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Yaşar Gök | _Irem Tutkum Aykut | Halil Zeki Gök

Department of Biomedical Engineering,
Bucak Faculty of Technology, Burdur
Mehmet Akif Ersoy University, Burdur,
Turkey

Correspondence
Halil Zeki Gök, Department of Biomedical
Engineering, Bucak Faculty of
Technology, Burdur Mehmet Akif Ersoy
University, Bucak, Burdur 15300, Turkey.
Email: zekigok@mehmetakif.edu.tr;
yasargok@mehmetakif.edu.tr

Funding information
The Scientific and Technological Research
Council of Turkey, Grant/Award Number:
KBAG-118Z523; The Research Fund of
Burdur Mehmet Akif Ersoy University,
Grant/Award Number: 0551-YL-18

The main objective of this study is to develop readily accessible and recyclable

solid catalysts for enantioselective reactions. To achieve this, magnetic MCM-

41 and non-magnetic SBA-15 mesoporous supports were prepared, then

mesoporous silica supported chiral urea-amine bifunctional catalysts were syn-

thesized by grafting of chiral urea-amine ligand onto SBA-15 and magnetic

MCM-41. The magnetic and non-magnetic supports and so-prepared solid

catalysts were characterized by using different methods such as N2 sorption

measurements, Fourier transform infrared spectroscopy (FT-IR), field emission

scanning electron microscope-energy dispersive X-ray analysis (FESEM-EDX),

X-ray diffraction (XRD), and thermogravimetric analysis (TGA). Results

showed that (1R, 2R) or (1S, 2S)-1,2-diphenylethane-1,2-diamine was succes-

sively immobilized onto magnetic MCM-41 and SBA-15 pores. The heteroge-

neous chiral solid catalysts and their homogenous counterparts exhibited high

activities both enantioselective transfer hydrogenation reaction (up to 99%

conversion and 65% ee) and enantioselective Michael reaction (up to 98%

conversion and 26% ee). Moreover, the SBA-15 supported solid catalysts were

separated from the reaction mixture by simple filtration, whereas the magnetic

MCM-41 supported solid catalysts were separated by simple magnetic decanta-

tion and reused in three consecutive catalytic experiments.
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1 | INTRODUCTION

The vast majority of modern medicines and pesticides
used today contain the only one type of stereoisomeric
structure of the chemical substance. One of the enantio-
mers contained in pure nonstereoisomer drugs has the
desired effect for the organism, whereas the other enan-
tiomer may have negative effects.[1,2] Thalidomide is a
nausea remedy used in the 1950s. However, one of the
enantiomers contained in racemic thalidomide helps to
relieve nausea, whereas the other enantiomer has been

shown to have negative effects on the fetus. After this
tragedy, the research on the active ingredients of modern
drugs has begun to be the only one enantiomer.[3–6]

Homogeneous enantioselective catalysis is a very
powerful method used in the preparation of chiral mole-
cules for modern drugs. Prochiral starting compounds
can be converted into chiral products as a result of the
reaction catalyzed by a small amount of a chiral ligand in
enantioselective catalysis.[7–9] To date, a large number of
chiral catalysts with very high catalytic activity for
enantioselective catalysis has been published in the
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literature.[10–15] However, the industrial applications of
these privileged stereodirecting chiral catalysts are often
hindered by their high costs, the inability to recover them
after their use, and the removal of these toxic metals from
the organic product. Many different approaches have
been tried to facilitate easy recovery and recycling of
highly selective chiral catalysts. One of these approaches
is the fixation of the homogeneous chiral catalyst by
attaching it to a support material.[16–19] SBA- and MCM-
type silicas are two of the most popular support materials
used in the fixation of chiral catalyst via covalent bond
due to their ordered structure, very high surface areas,
uniform, tunable pore size, chemical composition,
shapes, and surface properties.[20–26] Silyl derivatives of
active catalysts can be grafted to the walls of silica sup-
ports by condensation of organosilane derivative of cata-
lysts with Si-OH groups on the surface of support
materials. Prepared heterogeneous materials for the
enantioselective catalysis have the advantages of the sim-
plicity of removal, regeneration, and reusability of
them.[27,28] In most cases, the removal of solid catalyst
can be performed by a simple filtration or centrifugation.
However, in some cases, recovering of solid catalyst from
reaction mixture could not be possible by these tech-
niques. Thanks to the magnetic nanoparticles. Magnetic
nanoparticles can be coated by silica shell and thus,
formed core-shell composite material has the benefits of
magnetic properties with the physicochemical properties
of silica. By using an external magnet, the solid catalyst
on magnetic support can be recycled easily by magnetic
decantation.[29–32] Therefore, preparation of solid cata-
lysts on magnetic support have attracted much attention
due to their great advantages in separation, purification,
and recycling and gained interest for application in bio-
diesel production,[29,30] preparation of chiral and non-
chiral molecules,[33–35] drug delivery,[36,37] cancer
therapy,[38,39] and theranostic applications.[40]

Chiral catalysts with many different functional
groups on different type of supports have been synthe-
sized so far to be used in enantioselective catalysis.[41–48]

48] However, many newly synthesized heterogeneous
catalysts show low catalytic activity. In recent years, it
has come to the fore to obtain suitable heterogeneous
catalysts by grafting of known highly effective homoge-
neous chiral catalysts to mesoporous silica nanoparticles
instead of the synthesis of new chiral ligands. Privileged
chiral ligands are known as efficient homogenous cata-
lysts. Chiral ligands with C2 symmetry are known as
privileged chiral catalysts that give very good results in
homogeneous enantioselective catalysis.[49,50] The com-
mon point of C2 symmetric chiral ligands is that they
have the rigid structure containing functional groups
with donor atoms such as oxygen, nitrogen, and

phosphorous which allow the chiral ligand to coordi-
nate to the metal atom. (1R, 2R) or (1S, 2S)-1,-
2-diphenylethane-1,2-diamine as a member of C2

symmetric ligands and has been subject of many studies
in the field of enantioselective catalysis.[51–54] However,
the studies in enantioselective heterogeneous catalysis
with the immobilized 1,2-diphenylethane-1,2-diamine
onto the mesoporous materials are still limited.

On account of given explanation above, in this
study, initially SBA-15 and magnetic MCM-41 were
prepared as supporting material. Then, silyl derivatives
of (1R, 2R) or (1S, 2S)-1,2-diphenylethane-1,2-diamine
4 and 5 were synthesized by the reaction of
(1R, 2R) or (1S, 2S)-1,2-diphenylethane-1,2-diamine
with triethoxy(3-isocyanatopropyl)silane. Thereafter
organofunctionalized silica nanoparticles were prepared
by the condensation of terminal organosilane of 4 and
5 with the Si OH groups on the surface of silica sup-
ports. The catalytic efficiency of prepared heterogeneous
catalysts was tested in enantioselective transfer hydroge-
nation and enantioselective Michael reaction. The effect
of different morphology and pore size in the case of
SBA-15 and magnetic MCM-41 on the catalytic perfor-
mance in asymmetric catalysis was also investigated.
The novelty of the present research is the easy prepara-
tion of heterogeneous solid catalyst on magnetic and
non-magnetic silica support in different morphology
and pore size and their application in different type of
enantioselective heterogeneous catalysis.

2 | EXPERIMENTAL

2.1 | Materials and equipment

Pluronic P123, triethoxy(3-isocyanatopropyl)silane (IPTES),
cetyltrimethylammonium bromide (CTAB), tetraethyl
orthosilicate (TEOS), (1R, 2R)-1,2-diphenylethane-
1,2-diamine, (1S, 2S)-1,2-diphenylethane-1,2-diamine, and
all other reagents were obtained from commercial suppliers
(Merck or Fluka). All the materials used during the experi-
ments were of analytical grade. Drying and purification of
solvents used in this study were performed by following the
procedure in Perrin and Armarego.[55] Infrared spectros-
copy was performed using Fourier transform infrared spec-
troscopy (FT-IR), the spectrum 65 Fourier infrared
spectrometer from Perkin Elmer using KBr pellet tech-
nique. Nuclear magnetic resonance (NMR) measurements
for 1H and 13C were acquired in CDCl3 on a Bruker
AVANCE III 400 MHz NaNoBay. Liquid chromatography
with tandem mass spectrometry (LC–MS/MS) measure-
ments were recorded on an Agilent LC–MS/MS 6460 Triple
Quad, whereas a Bruker Daltonics spectrometer was used
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for matrix assisted laser desorption ionization-time of
flight (MALDI-TOF) measurements. The X-ray diffraction
(XRD) measurement was carried out on a PANalytical
Empyrean X-ray diffractometer using Cu-Kα radiation
(λ = 0.154056 nm) within the scattering angle 2θ range of
1�–10�, and 10�–80�, respectively. Jeol SEM-7100-EDX
instrument was used to record the field emission scanning
electron microscope (FESEM) images of samples. The ther-
mogravimetric analysis (TGA) measurements were carried
out on a Seiko SII TG/DTA 7200 instrument. The flow rate
of N2 gas was 2 ml min−1 and the rate of heat was
10�C min−1 during the TGA analysis. N2 sorption iso-
therms were recorded on a Micrometrics Surface Area and
Porosity Tristar II analyzer. Brunauer–Emmett–Teller
(BET) method was used to calculate the surface area of
mesoporous materials, whereas Barrett, Joyner, and Hal-
enda (BJH) method was used for the calculation of pore
size distribution. The measurements of optical activity of
products was recorded in a Rudolph Autopol I polarimeter.
Stuart SMP10 electrothermal equipment were used to
determine the melting points. Enantiomeric excess was
determined on a Shimadzu Prominence LC-20A with
DAD detection using YMC Chiral ART Amylose-C column
and on Shimadzu GC-2010 Plus using chiral column
(HP-Chiral-20B).

2.2 | Synthesis

2.2.1 | Synthesis of SBA-15

The synthesis of SBA-15 was performed by following the
previously published procedure.[56] The gel composition
of TEOS:P123:HCl:H2O was 1.00:0.02:5.58:182.55, respec-
tively. Briefly, Pluronic P123 (16 g) was placed in a flask
containing 1.6 M HCl (600 ml) under stirring at 41�C.
After Pluronic P123 was dissolved, to the solution was
added TEOS (37 ml) dropwise. Then, the temperature
reduced to 25�C and kept stirring for further 20 h
followed by aging at 80�C for 15 h. Separation of the gel
portion by filtration, then washing with water and ethyl
alcohol afforded the white precipitate. The precipitate
was dried in oven at 60�C for overnight. Calcination at
550�C for 8 h to remove the template yielded the final
mesoporous SBA-15 nanoparticles.

2.2.2 | Synthesis of Fe3O4

The coprecipitation method was applied for the synthesis
of Fe3O4 nanoparticles.[57] For this, FeCl3.6H2O (8.5 g;
52.6 mmol), FeCl2.4H2O (2.26 g; 17.9 mmol) were put
together in a flask and dissolved by adding deionized

water (402 ml). The temperature of the stirring reaction
content was raised to 80�C. At this temperature, ammo-
nia solution was added dropwise to the reaction content
and stirred for a further 2 h at 80�C. After 2 h, the tem-
perature was allowed to cool to 25�C and then decanted
with the help of external magnet. The magnetic
nanoparticles were washed with water till they were neu-
tral. Drying the precipitant in an oven at 80�C for 4 h,
then under vacuum at 70�C for further 12 h afforded the
desired product Fe3O4.

2.2.3 | Synthesis of Fe3O4@MCM-41
(mMCM-41)

Fe3O4 nanoparticles (0.39 g; 1.7 mmol) were dispersed
in 600 ml of deionized water by using an ultrasonic
bath for 10 min. CTAB (3.12 g) was then added to the
solution containing Fe3O4 nanoparticles, and tempera-
ture was raised up to 70�C. After stirring 30 min, to the
reaction mixture was added TEOS (15 ml) over a 1 h
period. The temperature of reaction was allowed to cool
to 25�C and stirred for further 3 h. Ammonia solution
(25%) was added until the reaction pH was 10 and
stirred for another 12 h. The gel portion was separated
by filtration. It was then washed with water and ethyl
alcohol. The precipitate was dried in oven at 120�C for
2 h. Removing of template was carried out by calcina-
tion at 450�C for 4 h, yielding the final mesoporous
mMCM-41 nanoparticles.[58]

2.2.4 | 1-((1R,2R)-2-amino-
1,2-diphenylethyl)-3-(3-(triethoxysilyl)
propyl)urea (4)

A solution of triethoxy(3-isocyanatopropyl)silane
1 (0.113 g, 0.43 mmol) in dry DCM (6 ml) was added
over 1 h to the solution of (R, R) enantiomer of diamine
2 (0.1 g, 0.47 mmol) in dry DCM (4 ml) under inert
atmosphere at 25�C. Formation of products and deple-
tion of reactants were followed by TLC. After 24 h, the
reaction mixture was transferred into an evaporator
flask, and the solvent of the reaction mixture was evap-
orated under reduced pressure. The remaining crude
product was subjected to the silica gel column chroma-
tography. The solvent system was DCM:MeOH (97:3),
affording pure 4 as a transparent oil. Yield: 0.13 g
(66%). Found: C, 62.28; H, 7.98; N, 9.01%; “molecular
formula C24H37N3O4Si” requires C, 62.71; H, 8.11; N,
9.14%. α½ �20D = +11 (c, 1.0, CHCl3). FT-IR (disk) ν = 3,317,
3,065, 3,028, 3,006, 2,974, 2,925, 1,632, 1,559, 1,494, 1,453,
1,390, 1,242, 1,216, 1,193, 1,165, 1,100, 1,073, 1,029,
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954 cm−1. 1H-NMR (400 MHz, CDCl3, ppm) δ: 0.43–0.47
(m, 2H), 1.14 (t, J = 7.0 Hz, 9H), 1.41–1.46 (m, 2H),
1.92–2.04 (br, s, 2H), 2.98–3.03 (m, 2H), 3.71 (q,
J = 7.0 Hz, 6H), 4.53–4.56 (m, 1H), 5.65–5.67 (m, 1H),
7.03–7.06 (m, 2H), 7.13–7.18 (m, 3H), 7.20–7.25 (m, 7H).
13C-NMR (100 MHz, CDCl3, ppm) δ: 7.5 (CH2), 18.2
(CH3), 23.4 (CH2), 42.9 (CH2), 58.4 (CH2), 60.2 (CH), 60.4
(CH), 126.6 (CH), 126.7 (CH), 127.3 (CH), 127.4 (CH),
128.4 (CH), 128.5 (CH), 141.2 (C), 142.3 (C), 157.9 (C).
MS (ESI+) MS calculated [M + H]− for C24H38N3O4Si:
460.2 found: 460.20 [M + H]+.

2.2.5 | 1-((1S,2S)-2-amino-
1,2-diphenylethyl)-3-(3-(triethoxysilyl)
propyl)urea (5)

To obtain (S, S) derivative 5, the above-mentioned proce-
dure was carried out except (S, S) diamine derivative
3 used instead of 1. C24H37N3O4Si 5. Yield: 68%.
Found: C, 62.52; H, 8.16; N, 8.97%; “molecular formula
C24H37N3O4Si” requires C, 62.71; H, 8.11; N, 9.14%. α½ �20D
= −11 (c, 1.0, CHCl3). FT-IR (disk) ν = 3,313, 3,063,
3,030, 2,973, 2,925, 1,632, 1,590, 1,494, 1,453, 1,389, 1,256,
1,193, 1,165, 1,101, 1,075, 1,029, 955 cm−1. 1H-NMR
(400 MHz, CDCl3, ppm) δ: 0.33–0.37 (m, 2H), 1.03 (t,
J = 7.0 Hz, 9H), 1.30–1.37 (m, 2H), 1.81–1.88 (br, s, 2H),
2.88–2.93 (m, 2H), 3.61 (q, J = 7.0 Hz, 6H), 4.46–4.48 (m,
1H), 5.59–5.60 (m, 1H), 7.03–7.06 (m, 2H), 7.05–7.09 (m,
5H), 7.11–7.14 (m, 7H). 13C-NMR (100 MHz, CDCl3,
ppm) δ: 7.5 (CH2), 18.2 (CH3), 23.4 (CH2), 42.9 (CH2),
58.4 (CH2), 60.2 (CH), 60.4 (CH), 126.6 (CH), 126.7 (CH),
127.3 (CH), 127.4 (CH), 128.4 (CH), 128.5 (CH), 141.2
(C), 142.3 (C), 157.9 (C). MS (MALDI-TOF) MS calcu-
lated [M + H]− for C38H41N3O6Si: 663.3 found: 663.7
[M + DIT(C14H10O3)-4H]+.

2.2.6 | Synthesis of mesoporous silica
nanoparticles supported chiral urea-amine
bifunctional catalysts (6–9)

Before the functionalization, the mesoporous silica
nanoparticles were activated under vacuum at 120�C for
2 h. Compound 4 or 5 (0.08 g) in dry toluene (40 ml) was
added dropwise to SBA-15 or mMCM-41 (1 g) under inert
atmosphere at 25�C. The resulting mixture was stirred at
110�C for 20 h. Soxhlet extraction with dichloromethane
for 20 h yielded mesoporous silica nanoparticles
supported chiral urea-amine catalysts 6–9. The
supporting material of catalysts 6 and 7 was SBA-15,
whereas mMCM-41 was for catalysts 8 and 9.

2.2.7 | Screening of the catalytic activity of
4–9 in enantioselective transfer
hydrogenation of aromatic ketones

To screen the catalytic activity of 3–9 in ATH of
aromatic ketones, the general conditions applied for
the reactions are as follows. [Ru(p-cymene)Cl2]2 was
added to the solution of silyl derivatives 4 and 5 or
organofunctionalized mesoporous silica nanoparticles
6–9 in 7 ml of isopropanol under inert atmosphere at
25�C. Then, the temperature was brought to 82�C,
stirred for 2 h. After 2 h, the aromatic ketone was
added to the reaction flask at 25�C, and then the tem-
perature of reaction mixture was adjusted to 82�C.
Base catalyzed ATH was initiated by adding of NaOH
to the reaction mixture. To screen the conversions
and enantiomeric excess, a few drops of reaction mix-
ture were taken from the flask, diluted with iso-
propanol, and then filtered through microfilter. The
filtrate was loaded on GC equipped with chiral col-
umn. The conversions and enantiomeric excess were
calculated from the GC measurements by using the
area under the peak corresponding to the ketone and
its alcohol product.

2.2.8 | Screening of the catalytic activity of
4–9 in enantioselective Michael addition of
acetylacetone to nitroolefins

To screen the catalytic activity of 4–9 in enantioselective
Michael addition of acetylacetone to nitroolefins, the
general conditions applied for the reactions are as fol-
lows. Silyl derivatives 4 and 5 or organofunctionalized
mesoporous silica nanoparticles 6–9 were added to the
solution of nitrostyrene derivative (0.2 mmol) in
water/dry solvent and stirred for 10 min. Then, to this
solution was added acetylacetone under inert atmo-
sphere at 25�C and stirred for 48 h. After 48 h, catalysts
6–9 were recovered by either filtration or decantation.
To screen the conversions and enantiomeric excess,
samples were taken from the reaction content, diluted
with isopropanol and then filtered through microfilter.
The filtrate was loaded on high-performance liquid
chromatography (HPLC) equipped with chiral column.
The conversions and enantiomeric excess were calcu-
lated from the HPLC measurements by using the area
under the peak corresponding to the nitroolefin deriva-
tives and the product. The configuration of enantiomers
was determined by comparing the retention times of
our samples with the retention times reported in the
literature.[59]
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3 | RESULTS AND DISCUSSION

3.1 | Characterization of SBA-15, mMCM-
41, and 6–9

The preparation of mesoporous silica nanoparticles
supported chiral urea-amine bifunctional catalysts 6–9
were performed by following the steps described in
Scheme 1. FT-IR spectroscopy was employed as the
first step to characterize Fe3O4 magnetic nanoparticles,
the mesoporous materials SBA-15, mMCM-41 and

organofunctionalized mesoporous silica nanoparticles
(6–9). Figure 1 presents the FT-IR spectra of Fe3O4, SBA-
15, mMCM-41, and organofunctionalized mesoporous sil-
ica nanoparticles (6–9).

The overlaid FT-IR spectra of SBA-15 and solid cata-
lysts 6 and 7 were given Figure 1a,b. The stretching,
bending and out of plane signals of Si O bonds were
observed for SBA-15 at 1,082 (asymmetric stretching),
814 (symmetric stretching), and 458 cm−1 (bending vibra-
tion), respectively. Silanol groups in the structure of these
silica materials are characterized by the observed

SCHEME 1 Synthesis of

mesoporous silica nanoparticles

supported chiral urea-amine

bifunctional catalysts 6–9

F IGURE 1 FT-IR spectra of 3, 6, and
SBA-15 (a), FT-IR spectra of 5, 7, and SBA-15
(b), FT-IR spectra of 3, 8, and MCM-41 (c),

FTIR spectra of 5, 9, and MCM-41 (d)
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vibrational band at 962 cm−1. In addition to that, SBA-15
showed a band at 1,628 cm−1 belonging to water
adsorbed by SBA-15, and a band of 3,425 cm−1 due to
stretching from silanol groups in the structure of SBA-15.
The compatibility of the values obtained in the FT-IR
spectrum of the SBA-15 with the values in the literature
confirms that the synthesis of SBA-15 have been success-
fully carried out.[60–62] The observation of new bands in
FT-IR of 6 and 7 along with the preservation of IR bands
responsible for SBA-15 support can be taken as a clear
evidence for the incorporation of 4 and 5 to SBA-15. For
example, the band at 3,064 cm−1 was corresponded to the
aromatic ring vibration of organic groups (4 and 5). The
appearance of new band at around 2,930 and 2,867 cm−1

was assigned to stretching vibration of C H from CH2.
Carbonyl group of urea structure for 6 and 7 gave clear
vibrational band at 1,644 cm−1, which also confirmed the
successful functionalization of SBA-15. The stretching
vibration of NH and NH2 could not be observed
because the stretching of O H from Si OH groups on
the surface of mesoporous materials and from molecular
water within pores overlapped in same region. All these
FT-IR spectral data demonstrate that chiral silyl deriva-
tives 4 and 5 have been grafted onto the SBA-15, which
were also verified laterally by TGA analysis.

The FT-IR spectra of Fe3O4, Fe3O4/MCM-41
(mMCM-41), 8 and 9 were presented in Figure 1c,d. The
FT-IR spectra of Fe3O4 showed a characteristic stretching
vibration at 567 cm−1 corresponded to the Fe O bond
stretching vibration of Fe3O4. After coating MCM-41
shell, Fe3O4/MCM-41 composites (mMCM-41) exhibited
three characteristic peaks at 1,078, 802, and 455 cm−1,
corresponded to the anti-symmetric, symmetric Si O
stretching and deformation mode of SiO4 tetrahedral in
the MCM-41 silica. The bending vibration of Si OH
group in the MCM-41 silica were characterized by the
band located at 960 cm−1. However, this characteristic IR
absorption band was disappeared after incorporation of
4 and 5 onto mMCM-41, because Si OH groups in
mMCM-41 silica were reacted with the silyl groups of
4 and 5 to produce the heterogeneous solid catalysts
8 and 9. As for the solid catalysts 8 and 9, the observation
of IR absorption band at 570 cm−1 confirmed the pres-
ence of Fe O bond in their structure as well.[30–35,63] In
addition to that, the new IR absorption band at
1,635 cm−1 can be easily attributed to stretching vibration
mode of C O bond. Moreover, the weak IR bands at
2,935 and 2,870 cm−1 were due to the asymmetric and
symmetric stretching vibration of C H bonds. The
band at 3,038 cm−1 was corresponded to the aromatic
ring vibration of organic groups. The stretching vibration
of NH and NH2 could not be observed due to the
broad intense absorption of O H groups from Si OH

groups on the surface of mesoporous materials and from
molecular water within pores. Overall, these FT-IR
results confirmed that covalent grafting of 4 and 5 onto
mMCM-41 was performed successively.

Figure 2 shows the scanning electron microscope
(SEM) images of mesoporous materials SBA-15, mMCM-
41 and catalysts 6–9. As can be seen from Figure 2a, SBA-
15 has rod-like morphology aggregated into bundles as
commonly observed in pure SBA-15 material.[64] After
grafting of 4 and 5 onto SBA-15, no remarkable differ-
ences in the morphology was observed between bare
SBA-15 and solid catalysts 6 and 7 (Figure 2c,e). The mor-
phology of mMCM-41 and solid catalysts 8 and 9 were
also studied by SEM technique. SEM images of these
materials were shown in Figure 2b,d,f. Homogenous
spherical morphology was observed for mMCM-41. As
shown, the morphology of organofunctionalized meso-
porous silica nanoparticles 8 and 9 were similar to the
mMCM-41.

To determine the element contents of Fe3O4, SBA-15,
mMCM-41 and 6–9, energy dispersive X-ray analysis
(EDX) and elemental scanning mappings measurements
were performed. The EDX spectrum of SBA-15 showed
that the structure of this mesoporous silica material con-
tains only Si (24.9%) and O (75.1%), whereas mMCM-41
clearly exhibited the presence of Fe (0.2%) atom in its tex-
ture in addition to the Si (34.2%) and O (65.6%) atoms
(see Supporting information for the images). Whereas
only Fe and O were present in the texture of Fe3O4. Ele-
mental scanning mapping measurement also confirms
the presence of Si and O atoms for SBA-15, Fe and O
atoms for Fe3O4, and Fe, Si and O atoms for mMCM41 in
the structures of these materials (see Supporting informa-
tion for the images). The solid catalysts 6 and 7 possessed
the elements of Si, O, C, and N atoms in their texture,
whereas mMCM-41 supported catalysts 8 and 9 had the
element of Fe in addition to the elements of Si, O, C, and
N atoms. As can be clearly observed from the EDX spec-
trum of 6–9, after grafting of 4 and 5 onto the supporting
material SBA-15 and mMCM-41, carbon and nitrogen
contents were increased, whereas Fe and O contents were
decreased (Figure 3a for 6 and Figure 3b for 8). These
results also confirmed the successful grafting of 4 and
5 onto the SBA-15 and mMCM-41. The elemental scan-
ning mappings analyses were applied for the distribution
of elements in 6–9. The analyses clearly exhibited a
homogenous distribution of elements content in the
structure of 6–9 (Figure 4 for 8, see Supporting informa-
tion for the elemental scanning mappings of other
catalysts).

The purity, phase and crystallinity of Fe3O4, SBA-15,
mMCM-41, and 6–9 were measured by XRD technique.
Low-angle XRD of SBA-15 and mMCM-41 are illustrated
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in Figure 5. Figure 5a shows the diffraction patterns
recorded between 2θ = 0.5–5� for parent material SBA-15
and solid catalysts 6–7. All materials had same strong dif-
fraction reflection (100) at 2θ = 0.90�, which were consis-
tent with the characteristic peaks of a well-defined
hexagonal symmetry of mesoporous silica SBA-15.[64,65]

In addition to that intense peak, there were two low
intensity peaks between 1.5� and 1.9�. Noted that the
position of (100) reflection line for SBA-15 was shifted to
a large angle compared with the solid catalysts 6 and 7.
Also noted that the intensities of (100) peak of 6 and
7 were lower than SBA-15 supporting material, but the
shape of the signal of 6 and 7 was the same as the shape
of the signal of SBA-15. All these results confirmed that
the synthesis of heterogeneous chiral catalysts 6 and
7 was obtained successfully by the incorporation of
organic material onto SBA-15. The XRD patterns of
Fe3O4, mMCM-41, 8 and 9 were shown in Figure 5b–d.
According to the wide angle XRD pattern of Fe3O4 in

Figure 5c, Fe3O4 nanoparticles presented peaks at 30.5�,
36.1�, 42.4�, 57.3�, and 63.2�, attributing the typical
reflections of (220), (311), (422), (511), and (440) crystal-
lographic planes of Fe3O4, respectively, which cor-
responded to the values of the main peaks of Fe3O4

nanoparticles presented in the JCPDS database file,
No.85-1436.[29–34] After the surface modification of Fe3O4

nanoparticles with MCM-41, the same characteristic
peaks of Fe3O4 appeared in the wide angle XRD of
mMCM-41, but the intensity of the main peaks of Fe3O4

decreased because the molar ratio of Fe3O4 was relatively
low in the structure of mMCM-41 compared with the
pure Fe3O4. The broad peak at 20�–30� can be attributed
to the silica skeleton in mMCM-41 (Figure 5c). After
immobilization of chiral compounds 4 and 5 onto
mMCM-41, the same characteristic of the peaks of Fe3O4

and MCM-41 was observed in the wide angle XRD pat-
tern of 8 and 9. These results confirmed that the modifi-
cation of mMCM-41 did not change the crystal phase of

FIGURE 2 Scanning electron

microscope (SEM) images of SBA-15 (a),
mMCM-41 (b), 6 (c), 8 (d), 7 (e), and
9 (f)
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Fe3O4 particles (Figure 5d). To understand the meso-
porous nature of the mMCM-41 and catalysts 8 and 9, the
low angle XRD analyses of mMCM-41 catalysts 8 and
9 were performed and the results were presented in
Figure 3b. All three materials showed strong diffraction
reflection (100) at 2θ = 2.4�. The presence of strong dif-
fraction reflection in their XRD patterns can be attributed
to the regularity of mesoporous channels of MCM-
41.[29–34] Grafting of organic groups (4 and 5) onto
mMCM-41 resulted in lower intensity of characteristic
peaks for 8 and 9 compared with the peak of mMCM-41.
But, observation of the same characteristic peak for 8 and
9 confirms no loss of structural ordering. The successful
immobilization of organic layers onto supporting mate-
rial mMCM-41 was also confirmed by these obtained
results.

The structural parameters of SBA-15, mMCM-41,
and 6–9 were calculated from N2 adsorption–desorption
measurements and given in Table 1. Adsorption–
desorption isotherms with the distribution curves of
pore size for SBA-15, mMCM-41 and 6–9 were given in
Figure 6. According to IUPAC adsorption isotherm clas-
sification, N2 sorption isotherms of SBA-15, mMCM-41
and 6–9 were in agreement with a type IV adsorption
isotherm with an H1 hysteresis.[66] The amount of N2

adsorption showed an increase at 0.6 < P/P0 < 0.7 for

SBA-15, 6, and 7, and 0.2 < P/P0 < 0.3 for mMCM-41,
8, and 9. Bare mesoporous materials have bigger surface
area and larger pore volume than those for
organofunctionalized 6–9. As seen from Table 1, SBA-15
had a surface area of 459 m2 g−1, pore volume of
0.51 cm3 g−1 and the average pore size of 5.68 nm,
whereas mMCM-41 supports possessed a surface area of
1,129 m2 g−1, pore volume of 0.61 cm3 g−1 and the aver-
age pore size of 2.57 nm. As expected, prepared cata-
lysts 6–9 had smaller surface area and pore volume
compared with the parent supports, which proved that
organic groups (4 and 5) were successfully incorporated
into SBA-15 and mMCM-41 (Table 1).

TGA of SBA-15, mMCM-41, and 6–9 were performed
to calculate the amount of grafted organic groups (4 and
5) onto SBA-15 and mMCM-41. The obtained TGA curves
of SBA-15, mMCM-41, and 6–9 are shown in Figure 7.
The calculated amounts of organic groups of 6–9 are
presented in Table 2. TGA curves of bare SBA-15 and
mMCM-41 have two distinct regions of weight loss. The
first region was observed between 20�C and 150�C. Mass
lost in this region can be attributed to the removal of
water and organic solvents both on the surface and
within the pores of silica. The second mass loss region
was observed between 150�C and 650�C. The weight loss
was calculated as �2%. TGA curves in this region are
nearly flat. The 2% of weight loss was attributed to the
silanol condensation.[22,29–34] In the TGA analysis of 6–9,
the first weight loss was observed below 200�C because of
the solvents and water on the surface and within the
pores of 6–9.[67–69] It is very obvious from TGA curves
that the weight loss of 6–9 in the first region show a
decreased value compared with the first region of bare
mesoporous materials with 6–9, indicating that 6–9 have
higher hydrophobic character than bare mesoporous
materials.[70] After that, the weight loss in the second
region between 150�C and 600�C can be attributed to the
decomposition of covalently bounded organic groups
(4 and 5) within the pores. The amount of grafted organic
groups (4 and 5) onto SBA-15 and mMCM-41 was esti-
mated to be 0.16 mmol g−1 from the TGA curves.

3.2 | Catalytic studies

3.2.1 | Catalytic activity for
enantioselective transfer hydrogenation

The catalytic activities of the Ru(II) complexes of the
obtained chiral organic groups (4 and 5) and 6–9 were
tested in enantioselective transfer hydrogenation (ATH)
of various aromatic ketones. During the performing of
these reactions, the Ru(II) complexes of chiral organic

FIGURE 3 Energy dispersive X-ray analysis (EDX) diagrams

of (a) 6 and (b) 8
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groups (4 and 5) and 6–9 were prepared in situ. For this,
chiral organic groups (4 and 5) or 6–9 and [RuCl2(p-
cymene)]2 were mixed in isopropyl alcohol (iPrOH) for

2 h at 82�C. Enantioselective transfer hydrogenation reac-
tions were carried out by adding ketone and base on
those complexes prepared in situ.

FIGURE 4 Elemental scanning mappings of (a) silica, (b) oxygen, (c) carbon, (d) nitrogen, and (e) iron of 8

F IGURE 5 Low-angle X-

ray diffraction (XRD) patterns of

SBA-15, 6, and 7 (a), mMCM-41,

8, and 9 (b) and, wide-angle
XRD patterns of mMCM-41 and

Fe3O4 (c), mMCM-41, 8, and
9 (d)
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To determine the optimum reaction conditions for
the best catalytic activity, the ATH reaction of
acetophenone was chosen as the model in the presence
of 4. To find the substrate/catalyst/base (s/c/b) ratios
where catalysts can work most effectively, a series of test
reactions were performed. The ratios of s/c/b used in the
test reactions and the conversion values obtained are
shown in Table 3.

The initial condition for the first entry was deter-
mined as follows: iPrOH as hydrogen donor, NEt3 as the
base and substrate/catalyst (S/C) ratio as 250/1. When
the s/c ratio is 250/1, the amount of 0.05, 0.1, 0.2, 0.4, 0.8,
and 1 mmol of the NEt3 base was added to the reaction
medium, the effectiveness of the ruthenium complex of
chiral urea-amine bifunctional catalyst 4 in the ATH
reaction of acetophenone was determined by GC analysis
(Table 3, entries 1–6). The highest conversion of
acetophenone to the corresponding alcohol was obtained
in the reaction conditions where the amount of NEt3 in
the reaction was 0.4 mmol. A decrease in the conversion
values of acetophenone was observed when NEt3 was
used less or more than 0.4 mmol. When the
enantioselectivity results of these reactions were exam-
ined, it was observed that the product was obtained in all
reactions. Without NEt3 or catalyst 4 under identical con-
ditions, 1-phenylethanol was obtained with the conver-
sions of 47% and 60%, respectively. Moreover, no reaction
occurred between acetophenone and isopropyl alcohol in
the absence of [RuCl2(p-cymene)]2 (Table 3, entry).

After finding the ratio of base as 0.4 mmol, the effect
of base type on the catalytic activity of 4 was studied by
using NaOH, KOH, and tBuOK under the same reaction
conditions. As seen from Table 3, all three bases have
lower conversion rates than NEt3 after 24-h reaction
times. However, NaOH, KOH, and tBuOK bases
were able to catalyze the reaction enantioselectively,
unlike NEt3. The highest conversion (89%) and

enantioselectivity (56% ee) were obtained in the presence
of NaOH as base (Table 3, entry 12). Our final effort
involves determining the best catalyst/substrate ratio for
this model reaction. A decrease or an increase in the
amount of catalyst compared with 250/1 afforded the
product with lower conversion and enantioselectivity as
seen from entries 13–15 in Table 3.

To investigate the scope of chiral ligands 4 and 5, and
6–9 in ATH, the reduction of a series of aromatic ketones
to their corresponding alcohols was studied under
the optimized conditions (82�C, s/c = 250/1, NaOH as
the base) (Table 3, entry 12). In the case of 4 and 5, the
highest catalytic activities were obtained in the ATH
reaction of 40-chloroacetophenone and 40-
bromoacetophenone with poor enantioselectivities
(Table 4, entries 19, 25 for 4 and 20, 26 for 5). Changing
the substituent at p-position of the aromatic ketone from
chlorine or bromine to methyl or methoxy, the reactions
catalyzed 4 and 5 afforded chiral alcohols in moderate
conversion but with better enantioselectivities (Table 4,
entries 7, 13 for 4 and 8, 14 for 5). The highest
enantioselectivity was obtained as 65% ee within 2 h in
reaction of 40-methylacetophenone catalyzed with
4 (Table 4, entry 13).

To able to compare the catalytic activity of 6–9 with
their homogenous counterparts 4 and 5, 6–9 were tested
in the same reactions after coordination with [Ru(p-
cymene)Cl2]2. The catalytic results of 6–9 were also sum-
marized in Table 4. The obtaining acceptable
enantioselectivity under the similar reaction conditions
demonstrate the chiral recognition ability of 6–9. Among
the results, the highest enantioselectivity was obtained as
57% ee in the reaction of acetophenone within 2 h in the
presence of 8, which is a comparable result with the
result of its homogeneous counterpart 4 (Table 4,
entry 5).

But the enantioselectivity was decreased to 37% ee by
further increasing the reaction time to 24 h (Table 4,
entry 5). The same reaction was catalyzed by 9 with
30% ee (Table 4, entry 6). The morphology of 9 was very
similar with that of 8 according to the XRD, SEM, and
BET measurements. Showing very close catalytic activity
of 8 and 9 in ATH of aromatic ketones can be attributed
to their structural similarities. Under similar reaction
conditions, catalysts 6 and 7 gave lower conversions and
enantioselectivities compared with the results of 8 and
9 (Table 4, entries 3 and 4). Heterogeneous catalysts
6 and 7 were obtained by grafting of 4 and 5 onto SBA-
15. As seen in Table 1, the catalysts 8 and 9 have a much
higher BET surface area and pore volume than catalysts
6 and 7. The poor catalytic activities of 6 and 7 can be
due to their low BET surface area and pore volume which
cause slower reaction rates and slow diffusion of guest

TABLE 1 Structural parameters of SBA-15, mMCM-41, and

6–9

Samples SBET (m2 g−1)a Dp (nm)b Vp (cm
3 g−1)c

SBA-15 459 5.68 0.51

(6) 327 5.59 0.39

(7) 338 5.61 0.40

mMCM-41 1,129 2.57 0.61

(8) 995 2.43 0.51

(9) 930 2.43 0.50

aSBET = surface area, calculated BET method.
bDp = pore diameter, calculated BJH method.
cVp = pore volume.
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molecules throughout the mesoporous matrix during the
catalytic process.[71–73] The experimental results showed
that the structural morphology of mesoporous silica
nanoparticles has important effect on the performance of
heterogeneous catalysts.

The rate and enantioselectivity in enantioselective
transfer hydrogenation reaction are sensitive to the steric
and electronic properties of the substrate because the
transfer hydrogenation is reversible.[74,75] The results

FIGURE 6 N2 adsorption–

desorption isotherms of SBA-15, 6, and
7 (a), mMCM-41, 8, and 9 (b) and, pore
size distribution for SBA-15, 6, and
7 (c) mMCM-41, 8, and 9 (d)

FIGURE 7 Thermogravimetric analysis (TGA) analysis of

SBA-15, 6, and 7 (a); MCM-41, 8, and 9 (b)

TABLE 2 Percentage of weight loss of SBA-15, mMCM-41,

and 6–9 versus temperature

Samples

Weight loss (% w/w)

Residuals > 650�C
(% w/w)

20�C–
150�C

150�C–
750�C

SBA-15 3.8 1.4 94.8

(6) 3.6 7.1 85.7

(7) 2.2 6.9 88.7

mMCM-41 6.7 1.1 92.2

(8) 1.3 7.1 91.6

(9) 1.6 7.2 91.2
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from Table 4 were aroused that the introduction of
electron withdrawing substituents such as chlorine or
bromine atom to the p-positions of related aromatic
ketones resulted in higher conversion (99%) and poor
enantioselectivity (ras-18% ee), whereas the presence of
an electro-donating group such as methyl or methoxy at
the p-position of aromatic ketones tended to lower cata-
lytic activity (31%–70%) and moderate enantioselectivity
(65% ee) (Table 4, entries 7–30). It has been also observed
that sterically larger groups lead to a decrease in reaction
rate and enantioselectivity, regardless of their electron
withdrawing or electro-donating properties.

Additionally, the conversion of aromatic ketones
increased sharply with the prolonged reaction time, but the
higher conversion resulted in lower enantioselectivities. It
was mentioned above that the transfer hydrogenation of

ketones was reversible.[74,75] Noted that all ee values
obtained within 2 h were higher than the values obtained
within 24 h, which are in agreement with the literature
explanations. On the other hand, considering the 24-h
period, 6–9 exhibited comparable enantioselectivity but
lower catalytic activity than their homogeneous counter-
parts 4 and 5. The poor catalytic activity of 6–9 can be
explained by irregularly distributed 4 and 5 onto the MSNs,
which makes the access of substrate to the active site
difficult.[71–73]

The influence of increased amount of 6–9 on conver-
sion and enantioselectivity was investigated in the ATH
of acetophenone and summarized in Table 5. A sharp
increase of catalytic activity in all cases was observed
upon increasing S/C ratio. The catalytic activity in the
case of 8 and 9 reached to 87% and 85% within 24 h

TABLE 3 Reaction optimization for enantioselective transfer hydrogenation of acetophenone

Entry Time (h) Base mmol Conversion (%)a % eeb TONc

1 2 (24) NEt3 0.05 66 (89) ras 223

2 2 (24) NEt3 0.1 52 (70) ras 175

3 2 (24) NEt3 0.2 45 (55) ras 138

4 2 (24) NEt3 0.4 86 (98) ras 245

5 2 (24) NEt3 0.8 31 (56) ras 140

6 2 (24) NEt3 1 32 (44) ras 110

7d 2 (24) - - 7 (47) ras 118

8e 24 NEt3 0.4 - - -

9f 24 NEt3 0.4 60 ras 150

10 2 (24) KOH 0.4 10 (41) 53 (15)(R) 103

11 2 (24) t-BuOK 0.4 16 (54) 55 (20)(R) 135

12 2 (24) NaOH 0.4 46 (89) 56 (33)(R) 223

13g 2 (24) NaOH 0.4 27 (80) 49/18(R) 200

14h 2 (24) NaOH 0.4 11 (75) 3/ras 188

15i 2 (24) NaOH 0.4 11 (67) ras 168

Note. Reactions were performed by using 1 mmol acetophenone in 7 ml of iPrOH with Ru:ligand = 1:2. Substrate/catalyst ratio was 250/1 for
the entries 1–12.
aDetermined by GC (HP-Chiral-20B).
bAbsolute configuration was confirmed by comparing the retention times of the enantiomers on the GC traces with that reported in the
literature.
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].
dIn the absence of NEt3.
eIn the absence of [RuCl2(p-cymene)]2.
fIn the absence of catalyst 4.
gSubstrate/catalyst ratio was 125/1.
hSubstrate/catalyst ratio was 500/1.
iSubstrate/catalyst ratio was 1,000/1.
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TABLE 4 Ru-catalyzed enantioselective transfer hydrogenation of ketones with chiral urea-amine bifunctional ligand 4, 5, and their

heterogeneous counterparts 6–9

Entry R Cat Time (h) Conversion (%)a % eeb TONc

1 H 4 2 (24) 46 (89) 56 (33)(R) 223

2 H 5 2 (24) 14 (70) 22 (4)(S) 175

3 H 6 2 (24) 23 (27) 12 (10)(R) 68

4 H 7 2 (24) 14 (22) 27 (10)(S) 55

5 H 8 2 (24) 12 (18) 57 (37)(R) 45

6 H 9 2 (24) 26 (30) 37 (30)(S) 75

7 OCH3 4 2 (24) 26 (46) 57 (25)(R) 115

8 OCH3 5 2 (24) 8 (31) 49 (20)(S) 78

9 OCH3 6 2 (24) 11 (12) 2 (1)(R) 30

10 OCH3 7 2 (24) 6 (8) 27 (18)(S) 20

11 OCH3 8 2 (24) 6 (11) 36 (5)(R) 28

12 OCH3 9 2 (24) 21 (27) 38 (35)(S) 68

13 CH3 4 2 (24) 42 (70) 65 (38)(R) 175

14 CH3 5 2 (24) 14 (57) 47 (10)(S) 143

15 CH3 6 2 (24) 17 (19) 14 (9)(R) 48

16 CH3 7 2 (24) 16 (31) 33 (16)(S) 78

17 CH3 8 2 (24) 13 (22) 54 (31)(R) 55

18 CH3 9 2 (24) 30 (38) 41 (32)(S) 95

19 Cl 4 2 (24) 62 (99) 32 (18)(R) 248

20 Cl 5 2 (24) 43 (98) 31 (16)(S) 245

21 Cl 6 2 (24) 16 (35) 31 (6)(R) 88

22 Cl 7 2 (24) 16 (34) 32 (11)(S) 85

23 Cl 8 2 (24) 30 (56) 47 (20)(R) 140

24 Cl 9 2 (24) 27 (43) 59 (34)(S) 108

25 Br 4 2 (24) 38 (99) ras 248

26 Br 5 2 (24) 40 (94) 38 (18)(S) 235

27 Br 6 2 (24) 17 (44) 31 (4)(R) 110

28 Br 7 2 (24) 7 (21) 30 (5)(S) 53

29 Br 8 2 (24) 17 (40) 42 (15)(R) 100

30 Br 9 2 (24) 23 (43) 47 (17)(S) 108

Note. Reactions were performed by using 1 mmol acetophenone in 7 ml of iPrOH with Ru:ligand = 1:2; Substrate/catalyst ratio was 250/1 for
all entries.
aDetermined by GC (HP-Chiral-20B).
bAbsolute configuration was confirmed by comparing the retention times of the enantiomers on the GC traces with that reported in the
literature.
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].
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(Table 5, entries 12 and 16). In this case, an increase in
the amount of 8 and 9 for ATH of acetophenone has a
slight influence on enantioselectivity (Table 5, entries
9, 11, 12 for 8 and 13, 15, 16 for 9). On the other hand,
SBA-15 supported catalysts 6 and 7 showed a significant
improvement in enantioselectivity when S/C was
increased (Table 5, entries 1, 3, 4 for 6 and 5, 7, 9 for 7).

The increasing S/C ratio of 6 from 250/1 to 62/1
resulted in 75% conversion with the highest
enantioselectivity (44% ee) for a 24 h reaction period. The
similar trend was also observed in the case of 7 (Table 5,
entry 8). SBA-15 supported catalysts 6 and 7 showed a
remarkable improvement in enantioselectivity when
compared with the mMCM-41 supported catalysts 8 and
9. SBA-15 supported catalysts 6 and 7 have a pore volume
of �0.40 cm3 g−1, whereas the mMCM-41 supported cata-
lysts 8 and 9 have �0,51 cm3 g−1, but pore diameters of

6 and 7 were higher than 8 and 9 which makes the access
of the substrate to the catalyst surface easy. The low cata-
lytic activity of 6 and 7 comparing to the 8 and 9 was due
to their low BET surface areas and pore volumes which
have big influences on the reaction rates and needed lon-
ger reaction time as mentioned before according to the
published literature.[71–73]

The reusability of 6–9 was investigated in the reac-
tion of acetophenone and iPrOH. After the reactions,
the SBA-15 supported catalysts 6 and 7 were separated
from the reaction mixture by simple filtration, whereas
the mMCM-41 supported catalysts 8 and 9 were sepa-
rated by decantation because they contained magnetic
Fe3O4 in their mesoporous structure. The recovered 6–9
were then subjected to the washing with water and
drying under vacuum and then used in the next run
without any treatment. The dramatical decrease in the

TABLE 5 The effect of catalyst amount on Ru-catalyzed ATH of acetophenone with 6–9 and recyclability of 6–9

Entry S/C Run Catalyst Conversion (%)a, b % eec TONd

1 125/1 1 6 30 (38) 58 (50)(R) 48

2 125/1 2 6 1 (3) ras 4

3 83/1 1 6 40 (60) 57 (46)(R) 50

4 62/1 1 6 54 (75) 52 (44)(R) 47

5 125/1 1 7 17 (33) 43 (31)(S) 41

6 125/1 2 7 1 (2) ras 3

7 83/1 1 7 20 (49) 40 (23)(S) 41

8 62/1 1 7 24 (71) 40 (20)(S) 44

9 125/1 1 8 27 (80) 36 (21)(R) 100

10 125/1 2 8 3 (5) 12 (2)(R) 6

11e 125/1 3 8 (85) ras 106

12f 83/1 1 8 34 (87) {95} 37 (24){22}(R) 80

13 125/1 1 9 13 (31) 42 (16)(S) 26

14 125/1 2 9 2 (6) 8 (5)(S) 8

15 83/1 1 9 24 (61) 36 (22)(S) 51

16 62/1 1 9 38 (85) 34 (24)(S) 53

Note. Reactions were performed by using 1 mmol acetophenone in 7 ml of iPrOH with Ru:catalyst = 1:2.
aDetermined by GC (HP-Chiral-20B).
bResults at second hour of the reactions are shown outside of brackets and those of 24th hour are in brackets.
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].
dAbsolute configuration was confirmed by comparing the retention times of the enantiomers on the GC traces with that reported in the
literature.
e0.004 mmol of [Ru(p-cymene)Cl2]2 was added at the third run of 8.
fThe reaction was followed for 48 h and the conversion at 48th hour was given in {}.
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catalytic activity and enantioselectivity might be the
result of leaching of Ru metal from 6–9. To check the
leaching of ruthenium from the support, [Ru(p-cymene)
Cl2]2 was further added to the third run of 8 (Table 5,
entry 12). No observation of enantioselectivity showed
that catalyst 8 lost its activity irreversibly during the
recycling route.[76]

3.2.2 | Catalytic activity for
enantioselective Michael reaction

The catalytic activity of four supported catalysts 6–9,
and their homogeneous counterparts 4 and 5 was inves-
tigated in enantioselective Michael reaction. Initially,
the blank experiments were performed in different

TABLE 6 Screening of the reaction conditions for enantioselective Michael addition of acetylacetone to trans-β-nitrostyrene

Entry Catalyst Solvent Conversion (%)a ee (%)b TONc

1 SBA-15 H2O - - -

2 SBA-15 CH2Cl2 - - -

3 SBA-15 Toluene - - -

4 mMCM-41 H2O - - -

5 mMCM-41 CH2Cl2 - - -

6 mMCM-41 Toluene - - -

7 4 H2O 91 5 13

8 4 CH2Cl2 15 10 2

9 4 Toluene 28 15 4

10 5 H2O 96 3 �14

11 5 CH2Cl2 8 26 1

12 5 Toluene 7 11 1

13 6 H2O 94 7 13

14d 6 H2O 87 5 12

15e 6 H2O 98 9 �14

16 6 CH2Cl2 15 rac 4

17 6 Toluene 30 rac 8

18 7 H2O 92 5 13

19 7 CH2Cl2 16 5 4

20 7 Toluene 43 rac 6

21 8 H2O 92 5 13

22 8 CH2Cl2 15 10 4

23 8 Toluene 28 15 4

24 9 H2O 97 3 �14

25 9 CH2Cl2 22 rac 3

26 9 Toluene 51 2 7

Note. Reactions were performed by using trans-β-nitrostyrene (0.2 mmol) and acetylacetone (0.4 mmol).
aIsolated yield.
bEnantiomeric excess was determined by HPLC analysis using YMC chiral ART Amylose-C column.[22]
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].
dReactions were performed at 50�C.
eThe amount of catalyst was doubled.
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reaction solvents such as water, toluene, and dic-
hloromethane by using the supporting material SBA-15
and mMCM-41. As shown in Table 6, no product
formation was observed in the presence of those
materials (entries 1–6). Then, bifunctional urea-amine
organocatalysts 4 and 5, and their silica supported
counterparts 6–9 were examined in the same reactions.
From Table 6, we can see that the solvent has clearly
affected the catalytic performance of catalysts. In all
entries, the product formation in water were yielded
higher than those in dichloromethane or toluene. The
highest conversion was obtained under the catalysis of
6 with poor enantioselectivity at room temperature
(Table 6, entry 13).

Next, the effect of changes in the amount of catalyst
and temperature on catalytic activity was investigated
(Table 6, entries 14 and 15). Increasing the reaction

temperature and the amount of catalyst gave lower con-
version and enantioselectivity (Table 6, entries 14 and
15). After these results from the entries, the optimized
conditions were preferred as follows: room temperature,
7% mol of catalyst and water as solvent.

Silica supported catalysts 6–9 gave moderate to high
conversions with poor enantioselectivities for various
substrates (Table 7). In case of electro-donating substitu-
ents at p- or o-positions of benzene ring, high conversions
with low enantioselectivity were obtained in the presence
of 6–9 (Table 7, entries 9–16). In contrast, electron-
withdrawing substituents at p- or o-positions of benzene
ring resulted in lower conversions and enantioselectivity
(Table 7, entries 1–8).

To investigate the recyclability of 6–9, the reaction
between acetylacetone and β-nitrostyrene was studied
under the optimized condition (Table 8). The recovery

TABLE 7 Enantioselective Michael addition of acetylacetone to representative trans-β-nitrostyrene derivatives

Entry R Catalyst Conversion (%)a ee (%)b TONc

1 2-Br(10) 6 55 6 �8

2 2-Br(10) 7 72 rac 10

3 2-Br(10) 8 56 4 8

4 2-Br(10) 9 88 3 13

5 4-Br(11) 6 40 8 �6

6 4-Br(11) 7 50 10 7

7 4-Br(11) 8 42 6 6

8 4-Br(11) 9 48 8 �7

9 2-MeO(12) 6 73 4 10

10 2-MeO(12) 7 85 rac 12

11 2-MeO(12) 8 97 2 �14

12 2-MeO(12) 9 90 5 �13

13 4-MeO(13) 6 70 10 10

14 4-MeO(13) 7 75 10 �11

15 4-MeO(13) 8 63 2 9

16 4-MeO(13) 9 75 12 �11

Note. Reactions were performed by using trans-β-nitrostyrene derivative (0.2 mmol) and acetylacetone (0.4 mmol).
aIsolated yield.
bEnantiomeric excess was determined by HPLC analysis using YMC chiral ART Amylose-C column.[22]
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].
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of the catalysts 6–9 were performed as same as in ATH.
According to the results in Table 8, all catalysts showed
a gradual decrease in catalytic reactivity after the first
run. FT-IR measurements of recovered 6–9 were taken

to determine whether there was a change in the active
site of catalysts. All the catalysts have the similar FT-IR
spectra, but that spectrum was different from the FT-IR
spectrum recorded before the first use in catalytic

TABLE 8 Recycling studies of mesoporous silica-supported catalysts 6–9 in enantioselective Michael addition of acetylacetone to

trans-β-nitrostyrene

Entry Run Catalyst Conversion (%)a ee (%)b TONc

1 1 6 94 7 13

2 2 6 73 7 10

3 3 6 37 5 5

4 1 7 92 6 13

5 2 7 70 8 10

6 3 7 50 10 7

7 1 8 93 5 13

8 2 8 65 2 9

9 3 8 46 1 �6

10 1 9 97 3 �14

11 2 9 47 2 �6

12 3 9 34 2 �5

Note. Reactions were performed by using trans-β-nitrostyrene derivative (0.2 mmol) and acetylacetone (0.4 mmol).
aIsolated yield.
bEnantiomeric excess was determined by HPLC analysis using YMC chiral ART Amylose-C column.[22]
cTON (Turnover number) = [moles of desired product (chiral secondary alcohol) formed]/[moles of catalyst used].

TABLE 9 Comparison of homogenous chiral catalyst 4 and heterogenous chiral solid catalyst 8 in ATH of acetophenone with

previously reported chiral diamine derivative catalysts

Entry Cat. S/C Solvent Time (h) Conversion (%) ee(%) Ref.

1a 4 250/1 iPrOH 24 99 33 This work

2a M-1 100/1 iPrOH 24 81 89 Zhou et al.[79]

3a TsDPEN derivatives (8) 100/1 iPrOH 40 83 82 Zhang et al.[80]

4a Proline-DPEN 100/1 HCO2Na 24 100 90 Manville et al.[81]

5a 3,30,5,50-TM-TsDPEN 100/1 HCO2Na 24 99 89 Liu et al.[82]

6a N0-Me-TsDPEN 100/1 HCO2H/Et3N 10 99 96 Martins et al.[83]

7a Tethered-TsDPEN 200/1 HCO2H/Et3N 24 100 95 Martins et al.[84]

9b 8 125/1 iPrOH 24 87 24 This work

10b TsDPEN@MCM-41 100/1 HCO2H/Et3N 8 99 96 Liu et al.[76]

11b TsDPEN@SBA-15 100/1 HCO2H/Et3N 8 99 96 Liu et al.[76]

aHomogenous enantioselective transfer hydrogenation.
bHeterogeneous enantioselective transfer hydrogenation.
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reaction (see Supporting information for the spectra). It
was found that some shifts in wavelengths of the char-
acteristic peaks of catalysts 6–9 after the first run
occurred in addition to the appearance of some new
peaks. These observations for the recovered catalysts
6–9 can be probably due to the leaching of catalysts
from mesoporous silica structures or the chemical insta-
bility of organic structure in reaction media. Therefore,
the decrease in the catalytic activity of recovered cata-
lysts 6–9 can be attributed to the instability of grafted
4 and 5 in channels of MSNs.[77]

3.2.3 | Comparison of the catalysts

Because the introduction of 1,2-diphenylethylenediamine
as a chiral ligand for the Ru(II)-catalyzed asymmetric
transfer hydrogenation of ketones, several ligands of this
type have been reported.[78] Table 9 is summarized the
comparison of the efficiency of solid chiral catalyst 8 and
its homogenous counterpart 4 with previously reported
catalysts in the obtained results for the enantioselective
transfer hydrogenation of acetophenone. As shown, the
catalysts synthesized in this work are as effective as other
catalysts in terms of catalytic activity. But the results for
the enantioselectivity in the case of 4 and 8 were obtained
lower than the results of other catalysts.

4 | CONCLUSION

The synthesis of a series of mesoporous silica-grafted chi-
ral urea-amine bifunctional catalysts 6–9 has been
reported. The catalytic efficiencies of these synthesized
catalysts in enantioselective transfer hydrogenation of
aromatic ketones and enantioselective Michael addition
of acetylacetone to nitroolefins were investigated. In
enantioselective Michael addition of acetylacetone to
nitroolefins, 6–9 showed remarkably high catalytic
activity (up to 98%) but poor enantioselectivity. In ATH
of aromatic ketones, chiral urea-amin catalysts 4 and
5 catalyzed the reactions to afford the corresponding
alcohols in moderate to high conversion (31%–70%)
with poor to moderate enantioselectivity (4%–38% ee).
Under the optimized conditions, their silica supported
derivatives 6–9 exhibited comparable enantioselectivity
but lower catalytic activity. Increasing the S/C ratio
resulted in high catalytic activity (95%) and better
enantioselectivity (44% ee) compared with their homoge-
neous counterparts. In general, the mMCM-41 supported
catalysts 8 and 9 showed higher catalytic activity than
6 and 7. The different catalytic activities of 6–9 demon-
strate that the structural morphology of mesoporous

silica nanoparticles has important effect on performance
of heterogeneous catalysts. Although the catalysts were
losing their activities gradually in multiple runs, the easy
preparation and recovery of the catalysts are the key
advantages of this methodology. Further investigation to
improve the efficiency and recyclability of these kind of
catalysts is ongoing in our laboratory and will be publi-
shed in due course.
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