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Figure 2. SAHA-based nonhydroxamate HDAC inhibitors.

replacement groups for hydroxamic acid with the goal
of drug discovery as well as finding new tools for bio-
logical research.

In the search for a suitable hydroxamic acid replace-
ment, thiols seemed to be reasonable targets, because
they have been reported to inhibit zinc-dependent
enzymes such as angiotensin converting enzyme? and
matrix metalloproteinase.! Recently, Furumai et al.
demonstrated that the disulfide bond of FK228 (Fig. 1),
a cyclic peptide HDAC inhibitor, is reduced in the cel-
lular environment, releasing the free thiol analogue as
the active species,” and Nishino et al. reported that
cyclic tetrapeptides bearing disulfide group such as 1
(Fig. 1) inhibit HDACs under reductive conditions.?®
These reports prompted us to report on the synthesis
and HDAC inhibition of thiol-based small molecule
analogues.

The compounds prepared for this study are shown in
Tables 1-3. Syntheses were accomplished as illustrated
in Schemes 1-3. Compounds 6-8, 10-12, 15-21, and 22
were synthesized from the corresponding acid chlorides
27a-d by the route shown in Scheme 1. The amino group
of aromatic amines 28 was acylated with an appropriate
acid chloride 27 to give the amides 29a-f and 2%h-m.
Suzuki coupling® of bromobenzene 29f with phen-
ylboronic acid provided the biphenyl 29g. Bromides 29
were treated with potassium thioacetate to give com-
pounds 7 and 30a-k, after which hydrolysis of the thio-
acetates under alkaline conditions gave the desired
compounds 6, 10-12, 1521, and 22. Sulfide 8 was
obtained by the alkylation of sodium methanethiolate
with bromide 29b.

Synthesis of aminoethanethiol 9 was accomplished via
aldehyde 34 (Scheme 2). The condensation of dicar-
boxylic acid 31 with an equivalent amount of aniline
gave mono-anilide 32. The carboxylic acid 32 was con-
verted to Weinreb amide® 33 in the presence of EDCI
and HOBt. Compound 33 was allowed to react with
lithium aluminum hydride at 0°C to give aldehyde 34
and subsequent reductive amination afforded amino-
ethanethiol 9.

Compounds 13, 14, 23-25, and 26 were prepared from
alcohol 35 or 36 by the procedure outlined in Scheme 3.
Treatment of bromide 35 with phenol in the presence of
K,CO; gave ether 38a, and condensation of amine 36
with an appropriate aromatic carboxylic acid 37 affor-

o 0 0
2 Ar B £ A
CIJLS’BI_' N r —_— AT\N S
u H n H n
27an=7 295 Ar=Ph.n=7 7 Ar=Ph.n=6
- 2Tbn=6 29b Ar=Ph,n=6 30sAr=Ph,n=7
27cn=5
9¢ Ar=Ph.n=35 30 =Ph.n=35
Yrdmoa 29¢ Ar n b Ar=Ph.n

294 Ar=Fh,n=4
29¢ Ar=4-NMey-Ph,n=6
29 Ar=4-Br-Phn=6
b I: 29g Ar=4-biphenyl,n=6
2% Ar=3-biphenyl,n =6
295 Ar=40Ph-Fh,n=6
29§ Ar=30Ph-Ph.n=6
29k Ar=3-Py.n=6
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Scheme 1. Reagents and conditions: (a) ArNH; (28), Ei;N, CH,Cl,,
rt, 25-99%; (b} PhB(OH);, Pd(PPh;)s, NaHCO;, 1-methyl-2-pyrro-
lidinone, H,O, 80°C, 18%; (c) AcSK, EtOH, 60°C, 84-99%; (d) 2N aq
NaOH, EtOH, THF, rt, 47-99%; () 15% aq NaSMe, EtOH, rt, 99%.

ded amides 38b-f. Alcohols 38a-f were converted to
thiols 13, 14, 23-25, and 26 in a three-step sequence:
conversion of the alcohols to bromides, treatment of the
bromides with potassium thioacetate, and hydrolysis of
the resulting thioacetates.

The compounds synthesized in this study were tested
with an in vitro assay using a Hel.a nuclear extract rich
in HDAC activity.?® The results are summarized in
Tables 1-3 as ICs; values.

HOOC LCOOH 4 9 b
—_—r )LH,COOH — .
s N
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e QA
NJLH ~"sH
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Scheme 2. Reagents and conditions: (a} Aniline, 180°C, 43%; (b) N,0-
dimethylhydroxylamine hydrochloride, Et;N, EDCI, HOBt, DMF, rt,
94%; (¢} LiAlH,, THF, 0°C, 72%; (d) 2-aminoethanol, NaBH(OAc),,
THF, AcOH, t; (e} (Boc),0, EtsN, rt; (f) TFA, CH:Cls, 1, 44% (three
steps).
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.3 A8b Ar = Ph, X = -CONH-
% 38¢ Ar = 4NMex-Ph, X =-CONH-
38d Ar = 2-naphthalene, X = -CONH-

38e Ar = 2-benzofuran, X = -CONH-
38F Ar = 2-indole, X = -CONH-

N,XHSH

6

13 Ar=Ph, X=-0-

14 Ar = Ph, X = .CONH-

23 Ar = 4.NMey-Ph, X = -CONH-
24 Ar = 2-naphthalene, X = -CONH-
25 Ar = 2-benzofuran, X = -CONH-
26 Ar =2-indole, X = -CONH-

Scheme 3. Reagents and conditions: (2} Phenol, K,CO+, DMF, 80°C,
96%; (b) ArCOOH (37), EDCI, HOBt, DMF, rt, 61-96%; (c) CBrs,
PPhs, CH,Cl, 0°C, 25-99%; (d) AcSK, EtOH, 60°C, 47-99%; (¢) 2N
aq NaOH, E1OH, THF, rt, 28-74%.

As seen in Table 1, the ICsy values of SAHA, o-am-
inoanilide 2, bromoacetamide 4, and semicarbazide 5
were 0.28, 120, 14, and 150 pM, respectively (entries 1, 2,
4, and 5). Trifluoromethyt ketone 3 was reported pre-
viously to inhibit HDACs with an ICso of 6.7 uM (entry
3).%% In our study, changing the hydroxamic acid of
SAHA to thiol yielded fruitful results. A pronounced
inhibitory effect (ICsp=0.21 uM) was observed with
thiol 6, which was about 30-700-fold more active than
the previously reported nonhydroxamates, and as po-
tent as SAHA (entry 6). To confirm that the thiol group
plays an important role in anti-HDAC activity, thicac-
etate 7, and sulfide 8 were tested. As expected, thiol
transformation into thioacetate and sulfide led to an

Table 1. HDAC inhibition data for SAHA and SAHA-based non-

hydroxamates*
H
N
i
o

Entry Compd n R ICsy (pM)
1 SAHA® 6 -CONHOH 0.28
n NH:
N
2 b 6 \ﬂ/ \© 120
O
3 3 6 ~COCF, 6.7
4 4 6 ~NHCOCH;Br 14
5 5 5 ~-NHCONHNH; 150
6 6 6 -SH 0.21
7 7 6 ~SAc 7.1
8 8 6 —SMe >100
9 o 6 -NHCH,CH,SH >100

*Values are means of at least three experiments.
¥ Prepared as described in Ref. 31.

“Prepared as described in Ref. 13,

4 Data taken from the literature (Ref. 15).

¢ Prepared as described in Ref. 18.
fTrifluoroacetic acid salt.

Table 2. Effect of linker variation on HDAC inhibitory activity of

thiols”
: ‘xﬁsn
Entry Compd X n 1Csp (M)
1 6 -NHCO- 6 0.21
2 10 -NHCO- 7 1.5
3 1 -NHCO- 5 0.37
4 12 -NHCO- 4 6.2
5 13 -0- 6 11
6 14 -CONH-~ 6 0.36

*Values are means of at least three experiments,

inhibitor that was about 30-fold less potent and a
compound devoid of anti-HDAC activity, respectively
(entries 7 and 8). These results suggest that although the
inherent affinity of a monodentate thiol ZBG is less than
that of bidentate ZBGs such as hydroxamate and hy-
drated electrophilic ketone, its ease of ionization makes
thiol 6 as powerful as SAHA.?’ In order to find more
potent ZBGs, we examined the activity of aminoetha-
nethiol 9, which was expected to coordinate zincion in a
bidentate fashion. Although aminoethanethiols have
been reported to inhibit zinc proteins,?® this functional
group led to a loss of HDAC inhibitory activity (entry
9.

We next examined the effect of linker parts of thiol 6.
The results are shown in Table Z. HDAC inhibition was
distinctly dependent on chain length, with n =7 (10)
and n =4 (12) resulting in less potent inhibitors. How-
ever, compound 11, in which n = 5, proved to be equally
effective to 6, in which n = 6 (entries 1-4). The similar
structure-activity relationship (SAR) between thiols and
hydroxamates, with n = 6 optimal,®3® indicates that
thiols inhibit HDACsS in a binding mode similar to that
of hydroxamates. As for the group attaching the phenyl
moiety, ether 13 displayed a moderate activity, whereas
the activity of the reversed amide 14 was maintained
(entries 5 and 6).

Having investigated the requirements for the ZBGs and
linker parts, we next turned our attention to aromatic
groups (Table 3). In the amide-linked series (entries 1-
9), 4-substituted phenyl compounds tended to reduce the
potency. Specifically, compounds 15 (Ar = 4-NMe;-Ph),
16 (Ar=4-biphenyl), and 18 (Ar=4-PhO-Ph) showed
about a 3-10-fold decrease in potency when compared
to the parent thiol 6 {entries 2, 3, and 5). In contrast,
when a phenyl group was introduced at the 3-position of
the phenyl group of 6, the ICs, of compound 17 was
improved and reached 0.075 pM (entry 4). In addition,
3-phenoxy compound 19 was equipotent with com-
pound 6 {(entry 6). Next, we investigated the effect of the
replacement of the phenyl group of compound 6 with
heteroaryl rings (entries 7-9). While pyridine 20 and
phenylthiazole 22 retained the potency of compound 6,
quinoline 21 was about 3-fold more active than com-
pound 6 (ICsp =0.072 pM). The reversed amide-linked
series (entrics 11-14) exhibited potencies similar to or
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Table 3. Effect of aromatic group variation on HDAC inhibitory
activity of thiols®

A’\x’ﬁgsn
Entry Compd Ar X ICs (pM)
1 6 Ph _NHCO- 021
. 15 —@—NM:; -NHCO- 12
3 16 —@—Ph -NHCO- 11
4 17 Gvn -NHCO- 0075
5 18 —@—OPh _NHCO- 062
6 19 b—oph -NHCO- 021
7 20 2 _NHCO- 0.1t
8 21 | _NHCO-  0.072
N
9 2 N fij -NHCO- 0.7
<
s
10 " _Ph _CONH-  0.36
1 p L] ~©—nmz -CONH- 0.6
12 2 _CONH- 0,085
13 25 _(:@ -CONH- 007
0
14 26 m _CONH- 01
N

* Values are means of at Jeast three experiments.

greater than the parent thiol 14, except for 23 (Ar=4-
NMe;-Ph), which resulted in a slightly less potent
inhibitor. In particular, the reversed amides 24 with a
naphthalene substituent and 25 with a benzofuran sub-
stituent showed stronger inhibition of HDACs with
1Cy5 of 0.085 and 0.079 uM, respectively. As a result,
ICss in the double-digit nanomolar range were ob-
served with 3-biphenyl 17, quinoline 21, naphthalene 24,
and benzofuran 25, which were approximately 3-4-fold
more potent than SAHA.

In summary, in order to find novel nonhydroxamate
HDAC inhibitors, we designed and prepared a series of
thiol-based SAHA analogues, and evaluated their
inhibitory effect on HDACs. Compound 6, in which the
hydroxamic acid of SAHA was replaced by a thiol, was
found to be as potent as SAHA. We have shown that the
potency is related to chain length, with #n = 6 optimal,
and the amide and reversed amide were preferred as the
group attaching the phenyl moiety. The conversion of
the phenyl group of compound 6 to other aromatic
groups led to the identification of inhibitors more potent
than SAHA. The SAR results within the thiol series
indicate that thiols inhibit HDACs in a manner similar
to that of hydroxamates. As far as we could determine,
this is the first report of nonmacrocyclic thiol inhibitors
of HDACs. These small molecule thiols may be useful as
tools for biological research and as orally bicavailable
anticancer drugs. Currently, further detailed SAR
studies and the next stage of evaluations are under way.
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Abstract—Retinoids are natural and synthetic analogues of all-trans retinoic acid (ATRA). Cancer and other serious hyperpro-
liferative discases are attractive therapeutic targets for retinoids. We report here the design and synthesis of novel cyclic urea
compounds with retinoidal activity. YR 105 exhibited potent differentiation-inducing ability toward human promyelocytic leukemia
HL-60 cells at the concentration of 10~ M: its potency was almost equal to that of the native ligand, all-frans retinoic acid.

© 2004 Elsevier Lid. All rights reserved.

Retinoids, natural and synthetic analogues of all-trans
retinoic acid (ATRA), have a variety of potent biologi-
cal activities, such as induction of cell differentiation,
proliferation, and apoptosis, as well as developmental
changes.!

Retinoids also have potential chemotherapeutic and
chemopreventive applications in the fields of dermato-
logy and oncology.? Retinoic acid has a remarkable
remedial effect on acute promyelocytic leukemia (APL).?
Further, the inhibitory effeet of retinoids on IL-6 pro-
duction suggests their possible usefulness in various IL-6
associated diseases, including psoriasis and rheumatoid
arthritis.*

It has been shown that the biological effects of retinoids
are mediated by the activation of retinoic acid receptors
{(RARs), which are ligand-dependent gene transcription
factors. There are three distinct receptor subtypes
{RAR«, B, ), which possess considerable homology in
their ligand binding domains.?

We report here the design and synthesis of novel cyclic
urea compounds, which have retinoidal activity.

Kepwords: Cyclic urea; Retinoid; Cell differentiation; Drug design.
* Corresponding author. Tel.: +81-3-3700-1141; fax: +81-3-3707-6950;
e-mail: masaaki@nihs.go.jp

0960-894X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc]. 2004.06.038

In earlier studies, a number of synthetic retinoid ana-
logues were prepared, and a few of them showed
potential biological effects several times higher than all
natural retinoids (Fig. 1).% Some were selected as
promising lead compounds for retinoidal activity. All
the compounds consisted of two parts: a lipophilic
portion fused with a hydrophilic benzoic acid moiety via
amide or alkene or keto linkage. The biological activity
depended on the linker type as well as the presence or
absence of lipophilic moicties. Considering these aspects
we selected the lipophilic moieties and the amido or
alkene was changed to a urea linker, which may actas a
suitable ligand for retinoid receptors. however Urg0,’

COGH
WCOW n\'ﬂ
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Retinoic Acid (ATRA)
, COOH
~ COOH
Aoy O
o g
AmS555 Chss

Figure 1. Structures of typical retinoid agonists.



4132 M. Kurihara et al. | Bicorg. Med. Chem. Lett. 14 (2004) 41314134

(08
NJLN
H H
Urgo

/@COOH o
H.N NJLN.Me
A H

[o]

Me
Uro0 Urigp  ©OcH

Figure 2. Conformations of methylated Ur80.

which has a urea linker, exhibited Iow bioactivity.
Introduction of substitutes to urea nitrogen would cause
flipping of stereochemistry to form Ur90 and Ur100 like
Am80® (Fig. 2). Because of fix of conformation and
lipophilicity, we chose a cyclic urea structure as the
Iinker (Fig. 3).

A very simple method was developed to synthesize all
desired cyclic urea derivatives. The synthesis of urea
derivatives (5a-h) was accomplished via the following
reaction sequences (Scheme 1). A number of different
aromatic amines (la-d) were utilized as the starting
materials for the preparation of the desired cyclic urea
compounds.

Various primary aromatic amines (1a-d) alkylated with
1,2-dibromoethane or 1,3-dibromopropane in acetoni-
trile resulted in formation of the respective secondary
amines (22-h). The synthesized secondary aromatic

hydrophobic interaction
{Re-275, Phe-304)

——y,
AL
R
(0] [ S—

hydrohobic irteraction

{Trp-227, Phe-230, Leu-268,
Phe-304, Leu-307, Ala-397,
le-412, Leu-416)

Oy Ao
[

n=1: 5a (YR101)

hydrogen bond
{Arg-278, Ser-289)

n=1: 5¢ (YR103)

n=2: 5b {YA102) n=2: 5¢ (YR104)
In [‘("\) n
N/:;\N—Q—COOH @*NEN—O—COOH
O
n=1: 5e (YR105) n=1: 5g (YR107)
n=2: 5¢ (YR106) n=2: 5h (YR108)

Fizure 3. Design of cyclic urea compounds.
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Scheme 1. Reagents and conditions: (a) 1,2-dibromoethane or 1,3-
dibromopropane, CH;CN, 50-70°C, 72h, 25-60%; (b) ethy! 4-iso-
cyanatobenzoate, benzene, 60-70°C, 48 h, 60-80%; (c) NaH, THF, rt,
3h, 75-97%; (d) 5% NaOH, MeOH-H,0 (7:3), 60°C, 1h, 90-96%.

amines were allowed to react with ethyl 4-iso-
cyanobenzoate in anhydrous benzene to form urea
derivatives (3a-h). The intramolecular cyclization of the
urea derivatives was performed utilizing sodium hydride
as the base to obtain cyclic urea dertvatives (4a-h). Fi-
nally, the ethyl ester of cyclic urea derivatives was con-
verted to free acid form (5a-h) under basic conditions.

The biological activities of compounds Sa-h were eval-
uated in terms of induction of differentiation of HL-60
cells into mature granulocytes. The results are summa-
rized in Table 1. YR105 (5¢) exhibited potent differen-
tiation-inducing activity toward HL-60 cells, with an
ECs, value of 8.3x 107 M. The activity of YR105 was
one order weaker than that of retinobenzoic acid Amg0,
and comparable to that of all-zrans retinoic acid. YR106

Tsbie 1. HL-60 differentiation-inducing activity of cyclic urea com-
pounds (Sa—h)

Compound Activity (EDs) (M)
5a (YR101) Inactive
5bh (YR102) Inactive
S5c (YR103) Inactive
5d (YR104) Inactive
Se (YR105) 8.3x10°°
5f (YR106) 4910~
S5 (YRI0T) 1.2x10~7
Sh (YR108) Inactive
Retinoic acid 24x10-Y
Am80 79%10-%
Urso >10-%

Inactive means there was no activity at 1075 M, and >10-* M means
there was slight activity at 10-*M.
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Figure 4. (A) Superimposition of energy-minimized conformations of
YRI105 (green) and Am30 {red). (B} Superimposition of energy-mini-
mized conformations of YR 107 (green) and Am80 (red).

{58f), YR 107 (5g) decreased the activity by two orders of
magnitude, compared with YR105.

Figure 4 shows superimposition of the energy-mini-
mized structures of YR105 (5¢) and YR107 (5g) on the

Figure 5. Stable docking model of 5e (YR105) in the RARY simulated
from the crystal structure of RAR-BMS270394 complex (IEXA).

encrgy-mimimized structure Am80. YRIOS is better
overlapped with Am80 than YR107.

A docking model of YR105 (5¢) bound to RARYy
(1IEXA) was constructed by molecular dynamics (MD)
simulation at high temperature {1000 K) and molecular
mechanics (MM) energy minimization. AMBER* was
used as force field. Calculations were performed by
MacroModel (ver. 6.5 and 8.0).° YR105 was well fitted
to the cavity of the ligand binding domain (LBD) of
RARY, as shown in Figure 5. The bulky alkylated
phenyl moiety fits well to the hydrophobic region of the
LBD (Trp-227, Phe-230, Leu-268, Phe-304, Leu-307,
Ala-397, Tle-412, Leu-416). The carboxylate group of the
ligand interacted with Arg-278, Ser-28% by hydrogen
bonds.

In conclusion, we have discovered a new class of cyclic
urea compounds that exhibit retinoidal activity.
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Abstract—In order to study the interaction of fullerenes with biological molecules, a novel photoafinity labeling agent derived from
Ceo was designed and synthesized. As photosensitive functional groups, azide group, and aziridine group are utilized. A convenient
synthetic route via fulleropyrrolidine 2 was employed to obtain compounds labeling agents 5 and 9.

© 2003 Published by Elsevier Lid.

The biological activities of fullerenes have attracted
considerable attention due to their potential medicinal
applications.!> Their novel and unexploited propertics
stem from their bulky hydrophobic shape and their
photosensitivity*” and radical-generating®"!/-quench-
ing'!? activities enabled by highly conjugated m-clec-
tron system.

As a most remarkable activity, direct inhibition
of enzymes by Cg; has been reported. The first example,
HIV-1 protease inhibition by a water soluble fullerene
derivative, was reported in 1993' 16 by Wudl, Wilkins,
et al. Independently, Toniollo et al. has reported Cegy-
peptide conjugates and identified activity of these com-
pounds against HIV-1 protease and chemotatic activity
against human monocytes.”” Separately, we have
developed new procedures for solubilizing Cg, in water'
and assayed unfunctionalized Cg for direct enzymatic
inhibtion. These studies led to the discovery that aque-
ous solutions of Cg inhibit glutathione-S-transferase
(GST)."?

The ability of Cg, which is large (7 A id) hydrophobic
molecules, to bind to biological compounds, was ini-
tially surprising and several groups have attempted to
identify and calculate the binding sites. Based on a
computer simulated docking study, Wudl, Wilkins, et al.
speculated that the Cg core was enclosed in the cylin-
drical active site, which consists primarily of hydro-

* Corresponding author. Tel.: +81-3-3700-1141; fax: +81-3-3707-6950;
e-mail addresses: yamakosh@nihs.go.jp, yamakoshi@chem.ucsb.edu

0040-4039/3 - see front matter © 2003 Published by Elsevier Ltd.
doi:10.1016/.tetlet.2003,10.212

phobic amino acid residues, of HIV-1 protease. In our
own work, we calculated that Cg, binds to GST at a cleft
between two subunits of the enzyme, although the
specific residues, which make up the active site are
unclear.?

In order to clarify the more detailed binding site of Cg,
two solutions are possible as follows. One is to isolate
pure enzyme—fullerene complex and determine the
structure by NMR or crystallographic methods.
Another potential method for identifying the active site
area is photoaffinity labeling, which is particularly usefirl
for identifying the active site in solution under physio-
logical conditions.

We now report the design and synthesis of the first Cgo-
derived photoaffinity labeling reagents. Our synthetic
route to photoaffinity reagents 5 and 9 provide a con-
cise, flexible route to fullerenes functionalized with
photoreactive pendant groups such as phenylazide and
phenyldiazirine, which generate aryl nitrene and aryl
carbene, respectively (Egs. 1 and 2).?!

O 2O 2= )
O O = O @

In order to develop an efficient and flexible synthetic
method, which would allow the late-stage introduction
of a variety of photoaffinity labels, we chose to utilize
dimethylfulleropyrrolidine (2). This Cg derivative
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Scheme 1. Synthesis of Cyp derivatives with phenylazide (5) and phenylaziridine (%) group.

is readily prepared by the method of Prato and
co-workers® and Wilson and co-workers.?* This route
provides a convenient approach to Cy derivatives with a
secondary amine as an ideal site for the incorporation of
further functionalization.

The synthesis of phenylazide derivative of fullercne was
achieved as shown in Scheme 1. Dimethyl fulleropyr-
rolidine 2 (c¢is- and trans-mixture) was prepared by 1,3-
dipolar cycloaddition® and then acylated with acid
chloride 4 to give cis- and rrans-Ceg-phenylazide deriv-
atives 5, which can be easily separated by silica gel
column chromatography.?

To synthesize the Cg-phenyldiazirine derivative 9, we
first attempted the reaction of fulleropyrrolidine 2 with
an acid chloride, but this reaction did not give useful
amounts of the desired product. Despite attempts to
activate the acyl moiety by a succinimide group using
4-(3-trifluoromethylazirino)benzoic succinimide, product
formation was not observed. In sharp contrast, how-
ever, the use of Yamaguchi reagent 8 to couple 6 and 2
gave good yields of cis- and trans-Ce-phenyldiazirine
derivatives 9.7’ These stereoisomers are readily sepa-
rated by silica gel chromatography. Compounds 5 and 9
were characterized by spectroscopic methods.?® The cis-
and trans-stereochemistry of each compounds were
determined according to the reported studies. >

In addition to the potential utility of fullerene-derived
photoaffinity labels for elucidating the active site of Cgo
binding to enzymes such as GST and HIV-1 protease,
the ability to selectively tag a protein or enzyme with
fullerene may offer a new approach to the detection of

biological molecules with high sensitivity. For example,
an acidic isozyme of GST is specified as cancer
expressing marker in liver cancers.”¥ The ability to
selectively tag such diagnostic enzymes with Cg, which
has unique and useful chemical and photophysical
properties, may offer a novel and rapid detection
method for identifying trace amounts of enzyme present
in a biological sample. These and other applications of
the reported photoaffinity labeling reagents currently in
progress.

In conclusion, we have described a concise and flexible
route to fullerene-derived photoaffinity labels with
potential utility in enzyme tagging and the elucidation
of the binding sites of protein to Cgp.
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A concise and efficient synthetic approach to 2o-{w-hydroxyalkoxy)-10,25-dihydroxyvitamin D; (4a—
c), including 2-epi-ED-71, was developed starting from D-glucose as a chiral template for the
construction of the 2a-modified A-ring precursors (11a—c). It was found that the best ligand for
the bovine thymus vitamin D receptor (VDR) in this series is 4b, which has 1.8 times greater binding
affinity for the bovine thymus VDR than that of the natural hormone 1. Interestingly, potency in
the induction of HL-60 cell differentiation for 4a—e was almost the same or weaker than that of 1
despite the strong binding affinity for the VDR. Next, we were interested in the “double modification”
of 1 based on 4a—¢ with C20-epimerization, affording 2a-{w-hydroxyalkexy)-20-epi-1a,25-dihy-
droxyvitamin D3 (20-epi-4a—c). All three 2u-substituted 20-epi analogues of 1 (20-epi-4a—c}
exhibited stronger binding affinities for the VDR, and their confermations in the ligand binding
domain of VDR were analyzed by moelecular modeling. Double-modified analogues of 20-epi-da—c
showed marked HL-60 cell differentiation activity, and 20-epi-4a possesses an activity 58-fold higher

than that of the natural hormone 1.

Introduction

The physiologically active metabolite of vitamin D,
1¢,25-dihydroxyvitamin Dy [1a,25(0H)D;, 1), is the
nuclear hormone that regulates eellular growth, dif-
ferentiation, and apoptosis in addition to its classical role
in calcium homeostasis and bone mineralization.}* Most
of the biolegical effects of 1a,25(0OH)%D, are considered
to be mediated via binding to the specific intracellular
receptor, vitamin D receptor (VDR), which belongs to the
nuclear receptor superfamily acting as a ligand-depend-
ent transcription factor with coactivators.® Ubiquitous
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distribution of VDR makes this hormone a potentially
useful therapeutic agent for certain cancers, skin dis-
eases, and immune disorders, and in fact, 1 and some
synthetic analogues of 1 are clinically used in the
treatment of bone diseases, secondary hyperparathyroid-
ism, and psoriasis.? Therefore, it is interesting to design
and synthesize analogues of 1 with high VDR affinity in
terms of new drug development. To investigate the
structure—activity relationships of the natural hormone,
we systematically developed the A-ring-modified ana-
logues, such as 2-methy)- 2a-alkyl-, and 2a-{w-hydroxy-
alkyl)-1a,25(0H)%LD; (Figure 1).7-1°

One of the striking results was that 2a-methyl-1a,25-
{(OH)D; (2a) showed a VDR binding potency that was
4-fold higher than that of 1.% This simple A-ring modifi-
cation afforded for the first time an analogue, having the
natural side chain, with a VDR binding activity signifi-
cantly higher than that of the parent hormene 1; as a
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156. (b) Konno, K.; Fujishima, T.; Maki, S; Lin, Z.-P;; Miura, D;;
Chokki, M.; Ishizuka, S.; Yamaguchi, K; Kan, Y; Kurihara, M.;
Miyata, N.; Smith, C_; DeLuca, F. H.; Takayama, H. J. Med. Chem.
2000, 43, 4247-4265.
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OH 125 ¢hydroxyvitamin D3 (1): R=H
2. R={CH;),CH,
2a:n=0,2b:n=1,2c:n=2.2d:n=3
3. R={CH,),OH
3an=1,:n=23cn=3 M n=4
4. R = OCH(CH,),,CHOM
4an=0,4b:n=14cn=2

ED-71

208

OH

o
20-epit: R=H
20-epida; R=Me

. Z-epi4: R = OCHACH,),CH,0H
HO OH 20-epida: n =0, 20-epi4b n= 1, 20epidcin=2

R

FIGURE 1. Structures of 1¢,25-dihydroxyvitamin Dy (1) (and
its 2a-substituted analogues 2—4), ED-71, and 20-epi-1 (and
its 2a-substituted analogues 20-epi-2a and 20-epi-4a—e).

result, 2a shows a marked potency of transactivation of
target genes, induction of HI1.-60 cell differentiation, and
elevation of rat serum calcium concentration.!* Elonga-
tion of the 2a-alkyl chain, as in 2b—d, however, caused
a decrease in the agonistic activity for VDR.™ In regard
to the modification with the Za-(w-hydroxyalkyl) group,
it was found that 3¢ with the 203 -hydroxypropyl) group
on 1 best fits the cavity of the ligand binding domain
(LBD) of VDR among the 2a-hydroxyalkyl series of 3 and
the binding activity of 3¢ is 3-fold higher than that of 1.7
On the other hand, Chugai Pharmaceutical Co. Litd.
developed 25-(3-hydroxypropoxy)-1a,25(0H),D;s (ED-71)

(7) (a} Suhara, Y.; Nihei, K; Tanigawa, H.; Fujishima, T.; Konno,
K.; Nakagawa, K.; Okano, T.; Takayams, H. Bioorg. Med. Chem. Lett.
2000, 10, 1129-1132. (b) Suhara, Y; Nibei, K ; Kunhara, M.; Kittaka,
A_; Yamaguchi, K.; Fujishima, T.; Konno, K.; Miyata, N.; Takayama,
H. J. Org. Chem. 2001, 66, 8760—8771. (¢) Subara, Y.; Kittaka A :
Kishimoto, S.; Calverley, M. J.; Fujishima, T.; Saito, N.; Sugiura, T.;
Waku, K.; Takayama, H. Bicorg. Med. Chem. Lett. 2002, 12, 3255—
3258. (d) Honzawa, S.; Suhara, Y_; Nihei, K.; Saito, N.; Kishimoto, S.;
Fujishima, T.; Kurihara, M.; Sugiura, T.; Waku, K; Takayama, H.;
Kittaka, A. Bicorg. Med. Chem. Lett. 2003, 13, 3503-3506.

(8) Takayama, H.; Kittaka, A ; Fujishima, T.; Suhara, Y. In Vitamin
D Analogs in Cancer Prevention and Therapy; Reichrath, J., Friedrich,
M., Tilgen, W., Eds.; Recent Resuits in Cancer Research 164; Springer-
Verlag: Berlin, 2003; pp 289-317.

(9) For 19-nor 1: (a) Yoshida, Y.; Ono, K.; Suhara, Y.; Saito, N_;
Takayama, H.; Kittaka, A Synlett 2003, 1175—-1179. (b) Ono, Y.;
Yoshida, A; Saito, N.; Fujishima, T.; Honzawa, S.; Suhara, Y.;
Kishimoto, S.; Sugiura, T.; Waku, K; Takayama, H.; Kittaka, A. J.
Org. Chem. 2003, 68, 7407-7415.

(10) For VDR antagonists: (a) Saito, N.; Saito, H.; Anzai, M,;
Yoshida, A.; Fujishima, T.; Takenouchi, K. Miura, D.; Ishizuka, S.;
Takayama, H.; Kittaka, A Org. Lett. 2003, 5, 4859-4862. (b) Saito,
N.; Matsunaga, T.; Fujishima, T.; Anzai, M.; Saito, H.; Takenouchi,
K.; Miura, D; Ishizuka, S.; Takayama, H.; Kittaka, A. Grg. Biomol.
Chem. 2003, 1, 4396—4402. (c) Fujishima, T.; Kojima, Y.; Azumaya,
IL; Kittaka, A,; Takayama, H. Bioorg. Med. Chem. 2003, 11, 3621—
3631.

(11) Nakagawa, K ; Kurobe, M_; Ozono, K.; Konno, K; Fujishima,
T.; Takayama, H.; Okano, T. Biochem. Pharmacol. 2000, 59, 691-702.
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as a promising candidate for the treatment of osteoporo-
sis.>12 Although ED-71 shows high calcemic activity and
2 long half-life in plasma due to its strong affinity for
vitamin D binding protein (DBP, twice the affinity of 1c,-
25(0OH),D;3),'>1 its binding affinity for bovine thymus
VDR is weaker than that of the natural hormone (13—
93%).12 We anticipated that 2a-(w-hydroxyalkoxy)-1a,-
25(0H);D;3 compounds (4a—c), including 2-epi-ED-71,
could be better ligands for VDR and have potent vitamin
D; activities.’* Furthermore, we were interested in a
structural cross talk in the vitamin D skeleton toward
biological activity, between the A-ring and the CD-ring
side chains through VDR binding, which would affect the
biological activity profile of 1¢,25(0H),D;.7*5 Among the
vartous synthetic 10,25(0H).D; analogues, the side-chain
structure of 20-epi-1 is especially noteworthy because 20-
epi-1 possesses a more potent activity in cell differentia-
tion and an immunocsuppressive effect than the natural
hormone, despite a practically unchanged calcemic activ-
ity.’® The VDR binding potency of 20-epi-1 relative to that
of 1a,25(0OH),Ds is 4-5 times higher 1.7 Thus, 20-epi
analogues of 4a—c were also synthesized based on Trost’s
convergent method,*® and VDR binding affinities and the
inducing effects of HI-60 cell differentiation of these
compounds were evaluated to understand the details of
the structure—activity relationships of 1a,25(0H),D,
analogues. ’

Results and Discussion

Synthesis, Converpent synthesis, in particular, Trost’s
A-ring/CD-ring connective strategy,® seemed to be most
useful for synthesizing our target molecules. For the
synthesis of A-ring precursor enynes 11a—e¢, we chose
D-glucose as a chiral template for the desired sterec-
chemistry (1¢,2a,35; steroidal numbering) of the A-ring.
Methyl a-D-glucoside was converted to the known epoxide
5. and the regiospecific ring opening® by an appropriate
alkanediol'® at C3 under basic tonditions gave the
altrose configuration, in which the chiralities of C2, C3,

{12) (2) Miyamoto, K; Murayama, E; Ochi, K; Watanabe, H;
Kubodera, N. Chem. Pharm_ Bull 1993, 41,1111-1113. (b) Tsugawa,
N.; Nakagawa, K; Kurobe, M.; Ono, Y.; Kubodera, N.; Ozono, K_;
Okano, T. Biol. Pharm. Bull, 2000, 23, 66—71. {c) Ono, Y.; Watanabe,
H_; Shiraishi, A ; Takeda, 5.; Higuchi, Y.; Sato, K; Tsugawa, N.; Oksano,
T.; Kobayashi, T.; Kubodera, N. Chem. Pharm. Bull. 1997, 45, 1626~
1630. (d) Ono, Y,; Watanabe, H.; Kawase, A ; Kubodera, N. Bioorg.
Med. Chem. Lett. 1994, 4, 1523—1526. For 19-nor and 2<{4-hydroxy-
butyl) analogues of ED-71, see: (e} Sicinski, R. R; Perlman, K L.;
DeLuca, H. F. J. Med. Chem. 1994, 37, 3730-3738. () Posner, G. H.;
Johnson, N. J. Org. Chem. 1994, 59, 7855—-7561.

(13} For the erystal structure of the DBP—25-hydroxyvitamin Dy
complex, see: Verboven, C.; Rabijns, A.; De Maeyer, M.; Van Baelen,
H.; Bouillon, R.; De Ranter, C. Nat. Struct. Biol. 2002, 9, 131-136.

(14) We have reported a part of this work as a communication in
the following: Kittaka, A; Suhara Y.; Takayanagi, H.; Fujishima, T.;
Kurihara, M.; Takayama, H. Org. Lett. 2060, 2, 2619—2622,

(15) Fujishima, T.; Liu, Z-P; Miura, D; Chekki, M.; Ishizuka, S.;
Konno, K_; Takayama, H. Bivorg, Med. Chem. Lett. 1998, 8, 2145—
2148.

(16) (a) Binderup, L.; Latini, 8.; Binderup, E; Bretting, C_; Calverley,
M.; Hansen, K. Biochem. Pharmacol. 1991, 42, 1569—1575. (b) Dil-
worth, F. J.; Calverley, M. J.; Makin, H. L. J,; Jones, G. Biochem.
Pharmacol. 1994, 47, 987993,

(17) Fujishima, T.; Konno, K; Nakagawa, K ; Kurobe, M.; Okano,
T.; Takayama, H. Bioorg. Med. Chem. 2000, 8, 123—134,

(18) Trost, B. M.; Dumas, J; Villa, M. J. Am Chem. Soc. 1992, 114,
9836—9845.

(19) Wiggins, L. S. Methods Carbokydr. Chem. 1963, 2, 188—191.

(20) Beau, J.-M.; Aburaki, S.; Pougny, J.-R_; Sinay, P. J. Am. Chem.
Soc. 1983, 105, 621-622.
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and C4 satisfy the 383, 2, and la stereochemistries of
the target molecules 4, respectively. Treatment of epoxide
5 with 1,2-ethanediol, 1,3-propanediol, or 1,4-butanediol
in the presence of KOBu with heat followed by O-
silylation afforded protected methyl 3-O-(w-hydroxy-
alkoxy)altropyranosides 6a—c in 81-90% yield. NBS
treatment® of benzylidene acetals 6a—c gave bromides
7a—c in 75-91% yield. Previously, we exchanged the
resulting benzoyl group of 7 with the TBS group;*
however, the ester group is resistant to the later steps
being exposed under basic conditions, and it has made
the process three steps shorter. Reaction of bromides
7a—c with activated zinc powder and NaBH;CN provided
alcohols Ba—c in 70-86% yield.2 The diols were con-
verted to epoxides 9a—c through sulfonylation of the
primary alcohol followed by LiHMDS treatment in 60—
70% yield. Ethynylation of 9a—c¢ using lithium TMS
acetylide in the presence of BF;-OEt, in THF and
subsequent solvolysis in K>CO3/MeOH supplied enynes
10a—c¢ in 90-93% yield. Persilylation with TBSOT#
2,6-lutidine afforded the desired protected enynes
1la—c for the palladium coupling in excelient yield
(Scheme 1).

The B-seco steroidal structure was constructed by
Trost’s palladium-catalyzed alkylative cyclization with
bromoolefin of the CD-ring counterpart (12),!® and sub-
sequent deprotection furnished the target 2a-(w-hydroxy-
alkoxy)-10,25(0H),D; in 32-66% yield in twe steps
(Scheme 2). Next, each enyne was connected to the 20-
epi-CD-ring counterpart (14), which was synthesized
from vitamin D; by our reported method,}” in the same
manner to yield 20-epi analegues (20-epi-4a—c) in 45—
57% yield (Scheme 3). All analogues were purified with
reversed-phase HPLC (recycled) for biological evalua-
tions.

Biological Evaluations. The VDR binding affinities
and potencies of induction of HL-60 cell differentiation
of the newly synthesized analogues (da—e¢ and 20-epi-
4a—¢) are summarized in Table 1 in comparison with
those of the natural hormone 1 and 20-epi-1.%7 In the
VDR binding assays? using the bovine thymus VDR, 4a
and 4b showed a greater binding affinity for the VDR
(entries 2 and 3) and 4b reaches a peak in these three
analogues with the natural side chain (20R).

Docking Studies. We investigated a three-dimen-
sional structure of 2¢-(3-hydroxypropoxy) analogue 4h
docking in the VDR ligand binding domain (LBD) based
on the crystal structure established by Moras et al.>* All
of the important hydregen bonds, which make the ligand

(21} (a)} Hanessian, 5. Methods Carbohydr. Chem. 1972, 6, 183—189.
(b) Hanessian, S.; Plessas, N. R. J. Org. Chem. 1969, 34, 10351044,

{22) (a) Bernotas, R. C.; Pezzone, M. A.; Ganem, B. Carbohydr. Res.
1987, 167, 305--311. (b) Bernet, B.; Vasella, A Helv, Chim. Acta 1979,
62, 1990—2016.

(23) (a) Imae, Y.; Manaka, A.; Yoshida, N.; Ishimi, Y.; Shinki, T.;
Abe, E.; Suda, T.; Konne, K.; Takayama, H; Yamada, S. Biochim.
Biophys. Acta 1994, 1213, 302—308. (b} Fujishima, T.; Liu, Z-P;
Konno, K; Nakagawa, K.; Okano, T.; Yamaguchi, K; Takayama, H.
Bioorg. Med. Chem. 2001, 9, 525—535.

(24) Rochel, N.; Wultz, J. M,; Mitschler, A; Klaholz, B.; Moras, D.
Mol. Cell 2000, 5, 173—179.

(25) Modeled structures were constructed by molecular dynamics
simulation and molecular mechanics energy minimization. The 32
amino acid residues were used for calculations. All ealeulations were
performed by MacroModel version 6.5.

{26) Kubodera, N.: Miyamoto, K.; Akiyama, M.; Matsumoto, M;
Mori, T. Chem. Pharm. Bull 1991, 39, 3221-3224.
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Synthesis of the A-Ring Precursors®

iﬁocm
OCH PR 0T YT OH
P 0

SCHEME 1.

5 TBS!
6a;n=0{B1%)
6b:n=1(90%)
6c:n = 2 (B6%)

N "Ny ef
(s} - 0 —
( )n (g)n
TBSO T™8S0
Ta n =0 (B6E%) Ba:n =0 (70%)
Th:n=1(91%) 8b:n =1 (B6%)
Tc:n=2 (75%) Bc:n=2(81%)
]
1 X Tz
~ N N
B0 HO T voH TBSO OTBS
o 9.h o i .
({)a (i)n (} Yo
TBSO TBSO orBsS
%a: n =0 {70%) 102 n =0 (93%} 11a: n = 0 (97T%)
Sh: n= 1 (B0%) 10b: n = 1{90%) 11b: n = 1 {quant)
8c: n =2 (64%) 10c: n =2 (93%} 11c: n =2 (95%)

= Reagents: (a) HOCHACH2),CH0H, KO'Bu, 110 °C; (b) TBS-
Cl, EtsN, DMAP, CH:Clz; (¢} NBS, BaCO,, CCl, reflux; (d) Zn
powder, NaBH;CN, 1-propanol/H2Q (9/1), 95 °C; (e) 2,4,6-tri-
methylbenzenesulfonyl chloride, pyridine; (f) LIHMDS, THF, —78
to 0 °C; (g) TMSCCH, Buli, BFy-OEts, THF, —78 °C to room
temperature; (h)} KoCO03, MeOH; (i) TBSOTY, 2,6-lutidine, CH,Cl,,
0°C.

SCHEME 2. Synthesis of
20-(o-Hydroxyalkoxy)-1¢,25(0H)D;"

* Reagents: (a) catalyst (PhaP)Pd, Et;NAtoluene (1/1), reflux,
n = 0(75%), 1 (52%), and 2 (69%]); (b) Bu,NF, THF, n = 0 (78%),
1 (61%), and 2 (96%).

anchor in the LBD, between 1a-OH and both Ser-237 and
Arg-274, 38-OH and both Tyr-143 and Ser-278, and 25-
OH and both His-305 and His-397 can remain as in the
original X-ray structure, and an additional hydrogen
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SCHEME 3. Synthesis of
2a-(o-Hydrexyalkoxy)-20-epi-10,25(0OH).D;3*

L.
({)“ 20-cpi-4a: n = 0 (48%)
20-epi-db: = 1 (5T%)
HO 20-epi-dc: n = 2 (45%)

2 Reagents: {(a) see ref 17; (b) catalyst (PhaP)Pd, EtaN/toluene
(1/1), reflux; (¢) HF/MeCN, n = 0 (48%), 1 (57%), and 2 (45%) in
two steps.

TABLE 1. Relative Binding Affinity for Bovine Thymus
VDR and HL-60 Cell Differentiation Activity”

compound VDR H1-60
1 100 100
4a 120 100
4b 180 70
4c 40 40
20-epi-1 400 1810
20-epi-4a 260 5820
20-epi-4b 165 2120
20-epi-dc 100 2770

& The potency of 1 is normalized to 100. The data are the mean
of three separate experiments® (see the Supporting Information).

FIGURE 2. Molecular modeling of 4b in the LBD of VDR >

bonding network from the C2a terminal hydroxy} group
to Asp-144 and Tyr-236 would be properly formed (Figure
2).

However, the inducing effect of HL-60 cell differentia-
tion? was not correlated to the binding affinity, and it
was between 70 and 100% of that of 1 despite the
stronger affinity for the VDR (Table 1). It could be
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FIGURE 3. Modeled structure of 20-¢pi-4a (red) with Moras’
X-ray structure of the VDR—20-¢pi-1 (green)} complex. >

explained by a possibly weaker stability of the ligand
(4a—¢)—VDR with coactivator(s) complex, which switches
on the process in transactivation of the target genes??

As noted in the Introduction, 20-epi-1, itself, exhibits
a VDR affinity 4—5 times stronger than that of 1;
however, introduction of the 2a<(3-hydroxypropoxy) group,
which strengthens the affinity for VDR in the case of
bhaving the 20R natural side chain, causes an affinity
weaker than that of 20-¢pi-1, while these are still better
Ligands if compared to 1. The docking study utilizing
Moras’ erystal structure of the 20-epi-1-VDR complex?®
explains the different positions of the two hydroxyls
(1a,38) on the A-ring of 20-¢pi-4a in the LBD of the VDR
from the originals that would be located at the ideal
positions for the binding of 20-epi-1 (Figure 3).% Similar
results were obtained when we synthesized 20-{(w-hy-
droxyaikyl)-20-epi- 10,25 dihydraxyvitamin D, derivatives
and tested the VDR binding affinity.”? When the 2a
substituent was introduced, which also strengthens VDR
binding affinity in the case of having the natural side
chain (20R), into the 20-¢pi analogues of 1, the binding
affinity to VDR decreased, compared with that of 20-epi-
1.7

HL-60 cell differentiation activity® was markedly high
with the 20-epi series eompared to that of the natural
side-chain analogues 4a-—-¢ (Table 1).

Conclusions

We have developed an efficient synthetic route to the
novel biologically active 2a+e-hydroxyalkexy)-1a,25-
{OH);D; complexes (4a—¢) and their 20-epi counterparts
through the new A-ring precursoers derived from D-
glucose. It was found that the VDR binding affinities of
4a, 4b, 20-epi-4a, and 20-¢pi-4b are stronger than that

(27) Masuno, H.; Yamamoto, K.; Wang, X_; Choi, M,; Ooizumi, H.;
Shinki, T.; Yamada, S. J. Med. Chem. 2002, 45, 1825-1334.

(28) Tocchini-Valentini, G.; Rochel, N.; Wultz, J. M_; Mitschler, A.;
Moras, D. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 5491-5496.
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of the natural hormone. We investigated the potency of
inducing HL-60 cell differentiation and found the two 2a-
(w-hydroxyalkoxy)-1a,25(0H);D; compounds (4b,c) ex-
hibit a rather lower effect, and zll their 20-epi counter-
parts (20-epi-da—c) showed higher potency. So far, in
many cases, 20-epi analogues of 1 are more potent in cell
growth and differentiation than the corresponding com-
pounds with the natural C20 stereochemistry, and 2¢-
substituted 20-epi-4a—c analogues are no exception. We
propose that double modification on the 2a position and
the side chain would provide for the design and develop-
ment of new B-seco steroidal drugs for the treatment of
rickets, osteoporesis, psoriasis, certain cancers, and so
forth 2-* These results would contribute to the under-
standing of the detail of structure—activity relationships
on the A-ring with variations of the CD-ring side chain.
Further biological testing is underway in our laboratories.

Experimental Section

Methyl 4,6-O-Benzylidene-3-0-[2-{{terf-butyldimeth-
ylsilyloxy}ethyl]l-a-D-altropyranoside (6a). To a suspen-
sion of 5 (1.5 g, 5.7 mmol} in ethylene glycol (25 mL) was added
KO'Bu (2.1 g, 19 mmol), and the mixture was stirred at 110
°C for 24 h. The mixture was diluted with CH:Cl., and the
organic layer was washed with saturated NH,Cl aqueous
solution, saturated NaCl aqueous solution, dried over Na-SO,,
and concentrated. To a solution of the crude preduct (1.9 g) in
CHC]; (14 mL) were added TBSCI (1.1 g, 7.5 mmol), EtsN
(2.4 mlL, 17 mmol), and DMAP (210 mg, 1.7 mmaol) at 0 *C,
and the mixture was stirred at room temperature for 3 h. To
the mixture was added water, and the aqueous layer was
extracted with Et20. The organic layver was washed with
saturated NaCl aqueous solution, dried over Na;S0,, and
concentrated. The residue was purified by flash column
chromatography on silica gel (hexane/AcOEtL = 51—3/1) to give
6a (2.0 g, 81% in two steps) as a colorless oil: {a]%p +58.4° (¢
0.92, CHCly); IR (neat) 3480, 1649, 1095 em~%; TH NMR (400
MHz, CDCl;) 6 0.05 (s, 3H), 0.06 (s, 3H), 0.89 (s, 9H), 1.90 {d,
J = 6.1 Hz, 1H), 3.39 (s, 3H), 3.65—3.90 (m, 5H), 3.92 (dd, J =
2.9,29Hz, 1H), 3.96 (dd, J = 8.9, 29 Hz, 1H), 4.05{ddd, J =
5.9, 2.9, 0.7 Hz, 1H), 425—4.35 (m, 2H), 4.59 (s, 1H), 5.55 (s,
1H), 7.32-7.40 (m, 3H), 7.45-7.52 {m, 2H); *C NMR (100
MHz, CDCl,) 6 -5.2, —5.1, 18.5, 26.0, 55.6, 58.5, 63.1, 694,
703,732, 77.0, 77.1, 1019, 102.2, 126.1, 128.1, 128.8, 137.5;
EI-LRMS m/z 440 (M*), 351, 305, 259, 121. EI-HRMS calcd
for C2H3;0:51 440.2231. Found 440.2227.

Methyl 4,6-O-Benzylidene-3-0-[3-{(tert-butyldimeth-
ylsilyoxy}propyll-a-p-al ide (6b). In a manner
similar to that for the synthesis of 6a from §, a crude product,
which was obtained from 5 (1.4 g, 5.1 mmol), KO*Bu{(19g, 17
mmol), and 1,3-prepanediol (25 mL), was dissolved in CH.Cl»
(20 mL). To the solution were added Et;N (2.1 mL, 15 mmol),
TBSCI (1.2 g, 7.6 mmol), and DMAP (63 mg, 0.51 mmol), and
the mixture was stirred at room temperature for 3 h. After
the usual workup, the crude product was purified by column
chromatography on silica gel (hexane/AcOEt = 5/1-2/1} to give
6b (2.1 g, 90% in two steps) as a colorless oil: [a]®p +68.8° (¢
3.9, CHCly); IR (neat) 3463 em—}; *H NMR (400 MHz, CDCl;)
4 0.02 (s, 3H), 0.03 (s, 3H), 0.87 (s, 9H), 1.78—1.82 (m, 2H),
1.93 (br s, 1H), 3.39 (s, 3H), 3.65—-3.80 (m, 6H), 3.95 (dd, J =
8.8, 2.7 Hz, 1H), 3.99—-4.00 (m, 1H), 4.26—4.33 (m, 2H), 4.89
(s, 1H), 5.55 (s, 1H), 7.34—7.37 (m, 3H), 7.47—7.49 (m, 2H);
13C NMR (100 MHz, CDCl;) 6 —5.4, 18.3, 25.9, 33.3, 55.5, 58.6,
60.2, 88.5, 69.4, 70.0, 76.4, 76.9, 102.0, 102.3, 126.0, 126.2,
128.2, 129.0, 137.7; EI-LBRMS m/z 454 (M*). EI-HRMS caled
for C2:Ha30,:51 454.2387. Found 454.2387.

Methyl 4,6-O-Benzylidene-3-0-[4-{(tert-butyldimeth-
yisilyl)oxy}butyl]-a-p-altropyranoside (6¢). In a manner
similar to that for the synthesis of 6a from 5, a crude product,
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which was obtained from 5 (2.5 g, 9.5 mmol), KO'Bu (3.5 g, 31
mmel), and 1,4-butanediol (45 mL), was dissolved in CH,Cl,
{19 mL). To the solution were added Et;N (6.6 m1,, 47 mmol),
TBSC1(2.9 g, 19 mmol), and DMAP (116 mg, 0.95 mmol), and
the mixture was stirred at room temperature for 19 h. After
the usual workup, the crude product was purified by column
chromatography on silica gel (hexane/AcOEt = 3/1) to give 6¢
(3.9 g, 86% in two steps) as a colorless oil: [@]2% +60.7° (¢
7.7, CHClg); IR (neat) 3472 em~!; 'H NMR (400 MHz, CDCl;)
3 0.03 (s, 6H), 0.88 (s, 9H), 1.57—1.65 (m, 4F1), 1.82 (d,J = 5.8
Hz, 1H), 3.40 (s, 3H), 3.58—-3.64 (m, 3H), 3.70—3.78 (m, 2H),
3.80 (t, J = 3.1 Hz, 1H), 3.96 (dd, J = 9.5, 3.1 Hz, 1H), 4.01
(dd, J = 6.1, 3.1 Hz, 1H), 4 28-4.33 (m, 2H), 4.59 (s, 1H), 5.55
(s, 1H), 7.34-7.37 (m, 3H), 7.46—7.49 (m, 2H); 13C NMR (100
MHz, CDCls) 4 —5.0, 18.5, 26.1, 26.6, 29.6, 55.7, 58.7, 63.1,
69.4, 70.2, 71.7, 76.2, 77.2, 102.0, 102.3, 126.1, 128.1, 1289,
137.6; EI-LRMS m/z 468 (M*). EI-HRMS calcd for C;H 0+-
Si 468.2543. Found 468.2540.

Methyl 4-0-Benzoyl-6-bromo-3-0-[2-{ (terf-butyldimeth-
yisilylloxylethyll-6-deoxy-a-D-altropyranoside (7a). To 2
solution of 6a (1.9 g, 4.3 mmol} in CCl, {44 mL) were added
BaCO04 (518 mg, 2.6 mmol) and NBS (817 g, 4.6 mmel) at room
temperature, and the mixture was refluxed for 1 h. After the
mixture was filtered, to the filtrate were added 10% Na;S.0;
aqueous solution and saturated NaHCO; aqueous solution. The
aqueouns layer was extracted with Et,O. The combined organic
layer was washed with saturated NaCl aqueous solution, dried
over NaxS0y, and concentrated. The residue was purified by
column chromatography on silica gel (hexane/AcOEt = 5/1) to
give 7a (2.0 g, B6%) as a colorless oil: [a)®p +25.4° (¢ 1.0,
CHCl); IR {neat) 3459, 1724, 1361, 1095 cm™; *H NMR (400
Milz, CDCl;) 6 0.02 (s, 3H), 0.03 (s, 3H), 0.86 (s, 9H), 3.03 (br
s, 1H), 3.50 (s, 3H), 3.55—-3.65 (m, 3H), 3.68—3.83 (m, 4H),
3.99 (dd, J = 8.2, 3.7 Hz, 1H), 4.32 {m, 1H), 4.71 (d, J = 8.0
Hz, 1H), 547(dd, J = 6.4,43 Hz, 1H), 745 (dd, JF = 7.8, 7.8
Hz, 2H), 7.58 (dd, J = 7.8, 7.8 Hz, 1H), 8.05 (d, J = 7.8 Hz,
2H); 3C NMR (160 MHz, CDCl:) 6 ~5.2, 18.5, 26.0, 32.9, 56.0,
62.9, 69.6, 70.5, 70.6, 72.6, 77.9, 103.0, 128.3, 129.4, 129.7,
133.2, 165.6; EI-LRMS m/z 461 (M — ‘Bu)*, 429, 308, 179,
105. E1-HRMS calcd for C1sH260:™BrSi (M — ‘Bu) 461.0631.
Found 461.0627.

Methyl 4-0-Benzoyl-6-bromo-3-0-{3-{ {tert-butyldimeth-
ylsilyl)oxy}propyl}l6-deoxy-a-D-altropyranoside (7b). In
a manner similar te that for the synthesis of 7a from 6a, a
crade product, which was obtained from 6b (3.6 g, 7.9 mmeol),
NBS (1.5 g, 8.3 mmol), and BaCO; (940 mg, 4.8 mmol) in CCL,
(79 mL), was purified by column chromatography on silica gel
(hexane/AcOEt = 5/1) to give 7Th (3.8 g, 91%) as a colorless oil:
[a}®p +46.0" (c 4.2, CHCl); IR (neat) 1725 cm™*; 1H NMR (400
MHz, CDCl;) & —0.04 {s, 3H), —0.03 (s, 3H), 0.83 (s, 9H), 1.67—
1.73 (m, 2H), 2.52 (br s, 1H), 3.50 (s, 3H), 3.55—3.70 (m, 6H),
3.73 (dd, J = 7.3, 4.0 Hz, 1H), 3.97 (dd, J = 7.3, 3.3 Hz, 1H),
4.35(dt,J = 3.7, 7.0 Hz, 1H), 470 (d, J = 3.3 Hz, 1H), 5.45
(dd, J = 7.0, 4.0 Hz, 1H), 7.43—7.47 (m, 2H), 7.58 {(m, 1H),
8.03-8.08 (m, 2H); *C NMR (100 MHz, CDCl;) § —5.5, 18.2,
259, 32.7, 32.9, 55.9, 60.0, 67.9, 69.3, 69.8, 69.9, 76.9, 102.7,
128.5, 129.5, 129.8, 133.3, 165.7; EI-L.RMS m/z 475 (M — -
Bu)*. EI-HRMS caled for CioHza™Br0-5i (M — ‘Bu)* 475.0787.
Found 475.0786.

Methyl 4-0-Benzoyl-6-bromo-3-0-[4-{ (tert-butyldimeth-
ylsilylloxy jbutyl}l-6-deoxy-a-D-altropyranoside (7¢). In a
manner similar to that for the synthesis of 7a from 6a, a crude
product, which was cbtained from 6¢c (1.0 g, 2.1 mmol), NBS
(460 mg, 2.6 mmol), and BaCO; (240 mg, 1.2 mmol) in CCL;
(25 mL), was purified by silica gel column chromatography on
silica gel (hexane/AcOEt = 5/1) and gave 7c (874 mg, 75%) as

/a colorless oil: [a]?"p 436.0° (¢ 7.7, CHCly); IR (neat) 3465,

1725 em~1; 'H NMR (400 MHz, CDCl;) 4 0.01 (s, 6k1), 0.86 (s,
9H), 1.46—1.62 (m, 41, 2.37 (d, J = 3.7 Hz, 1H), 3.51 (s, 3H),
3.53—3.65 (m, 6H), 3.75 (dd, J = 4.0, 7.3 Hz, 1H), 3.99 (dt, J
=13.7,7.3 Hz, 1H), 4.38 (dt, J = 3.7, 6.7 Hz, 1H), 4.71 (d, J =
3.7 Hz, 1H), 5.47 (dd, J = 6.7, 4.0 Hz, 1H), 7.45—7.48 (m, 2H),
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7.60 (m, 1H), 8.04—8.07 {m, 2H); 13C NMR {100 MHz, CDCl,)
6 -5.1,18.3,26.1,26.4,29.4,329, 56.1, 62.8, 69.0, 69.9, 70.7,
76.9, 102.6, 128 4, 129.3, 129.7, 133.3, 165.5; EI-LRMS m/z
g:g (11:[2). EI-HRMS caled for CoHy™Br0;Si 546.1648. Found

(2R 35 ,4R)-4-Benzoyloxy-3-[2-(fert-butyldimethylsilyl-
oxy)ethoxylhex-5-ene-1,2-diol (8a). To a solution of 7a (2.8
g, 5.3 mmol} in 1-propanol/H,0 (9/1, 53 mL) were added
activated Zn dust (24 g, 373 mmol) and NaBH;CN (3.7 g, 59
mmol} at 95 °C, and the mixture was stirred at the same
temperature for 1 h. After the mixture was filtered, to the
filtrate was added saturated NH,C! aqueous solution, and the
aqueous layer was extracted with AcQEL. The organic layer
was washed with saturated NaCl aqueous solution, dried over
Na;80,, and concentrated. The residue was purified by flash
column chromatography on silica gel (hexane/AcOEt = 4/1—
2/1) to give 8a (1.5 g, 70%) as a colorless oil: {[a]®p +1.47° (¢
2.3, CHCLy); IR (neat) 3438, 1719, 1649, 1271, 1103 em%; 1H
NMR (400 MHz, CDCl:) 8 0.09 (s, 6H), 0.91 (s, 9H), 2.51 (m,
1H), 2.61 (br 5, 1H), 3.62 (ddd, J = 106, 8.4, 3.0 Hz, 1H), 3.68—
3.88 (m, 6H), 4.03 (ddd, J = 10.6, 3.7, 3.2 Hz, 1H),5.35 (d, J
= 106 Hz, 1H), 544 (d, J = 17.2 Hz, 1H), 5.68 (d4, J = 6.7,
3.9 He, 1H), 6.07 (ddd, J = 17.2, 10.6, 6.7 Hz, 1H), 7.45(dd, J
=78,7.8 He, 2H), 758 (dd, J = 7.8, T8 Hz, 1H), 805 {d, J =
7.8 Hz, 2H); C NMR (100 MHz, CDCly) 4 ~5.2, 18.3, 26.0,
62.9, 63.4, 71.2, 744, 75.2, 82,5, 119.2, 128.3, 1295, 1324,
133.0, 165.2; EI-LRMS m/z 353 (M — ‘Bu)*, 278, 219, 105.
31535[3—HRMSM30 caled for CiHzs06S1 (M — ‘Bu)* 353.1420. Found

(2R 35,4R)-4-Benzoyloxy-3-{3-(terf-butyldimethylsilyl-
oxy)propoxylhex-5-ene-1,2-diol (8b). In a manner similar
to that for the synthesis of 8a from 7a, a crude product, which
was obtained from 7b (3.6 g, 6.8 mmol), activated zinc dust
(13 g, 203 mmol), and NaBHCN (2.1 g, 34 mmel} in 1-pro-
panol/H0 (%1, 68 mL), was purified by flash column chro-
matography on silica gel (hexane/AcQEt = 3/1) to give 8b (2.5
g, 86%) as a colorless oil: [alZp +26.1° (c 3.4, CHCls); IR (neat)
3406, 1722, 1643, 1271, 1095 cm—*; 'H NMR (400 MHz, CDCly)
4 0.05 (s, 6H), 0.88 (s, 9H), 1.70—1.88 (m, 2H), 2.26 (br s, 1H),
3.05 (br 5, IH), 3.59—3.81 (m, 7TH), 3.96 (dt, J = 9.1, 5.7 Hz,
1H), 5.34 (ddd, J = 10.6, 1.2, 1.2 Hz, 1H), 5.43 (ddd, J = 17.3,
12, 1.2 Hz, 1H), 5.68 (dddd, J = 6.3, 3.9, 1.2, 1.2 Hz, 1H),
6.05 (ddd, J = 17.3, 10.6, 6.3 Hz, 1H), 7.45 (dd, J = 7.9, 79
Hz, 2H), 7.58 (dd, J = 7.8, 7.8 Hz, 1H), 8.05 (4, J = 7.8 Hz,
2H); *C NMR (100 MHz, CDClL;) 4 —5.2, —5.1, 18.4, 26.0, 33.0,
60.0, 63.7, 69.5, 71.1, 74.9, 81.0, 118.8, 128.3, 129.5, 1298,
132.4, 133.1, 165.3; EI-LRMS m/z 367 (M — ‘Bu)*, 293, 263,
233, 185, 105. EI-HERMS caled for C1gHy06Si (M — ‘Bu)*
367.1577. Found 367.1583.

(2R,3S 4R)-4-Benzoyloxy-3{4-(tert-butyldimethylsilyl-
oxy)butoxylhex-5-ene-1,2-diol (8¢). In a manner similar to
that for the synthesis of 8a from 7a, a crude product., which
was obtained from 7 (2.7 g, 4.8 mmol), activated zine dust
(9.5 g, 145 mmol), and NaBHCN (1.5 g, 24 mmol) in 1-pro-
panol/H0 (9/1, 48 mL), was purified by column chromatag-
raphy on silica gel (hexane/AcQEt = 3/1) {o give 8¢ (1.7 g, 81%)
as a colorless oil: [a]'8%; +21.4° (c 1.4, CHCly); IR (neat) 3424,
1722, 1645, 1603, 1271, 1097 cm ™Y, lH NMR (400 MHz, CDCla)
d 0.04 (s, 6H), 0. 88 (s, 9H), 1.50— 1 73 (m, 4H), 2.17 (m, 1H),
2,78 d, J = 4.9 Hz, 1H), 3.50-3.65 (m, 4H), 3.68—3.82 (m,
3H), 3.86 (ddd, J = 9.0, 6.5, 6.5 Hz, 1H), 5.34 (d, J = 10.6 Hz,
1H), 543 (d, J = 17.2 He, 1H), 5.71 (dd, J = 6.2, 4.4 Hz, 1II),
6.03 (ddd, J = 17.2, 10.6, 6.4 Hz, 1H), 7.45 (dd, J = 7.5, 7.5
Hz, 2H), 758 (dd, J = 7.5, 7.5 Hz, 1H), 8.05 (d, J = 7.5 Hz,
2H); 3C NMR (100 MHz, CDCl;) é —5.1, 18.5, 26.1, 26.7, 29.5,
62.8, 63.9, 70.9, 72.5, 74.8, 80.5, 118.8, 128.3, 129.6, 129.7,
132.4, 133.1, 165.3; EI-LRMS m/> 381 (M — ‘Bu)*, 259, 187,
179, 105. E[-HRMS ealed for CigHps06Si (M — *Bu)* 381.1733.
Found 379.1726.

(3R,4R ,5R)-3-Benzoyloxy-4-12-(tert-butyldimethylsilyl-
oxyjethoxyl-5,6-epoxyhex-1-ene (3a). To a solution of 8a
(380 mg, 0.93 mmol} in pyridine (0.93 mL) was added mesi-
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tylenesulfenyl chloride (TmC!) (224 mg, 1.0 mmol) at ¢ °C, and
the mixture was stirred at room temperature for 24 h. To the
mixture was added water, and the aqueous layer was extracted
with Et20, washed with saturated NaCl aqueous solution,
dried over Na,S0,, and concentrated. The crude product was
dissolved in THF (9.3 mL). To the solution was added LiHMDS
(1.0 M selution in THF, 1.1 mi, 1.1 mmel) at ~78 °C, and the
mixture was allowed to warm to 0 °C over 1 h. After the
mixture was stirred at 0 *C for 30 min, to the mixture was
added saturated NIl aqueous solution. The aqueous layer
was extracted with Et;0. The organic layer was washed with
saturated NaCl aqueous solution, dried over NaxSQ,, and
concentrated. The residue was purified by flish column
chromatography on silica gel (hexane/AcOEt = 2(0/1) to give
9a (255 mg, 70% in two steps) as a colorless oil: {o]'®p +33.0°
(c 1.1, CHCl;); IR (neat) 1725, 1647, 1603, 1269, 1109 cm™;
1H NMR (400 MHz, CDCl3) & 0.05 {5, 6H), 0.88 (s, 9H), 2.65
(dd, J =49, 2.8 Hz, 1H), 2.77 (dd, J = 4.6, 4.6 Hz, 1H), 3.12
{ddd, J = 6.6, 3.8, 2.8 He, 1H), 3.29 (dd, J = 6.6, 5.3 Hz, IH),
3.65—-3.85(m, 4H),5.31(d,J=105Hz, 1H),540(d, J = 17.3
Hz, 1H}, 5.68 (dd, J = 6.1, 5.6 Hz, 1H), 6.05 {ddd, JJ = 17.3,
10.5, 6.1 Hz, 1H), 745 (dd, J = 7.8, 7.8 Hz, 2H), 7.58 (dd, / =
7.8, 7.8 Hz, 1H), 8.06 (d, J = 7.8 Hz, 2H); *C NMR (100 MHz,
CDCl;) 6 —5.2, 184, 260, 436, 52.1, 62.7, 72.3, 74.8, 82.6,
118.1, 128.3, 129.5, 129.7, 132.8, 1330, 165.0; EI-LRMS m/>
392 (M%), 376, 335, 305, 179, 105. EI-HRMS caled for
Cz1H30551 392.2019. Found 392.2016.

(3R,4R 5R)-3-Benzoyloxy4-{3-(fert-butyldimethylsilyl-
oxy)propoxyl-5,6-epoxyhex-1-ene (9b). In 4 manner similar
to that for the synthesis of 9a from 8a, a crude product, which
was ohtained from 8b (2.5 g, 5.8 mmal) and TmCl (1.5 g, 6.7
memol) in pyridine (5.8 mL), was dissolved in THF (48 mL).
To the solution was added LiHMDS (1.0 M solution in THF,
7.2 mL, 7.2 mmol) at —78 *C, and the mixture was allowed to
warm to 0 °C over 1 h AfRter the usual workup, the crude
product was purified by flash column chrematography on silica
gel thexane/AcOEt = 30/1) to give 9b (1.4 g, 60% in two steps)
as a colorless oil: [0]®p +29.4° (c 4.8, CHCly); IR {neat) 1724,
1651, 1601, 1269, 1109 cm™Y; 'H NMR (400 MHz, CDCl;) &
0.03 (s, 6H), 0.87 (s, 9H), 1.80 (tt, J = 6.4, 6.4 Hz, 2H), 2.62
(dd, J = 49,27 Hz, 1H), 2.76 (dd, J = 4.6, 4.3 Hz, 1H), 3.10
(ddd, J = 6.8, 3.9, 2.7 Hz, 1H}, 3.18 (dd, J = 6.8, 5.1 Hz, 1H),
360-3.75(m, 3H), 3.83 (dt, J = 9.5,6.1 Hz, 1H),5.31(d, J =
10.7 Hz, 1H), 5.41 (d, J = 17.3 Hz, 1H), 5.66 (dd, J = 6.1, 5.1
Hz 1H), 604 (ddd, J = 17.3, 10.7, 5.1 Hz, 1H), 745 (dd, J =
7.8, 78 He, 2H), 758 (dd, J =78, T8 He, 1H), 805 (d, J =
7.8 Hz, 2H); 3C NMR (100 MHz, CDCly) § —5.2, 18.3, 26.0,
33.2,436,522,598,67.5,74.7,824, 1182, 1282 1294, 1298,
132.8, 132.9, 165.0; EI-LRMS m/z 406 (M*), 390, 349, 316,
179, 105. EI-HRMS calod for C»H3(0:5:1 406 2175. Found
406.2177.

(3R AR SR)-3-Benzoyloxy-4-{4-{fert-butyldimethylsilyl-
oxy)hutoxyl-5,6-epoxyhex-1-ene (9¢c). In a manner similar
to that for the synthesis of 9a from 8a, a crude product, which
was obtained from 8¢ (536 mg, 1.2 mmol) and TmCl (320 mg,
1.5 mmol) in pyridine (1.2 mL), was disselved in THF (11 mL).
To the solution was added LiHMDS (1.6 M solution in THF,
1.2 mL, 1.2 mmol) at —78 *C, and the mixture was warmed to
0 °C over 1.5 h. After the usual workup, the crude product
was purified by flash column chromategraphy on silica gel
{(hexane/AcQEL = 25/1) to give 9¢ (328 mg, 64% in two steps)
as a colorless oil: [a]!%p +31.4° ¢ 2.1, CHCLy); IR (neat) 1725,
1647, 1603, 1269, 1101 em~Y; 'H NME {400 MHz, CDCl3) &
0.03 (s, 6H), 0.88 (s, 9H), 1.55—1.70 (m, 4H), 2.68 (dd, J = 4.8,
2.7 Hz, 1H), 2.77 (dd, J = 4.8, 3.9 Hz, 1H), 3.10 (ddd, J = 6.9,
3.9,27Hz 1H), 3.17 (dd, J = 6.9, 5.1 Hz, 1H), 3.55—3.65 (m,
3H), 3.76 (dt, J = 9.3, 59 Hz, 1H), 5.31 (ddd, J = 10.6, 1.2,
1.2 Hz, 1H), 5.41 (ddd, J = 17.2, 1.2, 1.2 Hz, 1H), 5.66 (dddd,
J=6.3,5.1,1.2,1.2 Hz, 1H), 6.04 (ddd, J = 17.2, 10.6, 6.3 Hz,
1H), 7.456 (dd, J = 7.7, 7.7 Hz, 2H), 7.58 (dd, J = 7.7, 7.7 Hz,
iH), 8.05 (d, J = 7.7 Hz, 2H); 13C NMR (160 MHz, CDCly) &
-5.1, 18.5, 26.1, 26.5, 29.5, 43.7, 52.4, 62.9, 71.0, 74.8, 82 4,
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1183, 128.3, 129.5, 129.8, 132.8, 133.0, 165.1; EI-LRMS m/z
420 (M*), 405, 363, 241, 217, 179, 105. EI-HRMS calcd for
C2aH3:055i 420.2232. Found 420.2235.

(IR AS 5R)-4-[2(fert-Butyldimethylsilyloxy)ethoxyloct-
1-en-7-yne-3,5-diol (10a). To a sclution of trimethylsilyl-
acetylene (0.35 mL, 2.5 mmol) in THF (2 mL) was added "BuLi
(1.5 M solution in hexane, 1.5 mL, 2.3 mmol) at —78 °C, and
the mixture was stirred at the same temperature for 30 min.
To the mixture were added a solution of 9a (384 mg, 0.98
mmol} in THF (6 mL)} and BF3-OEt; (0.14 mL, 1.1 mmol) at
=78 °C, and the resulting mixture was warmed to 0 °C over 2
h. To the mixture was added saturated NH,Cl aqueous
solution, and the aqueous layer was extracted with AcOEt,
The organic layer was washed with saturated NaCl aqueous
solution, dried over Na;$Q,, and concentrated. The residue was
dissolved in MeOH (3 mL). To the solution was added K CO;
(406 mg, 2.9 mmol), and the mixture was stirred at room
temperature for 2 h. To the mixture was added H,0, and the
aqueous layer was extracted with AcOEt. The organic layer
was washed with saturated NaCl aqueous solution, dried over
Na,S0,, and concentrated. The residue was purified by flash
column chromatography on silica gel (hexane/AcOEt = 4/1) to
give 10a (285 mg, 93% in two steps} as a colorless oil: [ally
—7.91° (¢ 1.1, CHCL); IR (neat) 3438, 3314, 2122, 1645, 1255,
1103 em™!; 'H NMR (400 MHz, CDCl;) 8 0.09 (s, 6H), 0.91 (s,
9H), 2.02 (t, J = 2.7 Hz, 1H), 2.46 (ddd, J = 16.6, 5.9, 2.7 Hz,
1H), 2.55 (ddd, J = 16.6, 7.1, 2.7 Hz, 1H), 3.18 (br d, J = 3.9
Hz, 1H), 3.24 (d, J = 5.4 Hz, 1H), 3.53 (dd, J = 3.7, 3.7 Hz,
1H}), 3.90—3.85 (m, 4H), 3.93 (m, 1H}, 443 (m, 1H},5.27(d, J
=10.5 Hz, 1H), 5.40 (d, J = 17.0 Hz, 1H), 5.96 (ddd, J = 17.0,
10.5, 6.0 Hz, 1H); 3C NMR (100 MHz, CDCly) § —5.2, —5.1,
18.5, 23.5, 26.0, 63.0, 69.9, 70.4, 72.7, 73.2, 80.6, 82.2, 116 6,
136.1; EI-LBMS m/z 257 (M — ‘Bu)*, 239, 183, 171, 119. EI—
12‘1513%89(::110(1 for C12H» 08 (M — ‘Bu)* 257.1210. Found

1197,

(3R ,45,5R)-4-{3-(tert-Butyldimethylsilyloxy)propoxy}-
oct-1-en-7-yne-3,5-diol (10b). In a manner similar to that
for the synthesis of 10a from 9a, a crude product, which was
obtained from 9b (1.2 g, 2.9 mmol), lithium trimethylsilyl-
acetylide [prepared from trimethylacetylene (1.1 ml, 7.4
mmol) and "Buli (1.52 M solution in hexane, 44 mL, 6.7
mmol)], and BF;-OEt; (0.41 mL, 3.24 mmol) in THF (24 m!)),
was treated with K;CO; (1.2 g, 8.8 mmol) in MeOH (2.9 mL),
After the usual workup, the crude product was purified by
flash column chromatography on silica gel (hexane/AcQEt =
3/1) to give 10b (861 mg, 90% in two steps) as a colorless oil:
[@]?'p —10.5° (¢ 1.1, CHCl,); IR (neat) 3393, 2121, 1647, 1255,
1095 em™!; TH NMR (400 MHz, CDCl3) 8 0.06 (s, 6H), 0.09 (s,
9H), 1.81 (tt, J = 5.7, 5.7 He, 2H), 2.01 (t, J = 2.6 Hz, 1H),
2.40-2.60 (m, 2H), 2.86 (d, J = 5.5 Hz, 1H), 2.96 (d, J = 5.5
Hz, 1H), 3.41 (dd, J = 4.4, 2.4 Hz, 1H), 3.60-3.90 (m, 4H),
4.00 (m, 1H), 4.48 (m, 1H), 5.27 (d, J = 10.5 Hz, 1H), 5.42 (d,
J =17.1 Hz, 1H}, 5.95 (ddd, J = 17.1, 10.5, 5.1 Hz, 1H); 3C
NMR (100 MHz, CDCla) 4 —5.2, 18.3, 23.6, 26.0, 33.0, 59.7,
68.0, 69.8, 70.3, 72.2, 80.6, 80.7, 116.1, 136.8; EI-LRMS m/z
271 (M — ‘Bu)*, 241, 185, 171, 133, 75. EI-HRMS calcd for
Ci13H35045i (M — ‘Bu)* 271.1365. Found 271.1356.

(3R 45,5R }-4-[4-(tert-Butyldimethylsilyloxy)butoxyloct-
1-en-7-yne-3,5-diol (10¢). In a manner similar to that for the
synthesis of 10a from 9a, a crude product, which was obtained
from 9¢ (855 mg, 2.0 mmol), lithium trimethylsilylacetylide
[prepared from trimethylacetylene (0.72 mL, 5.1 mmol) and
*BuLi (1.52 M solution in hexane, 3.1 mL, 4.7 mmol)], and BF;
OEt; (0.28 mL, 32 mmol) in THF (24 mL), was treated with
K2CO; (842 mg, 6.1 mmol) in MeOH (4 mL). After the usual
workup, the crude product was purified by flash column
chromatography on silica ge! (hexane/AcOEt = 4/1) to give 10¢
(647 mg, 93% in two steps) as a colorless oil: [0]'®p —6.30° (¢
0.98, CHCL:); IR (neat) 3314, 2122, 1645, 1255, 1095 cra™%; 1H
NMR (400 MHz, CDCly) 4 0.05 (s, 6H), 0.89 (s, 9H), 1.55—
1.73 (m, 4H), 2.01 (t, J = 2.6 Hz, 1H), 250 (dd, J = 7.1, 2.6
Hz, 2H), 2.76 (br d, J = 4.2 Hz, 1H), 2.93 (br d, J = 5.8 Hz,
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1H), 3.38 (dd, J = 4.8, 2.1 Hz, 1H), 355 (dt, J = 9.1, 6.4 Hz,
1H), 3.63 (t, J = 6.1 Hz, 2H), 3.75 (dt, J = 9.1, 6.3 Hz, 1H),
562 (m, 1H), 4.48 (m, 1H), 5.27 (ddd, J = 10.6, 1.6, 1.6 Hz,
1H), 5.43(ddd, 4 = 17.2, 1.6, 1.6 Hz, 1H), 5.93 (ddd, .J = 17.2,
10.6, 5.1 Hz, 1H); ¥C NMR (100 MHz, CDCl;3) 8 —5.12, 18.4,
23.8, 26.0, 26.6, 29.4, 62.8, 69.8, 70.3, 714, 72.4, 80.5, 80.7,
116.2, 136.9; EI-LRMS m/z 285 (M — ‘Bu)*, 211, 187, 147,
89. EI-HRMS calced for CiHz08i (M — ‘Bu)* 285.1522.
Found 285.1525.

(3R 45 5R)-3 5-Bis{tert-butyldimethylsilyloxy)-4-[2-(fert-
butyldimethylsilyloxy)ethoxyloct-1-en-7-yne (11a). To a
solution of 10a (273 meg, 0.87 mmol) in CH;Cl; (2.9 mL) were
added 2,6-lutidine (0.31 mL, 2.7 mmol) and TBSOTY (0.5 mL.,
2.2 mmol) at 0 °C, and the mixture was stirred at the same
temperature for 3 h. To the mixture was added H;Q, and the
aqueous layer was extracted with Et;0. The organic layer was
washed with saturated NaCl aqueous selution, dried over Nas-
80, and concentrated. The residue was purified by column
chromatography on silica gel (hexane/AcOEt = 30/1) to give
11a (456 mg, 97%) as a colorless oil: [a]¥p +0.24° (¢ 1.2,
CHCly); IR (neat) 2124, 1647, 1255, 1098 cm™}; 'H NMR (400
MHz, CDCl5) 4 0.03 (s, 3H), 0.054 (5, 6H), 0.068 (s, 3H), 0.087
{s,3H),0.10 (s, 3H), 089 (5, 18H), 0.90 (5, 9H), 1.95(t, J/ = 2.7
Hz, 1H), 2.34 (ddd, J = 16.8,6.0, 2.7 Hz, 1H), 2.52{ddd, J =
16.8, 5.4, 2.7 Hz, 1H), 3.40 (dd, J = 5.3, 3.5 Hz, 1H), 3.61 (m,
1H), 3.71 (t, J = 5.6 Hz, 2H), 3.78 (m, 1H}, 3.90 {(dd, J = 5.6,
5.6 Hx, 1H), 4.32 (dddd, J = 6.8, 3.7, 1.5, 1.2 Hz, 1H), 5.12
(ddd, J = 10.3, 1.7, 1.2 Hz, 1H), §.21 (ddd, J = 17.3, 1.7, 15
He, 1H), 597 (ddd, J = 17.3, 103, 6.8 Hz, 1H); 13C NMR (100
MHz, CDCl;) § —5.06, —5.00, —4.47, —4.06, -3.90, —3.87, 18.2,
18.3, 185, 24.1, 26.0, 26.1, 62.7, 69.9, 717, 73.8, 74.5, 82.1,
85.3, 115.9, 138.7; EI-LRMS m/z 542 (M*), 485, 371, 327, 233,
183, 171, 159. EI-HRMS caled for CasHss0,Siy; 542.3643.
Found 542.3654.

(AR AS 5R)-3 5-Bis(tert-butyldimethyisilyloxy)-4-{3-(tert-
butyldimethylsilyloxy)propoxyloct-1-en-T-yne (11b). In
a manner similar to that for the synthesis of 11a from 10a, a
crude product, which was prepared from 10b (104 mg, 0.32
mmol), TBSOTY (0.18 mL, 0.78 mmol), and 2,6-lutidine (0.11
mL, 0.94 mmol) in CH:Cl» (3 mL), was purified by flash column
chromatography on silica gel (hexane/AcOEt = 50/1) to give
11b (177 mg, quantitative) as a colorless oil: [a]?p +0.3° (¢
0.9, CHCly); IR (neat) 2122 em™Y; TH NMR (400 MHz, CDCL)
¢ 0.03 (s, 3H), 0.05 (s, 6H), 0.07 (s, 3H), 0.09 (s, 3H), 0.10 (s,
3H), 0.89 (s, 18H), 0.90 (5, 9H), 1.74—-1.80 (m, 2H), 1.95 (t, J
=2.6 Hz, 1H), 2.35 (ddd, J = 16.9, 5.5, 2.6 Hz, 1H), 2.49 (ddd,
J=168,55,26Hz, 1H), 3.35 (dd, J = 5.5, 3.5 Hz, 1H), 3.60—
3.76 {m, 4H), 3.88 (dt,J = 9.1, 5.5 Hz, 1H)}, 4.30 (dd, J = 7.0,
3.5 Hz, 1H), 5.12 (br d, J = 10.3 Hz, 1H), 5.20 (dt, J = 17.2,
1.3 Hz, 1H), 5.95 (ddd, J = 17.2, 10.3, 7.0 Hz, 1H), 13C NMR
{100 MHz, CDCl3) 6 —5.1, —4.5, —4.1, 3.9, 18.2, 183, 185,
24.2, 26.0, 26.1, 33.7, 60.6, 69.5, 69.8, 71.6, 74.5, 821, 85.1,
115.8, 138.7; EI-LRMS m/z 499 (M — ‘Bu)*. EI-HRMS calcd
for CesH5104Siz (M — ‘Bu)* 499.3096. Found 499.3074.

(3R AS,5R)-3,5-Bis(tert-butyldimethylsilyloxy)-4-{3-(tert-
butyldimethylsilyloxy)butoxyloct-1-en-7-yne (11c). In a
manner similar to that for the synthesis of 11a from 10a, a
crude product, which was obtained from 10c (615 mg, 1.8
mmol), TBSOTE (1.0 mi, 4.5 mmol), and 2,6-lutidine (0.65 mL,
5.6 mmol} in CH.Cl; (3.6 mL), was purified by column
chromatography on silica gel (hexane/AcOEt = 30/1) to give
11¢ (971 mg, 95%) as a colorless oil: [a]®p ~2.1° (¢ 6.3, CHCl,);
IR (neat) 2122 em~1; 'H NMR (400 MHz, CDCl;) & 0.03 (s, 3H),
0.04 (s, 6H), 0.07 (s, 3H), 0.08 (s, 3H), 0.10 (s, 3H), 0.89 (s,
18H), 0.90 (s, 9H), 1.24-1.28 (m, 2H), 1.57-1.60 (m, 2H), 1.95
(t,J =26 He, 1H), 2.35 (ddd, J = 16.8, 5.5, 2.6 Hz, 1H), 2.49
(ddd, J = 16.8, 5.5, 2.6 Hz, 1H), 3.36 (dd, J = 5.5, 3.7 Hz, 1H),
3.55-3.69 (m, 4H), 3.86 (dt, J = 9.1, 5.5 Hz, 1H), 4.30 (dd, J
=3.7,69Hz 1H),512{d,J =10.4Hz, 1H),5.20(d, J =174
Hz, 1H), 5.96 (ddd, J = 17.4, 10.4, 6.9 Hz, 1H); '3C NMR (100
MHz, CDCl;) 6 —5.1, ~4.5, —4.1, —3.9, -3.8, 18.3, 18 4, 185,
242, 26.0, 26.1, 26.2, 26.8, 29.7, 63.2, 69.8, 71.7, 72.5, T4.6,
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82.1, 85.0, 115.8, 138.7; EI-LRMS m/z 513 (M — ‘Bu)*. EI-
glgms caled for CogHz0.Sis (M — ‘Bu)* 513.3252. Found
3251,

20+3-Hydroxyethoxy)-10,25-dihydroxyvitamin D; (4a).
To a solution of 12 (50 mg, 140 umol) and L1a (50 mg, 92 mol)
in toluene (1 mL) were added Et;N (1 mL) and Pd(PPh;), (32
mg, 28 umol), and the mixture was stirred at 120 °C for 2 h.
The mixture was filtered through a silica gel pad. The filtrate
was concentrated, and the residue was purified by silica gel
column chromatography (hexane—hexane/AcOEt = 95/5) to
give the coupling product 13a (57 mg, 75%) as a colerless oil,
which was used without any further purification, To the THF
(3 mL) solution of 13a (30 mg, 37 gmol) was added TBAF (1
M solution in THF, 0.18 mL, 0.18 mmol), and the mixture was
stirred at room temperature for 4 days. After the solution was
concentrated, the residue was purified by a preparative TLC
(10% MeOH in CH,Cl:) to give 4a {14 mg, 78%) as a white
powder, Further purification of 4a for biological assays was
conducted by reversed-phase recycle HPLC (YMC—Pack ODS
column, 20 x 150 mm, 9.9 mL/min, CH;CN/H0 = 6/4): [al®p
+59.1° (¢ 0.12, CHCly); UV (MeOH) Amex 269 oy, 'H NMR (400
MHz, CDClyD:0) 6 0.54 (s, 3H), 093 (d,J = 6.6 Hz, 3H),1.21
(s, 6H), 1.25—1.80 (m, 14H), 1.83—1.89 (m, 1H), 1.96-2.01 (m,
2H), 2.23 (dd, J = 13.0, 9.5 Hz, 1H), 2.67 (dd, J = 13.0, 4.8
Hz, 1H),2.83 (m, 1H), 3.38 (dd, J = 8.1, 3.2 Hz, 1H), 3.72 (ddd,
J =95, 4.8, 2.7 Hz, 1H), 3.77-3.84 (m, 4H), 4.07 (ddd, J =
9.5,79,48Hz, 1H), 4.43(d, J =34 He, 1H), 5.10 (d, J = 1.7
Hz, 1H), 5.38 (d, J = 1.7 Hz, 1H), .01 (d, 4 = 11.1 Hz, 1H),
6.43 (d, J = 11.1 Hz, 1H); 3C NMR (100 MHz, CDCl;) 4 12.1,
18.8, 20.8, 22.2, 235, 27.7, 29.1, 29.2, 29.4, 36.1, 36.4, 405,
41.2, 444, 45.9, 56.4, 56.6, 62.0, 686, 71.1, 71.4, 72.5, 85.0,
116.6, 117.1, 1256, 131.4, 143.7, 144.1; EI-LRMS m/z 476
(M*), 458, 440. EI-HRMS calod for CaHLigO5 (M*) 476.3503.
Found 476.3527.

20-(2-Hydroxypropoxy)-1la,25-dihydroxyvitamin Dy (4b).
In & manner similar to that for the synthesis of 4a from 11a
and 12, a crude product, which was obtained from 12 (219 mg,
0.39 mmol), 11b (136 mg, 0.36 mmol), and Pd(PPhs), (125.8
mg, 0.109 mmol) in toluene/EtsN (1/1, 10 mL), was purified
by silica gel column chromatography (hexane—hexane/AcOEL
= 95/5) to give the coupling preduct 13b (157 mg, 52%) as a
colorless oil, which was used without any further purification.
The coupling product 13b (157 mg, 0.19 mmol) was subjected
to desilylation by TBAF (1 M solution in THF, 0.94 mL, 0.94
ramol} in THF (3 mL) at room temperature for 4 days, After
the usual workup, the crude product was purified by prepara-
tive TLC (10% MeOH in CH:Cl,) to give 4b (56 mg, 61%) as a
white powder. Further purification of 4b for biological assays
was conducted by reversed-phase recycle HPLC (YMC—Pack
ODS column, 20 x 150 mm, 9.9 mL/min, CH;CN/H,0 = 6/4):
{a]®p +46.4° (c 0.55, CHCly); UV (MeOH) Ama 267 nm; 'H
NMR (400 MHz, CDCly) & 0.54 (s, 3H), 0.93 (d, J = 6.4 Hz,
3H), 1.21 (s, 6H), 1.25-2.10 (m, 23H), 2.24 (dd, J = 13.4, 9.2
Hz, 1H), 2.69 (dd, J = 13.4, 4.4 Hz, 1H), 2.82 (m, 1H), 3.38
(dd, J = 7.5, 3.2 Hz, 1H), 3.75-3.91 (m, §H), 4.05 (m, 1H),
4.44 (br d, J = 2.8 Hz, 1H), 5.10 (d, J = 1.8 Hz, 1H), 5.39 (br
s, 1H), 6.01 (d, J = 11.3 Hz, 1H), 642 (d, J = 11.3 Hz, 1H);
13C NMR (100 MHz, CDCly} 6 12.1, 18.8, 20.8, 22.2, 23.5, 27.7,
29.1, 29.2, 29.4, 31.9, 36.1, 36.4, 40.5, 41.0, 44.4, 45.9, 56.4,
56.6,61.2,68.4, 68.5, 71.1,71.9, 84.5, 116.1, 117.1, 125.5, 131.5,
143.6, 144.3; EI-LRMS m/z 490 (M*), 472, 454. EI-HRMS
caled for CyoHsoOs 490.3660. Found 490.3638.

2a-(3-Hydroxybutoxy)-10,25-dihydroxyvitamin D; (4¢).
In a manner similar to that for the synthesis of 4a from 11a
and 12, a erude product, which was obtained from 11¢ (26 mg,
0.05 mmol), 12 (52 mg, 0.15 mmol), and Pd(PPhy), (16 mg, 14
pmol) in toluene/Et;N (1/3, 2.5 mL), was purified by prepara-
tive TLC (hexane/AcOEt = 4/1) to give the coupling product
13e (26.5 mg, 69%) as a colorless oil, which was used without
any further purification. The coupling product 13¢c was
subjected to desilylation by TBAF (1 M solution in THF, 0.2
mL, 0.2 mmol) in THF (3 mL) at room temperature for 36 h.
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After the usual workup, the crude product was purified by
preparative TLC (10% MeOH in CH;Cly) to yield 4dc (15.1 mg,
66%, two steps from Iie). Further purification of 4c¢ for
biological assays was conducted by reversed-phase recycle
HPLC (YMC—Pack ODS ¢olumn, 20 x 150 mm, $9 mL/min,
CH;CN/H;0 = 6/4): [a]®p —22.1° (¢ 0.054, CHCly); UV (MeOH)
Amax 267 nm; 'H NMR (400 MHz, CDCl;) 4 0.54 (s, 3H), 0.93
(d, J = 6.4 Hz, 3H), 1.21 {s, 6H), 1.25-2.00 (m, 25H), 2.23
(dd, J = 13.3, 9.3 Hz, 1H), 268 (dd, J = 13.3, 4.6 Hz, 1H),
2.83 (m, 1H), 3.35 (dd, J = 7.6, 3.2 Hz, 1H), 3.61 (dt, J = 9.5,
6.0 Hz, 1H), 3.68—3.77 (m, 4H), 4.05 (ddd, J = 8.6, 7.6, 4.6
Hz, 1H), 442 (d, J = 3.0 Hz, 1H), 510 (d, J = 2.1 Hz, 1H),
5.39(brs, 1H),6.02 (d,J' = 11.3 Hz, 1H),6.42(d, J = 11.3 Hz,
1H); 13C NMR (100 MHz, CDCLy) 6 12.1, 18.8, 20.8, 22 2, 23.5,
26.9, 27.6, 28.1, 292, 29.4, 29.7, 36.1, 364, 40.5, 40.8, 444,
459,564,565, 62.6,68.2,70.0,71.1,718,846,116.2, 117.1,
1255, 131.5, 143 .6, 144.2; EI-LRMS m/z 504 (M*), 486, 468.
EI-HRMS calcd for CaHs205 504.3817. Found 504.3823.
20-epi-20-(2-Hydroxyethoxy)-10,25-dihydroxyvita-
min D; (20-epi-4a). To a solution of 14 (31 mg, 87 xmol) and
11a (71 myg, 0.13 mmol) in toluene (2 mL) were added Et;N (2
mL) and Pd(PPhy)y (30 mg, 26 gmal), and the mixture was
stirred at 110 °C for 1.5 h. After the mixture was filtered
through a silica gel short column (hexane/AcOEt = 10/1), the
filtrate was concentrated to give the crude product 20-¢pi-
vitamin D, (45 mg). To a solution of the crude vitamin Dj in
MeCN (1 mL) was added HF/MeCN (1/9, 1 mL) at O *C, and
the mixture was sturred at room temperature for 1 h. To the
mixture was added saturated NaHCO, aqueous solution at 0
°C, and the aqueous layer was extracted with AcOEt. The
organic layer was washed with saturated NaCl aqueous
solution, dried over Na»S50,, and concentrated. The residue was
purified by preparative TLC (AcOEt) to give 20-epi-4a (20 mg,
48% in two steps} as a ocolorless oil Further purification of
20-epi-4a for biological assays was conducted by reversed-
phase recycle HPLC (YMC—Pack ODS oolumn, 20 x 150 mm,
9.9 mL/min, CHyCN/H0 = 6/4): o] +12.4° (c 0.82, CHClL,);
UV (MeOH) A 266 nm; IR (neat) 3374, 1647, 1074 cm~; 1H
NMR (400 MHz, CDCl;) 6 0.53 (s, 3H), 0.84 (d, J = 6.4 Hz,
3H), 1.21 (s, 6H), 1.10—2.05 (m, 21H), 224 (dd, J = 12.5, 11.5
Hz, 1H), 2.67 (dd, J = 12.5, 4.6 Hz, 1H), 2.83 (m, 1H), 3.37
dd, F = 7.9, 3.0 Hz, 1H), 3.70 (m, 1H), 3.73—3.85 (m, 4H),
4.07 (m, 1H), 443 (d, F = 29 Hz, 1H), 509 {d, J = 1.5 Hz,
1H), 537 (d, J = 1.5 Hz, 1H), 6.01 (d, J = 11.1 Hz, 1H), 6.42
(d, J = 11.1 Hz, 1H); *C NMR (100 MHz, CDCl,) § 12.5, 18.7,
21.0, 222, 236, 27.4, 29.2, 293, 294, 35.5, 36.1, 40.5, 414,
44.4, 460,562, 56.4, 619, 68.5, 71.1, 71.3, 72.5, 85.1, 116.6,
117.1,125.3, 131.3, 143,23, 143.8; EI-LRMS m/> 476 (M*), 458,
440, 396, 378. EI-HIRMS caled for CxH g05 476.3502. Found
476.3503.
20-epi-2a-(3-Hydroxypropoxy}-10,25-dihydroxyvita-
min Dy (20-epi-4b). In a maoner similar to that for the
synthesis of 20-epi-4a from 14 and 11a, a crude product, which
was obtained from 14 (22 mg, 60 umal), 11b (51 mg, 91 pmeol),
and Pd(PPhj), (21 mg, 18 umol) in toluena/Et;N (11, 4 mL),
was dissolved in MeCN. To the solution was added HF/MeCN
(1/9, 1 mL) at 0 °C, and the mixture was stirred at room
temperature for 1.5 h. After the usual workup, the crude
product was purified by preparative TLC (AcOEt) to give 20-
epi-4b (17 mg, 57% in two steps) as a colorless oil. Further
purification of 20-epi-4b for bioclogical assays was conducted
by reversed-phase recycle HPLC (YMC—Pack ODS column, 20
x 150 mm, 9.9 mL/min, CH;CN/H,0 = 6/4): [a}?p +11.0° (¢
1.31, CHCl;); UV (MeOH) A, 267 nm; IR (neat) 3389, 1647,
1265, 1076 cm™!; '"H NMR (400 MHz, CDCLs) 6 0.53 (s, 3H),
0.84 {d, J = 6.6 Hz, 3H), 1.20 (s, 6H), 1.10-1.73 (m, 15H),
1.75~1.90 (m, 4H), 1.90-2.00 {m, 2H), 2.22 (dd, J = 13.4, 9.2
Hz, 1H), 2.64 (br s, 3H), 2.66 (dd, J = 13.4, 4.8 Hz, 1H), 2.81
(m, 1H), 3.36 (dd, J = 7.4, 3.3 Hz, 1H), 3.70—3.90 (m, 4H),
4.04 (m, 1H), 443 (brd, J = 3.2 Hz, 1H), 5.08 (d, J = 2.0 Hz,
1H), 5.37 (s, 1H},6.01 (d, J = 11.2 Hz, 1H), 6.40 (d, J = 11.2
Hz, 1H); 3C NMR (125 MHz, CDCl3} 4 12.3, 18.5, 20.6, 22.1,
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23.5,27.3, 290, 29.2, 31.8, 35.4, 36.0, 40.4, 41.0, 44 .3, 45.9,
56.1,56.4,61.1,68.3,68.4, 71.1, 71.9, 84.5, 116.1, 117.1, 125.4,
131.6, 1434, 144.3; EI-LRMS m/z 490 (M*), 473, 472, 396,
267. EI-HRMS caled for CyoH500;5 490.3660. Found 490.3676.

20-epi-2a-(2-Hydroxyhutoxy)-1a,25-dihydroxyvita-
min D; (20-epi-4c). In a manner similar to that for the
synthesis of 20-epi-4a, a crude product, which was obtained
from 14 (40 mg, 0.11 mmol), 11¢ (96 mg, 0.17 mmel), 2nd Pd-
(PPhy}¢ (39 mg, 34 umol) in toluene/EtsN (1/1, 4 mL), was
dissolved in MeCN (1 mL). To the solution was added HF/
MeCN (179, 1 mL) at 0 *C, and the mixture was stirred at room
temperature for 2 h. After the usual workup, the crude product
was purified by preparative TLC (AcOEt) to give 20-epi-d¢c (25
mg, 45% in two steps) as a colorless oil. Further purification
of 20-epi-4c for biological assays was conducted by reversed-
phase recycle HPLC (YMC—Pack ODS column, 20 x 150 mm,
9.9 mL/min, CH,CN/H,0 = 6/4): [a)'®p +8.1° {c 1.82, CHCL3);
UV (MeOH) Ay 269 nm; IR (neat) 3376, 1645, 1078 em™%; 1H
NMR (400 MHz, CDCl,) & 0.53 (s, 3H), 0.84 (d, J = 6.6 He,
3H), 1.10 (s, 6H), 1.08—2.05 (m, 25H), 2.22 (dd, J = 13.4,9.3
Hz, 1H), 2.50 (br s, 1H), 2.67 (dd, J = 13.4, 4.5 Hz, 1H), 2.83
(m, 1H}, 3.34 (dd, J = 7.6, 3.1 Hz, 1H), 3.60 (dt, J = 9.5, 5.8
Hz, 1H), 3.68 (t, J = 5.7 Hz, 2H), 3.74 (dt, J = 9.5, 5.9 Hz,
1H), 4.05 (ddd, J = 8.8, 7.6, 46 Hz, 1H), 441 (br d, J = 3.1
Hz, 1H), 509 d, J = 1.6 Hz, 1H), 538 (4, J = 1.6 Hz, 1H),
6.02(d,J=11.2 Hz, 1H), 641 (d,J = 11.2 Hz, 1H); *C NMR
(100 MHz, CDCL) 6 12.5, 18.7, 21.0, 22.2, 23.6, 27.0, 27.4, 29.2,
293, 294, 29.7, 35.5, 36.1, 40.5, 41.0, 444, 46.0, 562, 56.4,
62.3, 682, 69.9, 7TL1, 71.8, 845, 116.1, 117.1, 125.3, 131.4,
143.2, 144.0; EI-LRMS m/z 504 (M*), 486, 396, 378. EI-
HRMS caled for CyHsz05 504.3815. Found 504.3814.

JOC Article

Binding Assays to the Bovine Thymus VDR. Bovine
thymus VDR was obtained from a commercial supplier, and
the affinity was evaluated according {o the literature.?

Assays for Induction of HL-60 Cell Differentiation. The
activity was estimated by superoxide anion production as
previously described.® The superoxide radicals reduce the
cytochrome ¢, and the reduced eytochrome ¢ is measured by
spectrophotometry at 550 nm.
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