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Oxazaborolidine-catalyzed enantioselective reduction of R-m-
ethylene ketones was efficiently carried out by using
borane-diethylaniline as a stoichiometric reducing agent.
The combination of this method and subsequent hydrogena-
tion of thus-formed allylic alcohol improved stereoselectivity
in the reduction of 24-oxocholesteryl ester to 24-(R)-
hydroxycholesteryl ester.

Tacalcitol (1R,24-(R)-dihydroxycholecalciferol, 1) is a phar-
macologically active vitamin D3 analogue (Figure 1).1,2 We have
been studying efficient synthesis of 1 from 24-oxocholesterol
(2a),3 and reduction of the 24-keto group of 2a with high facial
selectivity is a difficult issue that remains to be solved. The
difficulty was exemplified by reduction of 24-oxocholesteryl
benzoate (2b) with sodium borohydride, which gave the
corresponding alcohol 4b as a mixture of equal amounts of 24-
(R) and 24-(S)-isomers. Even oxazaborolidine 3-catalyzed
reduction4,5 of 2b with catecholborane gave alcohol 4b in 61%
yield with moderate selectivity (24-R/S ) 76:24, Scheme 1)

because the sizes of the aliphatic alkyl groups on the 24-keto
group were not sufficiently differentiated. Stereoselective reduc-
tion of such ketones has been left as an important problem, and
some indirect methods have been reported. For example,
DeNinno reported a method involving oxazaborolidine-catalyzed
reduction of acyl dithianes and reductive removal of the dithiane
group.6 Cho reported 3-catalyzed reduction of p-tolylthiomethyl
ketones followed by oxidation to sulfoxide, alkylation, and
reductive removal of the sulfinyl group.7 Crich reported 3-cat-
alyzed reduction of R,R-disubstituted R-nitroketones followed
by removal of the nitro group using AIBN and Bu3SnH.8

We considered that enone 5 would be a more suitable
substrate for oxazaborolidine 3-catalyzed reduction since lone
pair electrons that were anti to the C-C double bond would
selectively coordinate to boron (Figure 2)9 and thus-formed
allylic alcohol would be easily hydrogenated to a saturated one.
However, there has been only one example of oxazaborolidine-
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FIGURE 1. Tacalcitol (1R,24-(R)-dihydroxycholecalciferol).

SCHEME 1. Reduction of 24-Oxochoresterol Derivative

FIGURE 2. Ternary complex of oxazaborolidine 3, borane, and
R-methylene ketone 5.
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catalyzed R-methylene ketones:10 Corey reported that vinyl
ketone 6 was reduced by oxazaborolidine 7-catalyzed reduction
to afford 8 in a low yield (30%) with moderate enantioselectivity
(76% ee, Scheme 2). They introduced an Me3Si or n-Bu3Sn
group at the �-position of R,�-unsaturated ketone 6 for size-
differentiation and inhibition of side reactions.11 We report here
an efficient method for enantioselective reduction of R-meth-
yleneketonesbyoxazaborolidinecatalysiswithborane-diethylaniline.

Prior to the preparation of 24-(R)-hydroxycholesterol, suitable
reaction conditions were explored for the reduction of R-me-
thylene ketone 9 using 10 mol % of oxazaborolidine catalyst
311 (Table 1). First, various borane complexes, including
borane-THF, borane-Me2S,12 borane-diethylaniline,13 and
catecholborane, were employed. It was found that reduction with
the relatively reactive reducing agents, borane-THF and
borane-Me2S, gave 10 in 19% and 29% yields, respectively
(entries 1 and 2), while the reaction with the mild reducing
agents, borane-diethylaniline and catecholborane, gave 10 in
75% and 90% yields, respectively (entries 3 and 4). Milder
reducing agents gave allyl alcohol 10 in better chemical yields
because they minimized side reactions.14 It was noted that

borane-diethylaniline showed better enantioselectivity (92% ee)
and the use of 25 mol % of the catalyst 3 gave 10 in 88% yield
with 94% ee (entry 3). The increased amount of the catalyst 3
contributed to shortening of the reaction time: the use of 10
mol % of 3 required a long reaction time (2 h), whereas the
reduction was completed within 5 min when 25 mol % of 3
was employed. Lowering the reaction temperature did not
improve the enantioselectivity (-10 °C: 61% yield, 92% ee;
-20 °C: 10% yield, 51% ee). The absolute configuration of 10
was determined by comparison with the reported sign of optical
rotation.15 In Corey’s transition state model,4a as expected, the
isopropenyl group adopts the position anti to lone pair electrons
which coordinate to boron (Figure 2). When solvents other than
THF were employed in 3-catalyzed reduction of 9 with
borane-diethylaniline, neither better chemical yields nor better
enantioselectivities were observed in toluene (31%, 62% ee),
CH2Cl2 (22%, 51% ee), tBuOMe (57%, 74% ee), Et2O (75%,
84% ee), dimethoxyethane (69%, 80% ee), CH3CN (trace), and
EtNO2 (trace).

In order to investigate the effect of amines16 that coordinated
to borane, various borane-amine complexes17 were prepared
by mixing 1.2 equiv of borane-Me2S18 and 1 equiv of amine
in THF at room temperature for 1 h followed by removal of
excess borane-Me2S in vacuo. The 3-catalyzed reduction of 9
with BH3-diethylaniline complex prepared by this method gave
results similar to those obtained with commercially available
borane-diethylaniline13 (Table 2, entry 3 vs Table 1, entry 3).
Investigation of the effects of N-substituents of N,N-substituted
anilines revealed that there was no notable influence on
enantioselectivity, whereas chemical yield of 10 was influenced
by the amine ligands (entries 1-4). The use of dimethylaniline
and 2,6-lutidine gave 10 in low yields because they coordinated
to borane more strongly than did diethylaniline and their
complexes reduced 9 more slowly than did borane-diethylaniline.

Scope and limitations of the present method were surveyed
by using 25 mol % of catalyst 3 and commercially available
borane-diethylaniline13 (Table 3). Various alkyl isopropenyl
ketones 11a-d were reduced by the present method to give
the corresponding allylic alcohols 12a-d in good yields with
around 90% ee’s (entries 1-4). Alkyl vinyl ketone 11e was
reduced by the present method in 81% yield with 70% ee (entry
5). The absolute configuration of 12e was determined by
hydrogenation of 12e to 1-phenylpentan-3-ol (H2, Pd/C, EtOH)
and by comparison with the reported sign of optical rotation.19
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SCHEME 2. Oxazaborolidine 7-Catalyzed Reduction of
r-Methylene Ketone 6

TABLE 1. Effect of Reducing Agents

entry L2BH (equiv) conditionsa yield (%) % ee

1 BH3-THF (1.0) 4 °C, 10 min 19 63
2 BH3-Me2S (1.0) 4 °C, 5 min 29 83
3 BH3-Et2NPh (1.0) 4 °C, 2 h 75 (88)b 92 (94)b

4c catecholborane (1.5) -78 °C, 3.5 h 90 86

a After the slow addition (1.5 h) of 9. b The catalyst 3 (25 mol %)
was employed. Conditions: 4 °C for 5 min. c Dichloromethane was used
as solvent.

TABLE 2. Effect of Aminesa

entry ligand reaction time (h) yield (%) % ee

1 iPr2NPh 5 22 92
2 iPrEtNPh 2 46 88
3 Et2NPh 1 71 91
4 Me2NPh 4 22 85
5 2,6-lutidine 2 0

a Enantioselective reduction of 9 to 10 by using 3 (10 mol %) and
BH3-amine complex (1 equiv) in THF at 4 °C.

J. Org. Chem. Vol. 73, No. 17, 2008 6903



It was then found that the absolute configuration of 12e was R
and even the vinyl group tended to adopt the same position as
the 2-propenyl group in the transition state as shown in Figure
2.

Oxazaborolidine 3-catalyzed reduction of 13 under optimized
reaction conditions gave allylic alcohol 14 in 87% yield with
high facial selectivity (24-R/S ) 97.5:2.5) (Scheme 3).20

Stereoselective synthesis of 24-(R)-hydroxycholesteryl acetate
15 was accomplished by regioselective hydrogenation of the
exo-methylene group of 14 by using H2 and Wilkinson’s catalyst
(84% yield).

Thus, highly enantioselective reduction of 2-propenyl ketones
to the corresponding allylic alcohols was efficiently carried out

byoxazaborolidine3-catalyzedreductionwithborane-diethylaniline
in THF. It was found that diethylaniline made the reactivity of
borane suitable for reduction of R-methylene ketones. The
present method will be useful for oxazaborolidine-catalyzed
reduction of R-methylene ketones because the introduction and
removal of trimehylsilyl or tributylstannyl group at the �-posi-
tion of enones are not required. The combination of the present
procedure and hydrogenation of the C-C double bond is an
effective method for preparing chiral secondary alcohols in high
enantiomeric purity compared with reduction of aliphatic
isopropyl ketones.

Experimental Section

General Procedure for Oxazaborolidine 3-Catalyzed
Enantioselective Reduction of r-Methylene Ketones with
Borane-Diethylaniline. To a stirred solution of 3 (0.5 M in
toluene,11 0.29 mL, 0.145 mmol) in THF (2 mL) was added
BH3-Et2NPh (0.1 mL, 0.576 mmol) at 4 °C (ice-water), and the
solution was stirred for 30 min at 4 °C. A solution of 9 (101.4 mg,
0.581 mmol) in THF (5 mL) was then added through a cannula for
1.5 h at 4 °C, and complete disappearance of 9 was confirmed by
TLC analysis (it took 5 min at 4 °C). The reaction was quenched
with 1 N hydrochloric acid, and the mixture was extracted with
ethyl acetate (three times). The combined organic extracts were
washed with brine, dried over anhydrous sodium sulfate, filtered,
and concentrated in vacuo. The crude product was purified with
preparative TLC (hexane/ethyl acetate ) 7:1) to afford 1021 (90.3
mg, 88%) as a colorless oil. The enantiomeric excess (94% ee)
was determined by HPLC analysis using a chiral column (Daicel
Chiralpak AS-H 46 × 150 mm, 254 nm UV detector, room
temperature, eluent: hexane/i-PrOH ) 20:1, flow rate: 0.5 mL/min,
retention time (min) 8.1 (S isomer), 8.6 (R isomer)): [R]23

D )+26.2
(c 1.20, CHCl3); 1H NMR (270 MHz, CDCl3) δ 1.51 (1H, brs),
1.75 (3H, s), 1.83-1.91 (2H, m), 2.58-2.76 (2H, m), 4.04-4.14
(1H, m), 4.87-4.88 (1H, m), 4.96-4.97 (1H, m), 7.16-7.31 (5H,
m); 13C NMR (67.8 MHz, CDCl3) δ 17.6, 31.9, 36.5, 75.2, 111.2,
125.8, 128.4, 128.4, 142.0, 147.4.
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TABLE 3. Oxazaborolidine 3-Catalyzed Enantioselective
Reduction of Various r-Methylene Ketones 11a-e to Allylic
Alcohols 12a-e with Borane-Diethylaniline

entry 11 R1 R2 12 yield (%) % ee

1 11a Ph(CH2)3 Me 12a 83 90
2 11b CH3(CH2)6 Me 12b 82 92
3 11c c-HexCH2 Me 12c 82 87a

4 11d c-Hex(CH2)2 Me 12d 85 95b

5 11e Ph(CH2)2 H 12e 81 70

a ee was determined by HPLC after derivatization to
p-methoxybenzoate. b ee was determined by HPLC after derivatization
to benzoate.

SCHEME 3. Stereoselective Synthesis of 15 from 13
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