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Exploration of silica-based mesoporous supports to immobilize
chiral organometallic complexes for asymmetric catalysis has
attracted a great deal of interest, owing to their relatively large
surface area/pore volume and tunable pore dimension/well-de-
fined pore arrangement.” These salient features are not only
beneficial to the dispersibility of active species to promote the
catalytic performance, but also can adjust the chiral microen-
vironment of the active centers to enhance enantioselective
performance. Recently, many successful examples, such as the
mesoporous SBA series®” and the MCM series™ of materials as
supports, have been applied to anchor various organometallic
complexes, and some heterogeneous catalysts have presented
excellent catalytic activity in asymmetric reactions. Most of
these heterogeneous catalysts, however, do only exhibit com-
parable catalytic activities and/or enantioselectivities relative to
their homogeneous counterparts. Therefore, how can we de-
velop new silica-based mesoporous materials as supports and
take advantage of this special functionalized material to pro-
mote catalytic performance?

Flowerlike mesoporous silica (FMS) as a type of novel meso-
porous material” shows potential advantages that have not
been explored in asymmetric catalysis as yet. Besides easy
preparation and functionalization, FMS-based supports possess
relatively short mesochannels and special silicate cavum. This
unique mesoporous morphology has a potential confinement
effect to enhance its enantioselectivity.”) Because self-assembly
of this kind of materials often requires cetyltrimethylammoni-
um bromide (CTAB) as a structure-directing template reagent,
the residual CTAB molecules within its silicate network can im-
prove the phase-transfer catalytic properties of the material,
which can facilitate asymmetric reactions in an aqueous
medium, and also improve the catalytic activity. Taken togeth-
er, it is reasonable to expect that self-assembly of chiral organ-
ometallic-functionality within a functionalized FMS silicate net-
work could possess high catalytic activity and enantioselectivi-
ty in an aqueous asymmetric catalysis system.
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As an effort to develop highly efficient heterogeneous cata-
lysts,” in this contribution, we directly bond an organoiridium
complex within mesoporous material followed by complexa-
tion with a chiral ligand, and develop one chiral functionalized
mesoporous material, consisting of CTAB functionality as
a phase transfer catalyst and chiral organoiridium functionality
as a chiral promoter. As expected, CTAB functionality can great-
ly enhance the catalytic performance, while the enantioselec-
tivity can be further improved as a result of the synergistic
effect. Furthermore, the heterogeneous catalyst can be readily
recycled and reused at least 10 times without reducing its cata-
lytic activity.

The chiral Cp*IrPFPSDPEN-functionalized FMS material
(Cp*IrPFPSDPEN:" Cp* =pentamethyl cyclopentadiene,
PFPSDPEN = (§,5)-pentafluorophenylsulfonyl-1,2-diphenylethyle-
nediamine), abbreviated as Cp*IrPFPSDPEN-FMS (3), was pre-
pared as outlined in Scheme 1. Firstly, the microemulsion solu-
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Scheme 1. Preparation of the heterogeneous catalyst 3.

tion formed in mixture solvents of NH;:H,O, ethyl ether and
tetraethoxysilane (TEOS) was assembled using CTAB as a struc-
ture-directing template, which was continuously grown among
TEOS and 3-mercaptopropyltrimethoxylsilane (1) to give Mer-
capto-functionalized FMS (2) in formation of a white powder.
The oxidation® of 2 using H,0, as the oxidant followed by the
continuous ion exchange with Ag,0® and [(Cp*IrCl,),] did then
bond successfully the cationic iridium complex within its FMS
silicate network. Finally, direct complexation with pentafluoro-
phenylsulfonyl-1,2-diphenylethylenediamine”® afforded the
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catalyst 3 in formation of light yellow powders (Figures S1-7 in
the Supporting Information). The thermal gravimetric (TG/DTA)
analysis disclosed that about 7.0% of Cp*IrPFPSDPEN function-
ality and 8.8% of the residual CTAB"" were anchored within its
FMS silicate network (Figure 14, also see in Figure S4 in the Sl),
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Figure 1. a) TG/DTA curves of 3, b) XPS spectra of Cp*IrPFPSDPEN and 3.

in which the mole amount of Cp*IrPFPSDPEN functionality
(0.078 mmol) was nearly consistent with 0.077 mmol
(14.80 mg) of Ir loading per gram catalyst detected by induc-
tively coupled plasma (ICP) optical emission spectrometer anal-
ysis.

The incorporation of Cp*IrPFPSDPEN functionality within its
silicate network is confirmed by the solid-state *C CP/MAS
NMR spectrum (Figure S2 in the SI), in which the catalyst 3 pre-
sented clearly the characteristic peaks of C;Mes; moieties
around 6 =87 ppm corresponding to the C atoms of Cp* ring
and around =10 ppm for the C atoms of methyl groups in
Cp* ring. These observations were strongly related to those of
the homogeneous counterpart, Cp*IrPFPSDPEN,”® which sug-
gested that the catalyst 3 had the same well-defined single-
site active center. In particular, the carbon signals for the resid-
ual CTAB functionality could be observed clearly. The peaks
around =11 and 28 ppm were ascribed to the C of methyl
(or methylene) groups without connection to nitrogen atom in
CTAB molecule and the peaks around 6 =59 ppm overlapped
partly by nonhydrolyzed methoxide groups (CH;0-)"? were be-
longed to the C atoms of methyl (or methylene) groups con-
nected to nitrogen atom in CTAB molecule as marked in its '>C

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CP/MAS NMR spectrum. These observed peaks demonstrated
that the residual CTAB molecule remained in its silicate net-
work proved by thermal gravimetric (TG/DTA) analysis.

The *°Si CP/MAS NMR spectrum (Figure S3 in the SI) revealed
that the catalyst 3 possessed the inorganosilicate framework of
(HO)Si(OSi); with organosilicate RSi(OSi); (R=Cp*IrPFPSDPEN
functionality) as the part of silica wall,"® in which the strongest
Q° peak that originated from inorganosilicate species con-
firmed its framework of (HO)Si(OS);, while the strongest T°
peak that derived from organosilicate species proved its orga-
nosilicate wall of RSi(OSi);. Furthermore, the nitrogen adsorp-
tion-desorption isotherm disclosed that the catalyst3 was
mesoporous and was very comparable to those reported in
the literature.™ The additional large N, uptakes and H3 hyste-
resis at the relative pressure near 1.0 have been previously de-
scribed as a large amount of macropores with a slit shapes
(Figure S6)."*

The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images demonstrated that the cata-
lyst 3 was composed of aggregates of particles with average
diameter around 1.4 um (Figure 2a-b). In particular, the TEM
image with a chemical mapping technique indicated that the
iridium active centers were uniformly distributive within its sili-
cate network (Figure 2c). Based on the above characterizations
and analyses, a safely conclude could be drawn, in which chiral
organoiridium-functionalized mesoporous silica with inorgano-
silicate network of (HO)Si(OSi);, the well-defined single-site
Cp*IrPFPSDPEN active center, controllable CTAB functionality

Figure 2. The a) SEM, b) TEM images of the catalyst 3 and c) TEM with
a chemical map of 3 and the distribution of Si (white) and Ir (grey). Scale
bars: a) 1T um, b,c) 200 nm.
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and the uniformly distributed iridium active centers within its
silicate network could be readily constructed in this case.
Summarized in Table 1 is the asymmetric transfer hydroge-
nation of a range of a-cyanoacetophenones in an aqueous
medium, in which HCO,H worked as a hydrogen source and
0.25% mol of this silica material acted as a catalyst according

Table 1. 3-catalyzed asymmetric transfer hydrogenation of a-cyano and
a-cyano acetophenones.”

o Catalyst 3 Ok

)k/x —_——>> */X
Ar 5equiv HCOH, H,0 Al

0.2M, pH =2.00r 3.5, RT X=CN,NO;,

Entry Ar X Conv. [%]™ ee [%]®
1 Ph CN >99 97(94)9
2 Ph CN 91 954

3 Ph CN >99 93tel

4 Ph CN 87 931

5 4-FPh CN >99 96

6 3-CIPh CN >99 94

7 4-MePh CN >99 95

8 3-MeOPh CN >99 97

9 2-furyl CN >99 99

10 2-thiophenyl CN >99 95

11 Ph NO, >99 97

12 4-FPh NO, >99 95

13 4-ClPh NO, >99 94

14 2-CIPh NO, >99 91

15 4-MePh NO, >99 9

16 4-MeOPh NO, >99 95

[a] Reaction conditions: the catalyst 3 (26.1 mg, 2.0 umol of Ir based on
the ICP analysis), a-cyanoacetophenones (a-nitroacetophenones)
(0.80 mmol) and the aqueous solution of formic acid (5.0 equiv, 1.0 M for-
mate solution, 0.2 M overall concentration, for X=CN, pH 3.5; for X=
NO,, pH 2.0), at room temperature for 10-20 h. [b] Determined by chiral
HPLC analysis (Figure S8 in the SI). [c] Data in the bracket were obtained
using the homogenous Cp*IrPFPSDPEN as a catalyst reported in the liter-
ature.” [d] Data were obtained using the catalyst3 with S/C=600.
[e] Data were obtained using CTAB plus its homogeneous Cp*IrPFPSDPEN
as a catalyst. [f]Data were obtained using the pure FMS plus
Cp*IrPFPSDPEN as a heterogeneous catalyst.

to the reported methods.” In general, excellent conversions,

no by-products, and high enantioselectivities were obtained
for all tested substrates. Taking benzoylacetonitrile as an exam-
ple, the catalyst 3 gave (S)-3-Hydroxy-3-phenylpropanenitrile
with more than 99% conversion and 97 % enantiomeric excess
(ee), for which the ee value was higher than that of its homo-
geneous Cp*IrPFPSDPEN (entry 1 versus entry 1 in bracket). Of
particular note was that the asymmetric reaction could be run
at a much higher ratio of substrate-to-catalyst without greatly
affecting its ee value, as exemplified by the asymmetric transfer
hydrogenation of benzoylacetonitrile at S/C=600 (entry 2).
Moreover, it was also found that the electronic properties of
substituents at acetophenone did not affect significantly their
enantioselectivities as its homogeneous behavior, in which the
asymmetric reactions with electron-rich and electron-poor sub-
stituents at a-cyanoacetophenones were equally efficient (en-
tries 5-10).

The asymmetric reactions could be completed within 10 h in
most cases, which were dramatically shorter than the 24 h re-
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quired by the homogeneous counterpart under the similar
conditions. Interestingly, the catalyst 3 presented the enhanced
enantioselectivity relative to its homogenous counterpart for
all tested substrates.” Both behaviors strongly suggest that
the bifunctional feature of the heterogeneous catalyst 3, which
contains the CTAB functionality as a phase transfer catalyst, in-
creased greatly its catalytic performance in this aqueous cata-
lytic system, while the enantioselectivity could be enhanced by
the synergistic effects®™® of a unique phase-transfer function
and the confined chiral organoiridium catalyst.

To gain better insight into the nature of the synergistic
effect, two parallel experiments were investigated using pure
small molecule (CTAB) plus its homogeneous Cp*IrPFPSDPEN
(Table 1, entry 3) and the pure FMS material plus its homoge-
neous Cp*IrPFPSDPEN (Table 1, entry 4) as catalysts when the
asymmetric transfer hydrogenation of benzoylacetonitrile was
chosen as probe reaction. It was found that the asymmetric re-
action given in entry 3 could be completed in 10 h with 93%
ee, whereas entry 4 gave the corresponding alcohol with 87%
conversion and 93% ee in 10 h. In the case of entry 3, if the
same reaction time as catalyst 3 was used, a similar phase-
transfer function by the CTAB molecule also promotes the cat-
alytic performance, although a lower ee value is now given,
which suggests that the asymmetric reaction only retained its
original homogenous enantioselectivity.”® This fact disclosed
that the enhanced ee value given for catalyst 3 was derived
from the nature of the catalyst material itself. In the case of
entry 4, the lower conversion than catalyst 3 indicated that the
main part of the homogeneous catalyst derived from non-co-
valent adsorption within its silicate network did participate in
the catalytic process, while the small part of the homogeneous
catalyst derived from non-covalent adsorption did not work
during the catalytic process, owing to blockage or disorder. As
a result, the catalyst in the entry 4 had a lower conversion
than heterogeneous catalyst 3. In addition, the lower ee value
given in entry 4 further confirms the enantioselective nature of
the homogeneous chiral catalyst. More importantly, when the
catalyst of entry4 was treated by Soxhlet extraction, the
reused catalyst gave only tiny products. This fact demonstrated
that the disturbance coming from the homogeneous catalyst
by means of noncovalent physical adsorption had been elimi-
nated. All these observations consolidated that the unique
phase-transfer functionalized cetyltrimethylammonium bro-
mide and confined chiral organoiridium catalytic nature as
a result of the synergistic effect in the heterogeneous cata-
lyst 3 are responsible for its excellent conversion and enhanced
enantioselectivity. X-ray photoelectron spectroscopy (XPS) in-
vestigations (Figure 1b) further supported our conclusions. It
was found the catalysts 3 had the nearly same Ir 4f,,, electron
binding energy as the parent counterpart (62.19 versus
62.23 eV), further demonstrating that the enhanced enantiose-
lectivity ascribed the synergistic effect of this mesoporous
silica rather than the unchanged chiral microenvironment of
active center.

In addition to a-cyanoacetophenones, the heterogeneous
catalyst 3 could also be applied to the asymmetric transfer hy-
drogenation of a-nitroacetophenones in aqueous medium (en-
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tries 11-16). Again, short reaction times, excellent conversions,
and enhanced enantioselectivities were obtained all cases.
These results demonstrate that catalyst 3 can serve as a general
catalyst in the asymmetric transfer hydrogenation of different
substrates.

An important feature for design of any heterogeneous cata-
lyst is easy to separate via simple centrifuge and the recovered
catalyst can retain its catalytic activity and enantioselectivity
after multiple cycles. Remarkably, the catalyst 3 was recovered
easily and reused repeatedly when benzoylacetonitrile was
chosen as a substrate. In ten consecutive reactions, the reused
catalyst 3 still afforded 99% conversion and 94% ee (Figure 3,

1 2 3 4 5 6 7 3 9 10
Number of recycle experiment

Bee(%) Oconversion (%)

Figure 3. Reusability of 3 using benzoylacetonitrile as a substrate.

Table S1, and Figure S9 in the Sl). The high recyclability can be
attributed to the unique mesoporous morphology, which sig-
nificantly decreases the leaching of Ir. An evidence to support
the view came from the ICP analysis, in which the amount of Ir
after tenth recycle was 13.89 mg per gram catalyst and only
6.1% of Ir was lost.

In conclusion, we have developed a new strategy for the im-
mobilization of chiral organoiridium complexes onto the meso-
porous silica, which displays higher catalytic activity and enan-
tioselectivity than its homogeneous counterpart for the asym-
metric transfer hydrogenation of a-cyano and a-cyanoaceto-
phenones in aqueous medium. More importantly, cetyltrime-
thylammonium bromide acted as a phase transfer catalyst
within its mesoporous silicate network can increase greatly cat-
alytic performance, while the unique mesostructure of meso-
porous silica can boost the enantioselectivity. Furthermore, the
heterogeneous catalyst can be recovered conveniently and
subsequently reused at least 10 times without affecting its cat-
alytic activity. More importantly, this strategy described here
might expand to other chiral complexes for asymmetric organ-
ic transformations, which represents our future effort.

Experimental Section
Preparation of Cp*IrPFPSDPEN-functionalized FMS (3)

To a suspension of Mercapto-functionalized FMS (2) (1.00 g) in
10.0 mL acetic acid was added a solution of 30% H,0, (20.0 mL) at
room temperature and the resulting mixture was stirred at 100°C

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for 6 h. After cooling down to ambient temperature, the mixture
was filtered through filter paper and rinsed with excess ethanol
and CH,Cl,. The collected white solids were suspended in 20.0 mL
distilled water again and Ag,0 (229.0 mg, 1.0 mmol) was added at
ambient temperature. The resulting mixture was heated at 90°C
for 6 h. After cooling down to ambient temperature, a solution of
2.0 NH,SO, (10 mL) was added and stirred overnight. The solids
were collected by centrifugation, washing repeatedly with excess
distilled water. The collected light grey solids were suspended in
the mixture solution (10.0 mL of methanol and 10.0 mL distilled
water) again and 199.0 mg (0.25 mmol) of [(Cp*IrCl,),] was added
at ambient temperature. The resulting mixture was stirred for 12 h.
Finally, 221.0 mg (0.50 mmol) of (S,S)-pentafluorophenylsulfonyl-
1,2-diphenylethylenediamine was added and the reaction was fur-
ther stirred for another 6 h at ambient temperature. The mixture
was then filtered through filter paper and rinsed with excess water
and CH,Cl,. After Soxhlet extraction in CH,Cl, solvent to remove
homogeneous and unreacted starting materials for 24 h, the solid
was dried at ambient temperature under vacuum overnight to
afford the catalyst 3 (1.35 g) as a light yellow powder. ICP analysis
showed that the Ir loading-amount was 14.80 mg (0.0778 mmol)
per gram catalyst. IR (KBr): 7=3416.2 (s), 2928.4 (w), 2857.6 (w),
1630.1 (m), 1496.5 (w), 1457.9 (w), 1082.0 (s), 947.6 (m), 801.8 (m),
699.4 (w), 568.1 (w), 462.2cm™' (m); **Si MAS/NMR (79.4 MHz): 6 =
—67.2 (T%), —91.3 (@), —101.5(Q°), —110.4 ppm (Q%; *C CP/MAS
(100.5 MHz): 6=10.1 (CpCH,, SiCH, and CH, of CTAB), 17.7
(SiCH,CH,), 27.1 (CH, of CTAB), 53.1 (CH,SO;), 59.2, 63.7 (NCH, or
NCH, of CTAB), 70.2, (NCH), 86.6 (C; of Cp), 128.0, 130.4, 139.2 ppm
(C of Ph); Sger: 2294 m*g™", dyore: 3.60 NM, Vipe: 0.62 cm*g™".; Ele-
mental analysis (%): C 8.59, H 1.97, N 0.69, S 0.49.

Catalytic experiments

A typical procedure was as follows: The catalyst3 (26.1 mg,
2.0 umol of Ir based on the ICP analysis), benzoylacetonitrile
(116.0 mg, 0.80 mmol) and the aqueous solution of formic acid
(5.0 equiv 1.0m formate solution, 0.2m overall concentration, for
X=CN, pH3.5; for X=NO,, pH2.0) were added in a 10.0 mL
round-bottom flask in turn. The mixture was then stirred at room
temperature for 10-20 h. During that time, the reaction was moni-
tored constantly by TLC. After completion of the reaction, the cata-
lyst was separated via centrifuge (10000 rmin~") for the recycle ex-
periment. The aqueous solution was extracted by ethyl ether (3 x
3.0 mL). The combined ethyl ether was washed with brine twice
and dehydrated with Na,SO,. After the evaporation of ethyl ether,
the residue was purified by silica gel flash column chromatography
to afford the desired product. The conversion was calculated by
the external standard method and the ee value could be deter-
mined by a HPLC analysis with a UV-Vis detector using a Daicel OJ-
H chiralcel column (® 0.46x 25 cm).
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