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Abstract: The Yb-BINOL-complex-catalyzed enantioselective epoxidation of o,p-
unsaturated ketones (enones) was greatly improved by addition of a small amount of
water (ca. S equiv to Yb). Optimized conditions and a plausible mechanism of the role
of water and molecular sieves in asymmetric epoxidation are also described.
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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).'™ 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),’ with (R)-1,1"-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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Scheme 1. Representative procedure of catalytic enantiosclective epoxidation of enones promoted by Ln-BINOL derivative
complexes.
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In the course of our study on the enantioselective 100
epoxidation of enones, we found that yields and
enantiomeric excesses of the products were much affected by
an addition of water to the Yb-1 catalysis. As shown in
Figure 1, addition of ca. 5 mol equivalents of water to the
Yb-1 catalysis afforded epoxy ketone 4 in high enantiomeric
excesses. In contrast, under the strictly dried conditions,
optical purity of the product decreased to less than 25% ee.
However, with a slow addition of 1 molar equivalent of

ee (%) of 4

Yb(O--Pr), to 1, a moderate ee of 4 was obtained.* The 0
representative results are summarized in Table 1. Because 0 é ,'4 é 8
of the significant effects of water on Yb-1 catalyzed H; O (equiv 1o Yb)

epoxidation of enones, we reinvestigated the molar ratio of
Yb(O-i-Pr), to 1. After several attempts, we found that a
2:3 ratio of Yb(O-i-Pr), and 1 gave the maximum ee in the
presence of water (entry 3).

Figure 1. Effect of water on enantiomeric excess of 4.

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

additive
/\j 2 Yb-1 (5 mol %) /ﬁj
R R2 + tBUOOH ——————— 1 /2

(ca. 1.5 equiv) MS 4A, THF.
3:R'=Ph, RZ=iPr 4:R'=Ph, R%=iPr
5:R'=Ph,R2=CH, 6:R'=Ph, R?=CHs
7:R' = Ph, A2 = Ph 8:R' = Ph,R?=Ph
entry enone catalyst MS 4A" additive time epoxide yield (%), ee (%)
(Yb: 1) (mg/mmol of enone) (4.5 equiv to Yb) (h)
1 3 Yb-1(1:1) 200 H,0 48 4 83, 85
2 3 Yb-1(1:1) 200 - 48 4 81,70
3 3 Yb-1(2:3) 200 H,0 48 4 82, 93 (55, 88)
4 3 Yb-1(2:3) 200 - 48 4 67, 87
5 3 Yb-1(2:3) - - 48 4 S, 46
6 3 Yb-1(2:3) 200-0° H,0 48 4 trace
7 3 Yb-1(2:3) 0200 H,0 48 4 48,72
8 3 Yb-1(2:3) 1000 H,0 48 4 62,75
9 5 Yb-1(2:3) 200 H,0 13 6 92, 94 (83, 94)
10 7 Yb-1(2:3) 200 H,0 1 8 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.
¢: 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 la.

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 contrast to the results of Yb-1 catalysis, a 2:3 ratio of La(O-i-Pr), and 1 afforded less reactive catalyst.
Furthermore, La-1 catalysis was not affected by the addition of water.
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In our previous paper,'® 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 H (oH
tB H / (QHz)n
environment for epoxidation.’® A schematic drawing of o \D / OO

this proposed mechanism is shown in Figure 2.” For Ln-2 }0 b 'b:o

catalysis, 3-hydroxymethyl substituent seems to work as a RL\\\f‘ o OO
mediator of the hydroperoxide, just as water molecules do 4 2 X

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

1 as shown in Figure 2, we examined the use of a X = BINOL or other ligand
commercially available decane solution of TBHP,? which

contained up to 4% water, as an oxidant. As expected, a Figure 2. Plausible role of water as a
good result was obtained for 4 (90% yield, 85% ee) without mediator of TBHP and Yb-1.

the further addition of water.

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.’

In order to confirm the proposed mechanism, we made several efforts to collect information on the
structure of the Ln-1 catalyst."'® Measurement of the molecular weight of powder-dried La-1 and Yb-1"
revealed that these complexes have highly oligomeric structures but no proof for the role of water and MS 4A
was obtained.'*® 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% vyield of epoxide 6 was
obtained in 89% ee."

In conclusion, Yb-1 catalyst, prepared by a 2:3 ratio of Yb(O-i-Pr), 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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Supplier: Aldrich Chemical Co., Inc. Milwaukee, WI 53233, USA.

Due to the extremely high oxophilicity of lanthanoid element, complete removal of water from the catalyst would be impossible.
Yttrium-BINOL complex (2:3) was prepared for the spectroscopic analyses of lanthanoid-BINOL complexes. Although Y-1
catalyst gave 90% yield of 6 in 77% ee, 'H- and '*C-NMR spectra were obscure.

Performed by KNAUER Vapor Pressure Osmometer.

Catalyst solution was dried under reduced pressure for 12 h at room temperature and redissolved in THF. Molecular weights of
La-1 and Yb-1 are 9.1 x 10* and 1.45 x 10*, respectively.

LDI-TOF MS spectra also support the oligomeric structure of Ln-1 complexes.

The general procedure of asymmetric epoxidation of 5 utilizing powder-dried Yb-1 is as follows. Afier amixture of MS 4A (48mg)
and powder-dried Yb-1 (7.84 mg, 0.012 mmol based on Yb employed) was dried under reduced pressure for 1 h at room
temperature, THF (1.0 mL), a toluene solution of TBHP (3~4 M, 120 uL, 0.36~0.48 mmol), and a THF solution of water (1 M, 54
uL, 4.5 equiv to Yb) were added. The resulting suspension was stirred for an additional 10 min at room temperature. To this
mixture was added enone 5 (0.24 mmol), followed by stirring for 24 h at room temperature.



