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Ru-TsDPEN (TsDPEN = N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine) derived catalyst was firstly
immobilized in the magnetic siliceous mesocellular foam material. This heterogeneous catalyst afforded
high catalytic activities and ee values in the asymmetric transfer hydrogenation of imine in HCOOH-EtsN
system and aromatic ketones in aqueous HCOONa. Furthermore, this heterogeneous catalyst showed an

excellent durability and can be reused conveniently by external magnet for at least nine times without
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1. Introduction

Asymmetric transfer hydrogenation (ATH) has received con-
siderable attentions due to its high performance, operational
simplicity and the easy availability of reductants. Among the
various chiral catalysts reported, the most notable is the
ruthenium catalyst Ru-TsDPEN (TsDPEN = N-(p-toluenesulfonyl)-
1,2-diphenylethylenediamine) developed by Noyori, Ikariya and
co-workers [1-3]. This catalyst and related variants have been
applied to a wide range of prochiral ketones and imines, affording
good to excellent enantioselectivities in 2-propanol, HCOOH-Et3N
mixture and aqueous HCOONa systems [4,5]. Although ATH based
on metal complexes has been found to be reliable, the current
emphasises for chemical transformations from environmental and
economical concerns require high efficiency, low cost, easy sepa-
ration and the production of minimum waste. Thus heterogeneous
catalysts, especially catalysts supported on insoluble matrices, are
preferable and can afford clean transformations from laboratory to
large-scale operations due to the easy separation and recycling of
catalysts through filtration. Several catalysts supported on insolu-
ble supports have been reported for ATH [6-10]. However, in those
cases recovery of heterogenized catalysts through filtration or cen-
trifuge is troublesome because the ruthenium hydride species is
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air-sensitive and potentially liable to decomposition during han-
dling process. In this regard, there is a need to find new methods
and strategies in order to overcome this limitation.

Magnetic nanoparticles, owing to their easy separation and loca-
tion in the presence of an external magnet, have been extensively
applied in various biological fields, such as magnetic resonance
imaging, drug delivery, biomolecular sensors and bioseparation
[11,12]. Magnetic separation provides a convenient method for
removing and recycling magnetized species by applying an appro-
priate magnetic field. This approach may potentially overcome
the negative effect caused by air during recovery of catalyst and
can increase the durability of the catalysts. Recent reports have
shown that magnetic nanoparticles can be used as the supports
for catalysts and can facilitate their separation from the reaction
media [13-20]. However, the low surface area and easy aggregation
of magnetic nanoparticles cumber their practical applications as
the supports of catalysts. To overcome these drawbacks, magnetic
nanoparticles have been introduced into various mesoporous sil-
ica [21-26], which as the supports for the immobilization of chiral
catalysts have been widely demonstrated due to their high surface
areas, well-defined pore sizes and easy modification by silylation
[27]. These types of magnetic nanoparticle-based materials, com-
bining the advantages of both mesoporous silicas and magnetic
nanoparticles, are potentially ideal supports for the immobiliza-
tion of catalyst. Few examples have been reported of chiral catalysts
that are immobilized in magnetic mesoporous silica [28]. In this
study, we report our efforts to immobilize the Ru-TsDPEN cat-
alyst in a magnetic siliceous mesocellular foam, affording high
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catalytic activities and good enantioselectivities in the ATH of
imine in HCOOH-Et3N system and aromatic ketones in aque-
ous HCOONa. Furthermore, this heterogeneous catalyst shows an
excellent durability and can be reused conveniently by external
magnet for at least nine times with reasonable loss of catalytic
activity.

2. Experimental
2.1. Instruments and materials

Nitrogen sorption isotherms were measured at 77K on an
ASAP 2000 system in the static measurement mode. The sam-
ple was degassed at 393K for 6 h prior to the measurement. The
pore diameters of the cage and window were calculated from the
adsorption and desorption branches of the isotherm using the
Barrett—-Joyner-Halenda method. X-ray powder diffraction (XRD)
patterns were recorded on a Rigaku D/Max 3400 powder diffrac-
tion system using Cu KR radiation over the range 10° <26<80°.
Infrared spectra were recorded on a Thermo Nicolet Nexus 470
Fourier transform infrared (FT-IR) spectrometer.

Spherical siliceous mesocellular foam (Foam) was synthesized
according to the method described by Ying and co-workers [29].
Magnetic particles were introduced into the Foam by modified
methods according to the literature procedure [30], and the result-
ing magnetic material was denoted as Foam(M). TsDPEN-derived
ligand 1 was synthesized according to literature [7].

2.2. The preparation of organic-inorganic hybrid ligand
TsDPEN/F(M)

Foam (M) (3 g) was heated at 100 °C in vacuum for 3 h, and then
dry toluene (25 mL) and ligand 1 (0.5 g) were added. The reaction
mixture was refluxed for 24 h in stirring. The residua were collected
by an external magnet, and washed carefully using methanol and
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CH,Cl,, to give hybrid ligand TSDPEN/F(M). The nitrogen elemental
analysis shows that the ligand 1 loading is 0.19 mmol/g.

2.3. Typical procedure for ATH of imine using Ru-TsDPEN/F(M)
catalyst

TsDPEM/F(M) (40mg, containing 7.5pumol ligand 1) and
[RuCl,(p-cymene)]; (1.5 mg, 2.5 wmol) were stirred in dry CH,Cl;
(2mL) for 1 hunder argon at room temperature. Thenimine 2 (0.1 g,
0.5 mmol), formic acid (0.065 mL, 1.72 mmol) and varying amounts
of triethylamine (0.097-0.252 mL, 0.70-1.83 mmol) were added.
The reaction was stirred at 40 °C and monitored by TLC. After the
completion of the reaction, catalyst was collected by an external
magnet and the solution was removed by syringe. The catalyst was
then washed with CH,Cl, (2 mL x 2) and the solvent was removed.
A new reaction could be conducted by adding substrate, triethy-
lamine and formic acid to the recovered catalyst. The product was
isolated by silica gel column and the ee value was determined by
HPLC with Chiralcel OD-H column on Agilent 1100 Series.

2.4. Typical procedure for aqueous ATH of aromatic ketones using
Ru-TsDPEN/F(M) catalyst

TsDPEN/F(M) (40mg, containing 7.5 pumol ligand 1) and
[RuCly(p-cymene)], (1.5mg, 2.5 wmol) were stirred in degassed
H,0 (1 mL) for 1 h under argon at 40°C. Ketone (0.5 mmol), CTAB
(72 mg, 0.2 mmol) and HCOONa (0.17 g, 2.5 mmol) were added and
the mixture was stirred at 40°C and monitored by GC. After the
completion of the reaction, the catalyst was collected by an exter-
nal magnet and the solution was removed by syringe. The catalyst
was then washed with Et,0 (2 mL) and H,0 (2 mL x 2) in turn and
the solution was removed. A new reaction could be conducted by
adding substrate, CTAB and HCOONa to the recovered catalyst. The
product was passed quickly through a short silica gel column and
the conversion and ee value were determined by an Agilent 6890N
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Scheme 1. Schematic description of preparation of hybrid ligand TSDPEN/F(M).
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Fig. 1. X-ray diffraction (XRD) pattern of Foam(M) and hybrid ligand TsDPEN/F(M).

GC equipped with HP 19091G-B213 (30 m x 0.32 mm x 0.25 pm)
column.

3. Results and discussion

Siliceous mesocellular foam is selected as parent support
because of its large surface area, cage-like mesopore (20-50 nm)
connected by large window (9-26 nm), as well as the large total
pore volume [29], which are suitable to accommodate both bulky
catalyst and magnetic nanoparticles comfortably, and facilitate
the diffusion of substrates. As described in Scheme 1, magnetic
nanoparticles were grafted onto the pore surface of the Foam.
Subsequentially, the Foam(M) was modified with TsDPEN-derived
ligand 1. The results of the wide-angle X-ray powder diffraction
(XRD) pattern of both Foam(M) and hybrid ligand TsSDPEN/F(M) are
shown in Fig. 1. Several typical peaks for y-Fe,03 are observed,
and the large peak widths are attributed to the formation of nano-
sized particles [31]. The average size of the magnetic nanoparticles
is calculated to be about 6 nm by Debye-Scherrer equation using
the (311) peak, and there is no obvious change after the subse-
quent surface modification. The transmission electron microscopy
results also reveal that the Foam has a three-dimensional connected
structure and the magnetic nanoparticles are uniformly dispersed
over the Foam. Textural properties of the synthesized samples were
detected by the N, sorption experiment. As can be seen in Fig. 2, the
Foam shows IV type adsorption isotherm, which is typical of meso-
porous materials. It exhibits a high BET surface area of 628 m2/g,
high pore volume of 2.31cm?3/g, large pore size of 36.2nm and
window size of 18.1 nm (Table 1). After nanoparticles encapsula-
tion, the resulting Foam(M) still exhibits a high BET surface area
(377 m2/g), high pore volume (1.72 cm3/g), large pore size (32.9 nm)
and window size (17.2 nm), although being reduced to some extent
compared to those of the parent Foam. Moreover, the N, sorption
isotherm of Foam(M) is of typical type of IV pattern (Fig. 2), which
is similar to the parent Foam. This result indicates that the pore
structure of the Foam(M) remains unplugged after the grafting of

Table 1

Texture parameters of the Foam, Foam(M) and hybrid ligand TsDPEN/F(M).

Materials Pore size Window Surface area Pore volume
(nm) size(nm)  (m?*/g) (cm?/g)

Foam 36.2 18.1 628 231

Foam(M) 32.9 17.2 377 1.72

TsDPEN/F(M) 29.7 16.1 304 1.61
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Fig. 2. Nitrogen adsorption-desorption isotherms of (A) Foam, (B) Foam(M) and (C)
hybrid ligand TsDPEN/F(M).

magnetic nanoparticles. The pore size, pore volume and BET sur-
face area are further decreased as the surface is grafted by ligand
1 (Table 1), indicating that the organic ligand 1 has been grafted
on the inner surface of the Foam(M). Comparing the IR spectra of
Foam(M) and TsDPEN/F(M) (Fig. 3), the latter displays some new
bands at 3062, 3029, 2925, 1494, 1454, 765 and 698 cm~!. The
bands at 3062 and 3029cm~! are assigned to the C—H stretch-
ing vibrations of phenyl group. The bands at 1492 and 1454 cm™!
are attributed to the C=C vibration of phenyl group. The band at
2925cm~! is assigned to the alkyl chain C—H stretching vibration.
The bands at 765 and 698 cm~! are assigned to the breathing vibra-
tion of phenyl ring. All these results further confirm a successful
grafting of ligand 1 in Foam(M).

In this investigation, we choose as the model reaction the asym-
metric reduction of substituted dihydroisoquinoline 2, because
its product has a potentially important physiological activity [3].
We set to examine the reduction of imine 2 with HCOOH-Et3N
azeotrope (molar ratio 2.5/1, pH 3.1) as hydrogen donor, as reported
initially Noyori and co-workers [3]. The precatalyst was gener-
ated in situ by stirring [RuCl,(p-cymene)], with organic-inorganic
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Fig. 3. FT-IR spectra of the Foam(M) and hybrid ligand TsDPEN/F(M).
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Table 2
ATH of imine 2 using magnetically recoverable catalyst Ru-TsDPEN/F(M)

1% Ru, TsDPEN/F(M)

’ HCOOH/ET;N, CH,Cl,,40 °C l
MeO. MeO,
Meom ] 3 MeO m**
4 Me™ *y
) | (R)
Magnetic separation/recycling
Entry pH? Time (h) Yield (%)P Ee (%)°
1 3.1/4.0 1.54 98 94
2 3.1/4.0 1d.e 97 95
3 3.1/4.0 4f 98 94
4 3.7/4.7 15 98 94
5 4.0/7.9 1.5 99 94
6 4.9/10.4 2.5 98 94
7 - 128 15 89

2 The former figure was the pH value of HCOOH-Et; N mixture and the latter was
the initial solution pH value after adding substrate 2.

b Isolated yield.

¢ Determined by HPLC analysis (Chiralpak OD-H).

d HCOOH-Et3N azeotrope (0.18 mL) used.

¢ Ru-TsDPEN used.

f's|c=250.

& Reaction was performed in H,O (1.5 mL) with HCOONa (5 equivalent) and CTAB
(0.2 mmol).

hybrid ligand TsDPEN/F(M) in CH,Cl, at room temperature for
1 h. To our delight, following the addition HCOOH-Et3N azeotrope
(0.18 mL) and imine 2 with a substrate/catalyst (S/C) ratio of 100,
the reaction furnished a 98% yield and 94% ee in 1.5 h reaction time
(Table 2, entry 1). A comparison was made with the catalyst Ru-
TsDPEN under the identical conditions, delivering a 97% yield and
95% ee in 1h (Table 2, entry 2). At a higher S/C ratio of 250, the
catalyst Ru-TsDPEN/F(M) still worked well and gave a 98% yield in
4 h (Table 2, entry 3). When we tried to reuse the Ru-TsDPEN/F(M)
with HCOOH-Et3N azeotrope as reductant, it was found that free
Fe3* was determined in the reaction mixture with aqueous phenol.
Though the pH value of solution is ca. 4.0 at the beginning of the
reaction after the addition of basic imine 2 [32], the nanoparticles
v-Fe, 03 are at the risk of acid corrosion in many reuses.

To address thisissue, we tried to carry out the reaction at a higher
pH value by adjusting the molar ratio HCOOH/Et3N; the volume of
formic acid remained constant at 0.067 mL, however. At enhanced
pH values of HCOOH-Et3N of 3.7 (molar ratio 1.6/1) and 4.0 (molar
ratio 1.4/1), the initial solution pH values after adding imine 2 were
increased to 4.7 and 7.9 respectively; the catalyst Ru-TsDPEN/F(M)
exhibited the almost same activities and ees compared with that in
HCOOH-Et3N azeotrope, affording complete conversions and 94%
ee in 1.5h (Table 2, entry 4.5). Further increase the pH value of
HCOOH-Et3N mixture to 4.9 (molar ratio 1.1/1.0), the solution pH
value was enhanced sharply to 10.4. Concomitantly, the reaction
time was prolonged to 2.5 h, without little compromise on enatios-
electivity (Table 2, entry 6). This result suggests that imine 2 may be
not protonated at a high pH value and coordinate competitively to
the metal center, which possibly impedes the generation of ruthe-
nium hydride species. Recently, Deng et al. demonstrated that imine
2 can be reduced efficiently in aqueous HCOONa in the presence of
surfactants [33]. The catalyst Ru-TsDPEN/F(M) afforded a low yield
of 15% and 89% ee in aqueous HCOONa system in 12 h, partly owing
to the low solubility of imine 2 in water (Table 2, entry 7).

Based on the results above, attempts were made to recycle
the catalyst Ru-TsDPEN/F(M) using imine 2 as substrate with
HCOOH-Et3N mixture (pH 4.0), where the initial solution pH value

Table 3
Conversions and ees (%) against number of runs in the ATH of imine 2 using catalyst
Ru-TsDPEN/F(M).

Recycle runs? 1 2 3 4 5 6 7 8 9
Conversion (%) 99 99 99 99 99 99 99 99 99
Ee (%)° 94 94 94 94 93 93 91 91 90

2 Reactions were performed at 40°C within 1.5-7 h, using imine 2 (0.5 mmol),
HCOOH-Et3N mixture (molar ratio 1.4/1, pH 4.0) and a S/C ratio of 100 in 2 mL of
CH,Cl,.

b Determined by TLC and 'H NMR.

¢ Determined by HPLC analysis (Chiralpak OD-H).

is 7.9. The catalyst was collected by a magnetic bar and the solu-
tion phase was removed by syringe. A demonstration of excellent
recycling of the catalyst is shown in Table 3. The Ru-TsDPEN/F(M)
catalyst can be reused consecutively for at least nine times with ee
ranging from 94% to 90%. Toward the end of recycles, the reaction
time was prolonged from initial 1.5-7 h. The decrease in catalytic
activity is mainly due to catalyst loss caused by mechanical stir-
ring. The ICP analysis showed that total 11 mol% ruthenium leached
from catalyst after nine runs. Furthermore, the slight decrease in ee
also implies that catalyst was decomposed partly in the consecutive
reuses. It is indispensable to exclude water from current system; it
was observed that red magnetic nanoparticles were eroded easily
and fell off from the inner wall of foam material in the presence of
water.

With these results in hand, the catalyst Ru-TsDPEN/F(M) was
extended to the ATH of aromatic ketones, and the results are sum-
marized in Table 4. With HCOOH-Et3N azeotrope as hydrogen
donor in CH,Cl,, acetophenone was reduced completely at S/C
ratio of 100 in 9h, affording 97% ee (Table 4, entry 1). Increas-
ing pH value of HCOOH-Et3N mixture, a somewhat higher activity
was observed (Table 4, entry 2), which is partly attributed to the
increase of concentration of HCOO~. Recent studies have demon-
strated that HCOONa-water system is an excellent medium for the
ATH of aromatic ketones. Not only does water accelerate the ATH
rates, it enhances the life of the catalyst as well [5,34,35]. When
being in aqueous HCOONa, the Ru-TsDPEN/F(M) catalyst afforded
an 89% conversion and 93% ee in 10 h (Table 4, entry 3). The reac-
tion was significantly accelerated in the addition of surfactant CTAB
and gave a complete conversion in 3 h with remained ee (Table 4,

Table 4
ATH of aromatic ketones using catalyst Ru-TsDPEN/F(M)
O OH
X 1% Ru, TsDPEN/(M) B
R HCOONa, CTAB, RT
H,0, 40 °C
2 (S)

Entry R Time (h) Conversion (%)? Ee (%)?
1 H 9b 99 97
2 H 6¢ 99 97
3 H 104 89 93
4 H 3 99 93
5 H(2nd)® 4 99 93
6 H(4th) 8 99 92
7 4-Cl 3 99 91
8 4-Br 3 99 91
9 3-CF5 2 99 89

10 3-F 2 99 90

11 3-CH3 5 99 91

2 Determined by GC with equipped with HP 19091G-B213.

b HCOOH-Et3N azeotrope (0.18 mL) and CH,Cl, (1 mL).

¢ HCOOH-Et3;N mixture (molar ratio 1.1/1, pH 4.9) and CH,Cl, (1 mL).
4 No CTAB.

¢ The second reuse.
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entry 4), which is in line with the results of Tu and co-workers
[8]. This result indicates that the presence of surfactant improves
the diffusion limitation of substrate and facilitates its access to the
active sites. The Ru-TsDPEN/F(M) catalyst was recycled at least four
times with the maintained ee value, though a prolonged reaction
time was needed. The Ru-TsDPEN/F(M) catalyst can also efficiently
reduce various substituted acetophenones in water. The substrates
with electron-withdrawing groups show higher reaction activities.
For instance, 3-fluoroacetopheone was reduced completely only in
2 h with 90% ee (Table 4, entry 10). In contrast, that with electron-
donating group provides a low activity (Table 4, entry 11). These
observations are agreement with those made with the parent cat-
alyst Ru-TsDPEN [34].

4. Conclusion

We have developed a magnetically recoverable catalyst, which
combines the merits of mesoporous silicas and magnetic nanoparti-
cles. This heterogeneous catalyst showed comparable activities and
enatioselectivities with the parent catalyst Ru-TsDPEN in ATH of
imine and aromatic ketones. The notable feature for current system
is the fact that this catalyst can easily recovered from the reac-
tion medium by an external magnet, and this catalyst was reused
consecutively for at least nine times without noticeable loss of ee
values. This study provides a potential and general approach for the
convenient separation and recycle of expensive catalyst, especially
for air-sensitive metal complexes.
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