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Abstract  

A completely non-chromatographic and highly large-scale adaptable synthesis of zirconium 

poly(styrene-phenylvinylphos-phonate)phosphate-supported L-proline (ZrPS-PVPA-Pr) has been 

developed with only three steps overall. Catalyst 1c was determined to be efficient for the asymmetric 

direct aldol reaction (only 0.5 mol% of 1c was used) in the presence of water at room temperature, 

with an enantiomeric excess as high as 99%. In addition, water was identified to be one of the most 

significant reaction condition parameters due to the characteristics of the organic-inorganic hybrid 

catalyst support. Catalyst 1c was easily recovered by simple filtration and could be reused at least six 

times with little loss of activity and enantioselectivity. Catalyst 1c can be used efficiently on a 

large-scale while maintaining the enantioselectivities of the aldol reactions. Therefore, this method has 

the potential for application in industry. 

Keywords: ZrPS-PVPA-Pr; Organic–inorganic hybrids; Heterogeneous catalysis; Aldol reactions; 

Large-scale; Green chemistry. 

Introduction 

The increasing quantities of industrial waste exert a significant and serious impact on the 

environment and force the modern chemical industry toward using clean processes due to the 

increasing demand of chemicals in various applications.
1-3

 Therefore, to resolve this difficulty, the 

development and application of new types of heterogeneous catalysts for organic reactions is an 

important approach.  

Industrially, condensation reactions are of great importance in the production of a number of key 
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compounds. The direct asymmetric aldol reaction is one of the most important carbon-carbon 

bond-forming reactions and has been widely used in constructing natural and non-natural products.
4,5

 

Since the early reports in the 1970s on the L-proline catalysed intramolecular aldol reactions
6,7

 and the 

discovery by List et al. that L-proline can mimic type Ⅰ aldolase to enantioselectively catalyse 

intermolecular aldol reactions,
8
 interest in organocatalysis has significantly increased in the past few 

years due to the novelty of the concept and unique activation modes.
9-19

 Many homogeneous chiral 

organocatalysts have been prepared, and many of these catalysts are known to be highly effective in 

asymmetric aldol reactions.
20,21

 However, few examples of these catalysts have been developed for use 

in industrial processes, which is due to the un-avoidable drawbacks of homogeneous catalytic 

processes (e.g., short lifetime, lower structural and thermal stability, and difficulties in separation and 

recovery of highly expensive chiral catalysts), as well as concerns regarding product purity. Therefore, 

recycling and reuse of these expensive catalyst systems become important aspects. In addition, the 

separation of catalysts from product streams poses economic and environmental challenges.
22,23

 

Product separation, catalyst recovery, and resistance to drastic operational conditions, large-scale 

reactions are advantageous features of heterogeneous catalysts. A combination of these features would 

be desirable for establishing an ideal catalytic system.
24

  

Currently, the immobilization of a chiral organocatalyst has been widely investigated on inorganic 

or organic supports, including mesoporous materials,
25

 metals,
26

 layered compounds,
27

 polymers 
28

 

and dendrimers.
29

 However, the development of practical solid support-immobilized asymmetric 

catalysts has proven highly challenging due to lower enantioselectivities or efficiencies and number of 

use cycles. Therefore, new types of heterogeneous catalyst systems need to be developed. 

In recent years, the zirconium phosphates and zirconium phosphonate field has been actively 

investigated, and the focus has primarily been on adsorbents,
30

 inorganic ion exchangers,
31

 

intercalation chemistry,
32

 catalyst supports and catalysts.
33,34 

The stable amorphous  

L-proline-functionalized zirconium methyl-and/or phenylphosphonates were prepared to catalyse the 

direct asymmetric aldol addition with high yield, diastereoselectivity and enantiomeric excess.
35,36

 The 

zirconium phosphate-phosphonate hybrid materials also have been extensively explored due to the 
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large surface area, high thermal stability, good acid and chemical resistance, and advantage of that all 

of the organic groups were located on the surface of layers, interlamellar region and interlayer surface 

despite crystalline, semi-crystalline or amorphous nature of the solid. 
37

 

According to the theory and technique of hybridization or composition material, a hybrid or 

composite material exhibits new properties along with the original characteristics of each component. 

For the purpose of trying to synthesize a new type of organic-inorganic hybrid catalyst support that 

possesses quite different properties from either common organic support such as polystyrene or pure 

inorganic supports as silica gel, alumina, molecule sieve and zirconium phosphates or phosphonates, 

the frameworks of organic–inorganic hybrids ZrPS-PVPA-Pr were easily prepared in three steps 

overall. In addition, the method where the chiral organocatalyst is anchored onto ZrPS-PVPA 

(organic-inorganic hybrid support) has been rarely reported.  

In line with the “green chemistry”, effective and environmentally benign synthetic methodology is 

often regarded as a goal in modern organic chemistry. The use of water, which has some advantages 

(i.e., cost, safety, and environmental impact), as a reaction solvent rather than an organic solvent is 

preferred to decrease environmental contamination in addition to the use of a catalyst support.
38-40

 In 

addition, the surface of the supports as well as the caves, holes, pores, micropores and, channels in the 

supports may provide microenvironmental effects that exhibit different catalytic performances for 

asymmetric aldol reactions compared to those using either pure polystyrene or inorganic supports. In 

this paper, we report a new type of heterogeneous aldol reaction catalyst system using ZrPS-PVPA as 

a support, and this reaction proceeded efficiently in the presence of water at room temperature. 

Page 3 of 20 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 4

N
H2Cl

O

O

Ph

CO2H + +

PO3H2

AINB

MeOH/reflux

C

Ph

H

C

OO

N
H HCl

CO2H

H

* C

H

Ph

C

H

H

C

Ph

PO3H2

C

H

H

*

x y z

1.ZrOCl2 8H2O/NaH2PO4

THF

Zr(HPO4)1.35[O3PCH(Ph)CH2(CHCH2)y(CHCH)x]0.65.H2O

O

O

N
H

CO2H

PhPh

2. Et3N, MeOH

Ph

H

O

O

N
H

CO2H

1.ZrOCl2 8H2O

THF

2. Et3N, MeOH

Zr[O3PCH(Ph)CH2(CHCH2)y(CHCH)x].H2O

O

O

N
H

CO2H

PhPh Ph

H

O

O

N
H

CO2H

ZrP

ZrP

1a

1b

1c

1d

 

Scheme 1. Synthesis of catalysts 1c and 1d. 

 

Figure 1. Ideal structural model of ZrPS-PVPA-Pr 

Experimental 

Materials and instrumentation 

Hydroxyproline, styrene, styrene phosphoric acid and, cinnamic acid, were supplied by Alfa Aesar. 

All of the chemicals were used as received unless otherwise noted. The reagent grade solvents were 

distilled prior to use. The reactions were monitored by thin-layer chromatography (TLC) carried out 

on 0.25 mm silica gel plates, which were visualized using UV light and/or by staining with ethanolic 
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phosphomolybdic acid (PMA) and/or ninhydrin in an ethanol stain. 

Flash column chromatography was performed on silica gel (200-300 mesh). FT-IR spectra were 

recorded using KBr pellets on a Bruker RFS100/S spectrophotometer (USA) in the range of 400 0-400 

cm
-1

. The NMR spectra were recorded on a 300 MHz instrument. Chemical shifts (δ) are provided in 

ppm relative to TMS as the internal reference, and coupling constants (J) are reported in Hz. TG 

analysis was performed on a SBTQ600 Thermal Analyzer (USA) with a heating rate of 20 ℃·min
-1

 

from 25 to 1000 ℃ under flowing N2 (100 mL·min
-1

). SEM was performed on a KYKY-EM3 200 

(KYKY, China) microscope, with a resolution of 6.0 nm (30 kV) and a magnification range of 

15X-250 000X. TEM images were obtained on a TECNAI10 (PHILIPS, Holland) apparatus, with a 

line resolution of 0.144 nm, and a point resolution of 0.282 nm, and magnification range of 25X-700 

000X. The BET surface areas were determined using N2 sorption data measured at 77 K 

(Quantachrome Autosorb-1). The sample was degassed at 100 ℃ for 8 h prior to obtaining the 

measurements. The pore size distribution curves were obtained from a desorption isotherm using the 

BJH method. Melting points were measured on a digital melting-point apparatus. Mass spectra (MS) 

were measured on HCT Bruker ESQUIRE LC/MS spectrometer with electrospray ionization. The 

elemental nitrogen content of the catalyst was determined using a Vario EL element analyser 

(Germany), with an Ar carrier gas. Analytical high performance liquid chromatography (HPLC) was 

carried out on an Agilent 1200 instrument using Chiralpak AD (4.6 mm×250 mm) or Chiralcel OD-H 

(4.6 mm×250 mm) columns. Optical rotations were measured on a JASCO P-1010 Polarimeter at 

λ=589 nm. 

Catalyst synthesis 

Synthesis of 1a 
41-46

 

A 1000 ml round bottom flask was charged with CF3CO2H (240 mL) and placed in an ice/water 

bath. Powdered trans-4-hydroxy-L-proline (500 mmol) was added in small portions under vigorous 

stirring to yield a viscous solution. The reaction mixture was stirred for 40 min, and then 

trans-3-phenylacryloyl chloride (750 mmol) was added in one portion. After 60 min of stirring, the 
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mixture removed from the ice/water bath. The reaction flask was fitted with a loose glass stopper, and 

the reaction mixture was stirred at room temperature without any external temperature adjustment for 

6 h, which yielded a clear and colourless solution. Then, the reaction flask was cooled in an ice/water 

bath, and Et2O (500 mL) was slowly at first added under vigorous stirring over a period of 20 min. 

The resulting white suspension was stirred at 0-5 °C for 30 min after the addition was completed, 

followed by filtering by vacuum. The crystals were washed with two portions of Et2O and dried at 

room temperature for 23 h in a ventilated hood to afford direct O-trans-3-phenylacryloyl proline 

hydrochloride 1a (142.9 g, yield 96%). 

Synthesis of 1b (PS-PVPA-Pr) 

O-trans-3-phenylacryloyl proline hydrochloride 1a (25.9 g, 86.8 mmol), 1-phenylvinyl phosphonic 

acid (8 g, 43.4 mmol), styrene (40 mL, 347.8 mmol), ethyl acetate (300 mL) and benzoyl peroxide 

(BPO, 5.0 g, 23.5 mmol) were used for the preparation of the PS-PVPA-Pr copolymer according to a 

previously published protocol.
47

 Yield 36.75 g. 

Synthesis of organic–inorganic hybrid zirconium phosphate catalyst 1c (ZrPS-PVPA-Pr) 

PS-PVPA-Pr (10.0 g, 5 mmol), hydrated sodium orthophosphate (3.13 g, 20 mmol), ZrOCl.8H2O 

(8.05 g, 25 mmol) were used for the synthesis of organic-inorganic hybrid ZrPS-PVPA according to a 

previously published procedure.
47

 Then, the pH of the reaction mixture was adjusted to neutral by 

addition of triethylamine followed by washing with distilled water and ethanol and subsequent drying 

under vacuum. The organic-inorganic hybrid solid ZrPS-PVPA-Pr was obtained in 91% yield. IR 

(KBr): v max/cm
-1

 3405
 
(N-H); 3082, 2924 (CH); 3028 (-COOH); 1686, 1493, 756 (-C6H5); 1244, 

1025 (P=O). (The mass fractions of the C, H and N, elements were determined by elemental analysis 

to be 39.88 mmol g
-1

, 47.50 mmol g
-1

 and 0.125 mmol g
-1

, respectively.)
 
 

Synthesis of pure organic zirconium phosphate catalyst 1d  

PS-PVPA-Pr (10.0 g, 5 mmol) and, ZrOCl.8H2O (1.77 g, 5.5 mmol) were used for the synthesis of 

pure organic zirconium phosphate ZrPS-PVPA according to a previously published protocol.
47

 Then, 

the pH of the reaction mixture was adjusted to neutral by addition of triethylamine followed by 

washing with distilled water and ethanol and subsequent drying under vacuum. The pure organic 
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zirconium phosphate solid 1d was obtained in 85% yield. IR (KBr): v max/cm
-1

 3405
 
(N-H); 3059, 

2923 (CH); 3025 (-COOH); 1686, 1453, 698 (-C6H5); 1247, 1029, 1025, and 999 (P=O). (The mass 

fractions of the C, H and N, elements were determined by elemental analysis to be 55.20 mmol g
-1

, 

61.09 mmol g
-1

, and 0.182 mmol g
-1

, respectively.) 

General procedure for the direct aldol reaction using catalyst 1c in the presence of water 

To a mixture of catalyst 1c (10 mg, 0.125 mmol g
-1

 hydroxy-L-proline, determined according to N 

content of elemental analysis), cyclohexanone (1 mmol) and water (1 mL) were, stirred for 10 min at 

room temperature, and then aldehyde (0.25 mmol) was added. The reaction was monitored by TLC, 

and the mixture was filtered under vacuum and dried over anhydrous MgSO4. Diastereoselectivity was 

determined by 
1
H NMR or HPLC analysis of the crude aldol products. The enantiomeric excess (ee) 

was determined by chiral-phase HPLC analysis of the pure anti-product which was purified by flash 

column chromatography (Petroleum ether : EtOAC = 2:1). The absolute configuration of the aldol 

products was extrapolated by comparison of the HPLC-data with known literature data.  

Results and discussion 

Characterisation of the catalyst 

FT-IR spectra analysis 

To investigate the immobilization of hydroxyproline on ZrPS-PVPA, FT-IR spectra of catalysts 

1c/1d in the solid form were obtained, and the main absorption data recorded in the transmittance 

mode are shown in Table 1. The characteristic vibration bands at approximately 3405 cm
-1 

are due to 

the stretching vibration mode of N-H. In addition to other peaks located at 3059 cm
-1

, 3082 cm
-1

, 2923 

cm
-1

, 2924 cm
-1

 (CH); 3025 cm
-1

, 3028 cm
-1

 (-COOH); 1686 cm
-1

, 1493 cm
-1

, 1453 cm
-1

, 756 cm
-1

, 

698 cm
-1

 (-C6H5), these peaks demonstrated the successful anchoring of hydroxylproline onto the two 

different supports. According to the IR spectra of 1d, the absorption peaks ranging from 999 cm
-1

 to 

1247 cm
-1 

were assigned to the characteristic vibration of pure organic phosphonate. However, only 

two broad absorption peaks were observed at 1244 cm
-1

 and 1025 cm
-1

 in the IR spectra of 1c due to 

the displacement, overlap and disappearance of peaks caused by the layered hybrid structure. The 

stretching vibration bands at 1244 cm
-1

 and 1025 cm
-1 

corresponded to the organic phosphonate and 
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 8

inorganic phosphate, respectively. These observations further confirmed the successful immobilization 

of hydroxylproline on the organic phosphonate and inorganic phosphate hybrid support (ZrPS-PVPA).  

 

Table 1. IR absorption data of 1c and 1d. 

Sample IR, ν/cm-1 

1c 3405 3082 3028 2924 1686 1493 1244 1025 756   

1d 3405 3059 3025 2923 1686 1453 1247 1029 1025 999 698 

 

Surface morphology and micro-structure 

The images obtained from scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) of catalysts 1c and 1d are shown in Figure 2, and these images indicated that 

heterogeneous catalyst 1c was composed of amorphous particles with diameters of one hundred to 

several hundred nanometers. Each particle exhibits a loose structure due to the integration of various 

caves, holes, pores and channels with different shapes, structures and sizes (Figure 2, A). The TEM 

images show many micropores and secondary channels with diameters of approximately 25 nm 

among the layers of the catalyst after treatment in the presence of water. These micropores and 

secondary channels will increase the surface area of the catalysts and provide sufficient space for 

substrates to access the catalytic active sites (Figure 2, C). However, in contrast to 1c, catalyst 1d 

exhibited aggregates with relatively fewer porous channels, due to the disorderly accumulation of 

amorphous particles with different diameters (Figures 2, B/D). In general, one of the advantages of 

the layered zirconium phosphonate is that all of the organic groups were located on the surfaces, 

interlamellar regions and interlayer surfaces despite the crystalline, semi-crystalline or amorphous 

nature of the solid, which was determined by their self-assembled layered structure on the nanometer 

scale.  
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Figure 2. SEM (A: 1c; B: 1d) and TEM (C: 1c; D: 1d) analysis of catalysts 1c and 1d. 

 

Using the X-ray diffractogram measurements of compounds 1c and 1d (Figure 3), the layer spacing 

was calculated. 1c exhibited a larger layer spacing of 30.026 nm compared to pure organic zirconium 

phosphate 1d (22.071 nm), which is due to changes in the electronic structure of the catalyst supports 

by addition of inorganic zirconium phosphate. The results indicated that the catalyst and substrate 

interact sufficiently in the adequate microenvironment among the layers of the heterogeneous catalyst 

bulk, as shown in the SEM and TEM images in Figure 2. 

 

    Figure 3. XRD pattern of catalysts 1c and 1d. 
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Elemental and BET surface area analysis 

To determine the quantity of hydroxyproline immobilized on ZrPS-PVPA, we conducted elemental 

analysis of catalysts 1c and 1d. The mass fractions of C, H, and N were determined two times and are 

shown in Table 2. The relatively lower mass fraction of the N element in 1c was due to the augmented 

molecular weight resulting from the addition of inorganic zirconium phosphate. Using the N2 

adsorption-desorption analysis (Figure 4), the BET surface and pore distribution of two types of 

polymeric immobilized catalysts were determined (Table 2). The results indicated that the 

organic-inorganic hybrid zirconium phosphate exhibited a significantly larger ratio surface area and 

pore volume than the pure organic zirconium phosphate. The results further confirmed the porous 

micro-structure in the heterogeneous catalyst bulk, as shown in Figure 2.  

 

Table 2. Elemental analysis and N2 adsorption-desorption analysis.  

Catalyst Times C (%) H (%) N (%) 

Surface area 

(cm2g-1) 

Pore volume  

(×10
－3

 cm3g-1) 

Average pore 

diameter (nm) 

1c 1 47.80 4.685 0.176 23.08 9.719 8.422 

 2 47.91 4.824 0.174    

1d 1 66.28 6.032 0.25 4.50 2.096 9.313 

 2 66.20 6.185 0.26    

 

 

 

Figure 4. N2 adsorption-desorption analysis of catalysts 1c and 1d. 
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Thermal stability 

 

Figure 5. TG curves of catalyst 1c. 

 

To investigate the appropriate operational temperature range, the thermal analysis of catalyst 1c was 

carried out, and the results are shown in Figure 5. The initial 5.84% weight loss observed from 20 to 

200 °C was due to the crystallized water that was weakly bound to the material, and this result 

demonstrated the stability of catalyst 1c up to approximately 200 °C. In the temperature range of 

200-560 °C, two overlapping weight losses occurred due to the oxidation of organic portions of the 

catalyst. Above 560 °C, the weight losses were due to the dehydrolysis of Zr(HPO4)2 to ZrP2O7, and 

only cubic ZrP2O7 was observed at the end of the measurements at 1000 °C. 

 

Asymmetry direct aldol reaction in the presence of water. 

The heterogeneous catalytic performance was tested in the asymmetric direct aldol reaction using 

the typical reaction of cyclohexanone and p-nitrobenzaldehyde as a model for the chemical activity. 

All of the results are reported in Table 3. The performance of catalysts 1c and 1d strongly depended 

on the solvent in which the reaction occurred. To optimize the reaction conditions for the catalyst 

system, different solvents were investigated. When an organic solvent was used, the results were very 

poor. However, to our delight, the catalytic system proceeded efficiently in the presence of water 

(Table 3, entry 6).  
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Table 3. Solvent screening for the reaction between cyclohexanone and p-nitrobenzaldehyde.
a 

+

O

Catalyst 1c/1d  (100 mg)

O

NO2

OHCHO

NO2

solvent(1 mL), rt

 
 

Entry Catalyst 
Cat. 

loading[mg] 
Solvents Yieldb (%) anti:sync eed (%) 

1 1c 100 - 60 53:47 44 

2 1c 100 THF 55 54:46 42 

3 1c 100 CHCl3 53 63:37 36 

4 1c 100 DMSO 65 68:32 43 

5 1c 100 n-C6H14 45 76:24 65 

6 1c 100 water 99 85:15 93 

7 1d 100 - 58 56:44 14 

8 1d 100 THF 55 54:46 37 

9 1d 100 CHCl3 52 50:50 - 

10 1d 100 DMSO 89 84/14 93 

11 1d 100 n-C6H14 50 61:39 30 

12 1d 100 water 85 69:31 83 
a The reaction was performed with p-nitrobenzaldehyde (0.25 mmol), cyclohexanone (1.0 mmol), catalyst 1c and 1d 

(100 mg, 0.125 mmol g-1), in the solvent (1.0 mL) at room temperature. 

b Isolated yield after chromatography on silica gel. 

c Determined by chiral 1HNMR analysis, major product is anti. 

d Determined by chiral HPLC analysis of the anti-product. 

 

 

Table 4. Effects of catalyst loading on the direct aldol reaction.
a
 

+

O

Catalyst 1c

O

NO2

OHCHO

NO2

H2O(1 mL), rt

 
Entry Catalyst Cat loading[mg] Solvents Yieldb (%) anti:sync eed (%) 

1 1c 100 H2O (1mL) 99 85:15 93 

2 1c 80 H2O (1mL) 99 80:20 92 

3 1c 50 H2O (1mL) 99 78:22 93 

4 1c 40 H2O (1mL) 98 84:16 92 

5 1c 30 H2O (1mL) 98 90:10 94 

6 1c 20 H2O (1mL) 98 94:6 96 

7 1c 10 H2O (1mL) 98 98:2 99 

8 1c 5 H2O (1mL) 90 98:2 95 
a The reaction was performed with p-nitrobenzaldehyde (0.25 mmol), cyclohexanone (1.0 mmol), catalyst 1c(5mg～

100 mg, 0.125 mmol g-1), in the presence of water (1.0 mL) at room temperature. 

b Isolated yield after chromatography on silica gel. 

c Determined by chiral 1HNMR analysis, major product is anti. 

d Determined by chiral HPLC analysis of the anti-product. 
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Then, we investigated the effects of different amounts of catalyst 1c on the reaction of 

cyclohexanone with p-nitrobenzaldehyde (Table 4). By using 10 mg of catalyst 1c (0.5 mol%, 0.125 

mmol/g), we obtained a good yield with excellent stereoselectivity (Table 4, entry 7). Therefore, the 

optimized amount of catalyst 1c loading was chosen to be 10 mg (0.5 mol%, 0.125 mmol/g). 

 

Table 5. Effects of the amount of water on the direct aldol reaction.
a
 

+

O

Catalyst 1c (10mg)

O

NO2

OHCHO

NO2

H2O, rt

 

Entry Catalyst 
Cat. loading 

[%] 
Water (mL) Yieldb (%) anti:sync eed (%) 

1 1c 10 0.2 94 91:9 94 

2 1c 10 0.4 92 89:11 94 

3 1c 10 0.5 93 91:9 94 

4 1c 10 0.8 91 90:10 94 

5 1c 10 1.0 98 98:2 99 

6 1c 10 1.5 85 91:9 92 
a The reaction was performed with p-nitrobenzaldehyde (0.25 mmol), cyclohexanone (1.0 mmol), catalyst 1c (10 mg, 

0.125 mmol g-1), in the presence of water at room temperature. 

b Isolated yield after chromatography on silica gel. 

c Determined by chiral 1HNMR analysis, major product is anti. 

d Determined by chiral HPLC analysis of the anti-product. 

 

Different results were observed with different amounts of water (Table 5), and the optimized 

amount of water was 1.0 mL. Finally, 10 mg of catalyst 1c employed in the presence of water (1.0 mL) 

was the optimized catalytic condition for the direct aldol reaction between cyclohexanone and 

p-nitrobenzaldehyde.  

To widen the range of substrates, we investigated ketone as an aldol donor with a series of 

aldehydes using catalyst 1c in the presence of water at room temperature under the optimized reaction 

conditions. As revealed in Table 6, the processes proceeded smoothly with 10 mg (0.5 mol%, 0.125 

mmol/g) of catalyst 1c resulting in highly enantio-enriched adducts in good yields regardless of the 

electronic nature of the aromatic aldehydes. For the neutral and electron-rich aromatic aldehydes, a 

longer reaction time was required compared to that required for the electron-deficient aromatic 

aldehydes. However, the aldol process proceeded efficiently in good yield (99 %) with high 
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enantioselectivity (99 %). The good performance of heterogeneous catalyst 1c with regard to the ee 

value was most likely due to its novel support and good hybridization properties of the inorganic and 

organic components. The microenvironment of ZrPS-PVPA-Pr for asymmetric aldol reactions 

consisted of hydrophobic polystyrene potions and hydrophilic hybrid zirconium phosphonate portions 

with a self-assembled layered structure on the nanometre scale. Due to the interaction of a large 

number of polystyrene segments and layered zirconium phosphonate-phosphate existing in 

ZrPS-PVPA-Pr, a substantial number of caves, holes, pores and channels were formed due to folding, 

curlling, parallelling, crossing, and even twining, which resulted in the excellent catalytic performance 

of 1c. However, this result is combined with the threshold effect assigned to the secondary channels, 

which have various sizes and shapes that are formed during the reaction in the presence of water. 

 

Table 6. Asymmetric aldol reactions of cyclohexanone with various aromatic aldehydes in the 

presence of water.
a
 

O

+ H R

O
Catalyst 1c (10 mg)

H2O(1mL),  rt

O

R

OH

 

Entry Product Time (h) Yieldb (%) anti:sync eed (%) 

1 2(R=p-NO2-C6H4) 24 98 98:2 99 

2 3(R=o-NO2-C6H4) 24 99 99:1 99 

3 4(R=m-NO2-C6H4) 24 97 97:3 99 

4 5(R=p-CN-C6H4) 24 98 98:2 98 

5 6(R=p-CF3-C6H4) 24 98 98:2 97 

6 7(R=p-Br-C6H4) 36 95 97:3 98 

7 8(R=p-Cl-C6H4) 36 96 98:2 99 

8 9(R=o-Cl-C6H4) 36 95 96:4 99 

9 10(R=m-Cl-C6H4) 36 92 94:6 98 

10 11(R=p-F-C6H4) 36 95 96:4 98 

11 13(R=p-OMe-C6H4) 36 84 93:7 96 

12 14(R=m-OMe-C6H4) 36 85 94:6 97 

13 15(R=2-naphthyl) 36 86 94:6 94 

14 16(R=1-naphthyl) 36 87 95:5 97 

15 17(R=C6H5) 36 85 92:8 93 

a The reaction was performed with p-nitrobenzaldehyde (0.25 mmol), cyclohexanone (1.0 mmol), catalyst 1c (10 mg, 

0.125 mmol g-1), in the presence of water (1.0 mL) at room temperature. 
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b Isolated yield after chromatography on silica gel. 

c Determined by chiral 1HNMR analysis, major product is anti. 

d Determined by chiral HPLC analysis of the anti-product. 

To verify that catalyst 1c can be recovered and reused, we performed a recycling study of 1c using 

the aldol reaction between cyclohexanone and p-nitrobenzaldehyde (Table 7). Catalyst 1c was 

recovered by simple filtration, washed thoroughly with ethanol or water and dried at 60℃ to remove 

all of the impurities followed by direct use in a subsequent aldol reaction without the addition of any 

new catalyst. In each reuse cycle, the same amount of substrate was used, and without further 

purification, the recovered catalyst 1c retained its catalytic activity. In addition, only a slight decrease 

in the enantioselectivity was observed after 6 cycles (we did not continue beyond six cycles). In 

general, the layered zirconium phosphonate was relatively stable. However, the layered structure 

could be destroyed under some extreme conditions, such as basic solutions. However, the virgin 

layered structure, channels, holes and caves were roughly recovered in standing under aqueous phase 

conditions, which was helpful for self-assembling of the layered zirconium phosphonate. Therefore, 

these types of heterogeneous catalysts have the singular advantage of recyclability. The slight 

decrease in the activity for more cycles may be due to a physical loss during the recovery process 

and/or by a gradual degradation of the catalysts under the aqueous phase conditions and continuous 

stirring. 

Table 7. Recycling and reuse of catalyst 1c
a
. 

+

O

Catalyst 1c (1.0 g)

O OHCHO

H2O, rt

NO2

NO2

 

Entry Time (h) Yieldb (%) anti/sync eed (%) 

1 24 99 99:1 99 

2 24 99 98:2 99 

3 24 99 98:1 99 

4 24 99 97:3 98 

5 24 98 97:3 98 

6 24 97 97:3 98 

a Reaction conditions: cyclohexanone (100 mmol), aldehyde (25 mmol), catalyst 1c (1.0 g), water (100 mL) at room 

temperature. 

b The combined isolated yield of the diastereomers. 

c Determined by chiral 1H NMR analysis, major product is anti. 
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d Determined by HPLC analysis of the anti product. 

In addition, the large-scale test was performed with 1 mol of an aromatic aldehyde and 4 

equivalents of cyclohexanone with, the same catalyst loading (10 g, 0.5 mol%) as in the experimental 

scale. The experiments were facilely carried out using the same procedure as that used for the 

experimental scale reactions. Based on the results summarized in Table 8, the enantioselectivities 

maintained the same level in the large-scale reactions. 

 

Table 8. Large-scale asymmetric aldol reactions.
a
 

H R

O

+

O

Catalyst 1c (40 g) R

O OH

H2O(100 mL), rt
1mol4mol  

Entry Product Time (h) Yieldb (%) anti/sync eed (%) 

1 

NO2

O OH

 

24 99 99:1 99 

2 

O OH

NO2

 

24 99 97:3 99 

3 

O OH

Cl  

36 98 98:2 99 

4 

O OH Cl

 

36 95 96:4 99 

5 

O OH

 

36 85 93:7 94 

a Reaction conditions: cyclohexanone (4000 mmol), aldehyde (1000 mmol), catalyst 1c (40 g), H2O (4000 mL) at room 

temperature. 

b The combined isolated yield of the diastereomers. 

c Determined by chiral HPLC analysis, major product is anti. 

d Determined by HPLC analysis of the anti product. 

 

According to the above results (Table 3) where catalyst 1c exhibited better performance in the 

presence of water compared to that in organic solvents, the influence of the microenvironment effect 

of ZrPS-PVPA immobilized chiral molecule with an improved hydrophilic property was due to the 

large number of hydroxyl groups. The exciting phenomenon was also confirmed by the layered porous 

micro-structure shown in Figure 2, which demonstrated that the organic groups in zirconium 
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phosphonates were located on the surface of the layers, the interlamellar region and interlayer surface.  

Both zirconium phosphates and zirconium phosphonates have excellent supermolecular 

intercalation performance. Some guests, such as amine and alkyl ethanol, can be easily intercalated 

into layered zirconium phosphate or zirconium phosphate-phosphonate in a polar solvent (e.g., water, 

ethanol or water/ethanol). According to the principle of intercalation chemistry, the interlayer distance 

of the zirconium phosphate or zirconium phosphate-phosphonate increased, and the layer floors were 

broadened in the polar solvent (i.e., water). Therefore, the heterogeneous catalyst with the layer floors 

of zirconium phosphates that can be distended in ZrPS-PVPA possess the same properties in the 

presence of water and can provide sufficient interspace for substrates to access to the catalytic active 

sites.  

 

Conclusion 

In this paper, a novel chiral phenoxy-modified organic-inorganic hybrid support-zirconium 

poly(styrene-phenylvinyl-phosphonate)-phosphate has been used as a catalyst support for aldol 

reactions, and the results highlight the versatility of this class of organic-inorganic hybrid catalyst 

supports. In addition, the important effects of water as a solvent for the asymmetric aldol reactions 

using chiral heterogeneous catalysts 1c and 1d have been investigated and discussed. Enantiomeric 

excess up to 99% was obtained along with little loss of activity and enantioselectivity, and catalyst 1c 

can be efficiently used on a large-scale with the enantioselectivities of the anti-aldol reactions being 

maintained at the same level, which offers great potential for application in industry. It is easy to 

foresee important developments of similar systems based on insoluble ZrPS-PVPA. Our results also 

generate a new opportunity for understanding and designing organo-inorganic hybrid catalysts for 

chiral synthesis.  
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