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Abstract: The Yb-BINOL-complex-catalyzed enantioselective epoxidation of a,~- 
unsaturated ketones (enones) was greatly improved by addition of a small amount of 
water (ca. 5 equiv to Yb). Optimized conditions and a plausible mechanism of the role 
of water and molecular sieves in asymmetric epoxidation are also described. 
© 1998 Elsevier Science Ltd. All rights reserved. 
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We recently reported the general and practical catalytic enantioselective epoxidation of enones in the 
presence of Ln-BINOL derivative complexes (Ln = lanthanoid). ~a2 As shown in Scheme 1, La-catalyst and 
Yb-catalyst can be used in a complementary manner for enantioselective epoxidation of aromatic and aliphatic 
substituted enones in up to 94% ee at room temperature. The Ln-BINOL derivative catalysts are readily 
prepared in situ by a mixing of Ln(O-i-Pr)33 with (R)-l,l'-bi-2-naphthol (1: BINOL) and/or 3-hydroxymethyl- 
BINOL (2) in THF) We have also revealed that addition of molecular sieves 4A (MS 4A) to the catalysis is 
effective to obtain the product in high yield. In this paper, we describe a highly improved method for the Yb- 
1 complex promoted enantioselective epoxidation of enones in the presence of a small amount of water. 
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Representative procedure of catalytic enantioselective epoxidation of enones promoted by Ln-BINOL derivative 
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In the cou r se  o f  our  s tudy  on the enan t iose lec t ive  

epoxida t ion  o f  enones ,  we  found  that  y ie lds  and 

enan t iomer ic  e x c e s s e s  o f  the p roduc t s  were m u c h  af fec ted  by 

an addit ion o f  wa te r  to the Yb-1 catalysis .  A s  shown  in 

Figure  1, addi t ion o f  ca. 5 mol  equ iva len t s  o f  wa te r  to the 

Yb-1  ca ta lys is  a f forded  epoxy  ke tone  4 in h igh  enan t iomer ic  

excesses .  In contras t ,  under  the strictly dr ied  condi t ions ,  

optical pur i ty  o f  the product  decreased  to less than  25% e e .  

However ,  with a s low addi t ion o f  1 mola r  equ iva len t  o f  

Yb(O-i-Pr)~ to 1, a modera te  ee o f  4 was  obtained.  4 The  

representa t ive  resul ts  are s u m m a r i z e d  in Table  1. B e c a u s e  

o f  the s ignif icant  effects  o f  wa te r  on Yb-1 ca ta lyzed 

epoxida t ion  o f  enones ,  we  re inves t iga ted  the mo l a r  ratio o f  

Yb(O-i-Pr)3 to 1. Af ter  severa l  a t t empts ,  we  found  that  a 

2:3 ratio o f  Yb(O-i -Pr)  3 and 1 gave  the m a x i m u m  ee in the 

p resence  o f  water  (entry 3). 
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Figure 1. Effect of water on enantiomeric excess of 4. 

Table 1. Enantioselective epoxidation of enones by Yb-BINOL catalysts. 

additive 
Yb-1 (5 tool %) 

R 1 R 2 + t - B u O O H  MS 4A, THF, rl R t  R2 
(ca. 1.5 equ iv )  

3: R 1 = Ph, R 2 = i-Pr 4: R ~ = Ph, R 2 =/-Pr 

5: R 1 = Ph, R 2 = CH 3 6: R 1 = Ph, R 2= CH 3 

7: R 1 = Ph, R 2= Ph 8: R 1 = Ph, R 2= Ph 

entry enone catalyst MS 4A b additive time epoxide 

(Yb : 1) ~ (rag/retool of enone) (4.5 equiv to Yb) (h) 

I 3 Yb- 1 (1 : 1 ) 200 H20 48 4 

2 3 Yb-I (1 : 1) 200 - 48 4 

3 3 Yb-I (2 : 3) 200 H~O 48 4 

4 3 Yb-1 (2 : 3) 200 - 48 4 

5 3 Yb-1 (2 : 3) - - 48 4 

6 3 Yb-1 (2 : 3) 200--->0 ~ H20 48 4 

7 3 Yb-1 (2 : 3) 0--->200 ~ H20 48 4 

8 3 Yb-I (2 : 3) 1000 H20 48 4 

9 5 Yb-1 (2 : 3) 200 H20 13 6 

10 7 Yb-1 (2 : 3) 200 H20 1 8 

yield(%),ee(%) ¢'~ 

83, 85 

81,70 

82, 93 (55,88) 

67,87 

5,46 

trace 

48,72 

62,75 

92, 94 (83,94) 

99,81 

a: Molar ratio of Yb(O-i-Pr)~ and 1. Yb(O-i-Pr)~ was added slowly to 1. 

b: MS 4A (200 mg/1 mmol of enone) was used after drying at 180 °C for 3 h under reduced pressure. 

c: The ees of the epoxy ketones were determined by chiral stationary phase HPLC. See reference la. 

d: Yield and ee in parenthesis were obtained by use of Yb-2 catalyst. See reference l a. 

e: MS 4A was filtered off from the catalyst solution and the filtrate was used as a catalyst. 

f: After the preparation of the catalyst solution, MS 4A was added. 

In cont ras t  to the resu l t s  o f  Yb-1  cata lys is ,  a 2:3 ratio o f  La(O-i-Pr)  3 and 1 a f fo rded  less  reac t ive  catalyst .  

Fur the rmore ,  L a - I  ca ta lys is  was  not  a f fec ted  by the addi t ion o f  water .  
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In our previous paper,~a we reported that the use of 2 in place of 1 is effective for preparing an efficient 

catalyst for enantioselective epoxidation. In contrast to the case of the 1-derived catalyst, addition of water 

to the Ln-2 catalyst caused deceleration of the catalyst turnover, although the optical purity of the products 

were still high. At present, the role of water can best be explained as that water molecules coordinate to the 

Yb atom(s) and thereby control the orientation of the 

hydroperoxides to form appropriate asymmetric 

environment for epoxidation. s~ A schematic drawing of 

this proposed mechanism is shown in Figure 2. 7 For Ln-2 

catalysis, 3-hydroxymethyl substituent seems to work as a 

mediator of the hydroperoxide, just as water molecules do 

in Ln-1 catalysis. In the light of the effect of water in Yb- 

1 as shown in Figure 2, we examined the use of a 

commercially available decane solution of TBHP, s which 

contained up to 4% water, as an oxidant. As expected, a 

good result was obtained for 4 (90% yield, 85% ee) without 

the further addition of water. 

X = BINOL or other ligand 

Figure 2. Plausible role of water as a 
mediator of TBHP and Yb- 1. 

Although MS 4A is usually considered to be a desiccant, it appeared that both water and MS 4A were 

required to promote efficient enantioselective epoxidation (entries 5-7). Indeed, when the Yb-1 catalyst was 

prepared in the presence of MS 4A, and the MS 4A was filtered off from the catalysis, almost no epoxidation 

reaction took place (entry 6). In addition, when the Yb-1 catalyst was prepared in the absence of MS 4A, and 

MS 4A was added simultaneously with the oxidant, the reaction proceeded to give the desired epoxide in 72% 

ee, though the yield was rather low (entry 7). Therefore MS 4A was found to be necessary at the epoxidation 

process in order to construct the catalytic cycle. However, addition of too much MS 4A resulted in a lowering 

both of yield and ee (entry 8). MS 4A seems to remove a small volume of water from the lanthanoid complex 

to form an unsaturated coordination environment on the metal thereby capable of making the coordination of 

enone easier to promote epoxidation. 9 

In order to confirm the proposed mechanism, we made several efforts to collect information on the 

structure of the Ln-1 catalyst. L~° Measurement of the molecular weight of powder-dried La-I and Yb-1 ~j 

revealed that these complexes have highly oligomeric structures but no proof for the role of water and MS 4A 

was obtained. ~zt3 However, the attempt indicated that powder-dried Yb-1 catalyst, which was prepared in the 

absence of MS 4A, can be stored more than a month without the loss of catalyst efficiency. That is, after the 

addition of MS 4A and water (4.5 equiv to Yb) to the powder-dried catalyst, 91% yield of epoxide 6 was 

obtained in 89% ee. 14 

In conclusion, Yb-1 catalyst, prepared by a 2:3 ratio of Yb(O-i-Pr) 3 and BINOL, gave the maximum ee 

of the products by an addition of water in the presence of MS 4A. The powder-dried catalyst was also 

revealed to have the practical feature of long-term storability. 
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