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A synthetically useful primary alcohol, 3-phenyl-2H-azirine-2-methanol, was resolved efficiently by a reaction at
�40 �C with a lipase immobilized on the porous ceramic (Toyonite) and vinyl butanoate in ether (E value of 130 and
TTN/h value of 7800).

We have recently proposed ‘‘the low-temperature method’’
for enhancing the enantioselectivity in the lipase-catalyzed res-
olutions;1,2 this method was found to be especially effective for
a variety of primary alcohols3 involving 3-phenyl-2H-azirine-
2-methanol (1), a versatile synthetic intermediate.4 Among
many fine-tuning methods for enhancing the enantioselectivi-
ty,5 the low-temperature method is a theoretically reliable
method3 as usual chemical asymmetric reactions. After we
proposed the method, it has been frequently utilized.6 In pre-
vious papers,1,2 we described that Celite-immobilized lipase-
catalyzed resolution of azirine (�)-1 with vinyl acetate in ether
at 30 �C gave ester (R)-2a and alcohol (S)-1 with an E value7

of 17. The reaction rate was roughly estimated by the total
turnover number per hour (TTN/h),8 which was 4700 at 30
�C. In contrast, although lowering the reaction temperature
to �40 �C enhanced the E value up to 99, the TTN/h value
was lowered to 210. Thus, enhancing not only the enantiose-
lectivity but also the activity even at such very low tempera-
tures is an urgent subject for practical application. Here, we
attained the purpose by using both an optimized acylating
agent9–11 and a lipase immobilized on a porous ceramic
(Toyonite)12,13 in the low-temperature reaction of (�)-1 at
�40 �C.

The porous ceramic support (Toyonite) is a new type of
commercially available inorganic material for immobilization
of enzymes. There are two types: Toyonite D-M and Toyonite
200M,14 on which we immobilized lipase PS. In the present
reactions, the temperature was kept at �40 �C, the temperature
that gave the highest E value for 1.1 Results of the reactions
using the Toyonite-immobilized lipase and various acylating
agents are summarized in Table 1. As shown in entry 3, use
of the Toyonite D-M-immobilized lipase and 3a remarkably
raised the TTN/h to 4200, 20 times larger than that of the re-
action catalyzed by the Celite-immobilized lipase (entry 1).
The immobilization of the lipase on Toyonite greatly enhanced
the reaction rate, probably due to the high dispersion of lipase
molecules on the highly porous support. However, it lowered
the E value from 99 to 34. The immobilization may restrict
the required conformational flexibility of the lipase.15 Im-

provement of the E value by simply lowering the reaction tem-
perature is obvious by comparison with the results for the re-
action at 30 �C as shown in entry 2.

In order to adjust the two conflicting features, the reaction
rate and the enantioselectivity, the length of the acylating
agent was then examined. Elongation of the acyl chain to vi-
nyl butanoate (3b) (entry 4) dramatically increased the E value
up to 96, which is comparable to the value obtained by using
the Celite-immobilized lipase (entry 1), and gave a sufficient
TTN/h value of 3200. In contrast, a similar reaction using vi-
nyl hexanoate (3c) somewhat lowered the E value (54) and the
reaction rate (entry 5). Interestingly, use of two molar
amounts of 3c (entry 6) not only raised the TTN/h value but
also raised the E value up to 102. Therefore, two molar
amounts of the acylating agents were used in the following re-
actions with longer acylating agents 3d–3g. Further elonga-
tion of the chain to vinyl octanoate (3d), however, suddenly
decreased the E value to 35 (entry 7). In the case of vinyl do-
decanoate (3f), both E value and TTN/h value were slightly
recovered unexpectedly (entry 9). Vinyl 3-phenylpropanoate
(3g), which is a suitable acylating agent for primary alcohols
as reported by Kawasaki et al.,10,11a also gave a good E value
of 71 and an acceptable TTN/h value (entry 10). Vinyl chlo-
roacetate (3h) accelerated the reaction rate markedly, but gave
a low E value (entry 11).

Similar reactions of (�)-1 using the Toyonite-200M-immo-
bilized lipase and acylating agents 3b and 3c were further
examined. As shown in entry 12, the reaction using the Toyo-
nite-200M-immobilized lipase and 3b further increased both E

value (130) and TTN/h value (7800), which are much higher
than those obtained with the Celite-immobilized lipase (entry
1). Changing from 3b to 3c (entry 13) turned out to decrease
the E value to 77, although TTN/h was the highest (8600). As
the last attempt, the organic bridges were changed to 6-(pro-
panoyloxy)hexylsilanetrioxyl groups, because we have recent-
ly found that this organic bridge gives the results suitable for
the resolution of (�)-2-hydroxymethyl-1,4-benzodioxane.13

However, it rather decreased the E and TTN/h values for com-
pound 1 (entry 14).
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In conclusion, these results suggest that the choice of acylat-
ing agent and the use of the Toyonite-immobilized lipase are
critically important in the practical operation of the low-tem-
perature reaction. A matched combination of these techniques
will further enhance the utility of the low-temperature
method.

Experimental

Lipase PS (Amano Enzyme Inc.) was purchased from Wako
Pure Chemical Co. Ltd. Ether was distilled from sodium before
use. Preparative column chromatography was carried out by using
silica gel (Fuji Silysia BW-127 ZH, 100–270 mesh), and thin-
layer chromatography was performed by using precoated silica-
gel plate (Merck 60 PF254, plate length 40 mm). 1HNMR spectra
were measured at 200 MHz. Enantiomeric purities were deter-
mined by HPLC analyses detected at 254 nm with a chiral column
(Chiralpak OB-H, AS-H, or OD-H, Daicel Chemical Industries)
as indicated in Table 1.

Immobilization of Lipase to the Ceramic Support (Toyonite)
with Organic Bridges.13 A suspension of commercially availa-
ble lipase PS immobilized on Celite (15 g) in phosphate buffer (60
mL, pH 7.0, 10 mM) was stirred at room temperature for 3 h. Af-
ter filtration, to the filtrate was added Toyonite (D-M or 200M)

(1.5 g), and the mixture was shaken for 24 h at 25 �C. The result-
ing mixture was filtered, and the Toyonite-immobilized lipase was
dried under vacuum (267 Pa) for 15 h and stored in a desiccator.
Protein wt % was determined to be about 1.3 wt % by the differ-
ence between the amounts of the protein in the aqueous solutions
before and after immobilization.16

Typical Lipase-Catalyzed Resolution of 3-Phenyl-2H-azi-
rine-2-methanol ((�)-1) (entry 12). A mixture of (�)-1 (50
mg, 0.34 mmol), Toyonite-200M-immobilized lipase PS (25
mg), and 5 mL of ether was cooled to �40 �C in a thermo-control-
led cooling bath. Acylating agent 3b (39 mg, 0.34 mmol) was in-
jected quickly to the cooled mixture through a syringe. The reac-
tion progress was monitored by TLC (hexane/ethyl acetate = 2/
1). The mixture was filtered with suction to remove the lipase.
The filtrate was concentrated, and the residual products were sep-
arated by column chromatography (silica-gel 5 g, hexane/ethyl
acetate = 3/1–1/1). (S)-1: ½��27D ¼ þ123 (c 1.00, CHCl3); IR
(KBr) 3333, 1736 cm�1; 1HNMR (CDCl3) � 2.15 (br s, 1H),
2.48 (dd, J ¼ 5:1, 2.2 Hz, 1H), 3.69 (dd, J ¼ 10:2, 5.1 Hz, 1H),
3.99 (dd, J ¼ 10:2, 2.2 Hz, 1H), 7.49–7.58 (m, 3H), 7.86–7.90
(m, 2H). (R)-2b: ½��27D ¼ �160 (c 0.68, CHCl3); IR (KBr) 1736
cm�1; 1HNMR (CDCl3) � 0.90 (t, J ¼ 3:7 Hz, 3H), 1.60 (m,
2H), 2.27 (t, J ¼ 7:4 Hz, 2H), 2.50 (dd, J ¼ 5:0, 3.8 Hz, 1H),
4.20 (dd, J ¼ 11:8, 5.0 Hz, 1H), 4.32 (dd, J ¼ 11:8, 3.8 Hz,

Table 1. Toyonite-Immobilized Lipase-Catalyzed Resolution of (�)-1 at �40 �C

Entry Acylating agents LipaseaÞ Time % Ee Conv. E TTN/hbÞ

R /h (R)-2 (S)-1

1cÞ CH3 3a (1)dÞ A 4.3 97fÞ 46fÞ 0.32 99 210
2eÞ CH3 3a (1) B 0.4 63fÞ 52 0.46 7 50000
3 CH3 3a (1) B 5.2 86fÞ 81 0.49 34 4200
4 CH3(CH2)2 3b (1) B 6.0 96fÞ 71 0.43 96 3200
5 CH3(CH2)4 3c (1) B 7.3 95fÞ 33 0.26 54 1600
6 CH3(CH2)4 3c (2) B 12.0 91fÞ 99 0.52 102 2000
7 CH3(CH2)6 3d (2) B 11.8 90gÞ 62 0.41 35 1500
8 CH3(CH2)8 3e (2) B 11.0 91fÞ 63 0.41 40 1500
9 CH3(CH2)10 3f (2) B 12.0 89fÞ 81 0.47 44 1800
10 PhCH2CH2 3g (2) B 8.0 95hÞ 62 0.40 71 3600
11 ClCH2 3h (1) B 3.0 67hÞ 37 0.36 7 5300
12 CH3(CH2)2 3b (1) C 2.0 97fÞ 52 0.35 130 7800
13 CH3(CH2)4 3c (2) C 2.4 93fÞ 85 0.44 77 8600
14 CH3(CH2)2 3b (2) D 11.0 95fÞ 58 0.37 68 1500

a) A: Lipase PS on Celite; B: Lipase PS immobilized on Toyonite D-M with 3-(methacryloyloxy)propylsilanetrioxyl
bridges; C: Lipase PS immobilized on Toyonite 200M with 3-(methacryloyloxy)propylsilanetrioxyl bridges; D: Lipase
PS immobilized on Toyonite 200 with 3-(propanoyloxy)hexylsilanetrioxyl bridges.

b) See Ref. 8. c) Reported results in Ref. 1. d) Molar amounts of acylating agent. e) Reaction at 30 �C. f)
Analyzed by Chiralcel OB-H. g) Analyzed by Chiralcel AS-H. h) Analyzed by Chiralpak OD-H.
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1H) 7.53–7.65 (m, 3H), 7.87–7.90 (m, 2H). The conditions and
the retention times in HPLC analyses (flow rate = 0.5 mL/min,
otherwise indicated) for determination of the optical purity are
as follows: (S)-1: hexane/i-PrOH = 9/1, flow rate = 0.8 mL/
min, (R) 12.5 min, (S) 18.2 min. (R)-2b: hexane/i-PrOH = 20/
1, (R) 22.7 min, (S) 26.0 min.

Data of HPLC Analyses for (R)-2a, (R)-2c–(R)-2h. (R)-2a:
hexane/i-PrOH = 9/1, detection 254 nm, (R) 19.6 min, (S) 21.8
min. (R)-2c: hexane/i-PrOH = 100/1, (R) 29.2 min, (S) 32.2
min. (R)-2d: hexane/i-PrOH = 300/1, (R) 40.8 min, (S) 43.7
min. (R)-2e: hexane/i-PrOH = 300/1, (R) 33.8 min, (S) 37.6
min. (R)-2f: hexane/i-PrOH = 300/1, (R) 25.4 min, (S) 29.0
min. (R)-2g: hexane/i-PrOH = 100/1, flow rate = 0.7 mL/
min, (S) 54.1 min, (R) 57.8 min. (R)-2h: hexane/i-PrOH = 9/
1, flow rate = 0.7 mL/min, (R) 14.4 min, (S) 15.3 min.

Spectral Data. (R)-2a: IR (neat) 1742 cm�1, 1HNMR
(CDCl3) � 2.03 (s, 3H), 2.49 (dd, J ¼ 5:4, 3.7 Hz, 1H), 4.18
(dd, J ¼ 12:1, 5.4 Hz, 1H), 4.27 (dd, J ¼ 12:1, 3.7 Hz, 1H),
7.52–7.62 (m, 3H), 7.85–7.89 (m, 2H).

(R)-2c: IR (neat) 1735 cm�1, 1HNMR (CDCl3) � 0.86 (t, J ¼
6:5 Hz, 3H), 1.25 (m, 4H), 1.53 (m, 2H), 2.28 (t, J ¼ 7:7Hz, 2H),
2.49 (dd, J ¼ 7:5, 4.1 Hz, 1H), 4.23 (dd, J ¼ 10:5, 7.5 Hz, 1H),
4.29 (dd, J ¼ 10:5, 4.1 Hz, 1H), 7.56–7.61 (m, 3H), 7.86–7.90
(m, 2H).

(R)-2d: IR (neat) 1755 cm�1, 1HNMR (CDCl3) � 0.87 (t, J ¼
8:0 Hz, 3H), 1.25 (m, 8H), 1.61 (m, 2H), 2.34 (t, J ¼ 6:6 Hz, 2H),
2.50 (dd, J ¼ 6:8, 4.6 Hz, 1H), 4.21 (dd, J ¼ 8:4, 6.8 Hz, 1H),
4.28 (dd, J ¼ 8:4, 4.6 Hz, 1H), 7.51–7.59 (m, 3H), 7.86–7.90
(m, 2H).

(R)-2e: IR (neat) 1755 cm�1, 1HNMR (CDCl3) � 0.88 (t, J ¼
6:8 Hz, 3H), 1.26 (m, 12H), 1.62 (m, 2H), 2.38 (t, J ¼ 7:8 Hz,
2H), 2.51 (dd, J ¼ 7:4, 4.0 Hz, 1H), 4.23 (dd, J ¼ 13:2, 7.4 Hz,
1H), 4.27 (dd, J ¼ 13:2, 4.0 Hz, 1H), 7.56–7.59 (m, 3H), 7.86–
7.90 (m, 2H).

(R)-2f: IR (neat) 1759 cm�1, 1HNMR (CDCl3) � 0.90 (t,
J ¼ 6:8 Hz, 3H), 1.28 (m, 16H), 1.64 (m, 2H), 2.40 (t, J ¼ 8:0
Hz, 2H), 2.52 (dd, J ¼ 7:4, 4.6 Hz, 1H), 4.14 (dd, J ¼ 16:6, 7.4
Hz, 1H), 4.27 (dd, J ¼ 16:6, 4.6 Hz, 1H), 7.58–7.61 (m, 3H),
7.88–7.93 (m, 2H).

(R)-2g: IR (KBr) 1738 cm�1, 1HNMR (CDCl3) � 2.49 (dd,
J ¼ 9:0, 4.5 Hz, 1H), 2.65 (t, J ¼ 8:2 Hz, 2H), 2.90 (t, J ¼ 8:2
Hz, 2H), 4.22 (dd, J ¼ 11:4, 9.0 Hz, 1H), 4.28 (dd, J ¼ 11:4,
4.5 Hz, 1H), 7.55–7.62 (m, 3H), 7.83–7.87 (m, 2H).

(R)-2h: IR (neat) 1740 cm�1, 1HNMR (CDCl3) � 2.54 (dd,
J ¼ 5:4, 3.8 Hz, 1H), 4.06 (s, 2H), 4.30 (dd, J ¼ 13:2, 5.4 Hz,
1H), 4.39 (dd, J ¼ 13:2, 3.8 Hz, 1H), 7.53–7.60 (m, 3H), 7.86–
7.91 (m, 2H).
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