
Introduction
1)

The development of the new chiral ligands for use in

asymmetric catalysis has been attracting a considerable

degree of attention during the last two decades. In this

area, the palladium-catalyzed asymmetric allylic alkyla-

tion reaction is a versatile and widely employed process

in organic synthesis because of its potential for enantio-

selective formation of carbon-carbon bonds [1]. Success-

ful development of homogeneous ligands has often been

followed by attempts to attach the ligands to insoluble

supports. Covalent immobilization of chiral catalysts

onto insoluble supports is of tremendous interest because

it provides easy handling and separation of the products

from the catalysts without tedious workup and enables

the efficient recovery of expensive or toxic catalysts [2].

Of course, many heterogeneous chiral ligands have been

used in various asymmetric catalytic processes, such as

enantioselective hydrogenation [3] and the enantio-

selective addition of diethylzinc to aldehydes [4]. The

selection of chiral ligands for the enantioselective allylic

alkylation has focused on the use of mixed bidentate

donor ligands, such as P-N [5], S-N [6], and P-S [7]

systems, which exhibit excellent levels of enantio-

selectivity. In this reaction, the degree of asymmetric

induction seems to be dependent upon the optimum
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combination of electron donor atoms and the rigidity of

the Pd complex involved in the reaction process. In

recent years, we have reported that polymer-supported

heterogeneous amino-phosphinites are somewhat effi-

cient in this reaction [8]. In connection with our recent

results, herein we report the synthesis of a homogenous

chiral ligand (3) and the application of the polymer-

supported heterogeneous chiral ligands (4, 6, and 7) to

the palladium-catalyzed asymmetric allylic alkylation of

1,3-diphenylprop-2-en-1-yl acetate (Figure 1).

Experimentals

General

NMR spectra were recorded at 400 MHz (
1
H) and 100

MHz (
13
C) using a Varian Unity INOVA400 spectrom-

eter. FT-IR spectra were obtained using a BRUKER IFS

48 spectrometer. (R,R)-1,2-Diaminocyclohexane was pur-

chased from Aldrich. All experiments were conducted

under an atmosphere of nitrogen. Optical rotations were

measured using a Perkin-Elmer 241 polarimeter and a

1-dm cell (concentration in g/100 mL). Flash chromato-

graphy was performed using Merck silica gel 60 (230 to

400 mesh). The enantiomeric excesses of the products

were determined through HPLC analysis (Chiralcel OD-

H column, 25×0.46 cm; = 254 nm; 1 % 2-propanol inλ

hexane, 0.5 mL/min.). The degrees of functionalization

were determined by the weight increase.
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Figure 1. Homogeneous and polymer-supported heterogeneous chiral thiophene derivatives.

Scheme 1. Preparation of chiral ligands used for Pd-catalyzed asymmetric allylic alkylation.

Synthesis of Chiral Ligand 3 and the Polymer-Sup-

portedHeterogeneous Chiral Ligands 4, 6, and 7

The synthesis of the chiral ligands (3, 4, 6, and 7) is

described in Scheme 1.

Compound 3: The ligand 3 was readily synthesized by

condensation of enantiomerically pure (R,R)-1,2-diamin-

ocyclohexane 1 (0.5 g, 4.38 mmol) and 2-thiophene

carboxaldehyde (2.1 eq, 1.03 g, 9.20 mmol) in refluxing

ethanol (10 mL), followed by reduction with NaBH4 (2.2

equiv., 364 mg, 9.636 mmol) at room temperature for

6 h (1.21 g, 90 % yield, brown solid); [ ]α D= -21 (c=1.0,

CHCl3); NMR (CDCl3, 298 K): δH (400 MHz) 1.41 (m,

4H), 1.60 (m, 4H), 2.91 (m, 2H), 3.71 (dd, 4H) 6.927.2

(m, 6H); δC (100 MHz) 22.5, 25.9, 27.3, 54.7, 63.4,

124.6, 126.3, 126.6.

Compound 4: A mixture of compound 3 (306 mg, 1.0

mmol), Merrifield’s peptide resin (1 % crosslinked chlo-

romethylated polystyrene, 1 eq., 1.0 g, 1.0 mmol) and po-

tassium carbonate (1.1 eq., 152 mg, 1.1 mmol) in toluene

(20 mL) was stirred for 48 h under reflux (ca. 110
o
C).
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The resultant mixture was washed with water, methanol,

and diethyl ether and then dried under vacuum for 3 h at

100
o
C, resulting in the polymer-supported product 4

(1.186 mg, 0.69 mmol of ligand per gram of polymer).

Compound 6: A mixture of (R,R)-1,2-diaminocyclo-

hexane 1 (114 mg, 1.0 mmol), Merrifield’s peptide resin

(1 % crosslinked chloromethylated polystyrene, 1.0 g,

1.0 mmol), and potassium carbonate (1.1 eq., 152 mg,

1.1 mmol) in toluene (20 mL) was stirred for 24 h under

reflux (ca. 110
o
C). The resultant mixture was washed

with water, methanol, and then diethyl ether and then

dried under vacuum for 3 h at 100
o
C, resulting in the

polymer-supported product 5 (1.058 g, 0.75 mmol of

ligand per gram of polymer). The ligand 6 was readily

synthesized by condensation of compound 5 and 2-

thiophene carboxaldehyde (1.0 eq., 84 mg, 0.75 mmol) in

refluxing 1,4-dioxane (20 mL) for 30 h. Drying under

vacuum and washing with ethanol and methylene chlo-

ride gave the polymer-supported heterogeneous ligand 6

(1.104 g, 0.67 mmol of ligand per gram of polymer).

Compound 7: Iodomethane (1.1 eq., 190 mg, 1.34

mmol) was added slowly at 0
o
C to a mixture of com-

pound 6 (2.0 g, 1.22 mmol), triethylamine (1.1 eq., 136

mg, 1.34 mmol), and THF (20 mL). The resultant

mixture was stirred for 6 h. Drying under vacuum and

washing with ethanol and methylene chloride gave the

polymer-supported heterogeneous ligand 7 (2.015 g, 0.56

mmol of ligand per gram of polymer).

As shown in the IR spectrum in Figure 2, one broad

peak appeared near 3500 cm
-1
, which confirmed the

existence of an amine group (NH) supported on the

polymer resin (Figure 2B).

Procedure for Pd-Catalyzed Asymmetric Allylic Al-

kylation [9]

A mixture of the ligand and [PdCl(η
3
-C3H5)]2 in dry

THF was stirred at room temperature for 30 min. The

resulting solution was treated with a solution of rac-

1,3-diphenyl-2-propenyl acetate in THF, followed by

dimethyl malonate, BSA, and a catalytic amount of po-

tassium acetate (KOAc). The mixture was stirred at room

temperature while observing the degree of reaction using

thin layer chromatography. The organic phase was dried

over anhydrous MgSO4 and solvent was evaporated

under reduced pressure. The conversion was calculated at

this stage; the crude product was purified by flash col-

umn chromatography prior to HPLC analysis. The con-

version was determined by GC analysis and the enanti-

omeric excess was determined by HPLC analysis

(Chiralcel OD-H column; n-hexane:2-propanol = 99:1;

flow rate = 0.5 mL/min; tR = 23.4 min; tS = 25.1 min).

The polymer-supported ligand was washed successively

with MeOH, THF, and CH2Cl2 prior to reuse.

Figure 2. FT-IR spectra of (A) Merrifield’s peptide resin

(1 % crosslinked chloromethylated polystyrene), (B) pol-

ymer-supported ligand 4, and (C) ligand 3.

Results and Discussions

We examined the palladium-catalyzed asymmetric

allylic alkylation of 1,3-diphenylprop-2-en-1-yl acetate

with dimethyl malonate using the chiral ligands 3, 4, 6,

and 7. The reaction was performed initially in tetrahy-

drofuran at room temperature by using 2.5 mol% of the

π-allylpalladium chloride dimer [PdCl(η
3
-C3H5)]2, 10

mol% of the chiral ligand 3, N,O-bis(trimethylsilyl)

acetamide (BSA), and KOAc as base to afford the

(R)-alkylated product in 95 %ee in 83 % conversion

(Entry 2). The results are listed in Table 1.

As can be seen in Table 1, for ligand 3, both the reac-

tion rate and enantioselectivity were dependant upon the

reaction conditions such as the temperature and choice of

base and solvent. The enantioselectivity of the reaction

was improved dramatically by lowering the temperature

to 0
o
C (Entry 4). Using lithium acetate (LiOAc) instead

of potassium acetate, the product was obtained in 88 %ee

(Entry 6). In case of ligand 3, CH2Cl2, which is usually a

good solvent for Pd-catalyzed allylic alkylation, was less

effective when LiOAc was used as base (Entry 7).

Reducing the amount of [PdCl(η
3
-C3H5)]2 from 0.04 to

0.02 molar equiv. caused a decrease in the reaction rate

with only a slight fall in enantioselectivity. The asym-

metric induction decreased to 89 % at a ligand/Pd ratio

of 1 (Entry 3). Although chelation of the ligand with Pd

is not clear, it is considered that the enantiodifferentiation

step in the Pd-catalyzed allylation is the substitution of

the -allyl complexes with theπ nucleophile, and nucleo-
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Table 1. Pd-Catalyzed Asymmetric Allylic Alkylation of 1,3-Diphenyl-2-propenyl Acetate Using the Chiral Ligands 3, 4, 6, and 7.
a

Entry Ligand Base Solvent
Temp

(
o
C)

Time.

(h)

Conversion

(%)
b

E.e.

(%)
c

1

2

3
d

4

5

6

7

8

9

10

11

12
e

13
f

14

15
e

16
f

17

18
d

3

3

3

3

3

3

3

4

4

4

6

6

6

6

6

6

7

7

KOAc

KOAc

KOAc

KOAc

KOAc

LiOAc

LiOAc

KOAc

KOAc

LiOAc

KOAc

KOAc

KOAc

LiOAc

LiOAc

LiOAc

KOAc

LiOAc

CH2Cl2
THF

THF

CH2Cl2
THF

THF

CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2

20

20

20

0

0

20

20

20

0

20

20

20

20

20

20

20

20

20

24

22

48

48

48

12

12

48

48

48

48

48

48

48

48

48

48

48

85

83

50

99

95

73

30

70

60

75

83

80

78

85

83

80

75

66

88

95

89

98

95

88

79

30

45

40

71

70

68

69

66

67

38

42
a
Molar ratio: [PdCl(η

3
-C3H5)]2 (0.025 equiv.), ligand ( 0.1 equiv.), dimethyl malonate (3.0 equiv.), BSA (3.0 equiv), and a catalytic amount

of base. Ligand/Pd = 2.
b
Determined by GC analysis.

c
Determined by HPLC analysis using a Chiralcel OD-H column (eluent: n-hexane/2-propanol=99/1; 0.5 mL/min)

d
The reaction was performed using 0.01 molar equiv. of [PdCl(η

3
-C3H5)]2 and 0.02 molar equiv. of ligand. Ligand/Pd = 1.

e
Reaction was preformed using the ligand that had been used in Entries 11 and 14, respectively, without further addition of the Pd allyl
dimer.

f
Reaction was performed using the ligand that had been used in Entries 12 and 15, respectively, without further addition of the Pd allyl dimer.

philic attack occurs predominantly at the allyl terminus,

from trans to the better π-acceptor [10]. The R configu-

ration of the alkylated product from this reaction was

confirmed by comparing the specific rotation that in the

with that in the literature [11]. The catalytic activities of

the heterogeneous chiral ligands (4, 6, and 7) were also

tested in this asymmetric reaction. As expected, when the

polymer-supported ligand was employed, there was a

significant decrease in the reaction rate. The reaction

proceeded at a low reaction rate with only low enantio-

selectivity when KOAc was added as base in CH2Cl2
(Entry 8). When lithium acetate was used instead of

potassium acetate, somewhat higher enantioselectivity

(with a slightly increased conversion) was obtained

(Entry 9). Also, the polymer-supported ligands were

successfully recycled for two subsequent runs without

significant losses of either the reaction rate or the

enantioselectivity.

Conclusions

The chiral ligand 3 was successfully immobilized onto a

polymer support for use in asymmetric allylic alkylation

to afford high enantioselectivity (up to 98 %ee). The

catalytic activity of the polymer-supported heterogene-

ous chiral ligands (4, 6, and 7) were also examined in

this reaction. The polymer-supported heterogeneous

chiral ligands showed moderate reactivity and enantio-

selectivity (up to 71 %ee), the enantioselectivity was

maintained when the catalysts were recycled and reused

two times without any radical loss. Further synthesis of

other polymer-supported chiral ligands and their appli-

cation to other asymmetric catalysis are underway in our

laboratory.
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