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Abstract

A number of hexadeuterated brassinosteroids (BS) containing a hydroxy group at C-22 or a 22R,23R-diol function were prepared
starting from 23,24-bisnorcholenic acid methyl ester for biosynthetic studies. Synthesis of the cyclic part was accomplished via the ini-
tial hydroboration–oxidation of�5-double bond. The key step in the synthesis of the side chain involved addition of (2S)-[3,4-2H ]2,3-
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imethylbutylphenyl sulfone to the corresponding C-22 aldehydes.
2004 Elsevier Inc. All rights reserved.
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. Introduction

Knowledge of the subtle details of BS biosynthesis is
ssential for a better understanding of many aspects of the
hysiological action of these plant hormones[1–3]. As a
rerequisite for successful biosynthetic studies, a broad spec-

rum of possible biosynthetic precursors is required[4]. Re-
ently, we reported the synthesis of many BS bearing three
5] or six [6] deuteriums in the side chain. These com-
ounds were used for the identification of new BS, such as
-epibrassinolide[7] and secasterol[8], and elucidation of

he biosynthetic route to 2,3-epoxybrassinosteroids via teast-
rone/typhasterol. To continue further biosynthetic studies, a
umber of new labeled compounds were necessary. Thus,

he present work partially aimed at preparation of possi-
le biosynthetic precursors of brassinolide (as hexadeuter-
ted derivatives). The majority of syntheses concerning the
teroidal side chain formation made use of 22-aldehydes as
ey intermediates, which, in turn, were prepared by ozonoly-

sis of�22-steroids. In this respect, another task of the pre
investigation was the evaluation of the synthetic potenti
commercialy available 23,24-bisnorcholenic acid methy
ter 1 [methyl (20S)-3�-hydroxypregn-5-ene-20-carboxyla
as a starting material for preparation of BS. Until now, o
one paper has described the synthesis of BS analogs w
ester function in the side chain from1 [9].

2. Experimental

2.1. General

1H and 13C NMR spectra were recorded on a Bru
Avance 400 (400 MHz for1H, 100 MHz for13C) spectrome
ter using TMS as an internal standard in CDCl3 (if not stated
otherwise). Accurate mass measurements were carrie
on a Micromass MasSpec mass spectrometer operat
the 70 eV-EI mode. Samples were introduced by direct p
for accurate mass measurement by peak matching. Chem
were purchased from Aldrich, Fluka, and Steraloids ch
∗ Corresponding author. Tel.: +375 172 648 647; fax: +375 172 648 647.
E-mail address:khripach@iboch.bas-net.by (V.A. Khripach).

ical companies and were used as received. [2H3]Methyl io-
dide (99.5%) was supplied by Deutero Gmbh. Reactions were

039-128X/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.steroids.2004.05.014
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monitored by TLC using aluminium or plastic sheets pre-
coated with silica gel 60 F254(VWR 1.05554). Column chro-
matography was carried out on Kieselgel 60 (VWR 1.07734).
Jones reagent refers to a solution of CrO3 (26.7 g) in concen-
trated H2SO4 (23 ml) diluted to 100 ml with water.

2.2. (20S)-6�-Methoxy-3�,5-cyclo-5�-pregnane-20-
methanol (2)

A mixture of ester1 (5 g, 13.9 mmol) and TsCl (5 g,
26.2 mmol) in pyridine (60 ml) was kept at room temperature
for 24 h. Water (400 ml) was then added, and the resulting
precipitate was filtered off. After drying in air, the tosylate
was dissolved in MeOH (100 ml) and pyridine (5 ml), and
the mixture was heated under reflux for 2 h. Solvents were
evaporated in vacuo to give an oil (5.1 g, i-steroid/1a= 10/1
according to1H NMR). The obtained product was dissolved
in ether (25 ml) and added to a suspension of LiAlH4 (6.4 g,
169 mmol) in ether (100 ml). The mixture was stirred at room
temperature for 2 h, after which water (6.4 ml), 15% NaOH
(6.4 ml), and again water (19.2 ml) were consecutively added.
The obtained precipitate was filtered off, and the filtrate was
evaporated to give an oily product. A solution of 1M BH3
in THF (10 ml, 10 mmol) was added to this oil. The mixture
was kept at room temperature for 14 h and then treated with
3 O
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residue was chromatographed on SiO2 with hexane–EtOAc
(10:1⇒ 4:1) to give aldehyde3 (3.05 g, 85%) as an oil.1H
NMR δ: 0.77 (s, 3H, 18-H), 1.03 (s, 3H, 19-H), 1.12 (d,J =
7 Hz, 3H, 21-H), 2.37 (m, 1H, 20-H), 2.78 (t,J = 2.9 Hz, 1H,
6-H), 3.33 (s, 3H, OMe), 9.58 (d,J = 3.3 Hz, 1H, CHO).
13C NMR δ: 12.63, 13.11, 13.43, 19.29, 21.48, 22.72, 24.56,
24.96, 27.15, 30.54, 33.39, 35.11, 35.26, 39.98, 43.42, 43.44,
48.07, 49.53, 51.24, 55.78, 56.59, 82.30, 205.18. HRMS calc.
for C23H36O2: 344.2715; found: 344.2720. EI-MSm/z (%):
286 (24), 289 (100), 312 (66) [M CH3OH]•+, 313 (18), 329
(61) [M CH3]+, 330 (15) [M + H CH3]+, 344 (52) [M]•+,
345 (12) [M + H]+.

2.4. Hydroboration of (1)

A solution of 1 M BH3·THF (15 ml, 15 mmol) was added
to a solution of1 (1.05 g, 2.91 mmol) in THF (20 ml).
The mixture was kept at ambient temperature for 14 h and
treated with 30% H2O2 (15 ml, 121 mmol) and a 25% so-
lution of NaHCO3 (15 ml, 121 mmol) for 30 min. After di-
lution with water, the desired product was extracted with
EtOAc (3 × 100 ml). The combined extracts were dried
(Na2SO4) and evaporated in vacuo. The residue was chro-
matographed on SiO2 with hexane–EtOAc (10:1⇒ 0:1)
to give: (a) methyl (20S)-3�,6�-dihydroxy-5�-pregnane-20-
c 1

δ
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T nd
0% H2O2 (10 ml, 79 mmol) and a 17% solution of NaHC3
15 ml, 38 mmol) for 30 min. The mixture was diluted w
ater (100 ml) and extracted with EtOAc (3× 70 ml). The or
anic phase was dried (Na2SO4) and evaporated. The resid
as chromatographed on SiO2 with hexane–EtOAc (10:1⇒
:1) to give alcohol2 (3.62 g, 75%) as an oil.1H NMR δ: 0.74
s, 3H, 18-H), 1.03 (s, 3H, 19-H), 1.05 (d,J = 6.6 Hz, 3H, 21
), 2.77 (t,J = 2.6 Hz,1H, 6-H), 3.32 (s, 3H, OMe), 3.37 (d
= 10, 7 Hz,1H, 22-H), 3.64 (dd,J = 10, 3 Hz,1H, 22-H).

3C NMR δ: 12.34, 13.09, 16.76, 19.30, 21.52, 22.77, 24
4.98, 27.81, 30.54, 33.38, 35.09, 35.31, 38.78, 40.15, 4
3.41, 48.04, 52.63, 56.27, 56.57, 68.04, 82.41. HRMS

or C23H38O3: 346.2872; found: 346.2880. EI-MSm/z (%):
55 (10), 288 (25), 291 (100), 299 (12) [M CH3OH CH3]+,
14 (89) [M CH3OH]•+, 331 (54) [M CH3]+, 346 (49)
M]•+, 347 (10) [M + H]+.

.3. (20S)-6�-Methoxy-3�,5-cyclo-5�-pregnane-20-
arbaldehyde (3)

DMSO (10.5 ml, 149 mmol) was added dropwise to a
ution of (COCl)2 (9.5 ml, 109 mmol) in CH2Cl2 (100 ml) at

80 to−72◦C under argon. The mixture was kept at−70 to
65◦C for 30 min, cooled to−75◦C, and alcohol2 (3.6 g,
0.4 mmol) in CH2Cl2 (30 ml) was added slowly. The mixtu
as stirred at−70◦C for 1 h, and Et3N (31 ml, 0.22 mol) wa

hen added dropwise. After 30 min, the mixture was allo
o warm to 0◦C and then consecutively treated with NH4Cl
2 g) and water (200 ml) while vigorous stirring. The aque
hase was extracted with EtOAc (3× 100 ml). The combine
rganic phases were dried (Na2SO4) and evaporated. Th
arboxylate4 (310 mg, 28%) as an oil.H NMR (C5D5N)
: 0.62 (s, 3H, 18-H), 0.89 (s, 3H, 19-H), 1.23 (d,J =
.9 Hz, 3H, 21-H), 3.64–3.78 (m, 4H, 6-H and OMe), 3
m, 1H, 3-H). 13C NMR (C5D5N) δ: 12.29, 13.73, 17.32
1.45, 24.50, 27.50, 32.38, 33.75, 34.68, 36.56, 38.04, 3
2.68, 42.82, 51.23, 52.75, 53.46, 54.25, 56.12, 60.30, 6
1.01, 176.96. HRMS calc. for C23H38O4: 378.2770; found
78.2774. EI-MSm/z (%): 161 (12), 213 (21), 231 (22), 2
13), 264 (12), 301 (8), 327 (5), 342 (7) [M 2H2O]•+, 345
12) [M H2O CH3]+, 360 (100) [M H2O]•+, 361 (26)
78 (3) [M]•+; (b) (20S)-3�,6�-dihydroxy-5�-pregnane-20
ethanol5 (640 mg, 63%) as an oil.1H NMR (C5D5N) δ:
.70 (s, 3H, 18-H), 0.90 (s, 3H, 19-H), 1.30 (d,J = 6.5 Hz,
H, 21-H), 3.55–3.63 (m, 1H, 22-H), 3.66–3.75 (m, 1H, 6
.88–3.98 (m, 2H, 3- and 22-H).13C NMR (C5D5N) δ: 12.38,
3.77, 17.56, 21.54, 24.67, 28.12, 32.39, 33.75, 34.76, 3
8.06, 39.75, 40.16, 42.80, 42.90, 52.76, 53.21, 54.33, 5
7.04, 68.73, 71.05. HRMS calc. for C22H38O3: 350.2821

ound: 350.2827. EI-MSm/z (%): 213 (19), 231 (38), 23
28), 246 (11), 264 (10), 299 (6), 314 (7) [M 2H2O]•+, 317
10) [M H2O CH3]+, 332 (100) [M H2O]•+, 333 (25), 350
2) [M]•+.

.5. Methyl (20S)-3,6-dioxo-5�-pregnane-20-
arboxylate (6)

The dihydroxyester4 (460 mg, 1.22 mmol) was dissolv
n acetone (50 ml), and Jones reagent (5 ml) was added

ixture was stirred for 15 min,iPrOH was added, and st
ing was continued to quench any remaining Jones rea
he reaction mixture was diluted with water (150 ml) a
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extracted with EtOAc (3× 75 ml). The extracts were dried
(Na2SO4) and evaporated. The residue was chromatographed
on SiO2 with hexane–EtOAc (10:1⇒ 2:1) to give 415 mg
(91%) of the diketoester6 as an oil.1H NMR δ: 0.71 (s, 3H,
18-H), 0.96 (s, 3H, 19-H), 1.20 (d,J = 6.8 Hz, 21-H), 3.65 (s,
3H, OMe).13C NMR δ: 12.20, 12.57, 17.09, 21.61, 24.04,
26.98, 36.96, 37.34, 37.94, 38.04, 39.13, 41.21, 42.33, 43.04,
46.49, 51.44, 52.78, 53.37, 56.17, 57.46, 177.10, 208.86,
211.20.

2.6. Methyl (20S)-3,6-(dioxolan-2-yl)-5�-pregnane-20-
carboxylate (7)

Ethyleneglycol (1.2 ml, 21.6 mmol), triethylorthoformate
(1.75 ml, 10.5 mmol), and TsOH (20 mg, 0.11 mmol) were
consecutively added to a solution of6 (390 mg, 1.04 mmol)
in CH2Cl2 (20 ml). The mixture was kept at ambient tem-
perature for 14 h, treated with Et3N (0.5 ml), and followed
by addition of water (100 ml). After stirring for 30 min,
the organic phase was separated, and the aqueous phase
was extracted with CHCl3 (3 × 60 ml). The combined or-
ganic phases were dried (Na2SO4), and the solvents were
evaporated in vacuo. The residue was chromatographed on
SiO2 with hexane–EtOAc (10:1⇒ 4:1) to give7 (351 mg,
73%) as an oil.1H NMR δ: 0.69 (s, 3H, 18-H), 0.95 (s,
3 ),
3 ,
1 7.25,
3 5.61,
6 MS
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39.72, 41.22, 42.47, 42.85, 49.62, 52.65, 53.40, 55.72, 64.14,
64.20, 64.30, 65.46, 109.72, 109.77, 181.82. HRMS calc. for
C26H40O6: 448.2719; found: 448.2709.

2.9. (20S)-3,6-(Dioxolan-2-yl)-5�-pregnane-20-
methanol (8)

A solution of the ester7 (400 mg, 0.86 mmol) in ether
(20 ml) was added to a stirred suspension of LiAlH4 (600 mg,
15.8 mmol) in ether (80 ml). The mixture was stirred at am-
bient temperature for 2 h and subsequently treated with water
(0.6 ml), 15% NaOH (0.6 ml), and water (1.8 ml). The precip-
itate was filtered off, and the filtrate was dried (Na2SO4) and
evaporated. The residue was chromatographed on SiO2 with
hexane–EtOAc (8:1⇒ 1:1) to give alcohol8 (320 mg, 86%)
as an oil.1H NMR δ: 0.70 (s, 3H, 18-H), 0.95 (s, 3H, 19-H),
1.04 (d,J = 6.6 Hz, 3H, 21-H), 3.35 (dd,J = 10.5, 6.8 Hz,
1H, 22-H), 3.62 (dd,J = 10.5, 3.2 Hz, 1H, 22-H), 3.70–3.78
and 3.85–3.97 (m, 8H, dioxolane).13C NMR δ: 12.18, 13.55,
16.75, 21.11, 24.35, 27.69, 29.32, 31.11, 33.52, 36.92, 37.33,
38.79, 39.77, 41.28, 42.80, 49.66, 52.64, 53.45, 55.85, 64.15,
64.20, 64.30, 65.45, 68.03, 109.77, 109.79. Using a similar
procedure, alcohol8was prepared from acid11 in 89% yield.

2.10. (20S)-3,6-(Dioxolan-2-yl)-5�-pregnane-20-
c

-
d
9 ,
3 ,
2 iox-
o
1 7.33,
3 4.14,
6 . for
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3

2
s
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w
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a at
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k
1 ved,
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( was
e ic
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w
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H, 19-H), 1.18 (d,J = 6.8 Hz, 21-H), 3.63 (s, 3H, OMe
.70–3.97 (m, 8H, dioxolane).13C NMR δ: 12.24, 13.54
7.08, 21.00, 24.24, 27.11, 29.26, 31.05, 33.42, 36.86, 3
9.59, 41.18, 42.49, 42.71, 49.57, 51.33, 52.91, 53.30, 5
4.13, 64.20, 64.30, 65.43, 109.64, 109.68, 177.29. HR
alc. for C27H42O6: 462.2981; found: 462.2982. EI-MSm/z

%): 167 (8), 225 (13), 265 (100), 266 (21), 363 (13),
74), 403 (8) [M CO2CH3]+, 462 (43) [M]•+, 463 (14) [M
H]+.

.7. (20S)-3,6-Dioxo-5�-pregnane-20-
arboxylic acid (10)

Alcohol 5was converted into the acid10using the proce
ure reported for the preparation of compound6. Compound
0was isolated as an oil in 84% yield.1H NMR δ: 0.73 (s
H, 18-H), 0.96 (s, 3H, 19-H), 1.24 (d,J = 7.0 Hz, 21-H)
3C NMR δ: 12.26, 12.60, 17.11, 21.68, 24.14, 27.17, 36
7.35, 37.99, 38.15, 39.29, 41.23, 42.45, 43.17, 46.53, 5
3.52, 56.31, 57.55, 208.64, 211.01.

.8. (20S)-3,6-(Dioxolan-2-yl)-5�-pregnane-20-
arboxylic acid (11)

Compound10was converted into the dioxolane derivat
1using the procedure reported for the preparation of c
ound7. Compound11was isolated as an oil in 83% yie
H NMR δ: 0.70 (s, 3H, 18-H), 0.95 (s, 3H, 19-H), 1.23 (d,J=
.8 Hz, 3H, 21-H), 2.41 (dq,J= 6.8, 3.7 Hz, 20-H), 3.70–3.7
nd 3.84–3.98 (m, 8H, dioxolane).13C NMR δ: 12.26, 13.54
7.05, 21.07, 24.33, 27.30, 29.29, 31.10, 33.50, 36.93, 3
arbaldehyde (9)

Alcohol 8was converted into aldehyde9 using the proce
ure reported for the preparation of compound3. Compound
was isolated as an oil in 89% yield.1H NMR δ: 0.73 (s
H, 18-H), 0.96 (s, 3H, 19-H), 1.12 (d,J = 7.0 Hz, 21-H)
.35 (m, 1H, 20-H), 3.71–3.79 and 3.85–3.98 (m, 8H, d
lane), 9.56 (d, 1H,J = 3.3 Hz, CHO). 13C NMR δ: 12.49,
3.46, 13.54, 21.05, 24.60, 27.00, 29.30, 31.10, 33.48, 3
9.58, 41.26, 43.30, 49.44, 49.64, 51.19, 53.45, 55.37, 6
4.21, 64.31, 65.46, 109.64, 109.69, 204.87. HRMS calc
26H40O5432.2876; found: 432.2874. EI-MSm/z (%): 167

16), 178 (10), 221 (70), 225 (12), 303 (8), 317 (10), 319
46 (100), 375 (12), 418 (55), 432 (2) [M]•+.

.11. 2-[(2R)-2-Methyl-3-[2H3]methyl-3-phenyl-
ulfonyl-[4-2H3]butyloxy]tetrahydro-2H-pyran (14)

A solution of 2.7 M BuLi (77.5 ml, 209 mmo
as added to a solution of 2-[(2R)-2-methyl-3-
henylsulfonylpropyloxy]tetrahydro-2H-pyran12 prepared
ccording to[5] (22.2 g, 74.4 mmol) in THF (235 ml)
70◦C under argon. The mixture was warmed to−45◦C,

ept at this temperature for 5 min, and CD3I (10.3 ml,
65 mmol) was then added. The cooling bath was remo
nd the mixture was allowed to warm to−10◦C. NH4Cl
5 g) and water (300 ml) were added, and the mixture
xtracted with EtOAc (3× 100 ml). The combined organ
hases were dried (Na2SO4) and evaporated. The resid
as chromatographed on SiO2 with hexane–EtOAc (10:1⇒
:1) to give sulfone14 (19.0 g, 76%). The1H and13C NMR
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spectra of this product were identical with those obtained
for this compound earlier[5].

2.12. (24S)-[26,27-2H6]23-Phenylsulfonyl-24-
methyl-3�,5-cyclo-5�-cholestan-22-ol (18)

A solution of 2.7 M BuLi in heptane (7 ml,
19 mmol) was added to a solution of (2S)-[3,4-2H6]2,3-
dimethylbutylphenyl sulfone17 (1.3 g, 5.6 mmol) in THF
(40 ml), which was prepared according to[5], at−70◦C. The
mixture was kept at−70→ −60◦ C for 30 min, then excess
butyllithium was destroyed by adding diisopropylamine
(5 ml, 35 mmol). The mixture was kept another 30 min and
finally cooled to−70◦C. A solution of aldehyde3 (2.05 g,
5.95 mmol) in THF (20 ml) was added over 1 h, and the
cooling bath was removed. After room temperature was
reached, NH4Cl (2 g) and water (50 ml) were added. The
crude product was extracted with EtOAc (3× 30 ml), dried
on Na2SO4, and the solvent was removed in vacuo. The
residue was chromatographed on SiO2 with hexane–EtOAc
(10:1 ⇒ 1:1) to give 2.69 g (83%) of sulfone18 as an
oil. 1H NMR δ: 0.71 (s, 3H, 18-H), 1.01 (s, 3H, 19-H),
3.32 (s, 3H, OMe), 3.66 (m, 1H), 4.29–4.34 (m, 1H),
7.50–7.68 and 7.89–7.94 (m, 5H, Ph).13C NMR δ: 11.38,
12.25, 13.09, 13.53, 13.56, 15.90, 15.95, 19.28, 21.47,
2 1.96,
3 3.36,
4 2.38,
1 3.00,
1

2
c

1
w ,
1 at
r l).
T laye
w r-
g re
r anol
( (II)
c was
s
fi ith
h ere
d idue
w
1
0 ,
J
2 22-
a 2,
2 3.47,

35.17, 40.25, 40.31, 42.78, 43.00, 43.50, 48.23, 56.30, 56.57,
56.76, 82.54, 131.94, 136.12. HRMS calc. for C29H42D6O:
418.4082; found: 418.4090. EI-MSm/z (%): 81 (46), 107
(36), 159 (31), 161 (23), 253 (31), 255 (100), 285 (17), 314
(23), 363 (78), 364 (77), 386 (68) [M-CH3OH]•+, 387 (69),
403 (45) [M CH3]+, 404 (48), 418 (91) [M]•+, 419 (98) [M
+ H]+.

2.14. Hydroxylation of (19)

A mixture of 19 (120 mg), AD-mix-� (2 g), and
MeSO2NH2 (182 mg) intert-butanol–water (5:4, 18 ml) was
stirred at ambient temperature for 14 days. A solution of
NaHSO3 (37%, 10 ml) was then added, and stirring was
continued at 35◦C for 30 min. Solvents were removed in
vacuo, and the residue was dissolved in water (40 ml) and
extracted with CHCl3 (3 × 30 ml). The combined organic
extracts were dried (Na2SO4) and evaporated. The residue
was chromatographed on SiO2 with hexane–EtOAc (15:1⇒
1:1) to give: a) (22S,23S,24S)-[26,27-2H6]6�-methoxy-24-
methyl-3�,5-cyclo-5�-cholesta-22,23-diol20(29 mg, 22%).
1H NMR δ: 0.75 (d, J = 6.4 Hz, 3H, 21- or 28-H), 0.76
(s, 3H, 18-H), 1.03 (s, 3H, 19-H), 1.04 (d,J = 7 Hz,
3H, 28- or 21-H), 2.77 (t,J = 2.7 Hz, 1H, 6-H), 3.32
(s, 3H, OMe), 3.46 (d,J = 9 Hz, 1H, 22-H), 3.67 (d,J
= 13 ,
1 8.04,
3 8.13,
5 . for
C
1 45),
2 298
(
4
[ -
m .
1 r
2 9-
H d,
J ,
2 .30,
2 3.45,
3 6.60,
7 ;
f 9
( 331
(
4
4

2
e

H
( ept
a s
1.54, 22.77, 24.03, 24.95, 27.86, 29.81, 30.60, 3
3.36, 35.05, 35.23, 37.62, 40.20, 41.09, 42.68, 4
7.94, 52.06, 56.39, 56.60, 60.55, 70.94, 71.20, 8
27.66, 127.83, 127.88, 128.93, 129.08, 129.25, 13
33.50.

.13. (24S)-[26,27-2H6]24-Methyl-3�,5-cyclo-5�-
holestan-22-ene (19)

Pyridine (100�l, 1.2 mmol), acetylchloride (88�l,
.2 mmol), and 4-(dimethylamino)-pyridine (5 mg, 41�mol)
ere added to a solution of hydroxy sulfone18 (600 mg
.04 mmol) in CH2Cl2 (30 ml). The mixture was kept
oom temperature for 8 h and diluted with water (30 m
he organic phase was decanted, and the aqueous
as extracted with CHCl3 (3 × 30 ml). The combined o
anic phases were dried (Na2SO4), and the solvents we
emoved in vacuo. The residue was dissolved in meth
100 ml), and magnesium (1 g, 41 mmol) and mercury
hloride (400 mg, 1.5 mmol) were added. The mixture
tirred at 0◦C for 1 h and then filtered through SiO2. The
ltrate was diluted with water (50 ml) and extracted w
exane (3× 50 ml). The combined hexane fractions w
ried (Na2SO4) and the solvent was evaporated. The res
as chromatographed on SiO2 with hexane–EtOAc (20:1⇒
0:1) to give olefin19 (210 mg, 48%) as an oil.1H NMR δ:
.73 (s, 3H, 18-H), 0.91 (d,J = 6.6 Hz, 21- or 28-H), 1.00 (d
= 7 Hz, 3H, 28- or 21-H), 1.03 (s, 3H, 19-H), 2.76 (t,J =
.7 Hz, 1H, 6-H), 3.32 (s, 3H, OMe), 5.15–5.19 (m, 2H,
nd 23-H).13C NMR δ: 12.49, 13.14, 17.94, 17.99, 19.3
1.03, 21.60, 22.83, 24.29, 25.03, 28.89, 30.58, 32.81, 3
r

4.4 Hz, 1H, 23-H). C NMR δ: 10.22, 12.21, 13.15
4.18, 19.28, 21.54, 21.61, 22.84, 24.48, 25.02, 26.15, 2
0.59, 33.45, 35.17, 35.36, 40.37, 42.42, 43.40, 43.46, 4
3.09, 56.26, 56.58, 71.43, 71.75, 82.47. HRMS calc
29H44D6O3: 452.4137; found: 452.4137. EI-MSm/z (%):
59 (48), 161 (39), 213 (40), 227 (25), 253 (29), 255 (
95 (52), 313 (100), 331 (13), 346 (30), 297 (24),
28), 420 (28) [M-CH3OH]•+, 421 (30) [M + H CH3OH]+,
37 (13) [M CH3]+, 438 (15), 452 (58) [M]•+, 453 (20)
M + H]+; (b) (22R,23R,24S)-[26,27-2H6]6�-methoxy-24
ethyl-3�,5-cyclo-5�-cholesta-22,23-diol21(67 mg, 51%)

H NMR δ: 0.74 (s, 3H, 18-H), 0.85 (d,J = 7 Hz, 3H, 21- o
8-H), 0.91 (d,J = 6.6 Hz, 3H, 28- or 21-H), 1.03 (s, 3H, 1
), 2.77 (t,J= 2.9 Hz, 1H, 6-H), 3.33 (s, 3H, OMe), 3.57 (d
= 8, 1.1 Hz, 1H, 22-H), 3.70 (ddd,J = 8.4, 2.2, 1.1 Hz, 1H
3-H).13C NMR δ: 10.07, 10.09, 11.97, 12.22, 13.15, 19
1.56, 22.87, 24.11, 25.01, 26.98, 27.96, 30.43, 30.68, 3
5.18, 37.03, 40.43, 42.72, 43.46, 48.10, 52.72, 56.53, 5
3.61, 74.93, 82.50. HRMS calc. for C29H44D6O3: 452.4137

ound: 452.4135. EI-MSm/z (%): 107 (25), 121 (25), 15
18), 213 (16), 227 (20), 255 (25), 295 (48), 313 (100),
11), 346 (33), 297 (27), 298 (28), 420 (17) [M CH3OH]•+,
21 (17), 437 (16) [M CH3]+, 438 (16), 452 (74) [M]•+,
53 (38) [M + H]+.

.15. (22R,23R,24S)-[26,27-2H6]24-Methylcholest-5-
n-3�,22,23-triol (22)

A mixture of alcohol21 (50 mg, 0.11 mmol) and TsO
5 mg, 0.028 mmol) in dioxane–water (4 ml, 4:1) was k
t 80◦C for 3 h, after which Et3N (0.1 ml, 0.7 mmol) wa
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added, and the solvents were removed in vacuo. The residue
was chromatographed on SiO2 with hexane–EtOAc (8:1⇒
1:1) to give compound22 (43 mg, 88%).1H NMR (C5D5N)
δ: 0.81 (s, 3H, 18-H), 1.06 (s, 3H, 19-H), 1.16 (d,J = 6.6 Hz,
21- or 28-H), 1.27 (d,J = 6.6 Hz, 3H, 28- or 21-H), 3.86 (m,
1H, 3-H), 3.99 (dd,J= 8.4, 1.1 Hz, 22-H), 4.14 (m, 1H, 23-H),
5.40–5.44 (m, 1H, 6-H).13C NMR (C5D5N) δ: 10.90, 10.92,
12.00, 12.84, 19.67, 21.47, 24.53, 28.42, 30.89, 32.27, 32.65,
36.92, 37.84, 38.15, 40.34, 41.05, 42.41, 43.52, 50.55, 53.11,
57.16, 71.30, 73.11, 74.41, 121.24, 141.99. HRMS calc.
for C28H42D6O3: 438.3980; found: 438.3982. EI-MSm/z

(%): 159 (23), 213 (20), 255 (30), 273 (15), 295 (31), 313
(70), 332 (100), 361 (3), 421 (3) [M + H H2O]+, 438 (26)
[M]•+

2.16. (22R,23R,24S)-[26,27-2H6]24-Methylcholesta-
3�,22,23-triol (23)

A solution of22 (33 mg, 75�mol) in ethanol (15 ml) was
hydrogenated over 5% Pd/C under H2 for 12 h. The reac-
tion mixture was filtered through SiO2, and the solvent was
evaporated. The residue was chromatographed on SiO2 with
hexane–EtOAc (8:1⇒ 2:1) to give23 (32 mg, 97%) as an
oil. 1H NMR δ: 0.67 (s, 3H, 18-H), 0.81 (s, 3H, 19-H), 0.84
(d, J = 7 Hz, 3H, 21- or 28-H), 0.89 (d,J = 6.2 Hz, 3H, 28-
o 23-
H 27,
2 8.19,
4 4.88.
H 3.
E 5),
2 (6)
[

2
2

o hyde
3
N (s,
3 h).
1 .26,
1 5.02,
2 0.09,
4 2.39,
1 3.48,
1

2
c

ith
1 a-
t .5%
a alu-

minum amalgam was added to a solution of sulfone24(1.3 g,
2.26 mmol) in EtOH (50 ml). The mixture was stirred at am-
bient temperature for 15 h, filtered through a short pad of
SiO2 and the solvent was evaporated in vacuo. The residue
was chromatographed on SiO2 (15:1⇒ 4:1) to give 673 mg
(68%) of ketone25 as an oil.1H NMR δ: 0.74 (s, 3H, 18-
H), 0.80 (d,J = 6.6 Hz, 3H, 28-H), 1.03 (s, 3H, 19-H), 1.08
(d, J = 7 Hz, 3H, 21-H), 2.23 (dd,J = 17, 9.2 Hz, 1H), 2.36
(m, 1H), 2.50 (m, 1H), 2.76 (t,J = 2.9 Hz, 1H, 6-H), 3.32 (s,
3H, OMe).13C NMR δ: 12.50, 13.15, 16.35, 19.29, 21.56,
22.79, 24.49, 25.01, 27.75, 27.80, 30.59, 33.46, 35.18, 35.36,
40.24, 42.97, 43.48, 46.69, 46.72, 48.14, 49.75, 49.79, 52.08,
55.99, 56.59, 82.45, 214.23. HRMS calc. for C29H42D6O2:
434.4031; found: 434.4023. EI-MSm/z (%): 119 (60), 120
(46), 213 (17), 255 (17), 283 (39), 327 (15), 379 (84), 380
(89), 385 (20), 402 (77) [M-CH3OH]•+, 403 (82), 417 (11),
419 (54) [M CH3]+, 420 (56), 434 (92) [M]•+, 435 (100)
[M + H]+.

2.19. Reduction of the ketone (25)

A solution of the ketone25 (350 mg, 0.81 mmol) in ether
(10 ml) was added to a stirred suspension of LiAlH4 (350 mg,
9.22 mmol) in ether (20 ml). The stirring was continued
at room temperature for 3 h, after which water (0.35 ml),
1 cu-
t fil-
t as
c
t -
3
δ ),
0 77
(
1 ,
1 4.09,
3 3.24,
5
4
( 404
(
(
+ -
3
δ -
H
2
1 4,
1 3.37,
3 2.79,
5
4
( 404
(
4 )
[

r 21-H), 3.54–3.64 (m, 2H, 3- and 22-H), 3.72 (m, 1H,
). 13C NMR δ: 10.08, 10.10, 11.87, 11.99, 12.32, 21.
4.06, 27.83, 28.68, 31.50, 31.98, 35.56, 36.84, 36.96, 3
0.04, 42.44, 44.78, 52.49, 54.25, 56.37, 71.33, 73.46, 7
RMS calc. for C28H44D6O3: 440.4137; found: 440.413
I-MSm/z (%): 161 (15), 234 (26), 257 (41), 273 (1
97 (23), 315 (63), 334 (100), 345 (3), 364 (2), 440
M]•+.

.17. (24R)-[26,27-2H6]6�-Methoxy-23-phenylsulfonyl-
4-methyl-3�,5-cyclo-5�-cholestan-22-one (24)

Ketone24 was obtained from the alcohol18 via Swern
xidation as described above for preparation of alde
. Compound24 was isolated as an oil in 87% yield.1H
MR δ: 0.98–1.03 (m, 6H, 18- and 19-H), 3.31, 3.32
H, OMe), 4.35–4.40 (m, 1H, 23-H), 7.49–7.95 (m, 5H, P
3C NMR δ: 12.19, 12.61, 13.15, 15.56, 15.95, 16.00, 19
9.30, 21.52, 21.59, 22.73, 22.86, 24.44, 24.58, 24.98, 2
8.22, 30.57, 32.01, 33.44, 33.71, 33.73, 33.84, 35.13, 4
3.43, 48.05, 48.11, 50.95, 51.14, 55.90, 56.58, 60.67, 8
27.93, 128.79, 128.83, 129.26, 129.61, 129.95, 13
33.75.

.18. (24R)-[26,27-2H6]6�-Methoxy-24-methyl-3�,5-
yclo-5�-cholestan-22-one (25)

Aluminum foil was cut into small strips and treated w
5% NaOH for 15 min. Then it was washed twice with w

er, then ethanol, and submerged for 10 min twice in a 0
queous mercury(II) chloride solution. The resulting
5% NaOH (0.35 ml), and water (1.05 ml) were conse
ively added. The precipitate was filtered off, and the
rate was dried (Na2SO4) and evaporated. The residue w
hromatographed on SiO2 with hexane–EtOAc (10:1⇒ 1:1)
o give: (a) (22R,24R)-[26,27-2H6]6�-methoxy-24-methyl
�,5-cyclo-5�-cholestan-22-ol26 (11%) as an oil.1H NMR
: 0.74 (s, 3H, 18-H), 0.82 (d,J = 6.8 Hz, 3H, 21- or 28-H
.92 (d,J= 6.6 Hz, 3H, 28- or 21-H), 1.02 (s, 3H, 19-H), 2.
t, J = 2.9 Hz, 1H, 6-H), 3.32 (s, 3H, OMe), 3.74 (ddd,J =
1, 3, 1.2 Hz, 1H, 22-H).13C NMR δ: 12.28, 13.08, 14.97
9.29, 21.49, 22.80, 24.29, 24.98, 27.40, 30.53, 33.36, 3
4.12, 35.07, 35.28, 40.28, 42.40, 43.07, 43.39, 48.07, 5
6.11, 56.56, 70.98, 82.38. HRMS calc. for C29H44D6O2:
36.4187; found: 434.4194. EI-MSm/z (%): 213 (16), 255
10), 261 (12), 284 (34), 364 (14), 381 (48), 382 (46),
42) [M CH3OH]•+, 405 (39), 419 (12) [M + H H2O]+, 421
30) [M CH3]+, 422 (32), 436 (100) [M]•+, 437 (52) [M

H]+; (b) (22S,24R)-[26,27-2H6]6�-Methoxy-24-methyl
�,5-cyclo-5�-cholestan-22-ol27 (77%) as an oil.1H NMR
: 0.74 (s, 3H, 18-H), 0.83 (d,J = 6.6 Hz, 3H, 21- or 28
), 0.89 (d, J = 6.2 Hz, 3H, 28- or 21-H), 2.78 (t,J =
.6 Hz, 1H, 6-H), 3.33 (s, 3H, OMe), 3.77 (t,J = 6.6 Hz,
H, 22-H).13C NMR δ: 11.25, 12.22, 13.11, 15.80, 15.8
9.30, 21.48, 22.82, 24.14, 24.98, 27.92, 30.59, 31.59, 3
5.12, 35.26, 39.41, 40.31, 42.73, 43.40, 48.01, 52.73, 5
6.46, 56.60, 71.73, 82.43. HRMS calc. for C29H44D6O2:
36.4187; found: 436.4193. EI-MSm/z (%): 213 (21), 255
17), 261 (20), 284 (52), 364 (23), 381 (85), 382 (87),
84) [M CH3OH]•+, 405 (84), 419 (20) [M + H H2O]+,
21 (53) [M CH3]+, 422 (55), 436 (94) [M]•+, 437 (100
M + H]+.
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2.20. (22R,24R)-[26,27-2H6]24-Methylcholest-5-en-
3�,22-diol (28)

Synthesis of the triol28was performed from26according
to the procedure reported for the preparation of compound
22. Diol 28 was isolated as an oil in 82% yield.1H NMR
δ: 0.71 (s, 3H, 18-H), 0.82 (d,J = 6.6 Hz, 3H, 21- or 28-
H), 0.92 (d,J = 6.6 Hz, 3H, 28- or 21-H), 1.01 (s, 3H, 19-
H), 3.52 (m, 1H, 3-H), 3.74 (ddd, 1H,J = 11, 3.3, 1.1 Hz,
22-H), 5.33–5.37 (m, 1H, 6-H).13C NMR δ: 11.86, 12.27,
19.35, 21.06, 24.37, 27.27, 31.63, 31.87, 31.92, 34.07, 34.10,
34.48, 36.48, 37.24, 39.74, 42.27, 42.32, 42.60, 50.14, 53.05,
56.30, 70.98, 71.72, 71.83, 121.55, 140.80. HRMS calc. for
C28H42D6O2: 422.4031; found: 434.4029. EI-MSm/z (%):
191 (45), 213 (36), 217 (32), 229 (19), 255 (14), 269 (32),
284 (53), 287 (32), 302 (100), 303 (26), 313 (9), 372 (8), 405
(30) [M + H H2O]+, 422 (35) [M]•+, 423 (38) [M + H]+.

2.21. (22S,24R)-[26,27-2H6]22-Acetoxy-6�-methoxy-
24-methyl-3�,5-cyclo-5�-cholestane (29)

A mixture of alcohol27 (190 mg, 0.44 mmol) and 4-
(dimethylamino)pyridine (10 mg, 0.08 mmol) in pyridine
(2 ml) and acetic anhydride (1 ml) was kept at room tempera-
ture for 12 h. Water (20 ml) was then added, and the mixture
w Ac
(
t chro-
m
g
( 6
( (s,
3 ),
5 4,
1 1.72,
3 3.38,
4

2
m

2 on of
c il
i
6 ,
1 H),
5
1 1.94,
3 2.29,
5 0.85.
H 6.
E 72
( 92)
[

447 (32) [M + H H2O]+, 464 (74) [M]•+, 465 (52)
[M + H]+.

2.23. (22S,24R)-[26,27-2H6]24-Methylcholest-5-en-
3�,22-diol (31)

The hydroxyacetate30(25 mg, 52�mol) was treated with
a 10% solution of NaOH (3 ml) at 70◦C for 15 min, and then,
the mixture was neutralized with 2 M HCl, and the solvents
were evaporated in vacuo. The residue was chromatographed
on SiO2 with hexane–EtOAc (10:1⇒ 1:1) to give diol31
(21 mg, 95%) as an oil.1H NMR δ: 0.70 (s, 3H, 18-H), 0.81 (d,
J= 6.2 Hz, 3H, 21- or 28-H), 0.90 (d,J= 6.2 Hz, 3H, 28- or 21-
H), 1.01 (s, 3H, 19-H), 3.52 (m, 1H, 3-H), 3.77 (t,J = 6.6 Hz,
1H, 22-H), 5.35 (m, 1H, 6-H).13C NMR δ: 11.27, 11.80,
15.77, 15.81, 19.42, 21.11, 24.22, 27.83, 31.66, 31.86, 31.95,
35.13, 36.49, 37.24, 39.38, 39.78, 42.26, 42.29, 42.37, 50.07,
52.55, 56.68, 71.72, 71.78, 121.64, 140.78. HRMS calc. for
C28H42D6O2: 422.4031; found: 422.4036. EI-MSm/z (%):
95 (23), 107 (21), 215 (13), 217 (9), 233 (15), 248 (10),
274 (100), 285 (8), 301 (50), 391 (10), 406 (37), 407 (40)
[M CH3]+, 422 (5) [M]•+.

2.24. (22S,24R)-[26,27-2H6]22-Acetoxy-24-
m

3 on of
t %
y 83
( ,
2 (m,
1 1,
2 4.97,
3 2.63,
5

2
2

t d
D
( -
o ,
3 ,
1 2.04,
3 2.54,
4 . for
C
1 13),
2 (6),
4
[

as stirred for 30 min. The product was taken up in EtO
3 × 20 ml), the organic phases were dried (Na2SO4), and
he solvent was evaporated in vacuo. The residue was
atographed on SiO2 with hexane–EtOAc (10:1⇒ 2:1) to
ive acetate29 (191 mg, 92%) as an oil.1H NMR δ: 0.73
s, 3H, 18-H), 0.84 (d,J = 6.2 Hz, 3H, 21- or 28-H), 0.9
d, J = 6.6 Hz, 3H, 28- or 21-H), 1.02 (s, 3H, 19-H), 2.02
H, OAc), 2.76 (t,J = 2.9 Hz, 1H, 6-H), 3.32 (s, 3H, OMe
.06 (m, 1H, 22-H).13C NMR δ: 12.06, 12.54, 13.07, 15.5
9.29, 21.30, 21.52, 22.81, 24.13, 24.98, 28.25, 30.56, 3
3.39, 34.98, 35.32, 35.77, 38.23, 38.25, 40.29, 42.70, 4
8.04, 52.71, 56.47, 56.58, 75.02, 82.42, 170.78.

.22. (22S,24R)-[26,27-2H6]22-Acetoxy-24-
ethylcholest-5-en-3�-ol (30)

Synthesis of the hydroxyacetate30 was performed from
9according to the procedure reported for the preparati
ompound28. The hydroxyacetate30was isolated as an o
n 91% yield.1H NMR δ: 0.69 (s, 3H, 18-H), 0.84 (d,J =
.6 Hz, 3H, 21- or 28-H), 0.96 (d,J = 7 Hz, 3H, 28- or 21-H)
.01 (s, 3H, 19-H), 2.03 (s, 3H, OAc), 3.53 (m, 1H, 3-
.01 (m, 1H, 22-H), 5.35 (m, 1H, 6-H).13C NMR δ: 11.67,
2.60, 19.41, 21.09, 21.35, 24.24, 28.15, 31.64, 31.84, 3
4.99, 35.74, 36.49, 37.26, 38.18, 38.20, 39.74, 42.25, 4
0.10, 52.53, 56.64, 71.74, 75.01, 121.67, 140.72, 17
RMS calc. for C30H44D6O3: 464.4137; found: 464.415
I-MSm/z (%): 107 (36), 145 (40), 159 (31), 213 (37), 2

100), 293 (27), 299 (50), 372 (25), 389 (29), 404 (
M AcOH]•+, 405 (95) [M AcO]+, 446 (24) [M H2O]•+,
ethylcholestan-3�-ol (32)

Synthesis of the hydroxyacetate32 was performed from
0according to the procedure reported for the preparati

he triol23. Hydroxyacetate32was isolated as an oil in 90
ield.1H NMR δ: 0.66 (s, 3H, 18-H), 0.80 (s, 3H, 19-H), 0.
dd,J= 6.6, 0.7 Hz, 3H, 21- or 28-H), 0.94 (d,J= 6.6 Hz, 3H
8- or 21-H), 2.03 (s, 3H, OAc), 3.59 (m, 1H, 3-H), 5.05
H, 22-H).13C NMR δ: 11.88, 12.33, 12.52, 15.47, 15.5
1.26, 21.33, 24.16, 28.16, 28.69, 31.49, 31.68, 32.01, 3
5.44, 35.53, 35.70, 37.01, 38.18, 40.00, 42.51, 44.83, 5
4.33, 56.39, 71.32, 74.99, 170.83.

.25. (22S,24R)-[26,27-2H6]24-Methylcholestan-3�,
2-diol (33)

Synthesis of the diol33was performed from32according
o the procedure reported for the preparation of compoun31.
iol 33was isolated as an oil in 93% yield.1H NMR δ: 0.67

s, 3H, 18-H), 0.80 (s, 3H, 19-H), 0.82 (d,J = 6.2 Hz, 3H, 21
r 28-H), 0.88 (d,J = 6.2 Hz, 3H, 28- or 21-H), 3.59 (m, 1H
-H), 3.77 (t,J= 6.6 Hz, 1H, 22-H).13C NMRδ: 11.21, 12.02
2.33, 15.77, 15.80, 21.28, 24.15, 27.84, 28.71, 31.52, 3
5.24, 35.46, 35.56, 36.99, 38.20, 39.33, 39.37, 40.04, 4
4.82, 52.67, 54.31, 56.43, 71.34, 71.69. HRMS calc
28H38D6O3: 424.4187; found: 424.4185. EI-MSm/z (%):
65 (26), 215 (35), 217 (23), 234 (94), 248 (25), 257 (
71 (19), 286 (34), 289 (20), 304 (100), 315 (9), 333
06 (7) [M H2O]•+, 407 (8) [M + H H2O]+, 424 (53)
M]•+.
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2.26. (22S,24R)-[26,27-2H6]24-Methylcholest-4-en-3,6-
dion-22-ol (34)

The Jones reagent (0.5 ml) was added dropwise to a solu-
tion of hydroxyacetate30 (20 mg, 42�mol) in acetone. The
mixture was stirred for 15 min; then,iPrOH (2 ml) was added,
and stirring was continued for another 15 min. HCl (1 ml,
37%) was added, and the mixture was kept for 1 h, diluted
with water (25 ml), and extracted with CHCl3 (3 × 20 ml).
The combined extracts were dried (Na2SO4) and concen-
trated. The crude product was dissolved in 10% NaOH in
MeOH (3 ml), and the mixture was refluxed for 20 min. Af-
terwards, it was neutralized by 2 M HCl, and the solvents
were removed in vacuo. The residue was chromatographed
on SiO2 with hexane–EtOAc (10:1⇒ 2:1) to give diketone
34 (4.7 mg, 26%) as an oil.1H NMR δ: 0.74 (s, 3H, 18-H),
0.83 (d,J = 6.6 Hz, 3H, 21- or 28-H), 0.91 (d,J = 6.6 Hz,
3H, 28- or 21-H), 1.17 (s, 3H, 19-H), 3.77 (t,J = 7.3 Hz,
1H, 22-H), 6.17 (br. s, 1H, 4-H).13C NMR δ: 11.25, 11.84,
15.83, 17.54, 20.90, 23.91, 27.62, 29.70, 33.97, 34.26, 35.29,
35.51, 39.13, 39.34, 39.47, 39.50, 42.45, 46.76, 50.90, 52.35,
56.46, 71.57, 125.50, 161.00, 199.46, 202.27. HRMS Calc.
for C28H38D6O3434.3667; Found: 434.3669. EI-MSm/z (%):
163 (34), 243 (24), 257 (14), 272 (13), 286 (39), 296 (22),
299 (28), 314 (100), 315 (46), 316 (47), 330 (6), 343 (11),
4
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(25 ml), and extracted with CHCl3 (3×20 ml). The combined
extracts were dried (Na2SO4), and the residue after removal
of the solvent was dissolved in 10% NaOH in MeOH (3 ml).
The mixture was refluxed for 15 min, cooled to room tem-
perature, and neutralized with 2 M HCl. After evaporation
of the solvent, the residue was chromatographed on SiO2
with hexane–EtOAc (10:1⇒ 1:1) to give diol 36 (23 mg,
63%) as an oil.1H NMR δ: 0.67 (s, 3H, 18-H), 0.78 (s, 3H,
19-H), 0.82 (d,J = 6.6 Hz, 3H, 21- or 28-H), 0.88 (d,J =
6.2 Hz, 3H, 28- or 21-H), 3.77 (t,J = 6.6 Hz, 1H, 22-H), 4.04
(m, 1H, W/2 = 7 Hz, 3-H).13C NMR δ: 11.19, 11.22, 12.03,
15.80, 20.81, 24.11, 27.83, 28.56, 29.02, 31.97, 32.18, 35.56,
35.90, 36.07, 39.11, 39.30, 39.32, 39.39, 40.05, 42.54, 52.65,
54.29, 56.48, 66.60, 70.64, 71.69. EI-MSm/z (%): 165 (31),
215 (42), 217 (28), 234 (93), 248 (28), 257 (15), 271 (25),
286 (56), 289 (23), 304 (100), 315 (13), 333 (4), 389 (5), 406
(12) [M H2O]•+, 407 (14) [M + H H2O]+, 424 (2) [M]•+,
425 (2) [M + H]+.

2.29. (24S)-[26,27-2H6]3,6-(Dioxolan-2-yl)-23-
phenylsulfonyl-24-methyl-5�-cholestan-22-ol (37)

Synthesis of the hydroxysulfone37was performed from
aldehyde9according to the procedure reported for the prepa-
ration of the compound18. Hydroxysulfone37was isolated
a 1 ,
0
2 4.30
( Ph).
1 0,
2 6.92,
3 2.08,
5 4.14,
6 1.21,
1 8.10,
1 3.23,
1
6
( 452
(
6

2
p

-
d
3 ,
3 (m,
8 h).
1 .06,
2 1.25,
4 4.22,
6 4.89.
H 9.
E 8),
34 (2) [M]•+, 435 (3) [M + H]+.

.27. (22S,24R)-[26,27-2H6]24-Methylcholestan-3-
n-22-ol (35)

Hydroxyacetate32 was converted int compound35 via
ones oxidation followed by saponification according to
edures described for the preparation of34. Compound35
as isolated as an oil in 74% yield.1H NMR δ: 0.70 (s
H, 18-H), 0.83 (d,J = 6.6 Hz, 3H, 21- or 28-H), 0.87 (
= 6.6 Hz, 3H, 28- or 21-H), 1.01 (s, 3H, 19-H), 3.77 (J
7 Hz, 1H, 22-H).13C NMR δ: 11.23, 11.47, 12.01, 15.7

5.81, 21.47, 24.16, 27.82, 28.94, 31.57, 31.67, 35.25, 3
5.63, 38.18, 38.52, 39.39, 39.90, 42.53, 44.71, 46.65, 5
3.74, 56.21, 71.62, 212.17. HRMS calc. for C28H42D6O2:
22.4031; found: 422.4021. EI-MSm/z (%): 163 (25), 203
16), 217 (22), 232 (98), 246 (25), 271 (7), 273 (8), 287 (
02 (100), 313 (8), 316 (5), 331 (6), 421 (34), 422 (24) [M]•+.

.28. (3R,22S,24R)-[26,27-2H6]24-Methylcholestan-3,
2-diol (36)

A mixture of hydroxyacetate32 (40 mg, 85�mol) and
sCl (0.2 ml, 2.6 mmol) in pyridine (2 ml) was kept at roo

emperature for 3 h, diluted with water (20 ml), and extra
ith CHCl3 (3 × 20 ml). The combined extracts were dr

Na2SO4), and the solvent was removed in vacuo. The res
as dissolved in DMF (5 ml), and KO2 (230 mg, 3.2 mmol
nd 18-crown-6 (1.0 g, 3.8 mmol) were added. The mix
as stirred at room temperature for 10 h, diluted with w
s an oil in 78% yield. H NMR δ: 0.67 (s, 3H, 18-H)
.94 (s, 3H, 19-H), 3.02 (t,J = 4.5 Hz), 3.65 (dd,J = 9.5,
Hz), 3.74–3.80 and 3.86–3.96 (m, 8H, dioxolane),

dd, J = 9.5, 4.3 Hz), 7.50–7.62 and 7.88–7.92 (m, 5H,
3C NMR δ: 13C NMR δ: 11.68, 12.30, 13.55, 21.13, 24.1
7.12, 29.24, 29.28, 29.30, 31.12, 31.16, 33.55, 36.89, 3
7.33, 37.71, 38.99, 39.86, 39.98, 41.17, 42.59, 49.61, 5
2.93, 53.35, 53.38, 53.44, 55.63, 56.01, 56.07, 64.12, 6
4.18, 64.30, 64.41, 65.45, 65.47, 65.92, 70.83, 70.96, 7
09.68, 109.71, 109.74, 109.77, 123.73, 127.69, 12
28.50, 128.89, 129.01, 129.07, 129.32, 132.92, 13
33.44, 135.94, 149.87. HRMS calc. for C38H52D6O7S:
64.4280; found: 664.4281. EI-MSm/z (%): 99 (100), 207
10), 225 (15), 235 (23), 360 (18), 404 (35), 432 (11),
9), 467 (11), 468 (11), 524 (7), 593 (14), 664 (12) [M]•+,
65 (15) [M + H]+.

.30. (24S)-[26,27-2H6]3,6-(Dioxolan-2-yl)-23-
henylsulfonyl-24-methyl-5�-cholestan-22-one (38)

Alcohol37was converted into ketone38using the proce
ure reported for the preparation of compound3. Compound
8was isolated as an oil in 89% yield.1H NMR δ: 0.75 (s
H, 18-H), 0.96 (s, 3H, 19-H), 3.74–3.80 and 3.87–3.97
H, dioxolane), 4.36 (m, 1H, 23-H), 7.51–7.85 (m, 5H, P
3C NMR δ: 11.71, 12.27, 13.56, 15.08, 21.14, 24.57, 27
7.55, 29.30, 31.12, 33.48, 36.91, 37.34, 37.99, 39.95, 4
2.81, 49.63, 51.27, 51.31, 52.05, 53.40, 55.53, 64.14, 6
4.32, 65.48, 109.74, 128.79, 129.96, 134.02, 204.86, 20
RMS calc. for C38H50D6O7S: 662.4123; found: 662.413
I-MSm/z (%): 99 (100), 225 (18), 303 (6), 325 (9), 403 (1
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450 (11), 465 (39), 466 (41), 473 (6), 522 (8), 591 (36), 662
(26) [M]•+, 663 (32) [M + H]+.

2.31. (24S)-[26,27-2H6]3,6-(Dioxolan-2-yl)-24-methyl-
5�-cholestan-22-one (39)

The reduction of38 was carried out as described above
for the preparation of25. Ketone39 was isolated as an oil
in 70% yield.1H NMR δ: 0.70 (s, 3H, 18-H), 0.95 (s, 3H,
19-H), 2.36 (dd,J = 17, 4 Hz), 2.48 (m, 1H), 3.72–3.78 and
3.86–3.98 (m, 8H, dioxolane).

2.32. (22S,24R)-[26,27-2H6]3,6-(Dioxolan-2-yl)-24-
methyl-5�-cholestan-22-ol (40)

Alcohol40was prepared from ketone39according to the
procedure described for the reduction of25. Compound40
was obtained as an oil in 83% yield.1H NMR δ: 0.69 (s, 3H,
18-H), 0.83 (d,J = 6.2 Hz, 3H, 21- or 28-H), 0.87 (d,J =
6.2 Hz, 3H, 28- or 21-H), 3.72–4.98 (m, 9H, dioxolane and
22-H).13C NMR δ: 11.19, 11.97, 13.51, 15.74, 15.77, 21.03,
24.09, 27.74, 29.22, 31.00, 31.51, 33.43, 35.20, 36.80, 37.20,
39.26, 39.29, 39.35, 39.79, 41.16, 42.52, 49.52, 52.55, 53.26,
55.91, 64.08, 64.14, 64.25, 65.40, 71.63, 109.69, 109.71.
HRMS calc. for C32H48D6O5: 524.4348; found: 524.4344.
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Scheme 1.

quired functionality. Alternatively, hydroboration–oxidation
of the �5-double bond was employed in many syntheses
of BS.

We experienced no difficulties with the realization of the
first approach with ester1 (Scheme 1). Aldehyde3 was ob-
tained in three steps from1 in 63% total yield. An addi-
tional treatment of the crude mixture (consisting of 3�,5-
cyclo derivative and 3�-methoxy ether1a [10]) with BH3
was found to be desirable because large-scale separation of
3 and the by-product derived from1a proved to be rather
difficult.

Accomplishment of the alternative strategy proved to be
less straightforward. Hydroboration–oxidation of1 gave a
mixture of diol4and triol5 (Scheme 2). To avoid isomeriza-
tion at C-20 in4, the oxidation step was performed in the pres-
ence of NaHCO3 instead of NaOH which is normally used
for this purpose. Attempts to achieve the formation of diol
4 as the only product by reducing the amount of BH3 gave
poor results: both alcohols4 and5 were isolated from the
reaction mixture as before in addition to unchanged1. How-
ever, the alcohols4 and5 were easily separable and could
be transformed into aldehyde9 using essentially the same
protocol. Treatment of4with Jones reagent gave diketone6,
whereas similar treatment of5 proceeded with simultaneous
oxidation at C-22 to afford the diketoacid10. Protection of
t ne
d al-
c ired
a

-
i
m edi-
a ld be
p nes
t
p ves-
t vely
l

I-MS (%): 99 (100), 207 (6), 225 (19), 327 (44), 3
42), 452 (45), 453 (49), 481 (6), 524 (34) [M]•+, 525 (36)
M + H]+.

.33. (22S,24R)-[26,27-2H6]24-Methyl-5�-cholestan-
,6-dion-22-ol (41)

Hydrochloric acid (0.5 ml, 6 mmol) was added to a so
ion of40(90 mg, 0.17 mmol) in acetone (50 ml). The mixt
as kept at 60◦C for 1 h, treated with Et3N, and the solven
as evaporated in vacuo. The residue was chromatogra
n SiO2 with hexane–EtOAc (10:1⇒ 1:2) to give diketon
1(58 mg, 77%) as an oil.1H NMR δ: 0.71 (s, 3H, 18-H), 0.8
d,J= 7.3 Hz, 3 H, 21- or 28-H), 0.90 (d,J= 6.6 Hz, 3H, 28- o
1-H), 3.77 (dt,J= 6.6, 0.7 Hz, 1H, 22-H).13C NMRδ: 11.23,
1.97, 12.57, 15.79, 15.82, 21.69, 23.94, 27.64, 31.56, 3
6.98, 37.37, 38.07, 39.34, 39.38, 39.49, 41.26, 42.92, 4
2.49, 53.40, 56.52, 57.47, 71.56, 209.10, 211.26. HR
alc. for C22H33O3: 345.2430; found: 345.2430. EI-MSm/z

%): 138 (26), 163 (11), 168 (11), 223 (10), 245 (13),
12), 260 (10), 287 (33), 299 (9), 301 (7), 316 (100), 345
M C7H7D6]+.

. Results and discussion

There are two main strategies for transformation of
terol’s cyclic part (�5-3�-alcohols) into that characte

stic of brassinosteroids[1]. The most widely used a
roach involvesi-steroidal rearrangement to afford 3�,5-
yclo derivatives, which allow easy introduction of the
he keto groups in6 and10 gave the expected bisdioxola
erivatives7and11, which on hydride reduction produced
ohol8. Swern oxidation of the latter resulted in the requ
ldehyde9 in 49% total yield from1.

For biosynthetic studies, 24�-methyl derivatives contain
ng 22�,23�-dihydroxy- (fully formed BS side chain) or 22�-

onohydroxy fragments (side chain of some BS interm
tes) were necessary. Both series of compounds cou
repared by addition of lithium salts of the phenyl sulfo

o the corresponding C-22 aldehydes[5,11–13]. One of the
roblems encountered in the course of our previous in

igations on BS side chain construction was the relati
ow efficiency of the dialkylation procedure (12 to 13 and
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Scheme 2.

13 to 14) in the course of preparation of phenyl sulfone17
(Scheme 3). The usual protocol for�,�′-dialkylation of sul-
fones in the case of intermediate sulfone 14 synthesis would
imply repeated treatment of the reaction mixture with BuLi
and CD3I [5,13]. It was supposed that compound14could be
obtained from12 more efficiently via the dianion16. Such
thermodynamic anions are formed from sulfones and 2 eqv.
of BuLi along with the kinetic dianions, like15 [14]. How-
ever, the latter should be transformed into the thermodynamic
dianion16prior to the alkylation. After many attempts with
different temperatures, it was found that the optimal condi-
tions for dianion16 formation required keeping the mixture
at −40◦C for 5–15 min. Subsequent single treatment of the
reaction mixture with CD3I led to the dialkylated product14

heme

in up to 76% yield. This compound was then transformed into
the desired sulfone according to the previously published pro-
cedure[5]. The incorporation rate of deuterium atoms were
calculated as described in[15] on the basis of MS data of (2S)-
2,3-dimethylbutylphenyl sulfone17: 6-deuterated, 97.92%;
5-deuterated, 1.89%; 4-deuterated, 0.19%; 3-deuterated, not
detected; 2-deuterated, not detected; 1-deuterated, not de-
tected; non-deuterated, not detected.

The standard Julia olefination protocol involves acetyla-
tion of hydroxy sulfones followed by reduction of interme-
diate acetoxy sulfones with dissolving metals[16]. For�22-
steroids, yields vary from poor to acceptable[17], but the
reduction step is somewhat cumbersome for practical use be-
cause of the necessity to work with sodium amalgam. An
Sc
 3.
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Scheme 4.

attempt to overcome this difficulty was undertaken by use of
magnesium amalgam[18]. However, this replacement pro-
duced no increase in efficiency; the transformation of18
into �22-olefin19was performed in 48% yield (Scheme 4).
Sharpless hydroxylation of19led to diol21as a major isomer
along with the unnatural 22S,23S-diol 20. The stereochemi-
cal assignments were based on the comparison of1H NMR
signal pattern of21and22 to those for non-deuterated com-
pounds prepared earlier[12] and literature data on Sharpless
hydroxylation of�22-steroids[1].

heme 5.

Acid-catalyzed opening of the cyclopropane ring in21
gave compound22. The latter contains the side chain
of brassinolide and the cyclic part of campesterol from
which brassinolide is biosynthesized in plants. The hy-
drogenation of22 resulted in triol23, 6-deoxoteasterone,
which is another intermediate in brassinosteroid biosynthesis
[19].

Synthesis of derivatives containing a 22�-monohydroxy
fragment was achieved according to the previously published
method[6] involving Swern oxidation of18, desulfurization
Sc
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Scheme 6.

of 24, and hydride reduction of25(Scheme 5). Special atten-
tion was paid to the purity of 22-ketones24and25containing
a stereocenter at C-20, which is potentially prone to isomer-
ization. However, our attempts to detect admixtures of any
epimeric byproducts in24 and25 (1H and13C NMR) gave
no results. Evidently, the reaction conditions used for Swern
oxidation of18, desulfurization of24, and hydride reduc-
tion of 25were mild enough to avoid izomerization at C-20.

Stereochemistry at C-22 was assigned at the base of litera-
ture data[17,20], according to which reduction of 23-ketones
proceeds with formation of 22�-alcohols as main isomers.
Although steroids without a 23-hydroxy group in the side
chain and bearing complete functions characteristic of BS in
the cyclic part (2�-hydroxy, 3�-hydroxy, trans junction of
A/B rings) have never been found in plants until now, the
possible existence of compounds, such as natural BS or their
Scheme
 7.
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precursors/metabolites cannot be excluded. In this respect,
compounds like28may be interesting both in the search for
new BS and possible common points in the biosynthesis of
BS, ecdysteroids[21] and oxysterols[22].

The same holds for the endione34 (Scheme 6). Steroids
with such a structural fragment in their AB-cycles are well-
known as constituents of plants[23–25]and were prepared
also as possible biosynthetic precursors of brassinolide[26].
3,22-Difunctionalized derivatives31, 33, 35and36were ob-
tained from the hydroxy acetate30according to a rather sim-
ple sequence of reactions. Recently, such compounds were
found in culturedCatharanthus roseuscells and inArabidop-
sisseedlings as brassinolide precursors of the novel subpath-
way via early C-22 oxidation[27].

The last part of the present investigation was connected
with preparation of compound41, which bears a cyclic part
of 3-oxoteasterone (Scheme 7). In our previous work[5]
on 23-dehydroxy brassinosteroids synthesis, we had in our
hands, cathasterone 23-acetate42, which could give the de-
sired product in two steps via Jones oxidation followed by
removal of the acetoxy group. However, attempts to carry out
the last step gave only a complex mixture of compounds. The
use of aldehyde9 for this purpose solved the problem. The
construction of the side chain was achieved by addition of the
anion derived from sulfone17 followed by Swern oxidation
a f the
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Khripach VA, Schneider B. Analysis of underivatized brassinos-
teroids by HPLC/ACPI-MS. Occurrence of 3-epibrassinolide inAra-
bidopsis thaliana. Collect Czech Chem Commun 2001;66:1729–34.
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Thus, a number of hexadeuterated biosynthetic precu
f brassinolide (known and suspected) have been pre
tarting from 23,24-bisnorcholenic acid methyl ester for
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