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1. Introduction

Asymmetric hydroformylation is one of the most versatile
methods for the synthesis of enantiomerically pure compounds
such as optically active aldehydes, a-amino acids and alcohols.
Although it has been researched for more than 40 years,
asymmetric hydroformylation with good enantioselectivity,
chemoselectivity and regioselectivity is still a challenge in the
field of catalysis and fine chemical synthesis [1].

So far, Rh catalysts associated to chiral phosphine-phos-
phite ligands or diphosphite ligands are the most studied sys-
tems in asymmetric hydroformylation, and some satisfactory

results have been reported [2-5]. For example, Nozaki et al. [6]
developed the chiral phosphine-phosphite ligand (R,S)-
BINAPHOS; hydroformylation of styrene with high enantiose-
lectivity was achieved (up to 94% ee, iso/normal = 7.3) by us-
ing Rh complexes of this new ligand. However, although di-
phosphine ligands show excellent catalytic activities in asym-
metric hydrogenation, they always lead to disappointing results
in asymmetric hydroformylation of styrene [7,8]. An ee value of
60% has been obtained in a Rh-diphosphine system by using a
chiral BDPP ligand [9]. Other diphosphines such as DIOP,
TREDIP and CHRAPHOS give low enantioselectivities of less
than 30% [8-11]. BINAP ligand, which is unambiguously one of
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Scheme 1. Synthesis of 5,5’-divinyl-BINAP.

the most prominent chiral ligands for asymmetric catalysis
[12-14], only exhibits an ee value of 25% when combined with
Rh species for the asymmetric hydroformylation of styrene [9].
Many modified structures of BINAP have been prepared to
increase the efficiency or enantioselectivity of asymmetric hy-
drogenation [15]. Lin et al. [16] developed a family of 4,4’-sub-
stituted BINAP derivatives for asymmetric hydrogenation of
ethyl benzoylacetate. The Ru catalysts based on bulky substit-
uents of BINAP, such as trimethylsilane, diphenylmethanol and
1-cyclopentanol, provided ee values of more than 99%. When
using relatively small substituents, such as methyl and pheny],
the catalysts provided ee values of less than 87%. Remarkably,
the enantioselectivity was dramatically enhanced when bulky
groups were introduced at the 4,4’-positions of BINAP. The
reason could be explained by the significant repulsive interac-
tions between the bulky substituents of BINAP and the phenyl
group of the substrate, which results in destabilization of the
disfavored transition state, and thus, a dramatic enhancement
of the enantioselectivity. These ligands with a “chiral pocket”-
like design have been reported in recent years [17-20]. How-
ever, BINAP-based ligands have rarely been reported for hy-
droformylation reactions owing to their relatively low enanti-
oselectivity. Considering that BINAP is one of the most im-
portant chiral ligands, can be produced at an industrial scale
and has extensive applications in asymmetric catalysis, modi-
fied BINAP-related catalysts for hydroformylation reactions
deserve further investigations.

The disadvantages of homogeneous catalysis, such as the
waste of expensive transition metal complexes and contamina-
tion of products, drove us to explore more practical heteroge-
neous systems [21-24]. The immobilization of organometallic
complexes onto highly porous solids is still an excellent strate-
gy for combining the advantages of homogeneous and hetero-
geneous catalysts [25,26]. Among various porous supporting
materials, porous organic polymers, an emerging class of po-
rous materials, could be a promising candidate because of their
high surface areas, advanced hierarchical pore structures and
outstanding stabilities [27,28]. Recently, porous polymers with
excellent swelling properties were prepared through the
polymerization of vinyl-functionalized monomers under sol-
vothermal conditions [29,30]. The swollen polymers can be
characterized as a solution to a certain degree, although they
are elastic solids rather than liquids; this liquid-like nature
endows the polymers with surprisingly high flexibility. Even
more important, it has been well recognized that the flexibility
of the active sites in solid catalysts plays a very important role
in the improvement of the catalytic performance.

Previously, our group reported a series of highly efficient

heterogeneous hydroformylation catalysts prepared by the
copolymerization of vinyl-functionalized PPhz with vinyl-func-
tionalized biphephos ligand [31,32]. More importantly, Xiao et
al. [33] synthesized chiral porous cross-linked polymers
(PCP-BINAP) under solvothermal conditions. PCP-BINAPO was
first obtained through the copolymerization of divinylbenzene
and 5,5’-diacryloylamino BINAP dioxide. Then, PCP-BINAP was
synthesized by the reduction of PCP-BINAPO with HSiCls. The
prepared Ru/PCP-BINAP catalyst exhibited high activity, excel-
lent enantioselectivity, and extraordinary recyclability in
asymmetric hydrogenation of B-keto esters.

Inspired by Xiao’s work, in this paper we also report a vi-
nyl-modified BINAP, (S)-5,5-divinyl-BINAP, and its corre-
sponding porous organic polymers afforded by the copolymer-
ization with divinyl benzene and 1,3,5-tri(4-vinylphenyl)ben-
zene (Scheme 1). Linear ethylene glycol dimethacrylate mon-
omer was also copolymerized with divinyl-modified BINAP;
however, a nonporous material was obtained and this material
was introduced as a negative control. The BINAP ligand was not
only simply incorporated into the polymers, but can also be
considered as modified by bulky blocks from other co-mono-
mers or BINAP itself. Thus, numerous highly flexible nanopo-
rous chiral pockets were present in the polymer materials
(Scheme 2). After loading with Rh species, the nanoporous chi-
ral-pockets-based BINAP polymers should be very favorable
for the improvement of the enantioselectivity of the asymmet-
ric hydroformylation of styrene. To demonstrate the “proof-of-
concept”, in this contribution, two porous polymer-supported
Rh/BINAP catalysts were designed and synthesized and their
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catalytic performance and recyclability were investigated for
the heterogeneous asymmetric hydroformylation of styrene.

2. Experimental
2.1. Materials

All solvents were analytical grade and were purified by dis-
tillation under Ar atmosphere before use. Unless otherwise
noted, all manipulations were carried out under an Ar atmos-
phere either in a glove-box or using standard Schlenk tech-
niques.

2.2. Synthesis of (S)-5,5"-divinyl-BINAP

2.2.1. Synthesis of compound 1, (S)-BINAP dioxide

(S)-BINAP (3 mmol, 1.87 g) was dissolved in dichloro-
methane (DCM, 60 mL), followed by dropwise addition of H202
(18.32 mmol, 6.06 mL). The reaction was monitored by
thin-layer chromatography (TLC). After stirring for 30 min at
room temperature, the solution was extracted with water (30
mL). The organic phase was washed with 10% NaHSO3 aque-
ous solution (50 mL) and dried over NazSOs. The solvent was
removed under vacuum and (S)-BINAPO was obtained as a
white solid (1.95 g, 99% yield).

2.2.2. Synthesis of compound 2, (S)-5,5"-diBr-BINAPO

($)-BINAPO (1.0 mmol, 0.65 g) was dissolved in dichloro-
ethane (DCE, 15 mL), followed by the addition of FeBrs (2.2
mmol, 0.65 g) and liquid bromine (2.2 mmol, 0.35 g). After re-
fluxing for 12 h, the solution was washed with 10% NaHSO3
aqueous solution, saturated brine and saturated sodium bicar-
bonate aqueous solution, and dried over NazSO4. After refluxing
for 12 h, (S)-5,5’-diBr-BINAPO was obtained.

2.2.3.  Synthesis of compound 3, (S)-5,5"-divinyl-BINAPO

(8)-5,5’-diBr-BINAPO (1.0 mmol, 0.82 g), potassium vinyltri-
fluoroborate (2.4 mmol, 0.32 g) and PdClz(dppf)CH2Cl2> (0.08
mmol, 0.058 g) were placed in a three-necked flask. n-PrOH (10
mL) and triethylamine (2.0 mmol, 0.20 g) were added to the
flask. The reaction was monitored by TLC. After refluxing for 3
h, the solvent was removed under vacuum. The precipitate was
passed through a silica gel column and dried under vacuum to
give (S)-5,5'-divinyl-BINAPO as a white solid (0.565 g, 80%
yield).

2.2.4. Synthesis of compound 4, (S)-5,5"-divinyl-BINAP
(8)-5,5’-divinyl-BINAPO (1.0 mmol, 0.70 g), trichlorosilane
(3.0 mmol, 0.41 g) and phenylsilane (3.0 mmol, 0.32 g) were
placed in a three-necked flask containing toluene (10 mL). The
reaction was monitored by TLC. After refluxing for 3 h, the sol-
vent was cooled to 0 °C followed by slow addition of NaOH
aqueous solution. Then the solution was extracted with water,
and dried over NazSO4. The solvent was removed under vacu-
um. The precipitate was passed through a silica gel column and
dried under vacuum to give ($)-5,5’-divinyl-BINAP as a white
solid (0.15 g, 21% yield). 1H NMR (400 MHz, CDCl3) 6 5.47 (dd,

1H, /1 = 10.9 Hz, J2 = 1.6 Hz), 5.76 (dd, 1H, /1 = 17.3 Hz, ]2 = 1.6
Hz), 6.79 (d, 1H, J = 8.4 Hz), 6.85-6.90 (m, 1H), 7.05-7.17 (m,
10H), 7.45-7.51 (m, 3H), 8.17 (d, 1H, ] = 8.8 Hz); 13C NMR (100
MHz, CDCls) 6 117.2, 123.9, 124.4, 125.5, 127.6, 127.7, 128.0,
128.4, 130.7, 130.9, 132.8, 132.9, 133.0, 133.5, 134.1, 134.2,
134.3, 134.5, 135.4; 31P NMR (161 MHz CDCls) -15.7 Hz;
HRMS(ESI): m/z calc. for C4gHs406P2 [M+H]*: 675.2370, found:
675.2373.

2.3.  Synthesis of polymers

These polymers were prepared through a free-radical
polymerization of vinyl-functionalized BINAP ligand and other
co-monomers in THF at 100 °C. In an autoclave, 0.30 g of
(8)-5,5’-divinyl-BINAP and 0.60 g of divinyl benzene (DVB)
were dissolved in 9 mL of tetrahydrofuran (THF), followed by
the addition of 23 mg of 2,2'-azoisobutyronitrile (AIBN). The
mixture was first stirred for 10 min at the room temperature
and then heated at 100 °C for 24 h. The solvent was removed
under vacuum at 65 °C and a white solid was obtained, which
was denoted as Poly-1.

Poly-2 was obtained using the same synthesis method but
using 0.60 g of 1,3,5-tri(4-vinylphenyl)benzene instead of 0.60
g DVB.

Poly-3 was obtained using the same synthesis method but
using 0.91 g of ethylene glycol dimethacrylate instead of 0.60 g
DVB.

2.4. Characterization

Nitrogen isotherms at -196 °C were measured using
Quantachrome Autosorb-1. The samples were outgassed at 120
°C for 10 h. The pore size distributions were calculated using
density functional theory (DFT) method.

Thermogravimetric analysis (TGA) was measured using
NETZSCH STA 449F3, and the samples were heated from 40 to
1000 °C at a rate of 10 °C/min under air.

Transmission electron microscopy (TEM) images were tak-
en on a JEM-2100 with an accelerating voltage of 200 kV. The
morphologies of the polymers were investigated on a
JSM-7800F scanning electron microscope (SEM).

Solid-state NMR spectra were obtained on a VARIAN infinity
plus 400 spectrometer. The 31P MAS NMR spectra were rec-
orded with a 2.5 mm probe at a frequency of 161.8 MHz under
a magic angle spinning rate of 10 kHz and a delay of 3 s. The
chemical shifts were referenced to 85% H3PO4. 13C MAS NMR
spectra were recorded under a magic angle spinning rate of 6
kHz.

The K-edge X-ray absorption fine structure (EXAFS) spectra
of Rh were obtained at the BL14W1 beamline of SSRF, SINAP
(Shanghai, China) with the use of a Si(311) crystal mono-
chromator. The storage ring was operated at 3.5 GeV with in-
jection currents of 200 mA. The data of the samples were rec-
orded in fluorescence mode. The XAFS data were analyzed by
using the Demeter software package. Fourier transformation of
the EXAFS data was applied to the k3-weighted functions. The
theoretical scattering amplitude and phase-shift functions of all
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the paths for fitting the EXAFS data were calculated by FEFF6
code.

2.5.  Catalytic process

2.5.1. Typical procedure for asymmetric hydroformylation

As a typical run, a mixture of Poly-1 (19 mg, 0.0096 mmol P)
and Rh(CO0)z(acae) (0.25 mg, 0.00096 mmol) in toluene (2 mL)
was heated to 100 °C for 10 h under Ar, then styrene was add-
ed. After purging with syngas (Hz/CO = 1:1) 4 times, the pres-
sure was adjusted to the desired value and the reaction mixture
was stirred at 80 °C for 24 h. After the reaction, the catalyst was
separated by centrifugation, and the product (yield for alde-
hydes and regioselectivity for 2-phenylpropionaldehyde) was
analyzed by gas chromatography (Agilent 7890B gas chroma-
tography equipped with a flame ionization detector and a Cy-
clodex-B capillary column). A sample of the reaction mixture
was treated with Jones reagent to oxidize the aldehydes to
carboxylic acids, which were used to determine the enantio-
meric excess (ee) by GC.

2.5.2.  Typical procedure for preparing racemic products

PPhs (30.0 mg, 0.114 mmol P), Rh(CO)z(acae) (3.0 mg,
0.0114 mmol), 4-chlorostyrene (1.5 g, 9.71 mmol) and toluene
(2 mL) were mixed in a 25-mL autoclave. After purging with
syngas (Hz/CO = 1:1) 4 times, the pressure was adjusted to 3.0
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MPa and stirred at 80 °C for 12 h. The reaction solution was
collected and passed through a silica-gel column with petrole-
um ether/ethyl acetate (5:1 v/v). The racemic product of the
branched aldehyde was confirmed by GC-MS (Agilent
7890-5975C). An aliquot of pure racemic branched aldehyde
was further treated with Jones reagent to oxidize the aldehydes
to carboxylic acids, which were used to determine their reten-
tion times.

3. Results and discussion
3.1. Characterization results

13C magic angle spinning (MAS) NMR spectra were used to
characterize the polymers (Fig. 1(a)). All the polymers showed
broad resonance peaks from 120 to 150 ppm, which were as-
signed to the aromatic carbons. The signals from 20 to 55 ppm
were attributed to the methylene linker. The structure infor-
mation of Rh/Poly-1 remains the same as that of Poly-1 in the
13C MAS NMR. The position of the spinning sidebands in
Rh/Poly-1 was different from that of Poly-1. This is because the
13C MAS NMR spectra of Rh/Poly-1 was recorded under a mag-
ic angle spinning rate of 9 kHz, whereas the other materials
were recorded under a magic angle spinning rate of 6 kHz. Ad-
ditionally, the 31P MAS NMR spectrum of Poly-1 showed one
main signal at -14.5 ppm (Fig. 1(b)), which was at the same
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Fig. 1. (a) 13C CP/MAS NMR, (b) 31P MAS NMR, (c) Nz isotherms and (d) pore size distribution of (1) Poly-1, (2) Poly-2, (3) Poly-3 and (4) Rh/Poly-1.

Asterisks denote spinning sidebands.
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position as the ligand. These observations indicated that the
BINAP moieties were stable during the solvothermal polymer-
ization process. After loading the Rh species, the 31P MAS NMR
spectrum of Rh/Poly-1 exhibited a relatively high resonance
signal at 25.1 ppm owing to phosphorous oxide. A resonance
peak at 52.0 ppm was also present, which was assigned to the
unprotected phosphine coordinated with the Rh species [34].
The pore properties of the materials were analyzed by N2
physisorption isotherms (Fig. 1(c)). The curves of Poly-1 and
Poly-2 collected at -196 °C exhibited combined features of type
[ and type IV hysteresis with an obviously steep step in the P/Po
< 0.01 region and hysteresis loops in the 0.60 < P/Po < 0.95
region, which suggests that micro- and mesopores were pre-
sent in the polymer. These data were confirmed by the pore
size distribution curves calculated by nonlocal density func-
tional theory method (NLDFT); the pore sizes of two types of
pores were distributed at approximately 0.5-1.5 and 2.5-10
nm, respectively (Fig. 1(d)). The Brunauer-Emmet-Teller sur-
face areas of Poly-1 and Poly-2 were estimated to be 697 and
997 m2/g, respectively, and the pore volumes were calculated
to be 0.68 and 1.19 cm3/g, respectively. Rh/Poly-1 exhibited a
lower surface area and pore volume (490 m2/g, 0.56 cm3/g,
respectively) than Poly-1, because that part of the material
space was occupied after loading with Rh species. Compared
with the co-monomers divinyl benzene and 1,3,5-tri(4-vi-
nylphenyl)benzene, which are rigid bulky blocks, the ethylene
glycol dimethacrylate has longer carbon chains with a linear
structure and afforded a nonporous Poly-3. Another reason to
explain the condensed structure of Poly-3 is the hydrogen
bonding between the hydrogen atoms and the carboxyl groups.

3.2. Catalytic activity

The Rh-based catalysts were afforded by impregnating the
polymers with Rh(CO)z(acac) dissolved in toluene. Styrene was
chosen as a substrate to detect the asymmetric hydroformyla-
tion activities of the polymeric catalysts. Although the catalysts
were insoluble, they were prone to swelling in many solvents.
Therefore, we initially chose three solvents that have been used
most frequently in asymmetric hydroformylation to test the
catalytic performance of Rh/Poly-1 (Table 1). The results
showed that the three solvents gave similar yield for aldehydes,
but provided different regioselectivities and enantioselectivi-

Table 1
The performance of Rh/Poly-1 for hydroformylation in various sol-
vents.

<0 CHO ~ GHO
—_— :
Ph

> + pp~CHO

PR
Solvent Yield 2 (%) i/nb ee? (%)
Benzene 45.5 11.7 28.9
Toluene 56.7 11.3 37.8
THF 52.5 5.12 17.5

Reaction conditions: 2 mL solvents, H2/CO = 1:1 (1 MPa), 0.00096
mmol Rh with the molar ratio of P/Rh =10, S/C = 2000, 80 °C, 24 h.
2Determined by GC on a Cyclodex-B capillary column.

bMolar ratio of branched to linear aldehyde in the products, determined
by GC.

Table 2
The optimization of parameters for hydroformylation reaction by
Rh/Poly-1.

Entry Temp. (°C) P (MPa) Yield 2 (%) i/n ee? (%)
1 60 1 7.6 14.8 56.3
2 70 1 231 12.4 30.6
3 80 1 56.7 11.3 37.8
4 90 1 74.1 10.0 28.3
5 100 1 96.9 9.1 20.3
6 110 1 93.5 6.3 25.3
7 80 0.2 93.5 8.5 58.9
8 80 0.5 68.3 11.2 42.0
9 80 1.5 34.4 11.8 38.7
10 80 3 12.1 12.0 35.4
11 80 4 7.1 12.3 31.6

Reaction conditions: 2 mL toluene, H2/CO = 1:1, 0.00096 mmol Rh with
the molar ratio of P/Rh =10, S/C =2000, 24 h.
2Determined by GC on a Cyclodex-B capillary column.

ties; the highest enantioselectivity (37.8%) was afforded by
Rh/Poly-1 using toluene as a solvent. Toluene was selected as a
solvent to investigate the effect of temperature on the reaction
in the range of 60-110 °C (Table 2, entries 1-6). When the
temperature increased, the yield significantly increased from
7.6% to 93.5%. In sharp contrast, the regioselectivity and enan-
tioselectivity both decreased with the increase in the tempera-
ture. As a result, 80 °C was selected as an appropriate temper-
ature for further investigation. The impact of the pressure of
Hz/CO was investigated (Table 2, entries 7-11). When the reac-
tion pressure was decreased from 4.0 to 0.2 MPa, the yield in-
creased from 7.1% to 93.5%, although the regioselectivity de-
creased from 12.3% to 8.5%. An unexpectedly high enantiose-
lectivity (58.9%) was achieved when the reaction was per-
formed near atmospheric pressure (0.2 MPa).

The catalytic performance of the three catalysts (Rh/Poly-1,
Rh/Poly-2 and Rh/Poly-3) was examined under a pressure of
0.2 MPa at 80 °C for 24 h (Table 3, entries 1-3). These catalysts
exhibited similar yields (92%-94%), whereas Rh/Poly-1
showed the best regioselectivity (8.5%) and enantioselectivity
(58.9%). The results showed that the pore structures had little
effect on the yields, but had a clear effect on the regioselectivity
and enantioselectivity. In the swollen state, the backbones of
the polymer-supported catalysts were flexible and freely mov-

Table 3
Asymmetric hydroformylation of styrene by different catalysts.

Ej 5HO 5HO CHO
Hy/CO £
— + +
R R

R R
Entry Catalyst R Yield2 (%) i/n ee? (%)
1 Rh/Ploy-1 H 935 8.5 589
2 Rh/Ploy-2 H 94.6 8.0 451
3 Rh/Ploy-3 H 922 6.8 30.7
4 Rh-BINAP? H 94.9 8.1 353
5 Rh/Ploy-1 Cl 98.4 11.9 21.3
6 Rh/Ploy-1 Br 88.4 12.6 36.0
7 Rh/Ploy-1 OCH; 585 8.1 50.7

Reaction conditions: 2 mL toluene, H2/CO = 1:1 (0.2 MPa), 0.00096
mmol Rh with the molar ratio of P/Rh = 10, S/C = 2000, 24 h.
aDetermined by GC on a Cyclodex-B capillary column.

bHomogeneous catalyst of Rh-BINAP system with P/Rh = 10.
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able. Therefore, the substrate could obtain rapid access to the
active sites of the heterogeneous catalysts. Meanwhile, the rigid
and bulky blocks around the BINAP, such as divinyl benzene
and 1,3,5-tri(4-vinylphenyl)benzene, fabricated irregular and
steric pore structures, which could be favorable for the for-
mation of chiral pockets. Efficient asymmetric hydroformyla-
tions were conducted when the substrate was coordinated with
Rh species in the chiral pockets, and as anticipated, high enan-
tioselectivities were obtained. The Rh/Poly-1 and Rh/Poly-2
catalysts both exhibited higher enantioselectivity than the ho-
mogeneous system. However, Rh/Poly-3, which contained long
carbon chain links (ethylene glycol dimethacrylate) and
showed properties of a nonporous bulk material (no chiral
pocket existed), only exhibited an enantioselectivity of 30.7%
and a low regioselectivity of 6.8%. Rh/Poly-1 was also used to
catalyze 4-substituted styrene derivatives (Table 3, entries
5-7). The presence of substrates containing electron-with-
drawing groups, such as Cl and Br, seemed to decrease the ee
values, although they gave good conversion results. The
Rh/Poly-1 gave a high ee value of 50.7% when 4-methoxysty-
rene was used as a substrate.

Considering the catalyst stability and reusability were of
primary interests in heterogeneous catalysis, we investigated
the possibility of recycling Rh/Poly-1 (Fig. 2). When the reac-
tion was finished, the catalyst was separated by centrifugation,
washed with toluene (performed under nitrogen atmosphere)
and then the catalyst was used directly for the next round reac-
tion. The catalyst was reused seven times without significant
loss of activity and enantioselectivity. The fluctuation of the
product yield and ee values was ascribed to the reaction pres-
sure of H2/CO. We previously showed that the reaction pres-
sure had a significant influence on the activity and enantiose-
lectivity. Meanwhile, the yield of the product was in the level of
middle when the reaction time of the recycling test was 10 h.
The initial reaction pressure was only 0.2 MPa; therefore, small
changes in the pressure during the reaction would have a cer-
tain impact on the reaction results. The excellent stability of the
catalyst could be ascribed to the covalently linked methylene
groups, which firmly tied the chiral BINAP ligand.

70
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Fig. 2. Recycling studies for the asymmetric hydroformylation of sty-
rene by Rh/Poly-1. Reaction conditions: 2 mL toluene, H2/CO = 1:1 (0.2
MPa), 0.00096 mmol Rh with a molar ratio of P/Rh = 10, S/C = 2000, 10
h.

Experiment

Intensity (a.u.)

Fig. 3. The Rh K-edge k3-weighted Fourier transform spectra from
EXAFS. (1) Fresh Rh/Poly-1; (2) Used Rh/Poly-1.

Fig. 4. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of the fresh Rh/Poly-1 (a) and used
Rh/Poly-1 (b).

To confirm the coordination status of the Rh species in our
heterogeneous catalyst, extended X-ray absorption fine struc-
ture spectroscopy (EXAFS) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
characterization were employed for the fresh and used
Rh/Poly-1 (Figs. 3 and 4). According to the curve-fitting results,
in the fresh Rh/Poly-1 each Rh atom is coordinated with three
P atoms (derived form BINAP) and two O atoms (derived from
acetylacetone in the Rh(CO)z(acac) precursor) (Table 4). More
importantly, no Rh—Rh bond can be detected in the fresh sam-
ple of Rh/Poly-1, which indicated that the Rh species were co-
ordinated with chiral ligands and efficient molecular catalysts
were afforded. This was further confirmed by the HAADF-
STEM image (Fig. 4). After Rh/Poly-1 was used seven times,
one Rh atom was coordinated with three P atoms, one CO mol-
ecule (Table 4) and one H atom. This result is in accordance
with the mechanism of Rh-based homogeneous hydroformyla-
tion catalysis, in which the acetyl acetone molecule is replaced
by the CO and H to form the active species for hydroformyla-

Table 4

The curve-fitting analysis of the EXAFS traces.

Rh/Poly-1 Shell N R(A) 02x103 R factor

Fresh Rh-P 3.0 2.13 3.0 0.013
Rh-0 2.0 211 3.0

Used Rh-P 3.0 2.13 1.0 0.007
Rh-C 1.0 1.69 49
Rh-Rh 1.5 2.83 3.0

N, coordination number; R, distance between absorber and backscatter;
02, Debye-Waller factor.
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tion [7,8]. These observations indicated that just like the ho-
mogeneous catalysis mechanism, it was reasonable to attribute
the improvement of enantioselectivity in the case of Rh/Poly-1
catalyst to a favorable chiral pocket effect. In addition, only a
few Rh—Rh bonds were detected after the seventh run (Table
4). The content of Rh particles was very low according to the
HAADF-STEM image, and the Rh particles had no obvious effect
on the enantioselectivity during recycling (Fig. 4).

4. Conclusions

We successfully synthesized a new vinyl-functionalized chi-
ral ligand (S)-5,5-divinyl-BINAP and its related chiral porous
organic polymers. After impregnating with Rh species, the po-
rous polymeric catalysts with chiral nanopockets were applied
in the heterogeneous asymmetric hydroformylation of styrene.
Encouragingly, the enantioselectivity of Rh/Poly-1 was 1.67
times higher than that of the homogeneous analogue. This en-
hancement of enantioselectivity could be attributed to the in-
troduction of the flexible chiral nanopockets. Furthermore,
with excellent activity and recyclability, the easily prepared
BINAP-based chiral porous organic polymeric catalyst may
have further applications in the industrial production of chiral
aldehydes and other fine chemicals. Other efficient heteroge-
neous asymmetric catalytic systems for the production of fine

chemicals are being developed in our laboratory.
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Porous Rh/BINAP polymers as efficient heterogeneous catalysts
for asymmetric hydroformylation of styrene: Enhanced
enantioselectivity realized by flexible chiral nanopockets

Tao Wang, Wenlong Wang, Yuan Lyu *, Kai Xiong, Cunyao Li, Hao
Zhang, Zhuangping Zhan, Zheng Jiang, Yunjie Ding *

Dalian Institute of Chemical Physics, Chines Academy of Sciences;
University of Chinese Academy of Sciences; Xiamen University;
Shanghai Institute of Applied Physics, Chines Academy of Sciences

A series of polymer-supported Rh catalysts were obtained through the
copolymerization of (5)-5,5"-divinyl-BINAP and other co-monomers.
The heterogeneous catalyst exhibited higher enantioselectivity than
the corresponding homogeneous complex owing to the presence of
flexible chiral nanopockets.
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ZIL BN EBINAPR AWM HRMENTFIER CHEAN IR R R A:
FMEF M ORI YRR E RS ER

OB ExXAL B oM, B o9 2B %k B EET 2 OB TEAY
o AL B KL IR R B R R E R SE I E (%), 3 A 116023
O B R A 2, 467100049
EITA¥MF R, B E11361005
o R B L B A AT BT B R P AR AT, 3201204

FEE: AR LR A R B — e YR (e A M S . o-Z R RS oV B RN 2 —. REA NS
PR 1 S PRI TR 404, (BTSSR SR AR R o AT PR (R 122 S B S BIF= A Bk . ST AR IR PR IE
FIUE A e BEPE IO Ak, AT, AE R0 AR A 28 rbr, {68 P - S G i 7 1 T 7 00 I TR T 42 T A AS o R S A S
JO7 HR AT S (1 AR AR BB SR 7 7E Rby M SUBS FIC A A A 22 H, AN Bk & R I A e 7 P 3 5 ARAES. LABINAPTCAAR 5],
FIRRhE B 5, TEMEAL IR IR AR R A B S N, P ee ] R 4525%. AN, BT XM Ak A4 R AELE AL 70 [l Y Fn 7
VLA S5 10 B, DR A D6 AP 5T 22 AH AN B S A SR AL

KRS 2N 2B I BINAPRC AR 5,5°-divinyl-BINAP 5 B A A F 450 3L R BAR — 2R K 801,3,5- = 2 B ok 2
HILH, 158 B A FFLEE I T A YPoly-1F1Poly-2. N T Ebkg, FIFH 2t JL I Bfk 2 — % — W L TR TP S 5 2 0 2
BINAPALRAZ F R & HPoly-3. iR = AR AWM kL 8k & JERW 5, F/EZR 2 IR A FR A H B Ak s I A i 7).

R PCRRE A WT R, =R R AW R 73R &8 5 VAR AR R R Ra e (B 2R 45 . L PR AT LA 31, R NTEAE
L 42 b [ BIANPATS SR CR 375 A 4 A AL IR AS . N W3R B 45 S R 3 Poly- 1 F Poly-2 L A5 55 K 1) bb 3R TR AFL AR AR, 1T
Poly-3 1 L R TR FR /N, A /M7 o, XS bR AT v i AR e 1

TEAN [ S5 R 7 R A 76 P 22 S K. S A I L B R0 A S D i, AL 7R B/Poly-17E80 °CH10.2 MPa | 7=
W o AR 29 R 1k T v 3 58.9%, S BE IS 5 B BEIE 1 U AE A8.5; T AE AT [R] S B k1 R, S M AL FFIRh-BINAP (feefl 1Y Jy
35.3%, {H = T-Rh/Poly-3. X /& i T = AN Z AL H 2L F BINAPE A A F FT . /i piAME AL 77 A, BINAP 25 [a) A2 fH
BRI SR AR T 42, (645 I B2 JEC 0 42 SRR 2 7 1) 5 4B A 8 M 7 A e i, TR T 2B AL T F 1 D48 I 45 84, 1T Rh/Poly-3 1,
BIANP J& il 28 1 (1) 2 5 Sk, ANRETE A 2000 1 48 454, Rh/Poly-1 8 & FH7UE, AEHERA % R, HEX
S5} 2R IR USRS 41 45 W R AE 45 R 3 B, Rh/Poly- 1 46 77 4 AT ¥ A Rh-RhEEA77E, (HE B G J5, Rh& @i 7 AL, AR T
Rh-Rh#. k7= 85 A tEse 7iX — 5.
X8R ZALANESY, ZAML; AOURERB; TR Frrog

WoAE B 1 2016-12-15. 35 B #: 2017-01-15. H AR B #: 2017-04-05.

*HAEE L AL B35 (0411)84379143; 4 2: (0411)84379143; # F {2 4: dyj@dicp.ac.cn

Pl AEE R AL BLE: (0411)84379601; # H: (0411)84379143; # F 12 44 luyuan@dicp.ac.cn

HARIF: BRIk 2R % TU(XDB17020400).

7R ST 3E TR, F iR i Elsevier H iR 4 7 ScienceDirect 1 iR (http://www.sciencedirect.com/science/journal/18722067).



