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Abstract A novel cinchonine catalyst supported by car-

boxymethylcellulose (CMC) has been prepared with a

simple approach. As-prepared CMC-supported cinchonine

catalyst was used to catalyze the asymmetric Michael

addition of 1,3-dicarbonyl compounds to N-benzylmalei-

mide at a very low loading (3 mol%). It has been found

that desired adducts containing adjacent quaternary and

tertiary stereocenters can be obtained in high efficiency

(yield 80 %) and stereoselectivity (dr 75:25, ee 78 %).

Moreover, as-prepared catalyst possesses good recyclabil-

ity (at least 4 times).
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1 Introduction

Enantioselective organocatalysis has grown with leaps and

bounds [1], and a variety of chiral organic molecules such

as chiral amino acid [2], cinchona alkaloid [3], urea

plus thiourea [4], chiral diamine [5], and their derivatives

have been used as catalysts in almost all types of enan-

tioselective organocatalytic reactions [6–8]. Due to the

unique stereostructure and excellent commercial avail-

ability, natural cinchona alkaloids like cinchonine (Fig. 1)

have outstanding performance in the area of asymmetric

catalysis [9, 10]. In 2006, Bartoli realized challenging

asymmetric Michael reaction [11, 12] involving adjacent

tertiary carbon and quaternary carbon centers adduct at low

temperatures with the assistance of cinchona alkaloids [13].

In addition, cinchona alkaloids and their derivatives pro-

mote efficiently on many other asymmetric reactions

[14–16], but their utility is often limited by the difficulty of

separating the product from the catalyst. To overcome this

drawback and contribute to resource conservation as well,

many researchers [17–21] have made great efforts to

develop diverse polymeric matrixes supported enantiose-

lective catalysts which offer several advantages: the ease of

physical separation of the polymer, the facilitated product

purification and the potential recycling. The common

organic polymeric supports are polystyrene, polyethylene

glycol, sulfhydryl resin and so on [22–24]. However, few

reports are currently available about natural polymers as

solid supports of organocatalysts [25, 26].

Bearing those perspectives in mind, we pay special

attention to cellulose, the most extensively distributed

and renewable natural-polymer with advantages of non-

toxicity, environmental acceptability and good degrada-

bility [27]. Particularly, we are extremely interested in

carboxymethyl cellulose (CMC) (Fig. 1), the major com-

mercial derivative of cellulose and the most common

product of cellulose ether which widely used in pharma-

ceuticals, cosmetics and foods [28]. Thus in the present

research we prepared CMC-loaded cinchonine as an effi-

cient organocatalyst for the asymmetric Michael reactions of

1,3-dicarbonyl compounds (1a–e) and N-benzylmaleimide
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(2), hoping to acquire highly functionalized products with

adjacent quaternary and tertiary carbon centers (Eq. 1; Bn

refers to benzyl) [13].

2 Experimental

2.1 Equipments and Reagents

Commercial grade reagents and solvents were used without

further purification; otherwise, where necessary, they were

purified as recommended. Starting materials b-keto esters

1a–c as well as b-diketones 1d–e were purchased from

Aldrich or Lancaster and used as received. Natural cin-

chona alkaloid, cinchonine (CN), was purchased from

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China)

and used as received. Sodium carboxymethylcellulose

(SCMC) was purchased from Tianjin Kermel Chemical

Reagent Co., Ltd (Tianjin, China).

Analytical thin layer chromatography (TLC) was per-

formed on GF254 silica gel plates. Infrared spectra were

recorded with an Avatar 360 Fourier transformation

infrared spectrometer (FTIR; Nicolet Company, USA).

Elemental analysis was carried out with an Elementar

Vario PE2400-II analyzer. Nuclear magnetic resonance

(NMR) spectra were obtained from Bruker Avance 400 M

system, and the chemical shifts of [1] H-NMR spectra were

reported in relation to tetramethyl silane (d = 0). Analyt-

ical high performance liquid chromatography (HPLC) was

performed on Agilent 1100 equipped with a diode array

ultraviolet detector, and Daicel Chiralpak AD or AS col-

umns were used for the HPLC analysis.

2.2 Procedures for Synthesis of CMC-Supported

Organocatalyst

2.2.1 Synthesis of CMC

Into a 100 mL beaker charged with 35 mL of ethanol was

added 2.0 g of SCMC under vigorous stirring to generate

mixed slurry. Into resultant slurry was added 3 mL of

concentrated hydrochloric acid within 4–6 min under stir-

ring, followed by heating to boil and additional 10–15 min

of stirring after stop of heating. The reaction mixture was

then filtered and precipitated with 95 % ethanol. The pre-

cipitate was collected and washed with 80 % ethanol at

60 �C until HCL was completely removed. As-washed

precipitate was further washed with a small amount of

anhydrous methanol and dried in an oven at 105 �C for

15 min yielding desired product, CMC white powder. The

product was characterized by means of FTIR (m = 3463,

2979, 2932, 1747, 1637, 1384, 1305, 1232, 1123, 1060,

1021, 893, 858, 664, 593, 438 cm-1).

2.2.2 Synthesis of Catalyst CMC–CN

Carboxymethylcellulose (0.88 g) and CN (4 mmol, 1.2 g)

were added into a 50 mL round-bottomed flask charged

with CH2Cl2 (20 mL) and dehydrating agent dicyclo-

hexylcarbodiimide (DCC, 4 mmol, 0.82 g) in the pres-

ence of 4-dimethylaminopyridine (DMAP, 0.0244 g) as

the catalyst. Resultant mixture was stirred at room

temperature for 48 h, and then ethanol was added into

the flask to remove remnant CN. Catalyst CMC–CN, a

creamy-white solid, was obtained after filtering, washing

with ethanol, dimethylformamide (DMF), methanol and

acetone, drying in vacuum. CN loading was determined

by Element analysis as 0.19 mmol g-1. Then the product

was characterized by means of FTIR (m = 3444, 3066,

2939, 2870, 1751, 1637, 1592, 1509, 1454, 1425, 1384,

1209, 1113, 1050, 995.5, 950, 905, 835, 802, 754, 664,

634, 579, 459 cm-1).

ð1Þ

Fig. 1 Structure of cinchonine and carboxymethyl cellulose
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2.3 General Procedures for Catalytic Enantioselective

Michael Reaction

To the solution of 1,3-dicarbonyl compound (0.2 mmol) in

toluene (1.0 mL) were added N-benzylmaleimide (0.24 mmol)

and as-synthesized chiral catalyst CMC–CN (3 mol%) at

room temperature under stirring. The mixture was continu-

ously stirred until no 1,3-dicarbonyl compound was detected

by TLC analysis. The reaction mixture was then filtrated to

remove the catalyst. Resultant crude product was purified by

flash column chromatography after evaporation of the

solvent.

3 Results and Discussion

CMC–CN is prepared by following a two-step straight-

forward synthetic strategy depicted in Scheme 1. Briefly,

SCMC is acidified with hydrochloric acid generating CMC.

Resultant CMC is then allowed to react with cinchonine via

DCC condensation giving target product CMC–CN, and

it can be confirmed by the IR spectra of the CMC and

CMC–CN (Fig. 2).

For initial screening experiments, a model system

comprising of ethyl 2-oxocyclopentanecarboxylate (1a)

and N-benzylmaleimide (2) leading to 3a catalyzed by

CMC–CN has been studied, and relevant results are sum-

marized in Table 1, where the results for the model reac-

tion with 3 mol% CN or 3 mol% CMC in toluene at room

temperature are also provided for a comparative study. It

can be seen that 3 mol% CN gives a good yield of 89 %

and high enantioselectivity of 79 %, but 3 mol% CMC

possesses nearly zero catalytic activity for the model

reaction (Table 1, entries 1 and 2). As to CMC–CN under

the identical conditions, catalytic activity comparable to

that of CN is obtained (yield 80 %, ee 78 %; Table 1, entry

3). To identify desired reaction medium, we have studied a

total of nine organic solvents for the model reaction. As

shown in Table 1, reaction media play an important role in

the reaction process, and less polar solvents such as toluene

and diethyl ether show higher selectivity than polar sol-

vents including DMF and isopropyl alcohol (Table 1,

entries 3–12). Then we have attempted to upgrade the

asymmetric induction level of 3 mol% CMC–CN by low-

ering reaction temperature to 0 �C when the optimized

solvent toluene is adopted. To our disappointment, both

isolated yield and stereoselectivity reduced at 0 �C (ee

57 %, dr 58:42). Moreover, since different catalyst load-

ings may give different reaction outcomes including yield

and stereoselectivity, we have carried out further experi-

ments by changing the catalyst loading in a range of

1–10 mol%. As listed in Table 1, the introduction of a

larger amount (10 mol%) of catalyst accelerated the reac-

tion but lowered the diastereoselectivities. Compared with

10 mol% catalyst, the level of enantioselectivity and yield

did not significantly decline when the catalyst loading is

reduced to 3 mol%. But continue to reduce the catalyst

dosage, the result was unsatisfactory (Table 1, entry 14).

Considering both the economical and practical aspects, we

suggest the desired dosage of CMC–CN as 3 mol%.

Further, we have investigated the role of multiple addi-

tives in relation to the optimization of experimental proce-

dures while formic acid, acetic acid and trifluoroacetic acid
Scheme 1 General synthetic route for organocatalyst CMC–CN. The

carboxy value of resultant CMC is 1.19 mmol g-1

Fig. 2 The IR spectra of the CMC and CMC–CN. a CMC;

b CMC–CN
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(TFA) are separately used as the additives for the model

reaction.

None of the screened additives offers good activity or

selectivity, and relevant reaction rate is very slow.

Results about the scope of the Michael reaction are

summarized in Table 2. It can be seen that almost all of

the trisubstituted carbon Michael donors can react with

N-benzylmaleimide (2), but only a trace amount of Michael

adduct is obtained when they react with acyclic b-ketoesters

(Table 2, entry 2). In the meantime, cyclic b-ketoesters are

well converted into corresponding 1,4-adducts in moderate

yields with moderate diastereoselectivity and enantioselec-

tivity (Table 2, entry 1); and high diastereoselectivity and

enantioselectivity can be obtained with b-diketones which

are considered as a class of particularly challenging sub-

strates (Table 2, entries 3 and 4).

Finally, we have also investigated the recovery and

recycling of CMC–CN under the optimal reaction

condition described in Table 3, where the catalyst recov-

ered from the reaction of entry 3 in Table 1 is employed

for four additional cycles. It can be seen that catalyst

CMC–CN reused for up to four cycles afford target prod-

ucts in fine yields of 75–80 %, and the enantiomeric excess

remain around 70–80 %. This means that as-prepared

catalyst CMC–CN can be reused for at least 4 times while

its stereoselectivity is well retained.

A plausible reaction mechanism for the Michael reaction

of N-benzylmaleimide with 1,3-dicarbonyl compounds

catalyzed by CMC–CN is proposed in Scheme 2, which is

based on the stereochemistry of 1,4-adducts. The reaction

involves two stages: the formation of dihydrogen bond

between the enolic form of 1,3-dicarbonyl compounds and

the tertiary amine of loaded cinchonine, and the interaction

of N-benzylmaleimide with the hydroxyl group of CMC

via hydrogen bond [29]. The latter helps to activate the

maleimide towards the nucleophilic attack.

Table 1 Screening reaction conditions for the organocatalytic asymmetric conjugate addition of 1a to maleimides 2a (Et refers to ethyl)

+

O

COOEt N

O

O

Bn
catalyst (3 mol%)

Solvent (1mL)

1a 2 3a

O
N

O

O

Bn

COOEt

Entry Catalyst Solvent T day Yield (%)b dr (syn/anti)c ee (%) (syn)c

1d CN Toluene 4 89 74:26 79

2d CMC Toluene 10 Trace – –

3 CMC–CN Toluene 7 80 75:25 78

4 CMC–CN Tetrahydrofuran 7 82 81:19 58

5 CMC–CN Ethyl ether 7 60 54:46 76

6 CMC–CN Hexane 7 86 60:40 58

7 CMC–CN CHCl3 7 81 54:46 48

8 CMC–CN CH3CN 7 88 52:48 51

9 CMC–CN Ethyl acetate 7 79 57:43 44

10 CMC–CN Petroleum ether 7 71 59:41 58

11 CMC–CN Isopropyl alcohol 7 82 48:52 30

12 CMC–CN DMF 7 80 56:44 21

13e CMC–CN Toluene 5 81 58:42 57

14f CMC–CN Toluene 7 78 57:43 50

15g CMC–CN Toluene 7 80 63:36 78

16h CMC–CN Toluene 3 80 68:32 80

a Experimental conditions (0.2-mmol scale): The reactions were conducted at ambient temperature under stirring in undistilled solvent with 1a to

2 molar ratio of 1:1.2
b Isolated yield
c Determined by chiral-phase HPLC analysis
d The reaction was catalyzed by 3 mol% catalyst
e The reaction was carried at 0 �C
f With 1 mol% catalyst loading at ambient temperature
g With 5 mol% catalyst loading at ambient temperature
h With 10 mol% catalyst loading at ambient temperature
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4 Conclusion

We have developed a novel polymer supported catalyst—

natural polymer CMC loaded alkaloid cinchonine for the

asymmetric conjugate addition of 1,3-dicarbonyl com-

pounds to N-benzylmaleimide, acquiring Michael adducts

in good yields and with high enantioselectivities. As-pre-

pared CMC–CN catalyst is highly efficient even at a low

loading of 3 mol%, and it can be reused for at least 4 times

while its stereoselectivity is well retained.
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