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Imidazolium-based ionic liquid functionalized
chiral metal-organic framework as an efficient
catalyst for asymmetric catalytic sulfoxidationy

Shiye Li, €22 Yudan Chai® and Jian Zhang (2 *®

lonic liquid (IL) units in heterogeneous catalysts exhibit synergistic effects to enhance catalytic performance
and stabilize catalytically active centers, while also preventing the degradation of catalysts during the
reaction process. lonic liquid units in IL-functionalized CMOF catalysts enhance their catalytic
performance in a synergistic manner. However, not only are the yields of IL-functionalized CMOFs
obtained with post-synthesis methods low, but they also lead to blocking of the MOF pores and leaching
of the ionic liquid. Hence, we designed and synthesized IL-functionalized chiral Ti(salen)-derivatized
dicarboxylic acid as a linker coordinated with zinc nitrate to form ionic liquid functionalized CMOF (IL-
Ti(salen) CMOF-n) (n = 1 and 2) catalysts. The synthesised IL-Ti(salen) CMOF-n catalyst was
characterized by FT-IR, PXRD, SEM, TEM, TGA and N, adsorption—desorption, and the catalytic
performance of the IL-Ti(salen) CMOF-n was assessed using the asymmetric oxidation of methyl phenyl
sulfide as a model reaction and H,O, as an oxidant. (R)-Methyl phenyl sulfoxide with remarkable
chemoselectivity (93%) and enantioselectivity (>99%) was obtained under the optimal reaction
conditions. Furthermore, the catalysts demonstrated excellent recyclability after seven consecutive
reuses without obvious loss of activity. This work highlights the significance of developing a new type of
ionic liquid functionalized chiral heterogeneous catalyst with remarkable catalytic performance, and

rsc.li/rsc-advances

1. Introduction

Ionic liquids (ILs), consisting of organic cations and inorganic
anions, are a type of molten salt that remain in liquid form at
room temperature.* ILs have many exceptional properties, such
as nonvolatility, low vapor pressure, strong dissolution, high
thermal stability, inherent structure tunability and good cata-
lytic activity.> As a result of these unique properties, ILs have
increasingly become a focus of attention in catalysis, functional
material synthesis, batteries, and adsorption separation.®”®
Especially in catalysis, ILs act as complex solvents, capable of
dissolving both organic and inorganic compounds during the
reaction, thereby promoting the interaction between the
substrate and the solvent and changing the reaction rate and
selectivity. For example, not only does the use of ILs as solvents
for the CO, cycloaddition reaction result in CO, and epoxides
being dissolved, but also the nature and concentration of
cations and anions in the ILs facilitates ring-opening of the
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provides valuable guidance for the design and preparation of novel catalysts for asymmetric catalysis.

epoxides, thus increasing both conversion rates and selec-
tivity.'®"* Using ILs as solvents, Ru-based catalysts have been
synthesized to catalyze acetylene (C,H,) hydrochlorination.'” It
is demonstrated that ILs can stabilize Ru-based catalysts and
create an ionic liquid based nano-environment on the surface of
the catalyst to enhance its interaction with substrates, providing
a homogeneous solvent environment and facilitating mass
transfer. However, the widespread use of ILs has been severely
hindered by operational difficulties due to their high synthesis
costs, high characteristic viscosity, and low diffusion coeffi-
cient, as well as the nature of homogeneous catalysts, which are
difficult to separate and recover.”*** To circumvent this
problem, more rational strategies have been developed such as
the immobilisation of ionic liquids onto silica materials, poly-
mers, and biopolymers, which is widely regarded as an effective
strategy.'*" For example, an ionic liquid is loaded on a PdCl,-
Cu;(BTC), MOF material to form a PdCl,-ILs/Cu;(BTC), catalyst
for the selective oxidation of cyclohexene, using molecular
oxygen as the oxidant.” It was found that the catalytic activity of
PdCl,-ILs/Cuz(BTC), was superior to that of PdCl,/Cu(BTC), in
terms of reaction rate and TOF value, which could be attributed
to the fact that the ILs favored the homogeneous dispersion of
PdCI, in the interior of the MOF. ILs of different amounts were
anchored to the skeleton of iron-porphyrinic Zr-MOFs to form
IL,@MOF-526, which catalyzed the photochemical reduction of
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CO,.” The results indicated that the microenvironments of the
IL,@MOF-526 were modulated upon the introduction of the
ILs, which enhanced CO, adsorption and charge transfer, thus
improving the efficiency and selectivity of CO, photoreduction
compared to the parent Zr-MOFs. Imidazolium ionic liquids
were immobilized on DhaTat-COF carriers to form DhaTat-COF-
IL via covalent grafting, which subsequently catalyzed a cyclo-
addition reaction to produce cyclic carbonates.” This finding
indicates that the DhaTat-COF-IL demonstrated excellent cata-
lytic performance compared to an IL with equal numbers of
active sites, attributed to the synergistic effect between the IL
and DhaTat-COF in catalyzing cycloaddition reactions.
However, their widespread application is somewhat restricted
by low loading of catalytic sites, poor hydrothermal stability,
and susceptibility to corrosion in acidic or alkaline
environments.

Metal-organic frameworks (MOFs), which consist of metal
ions/clusters and organic linkers, are porous and versatile
crystalline materials due to their large surface areas, high
porosity, tunable pore size and functionalities, with potential
applications in gas adsorption, batteries, sensors, drug delivery,
purification, and effective heterogeneous catalysis.”>*” In
particular, chiral MOFs (CMOFs) are ideally suited for hetero-
geneous asymmetric catalysis because they have excellent
structural intelligibility, tunable confined space, large surface
areas and versatile chiral functionalization.?® Furthermore,
CMOFs with chiral confined nanospaces are able to further
modulate the chiral environment around the active sites and
can often provide additional strong multidirectional interac-
tions between the substrates and the chiral environment of the
cavities. More importantly, an imidazolium-based IL modified
chiral nanospace can not only significantly promote the cata-
lytic performance, but also stabilize the catalytically active
center.” On the basis of these significant benefits, researchers
have focused on the incorporation of ionic liquids onto CMOFs
and the construction of multifunctional heterogeneous cata-
lysts. Generally, there are two methods for immobilizing ionic
liquids onto MOFs, namely ionothermal synthesis and post-
synthesis modification methods."” Unfortunately, the cations
and anions of the IL seriously affect the structure of the MOF in
the ionothermal synthesis method.*® Similarly, the post-
synthesis not only results in low yields but also leads to
potential issues such as blocking of the MOF pores and leaching
of the ionic liquid.*** Hence, the synthesis of the desired
CMOFs using premodified ligands is a reasonable approach to
solve this problem.

Chiral sulfoxides are important synthetic intermediates for
the construction of various chiral drugs and biologically active
compounds.*** The asymmetric oxidation of sulfides is an
attractive and important method to obtain chiral sulfoxides.*
Meanwhile, the oxidation of sulfides with H,O, as the oxidant is
a green and efficient method for the preparation of sulfoxides,
as H,0, is widely regarded as a green and effective oxidant in
organic oxidations.*® Hence, we designed and synthesized
a family of ionic liquid functionalized chiral MOFs (IL-Ti(salen)
CMOF-n) coordinated to zinc nitrate via ionic liquid-
functionalized ligands, and used them for the asymmetric
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oxidation of sulfides. Compared with the postsynthetic method,
the IL-functionalized ligand yield is high and the resulting
CMOF material thereby exhibits a high density of IL active sites
within its nanospaces, which will promote the catalytic perfor-
mance of the IL-Ti(salen) CMOF-n catalyst in a cooperative
manner. To further verify the synergistic effect of ionic liquids,
we then synthesized chiral MOFs (Ti(salen) CMOF) without
ionic liquid modification using Ti(salen)-derived dicarboxylic
acid ligands coordinated to zinc nitrate. As presented in this
study, the IL-Ti(salen) CMOF-n catalyst demonstrated excellent
catalytic activity and enantioselectivity in the asymmetric
oxidation of sulfides. Furthermore, the ionic liquid functional-
ized chiral MOF could be readily recycled and reused repeatedly
at least seven times without obvious reduction of its catalytic
performance, which may open a new window for the synthesis
of ionic liquid functional materials in the practice of chiral drug
synthesis in an environmentally friendly manner.

2. Experimental

2.1 Chemicals and materials

Methyl phenyl sulfide, ethyl phenyl sulfide, n-butyl phenyl
sulfide, 4-methylphenyl methyl sulfide, 2-methoxyphenyl
methyl sulfide, 4-methoxyphenyl methyl sulfide, 2-chlorophenyl
methyl sulfide, 3-chlorophenyl methyl sulfide, 3-bromophenyl
methyl sulfide, 4-nitrophenyl methyl sulfide, 4-bromophenyl
methyl sulfide, phenyl vinyl sulfide, and benzyl methyl sulfide
were purchased from Macklin. Proline, 1H-imidazole-1-
carboxylate, 2-methyl-1H-imidazole-1-carboxylate, Zn(NO;),-
-6H,0, paraformaldehyde, and 3-(tert-butyl)-5-(chloromethyl)-2-
hydroxybenzaldehyde were bought from J&K. Other commer-
cially available chemicals were obtained from local suppliers.

2.2 Characterization

Fourier transfer infrared (FT-IR) spectra were analysed with
a resolution of 4 cm™" in the range of 450-4000 cm ™" using
a NEXUS spectrometer. Transmission electron microscopy
(TEM) micrographs were obtained on a JEM-2100 instrument at
an accelerating voltage of 200 kV. Scanning electron microscopy
(SEM) was performed with a Nova NanoSEM 230 apparatus
operating at an accelerating voltage of 15 kV. Thermogravi-
metric (TGA) analysis was carried out using a Netzch STA409PC
instrument. Nitrogen adsorption-desorption measurements
were performed on a TriStar 3000-Micromeritics instrument.
Powder X-ray diffraction (PXRD) patterns were obtained using
a 2550 diffractometer (Rigaku Corporation) equipped with
a copper X-ray source and a scintillation counter detector.
Contents of zinc and titanium in the samples were determined
by inductively coupled optical emission spectra (ICP-OES) on an
Agilent 5110. Nuclear magnetic resonance (NMR) spectra were
recorded using a BRUKER AVANCE-500 spectrometer. The
product chemoselectivity for asymmetric oxidation was deter-
mined by using a GC-2010plus equipped with a DB-17 (30 m X
0.32 mm x 0.50 pm) column. The ee was determined using an
HPLC system (Hitachi L-20AT) with a Daicel Chiralpak AD
column.
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2.3 Synthesis of ionic liquid-functionalized chiral MOF and
Ti(salen) CMOF

2.3.1 Synthesis of IL-Ti(salen) CMOF-n (n = 1 and 2). The
ionic liquid-functionalized chiral MOF IL-Ti(salen) CMOF-n was
prepared by a solvothermal method, as shown in Scheme 1.%7%*
A mixture of Zn(NOj3),-6H,0 (0.67 mmol), different IL-Ti(salen)-
derived dicarboxylic bridging linkers (0.24 mmol), and DMF
(120 mL) in a capped vial were heated at 80 °C for 72 h. After
cooling to room temperature, faint yellow powders were ob-
tained. The powders were collected via centrifugation, washed
with N,N-dimethylformamide and hexane, and dried under
vacuum at 60 °C for 12 h, affording the ionic liquid-
functionalized chiral MOF IL-Ti(salen) CMOF-n (n = 1 and 2).
For the typical IL-Ti(salen) CMOF-1: FT-IR (KBr): yma cm "
3431, 2964, 2858, 1650, 1443, 1389, 1322, 1200, 1120, 1019, 815,
782, 692, 637, 551. Zinc content: 0.80 mmol g ', titanium
content: 1.28 mmol g~ *

2.3.2 Synthesis of Ti(salen) CMOF. To investigate the
synergistic effect of the ionic liquid, Ti(salen) CMOF was
prepared as a control catalyst, as shown in Scheme 2.*° A
mixture of Zn(NO;),-6H,O (0.67 mmol), Ti(salen)-derived
dicarboxylic linkers (0.24 mmol), and DMF (120 mL) in a cap-
ped vial were heated at 80 °C for 72 h. After cooling to room
temperature, brown powders were obtained. The powders were
collected via centrifugation, washed with N,N-dimethylforma-
mide and hexane, and dried under vacuum at 80 °C for 12 h,
affording the chiral MOF Ti(salen) CMOF. For the Ti(salen)
CMOF: FT-IR (KBI): Ymax cm ™' 3418, 2964, 2858, 1650, 1439,
1371, 1303, 1209, 1142, 1088, 872, 791, 637, 551. Zinc content:
0.93 mmol g, titanium content: 1.07 mmol g~

2.4 Asymmetric sulfoxidation over IL-Ti(salen) CMOF in
methanol

The selected catalyst was stirred with sulfides (0.5 mmol) in
methanol (2.0 mL) at 25 °C. H,0, (30 wt%, 0.6 mmol) was then
added dropwise over 15 min. The resulting mixture was stirred
at 25 °C. The reaction progress was monitored by TLC. After the
reaction, the catalyst was separated from the reaction system
through high speed centrifugation (10 000 rpm). The recovered
catalyst was washed with methanol, dried in a vacuum, and
finally recharged with fresh substrate for the next catalytic cycle.
The organic layers were quantitatively analyzed by a GC-

=N _EN, M Zn(NO3),* H,0 |
X o /1N A P
DMF, 80°C, 72
Hooc-N"@ N 'Pro E,,,? N’e N—COOH \
—Ja- a-\2J

tBu ey IL-Ti(salen) CMOF-n (n=1
and 2)

Scheme 1 The synthesis of IL-Ti(salen) CMOF-n (n =1 and 2).
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Scheme 2 The synthesis of Ti(salen) CMOF.
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2010plus equipped with a DB-17 (30 m x 0.32 mm X 0.50 pum)
column and an FID detector. Further purification of the residue
by chromatography on silica gel afforded the condensation
products as a white solid. The pure chiral sulfoxides were
identified by 'H and **C NMR spectroscopy. Ee values of the
products were determined by HPLC analysis using Daicel
Chiralpak AD columns. Detailed NMR and HPLC analyses for
the sulfoxides are available in the ESL.

3. Results

3.1 Preparation of catalysts

Chiral MOFs (CMOFs) are best suited for heterogeneous asym-
metric catalytic oxidation because of their excellent structural
intelligibility, tunable confined space, large surface areas and
versatile chiral functionalization.** In particular, the chiral
nanospace of IL-functionalized CMOFs not only significantly
improves the catalytic performance, but also stabilizes the cata-
Iytically active center.” the synthesis of IL-
functionalized CMOFs using ionothermal synthesis and post-
synthesis modification methods has low yields, leading to the
blocking of the MOF pores and leaching of the ionic liquid.** To
address these issues, we used IL-functionalized chiral Ti(salen)-
derived dicarboxylic acids as linkers to construct CMOF cata-
lysts. This strategy improves the yield of IL-functionalized chiral
MOFs, and the resulting CMOF material exhibits a high density
of ionic liquid active sites in its nanospace, which would
contribute to improving the catalytic performance of the IL-
Ti(salen) CMOF-n catalysts in a cooperative manner. Moreover,
in order to further understand the synergistic effect of ionic
liquids, we synthesized the chiral MOF (Ti(salen) CMOF) without
ionic liquid modification as a comparative catalyst. Finally, the
catalytic performance of the above chiral heterogeneous catalyst
is investigated for the asymmetric oxidation of sulfides. The
structure of the acquired catalyst is characterized by FT-IR, PXRD,
SEM, TEM, N, adsorption-desorption and TGA measurements.

However,

3.2 Characterization of catalysts

3.2.1 FT-IR, PXRD and TGA. The coordination of ionic
liquid-functionalized chiral Ti(salen) derived dicarboxylic

Ti (salen) CMOF
—— IL-Ti (salen) CMOF-1
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Fig. 1 FT-IR spectra of the Ti(salen)-derived dicarboxylic bridging
linker (A-a), Ti(salen) CMOF (A-b), IL-Ti(salen)-derived dicarboxylic
bridging linker (Ly) (A-c), the fresh IL-Ti(salen) CMOF-1 (A-d) and the
reused IL-Ti(salen) CMOF-1 (A-d'); PXRD patterns of Ti(salen) CMOF
(B-a), IL-Ti(salen) CMOF-1 (B-b), the reused IL-Ti(salen) CMOF-1 (B-
b’) and IL-Ti(salen) CMOF-2 (B-c); TGA (C) analysis of Ti(salen) CMOF
and IL-Ti(salen) CMOF-1.
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linkers with zinc(u) ions in IL-Ti(salen) CMOF-n (n = 1 and 2)
was confirmed by FT-IR, with Ti(salen) CMOF as a comparative
catalyst. IL-Ti(salen) CMOF-1 was chosen as a typical catalyst for
the structural identification. Fig. 1 shows the FT-IR spectra of
typical IL-Ti(salen) CMOF-1, with Ti(salen) CMOF as well as IL-
Ti(salen)-1 derived dicarboxylic acids for comparison. Clearly,
the IL-Ti(salen)-1 derived dicarboxylic acids showed two char-
acteristic bands at 1739 and 1650 cm ™, corresponding to the
skeletal vibrations of the carboxyl functional and imine groups
(Fig. 1c).*** Meanwhile, the characteristic band shifts to
1650 cm ™' and overlaps with the characteristic absorption peak
of the imine groups when the IL-salen (n = 1) derived dicar-
boxylic acids are treated with zinc nitrate hexahydrate
(Fig. 1d).*® The significant red shift provides convincing
evidence that the carboxylic acid group of the IL-Ti(salen)-1
derived dicarboxylic acids interacted with the zinc(u) ion
during the solvothermal synthesis.** Interestingly, a new strong
band associated with the stretching vibrations of the Zn-O-C
group was observed at 637 cm™" in the FT-IR spectrum of IL-
Ti(salen) CMOF-1 and Ti(salen) CMOF (Fig. 1d and b).** Addi-
tional characteristic bands at 2942 and 2864 cm™" associated
with the methylene in the 1, 2-aminocyclohexane motif further
confirmed the presence of the IL-Ti(salen) moiety in the CMOF
framework (Fig. 1d).*** Compared to IL-Ti(salen) CMOF-1,
Ti(salen) CMOF showed the absence of the characteristic
stretching vibration of the imidazole ring at 1019, 815 and
692 cm™ ! in the FT-IR (Fig. 1b vs. d). It can be seen that the
chiral cavity modified by ionic liquid functionalization IL-
Ti(salen) derived dicarboxylic linkers renders all active centres
accessible to the substrate, which enhanced the catalytic effi-
ciency of the chiral MOF in asymmetric sulfoxidation.

The crystallinity of Ti(salen) CMOF and IL-Ti(salen) CMOF-n
(n =1 and 2) were investigated using PXRD patterns, as shown
in Fig. 1B. The pattern for Ti(salen) CMOF has three broad
peaks at 31.7, 34.4, and 36.2, which indicates the nature of the
two-dimensional structure of Ti(salen) CMOF (Fig. 1B-a). A
similar observation of XRD patterns has been previously re-
ported for 2D MOF nanosheets.”” The phase purity of IL-
Ti(salen) CMOF-n (n = 1 and 2) indicated high crystallinity
and different diffraction patterns were exhibited compared to
the Ti(salen) CMOF (Fig. 1B-b, ¢ vs. a). Furthermore, PXRD
patterns also suggested that the crystal structures were identical
for IL-Ti(salen) CMOF-1 and IL-Ti(salen) CMOF-2 (Fig. 1B-b and
c).

TGA was performed to assess the thermal stability of the
synthesized Ti(salen) CMOF and representative IL-Ti(salen)
CMOF-1 materials, as shown in Fig. 1C. The first step indi-
cated a weight loss stage from 35 °C to 200 °C, which was
attributed to the evaporation of adsorbed and coordinated
water and the organic solvent inside or outside the pores of the
Ti(salen) CMOF and IL-Ti(salen) CMOF-1 frameworks. The
Ti(salen) CMOF and IL-Ti(salen) CMOF-1 underwent a second
weight loss from 200 °C to 480 °C, which was mainly put down
to the partial decomposition of functional groups of Ti(salen)
CMOF and IL-Ti(salen) CMOF-1 backbones. The Ti(salen)
CMOF and IL-Ti(salen) CMOF-1 underwent the final weight loss
step above 480 °C due to the collapse of their backbones and
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decomposition into metal oxides. Interestingly, the thermal
stability of IL-Ti(salen) CMOF-1 was found to be better than that
of Ti(salen) CMOF, which was attributed to the fact that the
introduction of imidazolium-based ionic liquids into the ligand
of IL-Ti(salen) CMOF-1 significantly improved its stability.
These results indicated that the stability of the CMOF synthe-
sized from the ionic liquid-modified linker was significantly
higher than that of the Ti(salen) CMOF catalyst. This finding
indicates that the pore-confined catalyst modified by ionic
liquid possesses excellent thermal stability.

3.2.2 SEM and TEM. SEM and TEM images provide direct
information on the morphology of Ti(salen) CMOF and IL-
Ti(salen) CMOF-n (n = 1 and 2), as shown in Fig. 2. It is clear
that Ti(salen) CMOF exhibits a flake morphology structure in
the SEM image (Fig. 2A). However, the morphology of IL-
Ti(salen) CMOF-n (n = 1 and 2) synthesized from ionic liquid-
modified ligands was different from that of Ti(salen) CMOF,
exhibiting the formation of a block-shaped morphology with
a range of sizes in the micrometer range (Fig. 2B and D).
Meanwhile, the TEM image also showed cubes of typical IL-
Ti(salen) CMOF-1, consistent with the SEM image (Fig. 2F).
Furthermore, the TEM image of Ti(salen) CMOF exhibited
a crystalline sheet structure, further proving that the
morphology of CMOF synthesized from ligands without ionic
liquid modification was different from that of IL-Ti(salen)
CMOF-1 (Fig. 2E).

3.2.3 Nitrogen adsorption-desorption. In order to identify
the BET surface and porosity of the Ti(salen) CMOF and the IL-
Ti(salen) CMOF-n (n = 1 and 2) samples, N, adsorption—
desorption analyses were performed as shown in Fig. 3. Typical
type-IV adsorption behaviours were observed for the Ti(salen)
CMOF and IL-Ti(salen) CMOF-n (n = 1 and 2), indicating that
they are typical mesoporous materials (Fig. 3 A-C).*** Mean-
while, IL-Ti(salen) CMOF-1 and IL-Ti(salen) CMOF-2 showed
H4-type hysteresis loops in the pressure range of P/P, = 0.5-1.0,
further suggesting that this type of material has certain meso-
porous properties (Fig. 3B and C). Based on the N, adsorption
isotherms, the BET surface area was calculated to be 63.6 m* g~ *

Fig. 2 SEM images of Ti(salen) CMOF (A), fresh IL-Ti(salen) CMOF-1
(B), reused IL-Ti(salen) CMOF-1 (C), IL-Ti(salen) CMOF-2 (D); TEM
images of Ti(salen) CMOF (E) and IL-Ti(salen) CMOF-1 (F).
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Fig. 3 Nitrogen adsorption—desorption of Ti(salen) CMOF (A), IL-
Ti(salen) CMOF-1 (B), IL-Ti(salen) CMOF-2 (C) and reused IL-Ti(salen)
CMOF-1 (D).

for Ti(salen) CMOF (Fig. 3A), whereas for the IL-Ti(salen) CMOF-
n (n =1 and 2), the surface areas are even higher than those of
Ti(salen) CMOF (Fig. 3B, C vs. A), 67.7 and 67.2 m®> g,
respectively. The pore size distribution curves of IL-Ti(salen)
CMOF-1 and IL-Ti(salen) CMOF-2 are centered at 3.3 and
2.9 nm, which are larger than the 2.2 nm pore size of Ti(salen)
CMOF. This huge increase of the accessible internal volume and
open channel size in the IL-Ti(salen) CMOF-1 and IL-Ti(salen)
CMOF-2 structures is crucial for enhanced asymmetric cata-
lytic performance by facilitating the diffusion of reactants and
products. However, the Ti(salen) CMOF nanosheets also exhibit
a larger pore size of 5.1 nm, which may be due to the slit-like
pores formed by aggregation of Ti(salen) CMOF nanosheets
during the synthesis process.*

3.3 Catalytic performances

Benefiting from the incorporated chiral Ti(salen) moiety and
imidazolium-based ionic liquid unit as well as large surface area
and chiral cavities, the obtained IL-Ti(salen) CMOF-n (n = 1 and
2) are expected to be potential heterogeneous catalysts for
asymmetric sulfoxidation. As shown in Table 1, the IL-Ti(salen)
CMOF-n exhibited better catalytic activity and chemoselectivity
in sulfide oxidation (Table 1, entries 1-2). In particular, IL-
Ti(salen) CMOF-1 is a highly effective catalyst for the asym-
metric oxidation of methyl phenyl sulfide to (R)-methyl phenyl
sulfoxide with remarkable chemoselectivity (93%) and enan-
tioselectivity (>99%) (Table 1, entry 1). In contrast, the chemo-
selectivity (77%) and enantioselectivity (86%) were lower when
neat Ti(salen) complex was used under identical conditions
(Table 1, entry 4). It was found that the immobilization of the
chiral Ti(salen) active site in the cavity of IL-Ti(salen) CMOF-1
provided better chemoselectivity than the neat Ti(salen)
complex by encapsulating substrates and concentrating reac-
tants in the chiral confined cavity through host-guest interac-
tions (Table 1, entry 1 vs. 4). More importantly, the framework-
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Table 1 Results of the asymmetric oxidation of methyl phenyl sulfide
under different catalysts”

[o]
n

o

Catalyst

S
\CH3 —_—
H,0,, methanol, 25°C

Entry Catalyst Conv.” (%) Sel.® (%) ee? (%)
1 IL-Ti(salen) CMOF-1 86 93 >99

2 IL-Ti(salen) CMOF-2 75 90 99

3 Ti(salen) CMOF 60 84 98

4 Ti(salen) complex 92 77 86

5 Zn-complex 33 >99 No

¢ Catalyst (6 mg), substrate (0.5 mmol), H,0, (30 wt%, 0.6 mmol, added
in 15 min), methanol (2.0 mL), 60 min, 25 °C. ? Determined by GC.
¢ Chemoselectivity to chiral sulfoxide (determined by GC).
 Determined by HPLC (Daicel Chiralpak AD column).

confined catalyst provided significantly higher chemoselectivity
than the corresponding neat Ti(salen) complex, probably due to
the steric restrictions imposed by the inner block of the
confined network. Moreover, multiple zinc-benzoate complexes
arranged on the framework of IL-Ti(salen) CMOF-1 may enforce
an intramolecular cooperative reaction pathway, resulting in
enhanced reaction rates and higher chemoselectivity (Table 1,
entry 5). Finally, it was found that the pore size of IL-Ti(salen)
CMOF-n has an impact on substrate diffusion and product
chemoselectivity. Apparently, the conversion of IL-Ti(salen)
CMOF-2 was only 75% compared to IL-Ti(salen) CMOF-1,
presumably a result of the small pore size that cannot allow free
diffusion of methyl phenyl sulfide and H,0, reagents (Table 1,
entry 2 vs. 1). Meanwhile, the chemoselectivity of the (R)-methyl
phenyl sulfoxide product of the IL-Ti(salen) CMOF-2 catalyst
was also low, only 90%. By comparing the above results, we can
speculate that the chiral MOF catalyst possesses suitable pore
channels and pore size, can make the Ti(salen) active center on
the framework more flexible to access the reactants, and can
promote the reaction smoothly in methanol.>

In addition to the IL-Ti(salen) CMOF-n structure, the
imidazolium-based IL fraction in the chiral cavity was also
essential for the cooperative catalysis. Notably, the catalytic
activity of Ti(salen) CMOF was much lower than that of IL-
Ti(salen) CMOF-n under identical reaction conditions. Only
60% conversion of methyl phenyl sulfide with 84% chemo-
selectivity was obtained over the Ti(salen) CMOF (Table 1, entry
3). The results point to the necessity of the imidazolium-based
IL moiety in the cooperative catalysis. More importantly, the
imidazolium-based ionic liquid linker was a flexible linker that
could allow conformational freedom of all Ti(salen) active sites
in the MOF framework, thereby making the active site of the IL-
Ti(salen) MOF-n catalyst more accessible to reagents.”
Furthermore, the imidazolium-based IL moiety created an IL
microenvironment on the CMOF framework, which rendered
the catalytic sites more compatible, thereby tuning IL-Ti(salen)
CMOF-n into an efficient catalyst for this reaction.®

3.3.1 Effect of the amount of IL-Ti(salen) CMOF-1 catalyst
and reaction time. In order to determine the optimal conditions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for the asymmetric sulfoxidation reaction, key parameters such
as the reaction time and catalyst amount were also explored. As
shown in Fig. 4A, the conversion of methyl phenyl sulfide
gradually increases from 16% to 86% when the reaction time is
increased from 10 to 60 min. When the reaction time was
extended to 70 min, the conversion of methyl phenyl sulfide
exhibited no significant change, but the chemoselectivity and ee
of the product were reduced to 90% and 98%. With the exten-
sion of time, the chemoselectivity and ee of the product began
to decrease, possibly due to the decrease in the concentration of
methyl phenyl sulfide and H,0,, and the inability to separate
the product after the transformation of the reaction substrate.
As shown in Fig. 4B, the amount of IL-Ti(salen) CMOF-1 catalyst
could significantly influence the oxidation of methyl phenyl
sulfide. The conversion of methyl phenyl sulfide increased
gradually with the increase of IL-Ti(salen) CMOF-1 catalyst
dosage. When the amount of IL-Ti(salen) CMOF-1 catalyst was
increased to 6 mg, both the conversion of methyl phenyl sulfide
and the chemoselectivity of (R)-methyl phenyl sulfoxide were
the highest, 86% and 93%, respectively. However, both

1m-A"_‘__‘__‘,_‘__‘ﬁ 00 A —aA—A—A—A—]
80 80
X
604
60+ X
404
a0
—&— Conv./% 20 —=— Conv./%
Sel./% T
2 -/% Sel./%
1 —A—ee/% —h— ee/%
T T T T T T T O+ T T T T T T
10 20 30 40 50 60 70 1 2 3 4 5 6 7
Time (min) Catalyst (mg)

Fig.4 Influences of reaction conditions on the catalytic activity for the
asymmetric oxidation of methyl phenyl sulfide over IL-Ti(salen)
CMOF-1: time (A) and catalyst dosage (B).
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conversion and chemoselectivity showed a decreasing trend
when the catalyst dosage was further increased. This may be
attributed to the fact that an excessive amount of catalyst will
hinder the diffusion, block the active sites, and reduce the
catalytic efficiency, thereby resulting in a corresponding
decrease in the conversion.

3.3.2 Substrate universality. To verify the synergistic effect
and the enhanced activity, the catalytic performance of IL-
Ti(salen) CMOF-1 was investigated for the asymmetric oxida-
tion of other arylalkyl sulfides, and the results are shown in
Table 2. Notably moderate to good catalytic activity (40-85%)
and high chemoselectivity (91-98%) for the catalyst IL-Ti(salen)
CMOF-1 were obtained with all the substrates, either electron-
rich or electron-deficient (Table 2, entry 1-12), indicating high
catalytic activity of the ionic liquid modified IL-Ti(salen) CMOF-
1. However, low conversion was found when IL-Ti(salen) CMOF-
1 catalyzed the asymmetric oxidation of n-butyl phenyl sulfide,
benzyl methyl sulfide and phenyl vinyl sulfide (Table 2, entries
2,11 and 12). This may be due to the large size of n-butyl phenyl
sulfide, benzyl methyl sulfide and phenyl vinylsulfide, which
hindered diffusion and resulted in insufficient contact with the
active site. Simultaneously, a sterically more demanding sulfide
with a R, = 2-OCH; and benzyl phenyl were subjected to the
reaction, and only 50% and 40% conversion were observed
under identical reaction conditions (Table 2, entry 5 and 11).
The above results indicate that the asymmetric sulfoxidation
occurred mainly within the ionic liquid-modified confined
cavities.”® Nevertheless, the interesting point is that replacing
the -R, group in PhSMe with a steric hindrance group, like 2-
OCH; and benzyl phenyl, reduced conversion but increased
enantioselectivity. This phenomenon has been attributed to the
slower diffusion of the bulk substrate causing lower conversion,
but the higher enantioselectivity may correspond to the
increased geometrical constraints in the chiral confined cavi-
ties.*> This positive confined catalysis with high activity and

Table 2 Results of asymmetric sulfoxidation in different arylalkyl sulfides®

S
28 A

IL-Ti(salen) CMOF-1
—_—

H,0,, methanol, 25°C

o]
n

S
_'_\ Ry
Ry

Entry R, R, Catalyst Conv.” (%) Sel.® (%) ee? (%)
1 C,H; H IL-Ti(salen) CMOF-1 85 91 99
2 C,H, H 58 93 >99
3 CH, 4-CH, 80 98 96
4 CH, 4-OCH, 84 95 94
5 CH, 2-OCH, 50 97 99
6 CH;3 2-Cl 65 93 97
7 CH;3 3-Cl 70 95 95
8 CH;,3 3-Br 68 94 97
9 CH; 4-Br 71 91 99
10 CH, 4-NO, 65 92 90
11 CH, ~CH,-Ph 40 98 >99
12 -CH=CH, H 43 98 99

“ Catalyst (6 mg), substrate (0.5 mmol), H,0, (30 wt%, 0.6 mmol, added in 15 min), methanol (2.0 mL), 60 min, 25 °C. ” Determined by GC.
¢ Chemoselectivity to chiral sulfoxide (determined by GC). ¢ Determined by HPLC (Daicel Chiralpak AD column).
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Fig. 5 Reusability of IL-Ti(salen) CMOF-1 in the asymmetric oxidation
of methyl phenyl sulfide in methanol.

enantioselectivity provides further evidence that the asym-
metric catalytic reaction might occur in the confined space of
IL-Ti(salen) CMOF-1.

3.4 Reusability

In order to evaluate the stability of IL-Ti(salen) CMOF-1 catalysts
in the asymmetric oxidation of methyl phenyl sulfide, we
investigated the recyclability of IL-Ti(salen) CMOF-1 catalysts
under optimal conditions. As shown in Fig. 5, after the IL-
Ti(salen) CMOF-1 catalyst had been reused seven times, the
conversion of methyl phenyl sulfide and the chemical selectivity
of the product exhibited no significant decrease. This indicates
that IL-Ti(salen) CMOF-1 exhibits excellent stability in the
asymmetric oxidation of methyl phenyl sulfide. In addition, the
recovered IL-Ti(salen) CMOF-1 was further characterized by FT-
IR, PXRD and N, adsorption-desorption. The FT-IR spectrum of
the reused catalyst exhibited few differences compared to that
of the freshly prepared sample (Fig. 1A-d vs. d'). Meanwhile, the
PXRD pattern shows that the recovered catalyst is almost
identical to the new catalyst (Fig. 1B-b vs. b’). In addition to this,
the N, adsorption-desorption measurements also showed that
the recovered samples had similar pore structure characteristics
to the fresh catalysts (Fig. 3B vs. D), further indicating the good
maintenance of the physicochemical properties of IL-Ti(salen)
CMOF-1 after the asymmetric catalysis. In summary, the IL-
Ti(salen) CMOF-1 catalyst possesses good stability and poten-
tial for the industrial application in asymmetric catalysis.

4. Conclusions

A series of ionic liquid functionalized chiral IL-Ti(salen) CMOF-
n catalysts were successfully prepared by the coordination of
ionic liquid functionalized chiral Ti(salen)-derived dicarboxylic
acids with zinc nitrate. The obtained catalysts possessed large
specific surface areas and a high density of ionic liquid active
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sites in their chiral confined cavities. Benefiting from the
synergistic effect of the imidazolium-based ionic liquid unit
and chiral confined nanospaces of the CMOFs, IL-Ti(salen)
CMOF-n could efficiently catalyze the asymmetric oxidation of
a sulfide with H,0, as an oxidant. High chemoselectivity (up to
93%) and >99% ee for (R)-methyl phenyl sulfoxide were ach-
ieved over IL-Ti(salen) CMOF-1 under ambient temperature
conditions. Compared to Ti(salen) CMOF, the IL-Ti(salen)
CMOF-1 showed not only effective catalytic activity but also
excellent recyclability, even after seven reuse cycles, by simple
centrifugation without obvious loss of activity and stability.
Moreover, the application of IL-Ti(salen) CMOF-1 was further
expanded to other arylalkyl sulfides, demonstrating efficient
catalytic performance and high ee (up to 99%). This work
provides valuable insights into the modulation of ionic liquid
functionalized chiral catalytic centers in CMOFs, which can
produce interesting synergistic effects and stabilize reaction
intermediates, and systematically control the activity and
selectivity of asymmetric catalysis.
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