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Abstract: Graphene oxide (GO) was used as a catalyst carrier, and after the hydroxyl group in GO
was modified by 3-aminopropyltrimethoxysilane (MPTMS), axial coordination and immobilization
with homogeneous chiral salenMnCl catalyst were carried out. The immobilized catalysts were
characterized in detail by FT–IR, TG–DSC, XPS, EDS, SEM, X-ray, and AAS, and the successful
preparation of GO-salenMn was confirmed. Subsequently, the catalytic performance of GO-salenMn
for asymmetric epoxidation of α-methyl-styrene, styrene, and indene was examined, and it was
observed that GO-salenMn could efficiently catalyze the epoxidation of olefins under an m-CPBA/NMO
oxidation system. In addition, α-methyl-styrene was used as a substrate to investigate the
recycling performance of GO-salenMn. After repeated use for three times, the catalytic activity and
enantioselectivity did not significantly change, and the conversion was still greater than 99%. As the
number of cycles increased, the enantioselectivity and chemoselectivity gradually decreased, but even
after 10 cycles, the enantiomeric excess was 52%, which was higher than that of the homogeneous
counterpart under the same conditions. However, compared to fresh catalysts, the yield decreased
from 96.9 to 55.6%.

Keywords: graphene oxide; 3-aminopropyltrimethoxysilane; heterogeneous catalyst; asymmetric
epoxidation

1. Introduction

Chiral salenMnCl catalyst (Jacobsen’s catalyst) has been proved to be one of the most effective
catalysts for asymmetric catalytic epoxidation of alkenes [1,2]. The chiral epoxides obtained are widely
used in the synthesis of fine chemicals including pesticides, flavorings, and pharmaceuticals, such as
the key intermediates for anti-hypertensive drugs and for the side chain of the anti-cancer drug
paclitaxel. In most cases, homogeneous catalytic reactions are highly efficient. However, because it
is difficult to separate and recycle the expensive chiral catalysts after the reaction, it is impossible
to realize continuous flow reactors and large-scale production, which increases operating costs and
wastes limited resources. Heterogeneity of homogeneous catalysts is an important strategy to enable
the reuse of expensive chiral catalysts and large-scale synthesis [3]. Common catalytic carrier materials
include organic polymer, inorganic solidseries, and organic polystyrene/inorganic hydrogen phosphate
(Zr, Al, Zn, Ca) [4–15]. Unfortunately, immobilized catalysts still have some deficiencies such as low
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catalytic efficiency and poor reusability. Therefore, developing a class of highly-efficient heterogeneous
catalysts is still the focus of current studies.

In recent years, GO has been widely researched as a promising catalyst carrier [16], mainly
because of its unique two-dimensional planar structure (which is beneficial to improve the dispersion
of catalytic active species on the surface), higher specific surface area (which is beneficial to increase its
forces with active species and, to a certain extent, prevent the migration and leaching of active species
in the reaction process), and the nanometer size effect (which can improve the catalytic reaction rate).
In addition, the surface of GO contains a large amount of oxygen-containing active groups, such as
carboxyl, hydroxyl, and epoxy groups, which are easy to chemically modify [17] and can react with
noble metal catalysts and homogeneous ligands to obtain various supported catalysts with different
coordination modes. Hence, GO is widely used in organic catalysis [18,19], photocatalysis [20,21],
and electrocatalysis [22]. Noble metal catalysts, such as Pd2+, Pd0 [18], and Au [19], can coordinate
with GO to obtain composite catalysts that can be used for a cross-coupling reaction and an addition
reaction between phenylacetylene and hydrogen, achieving efficient catalysis of the catalyst (up to
99%) with excellent catalyst stability. At the same time, GO successfully immobilizes Schiff-base
ligands [23] and L-proline [24] homologous ligands through covalent grafting and clever use of
hydrogen bonds and evaluates the catalytic activity of the Suzuki reaction in the water phase and the
asymmetric catalytic aldol reaction, respectively. GO/Schiff-base catalysts can efficiently catalyze the
Suzuki reaction of aryl halide in the water phase and aryl boric acid under mild conditions, and it
was observed that the activity of the catalysts remained nearly unchanged after five repeated uses.
GO/L-proline catalysts possess high catalytic activity and good reuse performance, and the asymmetric
selectivity of catalytic reactions increases compared with homogeneous catalysts due to the unique
layered structure of GO. It is considered that an obvious spatial confinement effect [25] appears in the
nanosphere, which enhances the chiral inducibility of heterogeneous asymmetric reactions.

To continue to study the potential performance of GO as a catalyst carrier and further develop a
simple heterogeneous epoxidation catalysts with good catalytic efficiency and high stability, we modified
the hydroxyl groups in GO that were functionalized by MPTMS. Then, axial coordination fixation
was carried out with the homogeneous chiral salenMnCl catalyst, to investigate in detail the catalytic
performance of the supported catalyst for asymmetric epoxidation of α-methyl-styrene, styrene,
and indene compared with the homogeneous catalyst. In addition, the catalytic oxidation of
α-methyl-styrene was used as a template reaction to investigate the cyclic performance of the
supported catalyst.

2. Results and Discussion

2.1. FT–IR Analysis

FT–IR spectroscopy results of GO, salenMnCl, and catalyst GO-salenMn are shown in Figure 1a–c.
Figure 1a shows the FT–IR spectrum of GO. A very wide and strong absorption peak appeared between
3100 and 3500 cm−1, which denoted the stretching vibration peak of hydroxyl groups (COO–H/O–H),
indicating that GO contained hydroxyl and carboxyl groups. The absorption peak at approximately
1724 cm−1 indicated the stretching vibration peak of the carboxyl group (C=O). In addition, the
absorption peaks at 1218 and 1050 cm−1 denoted the stretching vibration peaks of hydroxyl groups
(C–OH) and the C–O bond of epoxy groups (C–O–C), respectively. The results showed that GO
was successfully prepared by the Hummer method. Figure 1b shows the FT–IR spectrum of the
homogeneous salenMnCl catalyst, showing that 2963–2864 cm−1 are the stretching vibration absorption
peaks of methyl and methylene groups ν(C–H), respectively. Characteristic absorption peaks at 1610
cm−1 and 522 cm−1 were indicative of C=N and Mn–N bonds, respectively. In Figure 1c, 2936–2853 cm−1

were the stretching vibration absorption peaks of methyl and methylene groups ν(C–H), respectively.
The absorption peak at approximately 1620 cm−1 in GO-salenMn denoted the stretching vibration
of ν(C = N), which indicated that chiral heterogeneous catalysts possessed structures similar to those
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of homogeneous chiral catalysts [26]. These results preliminarily confirmed the heterogeneity of
homogeneous salenMnCl catalyst.
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Figure 1. IR spectra of (a) GO, (b) salenMnCl, and (c) GO-salenMn.

2.2. TG–DSC Analysis

TG–DSC analysis of catalyst GO-salenMn is shown in Figure 2. Weightlessness was divided into
three stages. The first stage was the heat absorption process at 120 ◦C room temperature. In this stage,
the weight loss of water was approximately 15%, which was mainly due to the removal of water attached
to the surface of the catalyst. The second stage was the strong exothermic process at 120 ◦C–500 ◦C.
The weight loss of 32% during this stage was mainly due to the decomposition of oxygen-containing
groups on graphene oxide and the decomposition of salenMn complexes. After 500 ◦C, weight loss
slowed as the temperature increased. Finally, until 700 ◦C, the remaining mass of carbon skeleton and
manganese oxide was approximately 38%.
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Figure 2. TG–DSC spectra of GO-salenMn.

2.3. XPS Analysis

XPS is an important method for analyzing metal valence on the surface of materials. The binding
energy of the electrons in the center of the metal is affected by the differences in the electron environment,
such as the oxidation state or the spin state. Figure 3 shows the full spectra of XPS scans of salenMn and
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GO-salenMn. Figure 3a clearly shows the characteristic peaks of C1s, O1s, N1s, Mn 2p1/2, and Mn 2p3/2

in homogeneous salenMn catalyst. In Figure 3b, in addition to the characteristic peaks in homogeneous
salenMnCl, new-additional characteristic peaks, Si 2p and Si 2s, proved that GO successfully achieved
the support of homogeneous salenMn after MPTMS modification. In addition, as seen in Figure 4,
the electron binding energy of Mn2p3/2 in catalyst GO-salenMn was 641.4 eV, which was slightly higher
than that of Mn2p3/2 in the homogeneous salenMnCl complex. Thus, the electron cloud density of
manganese atoms decreased after support, which was similar with the reported value [8,27], possibly
because the micro environment changed after metallic Mn was immobilized with 3-aminopropyl
trimethoxy silane and modified GO. A similar observation has also been made for a chiral salenMnIII

catalyst, which was axially grafted on an amine (–NH2) group modified organic polymer/inorganic
zirconium hydrogen phosphate through N–Mn bonding [28].
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Figure 3. XPS spectra of (a) salenMn and (b) GO-salenMn.
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Figure 4. XPS spectra of Mn 2p for (a) salenMn and (b) GO-salenMn.

2.4. SEM and EDS Analysis

SEM images of GO, GO-NH2, and GO-salenMn are shown in Figure 5a–c. As seen in Figure 5a, as a
specific feature of GO, a large number of overlapping and curled slice layers existed, which indicated
that GO had been successfully prepared. Figure 5b,c shows that the lamellar structure was damaged
to a certain degree, which may have occurred after the amine and salenMn catalyst were introduced
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on the surface of GO, and the inter-layer space subsequently increased. Under the influence of
ultrasonic dispersion, slices of GO would strip, and the same conclusion could be drawn from XRD.
To further confirm that chiral salenMnCl complexes were successfully immobilized on carrier GO,
which was modified by MPTMS, EDS analysis of GO-salenMn was carried out (Figure 5d–f). The
results showed that, compared with GO (Figure 5d), characteristic spectral lines of Si and N appeared
in GO-NH2 (Figure 5e), indicating that Si-containing amine functional groups were successfully
introduced in GO. Compared with GO-NH2 (Figure 5e), GO-salenMn (Figure 5f) exhibited obvious
characteristic spectral lines of Mn, which also proved that MPTMS-modified GO successfully achieved
axial immobilization with chiral salenMnCl complexes. In addition, according to Figure 6a–d, EDS
layers of GO-salenMn contained elements such as C, Oi, Mn, and Si, which further proved the
heterogeneity of chiral salenMnCl.
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2.5. XRD Analysis

The XRD results of GO, GO-NH2, and GO-salenMn are shown in Figure 7. As seen in
Figure 7a, a sharp diffraction peak at 2θ = 10.76◦ indicated the (001) characteristic diffraction of
GO. A small diffraction peak appeared at 10◦–26◦, which was caused by the superposition of the
laminate crystallization of GO with different thicknesses. This further proved that GO had been
successfully prepared. Figure 7b,c shows no characteristic diffraction peak of GO, indicating that the
original layer-cumulative structure of GO had been changed in the process of amine functionalization.
In addition, after the homogeneous salenMn catalyst reacted with GO-NH2, possibly due to the
insertion of homogeneous salenMn catalyst between residual layers, the structure of GO-NH2 was
further destroyed, and the aggregation degree decreased. Combined with SEM analysis, these data
show that GO-NH2 and GO-salenMn became amorphous.
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2.6. Asymmetric Epoxidation

Using m-CPBA/NMO as an oxidation system, the performance of salenMnCl and GO-salenMn
catalysts for asymmetric epoxidation of α-methyl-styrene, styrene, and indene under the same
conditions was compared. In addition, the performance of the catalytic reaction with or without the
participation of axial additive NMO was studied in detail. The results are shown in Table 1. The results
showed that the GO-salenMn catalyst could effectively catalyze epoxidation of alkenes (entries 2, 5,
and 8). Compared with homogeneous salenMnCl, the GO-salenMn catalyst significantly increased
the enantiomeric excess (ee) value of epoxides (entries 2, 5, and 8), The ee value of α-methyl-styrene
epoxide increased from 52.0 to 83.2%. Similar results were observed in epoxidation of styrene and
indene. The increase in chiral recognition was mainly attributed to the layered support effect [29]. In
contrast, anther GO-salenMn catalyst [26], where salenMnCl was immobilized on amino-modified GO
or imidazolium-based ionic liquid-functionalized GO with the methyl chloride group (–CH2Cl) at the
fifth position of the chiral salen ligand, gave a slightly lower ee value in the NaClO/PyNO oxidation
system. The results showed that the combined effect of the immobilization mode and the oxidation
system was beneficial to increase the ee value. Moreover, in our previous reports, the ZPS-PVPA-based
catalyst-effectively catalyzed epoxidation of styrene and α-methyl-styrene (ee: 50 to 78% and 86%
to >99%) with m-CPBA or NaClO. These results are significantly better than those achieved with
the homogeneous chiral catalysts under the same reaction conditions (ee: 47% and 65%). Moreover,
the immobilized catalysts could be reused at least 10 times without significant loss of activity and
enantioselectivity. Furthermore, a point worth emphasizing is that the ZPS-PVPA-based catalyst
resulted in remarkable increase of conversion and ee values in the absence of expensive NMO for the
asymmetric epoxidation of olefins, which is exactly opposite to the literature reported earlier for both
homogeneous and heterogeneous systems. This novel additive effect was mainly attributed to the
support ZPS-PVPA and the axial phenoxyl linker group [10], α-methyl-styrene. Regrettably in this
study, the ee values were sharply decreased when the epoxidation was carried out with GO-salenMn
in the absence of axial ligand NMO (entries 3, 6, and 9). The results demonstrated that the NMO
could coordinate with oxo-salenMn (V) and stabilize the generated intermediate oxo-salenMn (V)
complex [30], so that the substrates and catalysts could fully react.
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Table 1. Asymmetric epoxidation of different substrates by salenMnCl and GO-salenMn a.

Entry Substrate Catalyst Oxidant Time (h) Conv (%) b Sele (%) b ee (%) b TOFe
× 10−4 (s−1)

1
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The reuse performance of solid catalysts is an important standard to measure whether the 
catalytically active center has effectively and stably immobilized on the carrier. The reuse 
performance of GO-salenMn was studied in detail with α-methyl-styrene as the template reaction. 
The results are listed in Table 2 and show that the catalytic activity and enantioselectivity of the 
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rate was still greater than 99%. With the increase in reuse times, enantioselectivity and chemical 
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was still higher than 52%. However, compared with fresh catalysts, the yield dropped from 96.9% to 
55.6%. A possible reason for deactivation of the GO-salenMn is the decomposition of salenMnCl 
under NaOH aqueous solution [31].  

Table 2. The recycling of GO-salenMn in the epoxidation of α-methyl-styrene a. 
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1 >99 97.9 83.2 13.5 
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7 92.1 86.9 80.3 11.1 
8 89.3 79.2 78.7 9.8 
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10 80.6 69.0 71.9 7.7 

salenMnCl m-CPBA/NMO 1 >99 >99 52.0 c 27.2
2 GO-salenMn m-CPBA/NMO 2 >99 97.9 83.2 c 13.5
3 GO-salenMn m-CPBA 2 65.9 76.5 8.6 c 7.0
4

Catalysts 2019, 9, x FOR PEER REVIEW 8 of 14 

 

Entry Substrate Catalyst Oxidant Time (h) Conv (%) b Sele (%) b ee (%) b 
TOFe × 

10−4 
(s−1) 

1 

 

salenMn
Cl 

m-
CPBA/NMO 
(seen in 3.1) 

1 >99 >99 52.0 c 27.2 

2 
GO-

salenMn 
m-

CPBA/NMO 
2 >99 97.9 83.2 c 13.5 

3 
GO-

salenMn 
m-CPBA 2 65.9 76.5 8.6 c 7.0 

4 

 

salenMn
Cl 

m-
CPBA/NMO 

1 >99 98.7 46.2 c 27.1 

5 
GO-

salenMn 
m-

CPBA/NMO 
2 92.5 93.1 67.8c 12.0 

6 
GO-

salenMn 
m-CPBA 2 73.2 72.9 5.9 c 7.4 

7 

 

salenMn
Cl 

m-
CPBA/NMO 

1 >99 >99 65.0d 27.2 

8 
GO-

salenMn 
m-

CPBA/NMO 
2 >99 >99 83.2 d 13.6 

9 
GO-

salenMn 
m-CPBA 2 77.9 81.6 13.1 d 8.8 

a Reactions were carried out in CH2Cl2 (3 mL) with alkene (0.5 mmol), m-CPBA (1.0 mmol), NMO (2.5 
mmol, if necessary), nonane (internal standard, 0.5 mmol), and GO-salenMn (0.010 mmol, 2.0 mol%), 
based on elemental Mn at 0 °C. b Conversions, selectivity, and enantiomeric excess (ee) values were 
determined by GC with a chiral capillary column (HP19091G-B233, 30 m × 0.25 mm × 0.25 μm) by 
integration of product peaks against an internal quantitative standard (nonane), correcting for 
response factors. c Epoxide configuration R. d Epoxide configuration 1R, 2S. e Turnover frequency 
(TOF) is calculated by the expression of [product]/[catalyst] × time (s−1) 

2.7. Investigation of Reuse Performance of Supported Catalysts 

The reuse performance of solid catalysts is an important standard to measure whether the 
catalytically active center has effectively and stably immobilized on the carrier. The reuse 
performance of GO-salenMn was studied in detail with α-methyl-styrene as the template reaction. 
The results are listed in Table 2 and show that the catalytic activity and enantioselectivity of the 
catalyst were not significantly changed after the catalyst was reused three times, and the conversion 
rate was still greater than 99%. With the increase in reuse times, enantioselectivity and chemical 
selectivity gradually decreased. However, even after the catalyst was reused 10 times, the ee value 
was still higher than 52%. However, compared with fresh catalysts, the yield dropped from 96.9% to 
55.6%. A possible reason for deactivation of the GO-salenMn is the decomposition of salenMnCl 
under NaOH aqueous solution [31].  

Table 2. The recycling of GO-salenMn in the epoxidation of α-methyl-styrene a. 

Run Conv (%) b Sele (%) b ee (%) b,c TOF d × 10−4 
(s−1) 

1 >99 97.9 83.2 13.5 
2 >99 97.0 83.0 13.3 
3 >99 96.3 82.4 13.3 
4 98.2 95.2 82.2 13.0 
5 96.9 94.3 81.7 12.7 
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salenMnCl m-CPBA/NMO 1 >99 98.7 46.2 c 27.1
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6 GO-salenMn m-CPBA 2 73.2 72.9 5.9 c 7.4
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a Reactions were carried out in CH2Cl2 (3 mL) with alkene (0.5 mmol), m-CPBA (1.0 mmol), NMO (2.5 mmol,
if necessary), nonane (internal standard, 0.5 mmol), and GO-salenMn (0.010 mmol, 2.0 mol%), based on elemental
Mn at 0 ◦C. b Conversions, selectivity, and enantiomeric excess (ee) values were determined by GC with a chiral
capillary column (HP19091G-B233, 30 m × 0.25 mm × 0.25 µm) by integration of product peaks against an internal
quantitative standard (nonane), correcting for response factors. c Epoxide configuration R. d Epoxide configuration
1R, 2S. e Turnover frequency (TOF) is calculated by the expression of [product]/[catalyst] × time (s−1).

2.7. Investigation of Reuse Performance of Supported Catalysts

The reuse performance of solid catalysts is an important standard to measure whether the
catalytically active center has effectively and stably immobilized on the carrier. The reuse performance
of GO-salenMn was studied in detail with α-methyl-styrene as the template reaction. The results
are listed in Table 2 and show that the catalytic activity and enantioselectivity of the catalyst were
not significantly changed after the catalyst was reused three times, and the conversion rate was still
greater than 99%. With the increase in reuse times, enantioselectivity and chemical selectivity gradually
decreased. However, even after the catalyst was reused 10 times, the ee value was still higher than
52%. However, compared with fresh catalysts, the yield dropped from 96.9 to 55.6%. A possible
reason for deactivation of the GO-salenMn is the decomposition of salenMnCl under NaOH aqueous
solution [31].

Table 2. The recycling of GO-salenMn in the epoxidation of α-methyl-styrene a.

Run Conv (%) b Sele (%) b ee (%) b,c TOF d
× 10−4 (s−1)

1 >99 97.9 83.2 13.5
2 >99 97.0 83.0 13.3
3 >99 96.3 82.4 13.3
4 98.2 95.2 82.2 13.0
5 96.9 94.3 81.7 12.7
6 95.3 92.2 81.0 12.2
7 92.1 86.9 80.3 11.1
8 89.3 79.2 78.7 9.8
9 86.2 73.2 76.2 8.8

10 80.6 69.0 71.9 7.7
a,b,c The reaction conditions are the same as those for Table 1. d Turnover frequency (TOF) is calculated by the
expression of [product]/[catalyst] × time (s−1).

3. Material and Methods

3.1. Materials

The chemicals (1R,2R)-(-)-1,2-diaminocyclohexane, α-methyl-styrene, indene, n-nonane,
N-methylmorpholine N-oxide (NMO), m-chloroperbenzoic acid (m-CPBA), and γ-propyl
mercaptotrimethoxysilane (MPTMS) were purchased from Alfa Aesar. The other commercially
available chemicals that were procured were laboratory-grade reagents from local suppliers (Chuandong
Chemical Group Co., Ltd. Chongqing, China). Styrene was passed through a pad of neutral alumina
before use. Chiral salen ligand and chiral salenMnCl complex were synthesized according to previously
published procedures [1].
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3.2. Methods

Fourier transform infrared (FT–IR) spectra were obtained as potassium bromide pellets with
a resolution of 4 cm−1 in the range of 400–4000 cm−1 using a Bruker RFS100/S spectrophotometer
(Bruker, Karlsruhe, Germany). Atomic absorption spectroscopy (AAS) was used to determine the Mn
content of the catalysts using a TAS-986G (Pgeneral, Beijing, China), where 0.02 g of GO-salenMn
was calcined at 700 ◦C for 3 h, dissolved in 1:1 hydrochloric acid for 30 min, and the volume was
adjusted. The loading of Mn2+ was measured by standard addition method. To explore the success of
the GO-salenMn, high-resolution field emission scanning electron microscopy (FE-SEM, JSM 7800F,
Tokyo, Japan) operating at 5 kV was used to analyze the topographic microstructure. Environmental
SEM equipped with an energy dispersive (EDS) X-ray spectrometer was also used to investigate the
composition and spatial distribution of elements in the samples. Scanning electron microscope (SEM)
was carried out with a powder sample (100 mg) dispersed in alcohol (10 mL) and sonicated for 10 min.
The dispersion was dripped onto the conductive tape, and the tape was blown dry with a blower
and then tested. To carry out the EDS, the powder sample was put on a conductive adhesive cloth.
The interlayer spacings were recorded on a LabXRD-6100 automated X-ray power diffractometer
(XRD), using Cu Kα radiation and internal silicon powder standard with all samples (Shimadz, Kyoto,
Japan). The patterns were generally measured between 2.00◦ and 80.00◦ and X-ray tube settings of
40 kV and 5 mA. Thermogravimetry–differential scanning calorimetry (TG–DSC) analyses (5 mg)
were performed on a SBTQ600 thermal analyzer (TA, USA) with the heating rate of 10 ◦C·min−1

from 25 to 1000 ◦C under flowing N2 (100 mL·min−1). X-ray photoelectron spectroscopy (XPS) data
were obtained with an ESCALab250 instrument (MA, USA) electron spectrometer using 75 W Al Kα

radiation. The base pressure was about 1 × 10−8 Pa. The conversions (with n-nonane as an internal
standard) and the enantiomeric excess (ee) values were analyzed by gas chromatography (GC) with a
Shimadzu GC-2014 instrument (Shimadzu, Japan) equipped with a chiral column (HP19091G-B233,
30 m × 0.25 mm × 0.25 µm) and flame ionization detector; injector 230 ◦C, detector 230 ◦C. The column
temperature for a-methylstyrene, styrene, and indene was 80–180 ◦C. The retention times of the
corresponding chiral epoxides were as follows: (a) α-methyl-styrene epoxide: the column temperature
was 80 ◦C, tS = 12.9 min, tR = 13.0 min; (b) styrene epoxide: the column temperature was 80 ◦C,
tR = 14.7 min, tS = 14.9 min; (c) indene epoxide: the column temperature was programmed from 80 to
180 ◦C, tSR = 16.1 min, tRS = 17.1 min.

4. Preparation of Catalysts

4.1. Synthesis of GO and GO-NH2

The parent GO was prepared by the previously reported Hummers method [32,33]. Then, 0.50 g
of GO was dispersed in 20 mL of anhydrous toluene. After ultrasonication for 2.0 h, a certain amount
of APTES was added and stirred for 12 h under reflux [34] (Scheme 1). The solid was collected by
filtration, washed with dichloromethane, and vacuum-dried at 60 ◦C for 10 h. The final catalyst was
defined as amine-functionalized graphene oxide: GO-NH2, yield: 93.6%.
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Scheme 1. Synthesis of GO-NH2.

4.2. Synthesis of GO-salenMn Catalyst

In a 50 mL three-neck flask, 0.2 g amination carrier GO-NH2 was pre-added to 10 mL toluene for
undergoing ultrasonication for 30 min, followed by homogeneous chiral salenMnCl catalyst (543 mg,
1.0 mmol), Na2CO3 (120 mg, 3 mmol), and 20 mL toluene; the solution underwent reflux reaction
for 24 h (Scheme 2). After the reaction stopped, the mixture was cooled to room temperature. Then,
the solid mixture was soaked in methylene chloride, filtered by extraction, and centrifugally washed
in methylene chloride and ethanol successively until the filtrate was clarified. The final filtrate was
collected and tested by AAS, which showed no presence of Mn2+. The brown solid catalyst powder
was prepared by 60 ◦C vacuum drying to constant weight and the yield was 90.3%. AAS showed that
the loading of the supported catalyst Mn2+ was 0.39 mmol/g.
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4.3. Asymmetric Epoxidation

At 0 ◦C, substrate (0.5 mmol), NMO (337.5 mg, 2.5 mmol, 5 equiv., if necessary), nonane
(internal standard, 56.0 mL, 0.50 mmol), and a certain amount of GO-salenMn (0.010 mmol, 2.0%,
manganese-based) were successively added to 3 mL CH2Cl2 solution. The oxidant m-CPBA (138 mg,
1.0 mmol, 2 equiv.) was added to the thermostatic reaction system in four portions within two
minutes. After the reaction, NaOH aqueous solution (1 mol/L, 1.25 mL) was added to the system until
the pH value was slightly higher than 7. After n-hexane was added, organic phase was extracted
and dried by anhydrous sodium sulfate. Then column chromatography was conducted, and the
chromatography liquid was rotated–evaporated and directly injected into the gas chromatograph to
analyze the conversion rate and enantioselectivity. The racemic epoxides were prepared by epoxidation
of the corresponding olefins by m-CPBA in CH2Cl2 and confirmed by NMR, and the GC was calibrated
with the samples of n-nonane, olefins, and corresponding racemic epoxides.

4.4. Repeated Experiments of Supported Mn(Salen) Catalyst

In order to investigate the reuse performance of supported catalysts, α-methyl-styrene was used
as a substrate. After the initial reaction, n-hexane was added directly to the reaction system and
oscillated, and the organic phase at the top was separated after standing, and the supported catalyst at
the bottom was removed and successively washed by distilled water, dichloromethane, and ethanol,
and then dried for future use. Subsequent cycling with different amounts and product analysis was
performed according to Section 4.3.

5. Conclusions

In summary, a simple and effective heterogeneous catalyst, GO-salenMn, was developed in this
study and characterized in detail by FT–IR, TG–DSC, XPS, EDS, SEM, XRD, and AAS. The successful
preparation of GO-salenMn was confirmed. GO-salenMn can efficiently catalyze α-methyl-styrene,
styrene, and indene in m-CPBA/NMO as the oxidation system, and in particular, epoxides can be
obtained with higher enantioselectivity than those obtained by homogeneous salenMnCl catalyst.
However, enantioselectivity significantly decreased without the participation of axial promoter NMO.
After the supported catalyst was reused 10 times, the ee value of α-methyl-styrene epoxides was
still higher than that obtained by the homogeneous salenMnCl catalyst under the same conditions.
However, after the catalyst was reused six times, the selectivity of the catalyst significantly decreased.
The cause of catalyst deactivation still requires further investigation.
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