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Abstract—Novel A-ring analogues of the vitamin D receptor (VDR) antagonist (3a), ZK-159222, and its 24-epimer (3b) were
convergently synthesized. Preparation of the CD-ring portions with the side chains of 3a,b, followed by palladium-catalyzed
cross-coupling with the A-ring enyne precursors (15a,b), (3S,4S,5R)- and (3S,4S,5S)-bis[(tert-butyldimethylsilyl)oxy]-4-methyloct-
1-en-7-yne, afforded the 2a-methyl-introduced analogues (4a,b) and their 3-epimers (5a,b). The biological profiles of the hybrid
analogues were assessed in terms of affinity for VDR, and antagonistic activity to inhibit HL-60 cell differentiation induced by the
natural hormone, 1a,25-dihydroxyvitamin D3. The analogue 4a showed an approximately fivefold higher antagonistic activity
compared with 3a. The 2a-methyl introduction into 3a increased the receptor affinity, thereby enhancing VDR antagonism. This
approach to design potent antagonists based on hybridization of structural motifs in the A-ring and in the side chain may prove to
be valuable.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

Cholecalciferol, known as vitamin D3, is metabolized
via 25-hydroxyvitamin D3 to afford the hormonally
active form, 1a,25-dihydroxyvitamin D3 (1), formation
of which is strictly regulated. In addition to its classical
role in calcium and phosphorus homeostasis,
1a,25-dihydroxyvitamin D3 dominates the cell cycle in
many malignant cells, regulating proliferation, differ-
entiation and apoptosis.1 The broad spectrum of biolog-
ical activities of 1 is considered to be mediated by a
ligand-inducible transcriptional factor, vitamin D
receptor (VDR), which belongs to the nuclear receptor
superfamily.2 The specific interaction of ligands with the
ligand-binding domain (LBD) of VDR has been a major
focus of attention, since the X-ray crystal structure of
deletion mutant VDR complexed with the natural
ligand 1 was solved in 2000.3 The binding of ligands to
VDR triggers conformational changes of the transacti-
vation domain of the receptor C-terminal region (AF-2)
in helix-12, which provides an interface for binding to
other proteins, such as retinoid X receptors (RXRs),
coactivators and corepressors.4 Thus, ligand-specific
structural changes of the receptor, particularly in helix-12,
are of great importance, because they can determine whe-
ther ligands would function as agonists or antagonists.5

Most of the analogues of 1 synthesized so far were
modified in the side chain, providing many useful com-
pounds with high potency or selective therapeutic
agents, such as 22-oxa-1a,25-dihydroxyvitamin D3

(OCT),6 26,27-cyclo-22-ene-1a,24S-dihydroxyvitamin
D3 (MC-903),7 and super-agonist 20-epi-1a,25-dihy-
droxyvitamin D3 (MC-1288).8 Modification of 1 in the
A-ring, which bears two critical hydroxyl groups at C1
and C3, has recently become of interest, because the
other three A-ring stereoisomers of 1 have proven to
exhibit unique activity profiles, distinct from that of the
natural hormone 1.9 Our study of all eight possible A-ring
stereoisomers of 2-methyl-1,25-dihydroxyvitamin D3

revealed that 2a-methyl-1a,25-dihydroxyvitamin D3 (2)
was a four fold better binder to VDR with a two fold
higher cell differentiation-inducing activity in HL-60
cells than the natural hormone 1.10 In addition, we
synthesized the 2-methyl analogues with side-chain
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modification, including 20-epimerization, to find that
combined modifications both in the A-ring and in the
side chain yield super-agonists with exceptionally high
potency.10,11

Up to date, among a large number of side chain modified
analogues of 1, only two types of VDR antagonists have
been identified.12,13 Initially, analogue 3a (ZK-159222),
which possesses a characteristic long butyl ester at the C25
position, attracted much attention, because it exhibited
functional antagonism inmany cell lines in the presence of
1.12 Interestingly, its chemical structure is identical to that
of the potent psoriasis agent, MC-903, apart from the
25-carboxylic acid butyl ester. The second type consists of
analogues that antagonize the actions of 1, as exemplified
by TEI-9647 and its 23-epimer TEI-9648, having the
26,23-lactone structure in the side chain.13 Potent VDR
antagonists may find application in the treatment of cer-
tain disease states characterized by hypersensitivity to 1,
as observed in patients with Paget’s disease of bone.14

In this study, we have designed the novel 2a-methyl
analogues (4a,5a) as hybrid analogues modified both in
the A-ring and in the side chain. To identify the effects
of the stereochemistry at the C24 position on the biolo-
gical activity, the corresponding 24-epimers (3b,4b,5b)
were also synthesized. The major catabolic pathway of 1
is via 24-hydroxylation, followed by side-chain cleavage,
to afford virtually inactive metabolites.1 Recent studies
have indicated that the natural hormone 1 and its syn-
thetic analogues are also metabolized to afford their
3-epimers in many cell lines, and their unique activity
has recently become a focus of attention.15 In view of
these important results, we also synthesized the 3-epi
analogues (5a,b), not only as metabolic probes of 4a,b,
but also to investigate how these modifications in the
A-ring at the C3 position affect the activity profiles.
Results and Discussion

Convergent synthesis can be more effective and flexible
for preparation of a variety of hybrid analogues than the
classical steroidal approach.16 In particular, a con-
vergent procedure using palladium-catalyzed coupling of
the A-ring enyne precursors with the CD-ring portions,
pioneered by Trost et al.17 and successfully applied by
us10,11 and by others,18 seems most advantageous.

Scheme 1 outlines the synthesis of the CD-ring portion
14a and its 24-epimer 14b, and the subsequent coupling
with an A-ring enyne 15a,19 as exemplified by the
(1a,2a,3b)-isomer (steroidal numbering), to produce the
2a-methyl analogues 4a,b. The aldol condensation of
the aldehyde 620 with the b-keto ester 7,21 followed by
trans-esterification via the mesylate, gave the requisite
butyl ester 8 in 61% yield in three steps. Regioselective
reduction of 8 with NaBH4 in the presence of
CeCl3.7H2O furnished a 24-epimeric mixture of 9a,b
(49/51) in 93% yield. Separation of the mixture by using
silica gel column chromatography gave each of the dia-
stereomers as a pure specimen, which was then con-
verted to the corresponding derivative to determine the
absolute configuration. First, the modified Mosher’s
method was examined.22 Reduction of 9a,b with
DIBAL-H, followed by selective esterification of the
primary alcohol, gave 17a,b, respectively (Scheme 2).
The absolute configuration at the C24 position of each
isomer was determined by the 1H NMR analysis of its
MTPA esters (Fig. 1). Thus, the more polar isomer 9a
has the (24R)-configuration, whereas the less polar iso-
mer 9b has the (24S)-configuration. The application of
the circular dichroic (CD) exciton chirality method to
determine absolute configurations using benzoates of
allylic alcohols supported the above conclusion.23 The
CD spectra of the benzoates 18a,b (Scheme 3) showed
complementary signs of the Cotton effect; 18a showed a
positive Cotton effect at 230 nm, whereas 18b showed a
negative Cotton effect at 230 nm (Fig. 2).24 Molecular
mechanics calculation using the Merck molecular force
field (MMFF) indicated that the dihedral angles of
C22-C23-C24-O of these benzoates in the most stable
conformations, which determine the signs of the Cotton
effects, were �120� in 18a and +116� in 18b in accor-
dance with the above observation.25 In this way, the
stereochemistry of 9a,b at the C24 position was con-
firmed by two separate methods.

Protection of the allylic alcohols in 9a,b with THP gave
10a,b in 89-91% yield. The TBS protecting groups in
10a,b were removed by TBAF treatment to afford 11a,b
in 91–99% yield. Oxidation of the secondary alcohols in
11a,b with tetrapropylammonium perruthenate (TPAP)
gave the ketones 12a,b in 91–99% yield. Removal of the
THP groups in 12a,b proceeded smoothly in the pre-
sence of Me2AlCl to afford 13a,b in 76% yield.26

Finally, Wittig reaction of 13a,b furnished the requisite
CD-ring bromoolefin 14a,b, respectively, in 36–42%
yield.

Each of the A-ring enyne precursors 15a,b,10a�c pre-
pared separately as we previously reported, was coupled
3622 T. Fujishima et al. / Bioorg. Med. Chem. 11 (2003) 3621–3631



with each of the CD-ring portions 14a,b by using a pal-
ladium catalyst, followed by deprotection with TBAF to
give the 2a-methyl analogues 4a,b and their 3-epimers
5a,b. For comparison, ZK-159222 (3a) and its 24-epi-
mer 3b were synthesized by this convergent method
using the A-ring enyne, (3S,5R)-bis[(tert-butyldi-
methylsilyl)oxy]-oct-1-en-7-yne,10d instead of 15a,b. In
this way, six vitamin D analogues (3a,b,4a,b,5a,b) were
obtained, and each of them was purified for biological
evaluation by using recycling HPLC.

The VDR binding affinity of the synthesized analogues
was examined by using bovine thymus VDR,27 whose
amino acid residues in the LBD are identical with those
of human VDR.28 Table 1 summarizes the relative VDR
binding affinity of the synthesized compounds (3,4,5) in
comparison with the natural hormone 1 (normalized to
100), together with the 2a-methyl analogue (2). The
analogue 4a showed 80% of the affinity of 1, which
suggests that introduction of the 2a-methyl group into 3a
results in an approximately 10-fold enhancement of the
affinity for VDR. The 2a-methyl introduction into the
other stereoisomer at the C24 position also positively
affected the affinity for VDR, as in the case of 4b and 3b.
The 3-epi isomers 5a,b showed weaker affinity than the
corresponding C3-natural isomers 4a,b, in accordance
with our previous results.10 Each (24R)-isomer (3a,4a,5a)
was shown to be a better binder to VDR than its (24S)-
isomer (3b,4b,5b), suggesting that the ‘up’ hydroxyl sub-
stitution at position 24 would be advantageous.
Scheme 1. Reagents and conditions: (a) LDA/THF, �78–0 �C; (b) MsCl, Et3N/CH2Cl2, 0
�C; (c) n-BuOH, DMAP/CH2Cl2, �10 �C, 61% (three

steps); (d) NaBH4, CeCl3.7H2O/THF-MeOH, 0 �C, 93%; (e) DHP, PPTS/CH2Cl2, rt, 89% for 10a, 91% for 10b; (f) TBAF/THF, reflux, 99% for
11a, 86% for 11b; (g) TPAP, NMO, 4A MS/CH2Cl2, rt, 91% for 12a, 99% for 12b; (h) Me2AlCl/CH2Cl2, �40 �C, 76% for 12a, 76% for 12b; (i)
Ph3P

+CH2Br.Br
�, NaHMDS/THF, �60 �C, 36% for 14a, 42% for 14b; (j) (Ph3P)4Pd, Et3N/toluene, reflux; (k) TBAF/THF, reflux, 22% for 4a,

15% for 4b (two steps).
Figure 1. Determination of absolute configuration at the C24 position by 1H NMR analysis of the MTPA esters.
Scheme 3.
Scheme 2.
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The treatment of human promyelocytic leukemia
(HL-60) cells with 1 causes monocyte/macrophage dif-
ferentiation,29 which is now widely accepted as one of
the important actions of 1 through the VDR.30 The
antagonistic activity of the synthesized analogues was
examined in terms of the concentration that inhibits
50% of cell differentiation induced by 10 nM 1 in HL-60
cells.13 The antagonist ZK-159222 (3a) gave the IC50

value of 29 nM. Interestingly, the 2a-methyl analogue
4a exhibited the IC50 value of 5.6 nM, showing an
approximately five fold increase in antagonistic activity
compared with 3a. The 2a-methyl substitution in the
A-ring worked as a positive motif to elevate receptor
affinity, affording a highly potent antagonist. It is also
important to note that the 3-epi analogue 5a showed a
weak but distinctive antagonistic activity. On the other
hand, the analogues having the (24S)-stereochemistry
(3b,4b,5b) showed no antagonistic activity. These results
suggest that the C24 stereochemistry, not only deter-
mines the magnitude of the VDR affinity, but also plays
a key role in the shift from agonistic to antagonistic
activity.

In summary, we have efficiently synthesized novel vita-
min D analogues by employing a convergent method
using a palladium catalyst. The procedure should be
versatile for the synthesis of a variety of analogues,
particularly those with A-ring and side-chain modifi-
cations. Biological evaluation has revealed that
2a-methyl introduction into antagonists increases the
receptor affinity to yield compounds with an enhanced
VDR antagonistic activity. This approach to design
unique analogues based on hybridization of the struc-
tural motifs in the A-ring and in the side chain may
prove to be valuable. The results of broad-spectrum
biological screening of the analogues will be reported in
due course.
Experimental

General

NMR spectra were recorded on a JEOL ECP-600 or an
AL-400 spectrometer. Chemical shifts are expressed in
ppm relative to tetramethylsilane. Mass spectra (MS)
and high-resolution mass spectra (HRMS) were recor-
ded on a JMS-SX 102A. Infrared spectra were recorded
on a Jasco FT/IR-8000 spectrometer and are expressed
in cm�1. Ultraviolet spectra were recorded with a Shi-
madzu UV-1600 spectrophotometer. Optical rotations
were determined by using a Jasco DIP-370 digital
polarimeter. Circular dichroism (CD) spectra were
measured on a Jasco J-720 spectropolarimeter. Recy-
cling preparative HPLC was performed on a Shimadzu
LC equipped with an LC-6AD HPLC pump and an
SPD-10A VP absorbance detector.

Methyl 1-acetyl-cyclopropane-1-carboxylate (7).21 Bp
85–90 �C/30 mmHg; 1H NMR (600MHz, CDCl3) d 1.47
(4H, s), 2.46 (3H, s), 3.74 (3H, s); 13C NMR (150MHz,
CDCl3) d 19.2, 29.8, 34.9, 52.22, 52.25, 171.5, 202.9; MS
m/z 142 (M)+, 127 (M�Me)+; HRMS calcd for
C7H10O3 142.0630, found 142.0623.

Butyl (22E)-(8S)-de-A,B-8-(tert-butyldimethylsilyl)oxy-
26,27-cyclo-24-oxo-22-cholestene-25-carboxylate (8). To
a solution of diisopropylamine (2.6 mL, 18.3 mmol) in
dry THF (5 mL) was added with stirring n-BuLi (1.6M
in n-hexane, 10.4 mL, 16.6 mmol) at 0 �C under an
argon atmosphere. The mixture was stirred at 0 �C for
15 min, then a solution of 721 (2.36 g, 16.6 mmol) in
THF (5 mL) was introduced into the resulting solution
at �78 �C. The whole reaction mixture was stirred at
�78 �C for 45 min, then transferred to a solution of
aldehyde 620 (895 mg, 2.76 mmol) in THF (5 mL), and
the combined solution was stirred at �78 �C for 2 h.
After the addition of saturated aqueous NH4Cl (8 mL),
Figure 2. The CD spectra of the allylic benzoates 18a,b in ethanol at
22 �C. The concentration of 18a,b was adjusted to 95 mM using the
value of e 16,400 at 230 nm obtained by UV spectroscopy.23
Table 1. Biological activity of the synthesized analogues
Compd
 VDRa affinity
 Antagonistic activityb (IC50)
1
 100c
 —

2
 400d
 —

3a
 7
 29 nM

3b
 0.03
 NAe
4a
 80
 5.6 nM

4b
 0.16
 NA

5a
 0.07
 >1 mM

5b
 <0.001
 NA
aBovine thymus vitamin D receptor.
bAntagonistic activity was assessed in terms of 50%-inhibitory con-
centration (IC50) for differentiation of HL-60 cells induced with 10 nM
1.
cThe potency of 1a,25-dihydroxyvitamin D3 (1) is taken as 100.
dRefs 10a–c.
eNot active; These compounds showed no antagonistic activity at 10�6

M in the presence of 10�8 M 1.
3624 T. Fujishima et al. / Bioorg. Med. Chem. 11 (2003) 3621–3631



the reaction mixture was allowed to reach 0 �C. The
mixture was diluted with brine (30 mL), and the whole
was stirred at room temperature for 30 min. Extraction
with ethyl acetate after the addition of 5% oxalic acid,
followed by evaporation of the solvent, afforded a crude
mixture, which was subjected to the subsequent ester-
ification without further purification. The crude mixture
thus obtained was dissolved in CH2Cl2 (25 mL) and
treated with triethylamine (2.0 mL, 14 mmol) and mesyl
chloride (0.58 mL, 7.5 mmol) at 0 �C. The solution was
stirred for 45 min, then n-butanol (2.2 mL, 24 mmol)
and DMAP (118 mg, 0.97 mmol) were added, and the
whole was stirred at �10 �C for 1 h. The reaction mix-
ture was poured into cooled saturated aqueous sodium
bicarbonate, and the whole was extracted with ethyl
acetate. The organic layer was washed with brine, dried
over sodium sulfate, filtered and concentrated. The
crude mixture was separated by silica gel column chro-
matography (ethyl acetate/n-hexane=1/20) to afford 8
(489 mg) as a colorless oil in 61% yield.
8. [a]18D + 57.6 (c 0.95, CHCl3);
1H NMR (600MHz,

CDCl3) d �0.01 (3H, s), 0.01 (3H, s), 0.88 (9H, s), 0.92
(3H, t, J=7.4 Hz), 0.95 (3H, s), 1.06 (3H, d, J=6.3 Hz),
4.00 (1H, m), 4.13 (2H, m), 6.41 (1H, d, J=15.4 Hz),
6.75 (1H, dd, J=15.4, 5.1 Hz); 13C NMR (150MHz,
CDCl3) d �5.2, �4.8, 13.7, 14.0, 17.3, 17.4, 16.3, 18.0,
19.1, 19.2, 23.0, 25.8, 27.3, 30.6, 34.1, 39.5, 40.6, 42.5, 52.9,
55.7, 65.2, 69.3, 126.1, 153.1, 171.6, 194.2; IR (neat) 2957,
2934, 2859, 1730, 1682, 1622, 1460 cm�1; MS m/z 490
(M)+, 475 (M�Me)+, 433 (M�Bu)+; HRMS calcd for
C29H50O4Si 490.3478, found 490.3473.

Butyl (22E)-(8S,24R)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-24-hydroxy-22-cholestene-25-carboxy-
late (9a) and butyl (22E)-(8S,24S)-de-A,B-8-(tert-
butyldimethylsilyl)oxy-26,27-cyclo-24-hydroxy-22-choles-
tene-25-carboxylate (9b). A solution of 8 (585 mg, 1.19
mmol) and CeCl3.7H2O (711 mg, 1.90 mmol) dissolved
in THF (2.5 mL) and methanol (7.5 mL) was treated
with NaBH4 (131 mg, 3.45 mmol) at 0 �C under an
argon atmosphere. It was stirred for 40 min, then water
was added, and the whole was extracted with ethyl
acetate. The organic layer was washed with brine, dried
over magnesium sulfate and filtered. Evaporation of
the filtrate afforded a residue, from which 9a (more
polar, 267 mg) and 9b (less polar, 278 mg) were sepa-
rated by silica gel column chromatography (ethyl ace-
tate/n-hexane=1/9), both as colorless oils, in 93%
yield.

9a. [a]19D +52.5 (c 0.18, CHCl3);
1H NMR (400MHz,

CDCl3) d �0.01 (3H, s), 0.00 (3H, s), 0.88 (9H, s), 0.92
(3H, s), 0.93 (3H, t, J=7.4 Hz), 1.00 (3H, d, J=6.6
Hz), 3.14 (1H, br.d, J=6.3 Hz), 3.98 (2H, m), 4.09 (2H,
t, J=6.2Hz), 5.38 (1H, dd, J=15.5, 6.7 Hz), 5.48 (1H, dd,
J=15.4, 8.3 Hz); 13C NMR (100MHz, CDCl3) d �5.0,
�4.6, 11.9, 13.8, 14.1, 14.9, 17.8, 18.2, 19.3, 20.3, 23.2,
25.9, 27.9, 28.6, 30.7, 34.5, 39.6, 40.7, 42.2, 53.1, 56.2, 64.6,
69.4, 74.7, 125.9, 140.0, 174.5; IR (neat) 3536, 2932, 1721,
1460 cm�1; MS m/z 492 (M)+; HRMS calcd for
C29H52O4Si 492.3635, found 492.3625.
9b. [a]17D +45.9 (c=0.23, CHCl3);
1H NMR

(400MHz, CDCl3) d �0.01 (3H, s), 0.00 (3H, s), 0.88
(9H, s), 0.92 (3H, s), 0.93 (3H, t, J=7.3 Hz), 0.99 (3H,
d, J=6.6 Hz), 3.09 (1H, br.d, J=7.3 Hz), 3.99 (1H, d,
J=2.4 Hz), 4.03 (1H, t, J=6.2 Hz), 4.08 (2H, t, J=6.6
Hz), 5.37 (1H, d, J=15.6, 6.1 Hz), 5.54 (1H, ddd,
J=15.4, 8.4, 1.1 Hz); 13C NMR (100MHz, CDCl3) d
�5.0, �4.6, 11.7, 13.8, 14.1, 14.8, 17.8, 18.2, 19.3, 20.4,
23.2, 26.0, 27.8, 28.5, 30.7, 34.5, 39.5, 40.7, 42.2, 53.1,
56.4, 64.6, 69.4, 74.1, 125.8, 139.5, 174.5; IR (neat)
3480, 2932, 2859, 1719, 1458 cm�1; MS m/z 492 (M)+;
HRMS calcd for C29H52O4Si 492.3635, found 492.3646.

Butyl (22E)-(8S,24R)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-24-(2-tetrahydropyranyl)oxy-22-choles-
tene-25-carboxylate (10a). A stirred solution of 9a (884
mg, 1.79 mmol) in CH2Cl2 (18 mL) was treated with
DHP (0.21 mL, 2.3 mmol) and PPTS (60 mg, 0.23
mmol) at room temperature for 1 h. The reaction mix-
ture was diluted with ether, washed with brine and dried
over sodium sulfate. Evaporation of the filtrate gave a
residue, from which 10a (921 mg) was separated by
silica gel column chromatography (ethyl acetate: n-hex-
ane=1/9) as a colorless oil in 89% yield.

10a. 1H NMR (400MHz, CDCl3) d �0.02 (3H, s),
�0.01 (3H, s), 0.88 (9H, s), 0.91 (3H, s), 0.92 (3H, t,
J=7.3 Hz), 0.98 (3H�1/2, d, J=6.3 Hz), 1.00 (3H�1/2,
d, J=6.6 Hz), 3.44 (1H, m), 3.86 (1H, m), 3.98 (1H, br.
s), 4.05 (2H, t, J=6.6 Hz), 4.43 (1H�1/2, d, J=8.3 Hz),
4.48 (1H�1/2, d, J=7.6 Hz), 4.65 (1H�1/2, m), 4.79
(1H�1/2, t, J=3.2 Hz), 5.17 (1H�1/2, dd, J=15.4, 8.3
Hz), 5.30 (1H�1/2, dd, J=15.4, 7.6 Hz), 5.47 (1H�1/2,
dd, J=15.8, 8.8 Hz), 5.51 (1H�1/2, dd, J=15.6, 8.8
Hz)]; IR (neat) 2936, 2859, 1725 cm�1; MS m/z 519
(M–t-Bu)+; HRMS calcd for C30H51O5Si 519.3506,
found 519.3505.

Butyl (22E)-(8S,24S)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-24-(2-tetrahydropyranyl)oxy-22-choles-
tene-25-carboxylate (10b). This compound was
obtained by the same procedure as described for 10a by
using 9b instead of 9a, in 91% yield.

10b. 1H NMR (400MHz, CDCl3) d �0.01 (3H, s),
0.00 (3H, s), 0.88 (9H, s), 0.92 (3H, s), 0.93 (3H, t,
J=7.3 Hz), 0.97 (3H, d, J=6.6 Hz), 3.46 (1H, m), 3.87
(1H, m), 3.99 (1H, br. s), 4.05 (2H, t, J=6.6 Hz), 4.45
(1H�1/2, d, J=8.3 Hz), 4.53 (1H�1/2, d, J=7.1 Hz),
4.67 (1H�1/2, m), 4.78 (1H�1/2, t, J=3.4 Hz), 5.17
(1H�1/2, dd, J=15.4, 8.3 Hz), 5.32 (1H�1/2, dd,
J=15.5, 7.2 Hz), 5.54 (1H, dd, J=15.4, 8.8 Hz); IR
(neat) 2934, 2861, 1727 cm�1; MS m/z 519 (M�t-Bu)+;
HRMS calcd for C30H51O5Si 519.3506, found 519.3502.

Butyl (22E)-(8S,24R)-de-A,B-26,27-cyclo-8-hydroxy-24-
(2-tetrahydropyranyl)oxy-22-cholestene-25-carboxylate
(11a). A solution of 10a (515 mg, 0.89 mmol) in THF
(5 mL) was treated with TBAF (1.0M in THF, 8.9 mL,
8.9 mmol) at 50 �C for 5 days. The reaction mixture was
cooled and water was added. After extraction with ethyl
acetate, the organic layer was washed with brine and
dried over sodium sulfate. Evaporation of the filtrate
T. Fujishima et al. / Bioorg. Med. Chem. 11 (2003) 3621–3631 3625



gave a residue, from which 11a (407 mg) was separated
by silica gel column chromatography (ethyl acetate/
n-hexane=1/9) as a colorless oil in 99% yield.

11a. 1H NMR (400MHz, CDCl3) d 0.91 (3H, t,
J=7.3 Hz), 0.92 (3H�1/2, s), 0.94 (3H�1/2, s), 1.00
(3H�1/2, d, J=6.3 Hz), 1.01 (3H�1/2, d, J=6.6 Hz),
3.45 (1H, m), 3.86 (1H, m), 4.06 (2H, t, J=6.6 Hz), 4.07
(1H, m), 4.42 (1H�1/2, d, J=8.1 Hz), 4.48 (1H�1/2, d,
J=7.3 Hz), 4.66 (1H�1/2, t, J=3.4 Hz), 4.79 (1H�1/2,
t, J=3.2 Hz), 5.21 (1H�1/2, dd, J=15.4, 8.3 Hz), 5.34
(1H�1/2, dd, J=15.4, 7.3 Hz), 5.48 (1H�1/2, dd,
J=15.4, 8.8 Hz), 5.52 (1H�1/2, dd, J=15.4, 8.8 Hz); IR
(neat) 3494, 2934, 2870, 1722 cm�1; MS m/z 377
(M�THP)+; HRMS calcd for C23H37O4 377.2692,
found 377.2687.

Butyl (22E)-(8S,24S)-de-A,B-26,27-cyclo-8-hydroxy-24-
(2-tetrahydropyranyl)oxy-22-cholestene-25-carboxylate
(11b). This compound was obtained by the same proce-
dure as described for 11a by using 10b instead of 10a, in
86% yield.

11b. 1H NMR (400MHz, CDCl3) d 0.92 (3H, t,
J=7.3 Hz), 0.94 (3H, s), 0.98 (3H, d, J=6.6 Hz), 3.45
(1H, m), 3.86 (1H, m), 4.05 (2H�1/2, t, J=6.6 Hz), 4.06
(2H�1/2, t, J=6.6 Hz), 4.07 (1H, m), 4.44 (1H�1/2, d,
J=8.3 Hz), 4.53 (1H�1/2, d, J=7.1 Hz), 4.67 (1H�1/2,
t, J=3.4 Hz), 4.77 (1H�1/2, t, J=3.0 Hz), 5.20 (1H�1/
2, dd, J=15.4, 8.3 Hz), 5.34 (1H�1/2, dd, J=15.4, 7.1
Hz), 5.50 (1H�1/2, dd, J=15.6, 8.3 Hz), 5.51 (1H�1/2,
dd, J=15.4, 8.8 Hz); IR (neat) 3532, 2934, 2869, 1723
cm�1; MS m/z 462 (M)+; HRMS calcd for C28H46O5

462.3345, found 462.3359.

Butyl (22E)-(24R)-de-A,B-26,27-cyclo-8-oxo-24-(2-tetra-
hydropyranyl)oxy-22-cholestene-25-carboxylate (12a).
Solid tetrapropylammonium perruthenate (TPAP) (188
mg, 0.53 mmol) was added to a stirred mixture of 11a
(411 g, 0.89 mmol), 4-methylmorpholine N-oxide
(NMO) (270 mg, 2.31 mmol) and powdered 4A MS (93
mg) in CH2Cl2 (9 mL) at room temperature under
argon. The resulting mixture was stirred for 5 min, and
separated by silica gel column chromatography (ethyl
acetate/n-hexane=1/4) to give 12a (373 mg) as a color-
less oil in 91% yield.

12a. 1H NMR (400MHz, CDCl3) d 0.64 (3H, s), 0.92
(3H, t, J=7.3 Hz), 1.06 (3H�1/2, d, J=6.6 Hz), 1.07
(3H�1/2, t, J=6.6 Hz), 2.45 (1H, m), 3.46 (1H, m), 3.85
(1H, m), 4.05 (2H, t, J=6.7 Hz), 4.42 (1H�1/2, d,
J=8.1 Hz), 4.48 (1H�1/2, d, J=7.1 Hz), 4.65 (1H�1/2,
t, J=3.2 Hz), 4.77 (1H�1/2, t, J=3.0 Hz), 5.26 (1H�1/
2, dd, J=15.4, 8.1 Hz), 5.38 (1H�1/2, dd, J=15.4, 7.3
Hz), 5.51 (1H�1/2, dd, J=15.4, 8.5 Hz), 5.54 (1H�1/2,
dd, J=15.4, 8.8 Hz); IR (neat) 2957, 2872, 1717 cm�1;
MS m/z 460 (M)+; HRMS calcd for C28H44O5

460.3189, found 460.3139.

Butyl (22E)-(24S)-de-A,B-26,27-cyclo-8-oxo-24-(2-tetra-
hydropyranyl)oxy-22-cholestene-25-carboxylate (12b).
This compound was obtained by the same procedure as
described for 12a by using 11b instead of 11a, in 99% yield.
12b. 1H NMR (400MHz, CDCl3) d 0.64 (3H, s), 0.92
(3H, t, J=7.3 Hz), 1.04 (3H, d, J=6.6 Hz), 2.45 (1H,
m), 3.46 (1H, m), 3.85 (1H, m), 4.05 (2H, t, J=6.6 Hz),
4.44 (1H�1/2, d, J=8.1 Hz), 4.52 (1H�1/2, d, J=7.0
Hz), 4.65 (1H�1/2, t, J=3.4 Hz), 4.75 (1H�1/2, t,
J=3.9 Hz), 5.25 (1H�1/2, dd, J=15.4, 8.1 Hz), 5.39
(1H�1/2, dd, J=15.4, 6.8 Hz), 5.53 (1H, dd, J=15.4,
8.8 Hz); IR (neat) 2955, 2872, 1717 cm�1; MS m/z 460
(M)+; HRMS calcd for C28H44O5 460.3189, found
460.3191.

Butyl (22E)-(24R)-de-A,B-26,27-cyclo-24-hydroxy-8-
oxo-22-cholestene-25-carboxylate (13a). To a solution
of 12a (130 mg, 0.28 mmol) in dry CH2Cl2 (5 mL) was
added with stirring Me2AlCl (1.0M in n-hexane, 0.56
mL, 0.56 mmol) at �40 �C under an argon atmosphere.
The mixture was stirred for 1.5 h, then saturated aqu-
eous sodium bicarbonate (9 mL) was added, and the
whole was extracted with CH2Cl2. The organic layer
was dried over magnesium sulfate and filtered. Eva-
poration of the solvent gave a residue, from which 13a
(81 mg) was separated by silica gel column chromato-
graphy (ethyl acetate/n-hexane=1/4) as a colorless oil in
76% yield.

13a. 1H NMR (400MHz, CDCl3) d 0.64 (3H, s), 0.92
(3H, t, J=7.3 Hz), 1.06 (3H, d, J=6.6 Hz), 3.92 (1H,
br. d, J=4.9 Hz), 4.08 (2H, t, J=6.6 Hz), 5.44 (1H, dd,
J=15.6, 5.9 Hz), 5.50 (1H, dd, J=15.6, 7.6 Hz); 13C
NMR (100MHz, CDCl3) d 11.9, 12.8, 13.8, 14.9, 19.2,
19.3, 20.5, 24.1, 27.8, 28.5, 30.7, 38.9, 39.6, 41.0, 49.8,
56.1, 62.0, 64.6, 74.7, 127.0, 138.9, 174.4, 211.4; IR
(neat) 3499, 2961, 2874, 1715 cm�1; MS m/z 376 (M)+;
HRMS calcd for C23H36O4 376.2614, found 376.2604.

Butyl (22E) - (24S) -de-A,B-26,27-cyclo -24-hydroxy-8-
oxo-22-cholestene-25-carboxylate (13b). This com-
pound was obtained by the same procedure as
described for 13a by using 12b instead of 12a, in
76% yield.

13b. [a]18D �16.4 (c=1.37, CHCl3);
1H NMR (400MHz,

CDCl3) d 0.64 (3H, s), 0.92 (3H, t, J=7.4 Hz), 1.05 (3H,
d, J=6.8 Hz), 3.97 (1H, br. d, J=5.9 Hz), 4.07 (2H, t,
J=6.6 Hz), 5.43 (1H, dd, J=15.4, 5.9 Hz), 5.50 (1H,
ddd, J=15.6, 8.5, 0.8 Hz); 13C NMR (100MHz, CDCl3)
d 11.8, 12.9, 13.8, 14.8, 19.2, 19.3, 20.6, 24.1, 27.8, 28.4,
30.7, 38.9, 39.5, 41.0, 49.8, 56.2, 61.9, 64.6, 74.1, 126.8,
138.2, 174.4, 211.4; IR (neat) 3505, 2959, 2874, 1715
cm�1; MS m/z 376 (M)+; HRMS calcd for C23H36O4

376.2614, found 376.2614.

Butyl (8E,22E)-(24R)-de-A,B-8-bromomethylene-26,27-
cyclo -24-hydroxy-22-cholestene-25-carboxylate (14a).
To a solution of (bromomethyl)triphenylphosphonium
bromide (636 mg, 1.48 mmol) in THF (3 mL) was added
NaHMDS (1.0M in THF, 1.4 mL, 1.4 mmol) under an
argon atmosphere at �60 �C. The mixture was stirred
for 1 h at �40 �C, then a solution of 13a (37 mg, 0.098
mmol) in THF (3 mL) was introduced at �60 �C, and
stirring was continued at �40 �C for 1.5 h, and then at
�10 �C for 1 h. After another 30 min at room tempera-
ture, the reaction mixture was diluted with ether and the
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whole was filtered over CeliteTM. Evaporation of the
solvent gave a residue, from which 14a (16 mg) was
separated by silica gel column chromatography (ethyl
acetate/n-hexane=1/5) as a pale yellow oil in 36% yield.

14a. [a]18D +94.5 (c=0.48, CHCl3);
1H NMR

(400MHz, CDCl3) d 0.57 (3H, s), 0.93 (3H, t, J=7.3
Hz), 1.04 (3H, d, J=6.3 Hz), 1.97 (2H, br. d, J=12.2
Hz), 2.07 (1H, m), 2.87 (1H, m), 3.18 (1H, d, J=7.1
Hz), 3.94 (1H, br. t, J=6.7 Hz), 4.09 (2H, t, J=6.6 Hz),
5.43 (1H, dd, J=15.4, 6.1 Hz), 5.50 (1H, dd, J=15.5,
7.9 Hz), 5.64 (1H, s); 13C NMR (100MHz, CDCl3) d
11.9, 12.2, 13.9, 14.9, 19.3, 20.6, 22.1, 22.6, 27.8, 28.5,
30.7, 31.1, 39.8, 40.1, 45.5, 55.3, 55.9, 64.6, 74.7, 97.4,
126.6, 139.2, 144.7, 174.5; IR (neat) 3412, 2953, 2869,
1703 cm�1; MS m/z 452 (M)+; HRMS calcd for
C24H37O3

79Br 452.1926, found 452.1921.

Butyl (8E,22E)-(24S)-de-A,B-8-bromomethylene-26,27-
cyclo-24-hydroxy-22-cholestene-25-carboxylate (14b).
This compound was obtained by the same procedure
as described for 14a by using 13b instead of 13a, in
42% yield.

14b. [a]17D +62.4 (c=0.46, CHCl3);
1H NMR

(400MHz, CDCl3) d 0.57 (3H, s), 0.93 (3H, t, J=7.4
Hz), 1.03 (3H, d, J=6.6 Hz), 1.97 (2H, m), 2.08 (1H,
m), 2.87 (1H, m), 3.15 (1H, d, J=7.3 Hz), 4.00 (1H, br.
t, J=6.6 Hz), 4.08 (2H, t, J=6.6 Hz), 5.42 (1H, dd,
J=15.4, 6.1 Hz), 5.54 (1H, dd, J=15.5, 8.4 Hz), 5.64
(1H, s); 13C NMR (100MHz, CDCl3) d 11.8, 12.2, 13.8,
14.8, 19.3, 20.6, 22.2, 22.6, 27.8, 28.5, 30.7, 31.1, 39.8,
40.0, 45.5, 55.3, 55.9, 64.6, 74.2, 97.4, 126.4, 138.9,
144.7, 174.5; IR (neat) 3400, 2957, 2930, 2853, 1717
cm�1; MS m/z 452 (M)+; HRMS calcd for
C24H37O3

79Br 452.1926, found 452.1921.

Butyl (5Z,7E,22E)-(1S,3R,24R)-26,27-cyclo-1,3,24-tri-
hydroxy-9,10-seco-5,7,10(19),22-cholestatetraene-25-car-
boxylate (3a). 3a: [a]18D +25.3 (c 0.14, CHCl3); UV
(EtOH) lmax 265 nm, lmin 228 nm; 1H NMR (400MHz,
CDCl3) d 0.55 (3H, s), 0.84 (1H, m), 0.93 (3H, t, J=7.4
Hz), 1.04 (3H, d, J=6.3 Hz), 2.31 (1H, dd, J=13.4, 6.6
Hz), 2.60 (1H, dd, J=13.7, 3.2 Hz), 2.83 (1H, dd,
J=12.2, 3.7 Hz), 3.17 (1H, d, J=7.1 Hz), 3.97 (1H, t,
J=6.8 Hz), 4.08 (2H, t, J=6.8 Hz), 4.23 (1H, m), 4.43
(1H, m), 4.99 (1H, s), 5.32 (1H, s), 5.41 (1H, dd,
J=15.4, 6.3 Hz), 5.51 (1H, dd, J=15.4, 8.5 Hz), 6.01
(1H, d, J=11.2 Hz), 6.37 (1H, d, J=11.2 Hz); 13C
NMR (100MHz, CDCl3) d 11.9, 12.4, 13.9, 14.9, 19.3,
20.6, 22.4, 23.7, 27.9, 28.5, 29.1, 30.7, 40.2, 40.4, 43.0,
45.3, 46.0, 56.0, 56.4, 64.6, 66.9, 70.8, 74.7, 111.6, 117.0,
124.8, 126.3, 132.8, 139.5, 142.7, 147.5, 174.5; IR (neat)
3422, 2947, 2930, 2870, 1701 cm�1; MS m/z 512 (M)+,
494 (M�H2O)

+, 476 (M�2H2O)
+; HRMS calcd for

C32H48O5 512.3502, found 512.3494.

Butyl (5Z,7E,22E)-(1S,3R,24S)-26,27-cyclo-1,3,24-tri-
hydroxy-9,10-seco-5,7,10(19),22-cholestatetraene-25-car-
boxylate (3b). 3b: [a]18D +15.9 (c=0.24, CHCl3); UV
(EtOH) lmax 265 nm, lmin 228 nm; 1H NMR (400MHz,
CDCl3) d 0.55 (3H, s), 0.84 (1H, m), 0.93 (3H, t, J=7.3
Hz), 1.02 (3H, d, J=6.6 Hz), 2.31 (1H, dd, J=13.4, 6.6
Hz), 2.60 (1H, dd, J=13.7, 3.4 Hz), 2.83 (1H, dd,
J=12.9, 4.4 Hz), 3.15 (1H, d, J=6.8 Hz), 4.01 (1H, t,
J=6.3 Hz), 4.08 (2H, t, J=6.9 Hz), 4.23 (1H, m), 4.43,
(1H, m), 5.00 (1H, s), 5.32 (1H, s), 5.40 (1H, dd,
J=15.4, 6.4 Hz), 5.50 (1H, dd, J=15.9, 8.3 Hz), 6.01
(1H, d, J=11.0 Hz), 6.38 (1H, d, J=11.2 Hz); 13C
NMR (100MHz, CDCl3) d 11.8, 12.4, 13.9, 14.8, 19.3,
20.7, 22.4, 23.7, 27.8, 28.5, 29.2, 30.7, 40.1, 40.4, 42.9,
45.3, 46.0, 56.1, 56.4, 64.6, 66.9, 70.8, 74.2, 111.7, 117.0,
124.8, 126.2, 132.8, 139.2, 142.8, 147.4, 174.5; IR (neat)
3337, 2932, 2870, 1703 cm�1; MS m/z 512 (M)+, 494
(M�H2O)

+, 476 (M�2H2O)
+; HRMS calcd for

C32H48O5 512.3502, found 512.3507.

Butyl (5Z,7E,22E)-(1S,2S,3R,24R)-26,27-cyclo-1,3,24-
trihydroxy-2-methyl-9,10-seco-5,7,10(19),22-cholestate-
traene-25-carboxylate (4a). A mixture of the CD-ring
portion 14a (14 mg, 32 mmol), tetrakis(triphenylpho-
sphine)palladium (12 mg, 11 mmol) and triethylamine (2
mL) in toluene (1 mL) was stirred for 20 min at room
temperature, then a solution of the A-ring enyne pre-
cursor 15a10a�c (23 mg, 61 mmol) in toluene (1 mL) was
added. After having been heated at reflux for 7 h and
diluted with ether, the reaction mixture was filtered
through a pad of silica gel with ether. After evaporation
of the solvent, the residue was subjected to silica gel
preparative TLC (ethyl acetate/n-hexane=1/4) to give a
crude mixture of the protected vitamins (14 mg). The
crude mixture, dissolved in THF (1 mL), was treated
with TBAF (1.0M in THF, 0.1 mL, 0.1 mmol) at reflux
for 8 h. Brine was added to the cooled reaction mixture
and the whole was extracted with ethyl acetate. The
combined organic layer was dried over magnesium sul-
fate, filtered and concentrated. The residue was purified
by silica gel preparative TLC (ethyl acetate/n-hex-
ane=2/3) to give 4a (3.7 mg, 22% in two steps). Further
purification of 4a was conducted by using a recycling
HPLC (Shim-Pack PREP-SIL column, 20�250 mm,
10.0 mL/min, ethyl acetate/n-hexane=2/1).

4a. UV (EtOH) lmax 267 nm, lmin 228 nm; 1H NMR
(400MHz, CDCl3) d 0.55 (3H, s), 0.83 (1H, m), 0.93
(3H, t, J=7.6 Hz), 1.04 (3H, d, J=6.6 Hz), 1.08 (3H, d,
J=6.8 Hz), 1.92 (1H, dd, J=7.8, 3.4, 6.8 Hz), 2.23 (3H,
dd, J=13.9, 7.6 Hz), 2.67 (1H, dd, J=13.4, 3.9 Hz),
2.82 (1H, dd, J=12.9, 4.9 Hz), 3.17 (1H, br. s), 3.84
(1H, dt, J=4.4, 7.8 Hz), 3.94 (1H, d, J=6.6 Hz), 4.09
(2H, t, J=6.6 Hz), 4.30 (1H, d, J=3.4 Hz), 5.00 (1H, d,
J=2.2 Hz), 5.27 (1H, s), 5.41 (1H, dd, J=15.4, 6.6 Hz),
5.51 (1H, dd, J=15.6, 8.3 Hz), 6.00 (1H, d, J=11.0 Hz),
6.39 (1H, d, J=11.5 Hz);MSm/z 526 (M)+; HRMS calcd
for C33H50O5 526.3658, found 526.3659.

Butyl (5Z,7E,22E) -(1S,2S,3R,24S)-26,27-cyclo-1,3,24-
trihydroxy-2-methyl-9,10-seco-5,7,10(19),22-cholestate-
traene-25-carboxylate (4b). This compound was
obtained by the same procedure as described for 4a by
using 15b instead of 15a, in 15% yield.

4b. UV (EtOH) lmax 267 nm, lmin 228 nm; 1H NMR
(400MHz, CDCl3) d 0.54 (3H, s), 0.83 (1H, m), 0.93
(3H, t, J=7.4 Hz), 1.02 (3H, d, J=6.6 Hz), 1.08 (3H, d,
J=6.8 Hz), 1.92 (1H, dd, J=7.8, 3.4, 6.8 Hz), 2.31 (1H,
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dd, J=13.4, 6.6 Hz), 2.60 (1H, dd, J=13.7, 3.4 Hz),
2.83 (1H, dd, J=12.9, 4.4 Hz), 3.15 (1H, d, J=7.1 Hz),
4.01 (1H, t, J=6.4 Hz), 4.08 (2H, t, J=6.8 Hz), 4.23
(1H, m), 4.43 (1H, m), 5.00 (1H, s), 5.33 (1H, s), 5.40
(1H, dd, J=15.4, 6.4 Hz), 5.50 (1H, dd, J=15.9, 8.6
Hz), 6.01 (1H, d, J=11.0 Hz), 6.38 (1H, d, J=11.2 Hz);
MS m/z 526 (M)+; HRMS calcd for C33H50O5

526.3658, found 526.3645.

Butyl (5Z,7E,22E) - (1S,2S,3S,24R) -26,27-cyclo -1,3,24-
trihydroxy-2-methyl-9,10-seco-5,7,10(19),22-cholestate-
traene-25-carboxylate (5a). This compound was
obtained by the same procedure as described for 4a by
using 14b instead of 14a, in 48% yield.

5a. UV (EtOH) lmax 267 nm, lmin 228 nm; 1H NMR
(400MHz, CDCl3) d 0.54 (3H, s), 0.83 (1H, m), 0.93
(3H, t, J=7.3 Hz), 1.04 (3H, d, J=6.6 Hz), 1.22 (3H, d,
J=7.1 Hz), 2.49 (1H, d, J=13.4 Hz), 2.57 (1H, dd,
J=13.9, 3.7 Hz), 2.79 (1H, d, J=7.8 Hz), 2.85 (1H, m),
3.17 (1H, d, J=7.3 Hz), 3.91 (1H, m), 3.97 (1H, t,
J=6.8 Hz), 4.09 (2H, t, J=6.6 Hz), 4.17 (1H, m), 4.96
(1H, d, J=2.0 Hz), 5.22 (1H, d, J=2.0 Hz), 5.41 (1H,
dd, J=15.6, 6.4 Hz), 5.51 (1H, dd, J=15.1, 8.1 Hz),
6.02 (1H, d, J=11.5 Hz), 6.47 (1H, d, J=10.5 Hz); MS
m/z 526 (M)+; HRMS calcd for C33H50O5 526.3658,
found 526.3664.

Butyl (5Z,7E,22E) - (1S,2S,3S,24S) - 26,27 -cyclo -1,3,24-
trihydroxy-2-methyl-9,10-seco-5,7,10(19),22-cholestate-
traene-25-carboxylate (5b). This compound was
obtained by the same procedure as described for 4a by
using 14b and 15b, instead of 14a and 15a, respectively,
in 35% yield.

5b. UV (EtOH) lmax 266 nm, lmin 228 nm; 1H NMR
(400MHz, CDCl3) d 0.54 (3H, s), 0.83 (1H, m), 0.93
(3H, t, J=7.2 Hz), 1.02 (3H, d, J=6.6 Hz), 1.22 (3H, d,
J=7.3 Hz), 2.49 (1H, br. d, J=13.4 Hz), 2.58 (1H, dd,
J=13.9, 3.4 Hz), 2.81 (1H, d, J=8.1 Hz), 2.84 (1H, m),
3.14 (1H, d, J=6.8 Hz), 3.91 (1H, m), 4.02 (1H, t,
J=6.4 Hz), 4.08 (3H, t, J=6.4 Hz), 4.17 (1H, m), 4.94
(1H, d, J=2.2 Hz), 5.23 (1H, d, J=2.0 Hz), 5.40 (1H,
dd, J=15.4, 6.1 Hz), 5.50 (1H, dd, J=15.6, 8.8 Hz),
6.02 (1H, d, J=11.5 Hz), 6.47 (1H, d, J=11.0 Hz); 13C
NMR (100MHz, CDCl3) d 11.8, 12.5, 13.9, 14.2, 14.8,
19.3, 20.7, 20.9, 23.5, 27.9, 28.5, 29.1, 30.7, 40.1, 40.3,
40.5, 45.9, 53.5, 56.1, 56.3, 64.6, 72.5, 74.2, 78.6, 114.0,
117.0, 126.0, 126.1, 130.8, 139.3, 142.5, 146.9, 174.5; MS
m/z 526 (M)+; HRMS calcd for C33H50O5 526.3658,
found 526.3652.

Butyl (22E)-(8S,24R)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-25-hydroxymethyl-22-cholesten-24-ol
(16a). To a solution of 9a (92 mg, 0.19 mmol) in tolu-
ene (0.8 mL) was added with stirring DIBAL-H (1.0M
in toluene, 0.87 mL, 0.87 mmol) at �78 �C under an
argon atmosphere, and the resulting mixture was stirred
for 100 min. To the reaction mixture was added aqu-
eous 1N HCl (3 mL) and the whole was extracted with
ether. The organic layer was washed with brine and
dried over sodium sulfate. Evaporation of the filtrate
gave a residue, from which 16a (41 mg) was separated
by silica gel column chromatography (ethyl acetate/
n-hexane=1/5) as a colorless oil in 51% yield.

16a. 1H NMR (400MHz, CDCl3) d �0.01 (3H, s),
0.01 (3H, s), 0.41 (1H, m), 0.55 (3H, m), 0.88 (9H, m),
0.93 (3H, s), 1.02 (3H, d, J=6.6 Hz), 3.33 (1H, d, J=11.2
Hz), 3.83 (1H, d, J=5.4 Hz), 3.85 (1H, d, J=10.3 Hz),
3.99 (1H, d, J=2.0 Hz), 5.44 (1H, dd, J=15.4, 6.3 Hz),
5.52 (1H, d, J=15.4, 8.3 Hz); MS m/z 404 (M�H2O)

+,
386 (M�2H2O)

+, 347 (M�H2O�t-Bu)+; HRMS calcd
for C25H44O2Si 404.3111, found 404.3117.

Butyl (22E)-(8S,24S)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-25-hydroxymethyl-22-cholesten-24-ol
(16b). This compound was obtained by the same proce-
dure as described for 16a by using 9b instead of 9a, in
38% yield.

16b. 1H NMR (400MHz, CDCl3) d �0.01 (3H, s),
0.01 (3H, s), 0.41 (1H, m), 0.50 (1H, m), 0.60 (1H, m),
0.89 (9H, s), 0.94 (3H, s), 1.01 (3H, d, J=6.6 Hz), 3.28
(1H, d, J=11.5 Hz), 3.83 (1H, d, J=5.6 Hz), 3.89 (1H,
d, J=11.2 Hz), 4.00 (1H, d, J=2.2 Hz), 5.44 (1H, dd,
J=15.4, 5.6 Hz), 5.58 (1H, ddd, J=15.4, 8.5, 1.2 Hz);
MS m/z 404 (M�H2O)

+, 386 (M�2H2O)
+, 347

(M�H2O�t-Bu)+; HRMS calcd for C25H44O2Si
404.3111, found 404.3113.

Butyl (22E)-(8S,24R)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-25-(pivalyloxy)methyl-22-cholesten-24-
ol (17a). To a solution of 16a (41 mg, 97 mmol) in pyri-
dine (0.4 mL) was added with stirring pivalyl chloride
(59 mL, 0.49 mmol) at 0 �C under an argon atmosphere,
and the resulting mixture was stirred for 1 h. The reac-
tion mixture was diluted with ether. The organic layer
was washed with aqueous 1N HCl, followed by with
brine, and dried over sodium sulfate. Evaporation of the
filtrate gave a residue, from which 17a (25 mg) was
separated by silica gel column chromatography (ethyl
acetate/n-hexane=1/9) as a colorless oil in 51% yield.

17a. 1H NMR (400MHz, CDCl3) d �0.02 (3H, s),
0.00 (3H, s), 0.48 (1H, m), 0.58 (3H, m), 0.88 (9H, s),
0.92 (3H, s), 1.00 (3H, d, J=6.6 Hz), 1.21 (9H, s), 3.81
(1H, d, J=7.1 Hz), 3.90 (1H, d, J=11.5 Hz), 3.99 (1H,
br. d, J=2.4 Hz), 4.20 (1H, d, J=11.7 Hz), 5.36 (1H,
dd, J=15.3, 7.0 Hz), 5.50 (1H, dd, J=15.9, 8.6 Hz); MS
m/z 506 (M)+; HRMS calcd for C30H54O4Si 506.3791,
found 506.3796.

Butyl (22E)-(8S,24S)-de-A,B-8-(tert-butyldimethylsilyl)-
oxy-26,27-cyclo-25-(pivalyloxy)methyl-22-cholesten-24-
ol (17b). This compound was obtained by the same
procedure as described for 17a by using 16b instead of
16a, in 38% yield.

17b. 1H NMR (400MHz, CDCl3) d �0.01 (3H, s),
0.00 (3H, s), 0.48 (1H, m), 0.56 (1H, m), 0.60 (1H, m),
0.65 (1H, m), 0.88 (9H, s), 0.93 (3H, s), 1.00 (3H, d,
J=6.3 Hz), 1.22 (9H, s), 3.83 (1H, br. d, J=5.2 Hz),
3.88 (1H, d, J=11.5 Hz), 3.99 (1H, br. d, J=2.5 Hz),
4.21 (1H, d, J=11.8 Hz), 5.37 (1H, ddd, J=15.4, 6.0,
0.6 Hz), 5.55 (1H, ddd, J=15.4, 8.7, 1.2 Hz); MS m/z
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449 (M�t-Bu)+; HRMS calcd for C26H45O4Si
449.3087, found 449.3081.

General procedure for synthesis of MTPA esters. A
solution of each of the above compounds 17a,b dis-
solved in dry CH2Cl2 was treated with DMAP (5 equiv)
and (R)- or (S)-MTPACl (4 equiv) at room temperature
under an argon atmosphere. The reaction mixture was
purified by silica gel preparative TLC (ethyl acetate/
n-hexane=1/9) without pretreatment to afford the
corresponding MTPA ester.

(S)-MTPA ester of 17a. 1H NMR (400MHz, CDCl3) d
�0.012 (3H, s), 0.006 (3H, s), 0.597 (4H, m), 0.884 (9H,
s), 0.920 (3H, s), 0.991 (3H, d, J=6.4 Hz), 1.206 (9H, s),
3.531 (3H, s), 3.828 (1H, d, J=12.0 Hz), 3.916 (1H, d,
J=11.7 Hz), 3.992 (1H, br, s), 5.356 (1H, dd, J=15.0,
8.7 Hz), 5.458 (1H, d, J=8.5 Hz), 5.699 (1H, dd,
J=15.1, 8.8 Hz), 7.382 (3H, m), 7.496 (2H, m); MS m/z
722 (M)+; HRMS calcd for C40H61O6F3Si 722.4190,
found 722.4196.

(R)-MTPA ester of 17a. 1H NMR (400MHz, CDCl3) d
�0.011 (3H, s), 0.006 (3H, s), 0.883 (9H, s), 0.903 (3H,
s), 0.963 (3H, d, J=6.6 Hz), 1.190 (9H, s), 3.551 (3H, s),
3.945 (1H, d, J=11.7 Hz), 3.997 (1H, s), 4.012 (1H, d,
J=12.0 Hz), 5.214 (1H, dd, J=15.1, 8.1 Hz), 5.336 (1H,
d, J=8.1 Hz), 5.582 (1H, dd, J=15.3, 8.9 Hz), 7.376
(3H, m), 7.487 (2H, m); MS m/z 722 (M)+; HRMS
calcd for C40H61O6F3Si 722.4190, found 722.4193.

(S)-MTPA ester of 17b. 1H NMR (400MHz, CDCl3) d
�0.007 (3H, s), 0.007 (3H, s), 0.886 (9H, s), 0.902 (3H, s),
0.958 (3H, d, J=6.6 Hz), 1.190 (9H, s), 3.549 (3H, s),
3.961 (1H, d, J=12.0 Hz), 3.987 (1H, s), 4.002 (1H, d,
J=11.7 Hz), 5.238 (1H, dd, J=14.9, 8.1 Hz), 5.303 (1H,
d, J=7.8 Hz), 5.555 (1H, dd, J=14.9, 9.0 Hz), 7.625 (3H,
m), 7.507 (2H, m); MS m/z 665 (M�t-Bu)+; HRMS
calcd for C36H52O6F3Si 665.3485, found 665.3481.

(R)-MTPA ester of 17b. 1H NMR (400MHz, CDCl3) d
�0.006 (3H, s), 0.007 (3H, s), 0.552 (4H, br. s), 0.619
(2H, m), 0.889 (9H, s), 0.992 (3H, d, J=6.6 Hz), 1.206
(9H, s), 3.538 (3H, s), 3.822 (1H, d, J=11.7 Hz), 3.925
(1H, d, J=11.7 Hz), 3.983 (1H, br. d, J=2.0 Hz), 5.338
(1H, dd, J=15.0, 8.4 Hz), 5.420 (1H, d, J=8.5 Hz),
5.667 (1H, dd, J=15.0, 9.2 Hz), 7.376 (3H, m), 7.501
(2H, m); MS m/z 722 (M)+; HRMS calcd for
C40H61O6F3Si 722.4190, found 722.4191.

Butyl (22E)-(8S,24R)-de-A,B-24-benzoyloxy-8-(tert-butyl-
dimethylsilyl)oxy-26,27-cyclo-22-cholestene-25-carboxyl-
ate (18a). To a solution of 9a (5.3 mg, 11 mmol) and
DMAP (4.0 mg, 33 mmol) in CH2Cl2 (1 mL) was added
with stirring benzoyl chloride (2 mL, 17 mmol) at room
temperature under an argon atmosphere, and the
resulting mixture was stirred for 1.5 h. The reaction
mixture was purified by silica gel preparative TLC (ethyl
acetate/n-hexane=1/3) to give 18a (1.7 mg) as a color-
less oil in 26% yield.

18a. UV (EtOH) lmax 274 nm, 230 nm, lmin 260 nm,
211 nm; CD (EtOH) lext 229 nm (�e +9.2); 1H NMR
(600MHz, CDCl3) d �0.02 (3H, s), 0.00 (3H, s), 0.88
(9H, s), 0.98 (3H, d, J=6.6 Hz), 3.98 (1H, s), 4.08 (2H,
m), 5.40 (1H, dd, J=15.3, 7.6 Hz), 5.64 (1H, dd,
J=15.3, 8.9 Hz), 5.82 (1H, d, J=7.4 Hz), 7.43 (2H, t,
J=7.7 Hz), 7.55 (1H, t, J=7.3 Hz), 8.03 (2H, d, J=7.7
Hz); MS m/z 596 (M)+; HRMS calcd for C36H56O5Si
596.3897, found 596.3903.

Butyl (22E)-(8S,24S)-de-A,B-24-benzoyloxy-8-(tert-butyl-
dimethylsilyl)oxy-26,27-cyclo-22-cholestene-25-carboxy-
late (18b). This compound was obtained by the same
procedure as described for 18a by using 9b instead of 9a,
in 41% yield.

18b. UV (EtOH) lmax 274 nm, 229 nm, lmin 253 nm,
211 nm; CD (EtOH) lext 229 nm (�e �8.2); 1H NMR
(600MHz, CDCl3) d �0.04 (3H, s), �0.01 (3H, s), 0.86
(9H, s), 0.97 (3H, d, J=6.6 Hz), 3.97 (1H, s), 4.07 (2H,
m), 5.37 (1H, dd, J=15.4, 7.1 Hz), 5.66 (1H, dd,
J=15.4, 8.8 Hz), 5.87 (1H, d, J=7.4 Hz), 7.43 (2H, t,
J=7.7 Hz), 7.55 (1H, t, J=7.3 Hz), 8.02 (2H, d, J=7.1
Hz); MS m/z 596 (M)+; HRMS calcd for C36H56O5Si
596.3897, found 596.3892.

Vitamin D receptor (VDR) binding assay27

Bovine thymus VDR receptor was obtained from
Yamasa Biochemical (Chiba, Japan) and dissolved in
0.05M phosphate buffer (pH 7.4) containing 0.3M KCl
and 5 mM dithiothreitol just before use. The receptor
solution (500 mL) was pre-incubated with 50 mL of eth-
anol solution of 1a,25-dihydroxyvitamin D3 or an ana-
logue at various concentrations for 60 min at 25 �C.
Then, the receptor mixture was left to stand overnight
with 0.1 nM [3H]-1a,25-dihydroxyvitamin D3 at 4 �C.
The bound and free [3H]-1a,25-dihydroxyvitamin D3

were separated by treatment with dextran-coated char-
coal for 30 min at 4 �C and centrifuged at 3000 rpm for
10 min. The supernatant (500 mL) was mixed with
ACS-II (9.5 mL) (Amersham, UK) and the radioactivity
was counted. The relative potency of the analogues was
calculated from their concentration needed to displace
50% of [3H]-1a,25-dihydroxyvitamin D3 from the
receptor compared with the activity of 1a,25-dihydroxy-
vitamin D3 (assigned a 100% value).

Assay for HL-60 cell differentiation

Nitro blue tetrazolium (NBT)-reducing activity was
used as a cell differentiation marker. HL-60 cells were
cultured in RPMI-1640 medium supplemented with
10% heat-inactivated FCS. Exponentially proliferating
cells were collected, suspended in fresh medium and
seeded in culture plates (Falcon, Becton Dickinson and
Company, Franklin Lakes, NJ). Cell concentration at
seeding was adjusted to 2�104 cells/mL and the seeding
volume was 1 mL/well. An ethanol solution of 1a,25-
dihydroxyvitamin D3 (final concentration: 10

�8 M) and
an analogue (final concentration: 10�11–10�6 M) was
added to the culture medium at 0.1% volume and cul-
ture was continued for 96 h at 37 �C in a humidified
atmosphere of 5% CO2/air without medium change.
The same amount of vehicle was added to the control
T. Fujishima et al. / Bioorg. Med. Chem. 11 (2003) 3621–3631 3629



culture. NBT-reducing assay was performed according
to the method of Collins et al.30 Briefly, cells were col-
lected, washed with PBS, and suspended in serum-free
medium. NBT/TPA solution (dissolved in PBS) was
added. Final concentrations of NBT and TPA were
0.1% and 100 ng/mL, respectively. Then, the cell sus-
pensions were incubated at 37 �C for 25 min. After
incubation, cells were collected by centrifugation and
resuspended in PBS. Cytospin smears were prepared,
and the counter-staining of nuclei was done with
Kemechrot solution. At least 500 cells per preparation
were observed.
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Carlberg, C. J. Mol. Biol. 2002, 315, 229. (c) Xu, H. E.;
Stanley, T. B.;Montana, V. G.; Lambert,M. H.; Shearer, B. G.;
Cobb, J. E.; McKee, D. D.; Galardi, C. M.; Plunket, K. D.;
Nolte, R. T.; Parks, D. J.; Moore, J. T.; Kiliewer, S. A.;
Willson, T. M.; Stimmel, J. B. Nature 2002, 415, 813.
(d) Schapira, M.; Raaka, B. M.; Samuels, H. H.; Abagyan, R.
Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 1008.
6. (a) Murayama, E.; Miyamoto, K.; Kubodera, N.; Mori, T.;
Matsunaga, I. Chem. Pharm. Bull. 1986, 34, 4410. (b) Abe, J.;
Nakano, T.; Nishii, Y.; Matsumoto, T.; Ogata, E.; Ikeda, K.
Endocrinology 1991, 129, 832.
7. Calverley, M. J. Tetrahedron 1987, 43, 4609.
8. (a) Binderup, L.; Latini, S.; Binderup, E.; Bretting, C.;
Calverley, M. J.; Hansen, K. Biochem. Pharmacol. 1991, 42,
1569. (b) Dilworth, F. J.; Calverley, M. J.; Makin, H. L.;
Jones, G. ibid. 1994, 47, 987.
9. (a) Norman, A. W.; Bouillon, R.; Farach-Carson, M. C.;
Bishop, J. E.; Zhou, L.-X.; Nemere, L.; Zhao, J.;
Muralidoharan,K.R.;Okamura,W.H. J.Biol.Chem. 1993, 268,
20022. (b) Muralidoharan, K. R.; de Lera, A. R.; Isaeff, S. D.;
Norman, A. W.; Okamura, W. H. J. Org. Chem. 1993, 58,
1895. (c) Bischof, M. G.; Siu-Caldera, M.-L.; Weiskopf, A.;
Vouros, P.; Cross, H. S.; Peterlik, M.; Reddy, G. S. Exp. Cell.
Res. 1998, 241, 194.
10. (a) Konno, K.; Maki, S.; Fujishima, T.; Liu, Z.-P.; Miura,
D.; Chokki, M.; Takayama, H. Bioorg. Med. Chem. Lett.
1998, 8, 151. (b) Fujishima, T.; Liu, Z.-P.; Miura, D.; Chokki,
M.; Ishizuka, S.; Konno, K.; Takayama, H. ibid. 1998, 8, 2145.
(c) Konno, K.; Fujishima, T.; Maki, S.; Liu, Z.-P.; Miura, D.;
Chokki, M.; Ishizuka, S.; Yamaguchi, K.; Kan, Y.; Kurihara,
M.; Miyata, N.; Smith, C.; DeLuca, H. F.; Takayama, H.
J. Med. Chem. 2000, 43, 4247. (d) Fujishima, T.; Konno, K.;
Nakagawa, K.; Kurobe, M.; Okano, T.; Takayama, H.
Bioorg. Med. Chem. 2000, 8, 123. (e) Nakagawa, K.; Kurobe,
M.; Ozono, K.; Konno, K.; Fujishima, T.; Takayama, H.;
Okano, T. Biochem. Pharmacol. 2000, 59, 691. (f) Nakagawa,
K.; Kurobe, M.; Konno, K.; Fujishima, T.; Takayama, H.;
Okano, T. ibid. 2000, 60, 1937.
11. (a) Fujishima, T.; Liu, Z.-P.; Konno, K.; Nakagawa, K.;
Okano, T.; Yamaguchi, K.; Takayama, H. Bioorg. Med.
Chem. 2001, 9, 525. (b) Fujishima, T.; Konno, K.; Nakagawa,
K.; Tanaka, M.; Okano, T.; Kurihara, M.; Miyata, N.;
Takayama, H. Chem. Biol. 2001, 8, 1011. (c) Suhara, Y.;
Kittaka, A.; Kishimoto, S.; Calverley, M. J.; Fujishima, T.;
Saiso, N.; Sugiura, T.; Waku, K.; Takayama, H. Bioorg. Med.
Chem. Lett. 2002, 12, 3255.
12. (a) Herdick, M.; Steinmeyer, A.; Carlberg, C. J. Biol.
Chem. 2000, 275, 16506. (b) Herdick, M.; Steinmeyer, A.;
Carlberg, C. Chem. Biol. 2000, 7, 885. (c) Bury, Y.;
Steinmeyer, A.; Carlberg, C. Mol. Pharmacol. 2000, 58, 1067.
(d) Toell, A.; Gonzalez, M. M.; Ruf, D.; Steinmeyer, A.;
Ishizuka, S.; Carlberg, C. ibid. 2001, 59, 1478.
13. (a) Miura, D.; Manabe, K.; Ozono, K.; Saito, M.;
Gao, Q.; Norman, A. W.; Ishizuka, S. J. Biol. Chem.
1999, 274, 16392. (b) Miura, D.; Manabe, K.; Ozono, K.;
Saito, M.; Gao, Q.; Norman, A. W.; Ishizuka, S. ibid. 1999,
274, 33376.
14. (a) Menaa, C.; Barsony, J.; Reddy, S. V.; Cornish, J.;
Cundy, T.; Roodman, G. D. J. Bone Miner. Res. 2000, 15,
228. (b) Kurihara, N.; Reddy, S. V.; Menaa, C.; Anderson, D.;
Roodman, G. D. J. Clin. Invest. 2000, 105, 607. (c) Menaa, C.;
Reddy, S. V.; Kurihara, N.; Maeda, H.; Anderson, D.; Cundy,
T.; Cornish, J.; Singer, F. R.; Bruder, J. M.; Roodman, G. D.
ibid. 2000, 105, 1833. (d) Leach, R. J.; Roodman, G. D. J. Clin.
Endocrinol. Metab. 2001, 86, 24. (e) Reddy, S. V.; Kurihara,
N.; Menaa, C.; Landucci, G.; Forthal, D.; Koop, B. A.;
Windle, J. J.; Roodman, G. D. Endocrinology 2001, 142, 2898.
(f) Friedrichs, W. E.; Reddy, S. V.; Bruder, J. M.; Cundy, T.;
Cornish, J.; Singer, F. R.; Roodman, G. D. J. Bone Miner.
Res. 2002, 17, 145.
15. (a) Higashi, T.; Kikuchi, R.; Miura, K.; Shimada, K.;
Hiyamizu, H.; Ooi, H.; Iwabuchi, Y.; Hatakeyama, S.;
Kubodera, N. Biol. Pharm. Bull. 1999, 22, 767. (b) Siu-Caldera,
M.; Sunita Rao, D.; Astecker, N.; Weiskopf, A.; Vouros, P.;
Konno, K.; Fujishima, T.; Takayama, H.; Peleg, S.; Reddy,
G. S. J. Cell. Biochem. 2001, 82, 599. (c) Sunita Rao, D.; Siu-
Caldera, M.-L.; Sekimoto, H.; Gennaro, L.; Vouros, P.;
Takayama, H.; Konno, K.; Fujishima, T.; Reddy, G. S. Biol.
Pharm. Bull. 2002, 25, 845.
16. For reviews of synthesis of vitamin D compounds, see: (a)
Zhu, G.-D.; Okamura, W. H. Chem. Rev. 1995, 95, 1877. (b)
Dai, H.; Posner, G. H. Synthesis 1994, 1383.
17. (a) Trost, B. M.; Dumas, J.; Villa, M. J. Am. Chem. Soc.
1992, 114, 9836. (b) Trost, B. M.; Dumas, J. ibid. 1992, 114,
1924.
18. (a) Okamoto, M.; Fujii, T.; Tanaka, T. Tetrahedron 1995,
51, 5543. (b) Daniel, D.; Middleton, R.; Henry, H. L.;
Okamura, W. H. J. Org. Chem. 1996, 61, 5617. (c) Ikeda, M.;
Takahashi, K.; Dan, A.; Koyama, K.; Kubota, K.; Tanaka,
T.; Hayashi, M. Bioorg. Med. Chem. 2000, 8, 2157.
19. The A-ring enyne synthons, 15a and 15b, correspond to
3630 T. Fujishima et al. / Bioorg. Med. Chem. 11 (2003) 3621–3631



(3S,4S,5R)- and (3S,4S,5S)-bis[(tert-butyldimethylsilyl)oxy]-4-
methyloct-1-en-7-yne: See refs 10a–c.
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