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Abstract—The synthesis of abutasterone-type side chain, (20R,22R,24S)-20,22,24,25-tetrahydroxy-6b-methoxy-3a,5-cyclo-5a-cho-
lestane 4, and 24-epi-abutasterone-type side chain, (20R,22R,24R)-20,22,24,25-tetrahydroxy-6b-methoxy-3a,5-cyclo-5a-cholestane
6, by means of Sharpless asymmetric dihydroxylation of (E)-20(22),24-cholestadiene 1 is described. Construction of abutaster-
one-type side chain 4 was carried out by selective mono-dihydroxylation of diene 1 with (DHQ)2AQN, followed by dihydroxylation
of the corresponding (24S)-hydroxy-20(22)-cholestene 2 with (DHQD)2AQN. In contrast, bis-dihydroxylation of 1 with either
(DHQD)2PHAL or (DHQD)2AQN preferentially occurs to produce 24-epi-abutasterone-type side chain 6.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Ecdysteroids are steroid hormones that regulate aspects
of development, metamorphosis, reproduction, and dia-
pause in all life cycle stages from newly laid eggs to adult
insects.1 Ecdysteroids are the steroid hormones of all
classes of arthropods and possibly of other inverte-
brates. Ecdysteroids are found not only in insects, crus-
taceans, and other animal sources but also in many
plant species. More than 300 different types of ecdyste-
roids have so far been isolated from animal and plant
sources.

Although ecdysteroids are structurally quite different
from mammalian steroids, the pharmacological effects
of ecdysteroids on mammalians, including humans, have
been widely reported,2 such as growth-promoting
effects, effects on cellular proliferation and differentia-
tion, stimulatory effects of protein synthesis, improve-
ments of both glucose and lipid metabolism, and
neuromodulatory actions. Especially, ecdysteroids are
widely used as inducers for gene-switch systems, which
could be used in human gene therapy. Studies on these
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pharmacological effects have been considerably sup-
ported by the availability of ecdysteroids including their
congeners. Since rare ecdysteroids have often been
found as minor constituents, the development of a gen-
eral method for the synthesis of ecdysteroids has become
an important factor for quantitative bioassay.3

Abutasterone was isolated from the Amazonian plant,
Abuta velutina,4 and its epimer, 24-epi-abutasterone,
was also isolated from Vitex canescens.5 Furthermore,
isolation of 24-hydroxylated ecdysteroids,6 such as
nusilsterone6c and pterosterone,6d have been reported.
The commonly hydroxylated sites on the side chains
are 20R, 22R, and 25, making 24-hydroxylated ecdyster-
oids quite rare. As part of our continuing studies
on the synthesis of physiologically active steroids
with highly oxygenated side chains,7 we focused our
attention on the synthesis of the abutasterone-type and
its 24-epimer-type side chains. Herein, we report the
construction of abutasterone-type and 24-epi-abutaster-
one-type side chains by means of Sharpless asymmetric
dihydroxylation.8 The strategy for the synthesis of both
(20R,22R,24S)-tetraol 4, an abutasterone-type side
chain, and (20R,22R,24R)-tetraol 6, a 24-epi-abutaster-
one-type side chain, was envisaged to employ (E)-
20(22),24-cholestadiene 1, readily prepared by Wittig
olefination of the 20-keto steroid. Mono-dihydroxyl-
ation of diene 1 followed by successive dihydroxylation
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Table 1. Asymmetric dihydroxylation of (E)-20(22)-cholestene 8a
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Entry Ligand Yield (%) Ratio of
productsb

9 10

1 None 66 96 4
2 (DHQ)2PHAL 81 100 0
3 (DHQD)2PHAL 90 64 36
4 DHQ-CLB 79 100 0
5 DHQD-CLB 74 59 41
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of 20(22)-alkenes 2 and 3 with suitable chiral ligand
combinations would occur regio- and diastereoselec-
tively to provide 4 and 6 (Scheme 1).9
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Scheme 1. Synthetic plan for the construction of abutasterone-type
and 24-epi-abutasterone-type side chains.

6 (DHQ)2PYR 84 97 3
7 (DHQD)2PYR 84 87 13
8 (DHQ)2AQN 92 100 0
9 (DHQD)2AQN 83 57 43

a All reactions were run with a stoichiometric amount of osmium
tetroxide.

b Determined by 270 MHz 1H NMR spectral analysis.
2. Results and discussion

Ikekawa10 and Gut11 independently reported the
dihydroxylation of (E)-20(22)-steroidal olefins with
osmium tetroxide (OsO4) leading to (20S,22S)-diols
(unnatural form) preferentially. However extensive stud-
ies on the asymmetric dihydroxylation of (E)-20(22)-ste-
roidal olefins have not yet been carried out. Thus, we
first investigated the asymmetric dihydroxylation of
(E)-20(22)-cholestene 8,11 as shown in Table 1. Since
the reaction rate with a catalytic amount of OsO4 and
cooxidant was very sluggish, we used a stoichiometric
amount of OsO4 for the dihydroxylation. As expected,
the dihydroxylation of 8 with dihydroquinine (DHQ)
derived ligands would be matched reactions to afford
exclusively 9 (entries 2, 4, and 8). In contrast, dihydro-
quinidine (DHQD) derived ligands, (DHQD)2PHAL,
DHQD-CLB, and (DHQD)2AQN, gave moderate
results due to mismatched reactions (entries 3, 5, and
9). Regarding the preparation of (20R,22R)-diol 1010b

(natural form), (DHQD)2AQN was the ligand of choice
for the mismatched reaction.
(E)-20(22),24-Cholestadiene 1, a key starting material,
was prepared by Wittig olefination of 20-keto steroid
1110b with 4-methyl-3-pentenylidenetriphenylphospho-
rane12 in 86% yield (Eq. 1). The Wittig olefination of ste-
rically hindered 20-keto steroids with unstabilized ylides
occurs stereoselectively to give the E-isomers with no
detectable Z-isomers.13 The stereochemistry of the olefin
was deduced by the chemical shifts of the 18- and 21-
methyl protons, which appear at 0.58 and 1.64 ppm,
respectively. The signals for the 18- and 21-methyl pro-
tons in the E-isomers occur at higher fields than would
be expected for the Z-isomers (18-methyl protons:
0.65–0.78 ppm; 21-methyl protons: 1.68–1.71 ppm).13,14
St
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Selective mono-dihydroxylation of (E)-20(22),24-cho-
lestadiene 1 was examined as shown in Table 2. It is
well known that the regioselectivity of the mono-dihydr-
oxylation of a polyene is determined by electronic and
steric effects.8c We supposed that steric effects might play
a decisive role in controlling site-selectivity with respect
to electronically similar double bonds and thus the less
hindered 24-olefin could be osmylated preferentially.
In the absence of a chiral ligand treatment of 1 with a
stoichiometric amount of OsO4 disappointingly gave
almost equal amounts of mixture (24R)-diol 3 and tet-
raol 5 (entry 1). The use of DHQ derived ligands led
to the formation of bis-dihydroxylated tetraols as minor
products (entries 2, 4, 6, and 8). Pleasingly, (DHQD)2-
PHAL and (DHQD)2AQN gave complete regio- and
diastereo-selectivities to produce only (24R)-hydroxyl-
ated product 3 (entries 3 and 9). A good level of regio-
and diastereo-selection was observed as (24S)-diol 2
was found to be the major product in a ratio of (2/3/
5 =)82:2:16 with (DHQ)2AQN as the ligand (entry 8).



Table 3. Bis-dihydroxylation of (E)-20(22),24-cholestadiene 1

+ + 64 5
St 1

+ 7
OsO4 (2 equiv.)

Entry Ligand Yield (%) Ratio of productsa

4 5 6 7

1 None 59 0 59 20 21
2 (DHQD)2PHAL 72 0 10 52 38
3 (DHQD)2AQN 70 0 20 48 32

aDetermined by 270 MHz 1H NMR spectral analysis.
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Scheme 2. Reagents and conditions: (i) LDA, MoOPH, THF, 59%; (ii)
MeMgBr, THF, 4 for 43%, 6 for 10%.

Table 2. Mono-dihydroxylation of (E)-20(22),24-cholestadiene 1a

St
OH

OH St
OH
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+ + tetraol(s)

2 3
St

1

Entry Ligand Yield (%) Ratio of productsb

2 3 Tetraol(s)

1 None 57 0 47 53c

2 (DHQ)2PHAL 94 53 23 24c

3 (DHQD)2PHAL 87 0 100 0
4 DHQ-CLB 48 52 0 48c

5 DHQD-CLB 84 0 52 48d

6 (DHQ)2PYR 47 0 73 27e

7 (DHQD)2PYR 48 0 39 61f

8 (DHQ)2AQN 88 82 2 16c

9 (DHQD)2AQN 90 0 100 0

a All reactions were run with a stoichiometric amount of osmium
tetroxide.

b Determined by 270 MHz 1H NMR spectral analysis.
c Tetraol 5 mostly formed.
d 4/5/6/7 = 0:25:9:14.
e 4/5/6/7 = 0:13.5:0:13.5.
f 4/5/6/7 = 49:0:0:12.
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Taking account of the formation of (20S,22S,24S)-tet-
raol 5, the diastereoselection at the 24-position would
be perfect in the reactions employing DHQ-CLB and
(DHQ)2AQN (entries 4 and 8). The high diastereoselec-
tivity observed for the dihydroxylation of 1 with the
PHAL andAQN ligands is in accordance with the stereo-
selectivity reported in the asymmetric dihydroxylation
of desmosterol benzoate using the PHAL ligands.8c

With both the requisite (24S)- and (24R)-diols 2 and 3 in
hand, we carried out the asymmetric dihydroxylation
with (DHQD)2AQN selected as the ligand of choice
(Table 1; entry 9) leading to abutasterone- and 24-epi-
abutasterone-type side chains 4 and 6 as shown in
Eqs. 2 and 3. The reaction of 2 using (DHQD)2AQN
displayed a lower level of mismatched diastereoselectiv-
ity (12:88). This result suggests that the nature of hydr-
oxyl group at the 24-position could have a significant
influence on the stereochemical course of the reaction
as compared to previous results.15 In contrast, a slight
increase in the ratio (53:47) favoring the natural diaste-
reomer 6 was observed when the reaction of 3 was per-
formed with (DHQD)2AQN. Unfortunately, we could
not find a combination of 2 and a chiral ligand to over-
ride the intrinsic diastereofacial selectivity.

OH

HO

St

OH

St
OH

OH

OH

OH

HO
OH OH

St(DHQD)2AQN
5

+

8812 :
70%2

OsO4

4

ð2Þ

OH

HO

St

OH

St
OH

OH

OH

OH

HO
OH OH

St(DHQD)2AQN
7

+

4753 :
71%3

OsO4

6

ð3Þ
For the purpose of producing 24-epi-abutasterone-type
side chain 6 in a single step, we next investigated bis-
dihydroxylation of (E)-20(22),24-cholestadiene 1 and
the results shown in Table 3. Treatment with 2 equiv of
OsO4 in the absence of a ligand afforded a slightly higher
amount of 6 by a single step than the amount estimated
by sequential mono-dihydroxylations (entry 1). Moder-
ate levels of diastereoselection were observed when the
reactions with (DHQD)2PHAL and (DHQD)2AQN
were performed (entries 2 and 3). Although the reason
for the formation of (20S,22S,24S)-5 in the presence of
the DHQD ligands is unclear, dihydroxylation at the
20-position might compete poorly with preferred dihydr-
oxylation at the 24-position. As far as the preparation of
desired 6, the levels of diastereoselectivities in both the
bis- and sequential mono-dihydroxylations using
(DHQD)2PHAL and (DHQD)2AQN were almost equal
in magnitude.
We furthermore carried out an alternative synthesis of
the abutasterone- and its 24-epimer-type side chains 4
and 6 in order to confirm the structures of tetraols 4–7
as follows (Scheme 2). Hydroxylation of the ester eno-
late, prepared by treatment of (20R,22R)-c-lactone 127g

with LDA, using Vedejs� reagent, MoOPH,16 afforded
an inseparable diastereomeric mixture of a-hydroxy lac-
tone 13 in a ratio of ca. 1:1. Addition of MeMgBr to 13
gave tetraols 4 and 6 in 43 and 10% yields, respectively.
The spectroscopic data of both 4 and 6 are identical with
those obtained in the asymmetric dihydroxylation of (E)-
20(22),24-cholestadiene 1.
3. Conclusion

We have disclosed a newmethod for the synthesis of abu-
tasterone-type and 24-epi-abutasterone-type side chains
4 and 6 employing the Sharpless asymmetric dihydroxyl-
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ation of (E)-20(22),24-cholestadiene 1. Although the lev-
els of diastereoselectivities in the dihydroxylation are
moderate, this method provides a facile access to versa-
tile 24-hydroxylated ecdysteroids. These 24-hydroxyl-
ated steroids could be key intermediates for the
synthesis of not only ecdysteroids but also other physio-
logically active steroids with highly oxygenated side
chains, such as cephalostatin. Recent studies toward
the synthesis of potent LXR activating steroids have
shown the importance of 24-hydroxy steroids as highly
versatile intermediates.17 Further investigation directed
toward the synthesis of 24-hydroxylated ecdysteroids is
underway in our laboratory.
4. Experimental

4.1. General

IR spectra were obtained using a JASCO FT/IR-200
spectrophotometer. 1H and 13C NMR spectra were
obtained on a JEOL JNM-LA270 (1H NMR: 270 MHz,
13C NMR: 67.8 MHz) or a JEOL JNM-LA500 (1H
NMR: 500 MHz, 13C NMR: 125 MHz) instrument for
solutions in CDCl3, and chemical shifts are reported on
the d scale using TMS as an internal standard of d 0.00
for 1H NMR spectra and CDCl3 as an internal standard
of d 77.00 for 13C NMR spectra, respectively. MS spectra
were measured with a JEOL JMS-D300 or a JEOL
JMS-SX102 spectrometer. Optical rotations were taken
with a JASCO DIP-360 polarimeter.

4.1.1. General procedure for the dihydroxylation of the
olefins 1–3 and 8. To a stirred solution of olefin
(0.05 mmol) and chiral ligand (no use in the case of
entry 1 in Tables 1 and 2) (0.055 mmol) in t-BuOH
(1.0 mL) was added dropwise a solution of OsO4

(0.02 M in t-BuOH, 2.75 mL, 0.055 mmol) at room tem-
perature and the mixture stirred until the starting mate-
rial was consumed (usually 1–3 h). A solution of sodium
bisulfite (52 mg, 0.5 mmol) in water (1.0 mL) and pyri-
dine (1.0 mL) were added to the mixture and the reac-
tion mixture stirred for 0.5 h. The crude product was
extracted with AcOEt. The extract was washed succes-
sively with brine, aqueous saturated potassium hydro-
gen sulfate, aqueous saturated sodium hydrogen
carbonate, and brine, and then dried over anhydrous
Na2SO4. Evaporation of the solvent gave a residue,
which was purified by column chromatography on silica
gel. Elution with hexane–AcOEt (for 2, 3, 9, and 10,
75:25, v/v; for 4–7, 50:50, v/v) afforded a mixture of
di- or tetra-hydroxylated compounds. The ratio of the
tetraols was determined by the analysis of their 1H
NMR spectra with the results shown in Tables 1, 2
and Eqs. 2 and 3.

4.1.2. General procedure for the bis-dihydroxylation of
the olefin 1 in Table 3. Bis-dihydroxylation of 1 (40 mg,
0.1 mmol) with OsO4 (0.02 M in t-BuOH, 10 mL,
0.2 mmol) and chiral ligand (not used in the case of
entry 1) (0.2 mmol) in t-BuOH (2.0 mL) was performed
as above to afford the crude products. Purification of the
crude product by column chromatography on silica gel
eluting with hexane–AcOEt (50:50, v/v) afforded a mix-
ture of tetraols 4–7. The ratio of the tetraols was deter-
mined by the analysis of their 1H NMR spectra with the
results shown in Table 3.

4.1.3. (20E)-6b-Methoxy-3a,5-cyclo-5a-cholesta-20(22),
24-diene 1. To a stirred solution of phosphorane,12

prepared by treatment of 4-methyl-3-pentenyltriphenyl-
phosphonium bromide (6.8 g, 16 mmol) with sodium
hydride (ca. 60% purity, 726 mg, 18 mmol) in DMSO
(17 mL), was added a solution of ketone 1110b

(660 mg, 2 mmol) in benzene (3 mL) at 60 �C and the
mixture stirred at the same temperature for 1 h. After
cooling, aqueous saturated ammonium chloride was
added to the mixture in water-bath and the mixture
extracted with AcOEt. The extract was washed with
aqueous saturated ammonium chloride and then dried
over anhydrous Na2SO4. Evaporation of the solvent
gave a residue, which was purified by column chroma-
tography on silica gel. Elution with hexane–AcOEt
(99:1, v/v) afforded diene 1 (678 mg, 86%) a colorless
glass. ½a�24D ¼ �33:9 (c 1.75, CHCl3); IR: 2930, 1455,
1380, 1100 cm�1; 1H NMR (500 MHz) d 0.44 (1H, dd,
J = 8.1, 5.1 Hz, 4a-H), 0.58 (3H, s, 18-H3), 0.65 (1H,
t, J = 5.1 Hz, 4b-H), 0.81–0.94 (3H, m), 1.02 (3H, s,
19-H3), 1.04–1.85 (14H, m), 1.63 and 1.69 (each 3H,
each br s, 26-H3 and 27-H3), 1.64 (3H, br s, 21-H3),
1.91 (1H, dt, J = 13.4, 2.7 Hz, 7-HH), 2.01 (1H, t,
J = 9.8 Hz, 17-H), 2.72 (2H, t, J = 7.0 Hz, 23-H2), 2.77
(1H, t, J = 2.7 Hz, 6-H), 3.30 (3H, s, OCH3), 5.11 (1H,
tt, J = 7.0, 1.2 Hz, 24-H), 5.15 (1H, t, J = 7.0 Hz, 22-
H); 13C NMR (125 MHz) d 13.1, 13.2, 17.7, 17.9, 19.3,
21.5, 22.7, 24.2, 24.7, 24.9, 25.7, 27.1, 30.7, 33.3, 35.0,
35.3, 39.1, 43.4, 43.9, 48.3, 56.1, 56.5, 59.0, 82.4, 123.6,
124.0, 131.2, 134.5; MS (EI) (rel. int.): 93 (100, base),
396 (5.4, M+); HRMS (EI) calcd for C28H44O:
396.3392; found: 396.3389.

4.1.4. (20E,24S)-24,25-Dihydroxy-6b-methoxy-3a,5-cyclo-
5a-cholest-20(22)-ene 2. A colorless glass; ½a�24D ¼
þ12:9 (c 1.00, CHCl3); IR: 3440, 2930, 1455, 1380,
1100 cm�1; 1H NMR (500 MHz) d 0.44 (1H, dd, J =
7.9, 4.8 Hz, 4a-H), 0.61 (3H, s, 18-H3), 0.66 (1H, t,
J = 4.8 Hz, 4b-H), 0.82–0.95 (3H, m), 1.03 (3H, s, 19-
H3), 1.04–1.87 (14H, m), 1.20 and 1.25 (each 3H, each
s, 26-H3 and 27-H3), 1.68 (3H, br s, 21-H3), 1.91 (1H,
dt, J = 13.4, 2.7 Hz, 7-HH), 2.03 (1H, br s, OH), 2.08
(1H, t, J = 9.7 Hz, 17-H), 2.17 (1H, br s, OH), 2.24
(2H, distorted t, J = 8.5 Hz, 23-H2), 2.78 (1H, t,
J = 2.7 Hz, 6-H), 3.33 (3H, s, OCH3), 3.42 (1H, dd,
J = 8.9, 4.3 Hz, 24-H), 5.28 (1H, t, J = 7.3 Hz, 22-H);
13C NMR (125 MHz) d 13.1, 13.5, 18.2, 19.3, 21.4,
22.7, 23.7, 24.1, 24.8, 24.9, 26.6, 30.6, 30.7, 33.3, 35.1,
35.3, 39.2, 43.4, 43.9, 48.3, 56.1, 56.6, 59.1, 72.6, 77.8,
82.4, 121.1, 139.0; MS (CI) (rel. int.): 395 (100, base),
431 (6.6, M+1); HRMS (CI) calcd for C28H46O3+H:
431.3525; found: 431.3514.

4.1.5. (20E,24R)-24,25-Dihydroxy-6b-methoxy-3a,5-cyclo-
5a-cholest-20(22)-ene 3. A colorless glass; ½a�25D ¼
�44:1 (c 0.85, CHCl3); IR: 3420, 2930, 1455, 1380,
1100 cm�1; 1H NMR (500 MHz) d 0.44 (1H, dd,
J = 7.9, 4.8 Hz, 4a-H), 0.61 (3H, s, 18-H3), 0.65 (1H,



M. Tsubuki et al. / Tetrahedron: Asymmetry 16 (2005) 3913–3918 3917
t, J = 4.8 Hz, 4b-H), 0.82–0.94 (3H, m), 1.03 (3H, s, 19-
H3), 1.00–1.87 (14H, m), 1.20 and 1.25 (each 3H, each s,
26-H3 and 27-H3), 1.68 (3H, br s, 21-H3), 1.91 (1H, dt,
J = 13.4, 2.7 Hz, 7-HH), 2.03 (1H, br s, OH), 2.08
(1H, t, J = 9.7 Hz, 17-H), 2.15 (1H, br s, OH), 2.24
(2H, distorted t, J = 7.3 Hz, 23-H2), 2.78 (1H, t,
J = 2.4 Hz, 6-H), 3.33 (3H, s, OCH3), 3.42 (1H, dd,
J = 7.3, 5.5 Hz, 24-H), 5.28 (1H, t, J = 7.3 Hz, 22-H);
13C NMR (125 MHz) d 13.1, 13.4, 18.2, 19.3, 21.4,
22.7, 23.7, 24.1, 24.8, 24.9, 26.6, 30.5, 30.7, 33.3, 35.0,
35.2, 39.2, 43.4, 43.9, 48.2, 56.0, 56.5, 59.2, 72.5, 77.8,
82.3, 121.0, 139.0; MS (EI) (rel. int.): 398 (100, base),
430 (23.3, M+); HRMS (EI) calcd for C28H46O3:
430.3447; found: 430.3449.

4.1.6. (20R,22R,24S)-20,22,24,25-Tetrahydroxy-6b-meth-
oxy-3a,5-cyclo-5a-cholestane 4. A colorless glass; ½a�21D ¼
þ20:6 (c 0.48, CHCl3); IR: 3425, 2930, 1455, 1380,
1100 cm�1; 1 H NMR (500 MHz, CDCl3): d 0.44
(1H, dd, J = 7.9, 4.8 Hz, 4a-H), 0.65 (1H, t, J = 4.8 Hz,
4b-H), 0.80–0.90 (3H, m), 0.93 (3H, s, 18-H3), 1.02 (3H,
s, 19-H3), 1.04–1.82 (20H, m), 1.10 (3H, s, 21-H3), 1.18
and 1.23 (each 3H, each s, 26 and 27-H3), 1.89 (1H,
dt, J = 13.4, 2.7 Hz, 7-HH), 2.09 (1H, dt, J = 12.5,
3.0 Hz, 12-HH), 2.78 (1H, t, J = 2.7 Hz, 6-H), 3.33 (3H,
s, OCH3), 3.64 (1H, d, J = 9.4 Hz, 24-H), 4.07 (1H,
d, J = 9.1 Hz, 22-H); 13C NMR (125 MHz, CDCl3): d
13.1, 13.9, 19.3, 21.5, 21.8, 22.6, 23.3, 23.6, 24.0, 25.0,
26.3, 29.9, 31.6, 33.3, 35.0, 35.2, 41.2, 43.3, 43.4, 47.8,
55.1, 56.6, 56.7, 72.5, 76.2, 78.1, 78.9, 82.3; MS (EI)
(rel. int.): 43 (100, base), 464 (0.2, M+); FABMS (posi-
tive) C28H48O5+H: 465.

4.1.7. (20S,22S,24S)-20,22,24,25-Tetrahydroxy-6b-meth-
oxy-3a,5-cyclo-5a-cholestane 5. A colorless glass; ½a�26D ¼
þ16:2 (c 0.29, CHCl3); IR: 3420, 2930, 1455, 1380,
1095 cm�1; 1 H NMR (500 MHz, CDCl3): d 0.44 (1H,
dd, J = 7.9, 4.8 Hz, 4a-H), 0.65 (1H, t, J = 4.8 Hz, 4b-
H), 0.78–0.90 (3H, m), 0.94 (3H, s, 18-H3), 1.02 (3H, s,
19-H3), 1.11 (3H, s, 21-H3), 1.03–1.83 (20H, m), 1.18
and 1.23 (each 3H, each s, 26 and 27-H3), 1.88 (1H, dt,
J = 13.4, 2.7 Hz, 7-HH), 2.12 (1H, dt, J = 12.5, 3.0 Hz,
12-HH), 2.77 (1H, t, J = 2.7 Hz, 6-H), 3.33 (3H, s,
OCH3), 3.64 (1H, d, J = 9.4 Hz, 24-H), 4.07 (1H, d,
J = 9.1 Hz, 22-H); 13C NMR (125 MHz, CDCl3): d
13.1, 14.2, 19.3, 21.4, 21.5, 22.6, 23.6, 23.7, 24.0, 24.9,
26.5, 29.9, 32.3, 33.3, 35.0, 35.2, 40.7, 43.4, 43.5, 47.9,
55.1, 56.5, 56.6, 72.3, 72.9, 75.0, 78.6, 82.3; MS (CI)
(rel. int.): 447 (100, base), 465 (1.1, M++1); HRMS
(CI) calcd for C28H48O5+H: 465.3580; found 465.3557.

4.1.8. (20R,22R,24R)-20,22,24,25-Tetrahydroxy-6b-meth-
oxy-3a,5-cyclo-5a-cholestane 6. A colorless glass; ½a�25D ¼
þ38:8 (c 0.52, CHCl3); IR: 3420, 2930, 1455, 1380,
1100 cm�1; 1 H NMR (500 MHz, CDCl3): d 0.44 (1H,
dd, J = 7.9, 4.8 Hz, 4a-H), 0.65 (1H, t, J = 4.8 Hz, 4b-
H), 0.79–0.90 (3H, m), 0.93 (3H, s, 18-H3), 1.03 (3H, s,
19-H3), 1.24 (3H, s, 21-H3), 1.04–1.84 (20H, m), 1.18
and 1.25 (each 3H, each s, 26 and 27-H3), 1.89 (1H, dt,
J = 13.4, 2.7 Hz, 7-HH), 2.09 (1H, dt, J = 12.2, 3.3 Hz,
12-HH), 2.77 (1H, br s, 6-H), 3.33 (3H, s, OCH3), 3.69
(1H, dd, J = 9.8, 2.7 Hz, 24-H), 3.77 (1H, dd, J = 10.1,
2.4 Hz, 22-H); 13C NMR (125 MHz, CDCl3): d 13.1,
14.0, 19.3, 20.3, 21.5, 21.9, 22.6, 23.8, 24.0, 25.0, 26.7,
29.9, 32.6, 33.4, 34.9, 35.3, 40.7, 43.4, 43.6, 48.0, 54.8,
56.4, 56.6, 72.6, 72.9, 75.0, 77.5, 82.3; MS (EI) (rel.
int.): 43 (100, base), 463 (0.2, M+�1); HRMS (EI) calcd
for C28H48O5–H: 463.3423; found 463.3438.

4.1.9. (20S,22S,24R)-20,22,24,25-Tetrahydroxy-6b-meth-
oxy-3a,5-cyclo-5a-cholestane 7. A colorless glass; ½a�24D ¼
þ29:4 (c 1.30, CHCl3); IR: 3425, 2930, 1455, 1380,
1100 cm�1; 1 H NMR (500MHz, CDCl3): d 0.44 (1H,
dd, J = 7.9, 4.8 Hz, 4a-H), 0.65 (1H, t, J = 4.8 Hz, 4b-
H), 0.77–0.91 (3H, m), 0.93 (3H, s, 18-H3), 1.02 (3H, s,
19-H3), 1.10 (3H, s, 21-H3), 1.04–2.05 (21H, m), 1.18
and 1.23 (each 3H, each s, 26 and 27-H3), 2.29–2.36
(1H, m), 2.78 (1H, t, J = 2.7 Hz, 6-H), 3.32 (3H, s,
OCH3), 3.64 (1H, d, J = 9.4 Hz, 24-H), 4.07 (1H, d,
J = 9.1 Hz, 22-H); 13C NMR (125 MHz, CDCl3): d
13.1, 13.9, 19.3, 21.5, 21.8, 22.6, 23.3, 23.6, 24.0, 25.0,
26.3, 29.9, 31.6, 33.3, 35.0, 35.2, 41.2, 43.3, 43.4, 47.8,
55.1, 56.6, 56.7, 72.5, 76.2, 78.1, 78.9, 82.3; MS (EI)
(rel. int.): 299 (100, base), 464 (0.2, M+); HRMS (EI)
calcd for C28H48O5: 464.3502; found 464.3532.

4.1.10. (20R,22R)-20,24-Dihydroxy-6b-methoxy-3a,5-
cyclo-25-homo-5a-cholano-25,22-lactone 13. To a stir-
red solution of lithium diisopropylamide, prepared from
n-BuLi (1.59 M in hexane, 0.45 mL, 0.72 mmol) and
diisopropylamine (73 mg, 0.72 mmol) in THF (1 mL),
was added a solution of lactone 127g (100 mg,
0.24 mmol) in THF (1 mL) at �78 �C and the mixture
stirred at the same temperature for 1 h. To this reaction
mixture was added portionwise MoOPH16 (12 mg,
0.29 mmol) and the mixture stirred at the same temper-
ature for 1.5 h. After the addition of aqueous saturated
ammonium chloride, the mixture was allowed to warm
to room temperature. Inorganic compounds were fil-
tered off and the filtrate extracted with AcOEt. The
extract was washed with aqueous saturated ammonium
chloride and then dried over anhydrous Na2SO4. Evap-
oration of the solvent gave a residue, which was purified
by column chromatography on silica gel. Elution with
hexane–AcOEt (65:35, v/v) afforded unreacted lactone
12 (71.7 mg) and an inseparable diastereomeric ca. 1:1
mixture of hydroxy lactone 13 (17.2 mg, 59% based on
the recovery of the starting material) as a colorless glass.
IR: 3580, 3390, 2920, 1785, 1455, 1380, 1100 cm�1;
1H NMR (270 MHz, CDCl3): d 0.44 (1H, dd, J = 7.9,
4.8 Hz, 4a-H), 0.65 (1H, t, J = 4.8 Hz, 4b-H), 0.84–
2.23 (21H, m), 0.85 and 0.88 (total 3H, each s, 18-H3),
1.02 (3H, s, 19-H3), 1.20 and 1.24 (total 3H, each s,
21-H3), 2.44–2.58 (1H, m), 2.78 (1H, br s, 6-H), 3.01
and 3.22 (total 1H, each br s, OH), 3.33 (3H, s,
OCH3), 4.38 (0.5H, dd, J = 10.4, 6.1 Hz, 22-H), 4.47–
4.62 (1.5H, m, 22-H and 24-H); MS (EI) (rel. int.): 43
(100, base), 432 (2.4, M+); HRMS (EI) calcd for
C26H40O5: 432.2874; found 432.2872.

4.1.11. (20R,22R,24S)- and (20R,22R,24R)-20,22,24,25-
Tetrahydroxy-6b-methoxy-3a,5-cyclo-5a-cholestanes 4
and 6. To a stirred solution of 13 (13.5 mg, 0.03 mmol)
in dry THF (1 mL) was added MeMgBr (3 M in Et2O,
0.1 mL, 0.3 mmol) at �78 �C, and the mixture was
allowed to warm to 0 �C. The reaction mixture was stir-
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red for 0.5 h at 0 �C. After quenching the reaction by
addition of saturated aqueous ammonium chloride solu-
tion, the mixture then extracted with AcOEt. The
extract was washed with brine and dried over anhydrous
Na2SO4. Evaporation of the solvent gave a residue,
which was purified by column chromatography on silica
gel. Elution with hexane–AcOEt (50:50, v/v) afforded
tetraol 4 (6.3 mg, 43%) as a colorless glass. Further elu-
tion with hexane–AcOEt (30:70, v/v) afforded tetraol 6
(1.4 mg, 10%) as a colorless glass. Spectroscopic data
of both tetraols 4 and 6 obtained by Grignard reaction
were identical with those described in the dihydroxyl-
ation of (E)-20(22),24-cholestadiene 1.
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