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Ketones by Using a One-Pot Sequential Addition of Sulfur Ylide**
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The catalytic enantioselective syntheses of epoxides
has been studied intensively over the last three
decades.[1] In striking contrast, there are few reports
on the catalytic enantioselective synthesis of higher
analogues—oxetanes. Oxetanes have recently gained
attention as attractive, stable, small, and less lipophilic
molecular modules for drug discovery.[2] Considering
the wide applicability of oxetane units in medicinal
chemistry, organic synthesis, and material science,[2–5]

the development of synthetic methods for making a
diverse array of oxetanes, especially optically active
oxetanes, is highly desirable. Highly enantioselective
syntheses of 2-monosubstituted oxetanes, involving
the asymmetric reduction of 3-haloketones using
chiral reagents or catalysts and subsequent cycliza-
tion, have been reported.[4] However such strategies are not
applicable to the synthesis of 2,2-disubstituted oxetanes.
Previously reported methods for chiral 2,2-disubstituted
oxetanes required a lengthy multistep synthetic route.[5]

Herein, we describe a straightforward one-pot catalytic
asymmetric synthesis of 2,2-disubstituted oxetanes from
ketones. A LaLi3tris(binaphthoxide) complex (LLB ((S)-
1a), Figure 1) with an Ar3P=O additive (Ar = 2,4,6-trimeth-
oxyphenyl) promoted the successive addition of dimethyloxo-
sulfonium methylide to ketones and intermediate epoxides.
Chiral amplification was observed in the second step to afford
oxetanes with greater than 99.5–99 % ee, an enantiomeric
excess higher than that of the intermediate epoxides.

Initially, we screened chiral catalysts suitable for the
reaction of readily available racemic 2,2’-disubstituted epox-
ide 2 a with dimethyloxosulfonium methylide (3).[6] Among
the catalysts screened, rare earth/alkali metal/binol hetero-
bimetallic complexes (REMB; binol = 2,2’-dihydroxy-1,1’-
binaphthyl)[7] gave the most promising results for a kinetic
resolution.[8–10] The results of the optimization studies are
summarized in Table 1. (S)-LLB ((S)-1a) promoted the

reaction of epoxide 2a with ylide 3 to afford (R)-oxetane 4a
in 16 % yield and 24% ee (Table 1, entry 1). No reaction
proceeded in the absence of (S)-LLB under otherwise
identical conditions at 45 8C (Table 1, entry 2).[11] Both (S)-
LSB ((S)-1b) and (S)-LPB ((S)-1c ; Figure 1) afforded only
trace amounts, if any, of oxetane 4a (Table 1, entries 3 and 4).
We then examined the effects of achiral additives, which are
useful for modifying the chiral environment of REMB
complexes.[12] NaI, which is effective in the Corey–Chaykov-
sky cyclopropanation of enones and a,b-unsaturated N-
acylpyrroles,[13] was not at all effective (Table 1, entry 5) for
generating oxetanes. In contrast, phosphine oxides, which are
effective in the Corey–Chaykovsky epoxidation of ketones,[14]

increased both the reactivity and selectivity of the reaction.[15]

Among the phosphine oxides screened (Table 1, entries 6–9),
Ar3P=O 5d (Ar = 2,4,6-trimethoxyphenyl) afforded the best
results, giving oxetane 4 a in 30% yield and 59% ee (Table 1,
entry 9, krel = 5.0).[16] Selectivity was additionally improved by
changing the reaction solvent from THF to either THF/
toluene (1:1, Table 1, entry 10, krel = 7.5) or THF/n-hexane
(1:1, Table 1, entry 11, krel = 7.7). By increasing the catalyst
loading to 10 mol%, oxetane 4a was obtained in 41 % yield
and 73% ee after 48 hours (Table 1, entry 12, krel = 10.4). In
entry 12 of Table 1, (R)-2a was recovered in 42 % ee. (R)-2b,
having an alkyl substituent, was also applicable under the
same reaction conditions, and oxetane 4b was obtained in
43% yield and 78% ee (Table 1, entry 13, krel = 14.6).

Although the krel values observed in the kinetic resolution,
by using racemic epoxides 2a and 2b, were not high (Table 1),
we assumed that the selectivity was sufficient to obtain
oxetanes 4 in high enantiomeric excess by a double methylene
transfer starting from ketones. In our previous report, (S)-
LLB ((S)-1a) preferentially afforded (S)-2a and (S)-2b
through the addition of ylide 3 to ketones.[14] The results
shown in Table 1 suggest that (S)-1a preferentially promoted

Figure 1. Structures of (S)-RE-M3-tris(binaphthoxide) complexes (REMB,
RE = rare-earth metal).
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the reaction of (S)-2a and (S)-2 b with ylide 3 to give oxetanes
4a and 4b. We hypothesized that chiral amplification in the
second reaction between the epoxide and the ylide would
occur to afford oxetanes with a higher enantioselectivity than
the intermediate epoxides. Because the optimized reaction
conditions for the kinetic resolution of epoxides 2 (Table 1)
and the best conditions for the Corey–Chaykovsky epoxida-
tion of ketones[14] were the same, except for the reaction
temperature and solvent, we investigated a one-pot sequen-
tial methylene-transfer process starting from ketone 6b
(Scheme 1). Catalytic asymmetric epoxidation using
5 mol% of (S)-1 a in THF at room temperature produced
epoxide 2b in greater than 99% yield and 93% ee after
12 hours. To compensate for the low reaction rate in the
second reaction, an additional 15 mol % of (S)-1a and
additive 5d were added to the reaction mixture together
with an additional 1.0 equivalents of ylide 3 and n-hexane.
The reaction mixture, including a total of 20 mol % of (S)-1a/
5d, was then stirred at 45 8C for 72 hours to give oxetane 4b in
88% yield and 99 % ee upon isolation. As expected, chiral

amplification was observed in the second step (93 % ee of 2b
versus 99 % ee of 4b).

The substrate scope of the one-pot sequential methylene-
transfer process is summarized in Table 2. With aryl methyl

Table 1: Optimization studies on the kinetic resolution of racemic 2,2’-disubstituted epoxides 2 catalyzed by heterobimetallic REMB complexes.

Entry Epoxide REMB (mol%) Additive 5 (mol%) Solvent ee of
recovered
2 [%]

Yield of 4
[%][a]

ee of 4
[%][b]

krel
[c]

1 2a (S)-LLB (5) none THF 1 16 24 1.7
2 2a none none THF 0 0 – –
3 2a (S)-LSB (5) none THF 0 trace – –
4 2a (S)-LPB (5) none THF 0 trace – –
5 2a (S)-LLB (5) NaI (5) THF 3 26 19 1.6
6 2a (S)-LLB (5) 5a : Ph3P=O (5) THF 1 15 20 1.5
7 2a (S)-LLB (5) 5b : (2,4,6-Me3-C6H2)3P=O (5) THF 2 19 23 1.7
8 2a (S)-LLB (5) 5c : (2,6-(MeO)2-C6H3)3P=O (5) THF 6 19 44 2.9
9 2a (S)-LLB (5) 5d : (2,4,6-(MeO)3-C6H2)3P=O (5) THF 19 30 59 5.0
10 2a (S)-LLB (5) 5d (5) THF/toluene (1:1) 16 22 72 7.5
11 2a (S)-LLB (5) 5d (5) THF/n-hexane (1:1) 19 27 71 7.7
12 2a (S)-LLB (10) 5d (5) THF/n-hexane (1:1) 42 41 73 10.4
13 2b (S)-LLB (10) 5d (5) THF/n-hexane (1:1) 65 43 78 14.6

[a] Yield of oxetane 4 was calculated based on the amount of starting racemic epoxide (� )-2. Theoretical maximum yield of chiral 4 is 50 %.
[b] Determined by chiral GC analysis. [c] See reference [16].

Scheme 1. One-pot sequential addition of ylide 3 to ketone 6b with
chiral amplification.

Table 2: Substrate scope of oxetane 4 synthesis by a one-pot sequential
addition of ylide 3 to various methyl ketones 6.[a]

Entry 6 R ee of 2
[%]

4 Yield of 4
[%][b]

ee of 4
[%][c]

1 6a 96 4a 74 99

2 6c 96 4c 62 99

3 6d 94 4d 86 99

4 6e 97 4e 85 99

5 6b 93 4b 88 99

6 6 f 93 4 f 68 99

7 6g 96 4g 58 >99.5

8 6h 97 4h 62 >99.5

[a] Reaction was performed with 1.2 equiv of ylide 3 in THF at room
temperature using 5 mol% of (S)-1a/5d (1:1) for the first step; for the
second step, an additional 15 mol% of (S)-1a/5d (1:1), 1.0 equiv of ylide
3, and n-hexane were added to the reaction mixture. [b] Yield of isolated
oxetanes 4 (from ketones 6) after purification by column chromatog-
raphy. [c] Determined by GC or HPLC analysis.
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ketones 6a and 6c–6e, the enantioselectivity in the first
epoxidation step was 94–97% ee. Oxetanes 4a and 4c–4e
were obtained in 99% ee and 86–62 % yield after the second
step, although the krel value for aryl methyl ketones was
modest, as shown in Table 1.[17] The enantioselectivity in the
first epoxidation step was slightly lower for linear alkyl
methyl ketones 6b and 6 f than those for aryl methyl ketones
(Table 2, entries 5 and 6, 93% ee). Fortunately, alkyl methyl-
substituted oxetanes 4b and 4 f–4h were also obtained in
greater than 99.5–99% ee and 88–58 % yield through chiral
amplification in the second step (Table 2, entries 5–8).

In summary, we developed a straightforward synthetic
method for chiral 2,2-disubstituted oxetanes. A one-pot
sequential addition of a sulfur ylide to ketones and inter-
mediate epoxides was promoted by the heterobimetallic
catalyst 1a. Chiral amplification was observed in the second
reaction of the epoxides with the sulfur ylide and was the key
to affording 2,2-disubstituted oxetanes with excellent enan-
tioselectivity (> 99.5–99% ee). Additional trials to improve
the reactivity, catalyst loading, and substrate scope of both the
epoxides and ylides in the second oxetane-forming step are
ongoing.[18]
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slightly lower yield and high ee value implied that chiral
amplification worked nicely even though the enantiomeric
excess of the intermediate epoxide was a little bit lower than
the sequential process in Table 2.

[18] The use of ethyl ketones is difficult at the moment because of
their low reactivity in the second ring-expansion reaction and
insufficient chiral amplification. For example, the reaction of
propiophenone using 20 mol% of (S)-LLB at room temperature

gave the intermediate epoxide in 88% ee. The subsequent ring-
expansion reaction, however, gave the oxetane in only 26%
yield and 91% ee.
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