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selectivity in the Lipase-catalyzed Reaction; Preparation of 

Optically Active Hydroxyalkanenitriles 
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1-1-1. Introduction 

Lipases are the most frequently used enzymes in organIc synthesis 

because of their stability, availability and their acceptance of a broad range 

of substrates.2 The synthetic value of lipases has been well recognized 

because their reactions proceed efficiently and selectively under mild 

conditions. Since only a limited number of lipase-catalyzed reactions are 

applicable for practical optical resolution, several methods were 

recommended to improve their reaction per for mance: 3 optimization of 

reaction conditions, modification of substrate,4 selection of non-aqueous 

media,2b,5 and use of additive that regulates lipase reactivity.6 Crown ethers 

are promising candidates as additives and are known to be as complexing 

agents for several proteins. 7 Reinhoudt et al. reported that serine proteases 

were activated by crown ethers, especially by I8-crown-6. 8 Some crown 

ethers are known to be potential to enhance both the enantioselectivity and 

reaction rate in the lipase-catalyzed hydrolysis of 2-cyano-l-methylethyl 

acetate (la).la In particular, 1,4,8,11-tetrathiacyclotetradecane (4) was 

confirmed as the best additive among 35 types of crown ethers and their 

acyclic analogues tested. 1a To determine the scope and limitation of this 

thiacrown ether additive effect in lipase-catalyzed reaction for preparing 

optically active 3-hydroxyalkanenitriles, ten acetates of hydroxyalkanenitriles 

were examined as substrates. It was found that the enantioselectivity of this 

reaction greatly depended on the nature of the substrate when 5 mol% of 

thiacrown ether 4 was added. Among the tested substrates, this thiacrown 

ether offered the highest enantioselectivity in the lipase-catalyzed hydrolysis 

of l-(cyanomethyl)propyl acetate (lb). This remarkable additive effect was 
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applied to the synthesis of the optically pure attractant pheromone of ant 

Myrmica scabrinodis (A), (R)-3-octanol (5).9 

1-1-2. Effect of thiacrown ether additive on peL-catalyzed 

hydrolysis of various 3-hydroxyalkanenitriles. 

Acetates 1 as model substr ates and PCL as the enzyme were chosen, 

because 3-hydroxyalkanenitriles are useful chiral building blocks, and PCL is 

applicable to various substrates. 1o Racemic 3-hydroxyalkanenitriles, (±)-2, 

were prepared through two different pathways, one of which was the 

reaction of potassium cyanide with oxiranes. la,l I Three 3-

hydroxyalkanenitriles, 2a,la 2b, and 2e, were thus prepared in 54-74% 

yields.5 This method is very convenient for preparing corresponding 3-

hydroxyalkanenitriles from oxiranes, though limited types of oxiranes are 

commercially available. The second method is nucleophilic addition of 

lithioacetonitrile to aldehydes. 4a Seven acetates, lc, Id, If, Ig, Ih, Ii, and 

Ij, were prepared through this path, though the reaction required expensive 

butyl lithium as a lithiation reagent and should be carried out very carefully 

Cj>AC 

R~CN 

(±)-1 

a: R = Me 
b: R = Et 
c: R = Pr 
d: R = i-Pr 
e: R = n-Bu 
f: R = n-Oct 
g: R = Vinyl 
h: R = c-Hexyl 
i: R= Ph 
j: R = Phenetyl 

Lipase PS 

HLP-Acetone, 
at 35°C 

+ thiacrown ether4 
(0.004 M, 5 mol%) 

OH 

R~CN 
2 (Product) 

4 

5 

+ 

OAc 
R~CN 

3 (Substrate) 

(Eq. 1) 



under argon atmosphere. The alcohols obtained were converted to the 

corresponding acetates, 1 b-lj, in almost quantitative yields by treatment 

with acetyl chloride in the presence of pyridine as a base. 

The hydrolysis of (±)-l was carried out in a non-buffered aqueous 

solution to exclude any effect of complexation between this thiacrown ether 

4 and metal cation (Eq. 1). When 2-cyano-l-methylethyl acetate (Ia) was 

employed as a substr ate, the optimum value was obtained in the presence of 5 

mol% and 33 mol% of the thiacrown ether to the substrate. 1a Therefore, it 

was decided to use 5 mol% of thiacrown ether towards the substrate. The 

reaction was typically carried out as follows: 12.5 mL of an aqueous lipase 

solution was added to a solution of (±)-l (1.25 mmol), together with a crown 

ether 4 additive (5 mol% toward the substrate) in 1.3 mL of acetone. The 

resulting mixture was stirred at 35 DC, and the reaction was stopped when the 

mole ratio of acetate 1 and alcohol 2 became equal. The alcohol (R)- 2 

produced and remaining ester (S)-I were extracted with ethyl acetate and 

separated by silica-gel TLC (hexane / ethyl acetate = 2: 1). The enantiomeric 

excess of the remaining acetate (S)-l was determined by capillary GLC 

analysis using chiral stationary phase (Chiraldex G-Ta). The enantiomeric 

excess of alcohol (R)-2 was also determined by the GLC analysis of the 

corresponding acetate. Because this reaction is a kinetic resolution of the 

racemic substrate, the optical purities of the produced alcohol and remaining 

acetate depend on the reaction conversion. The effect of this crown ether on 

enantioselectivity was evaluated by comparison of E values, which were 

calculated by the equation proposed by Sih. 12 The relative rate was calculated 

from the percentage conversion per reaction time. These results obtained for 

the reaction at 35 DC are summarized in Table 1, Fig la, and Fig lb. 
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There were marked differences of the additive effect on the 

enantioselectivity among the substrates employed (Fig. la), while thiacrown 

ether only slightly influenced the reaction rate (Fig.lb). The most significant 

enhancement in enantioselectivity was observed when the reaction was 

carried out using 1-( cyanomethyl)propyl acetate (1 b: R=Et) as the substrate 

(Entry 4). Although the hydrolysis of Ib proceeded with modest 

enantioselectivity (E=53) without the additive (Entry 3), the addition of 5 

mol% thiacrown ether 4 to the substrate significantly enhanced 

enantioselectivity, reaching a higher level for practical use (E= >700) (Entry 

4). 

1a 1b 1c 1d 1e 11 19 1h 1i 1j 

a: R = Me, b: R = Et, c R = Pr, d: R = i-Pr, e: R = n-Bu 
f : R = n-Oct, g: R = Vinyl , h : R = c-Hexyl, i: R = Ph,;: R= Phenetyl 

Fig. 1a. Enantioselectivity of PCl-catalyzed hydrolysis of 
various acetates 1 in the presence of 5 mol% of thiacrown ether 4 
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1a 1b 1c 1d 1e 11 19 1h 1i 1j 

a: R = Me, b : R = Et, c: R = Pr, d: R = i-Pr, e: R = n·Bu 
f: R = n-Oct, g: R = Vinyl , h : R = c-Hexyl, i : R = Ph, i: R= Phenetyl 

Fig. 1 b. Relative rate change of PCl-catalyzed hydrolysis of 
various acetates 1 in the presence of 5 mol% of thiacrown ether 4 



The enantioselectivities of the reactions of Ih and Ii were similarly 

enhanced about 2-3 times by the addition of thiacrown 4 (Entries 15 -18). 

On the contrary, no marked enhancement in enantioselectivity was observed 

when acetates, Ie (R=n-Bu), If (R=n-Oct), and Ij (R=phenethyl) were used 

(Entries 9-12, 19, and 20). With substrates la, Id, and Ig, the 

enantioselectivity was slightly enhanced (Fig. 1a). These results obviously 

suggest that this crown ether additive cannot change the original 

stereochemistry of the product, but does enhance its potential ability to a 

level at which the reaction can be used practically. 

Figures 2a and 2b show results of the hydrolysis of acetate la under 

different temperature conditions. Addition of only 5 mol% of thiacrown 

ether accelerated the hydrolysis rate of both enantiomers with a similar 

magnitude of increase at each temperature. It is quite interesting that the 

hydrolysis proceeded even at 0 °C and reached 27% conversion after 24 h in 

the presence of thiacrown ether 4, though the hydrolysis conversion after 24 

h reaction was only 3% in the absence of the crown ether (Fig. 2a). 

These reactions were conducted in non-buffered aqueous media; the 

reaction rate gradually lowered in the reaction course and E values obtained 

were markedly reduced at over 400/0 conversion. 1a This would be a result of 

inactivation of enzyme by lower pH or a reverse reaction. Figure 3 show 

results of the hydrolysis of acetate (±)-I b both in the presence and absence 

of thiacrown ether 4 at 35°C; pH values of both the solutions reached 3.4-3.5 

after 20 hours because the reactions were carried out under 
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(a) 

(b) 

% conv. % conv. 

80 80 
I 

....... + 4 
.'JIJtII. x +4 a 

X"" ... 
I 

60 60 

X rfD 
A 40 40 

c 
0 0 • no additive 

F o • .. ~ • • 0 no additive 
D 0 

n 

• » 
~. 

20 20 
I 

0 . .. 
C c:t 

R 

;r 
0 o 

-,:JI 

.. ' ••••• '4 .... . . I 

5 10 15 20 25 o 5 10 15 20 25 0 -
% conv. 

80 

60 

40 

20 

0 

0 

. ~ % conv. CE£:) 
80 ~-..-...........,~;;;.;;y;............,,..........~ 

I 

A 

I -+ To .. + 
a. + 

~.T 

5 10 15 20 25 

Reaction time (h) 

+ 4 60 

40 

no additive 
20 

~ +4 

--.<<---t--+--+--~ __ ~ "'- !! . ", ,: ~ no additive o ~;;;;"':":::'.L.L.LI~..I.-1.LJ.....L..L.L.u....L""'" 

o 5 10 15 20 25 
Reaction time (h) 

% conv. ~ % conv. r:fD 

'1 .~~ , I' 't 'I) '~I:.' ~ . 'I ' •• 'I nO idditive '; i "nr,l~_I~J_~t~.1 n6 ~~itive 
o 5 10 15 20 25 0 5 10 15 20 25 

Reaction time (h) Reaction time (h) 

Fig.2. (a) Reaction course of the hydrolysis of (R)-la in the presence of thiacrown ether 4 (b) Reaction course of the hydrolysis of 
(S)-1a in the presence of thiacrown ether 4 
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conditions of no pH control. The reaction was dramatically accelerated by 

the crown ether additive as shown in Figure 3. The hydrolysis did not stop 

after 30 hours when 5 mol% of 4 was present, while the reaction stopped 

after 25 h in the absence of thiacrown ether 4. It should be emphasized that 

the enzymatic reaction proceeded in the pH range of 3.4-3.5 in the presence 

of thiacrown ether 4. Addition of thiacrown ether clearly had a strong 

influence on the lipase activity. Why does the crown ether modify lipase 

performance? 

pH %conv. 
6 ;- -.-----.----.----...... -------------.... -----; 60 

. ,,:\; % conv. (+ 4 ) 

5 ' 50 

4 

o 
o 

r 
: % conv. 
, (no additive) 
I 

~ 40 

~...-_-,;A,,-_--,~: pH (no additive) 
~~"--"'-----r-~~--., pH (+ 4 ) 

i 

10 20 30 

Time (h) 

~ 30 , 

.... 20 

...! 10 

o 

Fig. 3. pH response of pel-catalyzed hydrolysis of (±)-1 b 
in the presence of 5 mol% of thiacrown ether 4. 
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Crown ethers bind metal cations with varyIng strength depending on 

structural variations. The lipase solution employed was confirmed to contain 

the following alkali and alkaline earth metal cations: Na+, 6.5 x 10-4 molJL; 

K+, 4.6 x 10-4 mollL; Mg2+, 6 x 10-4 mollL; and Ca2+, 6.3 x 10-4 mol/L.la The 

amounts are believed to be too small to affect the enzyme reactivity, and it is 

well known that thiacrown ether does not possess strong affinity with these 

alkali metal cations. 13 Some metal salts were recently reported to influence 

the catalytic activities of enzymes,6c,d,e,f but in that case crown ether-metal 

cation complexation may not be involved. Recently Reinhoudt and his 

colleagues reported that 18-crown-6 activated some enzymes; in that case, 

18-crown-6 might modify the conformation of the enzyme by trapping water 

molecules at the active site or the enzyme surface.8f 

The following mechanism has been proposed for enhanced 

enantioselectivity by thiacrown ether additive 1a when lipophilic thiacrown 

ethers remain at the entrance of the lipase, they may modify the local 

conformation of the lipase; this increases fitness of the substrate introduced 

to the active site of the enzyme, tr aps the pr oduct alcohol, and acceler ates the 

diffusion of the alcohol into the bulk water phase. I3C_ NMR spectr a supports 

the possibility that thiacrown ether can trap the alcohol. When thiacrown 

ether 4 was added to a CDCl3 solution of the product alcohols, 2b and 2f, 

large I3C NMR spectral changes were observed at the carbon signals at 3-

position of both products (Fig 4), while no significant induced chemical shift 

change was observed for substrate I b or If (Table 2). An induced chemical 

shift of nitrile carbon for 2f was -0.24 ppm, while no significant induced 

chemical shift was observed for that of 2b (~8 = +0.002 ppm). These 

results may suggest that nitriles 2b and 2f interact with thiacrown ether in 

11 



different fashions. Because the enzymatic reaction was performed in water, a 

13C NMR experiment was also carried out in D20. Due to the low solubility 

of the thiacrown ether 4 in D20, however, no spectral change was detected in 

the l3C NMR signal of the monoacetate. To confirm this hypothesis, the 

conformational change of the enzyme by thiacrown ether should be 

investigated, though the change may be too small to be seen using the present 

analytical instrument. It has been reported that the conformational change in 

the protein is reflected in the CD spectra. 14 However, no significant spectral 

change was observed when the CD spectra of the PCL aqueous solution were 

measured in the presence of 5 - 33 mol% of thiacrown ether 4. Although the 

mechanism of this enhancement has not yet been elucidated completely, these 

results suggest an interesting application in organic synthesis, especially for 

the synthesis of chiral natural products. 

+ 0.17 ppm + 0.10 ppm 

OH / OH / 

H3~CN H3~CN 
4 3 \ 2 1 --- + 0.02 ppm 4 3 2 1 ~ ~ 

/ \ L\8 \ L:::.J 
+ 0.14 ppm + 0.28 ppm 

2f + 0.17 ppm 
2b 

Fig. 4. Induced 13 C NMR (50 MHz) spectral change. The values L\8 (ppm) mean 

differences in 13C NMR chemical shifts in the absence and in the presence of 2.0 eq. 

of thiacrown ether 4 in 0.05M CDCI3. 
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1-1-3. Synthesis of an attractant pheromone of the ant Myrmica 

scabrin odis. 

As described the additive effect of thiacrown ether in PCL-catalyzed 

reaction led to the highly efficient optical resolution of racemic 1 b; this 

provided 3-hydroxypentanenitrile 2b in an optically pure form (>99%ee). 

Applying this, the facile synthesis of the attractive pheromone of the ant 

Myrmica scabrinodis (A) was accomplished using (R)-2b as a starting 

material (Scheme 1). 

An aqueous lipase solution (100 mL: including ca. 700 mg of PCL) 

was added to a solution of (±)-lb (1.41g, 9.99 mmol) , together with 

thiacrown ether 4 (5 mol % toward the substrate) in 10 mL of acetone. The 

resulting mixture was stirred at 35°C, and the reaction was stopped when 

ester and alcohol reached to equal molar ratios which were monitored by gas 

chromatography analysis. Alcohol (R)-2b produced and ester (S)-lb 

remaining were extracted with ethyl acetate and separated by silica gel flash 

column chromatography (hexane / ethyl acetate =2: 1); this gave (R)-2b (4.94 

mmol, 49 %) and (S)-lb (4.55 mmol, 46 %). The enantiomeric excess of 

these compounds was confirmed as >99 %ee by GLC analysis using chiral 

capillary column. (R)-2b was converted to t-butyldimethylsilyl ether (R)-6b 

in 97% yield. Carbon elongation of (R)-6b was successfully achieved 

through the Wittig reaction 15 protocol; (R)-6b was treated with 

diisobutylalminum hydride (DIBAL) at -78°C, giving the corresponding 

aldehyde 7, which was used without isolation for subsequent Wittig reaction; 

silyl ether (R)-8 was thus obtained in 77% overall yield from (R)-2b. 

Finally, hydrogenation of (R)-8 released the target molecule (R)-S ([a]23
0

-

13 



9.5° (cO.96, CRC13), lit. 9a -9.7°), the attractant pheromone of the ant 

Myrmica scabrinodis (A), in 88% yield (66% overall yield from (R)-2b). 

The antipode of this pheromone, (S)-5, was also synthesized from (S)-1 b 

through the same reaction sequences in 51 % overall yield. 

~CN • ~H ----~ 
OTBDMS DIBAL [TBDMSO 0 1 PrPPh3B; ?TBD~MS 
6a CH2CI2,-78°C 7 n-BuLi,Et20 8 

EtOH 

Y=88% 

OAc 
~CN 

(5)-la 

Y=77% 
OH 

~ 
(R)-5 

[cx[230 -9.5°, 1it.9a -9.r Pheromone of ant 
Myrmica scabrinodis (A) (cO.96, CHCI3) 

Overall yield = 51% 

OH 
~ 

(5)-5 

Scheme 1. SyntheSis of the attractant pheromone of 
ant Myrmica scabrinodis (A) 

I t should be emphasized that the key step of this synthesis is a 

pollution-free chemical reaction using a natural enzymatic system. Lipase

catalyzed reactions are particularly useful even for a large-scale preparative 

organic synthesis. In particular, Pseudomonas cepacia lipase is commercially 

available and not very expensive; hence, the present protocol can 

undoubtedly allow us to evolve a smarter and more convenient synthesis of 

pheromone compounds. 
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1-2-1. Introduction 

Lipase-catalyzed regioselective acetylation or deacetylation is known to 

be useful means of preparing partially acetylated compounds. 2a ,16 It was 

recently reported a simple preparation of 4-hydroxy-3-alkyl-2-butenyl 

acetate (10) via lipase-catalyzed reaction, though a prolonged reaction time 

was required to perform at 0 °C and realize good regioselectivity.17 In 

addition, lipase-catalyzed reactions in a buffer solution proceeded so rapidly 

that diol was formed. This caused significant drop in the chemical yield of 

the desired monoacetate 1 O. 

Reinhoudt et al. reported that serine proteases were activated by crown 

ethers, especially by 18-crown-6. 8 Itoh et al. also found that some crown 

ethers had potentiality to enhance both the enantioselectivity and reaction rate 

in the lipase-catalyzed hydrolysis of 2-cyano-l-methylethyl acetate. I In 

par ticular, 1,4,8, 11-tetr athiacyclotetr adecane (4) was confir med as the best 

additive among 35 types of crown ethers and their acyclic analogues tested. 1 

In this chapter 1-2., It is described that the reaction rate of partial hydrolysis 

of diacetate 9 catalyzed by Candida rugosa lipase (CRL) or Pseudomonas 

cepacia (PCL) was greatly improved by addition of catalytic amounts of 

thiacrown ether 4; the reaction efficiency of the PCL- and CRL-catalyzed 

reaction was thus greatly improved (Eq. 2 and Fig. 5). 

15 



1-2-2. Buffer Free Highly Regioselective Partial Hydrolysis of 4-

Acetoxy-2-methyl-2-butenyl Acetate 

Five types of lipases were chosen and their activity was tested in the 

presence of thiacrown ether 4 in the hydrolysis of diacetate 9 18 as a model 

compound. The hydrolysis was carried out in a non-buffered aqueous 

solution to exclude any effect of complexation between crown ether and 

metal cation. [9 

CH3 

ACO~OAC 
9 

Lipase 

H20-acetone=10:1 
35°C 

~ 

C: ~ 
V 

4 

CH3 

ACO~OH (Eq . 2) 

11 

CH3 

HO~OH 
12 

The resulting monoacetates, a mixture of 10 and 11, were converted 

to the corresponding t-butyldimethylsilylether(13 and 14 ) and the 

regioselectivity of the reaction was determined by capillary GLC analysis. 

The enzymes employed catalyzed hydrolysis of 9 at the sterically hindered 

position to afford monoacetate 10 preferentially, though their reactivity was 

not satisfactory in the absence of additive. Addition of thiacrown ether 5 

greatly enhanced the reaction rate in most cases especially in CRL- or PCL

catalyzed reaction (Table 4 and Fig. 5). 

16 

Relative rate 
(+ Thiacrown 5) 

Relative rate 
(without Additive) 

Fig. 5: Relative rate change by addition of thiacrown ether 4 

It should be emphasized that there were clearly differences in the 

additive effect depending on origin of the enzymes (Fig. 5). When the CRL

catalyzed reaction was carried out in the presence of 5 mol% of thiacrown 

ether (see Fig. 5), the rate was accelerated more than 13 fold and the 

regioselectivity was slightly increased up to 87% with a high 81 % 

reproducible yield (Entry 3 in Table 4). The reaction rate was even more 

accelerated in the presence of 33 mol% of thiacrown and reached 27 times as 

compared with that in the absence of thiacrown ether (Entry 4 in Table 4). 

Addition of thiacrown ether also greatly improved the rate of PCL-catalyzed 

reaction (Entries 7 and 8). Like the CRL-catalyzed reaction, a larger amount 

of thiacrown ether further accelerated PCL-catalyzed reaction (Entry 8), 
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Table 4 . Results of Lipase-catalyzed Partial Hydrolysis of Diacetate 9 a) 

., .~~ ''':'''0';_ ' _':,I.-r."".!l:I.I.:..·,rr:_:J-.. •• • ~.' I"F .. ... ooor; .. .r ••. -a"..-.; ..... ·• ",. " .' •••. )... ' ....... 'f<4 • • 'I:.:.~ ..... ~;r')ooo"'~'''~1-''''U:''.''''' •• "<I' j<:'o-_,· .. ~f' ',' ' .... """- .. , .... ~ •• ,.;. . . ....... "., " '-rr," •. " ,.1\ ,',J'''" .0 ... '" • 

Entry Enzyme b) Thiacrown Time Yield of Ratio Yield of 9 Yield of Relative Rate d) 

__ . ___ ... __ ._. _.. .. _. __ .. _._ :4 __ ... _. __ t~L_ . _ .~ . ~:t.~ . ~ __ J! ... Q.~ .~ .. 1) __ {J:~~~\(.e ~~5D .. _._ .. ~ . ?~~ .. _. "' ____ ._. __ .......... _. 
CRl o (pH 7.2) 0.5 61 80:20 0 6 122 

2 CRl 0 20 87 74:26 4 4 

3 CRl 5mol% 1.5 81 87:13 8 0 54 

4 CRl 33 mol% 0.8 85 86:14 0 0 106 

5 PCl o (pH 7.2) 0.5 65 80:20 0 5 130 

6 PCl 0 2.0 74 96:4 3 0 37 

7 PCl 5mol% 1.0 87 98:2 6 0 87 

8 PCl 33 mol% 0.7 89 95:5 0 0 127 

9 PCl 100 mol% 0.7 75 e 86:14 0 o (9}e 130 

10 PPl 0 144 51 1 94:6 49 0 0.4 

11 PPl 5mol% 120 141 94:6 73 0 0 .1 

12 PPl 33 mol% 144 40 1 91 :9 39 0 0 .3 

13 Al 0 10 20 88 :12 50 0 2 

14 Al 5mol% 12 61 94:6 6 4 5 

15 F 0 144 33 ' 81 :19 47 0 0 .02 

16 F 5mol% 24 50 86 :14 50 0 2 
~ ........... ~"4>tJr'«I.;.. l.W' .~ ....... _~~"tID.t:iT.(Io-.. ~~~ ... ~~,!IYC'Ilt:t" .. ~ __ ...a .. ,...., .. ~~~o/)!tUII~"'l'tV--<J!'..,.,.,\'.!)-•. ~W"1I'I."...... .... ~ .. 'V' ·~~'I.:.. _~_M .. ""T.'\ .... ~UoP .... ~.".. •• ~ ~ •• ~ "'~~.r!I'.·oIho 

a) The reaction was conducted in a mixed solvent of deionized water and acetone (water : 

acetone=10:1). b) PCL (Amano: Lipase PS); CRL (Meito : Lipase OF); AL: Acromobacter 

sp. lipase (Meito); F: Porcine pancreatic lipase (Amano); PPL: Porcine pancreatic lipase 

(Sigma Type II). c) Due to the hydrophilicity of the diol produced, significant loss was 

observed during the isolation process. d) The rate was calculated from percentage conversion 

per reaction time. e) The value in parenthesis is a GLC yield. Significant loss was observed 

during the isolation process, because presence of a large amount of thiacrown ether makes it 

difficult to isolate the product from the reaction mixture by silica gel flash column 

chromatography. f) Enzymes lose their reactivity under the conditions employed, hence the 

reaction stopped at the indicated hydrolysis ratio. 

while the regioselectivity remained at the level recorded with 5 mol% 

additive concentration. Presence of a lar ge amount of thiacrown ether did 
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not inhibit the enzymatic reaction, while too excessive amount of the ether 

caused acceleration of further hydrolysis of monoacetate to diol ; a significant 

drop in the yield of mono acetate was thus observed (Entry 9). 20 

Because substrate 9 is easily hydrolyzable, diacetate 9 was naturally 

hydrolyzed to give 10 and 11 non-regioselectively in a buffer solution even 

at pH 6.5-7.0 at room temperature. Lipase-catalyzed reactions in a buffer 

solution proceeded so rapidly that they formed diol 12; this caused a 

significant drop in the chemical yield of the monoacetate (Entries 1 and 5). 

The efficiency of the PCL- and CRL-catalyzed reaction was thus greatly 

improved by addition of thiacrown ether 4; this makes the present reaction 

particularly important for obtaining the monoacetate 2 practically. 

PPL-catalyzed reaction, in contrast, was not modified by thiacrown 

ether additive even when 33 mol% of 4 was used (Entry 12). The 

regioselectivity was not changed in lipase F or AL-catalyzed reactions, 

though the reaction rate was similarly improved (Entries 14 and 16). Our 

employment of this crown ether additive cannot change the original 

stereochemistry of the product, but does enhance its potential ability to a 

level at which the reaction can be used practically. 

Why does the crown ether modify lipase performance? We currently 

assume that two factors are involved in the reaction. 6a One is the interaction 

between the thiacrown ether and the enzyme. The employed crown ether 

may interact with certain sites of the lipase, thereby modifying its local 

conformation, activating it, and causing the change in stereoselectivity of the 

enzymatic reaction. 1a This factor seems to have strong probability because 

the additive activity of thiacrown 4 depends on the origin of the enzymes 

employed and a great change was observed in CRL-cataIyzed reaction. 
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Crystal structures of CRL show that it has two conformations that differ 

mainly in the orientation of a helical surface 100p.21 Thiacrown ether additive 

may convert the closed form of CRL to the open form which can enhance 

regioselectivity, as suggested by the results of CRL-cataIyzed reaction after 

treatment of 2-propanol14 or sodium deoxycholate. 22 The origin of 18-crown-

6 activation was suggested by Reinhoudt et a1. to be that the crown ether may 

modify the conformational change of the enzyme by trapping water 

molecules at the active site or enzyme surface. 8f It is assumed that the 

interaction mechanism of 18-crown-6 and thiacrown 4 are different. The 

former is hydrophilic but thiacrown ether is a very hydrophobic compound 

and therefore unable to catch the water; rather, thiacrown ether may interact 

with the enzyme directly. 

The second factor is complexation of crown ether 4 with substrate 9 

or products, 10 and 11. Crown ethers bind neutral organic molecules in the 

crystal states and non-polar media. 23 Thiacrown ether may bind alcohol/or 

ester molecules in the course of the reaction, so that chemical equilibrium of 

the hydrolysis reaction occurring near the active site could be modified. 

When thiacrown ether was added to a CDCl3 solution of the product alcohol, 

10 or 11, large l3C NMR spectral changes were observed at the carbonyl 

carbon signals of both products (Fig. 6),24 while no significant induced 

chemical shift was observed for substrate 9. Induced chemical shift of a 

compound by thiacrown ether seems to provide a good guideline for 

considering additive effect in the present reaction. Thiacrown ether was 

suggested to make the product unsuitable for the reverse reaction by trapping 

it, thus accelerating diffusion of the alcohol into the bulk water phase. 
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In summary, addition of a catalytic amount of thiacrown ether realized 

highly regioselective and efficient lipase-catalyzed reaction in a buffer free 

medium. This type of regioselective partial hydrolysis of diacetate 9 is 

impossible by a chemical reaction such as alkaline hydrolysis. The amount of 

employed thiacrown ether was only 5 mol% to the substrate; this 

corresponded to 250 times crown 4 based on the lipase molecule. 13 Obviously 

this work represents not only a significant advance in the manner of 

preparation of partially acetylated compounds but also provides a new aspect 

in application of enzymatic reaction to organic synthesis. 
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1-3-1. Introduction 

The value of an enzymatic reaction in organic synthesis is extensively 

increased by its environmentally friendly aspect. 2 Since only a limited number 

of lipase-catalyzed reactions is applicable for practical optical resolution, 

development of an efficient strategy to improve their reaction performance is 

desirable. 3 It has been reported that thiacrown ethers, especially 1,4,8,11-

tetr athiacyclotetr adecane, have the potential to enhance both the 

enantioselectivity and reaction rate in the lipase-catalyzed reaction as a 

chapter 1-1. (Figure 7). I 

RJ:(N 
R2 

Substrate 

I 

.~ ._l ....... : ":"'..:-; .. 
'-.' 

c::::, Lipase '!~ 

'>~;';;,~i))~C\ 

1. Acceleration 

2. Enatioselectivity modification 

~N 
R : 

R2 
Product 

3. Diastereoselectivity modification? 

Figure 7. Thiacrown ether modification of lipase-catalyzed reaction 

Extensive studies have been made to disclose the factors deciding the 

stereoselectivity of lipases. 26
,27 Among these, "the transition-state model" 

proposed by Ema et ai. 27 in which the authors rationalized the 

enantioselectivity of lipases towards secondary alcohol is especially 
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attractive. They showed the usefulness of their theory to realize successful 

kinetic resolution of a large secondary alcohol, 28 and in fact, we previously 

demonstrated that a lipase-catalyzed reaction was applicable even for the 

reaction of extremely bulky compounds such as u-(tributylstannyl)alkanols. 

29 The finding of thiacrown ether modification of the lipase-catalyzed 

reaction could not be explained by the traditional "binding step model" in 

which the enantioselectivity originated from the fitness of the substrate 

towards the active site of the enzyme. Therefore, It was decided to 

investigate the detail of stereoselectivity on diastereoselectivity using 3-

hydroxy-2-methyl or 3-hydroxy-2-methylalkanenitriles as model compounds 

from the standpoint of the regulating effects of thiacrown ethers on 

stereoselectivity of the lipase-catalyzed reaction. 

In this chapter the results of the thiacrown ether effect on 

diastereoselectivity of the lipase-catalyzed hydrolysis of acetate of 3-

hydroxy-2-alkyl-alkanenitriles will be reported, and the differences of the 

origin between diastereoselectivity and enantioselectivity in the lipase

catalyzed reaction are also discussed. Based on these results on 

diastereoselectivity and enantioselectivity of the lipase-catalyzed reaction, a 

double enzymatic reaction method to isolate one enantiomer from four 

enatiomeric Isomers of 3-hydroxy-2-alkylalkanenitriles has been 

demonstrated. 

1-3 -2. Kinetic aspect of the thiacrown ether modified lipase

catalyzed reaction. 
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Before the study of thiacrown ether effect on diastereoselectivity using 

lipase-catalyzed reaction of 3-hydroxy-2-alkylalkanenitriles as model 

compounds, the kinetic parameters of Pseudomonas cepacia lipase (PCL)

catalyzed hydrolysis of l-cyanobutan-2-yl acetate (lb) was measured because 

the most drastic modification was recorded when various types of acetates of 

2-hydroxyalkanenitriles were submitted to the lipase-catalyzed reaction in the 

presence of thiacrown ether (Eq. 3). Ie 

9Ac 

~CN 

1b 

Pseudomonas cepacia lipase 

H20-Acetone (10:1) 

(l 

(s S) 
S S (5 mol%) 
V 

4 

~N (3) 

2b 

Enantiomerically pure acetates (R)-lb 'e and (S)-lb 'e were reacted 

with the lipase-catalysis, and the progress of the reaction was monitored by 

gas chromatography to obtain the initial rate (va)' The hydrolysis of 1 b was 

done in a non-buffered aqueous solution to exclude any effect of 

complexation between the thiacrown ether 4 and metal cation (Eq. 3). The 

reaction was typically done as follows: 12.5 mL of an aqueous lipase solution 

was added to a solution of acetate 1 b, together with a crown ether 4 additive 

(5 mol% toward the substrate) in 1.25 mL of acetone. The resulting mixture 

was stirred at 35°C. The concentration of the acetate [So] was systematically 

changed, and the plot of Va against [So] afforded a typical saturation curve. 

The apparent Vmax and Km were obtained by the nonlinear-squares method 

applied to the Michaelis-Menten type of equation (Table 6). 30 
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Table 6. Kinetic parameters for the PCl-catalyzed hydrolysis of 1-cyanobutan-2-yl acetate 1 b 
in the presence of thiacrown ether 4 

4 Vmax 
Entry Substrate 

(mol. amount) (mM min-1 mg (Iipaserl) 

1 (R)-1 b 0 (S.6±2.0)x10-4 

2 (R)-1b 0.05 (2.2±0.84)x10-3 

3 (S)-1 b 0 (4.7±2.6)x10-5 

4 (S)-1b 0.05 (9. 9±7.2)x1 0-5 

Km 

(M ) 

(S.7±2.5)x10-2 

(2.2±0.91 )x1 0-1 

(3.7±2.1)x10-2 

(9.S± 7.0)x1 0-2 

VmaxlKm 

(min -1 mg-1 ) 

1.0x10-5 

1.0x10-5 

1.3x10-6 

1.0x10-6 

a) Conditions: lipase(typically, 3-10 mg and 150-300 mg for (R)- and (S)-enantiomers, respectively) , 
optically pure (>99%ee) acetate (typically, ca. 0.05-0.4M) and deionized water (5.0 ml) and acetone 
(0.5 ml), 35°C. Because of the heterogenous reaction, the nonlinear least-squares method was applied 
to the Michaelis-Menten type of equations: vo=Vmax(E)mg[So]/(Km + [So]) , where Vmax is normalized 
by the weight of lipase (E)mg. 

The table 6 clearly shows that the thiacrown ether modification on 

enantioselectivity in the lipase-catalyzed reaction originated from the 

differences of Vmax and not from Km. Thiacrown ether significantly 

accelerated the reaction using both enantiomers, and the most important fact 

is that the difference in Vmax values of (R)-l b between that of (S)-l b 

drastically enlarged by 20-fold when the reactions were done in the presence 

of 5 mol% of thiacrown ether 4 (Entries 2 and 4), while it was IO-fold in the 

absence of thiacrown ether (Entries 1 and 3). No significant difference in 

Km was observed between (R)-lb and (S)-lb (Entries 1 and 3) in the 

absence of thiacrown ether, and the difference was expanded only slightly 

when the reactions done in the presence of 5 mol% of thiacrown ether 4 

(Entries 2 and 4). It is well known that Km of the lipase-catalyzed reaction is 

generally large, indicating that the binding of lipases to the substrates is 
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weak.31 A very interesting point is that Km were increased by addition of 

thiacrown ether; the additive compound weakened the binding force of the 

enzyme to the substrate. These experimental results strongly support the 

transition-state model proposed by Ema et ai. 27 in that the ability of lipases to 

discriminate between the enantiomers at the transition-state is high, while the 

ability to recognize the chir ality in the binding step is poor. Thiacrown ether 

may modify the transition state and expand the difference of Vmax between 

the enantiomers, increasing the enantioselectivity, though there still remains 

another possibility to explain the origin of the thiacrown ether modification. 

The value of the catalytic efficiency (Vmax/Km) on (S)-1 b was slightly 

reduced by addition of thiacrown ether (Entry 4), while no difference was 

observed for (R)-lb (Entries 1 and 2), so that increased enantioselectivity 

may arise from the enantioselective inhibition of (S)-1 b in the presence of 

the thiacrown ether near the active site. 

1-3 -3. Thiacrown ether effect on diastereoselectivity of the 

Ii pase-catalyzed reaction. 

The origin of stereoselectivity of lipase-catalyzed reaction seems to be 

explained by the transition-state model as described above, however, another 

question remaIns concernIng the ongln of stereoselectivity for 

diastereomers, whether a neighborhood functional group of the hydrolysis 

point does or does not affect the stereochemistry of an enzymatic reaction. 

We investigated this point using 3-hydroxy-2-methyl or 3-hydroxy-2-

ethylalkanenitriles, 15a (Rl= Et, R2= Me), 15b (R1
, R2= Et), and 15c (R t

, 

R2= Me), as model substrates from the standpoint of modifying the property 
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of the thiacrown ether towards diastereoselectivity (Eq. 4). Racemic 3-

hydroxy-2-methyl- or 3-hydroxy-2-ethylalkanenitriles, (±)-15a-15c, were 

prepared through nucleophilic addition of lithiopropionitrile or 

lithiobutyronitrile to aldehydes. 1e The alcohols obtained were converted to 

the corresponding acetates, 16a-16c, in almost quantitative yields by 

treatment with acetyl chloride in the presence of pyridine as base. The 

hydrolysis was done using two types of lipases, lipase AL from 

Achromobacter sp (Meito) 32 and PCL (Amano). Because the starting acetate 

was a mixture of four enantiomers, the reaction was stopped when the 

hydrolysis ratio reached about 25% conversion. The initial rate was 

calculated from the percentage conversion per reaction time. Because this 

reaction is a kinetic resolution of a racemic substrate, the optical purity of 

the producing alcohol and remaining acetate depends on the reaction 

conversion. The effect of this thiocrown ether on enantioselectivity was 

evaluated by comparison of E values, which were calculated by the equation 

proposed by Sih et ai. 12 The alcohol 16 produced and remaining ester 15 

were extracted with ethyl acetate and separated by silica-gel flash column 

chromatography (hexane / ethyl acetate = 5: 1) and the diastereomeric excess 

(de) of alcohol 16 produced was measured by capillary GC analysis. The 

enantiomeric excess of alcohol anti-16a, syn-16b, anti-16c, and syn-16c 

was measured by capillary GC analysis using the chiral stationary phase 

(Chiraldex G-Ta) of the corresponding acetate. The enantiomeric excess (ee) 

of the remaining acetate anti-15a, syn-15a, anti-15b, and syn-15b was also 

measured by GC analysis. Unfortunately, we could not measured 

enantioselectivity of 15c by GC analysis at an early stage of the reaction 

because signals responsible for the four enantiomers are too close to calculate 
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the ee of each isomer with sufficient reliability. The results are summarized 

in Table 7. 

OH OH 

~CN )yN 
Lipase R1 -= + R1 

R2 R2 

~ 
H20-Acetone (10:1) 

CN anti-16 syn-16 (4) 
R1 

R2 ~ 

(s s) OAc OAc 

(±)-15 ;: CN ;: eN S0 R1~ + R1~ 
4 R2 R2 

anti-15 syn-15 

There were significant differences on the additive effect on the reaction rate 

for lipase AL-catalyzed reaction of 15a and 15h with slightly increased 

diastereoselectivity (Entries 2 and 4), while no acceleration was observed for 

15c (Entry 10). With both substrates 15a and 15b, the enantioselectivity 

towards anti-isomers was slightly lowered by addition of thiacrown ether , 

while that of syn isomers was increased (Entries 2 and 4). On the other hand, 

thiacrown ether slightly accelerated the reaction rate of PeL-catalyzed 

reaction of 15c, but slightly reduced the diastereoselectivity (Entry 8). 

Although measurement of kinetic parameters for these compounds was tried, 

unfortunately, this was unsuccessful because separation of the isomers 15a 

and 15b was impossible by preparative means of silica-gel thin-layer 

chromatography or column chromatography. 

A great increase of enantioselecivity was caused by thiacrown ether 

for acetate of 3-hydroxypentanenitrile 1 b as described earlier (Table 6), 

while no marked increase in diastereoselectivity by the addition of the 

thiacrown ether was found for any of the acetates. These results obviously 
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suggest that diastereoselectivity and enantioselectivity are controled by 

different origins. It may suggest that the thiacrown ether-modified 

conformational change of lipase protein is so small that it does not reflect 

diastereo-favoritism, though it is high enough to cause modification of the 

transition state. 

Table 7. Thiacrown ether additive effect on the lipase-catalyzed reaction 

Entry Ri R2 Lipase 4 Time 
Ratea) 

%conv. a) %deb) %ee c) E value d) E value d) 
mol. amount (h) (sYf1+anll) of 16 of anti-16 for anti for syn 

Et Me PCl 0 5 5.2 26 72 >99 >243 >214 

2 Et Me PCl 0.05 5 5.1 25 72 >99 >285 >222 
3 Et Me Al 0 24 0.9 21 86 >501 >99 >500 
4 Et 

Me 
Al 0.05 10 2.6 26 94 

>99 
>412 

>700 
5 Et Al 0 48 0.4 21 86 74 Et 96 212 
6 Et Al 0.05 24 0.9 21 90 55 

Et 95 222 7 Me PCl 0 24 0.7 16 10 

8 Me 
Me 

PCl 0.05 24 1.3 31 5 
--e) 

9 Me Me 
Al --e) 0 72 0.3 19 60 

10 Me Me Al 0.05 72 0.3 21 61 --e) 

Me --e) 

a) Rate shows % conv. per reaction time (h) and was determined by capillary GC (MS) analysis. b) anti-16 
was obtained as a major isomer in all reactions tested. c) Determined by capillary GC analysis using chiral 
stationary phase (Chiraldex G-Ta). Optical purity of the product shows >99%ee when no isomer was 
detected by GC analysis. d) E1i =In[1-c(1+ee16)]/ln[1-c(1-ee16)]. c= ee15/ee16+ee15. e) It was impossible 
to determine %ee of 16 by GC analysis because the four signals responsible for each enantiomer were too 
close to allow calclulation of the enantiomeric excess with reliability. 

1-3-4. Preparation of optically active 3-hydroxy-2-methyl

alkanenitriles through lipase-catalyzed reaction by a double 

enzymatic reaction strategy. 
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The high enantioselectivity and broad substrate specificity is quite an 

important property of the lipase catalyzed reaction because these factors are 

usually difficult to make compatible with each other in other enzymatic 

reaction systems. It was found, however, that diastereoselectivity and 

enantioselectivity of lipase-catalyzed reaction have different origins. This 

makes it desirable to form a strategy to obtain optically pure a-alkyl-~

hydroxyalkanenitriles by lipase-catalyzed optical resolution of racemic 

diastereo-mixture. 3-Hydroxy-2-methylpentanenitrile 16a and 3-hydroxy-2-

methylbutanenitrile 16b33 was chosen as model substrates to demonstrate 

such strategy of preparing both diastereo- and enantiomeric pure compounds 

by a lipase-catalyzed reaction, because they can be used as building blocks 

for the synthesis of sex attractant pheromones. 34.35 

It is reasonable to hypothesize that a double enzymatic reaction system 

provides a useful means to resolve 3-hydroxy-2-methylalkanenitriles; the 

first stage is evaluation of an enzyme that has high diastereoselectivity, and 

the second is to identify an enzyme that reacts specifically with one 

enantiomer. Synthesis of anti-alkanenitrile 15a (R1=Et, R2=Me) was 

accomplished through this reaction protocol as shown in Scheme 1. Lipase 

AL-catalyzed hydrolysis of (+ )-15a gave anti-16a in 26% yield with 86% 

de, and this was then treated with peL in the presence of vinyl acetate as acyl 

donor in diisopropyl ether to afford (2S,3R)-15a in optically pure form 

(>99%ee) with 96% de (Scheme 2, upper equation). It was difficult, 

however, to find an enzyme that hydrolyze acetate 15c (R', R2= Me) with 

sufficient anti diastereoselectivity; lipase AL-catalyzed hydrolysis of (+)-

16c (Rl,R2= Me) gave anti-16c with the highest diastereoselectivity (60% 

de). Using the same strategy, (2S,3R)-15c was obtained in optically pure 
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OH OAc 
Lipase Al ~CN PCl ~CN 

/ Et = Et = Hydrolysis 
Me 

Acylation 
Me Y=26% Y=78% 

(2S,3R)-16a (2S,3R)-15a 

86%de 96%de, >99%ee 

R~N OH 
OAc 

Lipase Al ~CN pel ~N Me = R2 Hydrolysis Acylation Me = 
Me 

15 Y=23% Y=69% Me 
(2S,3R)-16c (2S,3R)-15c 

60%de (>99%ee) 65%de (>99%ee) 

~ 
OAc 

OAc 
Lipase OF = CN Hemi-cellulase 

- CN 
M0( Mel Hydrolysis Hydrolysis 

Me 
Y= 12% Y=43% Me 

(2R,3S)-16c (2R,3S)-1Sc 
58%de (>99%ee) 86%de (>99%ee) 

Scheme 2. Preparation of optically active 3-hydroxy-2-methylalkanenitriles 
using a double-enzymatic reaction method 

form (>99%ee), though diastereoselectivity was insufficient (65%de) 

(Scheme 2, middle equation). Incidentally, another enzyme combination was 

required to prepare (2R,3S)-15c because the hydrolysis reaction stopped at 

about 30% conversion when lipase AL was used. The best lipase providing 

(2R,3S)-15c was lipase OF; acetate anti-15c was obtained with 58%de and 

this was further treated with Hemi-cellulase (from Aspergillus sp.) to afford 

(2R,3S)-1Sc with >99%ee with 86%de (Scheme 2, lower equation). Based 

on the GC analysis of the reaction course, it was found that (2S,3R)-

15c(anti) was initially hydrolyzed by lipase AL or OF, (2R,3R)-lSc(syn) 

was next consumed, the third isomer hydrolyzed was (2S,3S)-lSc(syn), and 

(2R,3S)-1Sc(anti) was the last isomer hydrolyzed by the lipase. 
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Kinetic study of lipase-catalyzed hydrolysis of acetate 3-

hydrokyalkanenitriles in the presence or absence of thiacrown ether 

suggested that diastereoselectivity and enantioselectivity should be viewed 

from different mechanistic aspects. A double lipase catalyzed reaction was 

therefore useful for resolving 3-hydroxy-2-methylalkanenitriles by the 

lipase-catalyzed reaction. The reactions are particularly beneficial even for 

large scale preparative organic synthesis, because the key step of this 

synthesis is an environmentally friendly enzymatic reaction, and particularly 

of note is that all lipases used are commercially available and not expensive. 

Hence this protocol can undoubtedly allow us to evolve a smarter and more 

convenient synthesis of optically active building blocks for organic synthesis. 
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Summary 

Both reaction rate and enantioselectivity in Pseudomonas cepacia lipase 

(PCL)-catalyzed hydrolysis of 3-hydroxyalkanenitrile acetates were 

significantly changed by the addition of catalytic amounts of thiacrown ether 

(1,4,8,II-tetrathiacyclotetradecane). Although the reaction rate of various 

nitriles was accelerated, the enantioselectivity greatly depended on the nature 

of the substrate. Among ten substrates tested, thiacrown ether offered the 

highest enantioselecti vity In PCL-catal yzed h ydr 01 ysis of 1-

(cyanomethyl)propyl acetate. Forty or more times this crown ether, molarity 

based on the enzyme, was required to attain an acceptably high reaction rate 

and enantioselectivity. Applying this method, the optically pure attractant 

pheromone of ant Myrmica scabrinodis (A), (R)-3-octanol and its (S)-isomer 

were successfully synthesized in good overall yields. 

Reaction efficiency of the lipase-catalyzed partial hydrolysis of 4-

acetoxy-2-methyl-2-butenyl acetate was greatly enhanced by addition of 5 

mol% of thiacrown ether to the substrate with particularly remarkable 

improvement especially observed in the CRL- and PCL-catalyzed reactions. 

Simple preparation of 4-hydroxy-2-methyl-2-butenyl acetate has thus been 

achieved through buffer free lipase-catalyzed hydrolysis reaction. 

The additive effect on diastereoselectivity towards the lipase-catalyzed 

hydrolysis of acetates of 3-hydroxy-2-methyl- or 3-hydroxy-2-

ethylalkanenitriles has been investigated. Diastereoselectivity was not 

influenced by thiacrown ether additives, although a significant modification 

of enantioselectivity was observed. Origin of the diastereoselectivity of the 

lipase-catalyzed reaction was thus evidently different from that of 
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enantioselectivity. Based on these results, an easy preparation of optically 

active 3-hydroxy-2-methylpentanenitrile and 3-hydroxy-2-

methylbutanenitrile have been demonstrated through lipase-catalyzed 

reaction by a double enzymatic reaction strategy. 
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Experimental Section 

General Procedures 

Reagents and solvents were purchased from common commercial 

sources and were used as received or purified by distillation from 

appropriate drying agents. Reactions requiring anhydrous conditions were 

run under an atmosphere of dry argon. Silica gel (Wako gel C-300, 300E) 

was used for column chromatography and silica gel (Wako gel B-5F) for 

thin layer chromatography. IH NMR, l3C NMR spectra were recorded on 

Varian VXR-200 (20O:MHz) and VXR-500 (500MHz) spectrometer, and 

chemical shifts are expressed in ppm downfield from tetrarnethylsilane 

(TMS) in CDCl3 as an internal reference. IR spectra were obtained on 

JASCO A-I02 and FTIIR-230 spectrometers. The regioselectivity was 

determined by capillary gas chromatography (Chiraldex G-TA, ¢ 0.25mm 

A x 20m, 100-150a C, He) 

Materials. Crown ethers were purchased from Aldrich and used without 

further purification. Pseudomonas cepacia lipase was provided by Amano 

Pharmaceutical Co., Ltd. (Japan). 

Chapterl-l. 

3-Hydroxypentanenitrile (2b). To a solution of 1,2-epoxybutane (10.8 

g, 150 mmol) in ethanol (22 mL) under argon atmosphere at 50-60 ac was 

added 320/0 KCN aq. solution (150 mmol, 21 mL) and 30% CH3C02H aq. 

solution (150 nun 0 1 , 21 mL) dropwise at the same time. The mixture was 
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stirred for 3 h, keeping pH value at around 7. After being cooled to room 

temperature, the mixture was extracted with Et20. The combined organic 

layers were dried over MgS04, filtered, and concentrated by evaporater. 

Kugelrohr distillation afforded 2b (11.0 g, 111.0 mmol) as a color less oil in 

74% yield: Rf 0.29 (hexane/ ethyl acetate=2:1); bp 145 °C/ 45 Torr 

(Kugelrohr);l H NMR (200:MHz, b, CDCI3, J=Hz) 0.95 (3H, t, J=7.4), 1.59 

(2H, dq, J=7.5, 7.4), 2.51 (2H, dd, J=17.0, 5.3), 2.90 (1H, s, OR), 3.8-3.9 
13 (1H, m); C NMR(50 MHz, ppm, CDCI3 , J=Hz) 9.56, 25.51, 29.33, 68.81, 

117.87; IR (neat, cm- I
) 3400, 2900, 2250, 1460, 1405, 1105, 980. Anal . 

Calcd for CsHgNO: C, 60.58; H, 9.15; N, 14.13. Found: C, 60.39; H, 9.38; 

N, 13.28 

(R)-2b (>99%ee): [o.]2S 0 -0.8 (c. 1.51, CHCI3) , (S)-2b (>99%ee) : [o.fs 
0 

+ 1.6(c.O.66, CHC13). Using the same procedure, y-hydroxyheptanenitrile 2e 

was also prepared from the corresponding epoxide. 

Caution: Potassium cyanide is very toxic so that the reaction must 

be carried out in a well ventilated area. 

3-Hydroxyheptanenitrile (2e). Rf 0.17 (hexane/ ethyl acetate=4:1); bp 

160 °C/ 43 Torr (Kugelrohr); IH NMR (200 MHz, b, CDCI3, J=Hz) 0.93 

(3H, t, J=7.1), 1.36-1.59 (4H, m), 2.45 CIH, dd, J=16.6, 6.4), 2.56 (1H, dd, 
13 1=16.6,4.9) 2.84 (1H, brs, OR), 3.93 (1H, dt, J=17.4, 5.8); C NMR (50 

MHz, ppm, CDCI3) 13.64,18.51,25.98,38.45,67.27,117.83; IR (neat, cm-
1 
) 3440, 2950, 2240, 1460, 1415, 1120, 1015. Anal. Calcd for C7H13NO: C, 

66.11; H, 10.30; N, 11.01. Found: C, 65.91; H, 10.32; N, 11.00 
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3-Hydroxy-4-pentenenitrile (2g). To a solution of diisopropyl amine 

(3.04 g, 30.04 mmol) in THF (30 mL) under argon atmosphere at -10°C 

was added a solution of n-BuLi in hexane (1.62 M, 17.0 mL, 27.54 mmol). 

The mixture was stirred at 10°C for Ih and cooled to -78°C and then a 

solution of CH3CN (1.23 g, 29.96 mmol) in THF (15 mL) was added. The 

mixture was stirred at -78°C for 1 h, then a solution of propionaldehyde 

(1.40 g, 24.97 mmol) in THF (15 mL) was added, and the mixture was again 

stirred at -78°C for 3 h. The reaction was quenched with satur ated aqueous 

NI-ltCI and treated with aqueous 2M HC!. The mixture was extracted with 

Et20, and the combined organic layers were dried over MgS04 , filtered, and 

concentrated by evaporater. The obtained yellow oily residue was purified 

by flash column chromatography (gradient elution hexane/ethyl acetate=8: 1 

to 4: 1) to give an alcohol 2g as a colorless oil (2.23 g, 23.0 mmol) in 92% 

yield.: Rf 0.27 (hexane/ ethyl acetate=2: 1); bp 150 °C/42 Torr (Kugelrohr); 
1 
H NMR (200MHz, 8, CDCI3, J=Hz) 2.58 (2H, dd, 1=16.7, 5.9), 3.03 (1H, 

brs, OR), 4.43 (1H, dt, J=16.4, 5.3), 5.26 (1H, dt, J=10.4, 1.3),5.37 (1H, dt, 

J=16.4, 1.3), 5.89 (1H, ddd, 1=16.4, IDA, 5.9); 13C NMR (50MHz, ppm, 

CDCI3) 25.87,68.34,117.26,68.81, 117.40,137.21; IR (neat, em-I) 3410, 

2880, 2240, 1640, 1410, 1120, 930. Anal. Calcd for CSH7NO: C, 61.84; H, 

7.27; N, 14.42. Found: C, 61.77; H, 7.34; N, 14.24. 

Using the same procedure, hydoxyalkanenitriles, 2c-2j, were also prepared 

from the corresponding aldehydes. 

3-Hydroxyhexanenitrile (2c). Rf 0.27 (hexane/ ethyl acetate=3:1); bp 

108 °C/2 Torr (Kugelrohr); IH NMR (200 MHz, b, CDCl3 , J=Hz) 0.89 (3H, 

t, J=6.9), 1.29-1.36 (4H, m), 1.51-1.58 (2H, m), 2.50 (2H, dd, J=16.7,4.9), 
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2.81 (1H, brs, OH), 3.90 (Ill rn); 13C NMR (50 MHz, ppm, CDCI3) 13.81, 

22.29, 25.95, 27.39, 36.06, 67.51, 117.86; IR (neat, em-I) 3420, 2925, 2240, 

1465, 1410, 1120, 1020. Anal. Calcd for C6H11 NO: C, 63.69; H, 9.80; N, 

12.38. Found: C, 63.30; H, 9.81; N, 11.98. 

3-Hydroxy-4-methylpentanenitrile (2d). Rf 0.40 (hexane/ ethyl 

acetate=2:1) ; bp 115 °C/ 4 Torr (Kugelrohr); IHNMR(200 MHz, 8, CDCI3, 

J=Hz) 0.94 (6H, t, J=6.5, 6.3), 1. 79 (1H, dq, J=13 .3, 6.7), 2.50 (IH, d, 
13 J=3.1) , 2.53 (1H, d, J=1.4), 2.63-2.77 (IH, brs, OB), 3.63-3.71 (1H, m) ; C 

Nr\1R (50 MHz, ppm, CDCI3) 17.24, 18.40, 23.52, 33.16, 72.42, 118.28; IR 

(neat, em-I) 3460, 2970, 2250, 1470, 1420, 1130, 1060. Anal.Calcd for 

C6H11NO: C, 63.69; H, 9.80; N, 12.38. Found: C, 63.81 ; H, 10.35; N, 12.40. 

3-Hydroxy undecanenitrile (2f). Rf 0.25 (hexane/ ethyl acetate=4: 1); bp 

150 0c/ 3.5 Torr (Kugelrohr); IH NMR (200 ~, 8, CDCI3, J=Hz) 0.86 

(3I-L t, J=6.5), 1.23 (12I-L s), 1.55 (2H, t, J=6.4), 2.51 (2H, m), 2.78(1H, brs, 

OH), 3.8-4.0 (rI-L m); 13C Mv1R (50 MHz, ppm, CDCI3) 14.01,22.57, 25.31 , 

26.01, 29.12, 29.25, 29.36, 31.74, 36.45, 67.64, 117.79; IR (neat, em-I) 

3420, 2920, 2240, 1460, 1410, 1120, 1075. Anal. Calcd for Cll H21 NO: C, 

72.08; H, 11.55; N, 7.64. Found: C, 73.91; H, 11.64; N, 7.23. 

3-Hydroxy-3-cyclohexylpropanenitrile (2h). Rf 0.54 (hexane/ ethyl 

acetate=2: 1); bp 156 °C/ 2.8 Torr (Kugelrohr); IH NMR (200 MHz, 8, 

CDCI3, J=Hz) 0.88-1.33 (4H, m), 1.37-1.58 (1H, m), 1.58-1.95 (6H, m), 

2.43 (1H, s, OH), 2.48 (1I-L dd, J=16.9, 6.9), 2.58 (1H, dd, J=16.9, 4.9) , 

3.62-3.71 (1H, m); 13C NMR(50 MHz, ppm, CDCI3) 23.51, 25.61, 25.77, 

26.03,27.77, 28.81, 42.74, 71.83, 118.24; IR (neat, em-I) 3455, 2925, 2250, 
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1450, 1060, 1040. Anal. Calcd for C9HISNO: C, 70.55 ; H, 9.87 ; N, 9.14. 

Found: C, 70.70; H, 10.07; N, 9.05. 

3-Hydroxy-3-phenylpropanenitrile (2i)4a. Rf 0.32 (hexane/ ethyl 

acetate=2:1); bp 161 °C/2 Torr (Kugelrohr); IH NMR (200MHz, 8, CDCI3, 

1=Hz) 2.50-2.53 (1H, brs, OB), 2.74 (2H, d, J=6.2) , 5.02(1H, t, J=6.2), 7.38 

(5H, s); 13C NMR (5 ° MHz , ppm, CDCI3, 1=Hz) 27.88, 70.02, 117.29, 

125.48, 128.78, 128.88, 140.97; IR (neat, em-I) 3440, 2900, 2250, 1500, 

1450, 1060, 760, 700. 

3-Hydroxy-S-phenylpentanenitrile (2j)4a. Rf 0.29 (hexane/ ethyl 

acetate=2:1); bp. 172 °C/ 2.5 Torr (Kugelrohr); IH NrvtR (200 MHz, 8, 

CDCl3, J=Hz) 1.83-1.95 (2H, m), 2.48-2.62 (3H, m) , 2.65-2.82 (2H, m), 

3.93 (1H, dt, 1=13.2, 5.7), 7.17-7.34 (5H, m); 13C NMR (50 MHz, ppm, 

CDCI3) 26.21,31.52, 37.85,66.82, 117.65, 126.17, 128.32, 128.54, 140.67; 

IR (neat, em-I) 3420, 2910, 2240, 1590, 1490, 1450, 1410, 1050, 750, 700. 

l-(Cyanomethy 1)prop-2-enyl acetate (lg). To 3-hydroxy-4-

pentenenitrile (2g) solution (963 mg, 9.92 mmol) in CH2Cl2 (20 mL) and 

pyridine (1.0 mL) was added a CH2Cl2 solution (20 mL) of acetylchloride 

(1.56 g, 19.9 mmol) at ° °C and the solution was stirred at room temperature 

for 3 h. The reaction was quenched by the addition of crushed ice, extracted 

with CH2C12, dried over MgS04 and concentrated by evaporater. The crude 

product was purified by flash column chromatography (hexane/ ethyl 

acetate= 10:1) to provide acetate 2g (1.24 g, 8.91 mmol) in 900/0 yield.: Rf 

0.53 (hexane/ ethyl acetate=2:1); bp 155 °C/45 Torr (Kugeirohr) ; IH NMR 

(200 MHz, 8, CDCI3, J=Hz) 0.93 (3H, t, J=7.4), 1.6-1.9 (211 m) , 2.07 (3H, 

s), 2.57 (2H, dd, 1=17.2, 5.4),2.63 (2H, dd, J=17.2, 5.4), 4.8-5.0 (Ill m); 
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13C NMR (50 MHz, ppm, CDCl3) 9.27, 20.76, 22.34, 26.18, 69.78, 116.23; 

IR (neat, em-I) 2950, 2200, 2250, 1720, 1220, 1050,. Anal. Calcd for 

C7~N02: C, 60.42; H, 6.52; N, 10.07. Found: C, 60.36; H, 6.59; N, 9.91. 

Using the same procedure, l-alkyl-2-cyano acetates Ib-lj were also 

prepared from the corresponding hydoxyalkanenitriles. 

l-(Cyanomethyl)propyl acetate (lb). Rf 0.53 (hexane/ ethyl 

aeetate=2:1); bp 155 OCt 45 Torr (Kugelrohr); IH NMR (200 MHz, 8, 

CDCl3, 1=Hz) 0.93 (3H, t, 1=7.4), 1.6-1.9 (2H, m), 2.07 (3H, s), 2.57 (1H, 

dd, 1=17.2, 5.4), 2.63 (1H, dd, 1=17.2, 5.4), 4.8-5.0 (1H, m); 13C NMR (50 

MHz, ppm, CDCl3) 9.27, 20.76, 22.34,26.18,69.78,116.23,170.19; IR 

(neat, em-I) 2950, 2200, 1720, 1220, 1050,. Anal. Calcd for C7H1I N02: C, 

59.56; H, 7.85; N, 9.92. Found: C, 58.89; H, 8.14; N, 9.87. 

(R)-lb (>99%ee): [a]25o +79.2 (e.1.765, CH03) 

(S)-l b (>99%ee): [a]25o -80.0 (c.1.050, CHCl3) 

l-(Cyanomethyl)butyl acetate (Ie). Rf 0.41 (hexane/ ethyl aeetate=2:1); 

bp 172 °C/43 Torr (Kugelrohr); IH NMR (200 MHz, 8, CDCl3, 1=Hz) 0.92 

(3H, t, 1=7.2), 1.31-1.67 (2H, m), 1.58-1.72 (2H, m), 2.06 (3H, s), 2.56 (III, 
13 dd, 1=16.8, 5.4), 2.70 (1H, dd, 1=16.8, 5.4), 4.96 (1H, tt, 1=5.0, 4.9); C 

NMR (50 MHz, ppm, CDCl3) 13.49, 18.24, 20.78, 22.78, 35.09, 68.33, 

116.27, 170.18; IR (neat, em-I) 2950, 2240, 1740, 1225, 1025. Anal. Cal cd 

for C8HI3 N02: C, 61.91; H, 8.44; N, 9.03. Found: C, 61.21; H, 8.48; N, 

8.98. 

1-(Cyanomethyl)-2-methylpropyl acetate (ld). Rf 0.39 (hexane/ ethyl 

aeetate=4:1); bp 122 °C/ 3.5 Torr (Kugelrohr); IH Nrv1R (200 MHz, 8, 

CDCl3, 1=Hz) 0.95 (6H, d, 1=6.9), 2.03 (1H, dq, 1=13.6, 6.8), 2.10 (3H, s), 
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2.59 (1H, dd, 1=17.1, 5.8), 2.64 (1H, dd, 1=17.1,4.0), 4.74-4.83 (la m); 
13 

C NMR (50 MHz, ppm, CDCl3) 17.68, 18.13,20.61,20.75,30.85,72.96, 

116.48, 170.25; IR (neat, em-I) 2970, 2250, 1745, 1375, 1235,1030. Anal. 

Caled for CgH13N02: C, 61.91; H, 8.44; N, 9.03. Found: C, 61.83; H, 8.54; 

N,8.95. 

l-(Cyanomethyl)pentyl acetate (Ie). Rf 0.50 (hexane/ ethyl 

aeetate=3:1); bp 122 OCt 3 Torr; IH NMR (200MHz, 8, CDCI
3

, 1=Hz) 0.88 

(3H, t, 1=6.6), 1.26-1.34 (4H, m), 1.61-1.73 (2a m), 2.07 (3H, s), 2.56 

(1H, dd, 1=16.9, 5.0), 2.70 (la dd, 1=16.9, 5.0) 4.95 (1H, tt, 1=5.4, 5.3); 
13 

C NMR (50 MHz, ppm, CDCl3) 13.73,20.81,22.15,22.77,27.05, 32.75, 

68.60, 116.28, 170.22; IR (neat, em-I) 2950, 2240, 1735, 1460, 1420, 1370, 

1235, 1025. Anal. Caled for C9HI5N02: C, 63.88; H, 8.93; N, 8.28. Found: 

C, 63.75; H, 8.94; N, 8.28. 

l-(Cyanomehtyl)nonyl acetate (If). Rf 0.50 (hexane/ ethyl 

acetate=4: 1); bp 158 °C/ 2.5 Torr (Kugelrohr); IH NMR (200MHz, 8, 

CDCI3, J=Hz) 0.86 (3H, t, J=6.5), 1.25 (12H, s), 1.66-1. 76 (2H, m), 2.08 

(3H, s), 2.57 (III, dd, 1=17.0, 5.2), 2.70 (1H, dd, 1=17.0, 5.2),4.96 (1H, tt, 

1=5.4, 5.3); I3C NMR (50 Wiz, ppm, CDCl3) 14.00, 20.85, 22.54, 22.80, 

29.12, 29.06, 29.24, 31.70, 33.07,68.65, 116.28, 170.24; IR (neat, em-I) 

2920, 2240, 1740, 1460, 1415, 1370, 1230, 1025. Anal. Caled for 

C13H23N02: C, 69.29; H, 10.29; N, 6.22. Found: C, 69.19; H, 10.28; N, 6.23. 

2-Cyano-l-cyclohexylethyl acetate (lh). Rf 0.48 (hexane/ ethyl 

acetate=4:1); bp 166 OCt 3.2 Torr (Kugelrohr); IH Nrv1R (200MHz, 8, 

CDCl3,1=Hz) 0.85-1.41 (5H, m), 1.63-1.80 (6H, m), 2.10 (3H, s), 2.60 (1H, 

dd, 1=17.1, 5.7), 2.70 (1H, dd, J=17.1, 5.0), 4.75-4.84 (1H, m); 13C NMR 
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(50 MHz, ppm, CDCI3) 20.58, 20.77, 25.46, 25.59, 25.93, 28.15, 40.17, 

72.30, 116.52, 170.30; IR (neat, cm-I) 2930, 2250, 1745, 1450, 1370, 1230, 

1030. Anal. Calcd for CllHI8N02: C, 67.32; H, 9.24; N, 7.14. Found: C, 

67.53; H, 9.17; N, 7.21. 

2-Cyano-2-phenylethyl acetate (1i).4a Rf 0.59 (hexane/ ethyl 

acetate=2: 1); mp 115-117 DC; IH NMR (200 MHz, 8, CDCI3, J=Hz) 2.15 (3H, 

s), 2.89 (2H, d, J=5.8), 5.97 (1H, t, J=6.1), 7.39 (5H, s); l3C NMR (50 MHz, 

ppm, CDCI3 ) 20.86, 25.49, 70.39, 115.98, 126.06, 128.89, 128.99, 137.11, 

169.55; IR (neat, cm- I
) 2940, 2250,1740, 1490, 1450, 1240,1050,760,710. 

1-(Cyanomethyl)-3-phenylpropyl acetate (lj).4a Rf 0.54 (hexane/ 

ethyl acetate=2:1); bp 182°CI 2.8 Torr (Kugelrohr); IH NMR (200 MHz, 8, 

CDCI3, J=Hz) 1.98-2.05 (2H, m), 2.08 (3H, s), 2.66 (4H, ddd, J=31.8, 17.0, 

5.1), 5.00 (1H, dt, J=13.5, 5.0), 7.14-7.33 (5H, m); l3C N:MR (50 MHz, ppm, 

CDCI3, J=Hz) 20.78, 22.90, 31.30, 34.59, 68.04, 116.12, 126.28, 128.20, 

128.54, 140.04, 170.19; IR (neat, cm- I
) 2920, 2240, 1740, 1600, 1490, 1450, 

1230, 1040, 750, 710. 

Lipase-catalyzed hydrolysis. A typical example is described below: To 

an acetone solution (10 mL) of ester (±)-lb (1.41 g, 10.0 mmo1) and 

thiacrown ether 4 (134 mg, 0.5 mmol), lipase PS aqueous solution (100 mL) 

was added and the resulting mixture was incubated at 35 DC. The progress of 

the reaction was monitored by GLC analysis using Quadlex MS (<1>0.25 x 25 

M). The reaction was stopped by the addition of small pieces of ice, then the 

mixture was extracted with ethyl acetate, dried over MgS04 and concentrated 

to dryness. The product 2b and remaining substrate (-)-lb were separated 
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by silica-gel TLC (hexane lethyl acetate= 2: 1). The lipase solution was 

prepared in the following way: A boltex shaking suspension of lipase PS (705 

mg) in deionized water (110 mL) was centrifuged at 3000 rpm for 5 min at 

room temperature, then 100 mL of the supernatant was immediately used as 

the enzyme solution. GLC analysis for determination of % ee of (±)-l b was 

carried out using a capillary column on chiral phase; Chiraldex G-TA, </>0.25 

mm x 20 m; Carrier gas: He 40 mL/min; Temp (OC); 100 or 130, Inlet 

pressure; 1.35 kg/cm2; Amount 400 ng; Detection; FID. The results of GLC 

analyses of racemic la-lh are summarized in Table 3. 

The attractive pheromone of the ant Myrmica scabrinodis (A) : 

(R)-3-0ctanol (5).9 To a solution of (R)-lb (1.03 g, 10.4 mmol, 

>99%ee) in dry DMF (20 mL) was added a DMF (15 mL) solution of t

butyldimethylsilylchloride (2.74 g, 19.2 mmol) and imidazole (1.23 g, 18.1 

mmol) in DMF (5 mL) at ° DC. After stirring of the mixture for 5 h at room 

temperature, the reaction was quenched by crushed ice and extracted with 

ether. The organic layer was washed with water, dried over anhydrous 

MgS04 and concentrated by evaporater to dryness. Silica gel column 

chromatography (hexane-ethyl acetate=10:1) gave 6b (2.14 g, 10.06 mmol) 

in 97% yield as a colorless liquid. Under argon atmosphere, to a CH
2
Cl

2 
(10 

mL) solution of 6b (346 mg, 1.6 mmol) was added DIBAL (1.6 mmol, 1.2 

mL as 1.5 M toluene solution) at -78°C and the resulting mixture was stirred 

for 4 h at the same temperature. The reaction was quenched by 5 mL of 

water containing 1 g of Si02 powder. After further stirred for 15 min. at 

room temperature, silica gel was filtered off through a glass sintered filter. 

The resulting solution was extracted with CH2CI2, dried over anhydrous 
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N~S04 and concentrated by evaporater to give aldehyde (R)-7 (315 mg) 

which was immediately used for further Wittig reaction. To a solution of 

propyltriphenylphosphonium bromide (578 mg, 1. 5 mmol) in ether (5 mL) 

was added n-BuLi (1.5 mmol as 1.6 M hexane solution) at 0 °C to form an 

orange solution. To this mixture was added an ether (5 mL) solution of (R)-

7 (315 mg) at O°C and the whole was stirred for 4 h at room temperature. 

The reaction was quenched by the addition of aqueous ~Cl solution and 

extracted with ether. The organic layer was dried over MgS04, and 

evaporated to give the crude oil. Silica gel flash column chromatography 

(hexane-ether =20: 1) gave silyl ether (R)-8 (280 mg, 1.23 mmol) in 77% 

yield from 6b. Silyl ether (R)-8 (114 mg, O. 56 mmol) was hydrogenated 

using Pt02 (12 mg) as catalyst under H2 (1 atm) in ethanol (3.0 mL) at room 

temperature for 2 days. Silica gel flash column chromatography (hexane

ethyl acetate=50: 1 to 20: 1) gave (R)-5 (64.2 mg, 0.49 mmol) in 88% yield. 

(R)-(EIZ)-6-(t-Butyldimethylsilyloxy)-3-octene (8). Rf 0.85 

(hexane/ ethyl acetate=10:1); bp. 80 °CI 15 Torr (Kugelrohr) ; [af3D +16.1 

(cO.84, CHCI3); IH NMR (200 :MHz, 8, CDC13, 1=Hz) 0.05 (6H, s), 0.84-1.00 

(6H, m), 0.87 (9H, s), 2.03 (2H, dd, 1=14.0, 6.0) 2.17 (2H, dd, 1=12.7, 6.2), 
13 3.60 (1H, dt, 1=11.6,5.9),5.38 (1H, m) 5.41 (1H, m); C NMR (50 :tv1Hz, 

ppm, CDC13) 9.73, 14.24, 18.17,20.72, 25.69,25.93, 29.49,34.70,40.21, 

73.58, 73.74, 125.39, 125.77, 133.03, 134.12; IR (neat, cm-I) 2960, 1460, 

1250, 1040, 840, and 770. Anal. Calcd for CI4H300Si: C, 69.35; It 12.47. 

Found: C, 69.00; H, 12.50. 

(R)-3-0ctanol (s).9a Rf 0.19 (hexane/ ethyl acetate=10:1); bp. 88 °C/30 

Torr (Kugelrohr); [af3 D-9.5 (c.0.960, CHCI3), lit. 9a -9.7; IH NMR (200 
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:MHz, 8, CDC13 , J=Hz) 0.88-0.97 (6H, m), 1.16-1.50 (10H, m), 1.52 (1H, s, 

OH), 3.51-3.54 (1H, m); 13C NMR (50 :MHz, ppm, CDCI3) 9.87, 14.04, 

22.64,25.33,30.11,31.91,36.90,73.34; IR (neat, em-I) 3350, 2930, 2860, 

1460, 1380, 1250. 

(S)-5 ([a]23 D+8.8(c.0.490, CHC13» was prepared by procedure described 

above. The spectroscopic data were the same as (R) -5 . 

NMR Binding Experiments. l3C NMR binding studies (Table 2 and Fig. 

4) were carried out with a Varian VXR-200 spectrometer (SC-NMR 

Laboratory of Okayama University). The substrate was dissolved in CDCl3 

at a concentration of 0.05 mollL in the presence of thiacrown ether 4. 
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Table 2. Chemical shift changes of 50MHz 13C NMR spectra ( in 0.05 M CDCI3)of 1 b,l f, 2b and 2 f 

JD,jhe .l?!~ __ ~~9!?~~.2!,,~er,.1jg,!!!',?~.9.:L_"""'_~~"~""'''' ____ 'M_...-;JJ __ '' ___ '' ___ '''''' 

C d Amount of C5 C7 C4 C2 C3 C1 (CN) C6 (CO) 
ompoun ________ ~ ___ .eE~_P..P_~_0?.~ __ ee~ .. _._e£.~_._f22..~ __ eem_ 

1 b (OAc) 0.00 9.26 20.76 22.34 26.18 69.78 116.23 170.19 

1b (OAc) 

2b (OH) 

2b (OH) 

2.0 eq. 9.35 20.85 22.42 26.24 69 .84 116.23 170.27 

+0.09 +0.09 +0.08 +0 .06 +0 .06 ±O.OO +0.08 
=== .. ===--.----.=-;;;::;:-=-==.==-=--;:':".::.-===~-=--= 

0.00 9.57 25.50 29.33 68.81 117.86 

2eq 9.61 25.64 29.50 69.09 117.88 
-------------

1f (OAc) 

11 (OAc) 

2f (OH) 

2f (OH) 

0.00 

2.0 eq. 

0.00 

2.0 eq. 

+0.04 +0.14 +0.17 +0.28 +0.02 

14.02 20.85 22.81 33.08 68.66 116.29 170 .24 

14.02 20.88 22 .84 33 .11 68.69 116.27 170.26 

±O.OO 0.03 0.03 0.03 0.03 -0.02 0.02 

14.01 25.31 36.44 67.64 117.79 *** 

14.03 25.32 36.54 67.81 117.55 *** 

+0.02 *** +0.01 +0.10 +0.17 -0.24 *** 
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Table 3. Results of GLC analysis and [ala values of Acetates 1 

Compound R [aJa (c in CHCI
3

) GLC GLC GLC GLC 
-.-.--...... -... -----------.---.-.--...... _. __ .... ______ ._ ... ______ ... ___ Bt . .. _ ...... _.~. _______ ~~._ . .-9ol~~~_::rel!lp.:_ 

(R)-1 a 

(5)-1 a 

Me 

Me 

[a]25 0 +48,9 (c1.15) , 91 %ee 

[a]250 -51.4 (c1.23) , 94%ee 

5.2 1 .1 100 

9.4 2.8 2.5 100 
...... -...-.-------------~---.-- ... ----~-.----- -.. ---.,---~- ~ --,-",-,~,-,,- .~-' .... - .. -~----.--------- ------

(R)-1 b 

(5)-1 b 

Et 

Et 

[a] 21 o +66.0 (c1.81) I >99%ee 7.3 

[af1o -67.3 (c1.76) , 94%ee 11.2 

2.7 100 

4 .6 1.8 100 
----~-.---...,.-~'--.----.--..• --.. -.-.----... ---.,,-.-.--~ ........... --~-----.--.--,..-.----...... -~~---,---.--.... ---... -.-. 

(R)-1 c 

(S)-1 c 

n-Pr 

n-Pr 

[a]Z30 +24.8 (c1.26) , 67%ee 10.5 

[a]Z30 -25.6 (cO.90) , 52%ee 15.3 

4.3 100 

6.6 1.6 100 
-----_ .. _----_._------------------------------

(R)-1 d i-Pr [af2o -52.2 (cO.76) ,79 %ee 10.3 4.1 100 

(5)-1 d i-Pr [a]Z30 +42.7 (cO.83) ,62 %ee 19.0 8.5 2.1 100 
---_._-_ .. _-----------_.------_._----------

(R)-1 e n-Bu 

(S)-l e 

(R)-1 f 

(5)-1 f 

(R)-1 9 

(5)-1 9 

n-Bu 

n-Oct 

n-Oct 

Vinyl 

Vinyl 

[arSo +20.9 (cO.69) ,39 %ee 17.2 7.6 100 

[arSo -17.2 (cO.85) ,39 %ee 25.4 11.7 1.5 100 

[a]Z30 +9.6 (C1.62) ,30 %ee 26.7 12.4 130 

[a]Z30 -2.3 (c1.65) ,20 %ee 35.1 16.5 1.3 130 
--------_ .. _--------

[a]Z30 -8.3 (cO.99) ,73 %ee 6.3 2.1 100 

[a]Z30 +14.2 (c1.03) ,67 %ee 8.3 3.2 1.5 100 
-----------_._-------------_. __ ._-_._--------------------

(R)-1 h 

(5)-1 h 

(R)-1 i 

(S)-1 i 

c-Hex [a]Z30 -31.4 (cO.52) , 99 %ee 13.6 

c-Hex [a]Z3o +33.33 (cO.74) , 82%ee 16.6 

Ph [a]Z30 -67.3 (cO.65) , >99%ee 15 .8 

Ph [a]Z30 +72.8 (cO.64) , >99%ee 17.2 

5.5 130 

7.3 1.3 130 

6.9 130 

7.6 1 .1 130 
------------.-----.--~------.. --.... -.----------------------... .--.-----.---~--.-

(R)-1 j PhCH2CH2 [a]Z3o -7.7 (cO.81) , 50%ee 16.8 7.4 150 

(5)-1 j PhCH2CH2 [a]Z3o +17.9 (c1.03) , 34%ee 19.0 8.5 1.1 150 

"~GIC~;~;Iy~l~T;~··dct;~~itr;~~';fO/;~~·~~f(±):l·~;~'~~=;d-~~t~~~gt~·-;~piil;y··~~f~~ .. 
on chiral phase; Chiraldex G-TA (qIJ.25 x 20 M). 
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Chapterl-2. 

Lipase-catalyzed Partial Hydrolysis of Diacetate (9). To deionized water (2.4 

mL) was added peL powder (75 mg) and this was suspended vigorously for 

5 minutes. The mixture was centrifuged at 3000 rpm for 5 minutes and the 

supernatant (1.2 mL) was used for the enzymatic reaction. The lipase 

solution (1.2 mL) was added to diacetate 9 (75 mg, 0.403 mmol) together 

with thiacrown 4 (5.4 mg, 5 mol% toward a substrate) in acetone solvent 

(0.12 mL). The mixture was stirred at 35°C for 0.7 h. The progress of the 

reaction was monitored by GLC analysis using Quadlex MS (4)0.25 mm x 25 

m). After consumption of the starting material 9, the reaction was quenched 

with crushed ice and NaCI and the mixture was immediately extracted with 

CH2CI2. The organic layer was dried over MgS04.The crude product was 

purified by silica gel flash chromatography (hexane/AcOEt=7: 1) and gave a 

illonoacetate, a mixture of 10 and 11, (51.50 mg, 0.357 nunol) in 890/0 

yield. The ratio of 10 and 10 was determined as 95:5 by capillary GLC 

analysis using Chiraldex G-TA (4)0.25 mm x 20 ill, He) as tert

Butyldimethylsilyl ether 12 and 13. Monoacetate 10 and 11 were isolated by 

silica gel thin layer chromatography (TLC), though triplicate TLC 

separation was needed. 

4-Acetoxy-2-methyl-2-butenyl acetate (9)18. Rf 0.2 (hexane: ethyl 

acetate=6:1); bp. 105 °CI 2 Torr (kugelrohr); IH NMR (200 MHz, 8, CDCI3, 

J=Hz) 1.69 (3H, s) 2.02 (3H, s) 2.05 (3H, s) 4.45 (2H, s) 4.59 (2H, d, J=6.8 

Hz) 5.57 (1H, tq, J=6.92 Hz, 1.32 Hz) ; l3C NMR (50 MHz, ppm, CDCI3) 
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14.04, 20.82, 60.49, 68.43, 121.58, 135.68, 170.80, and 170.55; IR (neat, 

em-I) 2930, 1730, 1430, 1220, and 950. 

4-Hydroxy-3-methyl-2-butenyl acetate (10). Rf 0.5 (hexane: ethyl 

acetate=1:1); bp. 122 °CI 15 Torr (Kugelrohr); IH NMR (200 MHz, 8, 

CDCI3, J=Hz) l.67 (3H, s) 2.00 (3H, s) 2.16 (1H, brs, OR) 3.98 (2H, s) 4.58 

(2H, d, J=6.8 Hz) 5.52-5.57 (1H, m); 13C N11R (50 MHz, ppm, CDCI3) 

13.59, 20.78, 60.80, 67.10, 118.02, 140.79, and 17l.12; IR (neat, cm-') 

3400, 2900, 2850, 1720, 1240, and 950; Anal. Calcd for ~HI203: C58.32; H, 

8.39. Found: C, 57.82; H, 8.40. 

4-Hydroxy-2-methyl-2-butenyl acetate (11). Rf 0.5 (hexane: ethyl 

acetate=1:1); bp. 125 °CI 15 Torr (Kugelrohrl); IH NMR (200 MHz, 8, 

CDCI3, J=Hz) 1.60 (1H, brs, OR) 1.67 (3H, s) 2.06 (3H, s) 4.17 (2H, d, J=6.8 

Hz) 4.45 (2I-L s) 5.64 (1H, t, J=6.6 Hz); I3C NMR (50 MHz, ppm, CDCI3) 

13.97, 20.87, 58.83, 68.98, 121.01, 133.12, and 170.86; IR (neat, cm-') 

3400, 2950, 2850, 1730, 1230, and 780; Anal. Calcd for C
7
H

12
0 3: C58.32; II, 

8.39. Found: C, 58.02; H, 8.56. 

2-Methyl-2-buten-l,4-diol (12)15. Rf 0.3 (C~CI2: methanol = 10:1); Bp. 

86 °C/5 Torr (Kugelrohr); IH N11R (200 MHz, 8, CDCl
3

, J=Hz) 1.65 (3H, s) 

3.23 (2I-L brs, OR) 3.97 (2H, s) 4.16 (2II, d, J=6.8 Hz) 5.61 (2H, dq, 

J=6.8Hz, 1.4 Hz); l3C NMR (50 MHz, ppm, CDCl3) 13.63, 58.69, 67.38, 

123.26, and 137.99; IR (neat, em-I) 3369, 2919, 1675, 1458, and 997. 

4-t-Butyldimethylsilyloxy-3-methyl-2-butenyl acetate (13). Rf 0.7 

(hexane: ethyl acetate=3:1); bp. 90 °C/2.5 Torr (Kugelrohr); IH NMR (200 

MHz, 8, CDCl3, J=Hz) 0.054 (6H, s) 0.90 (9H, s) 1.65 C3II, s) 2.04 (3H, s) 

4.02 (2H, s) 4.62(2II, d, J=7.3 Hz) 5.60 C1H, tq, J=7.1 Hz, 1.5 Hz); \3C NMR 

(50 MHz, ppm, CDCl3) 13.53, 18.34,20.96, 25.86, 60.88, 67.37, 117.35, 
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140.66, and 171.03; IR (neat, cm- t
) 2950, 2850, 1740, 1230, and 960; Anal. 

Calcd for C 13H26Si03: C60.42; H, 10.14. Found: C, 61.04; H, 10.54. 

4-t-Butyldimethylsilyloxy-2-methyl-2-butenyl acetate (14). Rf 0.7 

(hexane: ethyl acetate=l:l); bp. 90 °C/ 2.5 Torr (Kugelrohr); IH N:rv1R (200 

MHz, 8, CDCI3, J=Hz) 0.057 (6H, s) 0.89 (9H, s) 1.65 (3H, s) 2.06 (3H, s) 

4.22 (2H, d, J=6.0 Hz) 4.45 (2H, s) 5.58 (1H, t, J=6.2 Hz); 13C NMR (50 

MHz, ppm, CDCI3) 14.11, 18.34, 20.90, 25.92, 59.77, 69.28, 128.53, 

131.05, and 170.80; IR (neat, cm- I
) 2950, 2850, 1740, 1240, and 840; Anal. 

Calcd for C13H26Si03 : C60.42; H, 10.14. Found: C, 60.64; H, 10.44. 

Results of GLC analysis: Chiraldex G-T A, l/J 0.25 mm x 20 ill, Carrier gas: 

He 40 mUmin. Temp: 100°C, Inlet pressure: 1.35 Kg/cm2, Amount 400 ng, 

Detection: FID; t-BuMe2Si ether 13: Rt =22.8 min., t-BuMe2Si ether 14: 

Rt(S) =25.8 min. 

NMR Binding Experiments. 13C NMR studies were carried out with a Varian 

VXR-200 spectrometer. Thiacrown ether 4 was dissolved in CDCl3 at a 

concentration of 0.05 moUL and the results are summarized in Table 5. 

Chapterl-3. 

Kinetic measurement. A typical example is as follows: An aqueous 

solution of lipase PS (5.25 mL, which includes 3.7 mg of the enzyme)*, 

optically pure acetate Ib Ib (typically, about 0.01-1.0 M)(1 M= 1 mol dm-3) 

in acetone (0.50 mL), and thiacrown ether 4 (7.4 mg) was stirred at 200 rpm 

in a test tube with a rubber stopper in a water bath at 35°C. At an 

appropriate time, samples (50-100 J.LL) were withdrawn and filtered through 

a cellulose acetate membrane filter, and eluted with ethyl acetate. The filtrate 
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was analyzed by gas chromatography ("Quadrex"bonded fused silica methyl 

silicone, l/J 0.25 mm x 25 m, N2) to obtain the conversion; V= 2.44 xl0-3 

(mmol./min.)/ 0.0037 g(E)= 6.6 x 10-4 mol dm-3 mg (Et l min-l Five data 

points were routinely collected to measure the initial rate (va) at each 

substrate concentration [Sol Plot of va against [So] afforded a saturation 

curve, and the apparent Vmax and Krn values were obtained by the nonlinear 

least-squares method applied to the Michaelis-Menten type of equation as 

follows: Va= Vmax(E)mg[So]/(Km + [SoD, where Vmax is normalized by the 

weight of lipase (E)mg. 

Preparation of the lipase solution: A typical example is as follows: A 

Boltex shaking suspension of PCL (51.8 mg) in deionized water (7.35 mL) 

was centrifuged at 3000 rpm for 5 min at room temperature, then 5.25 mL 

of the super natant was immediately used as the enzyme solution. Because the 

enzyme content in PCL used here was about 10% by weight and the 

remainder was mostly amorphous inorganic compounds (celite), Ib the 

content of the enzyme was thus estimated as 3.7 mg; this (3.7 mg/ g PCL) 

was used as the enzyme amount when the kinetic par ameter s wer e calculated 

because it was used by PCL having the same lot number in all experiments. 

(±)-3-Hydroxy-2-methylpentanenitrile (16a). To ' a solution of 

diisopropyl amine (3.04 g, 30.0 mmol) in THF (30.0 mL) under argon 

atmospher e at -10°C was added a solution of n-BuLi in hexane (1. 62 M, 

17.0 mL, 27.5 mmo!). The mixture was stirred at 10°C for 1 h and cooled 

to -78°C and then a solution of propionitrile (1.23 g, 30.0 mmol) in THF 

(15.0 mL) was added. The mixture was stirred at -78°C for 1 h, then a 
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solution of propionaldehyde (1.40 g, 25.0 mmol) in THF (15.0 mL) was 

added, and the mixture was again stirred at -78°C for 3 h. The reaction was 

quenched with saturated aqueous NfltCI and treated with aqueous 2M HCl. 

The mixture was extracted with Et20, and the combined organic layers were 

dried over MgS04, filtered, and concentrated by evaporater. The obtained 

yellow oily residue was purified by flash column chromatography (gradient 

elution hexane/ethyl acetate=8: 1 to 4: 1) to give an alcohol 16a as a color less 

oil (2.23 g, 23.0 mmol) in 92% yield.: Rf 0.29 (hexane/ ethyl acetate=2: 1); 

bp 95 oCt 4Torr (Kugelrohr); IH NMR (200MHz, 8, CDCI3, J= Hz) 0.99 (3H, 

t, J= 7.2), 1.36 (3H, d, J= 7.2), 1.83 (2H dq, J= 7.4, 7.0), 2.17 (1H, s), 

2.71(1H, dq, J= 7.2, 4.3), 3.52 (IH ddd, J= 7.2, 5.7, 4.3 ); l3C NMR 

(50:MlIz, ppm, CDCl3) 9.85, 14.59, 20.08, 32.50, 120.92; IR (neat, em-I) 

3459, 2973, 2246, 1143, 977; Found: C, 63.43; H, 9.88; N, 12.41 %. Calcd 

for ~HllNO: C, 63.69; H, 9.80; N, 12.38%. 

Using the same procedure, hydoxyalkanenitriles, 16b-16c, were also 

prepared from the corresponding aldehydes. 

(±)-3-Hydroxy-2-ethylpentanenitrile (16b). Rf 0.40 (hexane/ ethyl 

acetate=2: 1); bp 102 oct 3Torr (Kugelrohr); IH NMR (200 MHz, 8, CDC13, 

J= Hz) 1.01 (3H, t, J= 7.5),1.11 (3H, t, J= 7.5),1.25 (1H, s), 1.59-1.90 (4I{ 

m), 2.54 (1H, ddd, J= 9.6,5.7,3.9 ) 3.61(1H, dt, J= 6.5,3.9), ; l3C NMR (50 

:MHz, ppm, CDCI3) 9.95, 11.94, 22.57, 28.57, 40.86, and 119.96; IR (neat, 

em-I) 3420, 2925, 2240, 1465, 1410, 1120, 1020; Found: C, 66.21; H, 10.35; 

N, 11.08%. Calcd for ~HJ3NO: C, 66.11; H, 10.30; N, 11.01 %. 

(±)-3-Hydroxy-2-methy Ibutanenitrile (16c). 33 Rf 0.24 (hexane/ ethyl 

acetate= 2: 1); bp 90 °C/ 5 Torr(Kugelrohr); IH NMR (200 Wiz, 8, CDCl3, 

J= Hz) 0.94 (6H, t, J= 6.5, 6.3), 1.79 (1H, dq, J= 13.3, 6.7), 2.50 (1H, d, J= 
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3.1), 2.53 (1H, d, J= 1.4),2.63-2.77 (II{ brs, OH), 3.63-3.71 (1H, m); l3c 

NMR (50 MHz, ppm, CDCI3) 17.24, 18.40,23.52,33.16,72.42, 118.28; IR 

(neat, em-I) 3460, 2970, 2250, 1470, 1420, 1130, 1060. 

(±)-2-Cyanpopentan-3-yl acetate (15a). To 2-methyl-3-

hydroxypentanenitrile (16a) solution (963 mg, 9.92 mmol) In 

dichloromethane (CH2CI2) (20.0 mL) and pyridine (1.0 mL) was added a 

CH2Cl2 solution (20 mL) of acetylchloride (1.56 g, 19.9 mmol) at 0 °C and 

the solution was stirred at room temperature for 3 h. The reaction was 

quenched by the addition of crushed ice, extracted with CH2CI
2

, dried over 

MgS04 and concentrated by evaporater. The crude product was purified by 

flash column chromatography (hexane/ ethyl acetate= 10: 1) to provide 

acetate 15a (1.24 g, 8.91 mmol) in 90% yield.: Rf 0.55 (hexane/ ethyl 

acetate=2:1); bp 100 °C/ 3Torr (Kugelrohr); IH NMR (200 MHz, 8, CDCI
3

, 

J= Hz) 0.92 (3H, t, J= 7.4), 1.29 (3H, d, J= 7.0), 1.73 (2H, dq, J= 9.7, 7.5), 

2.12 (3H, s), 2.88 (1H, dq, J=7.27, 4.13), 4.86 (II{ ddd, J= 7.4,5.9,4.2) ; 

l3C NMR (50 MHz, ppm, CDCI3) 9.52, 14.47,20.74, 25.40, 29.85, 73.94, 

119.80,170.40; IR (neat, em-I) 2977,2247,1743,1458,1387,1235; Found: 

C, 61. 73; H, 8.39; N, 9.00%. Calcd for C8HJ3N02 : C, 61.91; H, 8.44; N, 

9.03%. Using the same procedure, acetates 15a, 15b, and 15c were also 

prepared from the corresponding hydoxyalkanenitriles. 

(±)-4-Cyanohexan-3-yl acetate (15b). Rf 0.68 (hexane/ ethyl 

acetate=2:1); bp 113 °C/ 6Torr (Kugelrohr);IH NMR (200 MHz, 8, CDCI
3

, 

J= Hz) 0.93 (3H, t, J= 7.6), 1.09 (3H, t, J=7.4), 1.57-1.83 (4H, m), 2.12 (3H, 

s), 2.68 (1H, ddd, J=8.8, 6,4. 3,9), 4.94 (1H, ddd, J= 7.5, 5.9, 3.9); l3C NMR 

(50 MHz, ppm, CDCI3) 9.59, 11.81, 20.81, 22.48, 25.79, 37.98, 72.82, 

119.01, 170.39; IR (neat, em-I) 2972, 2243, 1744, 1463, 1374, 1231, 1022; 
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Found: C, 63.50; H, 8.95; N, 8.32%. Calcd for C9H1sN02 : C, 63.88; H, 8.93; 

N,8.28%. 

(±)-3- Cyanobutan-2-y I acetate (15c).33 Rf 0.55 (hexane/ ethyl acetate= 

2: 1); bp 95 °CI 6Torr (Kugelrohr); IH NMR (200 MHz, 8, CDCI3, J= Hz) 

1.32 (3H, d, 1= 7.2), 1.37 (3fL d, 1= 6.4), 2.11 (3H, s), 2.82 (1H, dq, 1= 7.3, 

4.7), 4.97(1H, dq, J= 6.4, 4.6); \3C N:tv1R (50 MHz, ppm, CDCI3) 14.16, 

17.90, 20.85, 31.46, 69.61, 119.79, 170.06; IR (neat, cm- I) 2988, 2246, 

1742, 1453, 1378, 1238, 1038. 

Lipase-catalyzed hydrolysis for the experiment in Table 7. A 

typical example is described below: To an acetone solution (10.0 mL) of 

ester (±)-15a (1.41 g, 10.0 mmol) and thiacrown ether 4 (0.134 g, 0.50 

mmol), lipase PS aqueous solution (100 mL) was added and the resulting 

mixture was incubated at 35°C. The progress of the reaction was monitored 

by OLC analysis using Quadrex MS (¢ 0.25 mm x 25 m). The reaction was 

stopped by the addition of small pieces of ice, then the mixture was extracted 

with ethyl acetate, dried over MgS04 and concentrated by evaporater. The 

product 16a and remaining substrate (-)-15a were separated by silica-gel 

flash column chromatography (hexane /ethyl acetate= 10:1 to 2:1). The 

lipase solution was prepared in the following way: A Boltex shaking 

suspension of PCL (0.705 g) in deionized water (110 mL) was centrifuged at 

3000 rpm for 5 min at room temperature, then 100 mL of the supernatant 

was immediately used as the enzyme solution. OLC analysis for 

measurement of % ee of (±)-15a was done using a capillary column on 

chiral phase; Chiraldex G-T A, ¢0.25 mm x 20 m; Carrier gas: He 40 mL 

min-I; Temp (OC); 100 or 130, Inlet pressure; 1.35 kg cm-2
; Amount 400 ng; 

Detection; FlO. The results of GC analyses of racemic 15a and 15b are 

54 

summarized as follows. anti-15a: tR=7.04 illln (2S,3R) and 12.86 mIn 

(2R,3S), syn-1b: tR=8.62 min and 9.86 min ; anti-15h: tR=9.20 min (2S,3R) 

and 12.88 min (2R,3S), syn-1c: tR=10.35min and 10.72 min; anti-15c: 

tR=5.00 min (2S,3R) and 7.89 min (2R,3S), syn-15c: tR=5.25. Two signals 

due to syn-isomers ((2R,3R)-15c and (2S,3S)-15c) completely overlapped. 

A slight overlap of the large signal (tR=5.25) corresponded to two syn

isomers with the signal of (2S,3R)-15c (tR=5.20) was occurred, so that it was 

difficult to calculate the %ee of anti-15c precisely. Fortunately, It was 

succeeded in measuring the %ee of anti-1Sc after the lipase-catalyzed 

reaction because the process reduced the content of the syn-isomers included 

in the product at a level that did not affect any result for calculating the %ee 

of anti-15 c. 

Preparation of optically active 3-hydroxy-2-methylalkanenitriles 

through lipase-catalyzed reaction by a double enzymatic reaction 

strategy. 

(2S,3R)-2-Cyanopentan-3-yl acetate (15a). To a suspension of lipase 

AL (4.04 g) in deionized water (260 mL) was added an acetone (26 mL) 

solution of racemic acetate 15a (8.08 g, 52.1 mmol) and this was stirred at 

35°C for 160 h. The reaction was monitored by GC analysis and stopped by 

crushed ice and NaCI when reaction conversion reached about 25%. The 

mixture was extracted with ethyl acetate, dried over MgS04 and concentrated 

by evaporater. Silica-gel flash column chromatography (hexane/ethyl acetate 

10:1) gave the product 16a (1.49 g, 13.2 mmol, 25%) and the unreacted 

acetate ISa (4.05 g, 26.1 mmol, 50%). Capillary GC analysis showed that a 

diastereomeric ratio of 16a was 86% anti selectivity. A mixture of 16a 
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(1.06 g, 9.40 mmol, 86%de), lipase PS (530 mg), and vinyl acetate (1.23 g, 

14.3 mmol) in 25.0 mL of diisopropyl ether was stirred at RT for 41 h. The 

mixture was filtered through a glass sintered filter with a celite pad to 

remove the lipase and washed with CH2CI2.The filtrate was concentrated by 

evaporater and chromatographed on silica-gel (hexane/ ethyl acetate=: 7: 1) 

and gave acetate 15a (864 mg, 5.57 mmol, 59%) and alcohol 16a (430 mg, 

3.80 nunol, 41 %). Capillary GC analysis using chiral column (G-Ta) showed 

that the enantiomeric excess of 15a :[af5D +49.5 (c1.01, CHCI3) obtained 

was >99% ee with 96%de (anti). 

The stereochemistry of 16a produced by the lipase AL-catalyzed 

reaction was analyzed as reference compounds as follows (Scheme 2): To a 

DMF (13.0 mL) solution of NaH (239 mg, 5.99 mmol) was added a DMF 

(2.0 mL) solution of 16a: [af5
D+0.5 (cO.88, CHCI3) (0.452 g, 3.99 mmol) 

and benzylbromide (819 mg, 4.79 mmol) at O°C and the mixture was stirred 

for 0.5 h at RT. Silica gel flash column chromatography of the product gave 

548 mg (2.70 mmol) of 3-benzyloxy-2-methylpentanenitrile in 68% yield. 

The nitrile (460 mg, 2.26 mmol) was dissolved in CH2Cl2 (10 mL) and then 

treated with DIBAH (3.45 mmol in 1.5 M toluene) at -78°C for 1 h. The 

reaction was quenched by ~CI aqueous solution and acidified by 2 M HCI, 

and the mixture was extracted with CH2CI2. The combined organic layers 

were concentrated by evaporater and silica gel flash column chromatography 

(hexane/ ethyl acetate=50: 1 to 20: 1) gave 204mg (0.994 mmol) of 3-

benzyloxy-2-methylpentanal (17): [af2D-38.7 (c1.36, CHCI3) in 44% yield. 

Comparing the spectrum data of IH_ and 13C-NMR analysis of 17 with those 

of reference, (3) aldehyde 1 7 was confirmed to have anti configuration. 
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The absolute configuration of 15a obtained by the lipase-catalyzed 

reaction was identified as follows: acetate 15a was treated with 1.0 eg. of 

lithium hydroxide (LiOH-H20) in a mixed solvent (THF-MeOH-H20= 3:1:1) 

at RT for 18 h to provide alcohol 16a:[af5
D+0.5 (cO.88, CHCI3) which was 

treated with 6 M HCI under reflux conditions for 72 h to give 3-hydroxy-2-

methylpentanoic acid:[a]23D-7.0 (c1.59, CHCI3). This acid was then reacted 

with t-butyldimethylsily1chloride in the presence of imidazole as base in 

DMF at RT for 6 h to give the t-butyldimethylsilyl ester which was then 

treated with LiOH-H20 in a mixed solvent of THF-MeOH-H20(3: 1: 1) at RT 

and afforded 3-(t-butyldimethylsilyloxy)-2-methylpentanoic acid (18): [a]23 
D 

-10.4 (c1.98, CHC13) in 27% yield (two steps). Comparing the value of the 

optical rotation with the authentic sample (2R,3S)-18: + 10.0(c1.II, 

CHCI3)/4) the configuration of the 2-position and 3-position of the starting 

nitrile 15a was assigned as 2S,3R. 

(2S,3R)-3-Benzyloxy-2-methylpentanal (17).34 IH NMR (200 l\1Hz, 

b, CDCI3, J= Hz) 0.96 (3H, t, J= 7.4), 1.08 (3H, d, J= 7.1), 1.55-1. 75 (2H, m) 

2.68 CIa dg, J=6.9, 2.2),3.67-3.71 (IH,m) 4.48 (IH, d, AB, J=11.5) 4.60 

CIH, d, AB, J=11.5) 7.26-7.36 (5H, m), 9.76 (1H, d, J=2.1) ; l3C NJv1R (50 

:MHz, ppm, CDCI3) 8.83, 10.12, 23.41, 48.94, 71.53, 80.42, 127.71, 127.84, 

128.38, 138.18, 204.67; IR (neat, cm'l) 2969, 2873, 1724, 1458, 1070, 743. 

These spectra were identical with those in reference.34 
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(2S,3R)-3-(t-Buty ldimethy fsily foxy )-2-methy lpentanoic acid 

(18). 35IH N:MR (200 :MHz, 8, CDC13, J= Hz) 0.08 (3H, s), 0.09(3H, s) 0.85 

(9H, s) 0.91(3H, t,1=5.4) 1.18(3H, d, J= 7.0) 1.49-1.64 (2H, m) 2.67 (1H, 

dq, J= 7.2, 5.4) 3.78-3.85(1H, m) l1.15(1H, s) ; 13C NMR (50 MHz, ppm, 

CDC13) 8.90, 13.51, 15.23, 25.73, 26.98, 44.30, 75.09, 178.66; IR (neat, cm

I) 3104, 2954,1710,1465,1255,1119,1013,839 

1) liOHfTHF-H20 
2) HCI, reflux 

OAc 

~N 
3) TBDMSCI, Imidazole, 
DMF, RT, Y= 60% (three steps) 

(2S,3R)-15a (2S,3R)-18 96%de, >99%ee 

[a]23o -10.4 (c1.98, CHCI3) 

1) LiOHrrHF-H20, RT 
2) BnBr, NaH, DMF, O°C-RT, Y= 68% (2 steps) 
3) DIBAH, CH2CI2, -78°C, Y= 44% 

OBn 

~HO 

(2S,3R)-17 [af2o -38.7 (c1.36, CHCI3) 

96%de, >99%ee 

Scheme 3 

Measurement of the diastereo-favoritism of the lipase-catalyzed 

reaction. Acetate 16c produced by the lipase-catalyzed reaction was 

converted to the authentic sample, i.e. 5-hydroxy-4-methylhexan-3-on (21) 35 

as shown in Scheme 4. 

To N,N-dimethylformamide (DMF) (26.0 mL) solution of 16c (1.35 

g, 13.6 mmol, 870/0de) and TBDMSCI (2.47 g, 16.4 mmol) was added a 

DMF (4.0 mL) solution of imidazole (1.39 g, 20.4 mmol) at O°C and the 
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mixture was stirred at RT for 6 h. The reaction mixture was extracted with 

ether and the combined organic layer was dried over MgS04 and 

concentrated by evaporater. Silica gel flash column chromatography (hexane/ 

ethyl acetate = 100:1) gave TBDMS ether 19 (2.88 g, 13.8 mmol) in 99% 

yield. A dichloromethane (8.0 mL) solution of 19 (274 mg, 1.28 mmol) was 

added to 1.50 mmol of diisobutylaluminum hydride (DIBAH, 1.5 M in 

toluene) dropwise at -78°C and the reaction mixture was stirred at the same 

temperature for 1.5 h. The reaction was quenched by addition of 2 M HCI 

and the mixture was extr acted with ether. The combined organic layer was 

dried over MgS04 and concentrated by evaporater to give a crude oil which 

was used in the next reaction without purification. The crude oil was 

dissolved in 6.0 mL of THF and was treated with ethylmagnesium bromide 

(2.6 mmol, O. 65 Min THF) at -78°C for 1 h. The reaction was quenched by 

addition of N~CI saturated aqueous solution and acidified by 2 M HCI. The 

mixture was extracted with ether, and the combined organic layer was dried 

and concentrated by evaporater. Silica-gel flash column chromatography 

(hexane /ethyl acetate= 20: 1) gave alcohol 20 (280 mg, 1.14 mmol) in 890/0 

yield. To a suspension of solution of RuC13eH20 (6.8 mg, 0.032 mmol) and 

NaI0il03 mg, 0.481 mmol) in 5 mL of mixed solvent (CH3CN:H20 = 2:3) 

was added a CCl4 (2.0 mL) solution of 20 (81 mg, 0.329 mmol) at RT and 

the mixture was stirred for 24 h at RT. 36 The reaction was quenched by 

addition of 2-propanol and was extracted with CH2CI2• The combined organic 

layer was washed with brine, NaHC03 saturated aqueous solution, and finally 

with water. The organic layer was dried (MgS04) and concentrated by 

evaporater to dryness to give an oily product. This was dissolved in THF(2.0 

mL) and treated with tetrabutylammonium fluoride (TBAF) (1.0 M in THF) 
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at O°C for 3 h. The mixture was extracted with ether , dried (MgS04), and 

concentrated by evaporater. Silica gel flash column chromatography (hexane/ 

ethyl acetate= 10: 1) gave 5-hydroxy-4-methylhexan-3-one (21) 35 (22 mg, 

0.169 mmol) in 51 % yield (two steps from 20). This hydroxy ketone was 

composed of two isomers. IH NMR analysis of 21 showed that the major 

isomer was the anti isomer because the coupling constant (J value) of ~-~ 

was 7.22 Hz, while that of the minor isomer was 3.25 Hz. 

OAc 
.:: eN 

I 
(2R,3S)-lSc 

86%de, >99%ee 
Y=99% 

EtMgBr • TBDMSl IH ,,-
THF, -78°C ,/ 1 ~ 

Y=89% 20 

19 

1) RuCI3/Nal04 
CCI4-CH3CN-H20=2:2:3 

2)TBAFITHF, aoc 
Y= 51% 

Scheme 4 

21 

(2S,3R)-3-Cyanobutan-2-yl acetate (15e). Using the same protocol 

described above, (2S,3R)-15c was obtained.[a]23D+10.5 (c1.30, CHCI3)· 

65%de (anti), >99%ee. Preparation of (2R,3S)-15c was accomplished using 

two different types of enzymes as described in Scheme 2. 

(2R,3S)-3-Hydroxy-2-methylbutanenitrile (16c). To a suspension of 

lipase OF(4.34 g) in de-ionized water (180 mL) was added an acetone (15 

mL) solution of acetate (±)-16c 12) (7.24 g, 51.3 mmol) and thiocrown ether 

4 (0.040 g, 0.15 mmol, 0.5 mol%) and the mixture was stirred at 35°C for 
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36 h. The reaction mixture was extracted with CH2Cl2 and concentrated by 

evaporater. Silica gel flash column chromatography (hexane/ ethyl acetate= 

7: 1 to 2: 1) gave alcohol 16c (3.90 g, 35.1 mmol, 68%) and acetate 15c 

(0.869 g, 6.16 mmol, 12%). Diastereomeric excess of 15c was measured by 

capillary GC analysis as 58%de with >99%ee. Acetate 15e (1.24 g, 8.78 

mmol) was then hydrolyzed by hemi-cellulase (Amano) (744 mg) in 15 mL 

of 0.1 M phosphate buffer (pH 7.2) at 35°C for 137 h. Silica gel flash 

column chromatography of the extract gave alcohol 16e (456 mg, 4.60 

mmol, 52%) hydrolyzed and acetate 15c (534 mg, 3.78 mmol, 43%) 

unreacted. Capillary GC analysis using crural column (G-TA) showed that 

the enantiomeric excess of 15c was >99% ee with 86%de (anti). [af5 D-11.8 

(c1.27, CHCI3). 

(4SR,SRS)-S-hydroxy-4-methylhexan-3-one (21)35 (85%de). IH 

NMR (200 MHz, 8, CDCI3, J= Hz) 1.06 (3H, t, J= 7.3), 1.11 (3H, d, J= 7.4), 

1.20 (3H, d, J= 6.3) 1.25 (1H, s), 2.55 (2H, d, J= 7.3) 2.50-2.62 (1H, m) 

3.91 (1J-L m)*. *The spin decoupling test showed that the coupling constant 

of C-5 proton (JH4-H5) of the major isomer was 7.22 Hz, while that of the 

minor one is 3.25 Hz.; l3C NMR(50 MHz, ppm, CDCI3) 7.52, 14.15, 20.90, 

35.76,52.85, 69.62, 216.55 ; IR (neat, cm-I) 3315,2929,2858, 1726, 1471, 

1257, 1007, 837. 
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Chapter 2. 

Synthesis of Various Difluorocyclopropane Derivatives 

Using Chemo-Enzymatic Reaction 
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2-1-1. Introduction 

The difluoromethylene group is well known as an isoelectronic and 

isosteric substitute for oxygen in phosphate analogues I and geminal 

difluorinated compounds thus mimic the tetrahedral transition states related 

to the hydrolytic action of proteases and esterases; this caused enzyme 

inhibition to occur when the nucleophilic hydroxyl group is part of the active 

site of the enzyme. I The utility of cyclopropane derivatives in the 

construction of a variety of cyclic and acyclic organic compounds has been 

amply demonstrated. 2 Substitution of two fluorine atoms on the cyclopropane 

ring is expected to alter both chemical reactivity and biological activity due 

to the strong electron-withdrawing nature of fluorine atom. 3,4,22 ,23 These make 

efficient methods for the synthesis of a suitably functionalized building block 

for chiral difluorocyclopropane even more necessary. Here, the first 

successful synthesis of an optically pure difluorocyclopropane building block 

22 through lipase-catalyzed asymmetric hydrolysis of the corresponding 

prochiral diacetate 23. 13 was described. 

For the strategy of this synthesis, It was decided to use lipase-catalyzed 

hydrolysis protocol. The synthetic value of lipase has been well recognized 

because the reaction proceeds efficiently and selectively under mild 

conditions.5,6 
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2-1-2. Efficient Synthesis of Enantiopure 1,2-Bis(hydroxymethyl)-

3,3-difluorocyclopropane Derivatives through Lipase-Catalyzed 

Reaction 

Prochiral diacetate was prepared as follows; easily available dibenzyl 

ether of (Z)-2-butendiol was subjected to Taguchi's difluorocyclopropanation 

7 using cis-addition of difluorocarbene 8 derived from sodium difluoroacetate 

in diglyme at 180°C, followed by debenzylation and acetylation to afford 

the desired diacetate 23 for 3 steps in overall 81 % yield (Scheme 5). The 

asymmetric hydrolysis of 23 was typically carried out as follows: to a 

phosphate buffer solution (10 ml, 0.1 M at pH 7.2) was added 23 (1.0 mmol) 

and lipase QL (50 wt% towards the substrate) and the mixture was stirred at 

35°C (Eq. 5). The alcohol 22 produced was extracted with ethyl acetate and 

purified by silica gel flash column chromatography (hexane / ethyl acetate = 
5:1 to 2: 1). 

HO~OH BnCI, NaH BnO~OBn 
• 

54 DMF, RT 

Y=100 % 

,..... FyF 1) H2, Pd / C 
Bn~OBn ___ M_e_O_H_,_R_T __ .~ 

H H 
56 

2) AcCI, Py 
CH2CI2, RT 

Y=86 % (2 steps) 

55 

F- F 

ACo-Xr-OAC 

H H 
23 

Scheme 5. Preparation of prochiral diacetate 23 

CICF2C02Na .. 
dig lyme, 180°C 

Y=94 % 

Twenty-eight commercially available lipases were screened for their 

activity but only five were found to have hydrolyzed acetate 23 to afford 
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mono acetate 22 with more than 60% ee; lipase QL (Meito) from Alcaligenes 

sp. provided the corresponding monoacetate 22 in the highest enantiomeric 

excess (Table 5, Entry 1) .9 Lipase TL and PCL also gave 22 with good 

enantiomeric excess (Entries 2 and 3). In contrast, no reliable results were 

obtained when 23 was subjected to the reaction of PPL, though it once gave 

22 with 96% ee (Entry 5). Because the PPL-catalyzed reaction proceeded 

very slowly, partial racemization of the product apparently occurred. 

f F 

ACo-Xr-OAC Lipase 

H"H pH7.2, 35°C 
23 

F- F 

H0-W-0AC 

H' 'H 
22 

(5) 

Table 8. Asymmetrization of prochiral diacetate 23 through lipase-catalyzed hydrolysis 

Entry Liapse Time (h) %ee of 22 [0:]230 of 22 

(Yield) (c in CHCI3) 

Ql 5 >99 %ee (81 %) +15.5(c1.2) 

2 Tl 6 90 %ee (58%) +15.4 (c 1.39) 

3 PCl 8 85 %ee (97%) +12.5 (c 1.22) 

4 Al 48 85 %ee (75%) +12.5 (c 1.20) 

5 PPl 168 62 %ee (53%) +10.0(c1.00) 

aThe reaction was carried in 0.1 M poatassium phosphate buffer at pH 7.2 and enantiomeric excess was 

determined by capillary GC analysis using Chiraldex-GTa ( <p 0.25 mm x 20 M, He, 70 °C or 100°C). b Ql: 

Alcaligenes sp. Tl: Pseudomonas sp. PCl: Pseudomonas cepacia. AL: Achromobacter sp. PPl: Porcine 
pancreatic lipase 

Diacetate of (trans)-1,2-bis(hydroxymethyl)-3,3-difluorocyc1opropane 

24 is not prochiral but racemic form, so that optical resolution of (±)-24 

was performed using lipase-catalyzed reaction (Eq. 6). In this reaction, the 

best result was recorded when (±)-24 was reacted with lipase SL 
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(Pseudomonas cepacia SL-25, Meito), and diacetate (-)-24 remrurung was 

obtained with >99% ee (E value (0 of the reaction was 11).11 

F. F 
AC~'X' ,H Lipase SL 

HY---\.-OAC pH7.2, 35°C, 1 h 

(±)-24 E =11 

H*OAC 

(+)-25 

Y = 53%, 48%ee 

F. F 

H.''><',.r-0AC 
AC~'H 

( -)-24 

Y = 36%, >99%ee 

[a]23o -9.6 

(c1.40, CHCI3) 

(6) 

In summary, the synthesis of difluorocyclopropane building blocks 22 

and 24 with extremely high optical purity was succeeded through lipase

catalyzed reaction. Lipase-catalyzed reactions are particular ly useful even for 

large-scale preparative organic synthesis. The present protocol will 

undoubtedly allow us to evolve a smarter and more convenient synthesis of 

crural difluorocyclopropane derivatives. 
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2 -2-1. Introduction 

The substitution of two fluorine atoms on the cyclopropane ring is 

expected to alter both its chemical reactivity and biological activity due to the 

strong electron-withdrawing nature of the fluorine atom, and this makes it 

possible to create new molecules that would exhibit a unique biological 

activity or functionality.4 It is interesting in the special properties of the 

difluorocyclopropanes,5,(3 and very recently accomplished the first synthesis 

of optically pure 1, I-difluoro-2,3-(bishydroxymethyl)cyclopropane. 13,14 

Polymer 

n 
F. F F. F 

H~OH H~H\H 
HO-' H H' )')«-OH 

(transltranS)~dl-31 F. (t t F) F 31 rans, rans -meso-

H 
HO ',' 

F:::F (cis,cis)-31 , 

Building Blocks 
Liquid crystals 

It was postulated that the bisdifluorocyclopropanes (trans, trans)- and 

(cis,cis)-31 would become unique sources of important organic compounds, 

such as a liquid crystal, monomer part for the synthesis of a unique polymer, 

and building blocks for the synthesis of difluoromethylene compounds. 

However, neither report concerning this idea or the synthesis of the 

bisdifluorocyclopropane derivatives have been reported so far, hence, It was 
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decided to attempt the synthesis of several types of bisdifluorocyclopropanes. 

In this chapter 2-2., the first synthesis of these bisdifluorocyc1opropane 

derivatives, (trans,trans)-31 and (cis,cis)-31, and the optically active 

bisdifluorocyc1opropanes (+ )-(trans, trans)-31 and (- )-(trans, trans)-31 has 

been accomplished through a enzymatic-chemical hybrid 

reaction methodology. 

2-2-2. Synthesis of Optically Active Bisdifluorocyclopropanes 

through a Cherno-Enzymatic Reaction Strategy 

The target bisdifluorocyclopropane derivatives, (trans,trans)-31 and 

(cis,cis)-31, should be derived from the (E)- or (Z)-3-tributylstannyl-2-

propen-I-ol (35). The value of an enzymatic reaction in organic synthesis is 

extensively increased by its environmentally friendly nature. 15 The lipase

catalyzed reaction was used for isolating the tributylstannyl alcohols, (E)-35 

and (Z)-35, from a stereomixture (Scheme 6).16 Several lipases 

stereoselectively hydrolyzed acetate 36, and Pseudomonas cepacia lipase 

(PCL) was found to be the best enzyme that smoothly hydrolyzed the acetate 

36 to provide the (E)-olefin 35 with perfect selectivity.17 The pure (Z)

isomer 35 was obtained as the unreacted acetate 36 by the PCL-catalyzed 

reaction when the reaction time was prolonged. This is a very convenient 

method to obtain the pure isomers of (E)-35 and (Z)-35 in the laboratory, 

though there exists several means to stetreoselectively prepare (E)-35 using 

transition-metal chemistry. 18 The hydroxyl group of (E)-35 was protected as 

the benzyl ether and treated with copper (II) nitrate trihydrate in THF at 

room temperature to produce the corresponding diene (E,£)-29 in 74% 
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yield (Scheme 6, Method A).20 On the other hand, It was prepared diene 

(E,£)-29 with another protocol for synthesizing a large amount of diol 28 

(Scheme 6, Method B).29,30 

Scheme 6 

4h 

HO~SnBu3 
(E)-3SY= 34% 

+ 36(ElZ=1 0:90) 
(Y=41%) 

AcO~SnBu3 
(E,Z)-36E:Z= 44:56 

I 
PCl 

pH7.2, 35°C 

8 h l 
/'.. /SnBu3 

AcCf "=./ 

(2)-36 Y= 31% 

+ 35 (ElZ=78:22) 
(Y=54%) 

F. F { 
1) LiOH, THF-H20(3:1) 1) C.ICF2C02Na

o 
(5 eq.) , ~ ;.: 

2) BnBr, NaH, DMF _/'... ~OBn Diglyme, 180 C H ,.;. 
--____ --< .. _ BnU '=./ '\./ • HO ; 

3) CU(N0312·3H20 (Z,2)-29 Y= 55% 2) ~t6~;C, F F ~, 
(2)-36 

(1. Oeq.), THF, RT 

Y=66% 

(Method A) 

(E)-3S 
1) BnBr, NaH, DMF 
_______ .. BnO~OBn 

1) CICF2C02Na (5 eq.) 
Diglyme, 180°C 

2) Cu(N03l2·3H2O 
(1. Oeq.), THF, RT 

(Method B) 

r OH 
CuCI, Py 

MeOH 
26 

Y=46% 

H~OH 

28 

-

(E,E)-29 Y= 74% 
2) H2 /Pd-C, 

MeOH 

Y= 74% 

~OH lAH 

H ~ • 
THF, reflux 

27 Y=86 % 

BnBr, NaH 
----_- (E,E)-29 --- • (trans, trans)~2 

DMF, RT 

Y=92 % 

H~JVFH 
rr H~OH 

(trans,transf31 

meso,dl mixture '" 
~~ ... . l}.l't";:' • '~;,It! . .1!.".:;" . ~:_;';:. ~~~~.r..~~ 

j AcCI, Py 

CH2 C1:2 Y= 100% 

(trans, trans )-32 

Bisdifluorocyclopropanes (trans, trans)-31 was directly synthesized in 74% 

yield from (E,E)-29 using 5 eq. of difluorocarbene which was produced by 

the thermolysis of sodium chlorodifluoroacetate. 12 The benzyl protecting 

group was essential in achieving difluorocyclopropanation with sufficient 
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yield. A significant drop In the chemical yield of the desired 

bisdifluorocyclopropane was observed when the reaction was carried out 

using the diacetate as a substrate. Bisdifluorocyclopropane (cis, cis)-31 was 

also synthesized from (Z)-35 using the same procedure (Scheme 6, Method 

A). The diacetate of (trans,trans)-2,2,5,5-tetrafluoro-l,6-

bis(hydroxymethyl)bicyclopropane (32) is a 1: 1:2 mixture of (1 S,3R, 4R, 6S)-

32, (lR,3S,4S,6R)-32, and meso-(lR,3S,4R,6S)-32. 20 Optical resolution of 

(±)-(trans, trans)-32 was very successfully achieved by the lipase SL

catalyzed reaction (Scheme 7). 

F- F 

(trans, trans )-32 

meso,dl mixture 

Scheme 7 

Ac 

Lipase SL 

pH7.2, 2.5 h 

E >210 

H~,~ FH H 
H " 

H" ',,'-OAc 

F F 
(trans, trans)-meso-33 

Y=50% 
100% theoretical yield 

F. F 

~OAC 
.~ -:;. H 

AaJ-: H 

(-H trans, trans )-32 

+ 

F F 

H°-nH 

H ~{ \ '-OH 

(+ )-(trans,trans)-31 

Y= 17% (91.4%ee) 

68% theoretical yield 

[a]2o o+31 .5 (cO.75, CHC~) 
as diacetate 32 

Y= 20% (>99%ee) [a]2oD-30.0 (c1.11, CHCI3) 

80% theoretical yield 

The lipase SL-catalyzed hydrolysis of the diacetate 32 gave the meso 

isomer as the monoacetate 33 in 50% yield, the diol (+ )-(trans, trans)-31 in 

17% yield with 91.4% ee, and the unreacted diacetate (-)-(trans,trans)-32 in 

14% yield with >99% ee. E value II of the reaction was estimated to be >210. 

The first synthesis of the optically active bisdiJluorocydopropane was 

accomplished very simply and efficiently. 
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The stereochemistry of (+ )-( trans, trans)-31 was assigned as 

(lS,3R,4R,6S), and (-)-(trans,trans)-32 was (lR,3S,4S,6R), based on the CD 

exciton chirality method using the 9-anthracenecarboxylate derivative 34 

(Fig. 8) .12 

366.6 nm 

+2.0. ~, J ' '~ 
t ! \ \,3S,4S,6R)-34 ~ 

f (\ / \ Negative chirality ~ 
~r /\ I \ i ~+i (,1£=3.05) 1~ 

t'\ 't 'v ( ). i '\ 

...-.Ji' \ ;\ \ _ .... - l ' ' I 
,1£ -"''' ../ . ( . , 

I 
~ 

-2.0 t 
r 

300.0 

\ ; / \ j/ 
v 

Positive chirality 
(,1£ =1.20) 

(1 S,3R,4R,6S)-34 

WL(nm) 

387.4 nm 

450.0 

Fig. 8. CD spectrum of (-)-1,6-bis[(9-anthracene
carbonyl)methyl]-2,2,5,5-tetrafluorobiscyclopropane 34 

(1R,3S,4S,6R)-34 >99%ee 

WF. 
~~~ YU 
( 1 S, 3R, 4R, 6S)-34 91 .4 %ee 

Fig. 9. ORTEP view of the dibenzyl ether 30 
derived from (trans, trans r meso-33 

The CD spectrum of the bis(9-anthracene)carbonyl ester 34, which was 

derived from (+)-(trans,trans)-31, exhibited positive chirality on the Cotton 

effect [ 387.2 run and 364.0 nm (~E+ 1.20), CH3CN], while negative chirality 

on the Cotton effect [ 387.4 nm and 366.6nm (~E-3.05), CH3CN] was 

observed by the 9-anthracene carboxylate derivative 34 derived from (-)

(trans,trans)-32. These observed Cotton effects were corresponded to E2 

absorption of the anthracene group (E2 Amax375 nm (E= 28756). X-ray 

crystallographic analysis of the dibenzyl ether 30, which was derived from 

(trans, trans)-meso-33 , was successful and the stereochemistry of the 

lipase-catalyzed reaction was thus fully confirmed (Fig. 9) .21 
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In conclusion, It have been demonstrated the first synthesis of 

bisdifluorocyclopropane derivatives via a chemo-enzymatic reaction 

methodology. Results of the CD spectroscopic analysis showed that these 

bisdifluorocyclopropanes, (trans, trans)-31, exist with a helical shape 

configuration; this seems to suggest that a unique helical shape polymeric 

compound may be produced from (trans,trans)-31 as a monomer unit. 
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2-3-1. Introduction 

To clarify the special property of gem-difluiorocyclopropanes and 

accomplished the first synthesis of several types new gem

difluorocyclopropanes in optically pure form was accomplished. 13,24 As 

anticipated by the nature of fluorine atom, the shape of the difluorinated 

analogue of bicyclopropane 1,6-bis(hydroxymethyl)-2,2,5,5-

tetr afluorobicyclopropane (31) was a little bit different from the simple 

bicyclopr opane 37. 

Figure 10 shows the results of the optimized structure of a gem-fluorinated 

bicyclopropane by MO (PM3) calculation. 25 Calculation suggested a kinked 

form of two difluorocyclopropane groups for compound 31, while no such 

twisted form was suggested for bicyclopropane 37. This was confirmed by 

results of the CD spectroscopic analysis of optically active 31 in that large 

CD spectral change on the Cotton effect was observed. 24 Even more 

interesting by, the computational chemistry suggests a highly helical shape 

for oligo-gem-difluorcyclopropanes, such as pentakis-gem

difluorocyclopropane 38, as shown in Figure 10. Oligo- and poly-gem

difluorocyclopropanes are challenging targets for synthetic organic chemists. 

In this chapter, It has been reported our initial results of synthesizing bis

and oligo-gem-difluorocyclopropane derivatives27 through the olefin 

metathesis reaction strategy. 26 
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2-3-2. Synthesis of Bis- and Oligo-gem-difluorocyclopropanes 

Using Olefin Metathesis Reaction 

First, the olefin metathesis reaction of I-benzyloxymethyl-2,2-difluro-

3-vinylcyclopropane (40a) was investigated as a model compound using the 

Grubbs catalyst, (PCY3)2CI2Ru=CHPh (39) 26 (Scheme 8). 

Scheme 8. Synthesis of bis-gem-Difluorocyclopropanes 

The desired coupling products 40a would be obtained without 

difficulty because wide range functional group tolerance has been reported 

for the reaction. 26a However, desired compound 41a was obtained in poor 

yield (6 %) in the presence of 5 mol % of the catalyst, though the 

stereochemistry of the newly formed olefinic part exhibited perfect (£)

selectivity. Four solvent systems were tested: dichloromethane (CH2CI2), 

toluene, benzene, and tetrahydrofurane (THF), and the desired product 41a 

was obtained only when the reaction was carried out in CH2Cl2 at room 

temperature, and significant decomposition of both substrate and the catalyst 

was observed under elevated temperature conditions. Increasing the amount 

of the catalyst caused no enhancement of the chemical yield, the yield 

remained at a range of 5-7% even in the presence of 1.0 equivalent of the 

catalyst, and a significant amount of unidentified purple solid was produced. 
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Table 9. Synthesis of various gem-difluorocyclopropanes 41,43 through olefin metathesis protocol 

Entry 

2 

3 

4 

5 

6 

Substrate 

* BnO "'H 

40a 

F, F 
Bn0-W= . .,. 

H H 
40b 

Bno~F F 
H" 

40cH -
F F 

F F snO-\X .. H 

H"~~ 
42a 

F, r 

snoW-V 
H H 

42b 

r- F 
BnO~H " 

H .. H~ 
42c F F 

Conditions a) 

(Method) 

RT, 72 h 
(8) 

RT, 60 h 
(A) 

RT, 12 h 
(A) 

RT, 24 h 
(A) 

RT, 24 h 
(A) 

RT, 60 
(A) 

Product 

(Stereochemistry) b 
Yield (%) 

*
, F H F. ~ .• OBn 

- H 
" 41a 

BnO 'H 
(E only) 

H H 

BnO~OBn 
~.,. F F 

H H 41b 
F F (E:Z=5.5: 1) 

H 

41c OSn 
(E only) F 

F, F 
H~XrOSn 

H",.---/'O~~"H 
Bn~X~H 43a 

F F (E:Z= 4 :1) 

C F 

Bno*~o_FyF .--nSn 
H H \L.Y'-' 

43b • ~ H H 
(E:Z=5.5: 1) 

35% 

16% 

9% 

80% 

68% 

Bn~F. FH 

H" H ~F F 38% 
H'" ~ H 

" H 
F F 43c H " 

(E:Z= 5:1) H F F OBn 
a) The reaction was carried out in CH 2C~ in the presence of 15 mol% or 100 mol% of the catalyst. b) The ratio of the 

stereochemistry of the olefinic part was determined by 1H NMR analysis. Method A: The reaction was carried out in the 

presence of whole amount of the catalyst (15 mOI%). Method B: Five additions of 20 mol% of the catalyst solution were made of 

12 h intervals . 
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A total of 100 mol% of the catalyst was used. Thus, 20 mol% of the catalyst 

as dichloromethane solution was added dropwise five times at 12 h intervals 

(Method B) 27 ; this increased the chemical yield and the desired coupling 

product 41a was obtained in 35% yield (Table 5, Entry 1). Fortunately, the 

olefin metathesis reaction of allylic ether 42a proceeded smoothly to give the 

coupling product 43a in efficient yield of 80% using 15 mol% of the catalyst 

(Method A, Entry 4). Six types of bis- and oligo-gem-difluorinated 

cyclopropane derivatives were thus synthesized for the first time (Table 5). 

In both types of substrates 40 and 42, bisdifluorocyclopropanes 40c and 

42c provided the coupling products 41c and 43c in low yields (Entries 3 

and 6), respectively. This seemed to be due to the strong chelating effect of 

the difluorocyclopropane groups towards ruthenium which caused the death 

of the catalyst by complexation, and a significant amount of unidentified 

purple solid was pr oduced on the reaction. 

[R~CH2 Bn "H r ::: F 47 
44 ' 

- .H r F 

¥OBn ~r OBn 
r """ .. I 40~ - H 

decomposition Bn "'H 41a 
F F 

F 
H 

Figure 11. Plausible mechanism of the low Chemical yield of the coupling product 
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It IS postulated that decomposition of a metallacyclobutane 

intermediate like 45 produces ethylene gas and regenerates the Ruthenium 

carbene complex 46 to complete the catalytic cycle (Figure 11).7 Because the 

coupling product 41a was indeed obtained, though the yield was insufficient, 

the step to form the key metallacyclobutene 47 and subsequent 

decomposition might occur smoothly, and it would release 41a and carbene 

complex 44. In the present reaction, however, the retro decomposition of 

metallacyclobutene 4S to vinylcyclopropane 40a seems to occur due to the 

strong electron withdrawing nature of difluoromethylene moiety and this 

stopped the catalytic cycle. 

All of the products, 41a-41c, 43a-43c, obtained possess olefinic parts 

between difluorocyclopropane moieties, so that it can be converted them to 

hybrid types of difluorocyclopropanes. 28 

In conclusion, It was demonstrated by the first synthesis of bis- and 

oligo-gem-difluorocyclopropane derivatives via olefin metathesis reaction 

methodology. 27 This reaction is applicable for the synthesis of an optically 

active one because the synthesis of the starting materials 40 and 42 In 

optically pure form has been already achieved. 13
,24 It would be need to 

improve the reaction efficiency by changing the catalysr26b and synthesizing 

hybrid types of poly-gem-difluorcyclopropanes. 
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Summary 

Efficient synthesis of chiral difluorocyclopropane building block has 

been accomplished; prochiral diacetate of 1,2-bis(hydroxymethyl)-3,3-

difluorocyclopropane was converted to the corresponding monoacetate 

through Alcaligenes sp. lipase-catalyzed hydrolysis with >990/0 enantiomeric 

excess. 

The first synthesis of hisdifluorocyclopropane derivatives has been 

accomplished via a chemo-enzymatic reaction strategy; (E)- and (Z)-3-

tributylstannyl-2-propenols were prepared and their conversion to the 

(trans, trans)- and (cis,cis)-hisdifluorocyclopropanes was successful. The 

subsequent lipase-catalyzed reaction efficiently afforded optically active 

(trans,trans)-2,2,5,5-tetrafluoro-1 ,6-bis(hydroxymethyl)bicyclopropane. 

Synthesis of SIX types of novel bis- and oligo-gem-

difluorocyclopropanes has been accomplished through the olefin metathesis 

reaction protocol. Since newly produced gem-difluorocyclopropanes possess 

an olefinic part between the two difluorocyclopropane moieties, further 

modification was possible; synthesis of a novel hybrid compound which has 

an oxirane ring between two difluorocyclopropane rings in their molecules 

has been demonstrated. 
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Experi mental Section 

General Procedures 

Reagents and solvents were purchased from common commercial 

sources and were used as received or purified by distillation from 

appropriate drying agents. Reactions requiring anhydrous conditions were 

run under an atmosphere of dry argon. Silica gel (Wako gel C-300E) was 

used for column chromatography and silica gel (Wako gel B-5F) for thin 

layer chromatography. 'H NMR, 19F NMR, l3C NMR spectra and were 

recorded on Varian VXR-200 (200MHz) and VXR-500 (500MHz) 

spectrometer, and chemical shifts are expressed in ppm downfield from 

tetramethylsilane (TMS) in CDCl3 or hexafluorobenzene (C6F6) as an internal 

reference. IR spectra were obtained on FTIIR-230 spectrometers. Optical 

rotation was measured with JASCO DIP-IOI digital polarimeter. The 

regioselectivity was determined by capillary gas chromatography 

(MS, ¢ O.25mm A x 20m, IOO-250°C, He). The optically purity was 

determined by capillary gas chromatography (Chiraldex G-T A, ¢ O.25mm 

A x 20m, 70-100°C, He) 
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Chapter2-1. 

Preparation oj 1,2-Bis(acetoxymethyl)-3,3-dijluorocyclopropanes 

(cis )-1,2-Bis(benzy loxy methy 1)-3, 3-diJluorocyclopropane (56). 

To a suspension of NaH (Oilly (60%), 4.41g, 110 mmol) in dry DMF (50 

mL) was added cis-2-Buten-1,4-diol 54 (4.41 g, 50 mmol) in dry DMF (70 

mL) at O°C under argon atmosphere, and the mixture was stirred at same 

temperature for 0.5h. After being added this suspension benzyl chloride 

(12.0 mL, 105 mmol), the mixture was stirred at room temperature for 8h. 

The reaction was quenched by addition of crushed ice, extracted with ethyl 

acetate. Silica gel flash column chromatography, (gradient elution hexane I 

ethyl acetate = 80:1 to 10:1) gave dibenzyl ether 55 (13.5 g, 50 mmol) in 

100% yield. A solution of 55 (10.73g, 40 mmol) in dry diglyme (40 mL) 

was heated to 180a C. A solution of sodium chlorodifluoroacetate (30.49g, 

200 mmol) in dry diglyme (80 mL) was added at same temperature over a 

period of 5h. After keeping the reaction at 180°C for additional lh, and 

cooling to room temperature, the reaction mixture was poured into ice 

water, the aqueous solution was extr acted with hexane and ethyl acetate, and 

the combined organic layers were washed with water, dried over MgS04 and 

the solvents were concentrated under reduced pressure. Silica gel flash 

column chromatography, (gradient elution hexane I ethyl acetate = 20: 1 to 

10:1) gave 56 (12.0 g, 37.7 mmol) in 94% yield. :Rf 0.36 (hexanel ethyl 

acetate=10:1); bp 175 °C/2 Torr (Kugelrohr); IHNMR (200 MHz, 8, CDCI3, 

J=Hz) 1.95-2.06 (2H, m), 3.50-3.69 (4H, m), 4.49 (4H, ABq, J=I1.8), 7.23-

7.35 (10H, m); 13C N11R (50 MHz, 8, CDCI3, J=Hz) 24.84 (t, Jc_r l0.5), 
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63.07 (d, Jc_r 5.1), 72.73, 114.18 (dd, Je-r289.7, 282.8) , 127.71, 127.77, 

128.43, 137.76; 19F NMR (188 MHz, 8, CDCI3, l=Hz) 11.03 (d, JF_r I61.8), 

36.57 (dt, IF_rI61.8, lH_rI2.9); IR (neat, em-I) 3032, 2866, 1469, 1367, 

1282, 1192, 1086, 1028, 912,849,742, 700. Anal. Calcd for C19H20F202: C, 

71.68; H, 6.33 Found: C, 73.63; H, 6.45 

(cis)-l, 2-Bis(acetoxy methy l)-3,3-dijluorocyc[opropane (23). A 

solution of difluorocyc1opropane S6 (6.02 g, 18.9 mmol) in methanol (20 

mL) was stirred at room temperature using palladium carbon (1.20 g, 20 

wt%) under H2 (1 atm) for 24h. The crude products were filtrated with glass 

sintered filter on celite, and concentrated by evaporation of the solvent to 

afford as color less oil. To a crude diol 57 solution in dichloromethane (30 

mL) and pyridine (4.6 mL, 56.9 rnmol) was added a C~CI2 solution (10 

mL) of acetyl chloride (3.27 g 41.7 mmol) at O°C and the solution was 

stirred at room temperature for 3h. The reaction was quenched by addition 

of crushed ice, extracted with ethyl acetate, dried over MgS04 and 

concentrated. The crude product was purified by flash column 

chromatography (hexane I ethyl acetate= 10: 1) to give an diacetate 23 (3.62 

g, 16.3 mmol) for 2 steps in 86% yield.: Rf 0.50 (hexanel ethyl acetate=2: 1); 

bp 122 °CI 5 Torr (Kugelrohr); IH NMR (200 MHz, 8, CDCI3, l=Hz) 2.03-

2.18 (2H, m), 2.06 (6H, s), 4.17-4.38 (4H, m); 13C NMR (50 MHz, 8, CDCI
3

, 

l=Hz) 20.68, 24.01 (t, lc_r10.7), 57.80 (d, Jc_r 5.9), 113.22 (dd, lc_r290.2, 

282.7), 170.60; 19F N:MR (188 Iv1Hz, 8, CDCI3, J=Hz) 10.32 (d, J
F

_r I64.8), 

36.29 (dt, JF_r==165.1, JH_r 12.1); IR (neat, cm- I
) 2968, 1743, 1479, 1377, 

1234, 1118, 1038, 837. Anal. Calcd for C9H12F204: C, 48.65; H, 5.44 Found: 

C, 48.77; H, 5.72. 
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[(1 R,3S)-3-Hydroxymethyl-2,2-dijluorocyclopropyl]methyl 

acetate (22) . To a buffer solution (pH 7.2) (100mL) was added Lipase 

QL powder (1.11 g, Meito Sangyo). The lipase solution was added to a 

diacetate 23 (2.22 g, 9.99 mmol). The mixture was stirred at room 

temperature for 4h. The reaction was quenched with a crushed ice and NaCl. 

The crude product was extracted with ethyl acetate. The organic layer was 

dried over MgS04 and concentrated. Silica gel flash column chromatography, 

(gradient elution hexane / ethyl acetate = 4: 1 to 2: 1) gave a monoacetate (22) 

(1.66 g, 9.21 mmol, 92%).: Rf 0.22 (hexane/ ethyl acetate=2:1); bp 108 °CI 

6.5 Torr (Kugelrohr);IH NMR (200 MHz, 0, CDCI3, J=Hz) 1.95-2.10 (2ll, 

m), 2.06 (3H, s) , 2.48 (Ill, s), 3.67-3.90 (2ll, m), 4.12-4.36 (2H, m); 13C 

NMR (50 MHz, 0, CDCI3, J=Hz) 20.76, 24.00 (t, Je-FI0.2) , 27.63 (t, Je_ 

FI0.1), 55.91 (d, Je_~5.5), 58.06 (d, Je_r 5.6), 113.71 (dd, Je-r290.7, 

282.1), 170.94; 19p NMR (188 MHz, 0, CDCI3, J=Hz) 10.57(d, IF_FI64.8), 

37.20(dd, JF_FI65.0, IH_F8.8); IR (neat, cm-I
) 3432, 2964, 1738, 1478, 

1374, 1241, 1186, 1115, 1037,907, 833,719. AnaL Calcd for C9H12P204: C, 

46.67; H, 5.60 Found: C, 47.05; H, 5.93. 

Analysis by GPC for determination of enantiomeric excess of monoacetate 

was carried out using a capillary column on chiral phase; Chiraldex G-TA, 

l/J 0.25 mm x 20 m; Carrier gas: He 40 mL/min; Temp (OC); 100, Inlet 

pressure; 1.35kg/cm2; Amount; 400ng; Detection; FID. The results of GC 

analysis of 22: tR of (lR, 3S)-22; 9.5 min., (lS, 3R)-22., 11.3 min. (R)- and 

(S)-a-methoxy-a-(trifluoromethyl)-phenylacetic acid (MTPA) demonstrated 

negative chemical shift differences (~o = OS-OR) for protons on C-l and C-2 

shown below. The optimized structure by serniempirical (PM3) calculation 
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Fig. 12 . .1b=(bs-bR) x 103 for (R)- and (S)-MTPA 
esters of 64 by 500 MHz IH NMR analysis 

of (S)-MTPA ester of (IR, 2S)-22 agreed with these results (Fig. 12). We 

are now attempting to confirm this by X-ray crystallographic analysis of (S)

(+ )-6-methoxy-a-methyl-2-naphthaleneacetate of 22. However, single 

crystals suitable for X-ray diffraction have not yet been obtained. 

Preparation of (E)-1,4-dibenzyloxy-2-butadiene (60). 

Scheme 9 

H~H __ LA_H______ HO~H _B_n_C_I, N_a_H---.-_ BnO~Bn 
Et20 / THF DMF, RT 

reflux 59 58 60 

A solution of 2-Butyne-l ,4-diol 58 (17.2 g, 200 mmol) in dry THF (80 mL) 

was added dropwised with stirring to a solution of lithium aluminum hydride 

(11.4g, 300 mmol) in dry ether (150 mL). The mixture was refluxed for 36h 
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under argon atmosphere. After cooling to room temperature, the mixture 

was diluted with THF (200 mL) and vigorously stirred at O°C, decomposed 

with 6M-HCI (20 mL) (added dropwise until the grey slurry just turned 

white) excess amount of lithium aluminum hydride). After being allowed to 

stand for some time, the organic layers were decanted, added 6M-HCI (5 

mL ) and stirred for 5 minutes. The organic layer collected was 

concentrated to afford (E)-2-Buten-l,4-dioI59 29 (11.9 g, 13S.1 mmol). To a 

suspension of NaH (Oilly (60%), 11.9g, 297.2 mmo!) in dry DMF (80 mL) 

was added a diol 59 (11.9 g, 13S.1 mmol) in dry DMF (80 mL) at O°C 

under argon atmosphere, stirred at same temperature for O.Sh. After being 

added this suspension benzyl chloride (11.2g, 88 mmol) , the mixture wa 

stirred at room temperature for 22h. The reaction was quenched by addition 

of crushed ice, extracted with ether. Silica gel flash column chromatography, 

(hexane / ethyl acetate = 10: 1) gave dibenzyl ether 60 (32.6 g, 121.S mmol) 

for 2 steps in 61 % yield (Scheme 9). Rf 0.27 (hexane/ ethyl acetate=10: 1); IH 

NMR (200 :MHz, 8, CDCI3, J=Hz) 4.04 (4H, dd, J=2.9, 1.2), 4.S2 (4H, s), 

S.88 (2H, ddd, J=3.5, 2.9, 1.3), 6.29 (2H, ddd, J=20.7, 9.0, 2.9), 7.20-7.38 

(lOll, m); 13C NMR (SO MHz, ppm, CDCI3) 70.06, 72.14, 127.54, 127.66, 

128.32, 129.44, 138.17. 

Using the same procedure, (trans)-1,2-Bis(acetoxymethyl)-3,3-

difluorocyc1opropane 24 was also prepared from the corresponding dibenzyl 

ether 61. 

(trans)-1, 2- Bis(benzy loxy methy 1)-3, 3-difluorocy clopropane (61). 

Rf 0.33 (hexane/ ethyl acetate=10:1); IH NMR (200 :MHz, 8, CDCI3, J=Hz) 

90 

1.66-1.80 (2H, m), 3.45-3.70 (4H, m), 4.S3 (4H, ABq, J=11.9) , 7.20-7.40 

(10H,m); l3C NMR (SO MHz, 8, CDCI3, J=Hz) 26.45 (t, Je_F 10.S) , 6S.93, 

72.4S, 114.78 (t, Jc_F286.6), 127.63, 127.69, 128.37, 137.82; 19F NMR 

(188 MHz, 8, CDCI3, J=Hz) 23.64; IR (neat, cm-I
) 3032, 2864, 1477, 1367, 

1261, 1194, 1099, 1032, 741. 

(tr ans ) -1,2 -B i s (h y d r 0 x y m e thy I) -3,3 -d if I uo roc y c lop r 0 pane ( 62) . 

Rf 0.14 (hexane/ ethyl acetate=I:I); bp 100 °C/ 2 Torr (Kugelrohr); IH 

NMR (200 MHz, 8, CDCI3, J=Hz) 1.6S-1.88 (2H, m), 3.27 (2H, s), 3.S0-3.66 

(Ill, m), 3.80-3.93 (1H, m); 13C NMR (SO MHz, CDCI3, J=Hz) 29.29 (t, Jc_ 

riO. 1), 59.21 (t, Je-F2.3), 114.40 (t, Je-F29S.27); 19F NMR (188 MHz, 8, 

CDCI3, J=Hz) 23.S6; IR (neat, cm-I
) 3334, 2898, 1477, 1367, 1284, 1175, 

1113,1026,931,830. 

(trans )-1,2 -Bis(acetoxy m ethy l) -3,3 -diflu orocyclopropan e (24). 

Rf 0.S8 (hexane/ ethyl acetate=2: 1); bp 9S °C/ 2.S Torr (Kugelrohr); IH 

NMR (200 MHz, 8, CDCI3, J=Hz) 1.74-1.92 (2H, m), 2.02 (6H, s), 3.98-4.18 

(4H, m); l3C NMR (SO MHz, 8, CDCI3, J=Hz) 20.70, 2S.78 (t, Je_FlO.8), 

60.00 (d, Jc_FS.9), 113.9S (t, Je-F286.S), 170.61; 19F NMR (188 MHz, 8, 

CDCI3, J=Hz) 23.3S; IR (neat, crn- I) 2966, 1743, 1483, 1377, 1234, 1034. 

Anal. Calcd for C9H12F204: C, 48.6S; H, 5.44 Found: C, 49.33; H, 6.00 

Lipase-catalyzed Reaction 

To a buffer solution (pH 7.2) (182 mL) was added Lipase SL powder (2 .02 

g, Meito Sangyo). The lipase solution was added to a diacetate 24 (8.07 g, 

36.32 mmol). The mixture was stirred at room temperature for O.Sh. The 

reaction was quenched with a crushed ice and NaCl. The crude product was 
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extracted with ethyl acetate. The organic layer was dried over MgS04 and 

concentrated. Silica gel flash column chromatography, (gradient elution 

hexane / ethyl acetate = 7: 1 to 1: 1) gave monoacetate (25) (3.63 g, 20.15 

mmol, 560/0) and diacetate (24) (3.05 g, 13.73 mmol, 38%). 

(lS,3S)-25 (51 %ee) [a]24D +14.9 (c. 2.41, CHCI3) as a diacetate 24 

(lR,3R)-24 (>99 %ee) [af3D -9.6 (c. 1.4, CHC13) 

[(1 S, 3 S)-3-Hydroxymethyl-2,2-difluorocyclopropyl]methyl 

acetate (25). Rf 0.23 (hexane/ ethyl acetate=2:1); lH NMR (200 MHz, 8, 

CDCI3, 1=Hz) 1.64-1.88 (2H, m), 2.03 (3H, s) , 3.02 (1H, s), 3.65 (1H, dd, 

1=6.3, 2.0), 4.00 (1H, dd, 1=13.3, 6.6), 4.12-4.16 (1H, m); l3C NMR (50 

:MHz, 8, CDC13, 1=Hz) 20.65, 25.16 (t, 1c_r10.8), 28.93 (t, 1c_r10.2), 58.97 

(d, Jc_r=5.5), 60.85 (d, 1e-r 4.9), 114.56 (t, 1c_r=286.3), 171.16; 19F N1v1R 

(188 MHz, 8, CDC13, 1=Hz) 22.35 (dd, 1F_r 164.3, 1H_r12.2), 23.86(dd, 1F_ 

r164.3, JH_r=13.2); IR (neat, cm-I
) 3432, 2964, 1738, 1478, 1374, 1241, 

1186, 1115,1037,907,833,719. 

The mono acetate was converted to diacetate with acetyl chloride, GPC 

analysis for determination of enantiomeric excess of the diacetate was 

carried out using a capillary column on chiral phase; Chiraldex G-TA, 

¢ 0.25 mm x 20 m; Carrier gas: He 40 mL/min; Temp (OC); 70, Inlet 

pressure; 1.35kg/cm2; Amount; 400ng; Detection; FID. The results of GC 

analysis of 24: tR of (lR, 3R)-24; 42.8 min., (IS, 3S)-24., 45.3 min. 

The stereochemistry of (-)-24 was tentatively assigned as (R,R), and (+)-25 

to be (S,S), based on the CD exciton chirality method uSIng the 9-

anthracenecarboxylate derivative. The CD spectrum of (-)-1,2-bis[(9-

anthracene- carbonyl)methyl]-3,3-difluorocyc1opropane converted from (-)-
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24 exhibited the negative chirality on the Cotton effect [253.8 nm and 235.8 

nm (~£ = 2.1), hexane]. 

(- )-1,2 -bis[ (9-anthracene-carbonyl)methyl]- 3,3-

difluorocyclopropane. lH NMR (200 MHz, 8, CDCI3, 1=Hz) 2.30-2.50 

(2H, m), 4.62-4.88 (4H, m), 7.31-7.59 (8H, m), 7.90-8.10 (8H, m), 8.47 

(2H, s) 

Chapter2-2. 

Preparation of 2,4-hexadiyn-l,6-diol (27).30 

A mixture of propargyl alcohol (26) (22.42g, 400 mmol) , pyridine (8 g), 

methanol (40 mL) and cuprous choloride (8.34g, 80 mmol) was stirred at 

room temperature for 22h. The mixture was diluted with ethyl acetate (100 

mL), neutralized with saturated ammonium chloride solution. After stirring 

at room temperature for 1h, the organic layers were decanted and washed 

with satur ated sodium car bonate solution, filtered with suction using Buchner 

funnel on celite to give 2,4-hexadiyn-1,6-diol 27 (10.05g, 91.3 mmol) in 

46% yield. 

Preparation of 2,4-hexadiene-1, 6-diol (28) .29 

A solution of diol 27 (4.40 g, 40 mmol) in dry THF (50 mL) was added 

dropwised with stirring to a solution of lithium aluminum hydride (4.55g, 

120 mmol) in dry THF (150 mL). The mixture was refluxed for 22h under 

argon atmosphere. After cooling to room temperature, the mixture was 

diluted with diethyl ether (100 mL) and vigorously stirred at O°C. excess 

amount of lithium aluminum hydride was decomposed with 6M-HCl (6 mL) 
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(added dropwise until the grey slurry just turned white). After being allowed 

to stand for some time, the organic layers were decanted, added 6M-HCI (8 

mL) and stirred for 5 minutes. The crude product was filtrated with glass 

sintered filter. The filtrate and organic layer were combined and 

concentrated to afford (E,E)-2,4-hexadiene-1,6-diol 28 (3.91 g, 34.2 mmol) 

in 86% yield. 

(E,E)-1,6-dibenzyloxy-2,4-hexadiene (29). To a suspension of NaH 

(Oilly (60%), 4.2g, 105mmol) in dry DMF (50 mL) was added a diol 28 

(4.0 g, 35 mmol) in dry DMF (20 mL) at O°C under argon atmosphere, 

stirred at same temperature for 0.5h. After being added this suspension 

benzyl chloride (l1.2g, 88 mmol) , the mixture was stirred at room 

temperature for 8h. The reaction was quenched by addition of crushed ice, 

extracted with ethyl acetate. Silica gel flash column chromatography, 

(gradient elution hexane / ethyl acetate = 80: 1 to 10: 1) gave diene 29 (9.52 

g,.32 mmol) in 92% yield. Rf 0.28 (hexane/ ethyl acetate=10:1); IH N:MR 

(200 MHz, ii, CDCI3, I=Hz) 4.05 (41-1, d, 1=5.6),4.50 (41-1, s), 5.80 (2H, ddd, 

1=11.5,8.9,5.7),6.29 (2H, ddd, 1=20.7,9.0,2.9),7.20-7.38 (101-1, m); l3C 

NMR (50 MHz, ppm, CDCI3) 70.15, 71.99, 127.52, 127.65, 128.29, 129.88, 

131.91, 138.16; IR (neat, em-I) 3029, 2850, 1625, 1495, 1453, 1357, 1207, 

1101,993,740,699. 

(trans, trans)-l, 6-Bis(benzyloxymethyl)-2,2, 5, 5-

tetrafluorobicyclopropane (30). A solution of diene 29 (6.23g, 21.2 

mmol) in dry diglyme (20 mL) was heated to 180°C. A solution of sodium 

chlorodifluoroacetate (32.3g, 212 mmol) in dry diglyme (65 mL) was added 
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at same temperature over a period of 5h. After keeping the reaction at 180aC 

for additional 1h, and cooling to room temperature, the reaction mixture was 

poured into ice water, the aqueous solution was extracted with hexane and 

ethyl acetate, and the combined organic layers were washed with water, 

dried over MgS04 and the solvents were concentrated under reduced 

pressure. Silica gel flash column chromatography, (gradient elution hexane / 

ethyl acetate = 40: 1 to 5: 1) gave 30 (6.2 g, 15.7 mmol) as colorless liquid in 

74% yield. 

meso-(30). Rf 0.22 (hexane/ ethyl acetate=10:1); mp 105-106 DC; IH 

NMR (200 MHz, ii, CDCI3, I=Hz) 1.21-1.41 (2H, m),1.80 (21-1, ddd, 1=13.7, 

13.6, 6.8), 3.51 (2H, ddd, 1=19.3, 10.9, 1.6), 3.56-3.69 (2H, m), 4.52 

(4H, ABq, 1=12.0), 7.24-7.40 (10H, m); 13C NMR (50:MHz, 8, CDCI
3

, 

1= Hz) 23.46 (dt, le-r11.2, 3.8), 28.02 (t, 1=9.8), 66.16 (d, 1=4.5), 

72.58, 113.88 (ddd, lc_F290.3, 287.2, 2.8), 127.60, 127.76, 128.43, 

137.76; 19p NMR (188:MHz, ii, CDCI3, I=Hz) 22.61 (dd, IF_F161.2, IH_ 

r13.2), 24.60 (dd, IF_r161.1, IH_r13.6) ; IR (neat, cm-I) 3062, 3033, 

2891, 1461, 1366, 1303, 1253, 1167, , 1139, 1104, 1029, 972,742, 705. 

Anal. Calcd for C22H22P402: C, 67.00; H, 5.62 Pound: C, 66.83; H,5.75 

dl·(30). Rf 0.20 (hexane/ ethyl acetate=10:1); mp 82 aC;IH NMR (200 

MHz, 0, CDCI3) 1.39-1.56 (2H, m), 1.57-1.79 (2H, m), 3.53 (4H, d, 1=7.1), 

4.51 (4H, ABq, 1=11.9), 7.22-7.40 (10H, m); l3C NMR (50 MHz, 8, CDCI
3

, 

J=Hz) 22.89 (dt, le_F11.0, 3.7), 27.54 (t, J=9.7), 66.08 (d, 1=4.1), 72.56, 

114.05 (dd, le-F290.5, 286.7), 127.58, 127.77, 128.44, 137.76; 19F N:rv1R 

(188 MHz, ii, CDCI3, J=Hz) 23.88 (dd, JF_FI60.2, JH_r I2.0), 25.20 (dd, J
F

_ 

r160.7, JH_r I2.6). (lR, 3S, 4S, 6R)- 30: [a]o24=+30.2 (c.1.12, CHC1
3
) 
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(>99%ee) 

(trans, trans)-l, 6-Bis(hydroxymethyl)-2,2, 5, 5-

tetrafluorobicyclopropane (31). A solution of dibenzyl ether 30 (7.06 

g, 17.9 mmol) in methanol (80 mL) was stirred at room temperature using 

palladium carbon (2.83 g, 40 wt%) under H2 (1 atm) for 55h. The crude 

products were filtrated with glass sintered filter on celite, concentrated to 

afford diol 3 1 as colorless oil. 

meso-(31). Rf 0.20 (hexane! ethyl acetate=I:1); mp 88-89 DC; IH NMR 

(200 MHz, 8, Aceton-d6, J=Hz) 1.40-1.60 (2H, m), 1.87 (2H, ddd, J=14.4, 

14.3, 6.6), 2.96 (2H, s), 3.48-3.82 (4H, m); l3C NMR (50 MHz, 8, Aceton-d6, 

J=Hz) 23.46 (dt, Jc_r 13.7, 2.2), 30.73 (d, J=2.5), 58.78 (d, J=5.5), 115.57 

(ddd, Jc_r 289.2, 285.9, 3.0); I9F NMR (188 MHz, 8, Aceton-d6, J=Hz) 23.55 

(dd, JF_r 160.1, JH _r 13.6), 26.7 (dd, JF_r 160.2, JH_r 14.3) ; IR (neat, cm-I) 

3321, 2923, 1452, 1250, 1127, 965, 890. Anal. Calcd for C8HlOF40 2: C, 

44.87; H, 4.71 Found: C, 44.69; H, 5.68 

dl-(31). Rf 0.10 (hexane! ethyl acetate=l:l); bp 140 DC/ 6.5 Torr 

(Kugelrohr); IH NMR (200 MHz, 8, CDCI3, J=Hz) 1.41-1.78 (4H, m), 2.16 

(2l{ s), 3.65-3.85 (4H, m); 13C NMR (50 MHz, 8, CDCl}, J=Hz) 23.00 (dt, Jc_ 

Fl1.4, 3.8), 29.60 (d, J=9.1), 59.24 (d, J=5.0), 114.41 (dd, Jc_F290.4, 

286.3); I9F NMR (188 MHz, 8, CDCI3, J=Hz) 23.38 (dd, JF_r 162.4, 1H_ 

FI3.0), 25.53 (dd, JF_FI62.1, JH_FI3.6); IR (neat, cm-I) 3332, 2944, 1463, 

1253, 1169, 1008, 718. 

(lS, 3R, 4R, 6S)-(31): [a]o2I=+70.8 (c.1.70, CHCl}) (>99%ee) 

(lR, 3S, 45, 6R)-(31): [a]o21=-70.3 (c.1.40, CHCI3) (>99%ee) 

(trans, trans)-l, 6-Bis(acetoxymethyl)-2, 2, 5, 5-
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tetrafluorobicyclopropane (32). To a crude diol solution in 

dichloromethane (80 mL) and pyridine (5.54 mL, 71.6 mmol) was added a 

CH2Cl2 solution (10 mL) of acetyl chloride (4.21 g 53.7 mmol) at ODC and 

the solution was stirred at room temperature for 5h. The reaction was 

quenched by addition of crushed ice, extracted with ethyl acetate, dried over 

MgS04 and concentrated. The crude product was purified by flash column 

chromatography (hexane! ethyl acetate=10: 1) to give a diacetate 32 (4.65 g, 

15.6 mmol) for 2 steps in 87% yield. 

meso-(32). Rf 0.63 (hexane/ ethyl acetate=10:1); mp 68-69 DC; IH N"MR 

(200 MHz, 8, CDCl3, J=Hz) 1.32-1.48 (2H, m), 1.88 (2H, ddd, 1=13.8, 13.4, 

7.8), 2.06 (6H, s), 4.00-4.25 (4H, m); 13C NMR (50 MHz, 8, CDCI
3

, J=Hz) 

23.89 (dt, Jc_r l1.0, 3.7),27.16 (t, J=9.9), 60.29 (d, J=4.6), 113.37 (ddd, Jc_ 

F290.3, 286.9, 2.4), 170.81; 19F NMR (188 MHz, 8, CDCI
3

, J=Hz) 22.51 

(dd, JF-rI62.9, JH_r I3.2), 24.26 (dd, JF_FI62.61, JH_r I3.2); IR (neat, cm-I) 

2950, 1741, 1465, 1371, 1235, 1036, 742. Anal. Calcd for C12HI4F404: C, 

48.33; H, 4.73 Found: C, 49.06; H, 5.75. 

dl-(32). Rf 0.63 (hexane! ethyl acetate=10: 1); bp 138 DC/ 7 Torr 

(Kugelrohr); IH NMR (200 :MHz, 8, CDCl3, J=Hz) 1.39-1.56 (2H, m), 1.57-

1.79 (2H, m), 3.53 (4H, d, J=7.1), 4.51 (4H, ABq, J=I1.9), 7.22-7.40 (10H, 

m); l3C N"MR (50 MHz, 8, CDCI}, J=Hz) 22.89 (dt, Jc_r l1.0, 3.7), 27.54 (t, 

J=9.7), 66.08 (d, J=4.1), 72.56, 114.05 (dd, Jc_r 290.5, 286.7), 127.58, 

127.77, 128.44, 137.76; 19F NMR (188 MHz, 8, CDCI3, J=Hz) 23.88 (dd, J
F

_ 

FI60.2, JH_r I2.0), 25.20 (dd, JF_r 160.7, JH_FI2.6). IR (neat, em-I) 2965, 

1743, 1465, 1376, 1235, 1038, 872. 

(lR, 35, 4S, 6R)-32: [a]o21=-47.3 (c.2.30, CHCI}) (>99%ee) 

97 



Lipase-Catalyzed Reaction 

To a buffer solution (pH 7.2) (76 mL) was added Lipase SL powder (1.13 g, 

Meito Sangyo). The lipase solution was added to a diacetate 32 (2.26 g, 7.59 

mmol). The mixture was stirred at room temperature for 2.5h. The reaction 

was quenched with a crushed ice and NaCl. The crude product was extracted 

with ethyl acetate. The organic layer was dried over MgS04 and 

concentrated. Silica gel flash column chromatography, (gradient elution 

hexane / ethyl acetate = 7: 1 to 1: 1) gave monoacetate 31 (907 mg, 3.54 

mmol, 47%), dio130 (399 mg, 1.85 mmol, 24%) and diacetate 32 (454 mg, 

1.52 mmol, 20%). 

(lS, 3R, 4R, 6S)-30: [af7o +31.5 (c. 0.75, CHC13) as a diacetate 32 

(lR, 3S, 4S, 6R)-32: [a]24o -30.3 (c. 1.11, CHC13) 

(trans, trans)-l, 6-Bis(acetoxymethyl)-2,2, 5, 5-

tetrajluorobicyclopropane meso-(33). Rf 0.26 (hexane/ ethyl 

acetate=2: 1); bp 145 °C/5 Torr (Kugelrohr); IH NMR (200 MHz, 8, CDC13, 

J=Hz) 1.28-1.50 (2H, m), 1.68-1.88 (2H, m), 2.06 (3H, s), 2.56 (1H, s), 

3.58-3.83 (2H, m), 4.00-4.24 (2H, m); 13C NMR (50 MHz, 8, CDC13, J=Hz) 

20.57,22.96 (dt, Je_r 11.1, 4.1), 24.06 (dt, J=I1.1, 4.9), 27.02(t, J=10.5), 

30.19(t, J=10.1), 59.18 (d, J=5.5), 60.38 (d, J=5.0), 113.64 (ddd, Je_r 298.7, 

291.4,2.1), 113.64 (ddd, Je_r 289.7, 286.8,2.7), 171.03; 19F NMR (188 

MHz, 8, CDC13, J=Hz) 22.08 (ddd, JF_r=218.6, 162.6, JH_r l1.9), 24.54 (dd, 

JF_r 162.8, JH_r I3.2) ;IR (neat, cm- I) 3423, 3033, 2961, 2894, 1739, 1462, 

1378, 1241, 1173, 1035, 865, 715. Anal. Calcd for ClOH12F403: C, 46.88; H, 

4.72 Found: C, 46.24; H, 5.14. 

dl-(33). Rf 0.26 (hexane/ ethyl acetate=2:1); IH NMR (200 MHz, 8, CDC13, 
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J=Hz) 1.48-1.84 (4H, m), 2.02 (1H, s), 2.06 (3H, s), 3.69 (2H, dt, J=6.8,1.6), 

4.05-4.15 (2H, m); 13C NMR (50 MHz, 8, CDC13, J=Hz) 20.68, 22.33 (dt, Je_ 

r 11.0, 3.0), 23.11 (dt, Je-F =10.8, 4.2),26.40 (t, Je-r11.4), 29.42 (t, Je_ 

r9.8), 59.22 (d, Je-r5.1), 60.38 (d, Je_r 3.7), 113.61 (t, Je_r 288.3), 113.94 

(dd, Je_r 290.0, 286.0), 171.03; 19p NMR (188 MHz, 8, CDC1
3

, J=Hz) 23.10 

(dd, JF_r I62.1, JH_r 12.1), 24.50 (dd, JH_r 31.37, 10.2), 25.26 (dd, J
F

_ 

r161.9, JH_r 13.2). 

(lR, 3S, 4S, 6R)-33: [a]o22=-51.9 (c.0.74, CHC1
3

) (>99%ee) 

The monoacetate was identified to meso isomer, the diol was converted to 

diacetate with acetyl chloride, and GPC analysis for determination of 

enantiomeric excess of the diacetate was carried out using a capillary column 

on chiral phase; Chiraldex G-T A, ¢ 0.25 mm x 20 m; Carrier gas: He 40 

mL/min; Temp (OC); 100, Inlet pressure; 1. 35kg/cm2; Amount; 400ng; 

Detection; FID. The results of GC analysis of 32: tR of (lS, 3R, 4R, 6S)-32; 

26.2 min., (lR, 3S, 4S, 6R)-32., 25.2 min., and (trans, trans)-meso-32; 38.6 

mIn 

(trans, trans)-l, 6-Bis[ (9-anthracene-carbonyl)methyl]-2,2, 5, 5-

tetrajluorobicyclopropane (34). IH NMR (200 MHz, b, CDC1
3

, J=Hz) 

1.70-2.10 (2H+2H, m), 4.48-4.76 (4H, m), 7.38-7.58 (8H, m), 7.85-8.10 

(4H, m), 8.52 (2H, s) 

99 



Preparation of vinylcyclopropanes 40a-c and allyl ether 42a-c 

Scheme 10 

5ic0AC 

1) 3,4-0ihydro-2H-pyran 

X PPTs, CH2CI2, RT 1) BnBr, NaH, DMF, RT 
• OH • 

HO ·H 2) K2C03, MeOH, RT THP "·H 2) p-TsOH- H20, MeOH 
RT 

25 y= 82% (2 steps) 48a 
Y= 96% (2 steps) 

e e x sn o[ *osn] F. F poe Ph3PCH31, t-BuOK 

• x sn 
CH2CI2, RT THF, O°C to RT H ·H OH ·H - H 

49a 52 Y= 59% (2 steps) 40a 

Allyl Bromide, NaH 

THF / DMF (5 / 1) 

Y=97% 42a 

[(1 SR,3SR)-3 -(benzyloxymethyl)-2,2-diJluorocyclopropylj

methanol (49a). To a solution of 25 (679 mg, 3.77 mmol, >99%ee) and a 

solution of 3,4-Dihydro-2H-pyran (DHP, 381 mg, 4.53 mmol) in 

dichloromethane (10 mL) was added pyridinium p-toluenesulfonate (PPTs, 

95 mg, 0.678 mmol) at O°C. The solution was stirred at room temperature 

for 15h. The reaction was quenched by saturated sodium hydrogen carbonate 

solution, extracted with ethyl acetate. The organic layer was dried over 

MgS04 and concentrated. A solution of 48a in methanol (10 mL) was added 

K2C03 (782 mg, 5.66 mmol) at room temperature. After being stirred for 

17h at the same temperature, the crude product was purified by silica gel 

flash column chromatography (hexane / ethyl acetate = 4: 1), to afforde 48a 

(689 mg, 3.10 mmol) in 82% yield. (48a). Rf 0.19 (hexane/ ethyl 
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acetate=2:1); IH NMR (200 :MHz, 8, CDCI3, I=Hz) 1.40-1.62 (4H, m), 1.62-

1.88 (4H, m), 2.60 (1H, s), 3.41-3.59 (2H, m), 3.59-3.75 (2H, m), 3.75-3.93 

(2H, m), 4.60 (1H, t, 1=2.2); L3C NMR (50 :MHz, 8, CDCI
3
, I=Hz) 19.44, 

19.70, 25.34, 25.38, 26.87 (t, Ie_rl0.5), 27.13 (t, le-r10.4), 28.99 (t, Ie

r 10.4), 29.20 (t, le_r10.5), 30.55, 59.40, 59.49, 62.74, 63.05, 64.11, 64.18, 

98.63, 99.54, 115.03 (t, le_r286.6), 115.08 (t, le_r286.7); 19F NMR (188 

:MHz, 8, CDCI3, I=Hz) 22.97 (dd, IF_r163.5 IH_rI2.9), 23.61 (t, IH_r 8.1), 

24.41 (dd, IF_r163.5 IH_rI3.2); IR (neat, em-I) 3423, 2946, 1478, 1379, 

1261, 1185, 1126, 1030, 903, 874, 812, 757, 723. 

To a suspension of NaH (Oilly (60%), 186 mg, 4.65 mmol) in dry Dl\1F (6 

mL) was added 48a (689 mg, 3.10 mmol) in dry DMF (2 mL) at O°C under 

argon atmosphere, stirred at same temperature for 0.5h. After being added 

this suspension benzyl bromide (636 mg, 3.72 mmol) in dry DMF (2 mL), 

the mixture was stirred at room temperature for 12h, and then concentrated. 

The resulting oilly product was dissolved in methanol (10 mL) added p_ 

toluenesulfonic acid monohydrate (p-TsOH-H20, 54 mg, 0.314 mmol) at 

room temperature, then stirred same temperature. After 3h, methanol was 

removed by evaporation. The crude product was purified by silica gel flash 

column chromatography (hexane / ethyl acetate = 4: 1), to afford 49a (680 

mg, 2.98 mmol) in 96% yield (Scheme 10).: Rf 0.26 (hexane/ ethyl 

acetate=2:1); IH NMR (200 MHz, 8, CDCI3, I=Hz) 1.57-1.82 (2H, m), 2.18 

(1H, s), 3.52-3.59 (2H, m), 3.63 (2H, d, 1=6.4), 4.52 (2H, ABq, 1=11.8), 

7.25-7.40 (5H, m); 13C NMR (50 :MHz, 8, CDCI3, I=Hz) 26.56 (t, le_rl0.5), 

28.95 (t, le-r=10.2), 58.27 (d, le_r4.8), 66.40 (d, le_r4.1), 72.69, 114.88 (t, 

le_r286.6), 127.76, 127.85, 128.44, 137.57; 19F NMR (188 :MHz, 8, CDCI3, 
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J=Hz) 22.91 (dd, JF_FI63.3, JH_FI3.2), 24.54 (dd, JF_FI63.3, JH_F13.2); IR 

(neat, em-I) 3401 , 3031, 2873,1479,1371,1260,1185,1017,743,702. 

(1S,3S)-49a: [a]22o -13.0 (c. 1.92, CHCI3), (>99%ee) 

Using the same procedure, vinylcyclopropanes 49b and 50 were also 

prepared from the corresponding monoacetate 22 and 33. 

(48b). Rf 0.19 (hexane/ ethyl acetate=2:1); IHNMR (200 MHz, 8, CDCI3, 

J=Hz) 1.48-1.85 (6H, m), 1.98-2.20 (2H, m), 3.01 (1H, s), 3.48-3.62(2H, m), 

3.63-3.80(2H, m), 3.82-3.98(2H, m), 4.61-4.66(2H, m); 13C NMR (50 MHz, 

8, CDCI3, J=Hz) 19.23,19.86, 25. 17(t, Je_F20.0), 25.17 (t, Je_FI4.7), 28.48 

(t, Je_r 9.8), 28.53(t, Je-r 9.7), 30.41, 30.75,55.76 (d, Je_F4.1), 56.00(d, Je_ 

F4.1), 60.44(d, Je_F4.3), 60.53 (d, Je_r 4.2), 62.72,63.46,98.71,99.13, 

114.30 (dd, Je_r 290.2, 283.8), 114.43 (dd, Je_F290.0, 283.6); 19F NMR (188 

MHz, 8, CDCI3, J=Hz) 12.93 (d, JF_F48.2), 13.81 (d, JF_r 48.2), 39.11 (dd, JF_ 

F29.7, JH_F14.6), 39.48 (dd, JF_r 30.2, JH_r I4.2); IR (neat, cm-I) 3432, 

2945,1475,1361,1281,1184,1119,1031,907,875,817. 

[(1 SR,3RS)- 3 -(benzyloxymethyl)-2,2-difluorocyclopropyl]

methanol (49b). Rf 0.25 (hexane/ ethyl acetate=2:1); bp 140 °C/ 3.5 Torr 

(Kugelrohr); IH NMR (200 MHz, 8, CDCl3, J=Hz) 2.00-2.15 (2H, m), 2.89 

(1H, s), 3.S3-3.65 (2H, m), 3.76-3.90 (2H, m), 4.54 (2H, ABq, J=I1.6), 

7.25-7.42 (SH, m); 13C NMR (50 MHz, 8, CDCI3, J=Hz) 2S.07 (t, Je_FIO.8), 

28.53 (t, Je_F10.0), SS.92 (d, Je_F4.2), 62.98 (d, Je-r4.0) , 73.28, 114.40 

(dd, Je_r 289.6, 283.9),127.96,128.17, 128.S9, 136.71; I9F NMR (188 MHz, 

8, CDCI3, J=Hz) 13.66 (d, JF_F162.09), 39.11 (dt, JF_F163.1, JH_FI3.6); IR 

(neat, em-I) 3425, 3033, 2880, 1475, 1369, 1283, 1032, 914, 834, 744, 701. 
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(trans,trans)- [(1 SR,3RS,4SR, 6RS)- 6 -(Benzyloxymethyl)-2,2,S, 5-

tetrafluoro-1,3-4,6-bismethano]methanol (50). Rf 0.22 (hexane/ ethyl 

acetate=2: 1); mp 49°C; IH NMR (200 MHz, 8, CDCl3, J=Hz) 1.28-1.45 (2H, 

m), 1.60-1.90 (lH+2H, m), 3.43-3.85 (4H, m), 4.S3 (2H, ABq, J=l1.9) , 

7.25-7.43 (SH, m); 13C NMR (50 MHz, 8, CDCl3, J=Hz) 23.22 (dd, Je_F10.5, 

5.9), 23.S4 (dd, Je_F10.4, 5.6), 28.07 (t, Je-F10.S), 30.16 (t, Jc_r 9.9), 59.47 

(d, Je_r S.5), 66.15 (d, Jc_r 4.5), 113.87 (ddd, Jc_r 290.4, 287.3, 2.7), 114.05 

(ddd, Jc_F289.7, 287.2, 2.0), 127.64, 127.81, 128.45, 137.71; 19F NMR (188 

MHz, 8, CDCI3, J=Hz) 21.72 (dd, JF_r 162.1, JH_F12.2), 23.39 (dd, J
F
_ 

p=181.3, JH_p=l1.5), 2S.06 (dd, JF_r 162.4, JH _r 14.2); IR (neat, cm- I) 3366, 

3043, 2882, 1457, 1251, 1163, 1028, 738. 

(trans)- (1 SR,3RS)-1-Benzyloxymethyl-2,2-difluoro-3-

vinylcyclopropane (40a). The benzyloxy alcohol 49a (300 mg, 1.31 

mmol) was dissolved in dry dichloromethane (8 mL) and PDC (590 mg, 1.57 

rnmol) was added at room temperature. After 24h of stirring, the mixture 

was filtered through a short column of Florisil (hexane / ether = 4: 1), and 

the solvents were evaporated. A suspension of phosphonium salt (S56 mg, 

1.38 mmol) in dry THF (10 mL) was treated with t-BuOK (154 mg, 1.37 

mmol) at O°C and then added a solution of aldehyde 52 in dry THF (3 mL). 

The yellow reaction mixture was stirred at room temperature for Sh. The 

crude product was purified by silica gel flash column chromatography 

(hexane / ethyl acetate = SO: 1), to afford difluorovinylcyc1opropane 40a 

(173 mg, 0.771 mmol) for two steps in S9% yield (Scheme 10). Using the 

same procedure, difluoroviny1cyc1opropane 40b was also prepared from the 

corresponding benzyloxy alcohol 49b. 
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(cis)- (1 SR,3SR)-1-Benzyloxymethyl-2,2-difluoro-3-

vinylcyclopropane (49b). Rf 0.53 (hexane/ ethyl acetate=10:1); IH NMR 

(200 MHz, 8, CDCl3, I=Hz) 1.86 (1H, dddd, 1=13.9, 13.9, 6.9, 1.6), 2.05 

(III, dt, 1=13.0, 7.5), 3.46-3.73 (2H, m), 4.54 (2H, ABq, 1=12.0), 5.20 (1H, 

d, 1=1.7), 5.36 (1H, dd, 1=29.9, 1.5), 5.56 (1H, ddt, 1=9.1, 3.3, 1.6) 7.24-

7.40(5H, m); l3C NMR (50 :MHz, 8, CDCI3, 1=Hz) 29.41 (t, le_~10.0), 30.98 

(t, le_rl1.5), 66.30 (d, le-r 4.7), 72.54, 114.68 (dd, le_r290.9, 288.5), 

117.92,127.70,127.78,128.45,131.19 (d, le_r 3.1), 137.85; 19p NrvIR (188 

MHz, 8, CDCI3, 1=Hz) 24.10 (dd, IF-rI59.0 IH_~13.2), 25.73 (dd, IF_~159.0, 

1H_rI3.2); IR (neat, em-I) 3030, 2867, 1641, 1468, 1411, 1256, 1193, 1097, 

991,915,740,698. 

(cis)- (1 SR,3SR)-1-Benzyloxymethyl-2,2-difluoro-3-

vinylcyclopropane (40b). Rf 0.41 (hexane/ ethyl acetate=lO:I); 'H NMR 

(200 MHz, 8, CDCI3, I=Hz) 2.00-2.15 (1H, m), 2.29-2.48 (III, m), 3.58-3.66 

(2H, m), 4.52 (2H, ABq, 1=12.0), 5.23 (III, dd, 1=10.3, 2.0), 5.36 (1H, d, 

1=15.2),5.46-5.64 (1H, m) 7.26-7.40 (5H, m); l3C NMR (50 MHz, 8, CDCI3, 

1=Hz) 27.23 (t, 1e_r 9.9), 29.30 (t, le_rI2.1), 63.48 (d, le-~5.1), 72.54, 

114.68 (dd, le_~290.9, 288.5), 117.92, 127.78, 128.45, 131.19(d, le-r 3.1), 

137.85; 19p NMR (188 MHz, 8, CDCI3, 1=Hz) 24.10 (dd, IF-rI59.O, IH_ 

~13.2), 25.73 (dd, IF_rI59.0, 1H_~13.2); IR (neat, em-I) 3030,2867, 1641, 

1468, , 1411, 1256, 1193, 1097,991,915, 740, 698. 

(1 SR,3RS, 4RS, 6SR)-2,2, 5,5-tetrafluoro-1-B enzyloxymethyl-6-

vinylcyclopropane (40c). 
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Scheme 11 

ee ~ Ph3PCH 31, t-SuOK - H 
1----___ .. ", H 
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H" ---:'-oSn 

F F 
50 

53 40c 

The benzyloxy alcohol 50 (760 mg, 2.50 mmol) was dissolved in dry 

dichloromethane (10 mL) and PDC (1.41 g, 3.75 mmol) was added at room 

temperature. After 9h of stirring, the mixture was filtered through a short 

column of Plorisil (hexane / ether = 4: 1), and concentrated. A suspension of 

phosphonium salt (1.21 g, 2.99 mmol) in dry THF (7 mL) was treated with 

t-BuOK (365 mg, 3.25 mmol) at O°C and then added a solution of aldehyde 

52 in dry THF (3 mL). The yellow reaction mixture was stirred at room 

temperature for 5h. The crude product was purified by silica gel flash 

column chromatography (gradient solution hexane / ethyl acetate = 100: 1 to 

10: 1), to afford 40c (230 mg, 0.766 mmol) in 31 % yield for two steps 

(Scheme 11).: Rf 0.33 (hexane/ ethyl acetate=IO:l); 'H NMR (200 MHz, 8, 

CDCl3, I=Hz) 1.23-1.55 (2H, m), 1.83 (III, dt, 1=14.0, 6.9), 2.03-2.22 (1H, 

m), 3.41-3.71 (2H, m), 4.53 (2H, ABq, 1=12.0),5.26 (2H, d, 1=17.7),5.50 

(1H, dd, 1=17.3, 8.0), 7.15-7.40 (5H, m); l3C NMR (50 MHz, 8, CDCl
3

, 

I=Hz) 23.54 (dt, le_r13.0, 2.7), 26.54 (dt, le_rlO.3, 4.9), 28.20(t, 1e_ 

~10.5), 32.54 (t, le_rl1.2), 66.17 (d, le_F4.8), 72.62, 113.83 (m), 128.41, 

128.58, 129.25, 130.52 (d, 1e_r2.1), 138.60; 19F NMR (188 MHz, 8, CDCl
3

, 

1=Hz) 22.53 (dd, IF_rI60.9, IH_~12.2), 24.81 (dd, IF_F160.7, IH_rI3.6), 
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24.95; IR (neat, em-I) 3029, 2867, 1641, 1455, 1253, 1096, 983, 917, 784, 

700. 

(trans)- (1 SR,3SR)-1-Allyloxymethyl-3 -benzyloxymethyl-2,2-

dijluorocyclopropane (42a). To a suspension of NaH (Oilly (600/0), 132 

mg) in dry DMF (2 mL) was added a benzyloxy alcohol 49a (502 mg, 2.20 

mmol) in dry THF (7.5 mL) at room temperature under argon atmosphere, 

stirred at 80°C for 10 minutes. After being added at same temperature this 

suspension allyl bromide (200 mg, 1.62 mmol) in dry THF (2.5 mL), the 

mixture was stirred at room temperature for 10h. The reaction was 

quenched by addition of crushed ice, extracted with ether. Silica gel flash 

column chromatography, (gradient elution hexane / ethyl acetate = 50: 1) 

gave allyl ether 42a (573 mg, 2.14 mmol) in 97% yield (Scheme 9).: Rf 0.58 

(hexane/ ethyl acetate=4: 1); IH NrvtR (200 MHz, 8, CDCI3, I=Hz) 1.56-1.84 

(2H, m), 3.45-3.69 (4H, m), 4.00 (2H, dt, 1=5.4, 1.4), 4.54 (2H, ABq, 

1=12.0),5.22 (1H, dt, 1=5.9, 1.4),5.24 (1H, ddd, 1=30.4,2.9, 1.3),5.90 (1H, 

dddd, 1=22.3, 10.7, 5.5, 1.0) 7.25-7.48 (5H, m); 13C NMR (50 MHz, 8, 

CDCI3, I=Hz) 26.47 (t, le_r10.5), 65.95, 71.44, 72.52, 114.80 (t, le_ 

r286.6), 117.33, 127.68, 127.74, 128.43, 134.39, 137.89; 19p NMR (188 

MHz, 8, CDCI3) 23.53 (t, IH_r7.5); IR (neat, em-I) 3027, 2865, 1677, 1481, 

1367,1262,1194,1022,929,743,703. 

Using the same procedure, allyl ethers 42b and 42c were also prepared 

from the corresponding benzyloxy alcohols 49b and 5 O. 

(cis)- (1 RS,3SR)-1-Allyloxymethyl-3-benzyloxymethyl-2,2-

diJluorocyclopropane (42b). Rf 0.64 (hexane/ ethyl acetate=4: 1); lH 

N:MR (200 MHz, 8, CDCI3) 1.86-2.12 (2H, m), 3.43-3.72 (4H, m), 3.8S-4.08 

106 

(2H, m), 4.52 (2H, ABq, 1=11.8),5.17 (1H, d, 1=1.5), 5.27 (1H, dt, 1=17.5, 

I.S), 5.88 (1H, ddd, 1=22.5, 10.6, 5.9) 7.20-7.4S (SH, m); 13C NMR (50 

IvfHz, 8, CDCI3) 24.95 (t, le_FI0.S), 63.4 (t, le_r S.7), 71.58, 72.75, 114.18 

(d, le-r289.7, 283.2), 117.41, 127.78, 1288.43, 134.32, 137.79; 19p N:MR 

(188 MHz, 8, CDCI3, I=Hz) 10.97(d, IF_r I61.8), 36.47(dt, IF_r I61.4, JH_ 

rI2.6); IR (neat, em-I ) 3028, 2864, 1705, 1477, 1365, 1284, 1190, 1085, 

1026, 925, 845, 741, 703. 

(trans,trans)- (1 SR,3RS,4SR,6RS)-1-Allyloxymethyl-6-

benzyloxymethyl-2,2,S,S-tetraJluorocyclopropane (42c). Rf 0.52 

(hexane/ ethyl acetate=4: 1); IH NMR (200 IvfHz, 8, CDCI
3

, J=Hz) 1.24-1.44 

(2H, m), 1.78 (2H, ddd, 1=25.9, 12.8, 6.6), 3.37-3.70 (4H, m), 3.88-4.09 

(2H, m), 4.53 (2H, ABq, J=12.0), 5.24 (1H, dt, 1=3.1, 1.5), 5.25 (1H, ddd, 

1=30.8,2.9, 1.6), 5.90 (1H, ddd, 1=23.1, 10.3, 5.5), 7.20-7.43 (5H, m); 13C 

NMR (50 MHz, 8, CDCl3, I=Hz) 23.38 (dt, le_r15.8, 4.4), 28.01 (t, Ie_ 

rl0.5), 66.17 (dd, le_r11.2, 4.7), 71.47, 72.62, 113.88 (ddd, le_r290.0, 

286.8, 2.1), 118.1, 127.63, 127.78, 128.45, 134.27, 137.71; 19p NMR (188 

MHz, 8, CDCI3, I=Hz) 22.52 (d, IF-r161.4), 24.64 (dt, IF_r161.1, IH_r12.5); 

IR (neat, em-I) 3028, 2866, 1728, 1655, 1459, 1367, 1255, 1176, 1096, 

1021,930, 743, 704. 

Olefin Metathesis 

(Method A) 

1, 4-Bis[ (lRS,3SR)-3 -benzyloxymethy[-2,2-dijluorocyc[opropyl) 

methyloxy]-(E)-2-butene (43b). To a solution of (26.8 mg, 0.10 mmol) 

in dry dichloromethane (1.0 mL) was added Grubb's reagent (12.3 mg, 
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0.0149 mmol, 15 mol%) at room temperature under argon atmosphere, the 

mixture was stirred for 24h. The reaction was quenched by saturated 

ammonium chloride solution, the organic solvents were extracted with ethyl 

acetate. Silica gel flash column chromatography, (hexane / ethyl acetate = 

10: 1) gave (17.5 mg, 0.034 mmol) in 68% yield.: Rf 0.28 (hexane/ ethyl 

acetate=4: 1); IH NrvIR (200 MHz, b, CDCI3, J=Hz) 1.89-2.10 (4H, m), 3.45-

3.72 (8H, m), 3.85-4.12 (4H, m), 4.51 (4H, ABq, 1=11.6), 5.69 (1H, t, 

J=3.9)(minor), 5.77 (1H, t, J=2.7)(major), 7.09-7.45 (10H, m); l3C NMR (50 

MHz, b, CDCl3,I=Hz) 24.95 (t, le_r10.3), 63.49 (t, le_r4.9), 70.44, 72.75, 

114.16 (dd, Je-r289.8, 282.8), 128.51, 128.59,129.24, 130.06, 138.64; 19F 

NMR(188 MHz, b, CDC13, J=Hz) 10.88 (d, JF_r 162.1)(minor), 10.99 (d, JF_ 

r161.8)(major), 36.45 (dt, JF_r 162.1, JH _r 12.2); IR (neat, em-I) 3029, 

2866,1710,1602,1476,1367,1283,1189,1088,741. 

(Method B) 

(E)- (1 SR,3RS, 6RS, 8SR)-2,2, 7, 7 -tetrafluoro-I, 8-

bisbenzyloxy methy 1-1,3,6, 8-bismethano-4-0cten (41a). To a 

solution of 40a (22.4 mg, 0.10 mmol) in dry dichloromethane (1.0 mL) was 

added a solution of Grubb's reagent (16.5 mg, 0.020 mmol, 20 mol%) in dry 

dichloromethane (0.2 mL) at room temperature under argon atmosphere 

every twelve hour s, stirred for 72h. The crude product was purified by silica 

gel thin layer chromatography (hexane/ ethyl acetate = 10:1), to afford 41a 

(7.3 mg, 0.0174 mmol) in 35% yield.: Rf 0.58 (hexane/ ethyl acetate=4:1); 

IH NMR (200 MHz, b, CDCl3, J=Hz) 1.56-1.84 (2H, m), 3.45-3.69 (4H, m), 

4.00 (2H, dt, J=5.4, 1.4),4.54 (2H, ABq, J=12.0), 5.22 (1H, dt, J=5.9, 1.4), 

5.24 (1H, ddd, 1=30.4, 2.9, 1.3), 5.90 (1H, dddd, J=22.3, 10.7, 5.5, 1.0) 
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7.25-7.48 (5H, m); l3C NMR (50 MHz, b, CDC13, J=Hz) 26.47 (t, Je_r 10.5), 

65.95, 71.44, 72.52, 114.80 (t, Je_r 286.6), 117.33, 127.68, 127.74, 128.43, 

134.39, 137.89; 19F NMR (188 :MHz, b, CDCl3, J=Hz) 23.53 (t, JH_r 7.5); IR 

(neat, em-I) 3027,2865,1677,1481,1367,1262,1194,1022,929,743,703. 

(E)- (1 SR,SR, 6RS,8RS)-2,2, 7, 7 -tetrafluoro-I, 8-

bisbenzy loxymethy 1-1,3,6, 8-bismethano-4- Octen (41 b). Rf 0.29 

(hexane/ ethyl acetate=10:1); IHNMR (200 MHz, b, CDCl3, J=Hz) 1.78-2.64 

(2H, m), 3.46-3.67 (4H, m), 4.43-4.58 (4H, m), 5.42 (III, dd, J=11.9, 5.0), 

7.20-7.45 (lOR, m); IR (neat, em-I) 3034, 2865, 1464, 1258, 1180, 1083, 

1021, 743, 699. 

(E)- (1 SR,3RS,4RS,9SR,IIRS,I2RS,I4SR)-2,2, 5,51 0,1 0, 13, 13-

Octafluoro-I,3-4,6-9,II-I2,I4-tetramethano-I,I4-

bisbenzyloxymethyl-7-tetradecane (41c). Rf 0.28 (hexane/ ethyl 

acetate=10:1); IH NMR (200 MHz, b, CDC13, J=Hz) 1.25-1.50 (4H, m), 1.83 

(2l-L ddd, J=13.9, 13.8, 6.8), 3.44-3.70 (4H, m), 4.53 (4H, ABq, J=12.0), 

5.38 (2H, dd, 1=4.8, 2.4), 7.25-7.40 (lOR, m); 19F NMR (188 rvtHz, 8, 

CDCl3, J=Hz) 22.58 (dd, JF_r 160.7, JH_r 12.2), 25.02 (dd, JF_r 161.4, JH _ 

r13.9), 25.16; l3C NMR (50 MHz, 8, CDCl3, J=Hz) 23.45 (dt, Je_r 12.7, 

2.7), 26.89 (dt, Je-F10.0, 4.0), 28.20 (t, Je_r l0.5), 31.61 (t, Je_r=10.8), 

66.12 (d, Je_r 4.5), 112.94 (m), 125.70, 127.62, 127.81, 128.46, 137.73; IR 

(neat, em-I) 3032, 2866,1457,1255,1172,1094,1031,742,706. 

1 , 4 -B is [ (1 S R, 3 S R) -3 -ben zy lox y met h y 1-2,2 -d if I u 0 roc y c lop r 0 p y 1) 

methy loxy]- (E)-2-butene (43a). Rf 0.22 (hexane/ ethyl acetate=4: 1); IH 

NMR (200:MHz, b, CDC13) 1.58-1.80 (4H, m), 3.42-3.68 (8H, m), 3.99 (4H, 

tt, J=3.0,1.4)(major), 4.06 (t, J=3.1)(minor), 4.53 (4H, ABq, 1=12.0), 5.71 
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(tt, J=3.6,1.1)(minor), 5.79 (2H, tt, J=2.8,1.3), 7.24-7.40 (10H, m); l3C 

NlvtR (50 MHz, 8, CDCI3, J=Hz) 26.43 (t, Je-rlO.5), 66.01, 70.30, 72.53, 

114.76 (t, Je-r286.5), 127.68, 127.75, 128.43, 129.26, 137.87; 19F NMR 

(188 MHz, 8, CDCI3) 23.49; IR (neat, cm- I) 3025, 2865, 1729, 1477, 1369, 

1262, 1193, 1102, 743. 

1, 4-Bis[ (1 SR,3RS,4RS, 6SR)-6-benzyloxymethyl-2,2,S,S

tetrafluoro-1, 3 -4,6-bism ethano ]methoxy - (E) -2 -butene ( 43c). Rf 

0.33 (hexane/ ethyl acetate=4: 1); IH NIvIR (200 MHz, 8, CDCI3, J=Hz) 1.16-

1.35 (2H, m), 1.65-1.90 (2H, m), 3.35-3.70 (8H, m), 3.87-4.23 (4H, m), 

4.53 (4H, ABq, J=12.1), 5.72 (2H, t, J=4.2)(minor), 5.80 (lH,t, J=2.3), 7.10-

7.45 (10H, m); 13C NIv1R (50 MHz, 8, CDCI3, J=Hz) 23.28(m), 27.84 (m), 

66. 17(d, Je-r4.7), 70.35, 72.62, 113.88 (t, Jc_r 289.1), 128.42, 128.58, 

129.25, 130.00, 137.71; 19F NMR (188 MHz, 8, CDCI3, J=Hz) 22.51 (dd, JF_ 

r=164.1, 12.2), 24.49 (dd, JF_r 160.9, JH_r I2.2); IR (neat, cm- I) 3028, 2924, 

2860,1705,1614,1458,1367,1300,1255,1175,1101, 1021,740,704. 
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