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구조중에 1개의 tert-부틸기를 가진 새로운 형태의 키랄살렌 착체를 합성하여 비대칭반응 촉매로서 활용하였다. 알루미늄
족의 금속염을 소유한 이량체형의 키랄 살렌 촉매는 에폭사이드의 산소고리를 페놀류로 여는 비대칭반응에서 매우 높은
활성과 선택성을 나타내었다. 또한 무기담체에 고정화된 살렌 착체도 이 반응에 대하여 효과적인 촉매로 사용할 수 있었
다. 새로운 키랄 살렌촉매 중에 존재하는 금속염의 종류는 광학선택적 반응에서 중요한 영향을 나타내었다.
New chiral Co-salen complexes with one C3- tBu group in the structure have been synthesized and applied as a chiral catalyst.
A dimeric chiral salen having aluminum group metal salts such as AlCl3 displayed very high catalytic reactivity and enantioselectivity for the asymmetric ring opening of epoxides to synthesize optically pure α-aryloxy alcohols via phenolic kinetic
resolution. The salen complexes immobilized on the inorganic support were also used as effective catalysts in that reaction.
The identity of metal salts in the new chiral salen complex has proved to be important in the enantioselective reactions.
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1. Introduction

enantioselectivity for the asymmetric ring opening of racemic epoxides
with phenol derivatives. However a multi-step synthesis was required
for such oligomeric cobalt-salen catalysts. Herein, we report the highly
effective methods for the phenolic kinetic resolution (PKR) reaction
catalyzed by the new chiral heterometallic (salen) Co complexes havt
ing one C3- Bu group in the structure as a monomer or linked dimmer
type. Especially, the chiral salen complexes with dimeric structure have
displayed higher reactivity and selectivity through the mechanism involving cooperative bimetallic catalysis. Pursuant to our own efforts di-

1)

Optically pure α-aryloxy alcohols are valuable targets for the asymmetric syntheis as key synthetic intermediates in a variety of pharmaceutically important compounds. Access to these building blocks can
be provided by several routes, including symmetric reduction of aryloxy ketones or the ring opening of enantiopure terminal epoxides
with phenols. Very high enantioselectivity was obtained in the recently
reported phenolic kinetic resolution of terminal epoxides by using
(salen)Co(III)-perfluoro tert-butoxide complex[1] or oligomeric (salen)
Co(III)-(OTs) catalysts[2]. The area of kinetic resolution[3-6] has

rected towards designing of the di- and multimeric chiral (salen) Co
catalysts, heterometallic (salen) Co complexes having AlCl3 and GaCl3
displayed the good enantioselectivity, reactivity and stability for the
asymmetric kinetic resolution of terminal epoxides with H2O and a
cyclization reaction in our recent research[15,16]. As a continuation of
our research we tried to extend this methodology to ring opening of
terminal epoxides with phenol derivatives by using the new structural
chiral salens.
In this work, the addition of phenol to epicholorohydrin (ECH) was
examined as a model reaction to test the efficiency of new chiral

grown tremendously during the last few years in synthesis of valuable
enantioenriched intermediates of the academic and pharmaceutical interests by using chiral catalysts[7-10].
A wide range of synthesis and application of chiral salen catalysts
as dimeric[11], polymeric[7,12], oligomeric[2,10,13], dendrimeric[14]
and supported forms[8] have been reported as a practical advantage.
The oligomeric (salen) Co catalyst exhibited very high reactivity and
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Scheme 1. Schematic diagram of new chiral salen complexes having
one C3-tBu group.
salens with different structures. This type of salen complex having one
t
C3- Bu group in the structure has never been used as a catalyst in the
ring opening of terminal epoxides to obtain the variety of chiral intermediates, particularly in the reaction using phenol or aniline derivatives
as a nucleophile. The most efficient catalytic activity was obtained in
the enantioselective reaction by using that complex as a new chiral
catalyst.

Scheme 2. Schematic diagram of immobilized polymeric chiral salen
complexes.

2. Experimental
2.1. Materials and Methods

The reagents and solvents were purchased from Aldrich, Fluka and
1
TCI, and they were used without further purification. All H NMR and
13
C NMR were recorded using 400 MHz FT-NMR spectrometer
(VARIAN UNITYINOVA400) at ambient temperature. Optical rotation
measurements were conducted using a JASCO DIP 370 digital polarimeter. Gas chromatographic analyses were performed on HewlettPackard 5890 Series II instrument equipped with a FID detector using
a chiral column (CHIRALDEX G-TA and A-TA, 20 m × 0.25 mm id
(Astec). Chiral HPLC analyses were performed on a YOUNGLIN inⓇ
strument using a Chiralcel OD-H column (24 × 0.46 cm i. d.), Regis
(S,S) Whelk-O1 and Dicel Chiralpak AD-H at 254 nm. The IR spectra
were measured with a PERKIN-ELMER Spectrum 2000 Explorer.
2.2. Catalyst Synthesis

Typically for the synthesis of dimeric catalysts 3A, the (R,R)-salen
II
Co (precatalyst (1)) and 13 group MX3 salt AlCl3 (2:1 mole ratio)
was dissolved in methylene chloride (MC) simultaneously at ambient
temperature and stirred in open atmosphere for 3 h. The color of the
reaction mass changed from red to olive green. The solvent was evaporated up to dryness under reduced pressure to offer the dark brown sol-

id powder. To obtain the monomeric catalyst 2A and 2B, calculated
amount of precatalyst (1) and Lewis acid 13 group MX3 salt (1:1 mole
ratio) was dissolved in MC simultaneously, and stirred in the open atmosphere for 3 h at ambient temperature. The next treatment followed
the same procedure as mentioned above. The structure of catalysts is
indicated in Scheme 1.
The polymeric salen catalyst was immobilized on the inorganic support by the simultaneous condensation reaction between dimeric dialdehyde derivative, and diaminocyclohexane and aminosilane-functionalized solid as shown in Scheme 2. A suspension of 3-aminopropyl trimethoxysilane and TEOS in methanol was heated to reflux in the presence of HCl and water to produce amorphous solid. After washing the
powder sample, the polymeric salen catalyst of linear or branched type
was obtained through the additional reactions.
2.3. General Procedure for Kinetic Resolution

In a typical reaction of racemic ECH and phenol (Table 1), the
(R,R)-type chiral salen catalyst 2A (867 mg, 0.05 mmol, 0.5 mol%),
1 mL of tert-butyl methyl ether (TBME) and (±)-ECH (0.93 g, 10
mmol) were charged in an oven dried 25 mL flask and the reaction
mixture was stirred in at open atmosphere at ambient temperature.
Phenol (0.42 g, 4.5 mmol. 0.45 equiv.) was added after complete disJ. Korean Ind. Eng. Chem., Vol. 18, No. 6, 2007
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Table 1. Asymmetric Ring Opening of Terminal Epoxide with Phenol
and Their Derivatives Catalyzed by Heterometallic Salen Catalysts

Entry

R1

R2

Catalyst
Type

Loading
a
catalyst
(mol%)

1

H

-CH2Cl

2A

0.25

12

76

89

2

H

-CH2Cl

2B

0.25

12

74

87

3

H

-CH2Cl

3A

0.25

12

85

96

4

H

-CH2Cl

3B

0.25

12

81

94

5

H

-CH2Cl

3B

0.5

10

80

92

6

H

-CH2Cl

3B

1.0

10

78

88

7

3-CH3

-CH2Cl

2A

0.5

12

73

86

8

3-CH3

-CH2Cl

2B

0.5

12

75

83

9

3-CH3

-CH2Cl

3A

0.25

12

79

90

10

3-CH3

-CH2Cl

3B

0.25

12

76

82

11

3-Cl

-CH2Cl

3A

0.25

12

84

94

12

3-Cl

-CH2Cl

3B

0.25

12

81

92

a

Reaction Yieldb Eec
Time (h) (%) (%)

13

H

-CH3

3A

0.25

8

76

95

14

H

-OC6H5

3A

0.25

9

74

96

15

3-CH3

-CH3

3A

0.25

8

82

93

16

3-CH3

-OC6H5

3A

0.25

9

72

95

17

4-CH3

-OC6H5

3A

0.25

10

72

93

18

3-tert-Bu

-CH2Cl

3A

0.25

10

74

97

19

3-tert-Bu

-CH3

3A

0.25

10

78

96

In mol% loading on the basis of cobalt unit relative to racemic epoxide. b
c
Isolated yield, ee % was determined by chiral HPLC. TBME was used as
a solvent (with the same volume of epoxide).

solution of the catalyst. The resultant solution was stirred for 9 hrs and
monitored by chiral GC and HPLC. The purification of the products
was performed by flash column chromatography. The products were
1
13
identified/characterized by IR, H NMR, C NMR and found to be
similar to those reported[9-12]. In addition, the asymmetric aminolytic
kinetic resolution (AKR) of racemic terminal epoxides using anilines
was also performed in the presence of salen catalysts with a similar
procedure as PKR.
2.4. Investigation of Non-linear Effects

In a representative reaction to investigate the non-linear effect between the ee% of salen catalyst and that of product, a 20 mL vial was
charged with a stir bar and 0.005 M catalyst 2A, 2B, 3A and 3B in
TBME solvent (5.00 mL), respectively. The ee% of catalysts was controlled by mixing (R,R)- and (S,S)-type catalyst having the opposite
configuration. The mixture of racemic-ECH (1 eq.) and phenol (0.55
eq.) were added to the dark brown solution containing a catalyst, and
the reaction was performed at 20 ℃ for 6 h. The final ee% of product
was determined by LC analysis.
공업화학, 제 18 권 제 6 호, 2007

3. Results and Discussion
The PKR of racemic epoxides was found to show the broad substrate scope with respect to phenols. A series of terminal epoxides
were screened in the ring opening reaction with various phenol derivatives in the presence of catalysts, and the result is summarized in
Table 1. Phenol, chloro phenol, cresol and 3-tert-butyl phenol were
used as nucleophiles to open the electron-poor and electron-rich terminal epoxides, respectively. Overall, phenols and epoxides with a wide
range of electronic properties have participated in the asymmetric kinetic resolution, providing the corresponding α-aryloxy alcohols with
good yield and ee%’s. As shown in Table 1, the dimeric salen catalyst
3A and 3B (Entry 1∼4) containing AlCl3 and GalCl3 exhibited higher
ee’s (94∼96%) than the monomeric catalyst 2A and 2B. It seems that
the catalyst 3A and 3B show a cooperative interaction between the two
cobalt units due to the dimeric structural effect in catalysis. In this
II
study, it was found that (salen) Co ligand (precatalyst 1) itself showed
no activity for PKR of racemic epoxides at all. The dimmer catalyst
displayed superior activity with the half amount of catalyst as compared to monomer salen. This means that a dimeric salen catalyst is
not the simple physical mixture of two monomeric salen units, because
the precatalyst has no activity in this reaction.
The reactivity for PKR of terminal epoxides catalyzed by Co(salen)AlCl3 and Co(salen)-GaCl3 have not shown great differences, however
slightly higher ee% of products was obtained by Co(salen)-AlCl3 (3A)
than Co(salen)-GaCl3 (3B) in Table 1. AlCl3 or GaCl3 coordination in
the salen catalyst plays an important role to activate the attacking reagent regioselectively.
In the comparative study of the catalytic activity for PKR, the reaction was examined by varying the amount of catalyst from 0.25
mol% to 1.0 mol% on the basis of cobalt unit for the catalyst 3B
(Entry 4∼6). In this case, the catalyst (Entry 4) showed the improved
enantioselectivity (94% ee) at a low loading of catalyst under the same
reaction conditions. From these observations, the enantiomeric excess
(%) in PKR of epoxides was strongly dependent to the loading amount
of catalysts, providing a high %ee’s with increasing substrate/catalyst
mole ratio.
It was found that the solvent plays crucial role in this reaction. In the
typical example during the reaction of ECH with phenol, the effect of
polar and nonpolar solvents were examined and non polar solvents such
as TBME was found to be the most effective as shown in Figure 1.
The enhanced reactivity of dimeric form under the same loading
amount of catalyst on the basis of Cobalt unit indicates that PKR with
catalyst 3A takes place via cooperative action of two cobalt sites present in intra-framework. Consistent with the mechanism involving bimetallic catalysis, simultaneous activation of both phenol and epoxides
by different cobalt salen units happens in the dimeric structure. A nonlinear effect was found for the asymmetric aminolysis of meso-stilbene
with aniline suggesting that more than one molecule of Cr(salen)Cl
catalyst is involved in the transition state of the enantiodifferentiating
step as reported by Bartoli et al[17]. A further indication of the intramoleular pathway for the bimetallic catalysts was provided by exami-
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Figure 2. Linear effects in the kinetic resolution of (±) ECH with phenol catalyzed by complex 3A and 3B (The concentration of catalyst
was 0.005 M).

Figure 1. Effect of solvent on ee% of product in the kinetic resolution
of racemic-ECH with phenol.
nation of the dependence of the product enantioselectivity on the enantiomeric purity of catalyst in this work. The catalyst 3A and 3B exhibited a linear relationship between the ee% of product and enantiomeric purity of catalyst at low catalyst concentrations as shown in
Figure 2. However, the monomeric catalyst 2A and 2B showed a distinct positive nonlinear relationship between the enantiomeric excess of
product and that of catalyst. These results suggest an intramolecular
cooperative catalysis in the ring opening of terminal epoxides with
phenols by dimeric salen catalysts.
The FAB-Mass spectrum of salen catalyst 3A provides a direct evidence for the configuration and formation of dinuclear complex.
Dinuclear complex 3A showed molecular mass over 1130. The monomeric salen ligand (precatalyst 1) has the molecular weight of 491. It
has already been established that oxygen atoms of the metal complexes
of the Schiff bases are able to coordinate to the transition and group
13 metal salts to form bi- and trinuclear complexes[19]. The mass
spectrum for the catalyst 3A (Figure 3) showed that dimer salen is not
a physical mixture of Co(II) ligand and monomeric form.
To investigate the effect of catalyst structure on reactivity, the catalytic activities immobilized polymeric chiral salen (A) and (B) were
evaluated in the asymmetric ring opening of (±)ECH and 1,2-epoxypropane by phenol. The results are compared in Figure 4. The
branched-dimeric type polymer salen catalyst (B) showed superior activities to the linear-type poymer salen (A) under the same reaction
conditions.
The recyclability of catalysts was examined in PKR of racemic ECH
with p-cresol by using catalyst 3A. The catalyst was collected by simple extraction with n-hexane for recyclability after completion of
reaction. The use of recovered catalyst as its form displayed a slight
decrease in enantioselectivity, but without loss in yield, as summarized

Figure 3. Mass Spectrum of dimeric salen complex 3A.
in Table 2. Furthermore, the polymeric chiral salen catalyst (B) immobilized on the inorganic solid could be recovered and reused several
times without further treatment after reaction, showing no appreciable
loss in its reactivity and enantioselectivity. On the basis of asymmetric
ring opening of various epoxides, the chiral (salen) complexes obtained
by the present procedure can be applied as an effective recyclable catalyst for the asymmetric catalysis.
Bartoli group has reported the highly enantioselective aminolysis of
racemic trans-1,2-disubstituted aromatic epoxides with anilines catalyzed by Cr(salen)Cl catalyst to obtain chiral anti-β-amino alcohols
[17]. In their work, only the Cr-containing salen was applied and
shown to be effective. In addition, they demonstrated the ring opening
reaction of terminal epoxides with tert-butyl carbamate or benzyl
II
carbamates in the presence (salen)Co -ligand and p-nitrobenzoic acid
as the oxidizing additive[18]. The identity of the counterion for the
III
salen Co -OAc catalyst and the solvent proved to be crucial in terms
of both reactivity and selectivity. In our work, the asymmetric epoxide-ring opening reaction by anilines has been also examined in the
presence of cobalt-containing monomeric or dimeric salen catalysts,
J. Korean Ind. Eng. Chem., Vol. 18, No. 6, 2007
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Table 2. Recyclability of Dimmer Type Co Catalyst in PKR Reaction

Catalyst type

Recycle
Times

Yield
(%)

Ee
(%)

3A

Cycle 1

85

96

3A

Cycle 2

83

95

3A

Cycle 3

81

93

Polymeric catalyst (B)

Cycle 1

75

95

Polymeric catalyst (B)

Cycle 2

73

94

Polymeric catalyst (B)

Cycle 3

73

93

The catalyst was used without regeneration. Catalyst amount; 0.25 mole% to
substrates.

Table 3. Asymmetric Ring Opening of Various Racemic Epoxides with
Anilines Catalyzed by New Salen Catalysts

Entry

R1

R2

Catalyst
Type

Time
(h)

Yield
a
(%)

Ee
b
(%)

1

H

-CH2Cl

3A

18

41

96

2

H

-CH2Cl

2A

24

38

89

3

H

-CH3

3A

16

42

94

4

H

-OC6H5

3A

24

41

94

5

4-OCH3

-CH2Cl

3A

24

39

95

6

4-OCH3

-CH2Cl

2A

24

39

90

a

Figure 4. The catalytic activities obtained using heterogeneous opolymeric salen catalyst (A) (○△) and (B) (●▲) immobilized on silica
support in the asymmetric ring opening of (±)ECH (▲△) and 1,2-epoxypropane (●○) by phenol (The same reaction condition as in
Table1, 0.5 mol% salen catalyst).

b

Isolated yield based on anilines. ee % was determined by chiral HPLC on
a Chiralpak AD-H column. Catalyst amount; 2 mole% to substrates.

and the results are listed in Table 3. The high levels of enantioselectivity were obtained in AKR with anilines to afford 1-amino-2-ols
by using newly synthesized cobalt-containing salen complexes. TBME
was found to be the most effective solvent in this reaction. The dimmer catalyst displayed superior activity with the half amount of catalyst
to the monomer salen. Especially, the dimeric Co-salen catalyst 3A
was more active than Co-salen catalyst 2A. This result adds an importance to the asymmetric ring opening of racemic terminal epoxides,
because the highly enantioriched 1-amino-2-ol derivatives can be easily
synthesized in one-pot procedure using a low loading of readily available catalysts. However the application of Co-salen complex having
t
one C3- Bu group and Lewis acidic MX3 salts in the structure has never been examined as a catalyst in the ring opening of terminal epoxides
with phenol or anilines to obtain the variety of chiral intermediates.
The ring opening of racemic ECH with 3-chloro phenol is monitored
by IR spectroscopy and the result is shown in Figure 5. The disappearance of reactant 3-chlorophenol can be identified by the ob-1
servation of decrease in phenolic OH peak (3200 to 3500 cm ), and
-1
the appearance of new aliphatic OH peak (2800 to 3000 cm ) was
공업화학, 제 18 권 제 6 호, 2007

Figure 5. IR Spectra change during the ring opening reaction of ECH
with 3-chloro phenol.
found with the prolonged reaction time. For this analysis, the product
was collected by extraction with n-hexane from the system. The liquid
type reactant and product could be easily recovered by n-hexane extraction from the salen catalyst.
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4. Conclusion
We have synthesized the new type heterometallic chiral salen complexes and they catalyzed the kinetic resolution of terminal epoxides
with phenol derivatives efficiently, showing the excellent enantioselectivity and yield. It has been found that group 13 metal salts combined to Co salen unit having one C3-tBu group played the crucial role
in the epoxide ring opening reaction by phenol derivatives, and the
dimmeric salen catalyst displayed superior activity to monomer salen
via cooperative action of two cobalt sites present in intra-framework at
the low loading of catalyst amount.
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