrangement of the varied active sites and strong electrostatic attraction interaction result in the intimate contact and effective mass
transfer between the catalytic sites, which allow for the highly efficient (>74% yield) and stable (repeatedly usage for at least 8 times)
catalytic transformation. The stepwise electrostatic interaction strategy herein provides an absolutely new approach in fabricating the
controllable multifunctional catalysts, especially for tandem catalysis.

■ INTRODUCTION

Tandem catalysis that facilitates a series of consecutive
catalytic reactions to perform in a concurrent behavior has
been regarded as one of the most environmentally friendly
processes for the preparation of complex and high-value
compounds from low-cost and commercially available raw
materials.1−3 Compared to a traditional stepwise synthesis
process, many isolation and purification processes for the
following conversion steps are avoided. The tandem catalysis,
especially auto-tandem catalysis catalyzed by totally different
kinds of catalytic sites, has meanwhile significantly spurred the
exploitation of multifunctional catalysts.4−8

Organic cyclic carbonates (OCCs) have attracted an
increasing market due to their broad application as monomers,
aprotic polar solvents, and fine chemical intermediates.9,10 The
selective and efficient conversion of light olefins with CO2 into
high-value-added OCCs has attracted great interest from
chemists owing to their high atom economy and absence of the
isolation of intermediates, especially considering the low-cost
and commercially available light olefins and the increasing
worldwide greenhouse effect.11−16 Generally, the direct
oxidative carboxylation of light olefins with CO2 involves two
mechanistically distinct catalytic processes, i.e., the successive
epoxidation and cycloaddition process, which requires

distinctly different catalytic sites to drive the individual
processes. Although extensive homogeneous/heterogeneous
catalysts have been introduced to successfully perform the
single-step reaction, the tandem catalysis of OCCs catalyzed by
multifunctional catalysts has been seldom reported and
exhibits poor efficiency due to the thermodynamic and kinetic
incompatibility of the individual reactions in the same reaction
condition.17−19 Therefore, the development of a suitable
multifunctional catalyst system with excellent selectivity for
oxidation of olefins to epoxides and significant affinity to
activate inert CO2 is highly demanded.20−24

Ionic liquids (ILs), as a kind of green solvent, are regarded
as potential candidates for CO2 capture due to their low vapor
pressure, high stability, and the unique affinity to CO2.

25−28

However, the complicated recycling process after each reaction
due to their liquid nature severely hampers their large-scale
application. Metal nanoparticles (MNPs), especially Au NPs,
have received a staggering degree of attention due to their high
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chemical activities and specificities which can play positive
roles in olefins selective epoxidation.29 Generally, the critical
bottleneck lies in the dispersion, particle size, and stability
(leaching/sintering resistance).30,31 The simultaneous incor-
poration of ILs and Au NPs in a porous support, we believe,
can be effectively utilized to realize the autotandem synthesis
while resolving the deficiency in the individual catalytic sites.
In this regard, metal−organic frameworks (MOFs) have been
demonstrated to be promising hosts.32,33 The ultrahigh
porosity and well-defined structure could effectively confine
the active sites and weaken their leaching and aggregation
tendency. Besides, the large pore space can also facilitate mass
transfer and diffusion of substrates or products.34−40

Furthermore, to ensure highly efficient and sustainable
synthesis of OCCs, the main challenge for the fabrication of
multifunctional catalyst has been beyond the simple selection
and incorporation of two or more catalytic sites within MOFs
but instead includes a suitable spatial arrangement for distinct
catalytic sites. For example, an intimacy distance and ordered
distribution according to the reaction sequence between the
varied active sites within a single catalyst can ensure the real-
time and effective mass transfer between the sequential
reactions, which are the major problems in the core−shell
structured catalysts or multiple catalysts by physical mixture
due to resistance in the shells or the chemical/physical
interface.41−44 In addition, a strong interaction between the
catalytic sites and support can effectively stabilize the active
sites to make sure the repeated usage from the viewpoint of
practical applications.
Bearing all these considerations in mind, herein, imidazo-

lium-based ILs and Au NPs were stepwise immobilized into a
sulfonic group grafted MOF, MIL-101(Cr), to construct a
multifunctional single catalyst via a stepwise ion exchange and
impregnation method. Note that the stepwise electrostatic
attraction interaction between the electronegative MOF,
electropositive imidazolium cation, and the electronegative
Au NPs in the resulted composite single catalyst ensure the
stable and highly ordered arrangement of imidazolium cation,
Au NPs, and the sulfonic group within the MOF (Scheme 1).
In this resulting single-composite catalyst Au@[IM+]/[MIL-
101-SO3

−], the highly dispersed and ultrafine Au sites can
catalyze the selective epoxidation reaction, and the imidazo-
lium cation within the ILs system can provide high affinity for

CO2 and simultaneously function as base sites for the
cycloaddition reaction. The mesoporous cage in MIL-
101(Cr) can enrich the substrate molecules and provide a
confined catalytic room for the tandem catalysis, and the
remaining sulfonic group and Cr3+ can also act as acid sites to
activate the light olefins and CO2. More importantly, the highly
ordered arrangement of the varied active sites and strong
electrostatic attraction interaction between each other can
ensure the stable and highly efficient catalytic transformation.
As a result, the Au@[IM+]/[MIL-101-SO3

−] exhibited
excellent catalytic activity with complete conversion and
>74% yield toward the styrene carbonate in the one-pot
oxidative carboxylation of styrene. Remarkably, the catalytic
activity was largely retained, and the structure stability was
maintained even after successive eight cycles.

■ EXPERIMENTAL SECTION
Materials. Monosodium 2-sulfoterephthalic acid (H2BDC−

SO3Na) was acquired from TCI Development Co. Chromium nitrate
nonahydrate (Cr(NO3)3·9H2O), hydrofluoric acid (HF), hydro-
chloric acid (HCl), tert-butyl hydroperoxide (TBHP), and other
commercially available solvents were obtained in high purity from
Sinopharm Chemical Reagent Co. 1-Ethyl-3-methyl imidazolium
bromide (ILs), styrene, and styrene oxide were obtained from Aladdin
Industrial Co. Tetrabutylammonium bromide (TBABr) and chlor-
oauric acid (HAuCl4) were purchased from Beijing InnoChem
Science and Technology Co. All commercial chemicals were used
without further purification unless otherwise mentioned.

Characterization. Surface area analysis of the various materials
was measured by N2 adsorption/desorption isotherms using a Tristar
II 3020 instrument, and the CO2 adsorption was obtained at 298 K.
The crystallinity and phase purity of the samples were obtained by an
X-ray diffractometer (XRD) instrument (D8 Advance, Bruker). The
surface morphology and frame size of Au@[IM+]/[MIL-101-SO3

−]
were studied using a field-emission scanning electron microscope
(FESEM, S-4800, HITACHI) and a transmission electron microscope
(TEM, JEOL-2100F). The loading amount of Au NPs in varied
catalysts were determined by inductively coupled plasma−atomic
emission spectroscopy (ICP-AES, Prodigy7). IR spectra were
recorded on a Bruker VerTex 80v spectrometer. The types of acid
sites within various samples were investigated by IR analysis of
pyridine adsorption. X-ray photoelectron spectroscopy (XPS) experi-
ments were conducted using a PHI Quantera II instrument (ULVAC-
PHI, Japan). Zeta potentials were measured by the electrophoretic
mobility of particles in an electric field.

Synthesis of MIL-101-SO3H. MIL-101-SO3H was synthesized
based on the previous literature with minor modifications.45

Specifically, a mixture of Cr(NO3)3·9H2O (2.00 g, 5 mmol),
H2BDC−SO3Na (2.70 g, 10 mmol), and HF (48−51 wt %, 0.3
mL) was dispersed in deionized water (30 mL) and then transferred
to a Teflon-capped autoclave. The solution was heated at 190 °C for
24 h and slowly cooled to room temperature. After centrifugation, the
as-synthesized solid was washed with deionized water and methanol
in sequence to eliminate the unreacted H2BDC−SO3Na trapped in
the pores of MOF and was dried under vacuum. Then, the obtained
solid powder of MIL-101-SO3Na was postsynthetically acidified in
dilute HCl at 80 °C for 12 h. Finally, the resultant green powder was
washed and dried at 150 °C for 12 h for further use.

Synthesis of [IM+]/[MIL-101-SO3
−]. The incorporation of ILs

into MIL-101-SO3H was realized by using a simple ion exchange
method. In a typical synthesis, 100 mg of MIL-101-SO3H and 94 mg
of ILs were dispersed in 10 mL of deionized water; the suspension
was stirred at 22 °C for 3 h before imidazolium-modified MIL-101-
SO3H was separated from the solution. Then, the solid was washed
with EtOH and desiccated under vacuum. Note that due to the space
resistance, it is hard to totally exchange the −SO3H group. In order to
exchange the −SO3H group as much as possible, the dosage of ILs
was excessive during the preparation of [IM+]/[MIL-101-SO3

−]. EDX

Scheme 1. Illustration Showing the Arrangement Style of
Au@[IM+]/[MIL-101-SO3

−] and Its Application for
Tandem Fabrication of Cyclic Carbonates
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results (Figure S1) showed that the atomic fraction of N and S was
17.13 and 10.75, respectively, which demonstrated that about 80% of
the −SO3H group within MIL-101-SO3H was exchanged.
Synthesis of x wt % Au@[IM+]/[MIL-101-SO3

−]. Supported Au
catalysts with varied loading amounts were prepared by a double-
solvents method. To be specific, the activated [IM+]/[MIL-101-
SO3

−] was well-dispersed in cyclohexane, and after it sonicated for 10
min until it become homogeneous, different volumes of aqueous
HAuCl4 solution were added; the mixture was stirred for 3 h. After
filtration, the solid was washed with excess EtOH and dried at 80 °C
under vacuum. Finally, the as-prepared Au3+ infiltrated [IM+]/[MIL-
101-SO3

−] was reduced under a 50 mL/min flow of 10% H2/Ar at
200 °C for 2 h. ICP-AES results revealed that the Au loading amount
in the Au@[IM+]/[MIL-101-SO3

−] was 0.30, 0.09, and 0.06 wt %,
respectively. Various control catalysts were also synthesized for
comparison.
Synthesis of Au NPs. The highly dispersed Au NPs were

prepared based on a previous report with minor modifications.46

Specifically, 5 mL of 0.5 mmol/L HAuCl4 was well-dispersed in 5 mL
of 0.2 mol/L CTAB solution. After sonication for 10 min, 0.6 mL of
0.01 mol/L NaBH4 was injected, and the mixture was stirred
vigorously. The stirring was stopped after the solution color changed
from yellow to brownish, and the solution was spun down at 9000
rpm for 15 min and stored in 10 mL of DMF for further use.
Catalytic Tests. In a typical experiment, styrene (50 mg) was well

dispersed into 4 mL of solvent containing 1 mL of TBHP followed by
addition of the catalysts. After sonication for 5 min, the obtained
solution was magnetically stirred at 600 rpm in a stainless-steel
autoclave filled with 1 atm O2 at 80 °C for a period of time to finish
the oxidative reaction. Subsequently, 50 mg of TBABr was added to
the autoclave; following this, the autoclave was purged with CO2 eight
times and the pressure was set at 10 atm for the following CO2

cycloaddition process. After the reaction was finished, the reaction
solutions were analyzed by gas chromatography (GC, Agilent 7890B)
instrumentation equipped with an HP-5 capillary column. The
products were identified by GC-MS (Agilent 6890N/5975) or 1H
NMR spectra. For recyclable tests, the catalyst was isolated after the
reaction was completed. Then, the catalyst was washed with DMF and
EtOH several times and heated at 80 °C under vacuum for the next
reaction run with reaction conditions consistent with those described
above.

■ RESULTS AND DISCUSSION

As shown in Scheme S1, the imidazolium-based ILs were first
immobilized into the MIL-101-SO3H by ion exchange strategy;
then, the ultrafine Au NPs were fixed to the framework by
electrostatic interaction with the doped imidazolium cation to
construct a stable multifunctional single catalyst Au@[IM+]/
[MIL-101-SO3

−]. Catalysts with varied Au loadings (0.06,
0.09, and 0.30 wt %) were synthesized for comparison, and
0.30 wt % was chosen as a representative sample for detailed
description. The powder XRD patterns of the as-synthesized
Au@[IM+]/[MIL-101-SO3

−] matched well with the reported
patterns of pristine MIL-101-SO3H (Figure S2A), which
indicated the retention of structural integrity after the
introduction of ILs and Au NPs. In addition, peaks that
referred to Au NPs were too weak to be observed, presumably
because of their low concentrations or small size. The surface
morphology and structure of the prepared composite catalyst
were studied by SEM measurement. As shown in Figure 1b,
Au@[IM+]/[MIL-101-SO3

−] exhibited regular octahedral-
shaped crystals similar to the parent material (Figure 1a). To
evaluate the surface areas and pore character, N2 sorption at 77
K was performed for various samples, and the results were
displayed in Figure S2B and Table S1. All adsorption−
desorption isotherms showed a type-I shape with a sharp
sorption amount at low pressure, indicating that the porous
character of Au@[IM+]/[MIL-101-SO3

−] was well-inherited
from the parent host. Besides, the appreciable decrease of
surface area and the slight decrease of mesoporous size (Figure
S3) compared to that of the original MIL-101-SO3H indicated
the successful doping of ILs and Au NPs.
The particle size and dispersion of Au NPs within the

Au@[IM+]/[MIL-101-SO3
−] were characterized by TEM

analysis, and the results were shown in Figure 1. As shown
in Figure 1e, the ultrasmall Au NPs with an average diameter of
∼3.4 nm were well dispersed on the framework, which
confirmed that Au NPs were largely trapped inside the
framework considering the size of typical mesoporous cage
owned by MIL-101-SO3H (2.9 and 3.4 nm). The high-

Figure 1. SEM of (a) MIL-101-SO3H and (b) Au@[IM+]/[MIL-101-SO3
−]; (c) TEM images and (d) magnified STEM images of Au@[IM+]/

[MIL-101-SO3
−]; (e) HAADF-STEM images of Au@[IM+]/[MIL-101-SO3

−], where the inset in (e) is the corresponding size distribution of Au
NPs; and EDS mapping (f−i) images of Au@[IM+]/[MIL-101-SO3

−].
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resolution TEM image (Figure 1d) demonstrated the
polycrystalline structure of the Au NPs with lattice fringes of
0.23 nm, which could be assigned to the (111) planes of the
cubic Au NPs. Besides, EDX elemental mapping analysis
(Figure 1f−i) showed that N and Au were well distributed
within the framework, further indicating the successful
introduction of imidazole cation and Au NPs. Note that the
absence of Br as revealed by the EDX elemental analysis
identified the successful ion exchange of 1-ethyl-3 methyl
imidazolium bromide with an −SO3H group. Moreover, the
successful ion exchange of 1-ethyl-3- methyl imidazolium
bromide with the −SO3H group was further confirmed by

using FT-IR experiments of pyridine adsorption. As shown in
Figure 2A, after adsorption of pyridine, the band at 1543 cm−1

related to the stretching vibrations of CC (N) weakened
obviously. Such decrease suggested that the content of
accessible Brønsted acid sites within Au@[IM+]/[MIL-101-
SO3

−] decreased after the introduction of the imidazolium
cation, thus resulting in the reduction of PyH+ composite that
formed by pyridine adsorption on Brønsted acid sites. In
contrast, the band that appeared at 1446 cm−1 corresponding
to the Py-L generated by pyridine adsorption on Lewis acid
sites showed no obvious changes, which indicated that the

Figure 2. Infrared spectra of pyridine adsorption (A) and the infrared spectra (B) of (a) MIL-101; (b) 0.06 wt %, (c) 0.09 wt %, (d) 0.3 wt %
Au@[IM+]/[MIL-101-SO3

−]; (e) [IM+]/[MIL-101-SO3
−]; and (f) MIL-101-SO3H.

Figure 3. High-resolution N 1s XPS spectra (A), S 2p XPS spectra (B), Cr 2p XPS spectra (C), and Au 4f (D), and relative shift of Au 4f5/2 (E) for
(a) 0.30, (b) 0.09, and (c) 0.06 wt % Au@[IM+]/[MIL-101-SO3

−] and (d) Au@MIL-101-SO3H. The CO2 uptakes at room temperature (F) of
various samples.
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majority of imidazolium was tethered onto −SO3H rather than
Cr3+.
The Fourier transform infrared spectra (FT-IR) of various

samples were collected in Figure 2B. The characteristic bond
of OSO at 1196 and 1248 cm−1 compared with MIL-101
confirmed the existence of −SO3H groups. Compared to the
pristine MIL-101-SO3H, the peak at 1570 cm

−1 was ascribed to
the stretching vibration of the imidazole ring after the
introduction of the imidazolium cation. Besides, a new peak
appeared at ∼701 cm−1 (Figure S4) that could be attributed to
the interaction between Au NPs and imidazolium N in the as-

prepared Au@[IM+]/[MIL-101-SO3
−].47 To further discern

the strong interactions between the electronegative MOF,
imidazolium cation, and the electronegative Au NPs (Figure
S5) in the resulted single catalyst, XPS measurements were
performed (Figure S6). First, we employed the high-resolution
N 1s spectrum analysis to investigate the states of the N
species. The binding energy of the N 1s peak at 401.2 eV in
Au@[IM+]/[MIL-101-SO3

−] (Figure 3A) compared to single
type symmetrical pyrrolic N in imidazolium at 400.5 eV
illustrated a slight shift to a higher binding energy.48 The
positive displacement confirmed the existence of an interaction

Figure 4. Performance of different substrates in the individual reaction. Reaction conditions: (A) 50 mg of substrate, 50 μL of dodecane, 20 mg of
catalyst, 4 mL of DMF, 1 mL of TBHP, 0.1 MPa O2, 80 °C, stirring at 600 rpm; (B) 50 mg of substrate, 50 μL of dodecane, 20 mg of catalyst, 4 mL
of DMF, 1 MPa CO2, 50 mg of TBABr, 80 °C, stirring at 600 rpm.

Table 1. Oxidative Carboxylation Performance of Different Substrate in the Different Reaction Conditiona

yield [%]

entry catalyst R A conv.[%] B C D E others

1 Au@[IM+]/[MIL-101-SO3
−] H >99 11.9 74.5 5.2 trace 8.3

2 0.09 wt % Au@[IM+]/[MIL-101-SO3
−] H >99 14.8 67.4 10.1 trace 7.9

3 0.06 wt % Au@[IM+]/[MIL-101-SO3
−] H >99 13.6 61.1 15.3 trace 10.1

4 Au@MIL-101-SO3H H >99 17.7 47.8 10.9 trace 23.5
5 Au@ILs/MIL-101 H >99 25.4 52.8 9.7 trace 12.0
6 Au NPs+ ILs H >99 36.2 16.8 36.7 trace 10.3
7 [IM+]/[MIL-101-SO3

−] H trace trace trace trace trace trace
8 Au NPs+ ILs+ MIL-101-SO3H H >99 28.3 trace 58.6 trace 13.1
9 Au@[IM+]/[MIL-101-SO3

−] CH3 >99 46.6 9.3 34.5 trace 9.6
10 Au@[IM+]/[MIL-101-SO3

−] OCH3 >99 trace trace 22.3 trace 79.7
11 Au@[IM+]/[MIL-101-SO3

−] C(CH3)3 >99 trace trace 67.6 trace 32.4
12 Au@[IM+]/[MIL-101-SO3

−] F >99 42.2 trace 25.0 trace 32.8
13 Au@[IM+]/[MIL-101-SO3

−]b / >99 77.6 trace trace trace 22.4
14 Au@[IM+]/[MIL-101-SO3

−]c / >99 trace 57.7 trace trace 42.3
aReaction conditions: (first step) 50 mg of substrate, 50 μL of dodecane, 20 mg of catalyst, 4 mL of DMF, 1 mL of TBHP, 0.1 MPa O2, 80 °C,
stirring at 600 rpm; (second step) 1 MPa CO2, 50 mg of TBABr, 80 °C, stirring at 600 rpm. bCyclooctene. cCyclohexene.
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between the imidazolium cation and the MOF framework. A
slight shift to lower binding energies could be observed in S 2p
(Figure 3B) and Cr 2p (Figure 3C) spectra, which also
confirmed the interaction between −SO3

− anion and
imidazolium cation as well as the interaction between Cr3+

and imidazolium, respectively.49 Meanwhile, the high-reso-
lution Au 4f spectra (Figure 3D) depicted the presence of Au
element in the Au@[IM+]/[MIL-101-SO3

−]. The XPS
spectrum showed two peaks at a binding energy of 84.00
and 87.67 eV which could be attributed to the formation of
Au0 4f7/2 and 4f5/2, respectively. Note that the peak intensity of
Au was very weak due to the low loading within the composite
catalyst, which is consistent with ICP-AES analysis. Compared
to the samples without doped ILs, about a ca. 0.13 eV (Figure
3E) slight shift to lower binding energies could be attributed to
the strong electron-donating effect of nitrogen atoms to the Au
NPs, resulting in more electron-rich Au species.50,51

To systematically evaluate the catalytic performance of the
single catalyst in the challenging autotandem synthesis of
OCCs, we separately tested the individual oxidation of olefins
and CO2 cycloaddition prior to performing the tandem
catalysis. The individual catalytic results are shown in Figure
4. We could find that Au@[IM+]/[MIL-101-SO3

−] exhibited
excellent catalytic performance toward the oxidation of styrene
with complete conversion and >85% yield. While for the
substituted styrene, the reaction process was more compli-
cated; it showed relatively lower selectivity but was still
completely reacted. Meanwhile, Au@[IM+]/[MIL-101-SO3

−]
was further evaluated for the individual CO2 cycloaddition.
Prior to performing the reactions, we measured the adsorption
capacity of [IM+]/[MIL-101-SO3

−] toward CO2. Delightedly,
[IM+]/[MIL-101-SO3

−] showed a much enhanced absorption
capacity of CO2 compared to the initial MIL-101-SO3H
despite having much decreased surface areas (Figure 3F),
which could be attributed to the strong affinity of the
imidazolium-based ILs to CO2. The catalytic performance of
CO2 cycloaddition was displayed in Figure 4B, which exhibited
excellent catalytic performance toward all the substrate
molecules at moderate reaction condition. Subsequently, the
tandem catalytic synthesis of styrene carbonate was inves-
tigated by using the styrene and CO2 as the starting material,
and the results were shown in Table 1. First, the Au@[IM+]/
[MIL-101-SO3

−] catalysts with varied Au content were
evaluated. As shown in Table 1 (entry 1), 0.30 wt %
Au@[IM+]/[MIL-101-SO3

−] possessed the best catalytic
activity with higher than 99% conversion of styrene and
achieves 74.5% yield toward styrene carbonate. Note that most
previously reported catalysts exhibited less than 50% yield to
the target product in the oxidative carboxylation of olefins.52,53

Besides, the main byproducts produced during the aerobic
oxidation of olefins were the benzaldehyde due to the
oxidation of CC bond cleavage in accordance with
previously published work,54 whereas the phenylacetaldehyde
generated by the rearrangement of styrene oxide was not
detected in the current reaction system. Second, various green
and common oxidizing agents, e.g., H2O2, O2, and air
atmosphere were evaluated to screen out the best oxidizing
agents (Figure S7). The pure O2 showed much higher
selectivity to the styrene carbonate than air atmosphere
(only 16.8% yield), and the utilization of TBHP as the
initiator is a must in order to afford a higher yield of epoxides
due to the activation of molecular O2 by TBHP for olefin
epoxidation, which could further promote the next cyclo-

addition of carbon dioxide to epoxides. When using only O2 or
H2O2 as the oxidizing agents, the selectivity to styrene
carbonate was negligible and most of the raw material
transformed to benzaldehyde. Comparatively, for the blank
experiment, the tandem reaction could not happen at all
without the addition of catalysts and oxidizing agent. The
above results demonstrated that Au@[IM+]/[MIL-101-SO3

−]
was excellent catalyst in catalyzing the tandem synthesis of
styrene carbonate, during which pure O2 and TBHP as the
initiator were necessary to guaranty the high yield.
As previously reported,12 the solvent type, especially the

polarity, might have a significant effect on the product
distribution. In this regard, we further investigate the effect
of solvent in the catalytic oxidative carboxylation of olefins, and
various solvents with different polarities were tested. As shown
in Figure S8, an excellent conversion of olefin was realized in
all the solvents, indicating the high catalytic activity of
Au@[IM+]/[MIL-101-SO3

−] in the oxidation of olefin. The
highest yield of styrene carbonate was obtained in the case of
DMF (74.5% yield), that with the strongest polarity, whereas
the yield toward styrene carbonate decreased sharply with the
decrease of solvent polarity; no styrene carbonate was observed
when using the nonpolar cyclohexane as the solvent, resulting
in benzaldehyde as the undesirable byproduct. Because of the
very hydrophilic nature of MIL-101-SO3H, the reaction that
performed in polar solvents exhibited better performance than
that in nonpolar solvents. This solvent-driven selectivity
control has also been reported in the recent studies.55,56

Additionally, to identify the crucial role of ILs and Au NPs that
has been played by Au@[IM+]/[MIL-101-SO3

−] in enhancing
the one-pot tandem reactions, two contrast catalysts in the
absence of ILs or Au NPs were separately synthesized and
utilized in the one-pot catalytic reaction. For comparison,
when using Au@MIL-101-SO3H (Table 1 entry 4) and Au@
ILs/MIL-101 (Table 1 entry 5) as the catalyst, the yield of
styrene carbonate decreased drastically, which demonstrated
that the imidazole cation and −SO3H group played an
important role in activating the CO2 molecules. The MOF
framework was also essential to obtain a high yield of cyclic
carbonate by providing a confined reaction room and in
stabilizing the whole catalytic sites (Table 1 entry 6). Similarly,
when this reaction was catalyzed by [IM+]/[MIL-101-SO3

−]
(Table 1 entry 7), the tandem reaction could not work at all,
indicating the necessity of Au NPs in olefin oxidation.
Furthermore, when only a physical mixture of Au NPs, ILs,
and MIL-101-SO3H (Table 1 entry 8) was employed to
catalyze this reaction, the selectivity to styrene carbonate was
negligible in spite of the complete conversion, demonstrating
the synergetic effects of the integrated composites than the
physical mixture. The catalytic applicability of Au@[IM+]/
[MIL-101-SO3

−] toward styrene bearing different functional
groups and two cycloolefins were also investigated with the
optimized conditions in DMF. As shown in Table 1, all olefins
bearing different functional groups were converted completely,
which further demonstrated the excellent catalytic performance
of Au NPs in olefin oxidation. However, except for 4-
methoxystyrene (10% yield) (Table 1 entry 9) and cyclo-
hexene (60% yield) (Table 1 entry 14), other substrates (Table
1 entries 10−13) exhibited negligible yield of corresponding
carbonates, resulting in the substituted benzaldehyde as the
major byproduct.
Finally, the recyclability of the Au@[IM+]/[MIL-101-SO3

−]
catalyst in one-pot oxidative carboxylation of olefins was also
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examined. The Au@[IM+]/[MIL-101-SO3
−] was separated

from the reaction mixture after each reaction run and reused in
the next reaction after it was washed and dried. Remarkably,
the catalytic activity of Au@[IM+]/[MIL-101-SO3

−] was well
retained for at least eight cycles without an obvious drop in
product yield (Figure 5). No significant loss of crystallinity or
structural integrity for Au@[IM+]/[MIL-101-SO3

−] was
observed from the XRD patterns of the used catalysts (Figure
S2A). Besides, the TEM images revealed that the particle size
and dispersion degree of Au NPs almost remained unchanged
in the recycling test (Figure 4B), which suggested that the
excellent chemical and structure stability of the as-prepared
multifunctional catalyst benefited from strong electrostatic
interaction between the imidazole cation, anionic framework,
and Au NPs. Based on the above catalytic results, a tentative
mechanism for this one-pot oxidative carboxylation reaction

was proposed, which was illustrated in Scheme 2. To be brief,
first, the styrene and O2 were adsorbed on the surface of
supported Au NPs, accompanied with the decomposition of
TBHP at the surface of Au NPs to form the tert-butoxperoxy
species, which added electrophilicity to the CC bond to
generate a carbon-centered radical. Then, the carbon-centered
radical further underwent migration of oxygen to form the
epoxide.54,57 Meanwhile, the peroxyl radical from the possible
involvement of dioxygen could attack the neighboring carbon,
removing tert-butoxperoxy species and forming the corre-
sponding dioxetane intermediate, which finally contributed to
the formation of benzaldehyde through cycloreversion
reaction. Second, as for the cycloaddition of epoxide with
CO2, the epoxide first bound with the Brønsted or Lewis acid
sites in the MIL-101-SO3H through the O atom of epoxide to
activate of the epoxy ring.58,59 Subsequently, the less-hindered

Figure 5. (a) Recycling test of Au@[IM+]/[MIL-101-SO3
−] catalyst. (b) Magnified STEM images; the inset in (b) is the corresponding size

distribution of the Au NPs pattern. (c) HAADF-STEM images and EDS mapping (d−g) images of Au@[IM+]/[MIL-101-SO3
−] after eight runs.

Scheme 2. Possible Reaction Mechanism of Oxidative Carboxylation of Styrene
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carbon of the activated epoxide was then attacked by the Br−

generated from TBABr to open the epoxy ring, which further
interacted with CO2 molecule to form an alkylcarbonate anion.
Finally, the corresponding cyclic carbonate was produced
through a ring closing step of alkylcarbonate anion.

■ CONCLUSION
In summary, a stable multifunctional single composite catalyst
Au@[IM+]/[MIL-101-SO3

−] with a highly ordered and
intimate arrangement of active sites was successfully fabricated
by using a stepwise electrostatic interaction strategy. The
highly ordered arrangement of the imidazolium cation, Au
NPs, and the sulfonic group within the MOF and the strong
electrostatic attraction interaction between each component
form a stable structure and facilitate the close connection
between different catalytic sites and effective and efficient mass
transfer between the intermediate molecules to speed the
reaction process. As a result, the resultant single catalyst
exhibited excellent catalytic activity with complete conversion
and >74% yield toward the challenging tandem synthesis of the
high-value-added product styrene carbonate using low-cost
styrene and CO2 as the starting materials. The catalytic
product was solvent dependent, in that the polar solvent
contributed to the formation of target product with DMF as
the best solvent, while nonpolar solvent mainly resulted in the
yield of benzaldehyde as a byproduct. More importantly, the
catalytic activity was largely retained (∼85% of the initial run)
and the structure stability was maintained after eight successive
cycles, which benefited from the stepwise electrostatic
attraction interaction between the MOF, imidazolium cation,
and Au NPs. This novel stepwise electrostatic interaction
strategy in fabricating highly ordered multifunctional single
catalysts will certainly stimulate more research work on the
design of multifunctional catalysts, especially for sustainable
chemical synthesis.
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