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Abstract—A series of 16-en-22-oxa-derivatives of vitamin D3 based on the structure of maxacalcitol (2) were prepared. Maxacalcitol
is currently used topically for the treatment of psoriasis and is recognized as the most successful antedrug of natural vitamin D3

because it retains the original antiproliferative activity of calcitriol without increased calcemic activity. We introduced 16-olefinic
functionality to accelerate the oxidative metabolism of the drug in liver, presumed to be essential for the reduction of calcemic activ-
ity, and modified the side-chain moiety by placing the 22-oxygen on the more labile allylic carbon center. Novel 22-oxa analogs
(7a–i), carrying either the 24-alkynyl bond or 24-hydroxy functionality in addition to the 16-double bond were synthesized and
their pharmacokinetics were evaluated.
� 2005 Elsevier Ltd. All rights reserved.
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Chart 1. Structures of 1 and its analogs.
1. Introduction

Since the recognition of the differentiation-inducing
activity naturally occurring in the hormone calcitriol
(1a,25-dihydroxyvitamin D3; 1, Chart 1) was reported
in the early 1980s,1 a number of studies2 have focused
on the separation of the antiproliferation and cell differ-
entiation activities from the undesirable calcemic activi-
ty by modification of the natural structure in order to
develop a more favorable therapeutic index. Analogs
of calcitriol (1) such as maxacalcitol (2),3 tacalcitol
(3),4 and calcipotriol (4)5 have been developed for treat-
ment of various diseases such as psoriasis, secondary
hyperparathyroidism, and osteoporosis by modification
of the side-chain moiety of 1 which reduces the compet-
ing calcemic activity while retaining non-calcemic activ-
ity (Chart 1). However, treatment requires careful
administration due to toxicity and a drug with higher
efficacy and safety due to reduction of calcemic activity
is in demand.
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Vitamin D analog 2, currently used for the treatment of
psoriasis in ointment form and secondary hyperparathy-
roidism6 in injection form, differs from the others in that
the 22-methylene functionality is replaced by an oxygen
atom. The observed reduction of the calcemic activity of
2 is assumed to be due to the rapid oxidative metabolism
by liver CYP7,8 which converts the absorbed 2 rapidly
into the inactive metabolite after exhibiting the desired
cell-antiproliferative activity. Maxacalcitol (2) is ab-
sorbed topically and assumed to be oxidized at the
C23 center adjacent to the oxygen atom rapidly after
entering into liver through systemic circulation, and
gave rise, presumably via the hemiacetal intermediate
5 by liver CYP, to the inactive metabolite 69 (Scheme 1).

With this mode of action of an �antedrug�10 or a �soft
drug�11 in mind, we decided to design a new vitamin
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Chart 2. Allylic activation of 22-oxa-vitamin D3 analogs.

TBSO

O
R

TBSO

O
R

HO OH

TBSO

O
R

TBSO

O
R

HO OH

TBSO

TBSO

OH

TBSO

TBSO

OH

HO

HO

O

(R)-13(S)-13

ref. 18 1) [O]

2) [H]

12

(S)-14c-h (R)-14c-h

(S)-7c-h (R)-7c-h

(S)-7a

OH
OH OHOH

OH
OH

OH
OH OH

7f 7g

7c

7h

7d 7e

R =  H

7a 7b

(s)-7i (r)-7i

Scheme 2.

O

HO OH

OH

2

O

HO

OH

65

Liver microsome
H2O

23

Scheme 1. Postulated metabolic pathway of 2.

K. Shimizu et al. / Bioorg. Med. Chem. 14 (2006) 1838–1850 1839
D3 antedrug12 based on the structure of 2 that would
exhibit a higher pharmacological activity having a lower
calcemic activity while preserving its 22-oxa structure to
allow faster metabolism. We were most interested in the
change of the activities after the modification around the
22-oxygen center and, since it was reported that 16-en-
calcitirol2,13 exhibited a lower calcemic activity while
improving differentiation-inducing activity, we designed
and prepared the 22-oxa-derivatives 7 with a 16-double
bond in order to place the 22-oxygen on the more labile
allylic center to reduce the undesirable calcemic activity
through faster metabolism in systemic circulation. As in
the metabolism of lovastatin14–16 as well as of
quinidine,17 it is well recognized that an allylic center
is susceptible to metabolic oxidation with CYP3A4 in
the metabolic pathway. We expected the compounds
to be more bio-susceptible with the introduction of a
16-double bond owing to the generation of new allylic
centers (Chart 2).
2. Results and discussion

2.1. Chemistry

Synthesis of the newly designed 16-en-22-oxa-vitamin D
analogs 7a–i (Scheme 2) was carried out efficiently from
the common trienol (S)-13 and its epimer (R)-13, as
developed in our laboratories,18–21 starting from
dehydroandrosterone (12). Other than for the design
of 7b and 7i, a direct alkylation of 13 under standard
Williamson conditions furnished the corresponding
ether 14, further transforming into compounds 7c–h,
following the procedure developed for the synthesis of
2, a sequence involving the introduction of 7-olefin func-
tionality, and photochemical and thermal isomerization
steps. The presumed metabolite (S)-7a corresponding
to hexanor compound 6 from 2, as well as its epimer
(R)-7a, was prepared from trienol 13 having correspond-
ing stereochemistry using the same procedure without
22-O-alkylation.

As direct construction of the tertiary alcohol 14b from
the precursor 13 by reaction with 1,1-dimethyloxirane
was difficult, 13 was treated first with glycidyl
tosylate to give the epoxide 15, which was then
transformed into 14b via the ketone 17 with oxidation
followed by reaction with methylmagnesium bromide
(Scheme 3).

All four isomers of the compound 7i having a 24-hy-
droxy functionality were prepared (Scheme 4) from the
precursor 13 from reaction with (R)- or (S)-1,2-epoxy-
3-methylbutane through the corresponding secondary
alcohol 19i, respectively, according to established proce-
dure as shown above.

2.2. Biology

Biological activity of the compounds prepared in the
present study was evaluated as follows using 2 as
the reference: (i) in vitro metabolic stability, (ii) in vivo
calcemic activity, and (iii) in vitro pharmacological
activity. For in vitro metabolic stability, the time-
dependent residual ratio in rat liver microsome culture
was measured to estimate the elimination rate con-
stant, ke value. The calcemic activity was estimated
on the basis of the calcemic increment levels from
in vivo rat percutaneous administration. The pharma-
cological activity was estimated by measurement of
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in vitro human keratinocyte growth inhibitory
activity.22

Table 1 shows the profile of compounds 7b–e having
saturated side chains and 2 and (S)-7a having no alkyl
groups on 22-oxygen. All of the compounds
metabolized at a faster rate than 2 with a comparable
lower calcemic activity, demonstrating that the intro-
duction of the 16-double bond accelerated the metab-
olism as expected and, unexpectedly, lessened the
stereochemical effect of 20-center. In addition, it was
reported that the introduction of the 16-en substruc-
ture lessened the binding affinity to DBP (vitamin D
binging protein),23 which might contribute to promot-
ing metabolism. In the evaluation of DBP-binding
affinity, affinity lower than that of 2 was observed in
all of the analogs (unpublished data). Although the
stereochemistry of the 20-center did not have effect
on any pharmacological activity in the 16-en com-
pounds, the length of the side chain appeared critical:
the longer side chains showed a greater antiprolifera-
tive activity.

Table 2 shows the profile of the substrates 7f–h having
C24 unsaturation to place the 22-oxygen on the doubly
allylic center. Some compounds exhibited a desirable
profile with pharmacological activity stronger than that
of 2 regardless of the configuration of the C20 center.
However, the activity was highly dependent on the con-
figuration of the unsaturated bond.
Regarding metabolic stability, all but (R)-7h having a
20-epi-24(E)-ene structure exhibited a better profile than
2. As expected, the doubly allylated system accelerated
metabolism, although it seemed to be highly dependent
on the stereochemistry at the C20 center and the olefin
configuration at the C24 center. Among the derivatives,
(S)-7f having a 24-yne structure and (S)-7g having a
24(Z)-ene structure exhibited the lowest metabolic
stability profiles.

The calcemic activity was similar in all of the com-
pounds and comparable to 2.

All compounds tested showed stronger antiprolifera-
tion activity than 2. In particular, the 24-yne deriva-
tives (S)-7f and (R)-7f and the two C24 olefin
isomers (S)-7h and (R)-7g exhibited potent activity.
This indicates the importance of the steric and config-
uration environment around the side-chain moiety.
Interesting is the stereochemical dependence of the
activity in two pairs of the 24-olefinic diastereomers
in which (S)-7g and (R)-7h exhibited lower activity,
suggestive of the ligand structure in the VDR-LBD (li-
gand binding domain).

Considering all factors, the 24-alkyne derivative having
20(R)-configuration (R)-7f is concluded to have the
best profile, greatly exceeding 2 in every respect.
Although we did not identify the metabolites indicating
oxidation, occurring either at C20 or at C23, the results



Table 1. Biological activity of 16-en-22-oxa-vitamin D3 analogs 7a–e
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(S)-7a (S)-7b-e (R)-7b-e

Compound n Metabolic stability

ke ratio versus 2a
In vivo serum Ca

(mmol/L)b
Ratio of Ca change

to vehicle C (%)g
Antiproliferation activity

IC50 (nM)h A (%) versus 1i

2 1 2.60 ± 0.22c 98.5 22.6 120.5

(S)-7a 5.87 1.40 ± 0.04d 0 >1000 2.7

(S)-7b 0 6.78 1.40 ± 0.04e 7.7 548.8 5.0

(S)-7c 1 1.28 2.16 ± 0.07e 66.2 50.4 54.1

(S)-7d 2 2.07 2.50 ± 0.09f 85.2 13.5 202.1

(S)-7e 3 2.07 2.44 ± 0.03f 80.7 14.0 194.2

(R)-7b 0 4.04 1.37 ± 0.02e 5.4 797.9 3.4

(R)-7c 1 1.47 2.03 ± 0.19e 56.2 39.5 69.0

(R)-7d 2 1.76 2.20 ± 0.16f 63.0 20.9 130.3

(R)-7e 3 13.46 2.57 ± 0.14f,j 90.4 7.5 362.0

aMetabolic stability was calculated as the ratio of the ke value of the analog to 2.
b The in vivo calcemic activity of the test compounds determined by measuring the serum calcium level in mice after single percutaneous

administration.
c Vehicle levels (mmol/L): 1.31 ± 0.04.
d Vehicle levels (mmol/L): 1.44 ± 0.03.
e Vehicle levels (mmol/L): 1.30 ± 0.05.
f Vehicle levels (mmol/L): 1.35 ± 0.02.
g Calcemic activity (%) = {(blood ionized Ca [mmol/L] of the analogs) � (blood ionized Ca [mmol/L] of the vehicle)}/(blood ionized Ca [mmol/L] of

the vehicle) · 100.
h The in vitro effect is expressed as percentage activity at IC50 (n = 2, mean value) in comparison with 1. IC50 is the molar concentration of the test

compound that causes 50% of the maximal inhibition of proliferation by suppression of [3H]TdR uptake. IC50 (nM) of 1: 27.3 (nM).
i Antiproliferation activity (%) = {(IC50 [nM] of 1)/(IC50 [nM] of the analogs)} · 100.
jWe could not reason the observed discrepancy in calcemic activity.

Table 2. Biological activity of 16-en-22-oxa-vitamin D3 analogs 7f–h

O

HO OH

A
B

OH
O

HO OH

A
B

OH

(S)-7f,g,h (R)-7f,g,h

Compound A–B Metabolic stability

ke ratio versus 2a
In vivo serum Ca

(mmol/L)b
Ratio of Ca change

to vehicle C (%)h
Antiproliferation activity

IC50 (nM)i A (%) versus 1j

2 1 2.60 ± 0.22c 98.5 22.6 120.5

(S)-7f yne 5.48 2.44 ± 0.18d,k 86.3 3.5 779.5

(S)-7g cis-ene 5.54 2.63 ± 0.07d,k 100.8 12.7 215.2

(S)-7h trans-ene 3.33 2.36 ± 0.25e 76.1 4.8 574.2

(R)-7f yne 1.90 2.11 ± 0.18f 61.1 5.7 479.8

(R)-7g cis-ene 3.15 2.56 ± 0.04g 89.6 7.5 365.5

(R)-7h trans-ene 0.90 1.94 ± 0.17e,k 44.8 16.5 165.4

aMetabolic stability was calculated as the ratio of the ke value of the analog to 2.
b The in vivo calcemic activity of the test compounds determined by serum calcium levels in mice after single percutaneous administration.
c Vehicle levels (mmol/L): 1.31 ± 0.04.
d Vehicle levels (mmol/L): 1.31 ± 0.06.
e Vehicle levels (mmol/L): 1.34 ± 0.03.
f Vehicle levels (mmol/L): 1.31 ± 0.05.
g Vehicle levels (mmol/L): 1.35 ± 0.01.
h Calcemic activity (%) = {(blood ionized Ca [mmol/L] of the analogs) � (blood ionized Ca [mmol/L] of the vehicle)}/(blood ionized Ca [mmol/L] of

the vehicle)} · 100.
i The in vitro effect is expressed as percentage activity at IC50 (n = 2, mean value) in comparison with 1. The IC50 is the molar concentration of the test

compound that causes 50% of the maximal inhibition of proliferation by suppression of [3H]TdR uptake. IC50 of 1 was 27.3 (nM).
j Antiproliferation activity (%) = {(IC50 [nM] of 1)/(IC50 [nM] of the analogs)} · 100.
kWe could not reason the observed discrepancy in calcemic activity.
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Table 4. Pharmacokinetic parameters of 16-en-22-oxa-vitamin D3

analogs 7f and 7i in rat

Compound Dose (lg/kg) CLtot
b (mL/h/kg)

2 10 855

(Ss)-7i 10 2958

(Rs)-7i 100a 2093

(R)-7f 10 2647

aDue to detection limitations, a higher dosage was used for the

pharmacokinetics of (Rs)-7i.
b Each value represents the mean of 2–4 rats.
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indicate metabolism faster than that of 2 in all com-
pounds by introduction of unsaturation at the C24
center.

Table 3 shows the profile of two pairs of 24-hydroxylat-
ed diastereomers 7i, similar to 3 and 4, without the C25
tertiary hydroxy functionality of 2. The profiles of the
compounds exceeded 2 in most respects.

All of them showed a metabolic stability lower profile
than that of 2. The calcemic profile of these compounds
was better than 2 and even better than those of com-
pounds 7f–h with unsaturation at the C24 center (Table
2), suggesting the importance of C24 hydroxy function-
ality in the metabolism. The antiproliferative activity, on
the other hand, was almost comparable to 2, with the
exception of 20(S)-isomers (Sr)-7i and (Ss)-7i which
exhibited 3–4 times lower activity. This observation is
of particular interest as the presence of a C24 hydroxy
functionality seemed to be critical for a faster metabo-
lism and 24(R) configuration tended to contribute to
metabolism only slightly. It has been postulated that
the metabolism of 1 in kidney starts from the oxidation
at the C24 center by 24-hydroxylase leading to inactive
calcitroic acid by stepwise cleavage of the side chain
and it seemed to be the same with our compounds.
Therefore, 24-hydroxy modification weakens the calce-
mic action of 2 through promotion of 23-oxidative
metabolism next to the 24-hydroxy group that increases
affinity to the metabolic enzyme, while retaining the
activity almost equivalent to that of 2.

In addition to the metabolic effect mentioned above,
pharmacodynamics were also considered as an explana-
tion for the profiles of the analogs. The reduction of
Table 3. Biological activity of 16-en-22-oxa-vitamin D3 analogs 7i

O

HO OH HO

O

HO OH

OH OH

(Sr)-7i (Ss)-7i

Compound Metabolic stability

ke ratio versus 2a
In vivo serum Ca

(mmol/L)b

2 1 2.60 ± 0.22c

(Sr)-7i 7.51 1.79 ± 0.10d

(Ss)-7i 4.81 2.10 ± 0.08d

(Rr)-7i 4.61 1.76 ± 0.07e

(Rs)-7i 3.04 1.70 ± 0.10e

aMetabolic stability was calculated as the ratio of the ke value of the analog
b The in vivo calcemic activity of the test compounds determined by m

administration.
c Vehicle levels (mmol/L): 1.31 ± 0.04.
d Vehicle levels (mmol/L): 1.30 ± 0.05.
e Vehicle levels (mmol/L): 1.35 ± 0.01.
f Calcemic activity (%) = {(blood ionized Ca [mmol/L] of the analogs) � (blo

the vehicle) · 100.
g The in vitro effect is expressed as percentage activity at IC50 (n = 2, mean valu

compound that causes 50% of the maximal inhibition of proliferation by s
h Antiproliferation activity (%) = {(IC50 [nM] of 1)/(IC50 [nM] of the analog
calcemic activity with non-calcemic activity retention
in 24-hydroxy analogs, like 3 and 4, compared with that
of 25-hydroxyl analogs might be due to the different
hydrogen bonding with VDR of these two types of com-
pounds. Moreover, as it appeared in 7i, the 24-hydroxy
functionality and 22-oxygen atom might have an intra-
molecular hydrogen-bonding interaction. These differ-
ences might affect sequential transcriptional events
such as the interaction with co-factors.24

Table 4 shows the in vivo pharmacokinetic data of two
20-diastereomers of C24-hydroxy compounds, (Ss)-7i
and (Rs)-7i, and the 24-alkyne (R)-7f, administered
intravenously to rats. It can be seen that total body
clearance values (CLtot) of these compounds were
2.4-3.5 times higher than that of 2, which indicates rapid
disappearance from the systemic circulation. The
profiles suggest that these compounds exhibited activity
in skin first and were then taken into systemic
circulation with rapid conversion into inactive
metabolites through possibly side-chain cleavage.
O

OH

O

HO OH

OH OH

(Rr)-7i (Rs)-7i

Ratio of Ca change

to vehicle C (%)f
Antiproliferation activity

IC50 (nM)g A (%) versus 1h

98.5 22.6 120.5

37.7 77.1 35.4

61.5 60.6 45.1

30.4 44.4 61.4

25.9 41.8 65.3

to 2.

easuring the serum calcium level in mice after single percutaneous
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e) in comparison with 1. The IC50 is the molar concentration of the test

uppression of [3H]TdR uptake. IC50 (nM) of 1: 27.3 (nM).

s)} · 100.



Figure 2. Stereoview of the docking model in VDR of the degree of the

dihedral angles between C22 and C23 for (S)-7g (orange), (R)-7g

(white), (S)-7h (purple), and (R)-7h (green).
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From the SAR analysis of 7b–e, a tendency that a longer
side chain increases antiproliferative activity can be
seen. In Figure 1, the relative potency of the antiprolif-
erative activities is plotted against the number of carbon
atoms in the C20–C25 side chain.

A good correlation was observed between the length of
the side chain and the antiproliferation of analogs 7b–e
with a saturated side chain. In the case of 24-hydroxy
analog 7i, the activity was almost comparable to that
of 7c, which suggests that the terminal hydrophobic
group is more important for non-calcemic activity than
the position of the hydroxyl group. After the introduc-
tion of an unsaturated bond into the side chain, 7f–h
exhibited much higher activity than those of corre-
sponding saturated analogs of 7d. A contributory cause
of this improvement was considered to be the reduction
of the entropy loss by the configuration fixation on bind-
ing. Concerning the level of activity in general, the 24-yn
analogs of 7f showed an extremely strong activity, next
were the 24-en analogs of 7g and 7h, and last, 7d showed
the lowest activity among these compounds. However,
the activity of (S)-7g and (R)-7h had no effect on the
entropic energy contribution. We speculated that the
reason for the differences between the 7g and 7h groups
is the different binding mode to the VDR. In order to
investigate the docking mode, we conducted docking
experiments for the 7g and 7h ligands, and calculated
their torsion angle defined by the atoms C20, C22,
C23, and C24. Stereoview of four double bond analogs
in stick model, (S)-7g, (R)-7h, (R)-7g, and (S)-7h, docked
into the binding site of VDR. In this model, the VDR is
represented as a Connolly surface (cyan). Hydrogen
atoms of each ligand are omitted for clarity. From the
four docking models of 7g and 7h, the weaker activity
analogs, (S)-7g and (R)-7h, have orthogonal torsion an-
gles ((S)-7g, �68.3�; (R)-7h, 81.9�), while the stronger
analogs (S)-7h and (R)-7g have anti-configuration ((S)-
7h, �191.1�; (R)-7g, 177.2�) as shown in Figure 2. There-
fore, it was suggested that (S)-7g and (R)-7h might bind
to VDR with an energetically unfavorable configuration
compared to (S)-7h and (R)-7g.

From the results shown in Tables 1–4, our intention to
make an effective antedrug by separation of the specific
activities has been realized. Namely, the introduction of
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the 16-double bond into 2, in addition to an appropriate
modification of the side-chain moiety, afforded biologi-
cally more susceptible analogs exerting locally acting
antiproliferation activity without exerting systemically
acting calcemic activity through facile metabolization.
The results also suggest the importance of the steric
environment around the side-chain moiety of sp, sp2,
and sp3 centers, and the nature of the substituents
as well as the size of the side chain; however, only a
hydroxy functionality was examined in the present study.
3. Conclusion

Our intention to develop a more efficient and safe ante-
drug for the treatment of psoriasis has been realized by
modification of the currently used 2 into a more biosus-
ceptible structure. Introduction of the 16-double bond
and modification of the side-chain moiety of 2, while
preserving its 22-oxa structure, brought about accelera-
tion of metabolism after entrance into systemic circula-
tion and led to the discovery of some promising
derivatives exhibiting better keratinocyte proliferation
activity with calcemic activity lower than that of 2.
The present study also provided clarification for the
importance of steric factors involving sp, sp2, and sp3

centers around the side-chain moiety in creating a better
antedrug. On the basis of the present study, we are cur-
rently seeking a new derivative with faster metabolism
and retention of high proliferation activity to allow a
safer, high-dose topical administration.
4. Experimental

4.1. Chemistry: instruments and analyses

Column chromatography was carried out on Wako-gel
C-200 (70–230 mesh) purchased fromWako Pure Chem-
ical Industries (Osaka, Japan). Thin-layer chromatogra-
phy was performed on Merck Kieselgel F254 plates.
Infrared spectra were obtained using HORIBA FT-730
spectrophotometers. 1H NMR spectra were recorded
on JEOL EX-270 (270 MHz) or VARIAN Gemini-300
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(300 MHz) spectrometers using CDCl3 as a solvent.
Chemical shifts are reported in parts per million (ppm)
downfield from tetramethylsilane or calibrated from
CHCl3. Mass spectra (MS) and LC-MS analyses were
measured with Shimadzu GCMS QP-1000 (EI), and
Waters micromass ZQ 2000 (electrospray ionization
method (ESI)) instruments using a 2525BGM pump
and a 2996 PDA photodiode array set at 210–400 nm
with the MS detection. Analytical HPLC analyses were
performed using the following conditions: column A,
Inertsil Diol 4.6 · 150 mm column; solvent A, n-hexane;
solvent B, EtOH; flow rate = 1.0 mL/min; linear gradi-
ent time = 15 min; start %B = 5, final %B = 100; or col-
umn B, CAPCELLPAK C18 MG2 4.6 · 50 mm
column; solvent C, 10 mM aqueous ammonium acetate
solution; solvent D, MeOH; flow rate = 1.0 mL/min; lin-
ear gradient time = 9.5 min; start %D = 5, final
%D = 100. Ultraviolet (UV) spectra were obtained with
a Shimadzu UV-1600PC instrument using ethanol as a
solvent. High resonance mass spectra (HRMS) were
recorded by a Micromass Q-Tof Ultima API mass spec-
trometer. All reactions were carried out under an atmo-
sphere of argon or nitrogen unless otherwise noted. All
extracts were dried over MgSO4 and evaporated under
reduced pressure with a rotary evaporator.

4.1.1. 1a,3b-Dihydroxy-20(S)-(3-hydroxy-3-methylbu-
tyloxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7c).
Prepared according to the previous procedure for 2.18–21

IR (neat): 3400, 2980, 2940, 1445, 1370, 1165, 1060 cm�1;
1H NMR (270 MHz, CDCl3): d 0.78 (s, 3H), 1.23 (s, 3H),
1.24 (s, 3H), 1.31 (d, J = 6.4 Hz, 3H), 2.75–2.90 (m, 1H),
3.47–3.58 (m, 1H), 3.63 (br s, 1H), 3.61–3.73 (m, 1H),
3.91 (q, J = 6.4 Hz, 1H), 4.18–4.30 (m, 1H), 4.39–4.51
(m, 1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.59 (br s, 1H), 6.10 (d,
J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz, 1H); MS (ESI):
m/z 439 ([M+Na]+); UV kmax: 263 nm; HPLC
tR = 11.08 min (purity 96.9%, column A), HPLC
tR = 10.01 min (purity >99%, column B); HRMS Calcd
for C26H40O4Na: 439.2824. Found: 439.2823.

4.1.2. 1a,3b-Dihydroxy-20(R)-(3-hydroxy-3-methylbu-
tyloxy)-9,10-secopregna-5,7,10(19),16-tetraene ((R)-7c).
Prepared according to the procedure for (S)-7c.18 IR
(neat): 3380, 2940, 2850, 1450, 1370, 1160, 1055 cm�1; 1H
NMR (270 MHz, CDCl3): d 0.75 (s, 3H), 1.23 (s, 3H),
1.24 (s, 3H), 1.32 (d, J = 6.4 Hz, 3H), 2.75–2.89 (m, 1H),
3.58 (br s, 1H), 3.65 (t, J = 5.8 Hz, 2H), 3.97 (q,
J = 6.4 Hz, 1H), 4.20–4.30 (m, 1H), 4.40–4.51 (m, 1H),
5.01 (s, 1H), 5.33 (s, 1H), 5.62 (br s, 1H), 6.10 (d,
J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz, 1H); MS (ESI):
m/z 439 ([M+Na]+); UV kmax: 264 nm; HPLC
tR = 11.11 min (purity 98.4%, column A), HPLC
tR = 9.82 min (purity >99%, column B); HRMS Calcd
for C26H40O4Na: 439.2824. Found: 439.2830.

4.1.3. 1a,3b-Dihydroxy-20(S)-(4-hydroxy-4-methylpentyl
oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7d).
Prepared according to the procedure for (S)-7c.18 1H
NMR (270 MHz, CDCl3): d 0.77 (s, 3H), 1.21 (s, 6H),
1.29 (d, J = 6.6 Hz, 3H), 2.74–2.90 (m, 1H), 3.19–3.34
(m, 1H), 3.35–3.52 (m, 1H), 3.89 (q, J = 6.6 Hz, 1H),
4.14–4.31 (m, 1H), 4.36–4.51 (m, 1H), 5.00 (s, 1H),
5.33 (s, 1H), 5.57 (br s, 1H), 6.10 (d, J = 11.4 Hz, 1H),
6.36 (d, J = 11.4 Hz, 1H); MS (ESI): m/z 453
([M+Na]+); UV kmax: 264 nm; HPLC tR = 11.19 min
(purity 96.1%, column A), HPLC tR = 10.32 min (purity
>99%, column B); HRMS Calcd for C27H42O4Na:
453.2981. Found: 453.2968.

4.1.4. 1a,3b-Dihydroxy-20(R)-(4-hydroxy-4-methylpen-
tyl oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((R)-7d).
Prepared according to the previous procedure for (S)-
7c.18 1H NMR (270 MHz, CDCl3): d 0.74 (s, 3H), 1.21
(s, 6H), 1.31 (d, J = 6.3 Hz, 3H), 2.52–2.67 (m, 1H),
2.76–2.88 (m, 1H), 3.33–3.51 (m, 2H), 3.95 (q,
J = 6.3 Hz, 1H), 4.16–4.30 (m, 1H), 4.39–4.50 (m, 1H),
5.01 (s, 1H), 5.33 (s, 1H), 5.61 (br s, 1H), 6.10 (d,
J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz, 1H); MS (ESI):
m/z 453 ([M+Na]+); UV kmax: 264 nm; HPLC
tR = 11.22 min (purity 98.1%, column A), HPLC
tR = 10.14 min (purity >99%, column B); HRMS Calcd
for C27H42O4Na: 453.2981. Found: 453.2964.

4.1.5. 1a,3b-Dihydroxy-20((S)-(5-hydroxy-5-methylhexyl
oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7e). Pre-
pared according to the procedure for (S)-7c.18 IR (neat):
3417, 2968, 2933, 2854, 1446, 1367, 1159, 1099,
1057 cm�1; 1H NMR (270 MHz, CDCl3): d 0.74 (s,
3H), 1.21 (s, 6H), 1.30 (d, J = 6.6 Hz, 3H), 2.75–2.88
(m, 1H), 3.40 (t, J = 6.4 Hz, 2H), 3.93 (q, J = 6.6 Hz,
1H), 4.16–4.30 (m, 1H), 4.38–4.51 (m, 1H), 5.02 (s,
1H), 5.34 (s, 1H), 5.60 (br s, 1H), 6.10 (d, J = 11.4 Hz,
1H), 6.38 (d, J = 11.4 Hz, 1H); MS (ESI): m/z 467
([M+Na]+); UV kmax: 264 nm; HPLC tR = 11.18 min
(purity 99.2%, column A), HPLC tR = 10.42 min (purity
>99%, column B); HRMS Calcd for C28H44O4Na
467.3137, Found: 467.3139.

4.1.6. 1a,3b-Dihydroxy-20(R)-(5-hydroxy-5-methylhexyl-
oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((R)-7e).
Prepared according to the procedure for (S)-7c.18 IR
(neat): 3383, 2968, 2933, 2852, 1444, 1367, 1159, 1103,
1055 cm�1; 1H NMR (270 MHz, CDCl3): d 0.78 (s,
3H), 1.21 (s, 6H), 1.30 (d, J = 6.6 Hz, 3H), 2.75–2.90
(m, 1H), 3.20–3.34 (m, 1H), 3.34–3.47 (m, 1H), 3.88
(q, J = 6.6 Hz, 1H), 4.15–4.30 (m, 1H), 4.33–4.50 (m,
1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.56 (br s, 1H), 6.11 (d,
J = 11.2 Hz, 1H), 6.37 (d, J = 11.2 Hz, 1H); MS (ESI):
m/z 467 ([M+Na]+); HPLC tR = 11.17 min (purity
98.3%, column A), HPLC tR = 10.54 min (purity
>99%, column B); HRMS Calcd for C28H44O4Na
467.3137. Found: 467.3127.

4.1.7. 1a,3b-Dihydroxy-20((S)-(4-hydroxy-4-methyl-2-pen-
tynyloxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7f).
Prepared according to the procedure for (S)-7c.18 IR
(neat): 3369, 2929, 2852, 1442, 1369, 1234, 1167,
1060 cm�1; 1H NMR (270 MHz, CDCl3): d 0.79 (s,
3H), 1.33 (d, J = 6.6 Hz, 3H), 1.52 (s, 6H), 4.03 (d,
J = 15.4 Hz, 1H), 4.14 (m, 1H), 4.15 (d, J = 15.4 Hz,
1H), 4.19–4.30 (m, 1H), 4.41–4.51 (m, 1H), 5.02 (br s,
1H), 5.34 (br s, 1H), 5.62 (br s, 1H), 6.11 (d,
J = 11.2 Hz, 1H), 6.38 (d, J = 11.2 Hz, 1H); MS (ESI):
m/z 449 ([M+Na]+); UV: kmax 264 nm; HPLC
tR = 11.73 min (purity 98.1%, column A), HPLC
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tR = 9.74 min (purity >99%, column B); HRMS Calcd
for C27H38O4Na: 449.2668. Found: 449.2660.

4.1.8. 1a,3b-Dihydroxy-20(S)-{(Z)-(4-hydroxy-4-methyl-2-
pentenyloxy)}-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7g).
Prepared according to the previous procedure for (S)-
7c.18 IR (neat): 3369, 2972, 2929, 2850, 1446, 1371,
1169, 1055 cm�1; 1H NMR (270 MHz, CDCl3): d 0.78
(s, 3H), 1.34 (s, 6H), 2.54–2.68 (m, 1H), 2.75–2.88 (m,
1H), 3.95–4.30 (m, 4H), 4.38–4.50 (m, 1H), 5.01 (br s,
1H), 5.34 (br s, 1H), 5.44 (dt, J = 12.2, 5.6 Hz, 1H),
5.58–5.70 (m, 2H), 6.11 (d, J = 11.2 Hz, 1H), 6.37 (d,
J = 11.2 Hz, 1H); MS (ESI): m/z 451 ([M+Na]+); UV
kmax: 263 nm; HPLC tR = 11.12 min (purity 98.0%, col-
umn A), HPLC tR = 10.16 min (purity >99%, column
B); HRMS Calcd for C27H40O4Na: 451.2824. Found:
451.2814.

4.1.9. 1a,3b-Dihydroxy-20((S)-(E)-(4-hydroxy-4-methyl-2-
pentenyloxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7h).
Prepared according to the procedure for (S)-7c.18 IR
(neat): 3400, 2929, 2850, 1446, 1369, 1220, 1153,
1101, 1055 cm�1; 1H NMR (270 MHz, CDCl3): d
0.79 (s, 3H), 1.33 (s, 6H), 3.81 (dd, J = 6.3, 5.6 Hz,
1H), 3.89–4.04 (m, 2H), 4.17–4.30 (m, 1H), 4.38–4.50
(m, 1H), 5.02 (br s, 1H), 5.34 (s, 1H), 5.59 (br s,
1H), 6.11 (d, J = 11.2 Hz, 1H), 6.27 (d, J = 11.2 Hz,
1H); MS (ESI): m/z 451 ([M+Na]+); UV kmax:
264 nm; HPLC tR = 11.42 min (purity 95.9%, column
A), HPLC tR = 9.97 min (purity >99%, column B);
HRMS Calcd for C27H40O4Na: 451.2824. Found:
451.2818.

4.1.10. 1a,3b-Dihydroxy-20(R)-(4-hydroxy-4-methyl-2-p
entynyloxy)-9,10-secopregna-5,7,10(19),16-tetraene ((R)-7f).
Prepared according to the procedure for (S)-7c.18 IR
(neat): 3400, 2976, 2929, 2852, 1444, 1373, 1234,
1167, 1063 cm�1; 1H NMR (270 MHz, CDCl3): d
0.75 (s, 3H), 1.33 (d, J = 6.3 Hz, 3H), 1.52 (s, 6H),
2.55–2.66 (m, 1H), 2.76–2.86 (m, 1H), 4.03–4.31 (m,
4H), 4.40–4.50 (m, 1H), 5.01 (br s, 1H), 5.34 (br s,
1H), 5.56 (br s, 1H), 6.11 (d, J = 11.2 Hz, 1H), 6.37
(d, J = 11.2 Hz, 1H); MS (ESI): m/z 449 ([M+Na]+);
UV kmax: 264 nm; HPLC tR = 11.78 min (purity
98.2%, column A), HPLC tR = 9.62 min (purity
>99%, column B); HRMS Calcd for C27H38O4Na:
449.2668. Found: 449.2685.

4.1.11. 1a,3b-Dihydroxy-20(R)-{(Z)-(4-hydroxy-4-meth-
yl-2-pentenyloxy)}-9,10-secopregna-5,7,10(19),16-tetrae-
ne ((R)-7g). Prepared according to the procedure for
(S)-7c.18 IR (neat): 3350, 2972, 2929, 2850, 1448,
1371, 1167, 1063 cm�1; 1H NMR (270 MHz, CDCl3):
d 0.75 (s, 3H), 1.34 (s, 6H), 2.55–2.67 (m, 1H),
2.75–2.87 (m, 1H), 4.06 (q, J = 6.3 Hz, 1H), 4.11–
4.30 (m, 3H), 4.38–4.50 (m, 1H), 5.01 (br s, 1H),
5.34 (br s, 1H), 5.45 (dt, J = 12.5, 5.3 Hz, 1H), 5.58
(m, 2H), 6.01 (d, J = 11.2 Hz, 1H), 6.37 (d,
J = 11.2 Hz, 1H); MS (ESI): m/z 451 ([M+Na]+); UV
kmax: 263 nm; HPLC tR = 11.20 min (purity 98.5%,
column A), HPLC tR = 9.97 min (purity >99%, col-
umn B); HRMS Calcd for C27H40O4Na: 451.2824.
Found: 451.2809.
4.1.12. 1a,3b-Dihydroxy-20(R)-{(E)-(4-hydroxy-4-methyl-
2-pentenyloxy)}-9,10-secopregna-5,7,10(19),16-tetraene
((R)-7h). Prepared according to the procedure for (S)-
7c.18 IR (neat): 3390, 2972, 2931, 2850, 1448, 1371,
1217, 1153, 1095, 1057 cm�1; 1H NMR (270 MHz,
CDCl3): d 0.75 (s, 3H), 1.33 (s, 6H), 2.56–2.68 (m,
1H), 2.78–2.88 (m, 1H), 3.85–4.08 (m, 3H), 4.18–4.30
(m, 1H), 4.39–5.00 (m, 1H), 5.01 (br s, 1H), 5.34 (br s,
1H), 5.62 (br s, 1H), 5.73 (dt, J = 15.8, 5.3 Hz, 1H),
5.85 (d, J = 15.8 Hz, 1H), 6.11 (d, J = 11.2 Hz, 1H),
6.38 (d, J = 11.2 Hz, 1H); MS (ESI): m/z 451
([M+Na]+); UV kmax: 263 nm; HPLC tR = 11.45 min
(purity 97.5%, column A), HPLC tR = 9.84 min (purity
>99%, column B); HRMS Calcd for C27H40O4Na:
451.2824. Found: 451.2838.

4.1.13. 1a,3b-Dihydroxy-20((S)-hydroxy-9,10-secopreg-
na-5,7,10(19),16-tetraene ((S)-7a). Prepared according
to the procedure for (S)-7c.18 IR (neat): 3350, 2929,
1369, 1053, 733 cm�1; 1H NMR (270 MHz, CDCl3): d
0.80 (s, 3H), 1.35 (d, J = 6.9 Hz, 3H), 2.78–2.88 (m,
1H), 4.18–4.48 (m, 3H), 5.01 (br s, 1H), 5.34 (s, 1H),
5.64 (br s, 1H), 6.10 (d, J = 11.2 Hz, 1H), 6.37 (d,
J = 11.2 Hz, 1H); MS (ESI): m/z 353 ([M+Na]+); UV
kmax: 264 nm; HPLC tR = 12.02 min (purity 98.7%, col-
umn A), HPLC tR = 8.99 min (purity >99%, column B);
HRMS Calcd for C21H30O3Na: 353.2093. Found:
353.2094.

4.1.14. 1a,3b-Bis(tert-Butyldimethylsilyloxy-20((S)-[2,3(R)--
epoxypropoxy]-9,10-pregna-5,7,16-triene ((S)-15). To 1a,3b-
Bis(tert-butyldimethylsilyloxy-20(S)-hydroxypregna-5,7,16-
triene (S)-13 (1 g, 1.79 mmol) in THF (10 mL) were added
NaH (95%, 225 mg, 8.91 mmol) and 15-crown-5
(200 mg, 0.908 mmol) portionwise with stirring at room
temperature. To the resulting suspension was added (R)-
(�)-glycidyl tosylate (1.02 g, 4.47 mmol) dropwise at the
same temperature with stirring and the mixture was re-
fluxed for 8.5 h. After cooling to room temperature, to
this mixture was added NaH (95%, 100 mg, 3.96 mmol)
and the mixture was refluxed for 3 h. After cooling to
room temperature, this reaction mixture was partitioned
between ethyl acetate and H2O. The organic layer
washed with brine, dried (MgSO4), and evaporated in
vacuo, and the residue was purified by column chroma-
tography (SiO2, eluting with 10% ethyl acetate–hexane)
to yield (S)-15 (743 mg, 68%) as a colorless oil: IR
(neat): 2952, 2928, 2896, 1252, 834 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.05 (s, 3H), 0.06 (s, 6H), 0.11
(s, 3H), 0.88 (s, 21H), 0.94 (s, 3H), 1.32 (d, J = 6.4 Hz,
3H), 2.63 (dd, J = 2.6, 5.0 Hz, 1H), 2.79 (dd, J = 4.3,
5.0 Hz, 1H), 2.74–2.91 (m, 1H), 3.09–3.16 (m, 1H),
3.45 (dd, J = 5.1, 11.2 Hz, 1H), 3.52 (dd, J = 3.6,
11.2 Hz, 1H), 3.70 (br s, 1H), 3.95–4.13 (m, 1H), 5.36–
5.43 (m, 1H), 5.58–5.66 (m, 2H); MS (EI): m/z 615
(M++1), 73 (100%); UV kmax: 270, 281, 293 nm.

4.1.15. 1a,3b-Bis(tert-Butyldimethylsilyloxy-20(R)-[2,3(R)-
epoxypropoxy]-9,10-pregna-5,7,16-triene ((R)-15). Pre-
pared according to the procedure for (S)-15 [using
1a,3b-bis(tert-butyldimethylsilyloxy)-20(R)-hydroxypreg-
na-5,7,16-triene (R)-13 (323 mg, 0.578 mmol); NaH (95%,
76 mg, 2.99 mmol); 15-crown-5 (71 mg, 0.325 mmol);
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THF (3 mL); (R)-(�)-glycidyl tosylate (330 mg, 1.45
mmol)] to give (R)-15 (240 mg, 68%) as a pale yellow
oil: IR(neat): 2952, 2932, 2896, 2856, 1254, 836 cm�1;
1H NMR (270 MHz, CDCl3): d 0.05 (s, 3H), 0.07 (s,
6H), 0.11 (s, 3H), 0.84 (s, 3H), 0.88 (s, 18H), 0.94 (s,
3H), 1.35 (d, J = 6.6 Hz, 3H), 2.58 (dd, J = 2.6, 4.8 Hz,
1H), 2.79 (dd, J = 4.5, 4.8 Hz, 1H), 2.76–2.92 (m, 1H),
3.09–3.19 (m, 1H), 3.37 (dd, J = 5.9, 11.2 Hz, 1H), 3.65
(dd, J = 3.5, 11.2 Hz, 1H), 3.71 (br s, 1H), 3.97–4.13
(m, 1H), 5.35–5.44 (m, 1H), 5.61 (d, J = 5.4 Hz, 1H),
5.66 (s, 1H); MS (EI): m/z 614 (M+), 425 (100%); UV
kmax: 269, 281, 293 nm.

4.1.16. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(S)-(2(S)-
hydroxy-propoxy)-pregna-5,7,16-triene ((S)-16). To a
solution of (S)-15 (181 mg, 0.294 mmol) in Et2O
(3 mL) was added LiAlH4 (6 mg, 0.158 mmol) portion-
wise with stirring at 0 �C. After stirring the reaction mix-
ture for 2 h at the same temperature, to this reaction
mixture was added the solution of THF/H2O (4:1,
5 ml). The organic layer was extracted with ethyl ace-
tate, washed with brine, dried (MgSO4), and evaporated
in vacuo, and the residue was purified by column chro-
matography (SiO2, eluting with 10% ethyl acetate–hex-
ane) to yield (S)-16 (166 mg, 92%) as a colorless oil:
IR (neat): 3460, 2932, 2856, 1080 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.05 (s, 3H), 0.07 (s, 6H), 0.11
(s, 3H), 0.88 (s, 21H), 0.94 (s, 3H), 1.14 (d, J = 6.3 Hz,
3H), 1.32 (d, J = 6.3 Hz, 3H), 2.80–2.91 (m, 1H), 3.24
(dd, J = 7.9, 9.2 Hz, 1H), 3.32 (dd, J = 3.1, 9.2 Hz,
1H), 3.70 (br s, 1H), 3.87–.13 (m, 3H), 5.35-5.44 (m,
1H), 5.62 (s, 1H), 5.56–5.66 (m, 1H); MS (EI): m/z 616
(M+), 427 (100%); UV kmax: 269, 281, 293 nm.

4.1.17. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(R)-(2(R)-
hydroxy-propoxy)-pregna-5,7,16-tetraene ((R)-16). Pre-
pared according to the procedure for (S)-16 [using
(R)-15 (180 mg, 0.292 mmol); LiAlH4 (11.3 mg,
0.298 mmol); Et2O (3 mL)] to give (R)-16 (175 mg,
97%) as a colorless oil: IR (neat): 3464, 2944, 2856,
1084 cm�1; 1H NMR (270 MHz, CDCl3): d 0.05 (s,
3H), 0.07 (s, 6H), 0.11 (s, 3H), 0.84 (s, 3H), 0.88 (s,
18H), 0.94 (s, 3H), 1.14 (d, J = 6.4 Hz, 3H), 1.33 (d,
J = 6.6 Hz, 3H), 2.42 (d, J = 2.6 Hz, 1H), 2.80–2.93
(m, 1H), 3.18 (dd, J = 8.7, 9.0 Hz, 1H), 3.43 (dd,
J = 3.1, 9.0 Hz, 1H), 3.70 (br s, 1H), 3.85–4.13 (m,
3H), 5.39 (dd, J = 2.6, 5.4 Hz, 1H), 5.61 (d, J = 5.6 Hz,
1H), 5.65 (s, 1H); MS (EI): m/z 616 (M+), 73 (100%);
UV kmax: 271, 281, 294 nm.

4.1.18. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(S)-(2-oxo-
propoxy)-pregna-5,7,16-triene ((S)-17). To a solution of
(S)-16 (166 mg, 0.269 mmol) and 4-methylmorpholine
4-oxide (50 mg, 0.427 mmol) in CH2Cl2 (2 mL) were
added molecular sieves 4 Å (50 mg). After stirring the
reaction mixture for 20 min at room temperature, to this
reaction mixture was added tetrapropylammonium per-
ruthenate (5 mg, 0.0142 mmol). After stirring for 55 min
at the same temperature and filtration through Celite,
the filtrate was extracted with hexane, washed with
H2O, brine, dried (MgSO4), and evaporated in vacuo,
and the residue was purified by column chromatography
(SiO2, eluting with 10% ethyl acetate–hexane) to yield
(S)-17 (145 mg, 87%) as a colorless oil: IR (neat):
2952, 2928, 2856, 1720, 1084 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.05 (s, 3H), 0.06 (s, 6H), 0.11
(s, 3H), 0.88 (s, 21H), 0.94 (s, 3H), 1.37 (d, J = 6.4 Hz,
3H), 2.17 (s, 3H), 2.79–2.93 (m, 1H), 3.70 (br s, 1H),
3.88 (d, J = 17.1 Hz, 1H), 4.02 (d, J = 17.1 Hz, 1H),
3.94–4.13 (m, 2H), 5.34–5.44 (m, 1H), 5.62 (s, 1H),
5.56–5.67 (m, 1H); MS (EI): m/z 614 (M+), 73 (100%);
UV kmax: 270, 281, 293 nm.

4.1.19. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(R)-(2-
oxo-propoxy)-pregna-5,7,16-triene ((R)-17). Prepared
according to the procedure for (S)-17 [using (R)-16
(175 mg, 0.283 mmol); 4-methylmorpholine 4-oxide
(60 mg, 0.516 mmol); CH2Cl2 (2 mL); molecular sieves
4 Å (56 mg); tetrapropylammonium perruthenate
(5.3 mg, 0.0151 mmol)] to give (R)-17 (148 mg, 85%) as
a colorless oil: IR (neat): 2952, 2932, 2856, 1720,
1100 cm�1; 1H NMR (270 MHz, CDCl3): d 0.05 (s,
3H), 0.06 (s, 6H), 0.11 (s, 3H), 0.85 (s, 3H), 0.88 (s,
18H), 0.94 (s, 3H), 1.37 (d, J = 6.6 Hz, 3H), 2.17 (s,
3H), 2.79–2.93 (m, 1H), 3.70 (br s, 1H), 3.93 (d,
J = 17.0 Hz, 1H), 4.01 (d, J = 17.0 Hz, 1H), 3.97–4.14
(m, 3H), 5.39 (dd, J = 2.6, 5.4 Hz, 1H), 5.61 (d,
J = 5.4 Hz, 1H), 5.67 (s, 1H); UV kmax: 271, 282,
294 nm.

4.1.20. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(S)-(2-hy-
droxy-2-methylpropoxy)-pregna-5,7,16-triene ((S)-14b).
To a solution of (S)-17 (144 mg, 0.234 mmol) in THF
(3 mL) was added 0.93 M-MeMgBr in THF (0.75 mL,
0.698 mmol) at 0 �C. After stirring the reaction mixture
for 15 min at the same temperature, to this reaction mix-
ture was added aqueous NH4Cl, and extracted AcOEt,
washed with H2O, aqueous NaHCO3, brine, dried
(MgSO4) , and evaporated in vacuo, and the residue
was purified by column chromatography in silica (elut-
ing with 10% ethyl acetate–hexane) to yield (S)-14b
(113 mg, 76%) as a colorless oil. IR (neat): 3450, 2952,
2928, 2856, 1096, 836 cm�1; 1H NMR (270 MHz,
CDCl3): d 0.05 (s, 3H), 0.06 (s, 6H), 0.11 (s, 3H), 0.88
(s, 21H), 0.94 (s, 3H), 1.19 (s, 3H), 1.20 (s, 3H), 1.32
(d, J = 6.4 Hz, 3H), 2.80–2.91 (m, 1H), 3.09 (d,
J = 8.7 Hz, 1H), 3.27 (d, J = 8.7 Hz, 1H), 3.67–3,74
(m, 1H), 3.95 (q, J = 6.4 Hz, 1H), 3.80–4.12 (m, 1H),
5.39 (dd, J = 2.4, 5.4 Hz, 1H), 5.60 (s, 1H), 5.56–5.63
(m, 1H); MS (EI): m/z 630 (M+), 73 (100%); UV kmax:
271, 282, 294 nm.

4.1.21. 1a,3b-Bis(tert-butyldimethylsilyloxy-20(R)-(2-hy-
droxy-2-methylpropoxy)-pregna-5,7,16-triene ((R)-14b).
Prepared according to the procedure for (S)-14b [using
(R)-17 (147 mg, 0.239 mmol); 0.93 M-MeMgBr in THF
(0.80 mL, 0.744 mmol); THF (3 mL)] to give (S)-14b
(134 mg, 89%) as a colorless oil: IR (neat): 3440, 2952,
2932, 2856, 1096, 836 cm�1; 1H NMR (270 MHz,
CDCl3): d 0.05 (s, 3H), 0.06 (s, 6H), 0.10 (s, 3H), 0.84
(s, 3H), 0.88 (s, 18H), 0.93 (s, 3H), 1.20 (s, 6H), 1.32
(d, J = 6.6 Hz, 3H), 2.79–2.93 (m, 1H), 3.21 (d,
J = 8.7 Hz, 1H), 3.26 (d, J = 8.7 Hz, 1H), 3.70 (br s,
1H), 3.94–4.14 (m, 2H), 5.39 (dd, J = 2.6, 5.4 Hz, 1H),
5.63 (s, 1H), 5.57–5.67 (m, 1H); MS (EI): m/z 498
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(M+-t-Bu, t-Bu, H2O), 73 (100%); UV kmax: 271, 282,
294 nm.

4.1.22. 1a,3b-Dihydroxy-20(S)-(2-hydroxy-2-methylprop-
oxy)-pregna-5,7,16-triene ((S)-18). To a solution of (S)-
14b (82.1 mg, 0.130 mmol) in THF (3 mL) was added
1.0 M-TBAF in THF (0.8 mL, 0.8 mmol) at room tem-
perature. After refluxing for 16 h, the reaction mixture
was cooled to room temperature and extracted with
AcOEt. The extract was washed with aqueous 5%
HCl, aqueous NaHCO3, brine, dried (MgSO4), and
evaporated in vacuo to leave a residue, which was puri-
fied by preparative TLC (developed with 10% EtOH in
CH2Cl2) to yield (S)-18 (47 mg, 90%) as a colorless oil:
IR (neat): 3400, 2968, 2932, 1084, 1052 cm�1; 1H
NMR (270 MHz, CDCl3): d 0.88 (s, 3H), 0.96 (s, 3H),
1.19 (s, 6H), 1.31 (d, J = 6.5 Hz, 3H), 2.73–2.85 (m,
1H), 3.08 (d, J = 8.7 Hz, 1H), 3.27 (d, J = 8.7 Hz, 1H),
3.75 (br s, 1H), 3.95 (q, J = 6.5 Hz, 1H), 5.44 (dd,
J = 2.6, 5.4 Hz, 1H), 5.59 (s, 1H), 5.72 (d, J = 5.4 Hz,
1H); MS (EI): m/z 402 (M+), 59 (100%); UV kmax: 271,
282, 294 nm.

4.1.23. 1a,3b-Dihydroxy-20(R)-(2-hydroxy-2-methyl-
propoxy)-pregna-5,7,16-triene ((R)-18). Prepared accord-
ing to the procedure for (S)-18 [using (R)-14b (109 mg,
0.172 mmol); 1.0 M-TBAF in THF (1 mL, 1 mmol);
THF (3 mL)] to give (R)-18 (44 mg, 63%) as a pale yel-
low oil: IR (neat): 3392, 2968, 2932, 1098, 1060 cm�1; 1H
NMR (270 MHz, CDCl3): d 0.83 (s, 3H), 0.95 (s, 3H),
1.19 (s, 6H), 1.32 (d, J = 6.4 Hz, 3H), 2.73–2.86 (m,
1H), 3.20 (d, J = 8.7 Hz, 1H), 3.24 (d, J = 8.7 Hz, 1H),
3.74 (br s, 1H), 3.95–4.10 (m, 1H), 5.44 (dd, J = 2.6,
5.4 Hz, 1H), 5.63 (s, 1H), 5.67–5.76 (m, 1H); MS (EI):
m/z 312 (M+�HOCH2C(CH3)2OH), 59 (100%); UV
kmax: 271, 282, 293 nm.

4.1.24. 1a,3b-Dihydroxy-20(S)-(2-hydroxy-2-methylprop-
oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((S)-7b). A
solution of (S)-18 (46 mg, 0.114 mmol) in EtOH
(200 mL) was irradiated using a 400 W high-pressure
mercury lamp through a Vycor filter at 0 �C for
4 min. The solution was then refluxed gently for 2 h
and concentrated in vacuo to leave an oil. The crude
product was submitted to three-stage preparative
TLC purification: (1) 0.5 mm · 2 plates, developed
twice with CH2Cl2/EtOH = 10:1, (2) 0.25 mm · 1 plate,
developed four times with hexane/AcOEt/
EtOH = 10:5:1, 3) 0.25 mm · 3 plates, developed five
times with hexane/AcOEt/EtOH = 10:5:1 to give (S)-
7b (3.6 mg, 8%) as a colorless foam: IR (neat): 3368,
2928, 1444, 1368, 1180, 1166, 1056 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.78 (s, 3H), 1.20 (s, 9 H), 1.31
(d, J = 6.5 Hz, 3 H), 2.55–2.66 (m, 1H), 2.75–2.87 (m,
1H), 3.07 (d, J = 8.7 Hz, 1H), 3.27 (d, J = 8.7 Hz,
1H), 3.93 (q, J = 6.5 Hz, 1H), 4.18–4.30 (m, 1H),
4.40–4.50 (m, 1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.56 (s,
1H), 6.11 (d, J = 11.5 Hz, 1H), 6.37 (d, J = 11.5 Hz,
1H); MS (ESI): m/z 425 ([M+Na]+); UV kmax:
263 nm; HPLC tR = 11.12 min (purity 97.0%, column
A), HPLC tR = 10.07 min (purity >99%, column B);
HRMS Calcd for C25H38O4Na: 425.2668. Found:
425.2666.
4.1.25. 1a,3b-Dihydroxy-20(R)-(2-hydroxy-2-methylprop-
oxy)-9,10-secopregna-5,7,10(19),16-tetraene ((R)-7b). A
solution of (R)-18 (40 mg, 0.0994 mmol) in EtOH
(200 mL) was irradiated for 3.75 min. The mixture was
treated according to the procedure for (S)-7b. The crude
product was submitted to two-stage preparative TLC
purification: 1) 0.5 mm · 2 plates, developed three times
with CH2Cl2/EtOH = 15:1, (2) 0.25 mm · 2 plates,
developed four times with hexane/AcOEt/
EtOH = 10:5:1 to give (R)-7b (3.7 mg, 9%) as a colorless
oil: IR (neat): 3376, 2928, 1442, 1370, 1180, 1166,
1056 cm�1; 1H NMR (270 MHz, CDCl3): d 0.75 (s,
3H), 1.20 (s, 9H), 1.32 (d, J = 6.4 Hz, 3H), 2.52–2.66
(m, 1H), 2.74–2.89 (m, 1H), 3.20 (d, J = 8.6 Hz, 1H),
3.26 (d, J = 8.6 Hz, 1H), 4.00 (q, J = 6.4 Hz, 1H),
4.19–4.31 (m, 1H), 4.39–4.52 (m, 1H), 5.01 (s, 1H),
5.34 (s, 1H), 5.61 (s, 1H), 6.10 (d, J = 11.3 Hz, 1H),
6.37 (d, J = 11.3 Hz, 1H); MS (ESI): m/z 425
([M+Na]+); UV kmax: 263 nm; HPLC tR = 11.16 min
(purity 99.0%, column A), HPLC tR = 9.82 min (purity
>99%, column B); HRMS Calcd for C25H38O4Na:
425.2668, Found: 425.2666.

4.1.26. 1a,3b-Dihydroxy-20(S)-[2(R)-hydroxy-3-methyl
butyloxy]-pregna-5,7,16-triene ((Sr)-20). To 1a,3b-Bis-
(tert-butyldimethylsilyloxy-20(S)-hydroxypregna-5,7,16-
triene (S)-13 (71.5 mg, 0.128 mmol) in toluene (4.5 mL)
were added tert-BuOK (170 mg, 1.52 mmol) and
dibenzo-18-crown-6 (32 mg, 0.0888 mmol) with stirring
at room temperature. To the resulting suspension was
added (R)-(�)-1,2-epoxy-3-methylbutane (0.13 mL,
1.24 mmol) dropwise at the same temperature with stir-
ring and the mixture was refluxed for 1 h. After cooling
to room temperature, the reaction mixture was extracted
with Et2O, washed with brine, dried (MgSO4), and evap-
orated in vacuo to leave a residue, which was purified by
preparative TLC (developed three times with hexane/
CH2Cl2/AcOEt = 45:5:2) to yield the mixture including
(Sr)-19i (26.8 mg). To the mixture in THF (1 mL) was
added 1 M-TBAF in THF (0.4 mL, 0.4 mmol) at room
temperature. After being heated to reflux for 12 h, this
reaction mixture was extracted with AcOEt, washed with
aqueous 1 M-HCl, aqueous NaHCO3 and brine, dried
(MgSO4), and evaporated in vacuo, and the residue
was purified by preparative TLC (developed twice with
CH2Cl2/EtOH = 15:1) to yield (Sr)-20 (12.0 mg, 23%)
as a colorless oil. IR (neat): 3420, 2924, 1460, 1368,
1056 cm�1; 1H NMR (270 MHz, CDCl3): d 0.89 (s,
3H), 0.89 (d, J = 6.6 Hz, 6H), 0.98 (s, 3H), 1.32 (d,
J = 6.6 Hz, 3H), 2.49–2.62 (m, 1H), 2.72–2.87 (m, 1H),
3.26–3.54 (m, 3H), 3.77 (br s, 1H), 3.93–4.18 (m, 2H),
5.41–5.50 (m, 1H), 5.63 (br s, 1H), 5.70–5.80 (m, 1H);
MS (EI): m/z 312, 55 (100%); UV kmax: 269, 280, 292 nm.

4.1.27. 1a,3b-Dihydroxy-20(S)-[2(R)-hydroxy-3-methylbu-
tyloxy]-9,10-secopregna-5,7,10(19),16-tetraene ((Sr)-7i). A
solution of (Sr)-20 (12.0 mg, 0.0288 mmol) in EtOH
(200 mL) was irradiated for 1.67 min. The mixture was
treated according to the procedure for 7c (S). The crude
product was submitted to 2-stage preparative TLC puri-
fication: (1) 0.25 mm · 1 plate, developed once with
hexane/AcOEt/EtOH=10:5:1, 2) 0.25 mm · 0.5 plate,
developed twice with CH2Cl2/EtOH=30:1 and then,
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developed twice with CH2Cl2/EtOH=10:1 to give (Sr)-7i
(1.45 mg, 12%) as a colorless oil. IR (neat): 3400, 2924,
1446, 1370, 1056 cm�1; 1H NMR (270 MHz, CDCl3): d
0.78 (s, 3H), 0.89 (d, J = 6.9 Hz, 3H), 0.97 (d,
J = 6.9 Hz, 3H), 1.31 (d, J = 6.6 Hz, 3H), 2.54–2.67
(m, 1H), 2.74–2.90 (m, 1H), 3.25–3.53 (m, 4H), 3.95
(q, J = 6.6 Hz, 1H), 4.19–4.32 (m, 1H), 4.38–4.51 (m,
1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.58 (s, 1H), 6.11 (d,
J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz, 1H); MS (ESI):
m/z 439 ([M+Na]+); UV kmax: 264 nm; HPLC
tR = 10.93 min (purity 95.4%, column A), HPLC
tR = 10.40 min (purity >99%, column B); HRMS Calcd
for C26H40O4Na: 439.2824. Found: 439.2838.

4.1.28. 1a,3b-Dihydroxy-20(S)-{2(S)-hydroxy-3-methylbu-
tyloxy}-pregna-5,7,16-triene ((Ss)-20). Prepared accord-
ing to the procedure for (Sr)-20 [using(S)-13 (97.9 mg,
0.175 mmol), toluene (6 mL), tert-BuOK (230 mg,
2.05 mmol), and dibenzo-18-crown-6 (45 mg,
0.125 mmol), and (S)-(+)-1,2-epoxy-3-methylbutane
(0.18 mL, 1.72 mmol), 1 M-TBAF in THF (0.5 mL,
0.5 mmol), and THF (1.5 mL)] to give (Ss)-20
(20.6 mg, 36%) as a colorless oil: IR (neat): 3416,
2924, 1462, 1370, 1196, 1056 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.88 (s, 3H), 0.90 (d, J = 6.9 Hz,
6H), 0.97 (s, 3H), 1.31 (d, J = 6.6 Hz, 3H), 2.72–2.86
(m, 1H), 3.10–3.24 (m, 1H), 3.39–3.53 (m, 2H), 3.77
(br s, 1H), 3.96 (q, J = 6.6 Hz, 1H), 4.00–4.16 (m,
1 H), 5.40–5.49 (m, 1H), 5.60 (br s, 1H), 5.68–5.80 (m,
1H); MS (EI): m/z 312, 55 (100%); UV kmax: 269, 281,
292 nm.

4.1.29. 1a,3b-Dihydroxy-20(S)-[2(S)-hydroxy-3-methylbu-
tyloxy]-9,10-secopregna-5,7,10(19),16-tetraene ((Ss)-7i).
A solution of (Ss)-20 (9.7 mg, 0.0233 mmol) in EtOH
(200 mL) was irradiated for 1.67 min. The mixture was
treated according to the procedure for (Sr)-7i. The crude
product was submitted to two-stage preparative TLC
purification: (1) 0.25 mm · 1 plate, developed twice with
CH2Cl2/EtOH=20:1; (2) 0.25 mm · 0.5 plate, developed
twice with hexane/AcOEt/EtOH = 10:5:1 to give (Ss)-7i
(1.06 mg, 11%) as a colorless oil: IR (neat) 3400, 2928,
1444, 1368, 1056 cm�1; 1H NMR (270 MHz, CDCl3):
d 0.78 (s, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.96 (d,
J = 6.9 Hz, 3H), 1.31 (d, J = 6.6 Hz, 3H), 2.53–2.68
(m, 1H), 2.76–2.90 (m, 1H), 3.09–3.24 (m, 1H), 3.40–
3.55 (m, 2H), 3.88–4.01 (m, 1H), 4.18–4.30 (m, 1H),
4.40–4.50 (m, 1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.57 (s,
1H), 6.10 (d, J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz,
1H); MS (ESI): m/z 439 ([M+Na]+); UV kmax: 262 nm;
HPLC tR = 10.95 min (purity 96.3%, column A), HPLC
tR = 10.30 min (purity >99%, column B); HRMS Calcd
for C26H40O4Na: 439.2824. Found: 439.2831.

4.1.30. 1a,3b-Dihydroxy-20(R)-[2(R)-hydroxy-3-methylbu-
tyloxy]-pregna-5,7,16-triene ((Rr)-20). Prepared accord-
ing to the procedure for (Sr)-20 [using (R)-13 (69.7 mg,
0.125 mmol), toluene (4 mL), tert-BuOK (170 mg, 1.52
mmol), and dibenzo-18-crown-6 (22 mg, 0.0610 mmol),
and (R)-(�)-1,2-epoxy-3-methylbutane (0.13 mL, 1.24
mmol), 1 M-TBAF in THF (0.2 mL, 0.2 mmol), and
THF (1 mL)] to give (Rr)-20 (9.4 mg, 20%) as a colorless
oil: IR (neat): 3404, 2960, 2928, 1462, 1370, 1272, 1196,
1056 cm�1; 1H NMR (270 MHz, CDCl3): d 0.85 (s,
3H), 0.90 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H),
0.98 (s, 3H), 1.33 (d, J = 6.3 Hz, 3H), 2.49–2.61 (m,
1H), 2.74–2.87 (m, 1H), 3.21–3.35 (m, 1H), 3.39–3.56
(m, 2H), 3.78 (br s, 1H), 3.93–4.15 (m, 2H), 5.40–5.50
(m, 1H), 5.65 (br s, 1H), 5.70–5.81 (m, 1H); MS (EI):
m/z 414 (M+�H2O), 312, 55 (100%); UV kmax: 269,
281, 293 nm.

4.1.31. 1a,3b-Dihydroxy-20(R)-[2(R)-hydroxy-3-methylbu-
tyloxy]-9,10-secopregna-5,7,10(19),16-tetraene ((Rr)-7i).
A solution of (Rr)-20 (8.5 mg, 0.0204 mmol) in EtOH
(200 mL) was irradiated for 1.67 min. The mixture was
treated according to the procedure for (Sr)-7i. The crude
product was submitted to 2-stage preparative TLC puri-
fication: (1) 0.25 mm · 1 plate, developed twice with
CH2Cl2/EtOH = 15:1, (2) 0.25 mm · 0.5 plate, devel-
oped twice with hexane/AcOEt/EtOH = 10:5:1 to give
(Rr)-7i (0.4 mg, 5%) as a colorless oil: IR (neat): 3416,
2924, 1452, 1370, 1262, 1066 cm�1; 1H NMR
(270 MHz, CDCl3): d 0.75 (s, 3H), 0.91 (d, J = 6.6 Hz,
3H), 0.97 (d, J = 6.6 Hz, 3H), 1.32 (d, J = 6.3 Hz, 3H),
2.55–2.67 (m, 1H), 2.77–2.88 (m, 1H), 3.21–3.33 (m,
1H), 3.36–3.57 (m, 2H), 3.92–4.06 (m, 1H), 4.19–4.30
(m, 1H), 4.40–4.50 (m, 1H), 5.01 (s, 1H), 5.34 (s, 1H),
5.60 (s, 1H), 6.10 (d, J = 11.4 Hz, 1H), 6.37 (d,
J = 11.4 Hz, 1H); MS (ESI): m/z 439 ([M+Na]+); UV
kmax: 263 nm; HPLC tR = 10.93 min (purity 91.4%, col-
umn A), HPLC tR = 10.18 min (purity >99%, column
B); HRMS Calcd for C26H40O4Na: 439.2824. Found:
439.2829.

4.1.32. 1a,3b-Dihydroxy-20(R)-[2(S)-hydroxy-3-methylbu-
tyloxy]-pregna-5,7,16-triene ((Rs)-20). Prepared accord-
ing to the procedure for (Sr)-20 [using (R)-13 (79.0 mg,
0.141 mmol), toluene (4.5 mL), tert-BuOK (190 mg,
1.69 mmol), and dibenzo-18-crown-6 (25 mg,
0.0694 mmol), and (S)-(+)-1,2-epoxy-3-methylbutane
(0.15 mL, 1.43 mmol), 1 M-TBAF in THF (0.25 mL,
0.25 mmol), and THF (1 mL)] to give (Rs)-20
(11.0 mg, 21%) as a colorless oil: IR (neat): 3416,
3036, 2928, 1462, 1370, 1270, 1196, 1056 cm�1: 1H
NMR (270 MHz, CDCl3): d 0.84 (s, 3H), 0.90 (d,
J = 6.9 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H), 0.97 (s, 3H),
1.34 (d, J = 6.6 Hz, 3H), 2.72–2.88 (m, 1H), 3.19–3.34
(m, 1H), 3.40–3.60 (m, 2H), 3.77 (br s, 1H), 3.93–4.16
(m, 2H), 5.40–5.50 (m, 1H), 5.67 (s, 1H), 5.71–5.80 (m,
1H); MS (EI): m/z 312, 55 (100%); UV kmax: 270, 281,
293 nm.

4.1.33. 1a,3b-Dihydroxy-20(R)-[2(S)-hydroxy-3-methylbu-
tyloxy]-9,10-secopregna-5,7,10(19),16-tetraene ((Rs)-7i).
A solution of (Rs)-20 (9.9 mg, 0.0238 mmol) in EtOH
(200 mL) was irradiated for 1.67 min. The mixture was
treated according to the procedure for (Sr)-7i. The crude
product was submitted to 2-stage preparative TLC purifi-
cation, (1) 0.25 mm · 1 plate, developed twice with hex-
ane/AcOEt/EtOH = 10:5:1, (2) 0.25 mm · 0.5 plate,
developed twice with CH2Cl2/EtOH=15:1 to give (Rs)-7i
(0.786 mg, 8%) as a colorless oil: IR (neat): 3392, 2928,
1452, 1370, 1264, 1056 cm�1; 1H NMR (270 MHz,
CDCl3): d 0.74 (s, 3H), 0.90 (d, J = 6.6 Hz, 3H), 0.97 (d,
J = 6.6 Hz, 3H), 1.33 (d, J = 6.3 Hz, 3H), 2.55–2.68 (m,
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1H), 2.77–2.90 (m, 1H), 3.21–3.34 (m, 1H), 3.41–3.56 (m,
2H), 3.98 (q, J = 6.3 Hz, 1H), 4.18–4.31 (m, 1H), 4.38–
4.51 (m, 1H), 5.01 (s, 1H), 5.34 (s, 1H), 5.63 (s, 1H), 6.10
(d, J = 11.4 Hz, 1H), 6.37 (d, J = 11.4 Hz, 1H); MS
(ESI): m/z 439 ([M+Na]+); UV kmax: 262 nm; HPLC
tR = 10.91 min (purity 98.7%, column A), HPLC
tR = 10.30 min (purity >99%, column B); HRMS: Calcd
for C26H40O4Na: 439.2824. Found: 439.2827.

4.2. In vitro human keratinocyte growth inhibition assay

Normal human epidermal keratinocytes (adult skin,
passage 4, Cat# CC-2501, Clonetics) were plated in
96-well tissue culture plates (flat-bottom, Costar) at
1 · 103 cells/well in KGM-2 (Clonetics). After 4–6 h,
the test compounds were added and the cells were cul-
tured in KGM-2 (200 lL/well) for 3 days at 37 �C, 5%
CO2. 10 lL of [3H]thymidine (7.4 kBq/well) was added
and the cells were cultured at 37 �C, 5% CO2 overnight.
The cells were trypsinized and transferred to a glass fil-
ter. The [3H]thymidine incorporation was measured by a
liquid scintillation counter.

4.3. In vivo Ca effect (determination of blood ionized
calcium levels)

Male BALB/c AnN Crj mice were housed individually in
aluminum cages and received food and water ad libitum.
After 1week acclimation, back skin (about 2 cm · 1.5 cm)
was shaved with a hair clipper and received 1000 lg/kg
(2 mL/kg) of test compound. Blood was collected from
the eyepit 2 days after the administration. Blood ionized
calcium level was measured by pH/Ca2+ analyzer 634
(Bayer Corporation).

4.4. In vitro metabolic stability evaluation

Rat liver microsomes were prepared from untreated
Sprague–Dawley rat liver according to the conventional
method25 in Chugai Pharmaceutical Co., Ltd. For some
stability experiments, commercially available rat micro-
somes from XenoTech, LLC (KS, USA) were purchased
and prepared using essentially the same method as dis-
cribed above. Incubation was carried out at 37 �C using
an incubation mixture of 100 lg of rat liver microsomes,
0.1 lmol NADPH, and 100 lL of a 0.1 M phosphate
buffer (pH 7.4) containing the test compounds in etha-
nol solution (final concn; 1 lM). Reactions were
stopped after 15 and 30 min by addition of 100 lL meth-
anol. After removal of protein precipitate by centrifuga-
tion, the supernatant (100 lL) was injected into the
HPLC system. Microsomal elimination constants (ke)
of test compounds were calculated from concentrations
of a residual compound at 0, 15, and 30 min.

4.5. In vivo pharmacokinetics study

Dosing solutions were prepared as a saline solution con-
taining 2% Tween 80 and 1% ethanol at a concentration
of 10 or 100 lg/mL. For OCT, [26-3H]OCT was used as
a saline solution containing 0.01% Tween 20 and 1%
ethanol. Each solution was administered intravenously
to SD rats (#, 7–8wk) at a dose of 10 or 100 lg/kg. After
an intravenous administration, blood samples were
collected with time (0–24 hr) to prepare immediately
plasma samples. Except for OCT, they were used as
quantitation samples after liquid–liquid extraction.
Plasma concentration of dosed compounds was quanti-
fied by HPLC (LC-10AD, Shimadzu, Japan) or LC–MS
(Quattro II, Waters Ltd., UK) according to the meth-
od26 of a vitamin D analog; OCT. For OCT, after meth-
anol precipitation of plasma samples, radioactivities of
OCT fractions were measured by liquid scintillation
counter (LSC-900, Aloka, Japan). PK parameters were
calculated by a non-compartment model using WinNon-
lin (Pharsight Corp., Mountain View, USA).

4.6. Molecular modeling

4.6.1. Preparation of molecules. Molecular modeling was
performed with the SYBYL Molecular Modeling pack-
age version 6.9 running on a Linux workstation. Molec-
ular docking experiments conducted on six of the
vitamin D3 analogs, 7g and 7h, with an unsaturated
bond in the side-chain moiety, are listed in Table 2. Mol-
ecules were constructed in SYBYL6.9 (Tripos Inc., St.
Louis, MO) based on several reported known vitamin
D receptor (VDR) ligand complexes in the Protein Data
Bank (PDB) and in-house complex coordinates (unpub-
lished data). Gasteiger–Hückel charges were computed
for ligand atoms. The docking study was carried out
using the crystal structure of VDR with 1 resolved at
1.80 Å (PDB code: 1DB1). After removing all bound
water molecules and 1 from the VDR complex, hydro-
gen atoms were added and Kollman charges were com-
puted for VDR atoms. Three water molecules in the
ligand-binding pocket were considered to be part of
the protein. All hydrogen atoms were relaxed using
300 cycles of MMFF94s force field minimization imple-
mented in SYBYL package.

4.6.2. DOCK 4.0.1 docking. Generation of docking pos-
es of each ligand into the binding pocket was performed
using DOCK version 4.0.127,28 in order to obtain an
ensemble of initial geometries of the ligands. In order
to collect diverse and stable docking poses, the option
of flexible docking and torsion minimization was per-
formed followed by relaxation of 250 simplex minimiza-
tions to a convergence of 0.1 kcal/mol.

4.6.3. MM-PBSA. Conformers generated from the
docking experiments of the ligands were subjected to
MM-PBSA calculation using AMBER version 7 soft-
ware.29 The initial complex within 20 Å from the
ligand was soaked in a sphere of water .After AMBER
minimization of 1000 cycles at 300 K, docking free-en-
ergy was evaluated using MM-PBSA calculations. The
most stable docking poses of each ligand are shown in
Figure 1.
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