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Abstract: The vitamin Ds structure consists of the A-ring, a linker originating from the B-ring, C-
ring, D-ring, and side-chain moieties. Each unit has its unique role in expressing the biological ac-
tivities of vitamin Ds. Many efforts have been made to date to assess the possible clinical use of
vitamin D. Some organic chemists focused on the D-ring structure of vitamin D and synthesized D-
ring-modified vitamin D analogues, and their biological activities were studied. This review sum-
marizes the synthetic methodologies of D-ring-modified vitamin D analogues, except for seco-D,
and their preliminary biological profiles.
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1. Introduction

Vitamin Ds is a fat-soluble vitamin produced from 7-dehydrocholesterol through a
two-step pericyclic reaction on the B-ring: a photochemical electrocyclic reaction and a
subsequent thermal [1,7]-sigmatropic rearrangement. 25-Hydroxyvitamin Ds [25(OH)Ds
(1)] and 1a,25-dihydroxyvitamin Ds [1a,25(OH)2Ds (2)] are important compounds respon-
sible for various physiological functions to maintain homeostasis in the human body. Vit-
amin Ds is divided into five constructive units: an A-ring, a linker originating from the B-
ring, a C-ring, a D-ring, and a side-chain, each of which plays an essential role in express-
ing vitamin D-related activities [1,2].

Among these structures, both the A-ring and side-chain, in particular, are vitamin D3
activation and inactivation sites controlled by vitamin D-metabolizing CYPs[3-5], and the
introduction of a substituent to and the structural transformation of these sites have been
vigorously pursued. On the other hand, the CD-ring does not undergo direct hydroxyla-
tion in the activation and inactivation steps of the vitamin Ds molecule (Scheme 1).
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Scheme 1. (A) 7-Dehydrocholesterol isomerism to vitamin Ds via a two-step sequential pericyclic reaction and its activa-

tion pathway to 25(OH)Ds (1) and 1a,25(0OH)2Ds (2). (B) Deactivation pathways of 1 and 2 to 26,23-lactone and calcitroic
acid through (23S)-oxidation and (24R)-oxidation, respectively.
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For the synthesis of vitamin Ds analogues, the CD-ring part is often used directly
from the natural vitamin D3 CD-ring part due to the difficulty of constructing the chiral
CD-ring structure. Therefore, it is challenging to introduce functional groups to this part
or transform the CD-ring to another skeleton. As a result, the synthesis of vitamin Ds an-
alogues with a modified CD-ring and evaluation of their biological activities are still less
explored than synthesis of vitamin D analogues with a modified A-ring or side-chain.
However, organic chemists have attempted the introduction of substituents and/or struc-
tural transformation of both C- and D-ring parts and have succeeded in synthesizing a
group of analogues and evaluating their biological activities to date [6-10]. The D-ring
unit is characterized by the direct attachment of the side chain, and there have been many
reports that the introduction of substituents to or structural transformation of the D-ring
has significant effects on vitamin D activities.

In this review, we focus on the D-ring, which is one of the essential sites forming the
basic framework of the vitamin Ds molecule. We describe the synthetic approach to vita-
min Ds analogues with substituents or structural transformation on the D-ring, except for
seco-D analogues, and their preliminary biological activities.

2. 16-Ene-Vitamin Ds Analogues

Among D-ring-modified vitamin Ds analogues, a wide variety of 16-ene-vitamin Ds
analogues have been synthesized and evaluated regarding their biological properties as
potential anticancer agents with low calcemic effects.

The first synthetic report on the 16-ene-vitamin Ds analogue (3) was described by
Hoffmann-La Roche’s group in 1995[11], and its biological activities were studied [12-15].
The synthetic route started from a commercially available steroid, dehydroepiandros-
terone (4). The 16-ene unit was constructed utilizing an ene reaction between Z-olefin (5)
and aldehyde (6) in the presence of Me2AICl to give a mixture of C22-diastereomeric alco-
hols (7), and subsequent Barton deoxygenation afforded 16-en-23-yne (8). To construct the
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triene structure, photochemical conversion and subsequent thermal isomerization were
applied on the B-ring diene system (Scheme 2). The final product, 3, was identified as a

potential antipsoriatic agent at that time.
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Scheme 2. Synthesis of the first 16-ene-25-hydroxyvitamin D (3) via an ene reaction from sterol (4).

Posner and coworkers reported the synthesis of 16-ene-vitamin Ds analogues with
the 1-hydroxymethyl group (9-14) and 24-oxo-16-ene vitamin Ds analogue (15) in 1997

(Schemes 3 and 4) [16,17].

J (CH20)n
Me,AICI
ﬁ ene reaction
Ac
16

R
| P(O)Ph2 OH
TBSO™ OTBS
1) PhLi, 24: racemate
2) TBAF

10: R = Me

HO™
12: R=Et

Scheme 3. Posner’s approach to 1-hydroxymethyl-25-hydroxy-16-ene-vitamin Ds analogues (9-12) using the Wittig—

Horner reaction.
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Scheme 4. Synthesis of 24-oxo0-16-ene-vitamin Ds analogues.

In Scheme 3, the synthesis of 1-hydroxymethyl analogues (9-12) is described. Intro-
duction of the key 16-ene unit was accomplished by a Me:AlCl-mediated ene reaction be-
tween olefin (16) and formaldehyde to afford alcohol (17). Next, 17 was converted to io-
dide (18), followed by the Zn/Ni-promoted Michael addition of iodide (18) to ethyl acry-
late to produce ethyl ester (19). The ethyl ester (19) was treated with methyl magnesium
bromide or ethyl magnesium bromide to give alcohol (20,21). After oxidation of 20 and
21, protection of the C25-hydroxy group afforded 8-keto-CD-ring (22) and (23). Each ke-
tone (22,23) and the racemic A-ring moiety (24) were coupled using PhLi, and then pro-
tecting groups of the coupling products were removed in the presence of TBAF to afford
16-ene analogues (9-12) (Scheme 3).

For the synthesis of 24-oxo0-16-ene analogues (13-15), alcohol (17) was used as a start-
ing material (Scheme 4). The synthesis began with the oxidation of primary alcohol to give
aldehyde (25), followed by the addition of 26 to aldehyde (25) under basic conditions, to
afford a mixture of C22-diastereomeric alcohols. Removal of the C22-hydroxy group using
the Barton reaction yielded 24-oxo compound 27, which was converted to 8-keto-CD-ring
(28) in four steps. Coupling reactions using 28 and A-rings (24,29) were performed under
the same conditions as in Scheme 3. Under the coupling conditions, the 24-oxo unit was
inert, i.e., no chemical conversion was observed at the C24 position.

The authors evaluated the antiproliferative activity of the newly synthesized ana-
logues (10,12,14,15) in murine keratinocytes in vitro and found that the 26,27-diethyl-1§3-
hydroxymethyl analogue 12 and the 24-oxo with a natural A-ring analogue 15 showed
activity comparable with that of the natural hormone 1&,25(OH)2Ds (2), even at physio-
logically relevant nanomolar concentrations. The 22-oxo-analogue 15 was an intermediary
metabolite of 16-ene-1a,25(OH)2Ds (75 in Figure 1) formed through the (24R)-oxidation
pathway (Scheme 1) with a longer half-life than the naturally occurring 24-oxo-
1a,25(OH)2Ds and equipotent to parent 75 itself in regulating cell-growth and differentia-
tion [18].
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Figure 1. 16-ene analogues from Uskokovi¢’s group.

The same authors subsequently reported the 1-hydroxymethyl-24,24-difluoro-16-ene
analogues (30-33) in 1998 [19]. The 16-ene-homoallylic alcohol (35) provided by an ene
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1) PhLi,

TBSO"
24: racemate

reaction of olefin (34) was first converted to tosylate via tosylation of the primary hydroxy
group and triethylsilylation of the secondary hydroxy group. Tosylate was converted to
nitrile upon treatment with KCN, followed by reduction with DIBAL-H to give aldehyde
(36). Introduction of the 24,24-difluoro unit was accomplished with the Reformatsky re-
action using ethyl bromodifluoroacetate and activated zinc powder. Treatment of ester
(37) with methyl lithium or ethyl lithium, followed by fluoride-induced deprotection at
the C-8 position generated the natural side-chain-CD-ring (38) and 26,27-dihomo-CD-ring
(39), which were converted to 8-keto-CD-rings (40,41) in two steps. A Wittig—-Horner cou-
pling reaction between a racemic phosphine oxide (24) and the 8-keto-CD-rings (40,41),
followed by deprotection of the silyl protecting groups, produced the target analogues
(30-33) (Scheme 5).

OH CHO
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31: (1p,3%) 33: (1p,3%

Scheme 5. Synthesis of 24,24-difluoro-16-ene-1-hydroxymethyl-25-hydroxyvitamin Ds (30-33).

The 1(-analogues (31,33) showed significant antiproliferative activity in murine
keratinocytes and malignant melanoma cells, and this was equally potent to or even more
potent than 1a,25(OH):Ds (2). On the other hand, 1a-analogues (30,32) were much less
potent than their 13-counterparts (31,33). In addition, 31 and 33 showed no calcemic ac-
tivity in vivo.

In 1999, 16-ene analogues with a sulfone unit (42-44,47,48) and their C24 fluorinated
versions (45,46,49,50) were also reported (Schemes 6-9) [20].
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Scheme 6. Synthesis of 23-tert-butylsulfonyl-16-ene-1a-hydroxyvitamin D analogue (42).
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Scheme 7. Synthesis of 24-tert-butylsulfonyl-16-ene-1-hydroxyvitamin D analogues (43—46).
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Scheme 8. Synthesis of 24-tert-butylsulfonyl-16,23-diene-1-hydroxyvitamin D analogues (47,48).
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Scheme 9. Synthesis of 24-tert-butylsulfonyl-16,23-diene-24-fluoro-1-hydroxyvitamin D analogues (49,50).

For the synthesis of analogue 42, the known aldehyde (36) was used as a starting
material (Scheme 6). Reduction of aldehyde (36) and iodination of the primary alcohol
yielded iodide (51). After conversion of the iodide to sulfide (52), oxidation of the sulfide
using oxone provided sulfone (53), and subsequent PDC oxidation of the C8-OH group
gave ketone (54). Finally, the convergent coupling reaction to form the desired analogue
(42) was performed with the ketone (54) and A-ring (29) carbanion (Scheme 6).

Next, one-carbon-elongated analogues (43,44) and their C24-fluorinated versions
(45,46) were prepared in a similar manner. Treatment of iodide (51) with t-butyl methyl
sulfone under basic conditions gave a 25-sulfone CD-ring (52). Introduction of the difluoro
unit to the C24 position of sulfone (52) was achieved by utilizing a cationic fluorination
reagent in the presence of nBulLi to give 53. Desilylation of 52 and 53, followed by oxida-
tion at the C8-OH group, afforded ketones (54,55). Finally, these ketones (54,55) were
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converted into the desired vitamin Ds analogues (45-48) using the convergent coupling
reaction with a lithium anion of the racemic A-ring moiety (56) (Scheme 7).

Synthesis of 23-ene analogues (47,48) started from aldehyde (36) (Scheme 8). Treat-
ment of 36 with t-butyl methyl sulfone under basic conditions afforded C23-OH adducts
(57). Mesylation of C23-OH, followed by elimination gave olefin (58). Although deprotec-
tion of the TES protective group was problematic using TBAF because of the Michael ad-
dition of fluoride to the C23 position, HF-MeCN instead of TBAF gave 59 in a nearly quan-
titative yield. The resulting alcohol (59) was subjected to PDC oxidation to afford ketone
(60). Finally, 60 was converted to the desired vitamin Ds analogues (47,48) using the same
method as above in Scheme 7.

Synthesis of 23-ene-24-fluoro analogues (49,50) is illustrated in Scheme 9. According
to a similar methodology to that described in Scheme 8, an intermediate 23-hydroxy-24-
fluoro-CD-ring (61) was prepared by the nucleophilic addition of #-butyl fluoromethyl
sulfone to aldehyde (36) under basic conditions. Mesylation of the C23-hydroxy group
and subsequent E2 elimination gave 23-ene-24-fluoro-olefin (62), which was converted to
23-ene-24-fluoro analogues (49,50) in four steps.

Antiproliferative activities of the newly synthesized 16-ene-vitamin D3 analogues
(42-45,47,49) were tested in both murine keratinocytes and malignant melanoma cells in
vitro. The data revealed that almost all analogues showed activities equivalent to or even
stronger than those of 1c,25(OH)2Ds (2).

Next, the vitamin D receptor-mediated transcriptional activity of three analogues
(42,45,49) in ROS 17/2.8 cells was evaluated, and 42 and 45 showed strong transcriptional
activity only approximately twofold less active than that of 1a,25(OH)2Ds (2). For practical
chemotherapeutic uses, the calcemic activity of five analogues (42,43,45,47,49) was tested
in vivo, revealing that 42, 45, and 49 did not show calcemic activity at a 10 ug/kg dose for
1 week. In contrast, 47 was moderately calcemic, and 43 showed strong calcemic activity
[20].

The 26,27-fluorinated-16-ene (63,64,66,69,71,73,80-83,85,87,90,92-95) and non-fluori-
nated (3,65,67,68,70,72,74-79,84,86,88,89,91) analogues have been synthesized to date (Fig-
ure 1). Uskokovic et al. published a comprehensive review article in this field, including
synthetic routes and biological activities [21].

Briefly, the preparation of 16-ene-CD-ring moieties (104-118) is illustrated in Scheme
10. First, key intermediates (96,97) were synthesized from olefins (98,99), and then these
were treated with hexafluoroacetone (HFA) (100) or 1,1,1-trifluoroacetone (101) under
basic conditions to afford HFA-adducts and 26,26,26-trifluoroacetone-adducts, respec-
tively. Hydrogenation of the 23,24-triple bond of the HFA-adducts with Lindlar catalyst
gave 23,24-Z-olefins (108,109). On the other hand, reduction of the HFA-adducts and
26,26,26-trifluoroacetone-adducts with LiAlH4 in the presence of NaOCHs afforded 23,24-
E-olefins (106,107,110,111). Seven non-fluorinated CD-rings (112-118) were prepared us-
ing the same methodology. These synthetic CD-ring precursors (104-118) were coupled
with the A-ring moieties to give 16-ene analogues (3,63-95) in Figure 1.
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Scheme 10. Synthesis of the 16-ene-CD-ring moieties (104-118).

These 16-ene analogues possessed potential activity to induce HL-60 cell differentia-
tion. The 1a-hydroxy analogues (69-75,80-89) showed stronger activity (ICso, 0.1-1.6 nM)
than 1-deoxy analogues (3,63-68) (25— >1000 nM), 3-deoxy analogues (76-79) (6.5-50.0
nM), and 1a-fluoro analogues (90-95) (1.8-12.0 nM) [21,22].

Mourifio and coworkers described convergent synthetic routes for 16-ene-vitamin Ds
analogues (119-122) in 1999 (Schemes 11,12) [23].



Biomolecules 2021, 11, 1639 11 of 22

HOOC MOMO
0 S} 20 172
SR - /
| HO G?DPhe, | 1) MeLi, twice | Se0,
= fBUOK = =
THBS TES 2) MOMCI, iPr2EtN, DMAP TES tBuOOH
123 124 125
MOMO MOMO R
/ 17E / 17E OMOM
.wOH -nOCONHPh
- PhNCO - LizCu3Rs -
TBS DMAP TBS TBS
126 127 RipiMe (128), nBy (129),
130y, 1Bu (133), Ph (132)
1) nBuLi, | P(O)Phz
OMOM ‘
TBSO" OTBS
1) TBAF, reflux 29
2) PDC, PPTS A 2) TBAF
3) AG50W-X4
133 HO"
Scheme 11. Mourifio’s convergent approach to C20-epi-16-ene-1a,25-dihydroxyvitamin Ds (119) using syn-Sn2' reaction as
a key step.
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Scheme 12. Construction of 17Z-CD-ring (135) using the Vedejs method and synthesis of 16-ene analogues (120-122).

The synthesis of a C20-epi form of the 16-ene analogue (119) is shown in Scheme 11.
The known C17-ketone (123) was used as a starting material, and stereoselective introduc-
tion of the 17Z-double bond was accomplished by a Wittig reaction. Treatment of carbox-
ylic acid (124) with methyl lithium twice, followed by protection of the resulting C25-
hydroxy group, afforded the desired CD-ring (125). The stereoselective oxidation of 125
with selenium dioxide afforded a C16-hydroxy-CD-ring (126). The C16-hydroxy group
was subsequently converted to a leaving group, and the syn-Sn2' type reaction using a
higher-order lithium cuprate (Li2CusRs, R = Me, nBu, cPr, tBu, Ph) gave varieties of C20-
epi-16-ene-CD-rings (128-132). Removal of the TBS protective group of 128 and subse-
quent PDC oxidation afforded ketone (133). Synthesis of a C20-epi-16-ene analogue (119)
with the triene structure was achieved by the convergent method.

It is possible to construct C20 natural form 16-ene-CD-rings using 17Z-carbamate
(135) for a Sx2' syn-displacement reaction (Scheme 12). The key step for the C17-20 double-
bond conversion from 17E (126) to 17Z (135) was accomplished by the Vedejs method [24].
Stereoselective epoxidation of 126, followed by the addition of lithium
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diphenylphosphine and subsequent elimination, gave 17Z-CD-ring (135). From 135, C20
natural type 16-ene analogues (120-122) were prepared, as shown in Scheme 11 (Scheme
12).

The synthesis and biological activities of C20-cyclopropyl-16-ene-1a,25-dihy-
droxyvitamin Ds analogues (136,137) were reported by Uskokovi¢ et al. in 2006 [25]. As
shown in Scheme 13, 136 and a 19-nor type of 137 were prepared from ketone 138. After
introduction of the cyclopropyl unit by the Wittig reaction, reduction and TBS protection
gave 140. The 16-ene unit formation was accomplished by an ene reaction with formalde-
hyde to afford 141. The alcohol 141 was subsequently oxidized with pyridinium chloro-
chromate, and the formed aldehyde was converted to alkyne 143 in three steps. Acetylide
prepared from alkyne 143 was reacted with acetone, followed by deprotection of the O-
TBS group and reduction of the alkynyl moiety to give C25-OH-CD-ring 144. Oxidation
of the C8-OH group, followed by trimethylsilylation of the C25-OH group, afforded 8-
ketone 145. Finally, synthesis of 16-ene analogues (136,137) was achieved in a convergent
manner by connecting with A-ring (29 or 146).

0 OH
ene
reaction 1) PCC
- Z —_— Z G"
H H H 2) MeOCH2PPhg
TBS TBS ) ® o
138 139 140 141
X OMe
N OTMS
steps steps
H A A
TBS TBS
142 143 145

[ POPh2 [ POPh2
or
TBSO" OTBS  TBSO™ OTBS
29 146

OH HO™
136

HO™

Scheme 13. Synthesis of C20-cyclopropyl-16-ene analogues (136,137).

Immunomodulatory activity of C20-cyclopropyl-16-ene-1a,25-dihydroxyvitamin Ds
analogues (136,137), the parent analogue (C20-cyclopropyl-1a,25(OH):Ds) (147), and
1a,25(0OH)2Ds (2) was tested by suppression of interferon-y (IFN-y) release. Analogue
(136) was found to be 45-times more potent than its parent analogue (147) and also 2440-
times more active than 1a,25(OH)2Ds (2).

A metabolism study of 136 using the rat osteosarcoma cell line (UMR106) revealed
that three main metabolites were detected from the HPLC profiles. Comparing the meta-
bolic studies of 136 and 147, the authors concluded that these three metabolites were 24-
hydroxy-136 (148), 24-ox0-136 (149), and 3-epi-136 (150) (Figure 2).
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147 148 149 150
24-hydroxy-136 24-0x0-136 3-epi-136

Figure 2. Structures of the 16-ene analogues (147-150) with the cyclopropyl unit at the C20 position.

In 2009, the 16-ene-24-oxo-1a,25-dihydroxyvitamin Ds (149) was synthesized from
the key intermediate 143 by a sequence of reactions illustrated in Scheme 14 [26]. Acetylide
from alkyne 143 was reacted with acetone, followed by hydration of the resulting alkyne
moiety using HgO in the presence of H250s to obtain 24-oxo-CD-ring (151). The 24-oxo-
CD-ring (151) was subsequently coupled with the A-ring (29) to give 16-ene-24-oxo-1c,25-
dihydroxyvitamin Ds (149).

N

1) nBulLi, acetone

OH 1) HgO/H2SO4

A 2) TBAF

2) PDC
TBS 3) TMS-imidazole
143
1ynBuli, " "P(O)Ph2
0
2K grms TBSO™ OTBS
29
g 2) TBAF
151

Scheme 14. Synthesis of 16-ene-24-oxo analogue (149).

The authors compared the VDR-dependent CYP24A1 and cathelicidin antimicrobial
peptide (CAMP) transcriptional activities of the 24-oxo analogue (149), its metabolic pre-
cursor 136, and the natural hormone, 1a,25(OH)2Ds (2), using peripheral blood mononu-
clear cells (PBMCs) as well as human acute monocytic leukemia cells (THP-1 cells), and
revealed that both 16-ene analogues (136,149) exhibited similar transcriptional activities
(ECs0 ~0.7 nM) and greater activities than the natural hormone, 1c,25(OH)2Ds (2) (ECs0 ~10
nM).

To compare the anti-inflammatory properties of 136, 149, and 2, the authors tested
their potency to inhibit the production of cytokines (IFN-y, TNF-a, IL-12/23p40, and IL-6)
in vitro, and concluded that 136 and its 24-oxo metabolite 149 had a similar activity and
significantly higher potency compared to the natural hormone (2).
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TBSO™

A 154: 20R
155: 20S

Evaluation of the calcemic activity of 136, 149, and 2 revealed that 136 and 149 were
less calcemic than 2, and 149 was the least calcemic among the three analogues.

3. 16-Modified Vitamin Ds Analogues

In 2003, the C16-substituted analogue 152 and its C20-epi-version 153 were reported
by the LEO Pharma group in order to produce specific antibodies to 1a,25(0OH)2Ds (2) and
its C20-epi form (Scheme 15) [27]. The CD-ring synthons 154 and 155 were constructed
from the known ketone 156. Reduction of 156 with NaBH4 yielded a mixture of (20R)-OH-
CD-ring (157) and its 20S-isomer (158) in a ratio of 85:15. After separation of each isomer,
157 and 158 were converted to C20-natural form CD-ring (161) and C20-epi form CD-ring
(162), respectively, in two steps. Tosylation of 161 and 162, followed by nucleophilic sub-
stitution to give 163 and C20-epi 164. The key step for introducing the C16-OH group was
achieved by hydroboration/oxidation of 163 and C20-epi 164 to afford C16a-OH 165 and
C20-epi-16a-OH 166 along with C163-OH isomers as the minor products. Both C16a-OH-
CD-rings (165,166) were converted to 8-keto-CD-ring (154) and C20-epi-8-keto-CD-ring
(155), respectively, in four steps. The Wittig-Horner coupling reaction with the lithium
salt of the A-ring precursor 29 gave the coupling products. The acetate group of the cou-
pling products was replaced with glutaric acid esters, followed by deprotection with
TBAF to afford 152 and 153.

20R 20
OH 17E
/\H !
+ POCI, (HCHO)n
A BF, o)
M
TBS TBS or eSAI
157: 20R 158: 20S 160
. — . from 20R from 159
20R:205=85:15 interconversion
20R (20epi) 20Rand S 20Rand S
OH OH
1) TsCl 1) AczO
2) Mg, Li2CuCly 2) HF
_— _— _—
Br T8S 2) H02/NaOH TBS 3)PDC
%TMS 163: 20R 165: 20R  4) TMSCI
160 164: 20S 166: 20S
3Al)
205 and S 205 and S

1) @ DMAP
1) nBuLi 0
2) KOH, MeOH 2) TBAF
P(O)Ph2
TBSO" OTBS HO™
OTBS 167: 20R 152: 20R
168: 20S 153: 20S (20-epi)

Scheme 15. Synthesis of the C16-substituted analogue 152 and its C20-epi-version 153 for the hapten formula.

Both analogues (152,153) were coupled with bovine serum albumin (BSA), and pol-
yclonal antisera from the rabbits were obtained [28]. The antibodies to 152 had selective
binding affinity for 1a,25(OH):Ds (2) that was 12- to 13-times greater than for C20-epi-
1a,25(0OH)2Ds. In contrast, antibodies to 153 exhibited poor selectivity between
1a,25(0OH)2Ds (2) and C20-epi-1a,25(OH)2Ds.

In 2019, Okamoto and coworkers reported the synthesis of 16-oxa-vitamin Ds ana-
logues (169,170) [29]. They synthesized the 16-oxa-CD-ring moiety (171) starting from 1-
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CI\/ﬁ/ 8 steps \_\>_@/ 1) Ti(OiPr)4, iPrMgBr

172

chloro-3-methylbut-2-ene (172) in 20 steps (Scheme 16). For the construction of CD-ring
parts, a Ti(Il)-mediated enyne cyclization/Cu-catalyzed allylation and a subsequent ring-
closing metathesis reaction (RCM) were applied. The synthetic 171 was coupled with the
A-ring moieties (173,174) in the presence of PdClz(dppf) and KOH to produce 16-oxa-vit-
amin Ds analogues (169,170). The VDR binding affinity of the newly synthesized 16-oxa
analogues 169 and 170 was evaluated using the fluorescence polarization vitamin D-re-
ceptor competitor assay and time-resolved fluorescence resonance energy transfer VDR
co-activator assay in comparison with those of the natural hormone (2) and its 19-nor
form. It was demonstrated that both 169 and 170 were potent analogues. However, they
were less potent than both the natural hormone (2) and its 19-nor-form.

PhO . OTIPS

T™MS——_/ 2) gt Rromide

+ g 1) PdCl2(dppf)
171 b 2) TBAF
L x
TBSO™ OTBS HO™
173: X = CH, 169: X = CH,
174: X =H, 170: X = H,

Scheme 16. Synthesis of 16-oxa-1a,25-dihydroxyvitamin Ds and its 19-nor counterpart (169,170).

4. Decalin-Vitamin D analogues

The natural hormone, 1a,25(0OH)2Ds (2), contains a trans-hydrindane CD-ring frag-
ment because of the biological synthetic pathway starting from lanosterol as the original
steroidal skeleton. In 1996, Vandewalle et al. expanded the five-membered D-ring to a six-
membered ring, and the CD-ring of the new vitamin D consisted of a trans-decalin ring
system as shown in Scheme 17 [30]. (S)-Wieland—Miescher ketone 175 [31] was converted
to trans-5-oxo-decalin 177a with the natural 20R-configuration at the vitamin D3 side chain
and also 179a with the unnatural 20S-configuration side chain. During the synthesis of
177a and 179a, cis-fused decalins (177b, 179b) were also produced; however, treatment of
the mixture of 5-oxo-decalins under basic conditions afforded trans-decalins as the major
products in their equilibriums, respectively. These decalin-type CD-rings were connected
to the A-ring precursors (29 or 146), respectively, to yield the new class of 1a,25(OH):Ds
analogues 180 and 182 as well as the 19-nor-versions 181 and 183. It is noteworthy that the
natural 20R-configuration analogues of 180 and 181 showed higher VDR binding affinity,
which was almost at the same level as that of 1a,25(OH)2Ds (2), than their 20-epi-counter-
parts 182 and 183, and the cell differentiation and proliferation activity of 180 and 181 was
one order of magnitude higher than that of 2; however, 20-epi-counterparts 182 and 183
possessed weaker activity than 2. The trans-decalin pair represented one of the rare exam-
ples that the 20-epimer exhibited reduced biological activities when compared with the
analogues with the natural 20R-configuration [32].
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o EtO,C,,
OTES
6 steps 5 steps
O
175 176
6 steps 14-epimerization under basic conditions
trans:cis=10:1
NC
\\\H
178
P(O)Ph
1) BuLi, (O)Pha OH
| 29: X =CH,
146: X =H,
177a or TBSO™ OTBS THF
179a
2) TBAF, THF

HO™

180: X = CH, 182: X = CH,
181: X = H, 183: X = H,

HO™ OH

Scheme 17. Synthesis of decalin-type 1a,25-dihydroxyvitamin D analogues (180,182) including 19-nor-analogues
(181,183).

De Clercq's group developed the trans-decalin core structure for pseudo-S2-symmet-
rical vitamin D analogues (188,190) [33]. For the synthesis, bis-triflate 185 was prepared
from crystalline diketone 184 [34], and enyne 186 was connected in two-ways using Su-
zuki-Miyaura coupling and Sonogashira coupling reactions followed by appropriate
chemical treatments to afford 188 and 190 in crystalline form, respectively (Scheme 18).
However, these analogues did not show VDR-binding and antiproliferative activities.
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0
O =
0 _— 1) 185, PdCly(dppf)
cat. 9-BBN Na,CO3, PhAs
TBSO™ OTBS THF THF
TBSO™ OTBS
187

186 2) TBAF

185, Et,NH/DMF
(Ph3P)2Pd(OAc)2, Cul

LDA, PhNTf,

THF

1) Hz, Lindlar cat.

quinoline
—_—

EtOAc
2) TBAF

Scheme 18. Synthesis of pseudo-S2-symmetrical vitamin D analogues with decalin core (188,190).

As shown in Figure 3, the De Clercq group also developed various CD-ring modified
analogues 191-195 [35-37]. These spiro-analogues showed low calcemic activity. From a
natural product diosgenin, a spiro-vitamin D analogue 196 was synthesized by a Japanese
group in 2005, and this compound, 196, induced apoptosis in Hep G2 cells through acti-
vation of p53 and Bax mRNAs [38].

[ x

HO™ OH HO™
191: X = H, H 193 194: X = H, H 196
192: X = CH, 195: X = CH,

Figure 3. Unique examples of the modified D-ring moiety (191-196).

Verlinden et al. published excellent review articles on CD-ring modified analogues
of vitamin D, which included a D-ring- or C-ring lacking vitamin D molecules, and inter-
estingly, these analogues showed moderate vitamin-D-related biological activities [39,40].
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5. 15-Substituted Vitamin D3 Analogues

15-Hydroxyvitamin Ds and its derivatives were synthesized and reported by our
group in 2011; i.e., 1a,15a,25-trihydroxyvitamin Ds (212) and 15a-methoxy-1c,25(0OH)2D3
(213) as well as the 16-ene versions (220,221) were designed, synthesized, and biologically
tested [41].

As shown in Scheme 19, vinyl acetate 197 from the known ketone 123 through trans-
acetylation using isopropenyl acetate reacted with allyl methyl carbonate in the presence
of Pd(OAc)2 and BusSnOMe to afford «,3-unsaturated ketone 198. The enone 198 was re-
duced with DIBAL-H to give allyl alcohol 199, stereoselectively. Next, mCPBA epoxida-
tion afforded a-epoxide 200, whose stereochemistry was determined by X-ray crystallo-
graphic analysis of its acetate 201. Oxidation of 200 afforded 17-oxo-a-epoxide 202, and a
Wittig reaction gave (17Z)-ethylidene 203 as a single isomer, although it was reported that
17-oxo-PB-epoxysterols afforded only (17E)-ethylidene by the corresponding Wittig reac-
tion [42-44]. 5-Bromo-2-methyl-2-pentanol MOM ether was converted to magnesium cy-
anocuprate, and 1,4-addition to ethylidene epoxide 203 yielded the 15a-hydroxy-16-ene-
CD ring 204 with natural 20R- and unnatural 20S-configurations in a ratio of 11:1. The
major isomer 204a results from attack of the alkyl cuprate on the p-face of (17Z)-alkene
181 in an Sn2' manner. The D-ring double bond of 204a was hydrogenated to afford 205
with a natural 17R- and unnatural 175-configuration in a ratio of 14:1.

Ac  allyl methyl

quant

OH
carbonate
o Bu;SnOMe DIBAL-H
)-CSA - Pd(OAc)2 Ttoluene A
TBS CH5CN TBS
199

(197 re&%/éry 38%)

0 BrM
EtPPh;Br r g/v%MOM
BuLi CuCN
THF a7 THF
76% TBS
203 3%

204a (20R):204b (205) = 11:1 205a (17R):205b (175) - 14:1

Scheme 19. Synthesis of 15-substituted CD-rings (204,205).

The secondary hydroxy group at C15 of 205a was methoxymethylated (206) or meth-
ylated (207), and C8-OH oxidation after deprotection afforded C8-ketone (Scheme 20).
Ketones 208 and 209 were connected with A-ring phosphine oxide 29 by the Wittig—
Horner reaction to yield the coupling products 210 and 211, respectively. The subsequent
deprotection gave the C15-modified analogues 212 and 213. The C15-substituted 16-ene-
vitamin Ds analogues were also available from 204a, which was converted to bromoolefin,
215, in four steps. A Trost coupling reaction with enyne 216 yielded 16-ene analog 218,
which was deprotected to afford the desired 15-hydroxy-16-ene-analogue 220. To study
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the synergetic effects of the 2a-methyl group and the 16-ene-structure on biological activ-
ity, compound 221 was next synthesized using our original enyne 217 (Scheme 18) [45-

49].
1) MPML!
CH
,Cl, TPAP
or NaH NMO
Mst MS4A
205a MOM
2) TRAF 7/ CH,Cl, ~/
ud B or R oR
92% 206: R = MOM (92%) 208: R = MOM (quant)
o, 0,
207. R = Me (97%) 209: R = Me (98%)
P(O)Ph2 “
BulLi,
| MOM
29
TBSO™ OTBS CSA
THF MeOH
TBSO" OTBS HO™
R =MOM (13%) H (58%)
210: 0 212: 0
211, R = Me (9%) 213: R Me (97%)
1) RS
MS4A
CH
2Cla
2) (DA

215 62% (2 steps)

’,
“,

213 R=lhe MOM
TBSO™ OTBS
ng 4Pd
3N, toluene
60% TBSO™
21g; 1= 60% 220:R=H 74%

219: R=Me 54% 221: R = Me 66%

Scheme 20. Synthesis of 15-substituted-1a,25-dihydroxyvitamin Ds and its 16-ene analogues
(212,213,220,221).

The basic biological activity of the novel compounds 212, 213, 220, and 221 was
tested: (1) VDR binding affinity was 13% (212), 1.5% (213), 65% (220), and 278% (221) of
that of 1c,25(OH)2Ds (2). (2) ECso values of transactivation activity of the osteocalcin pro-
moter in HOS cells were 0.12, 0.12, 0.08, and 0.12 nM, respectively, with 0.09 nM of 2.
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Interestingly, 16-ene analogs 220 and 221 exhibited comparable and even greater affinity
for VDR and transactivation activity than the natural hormone (2) [41,50].

6. Conclusions

Actually, the 16-ene structure of the CD-ring part of vitamin Ds first appeared in the
total synthesis of 1a,25(OH)2Ds (2) reported by the Hoffmann-La Roche group in 1982 [51].
To elongate the side chain at C20 from the (17Z)-ethylidene CD-ring creating the 20R-
natural stereochemistry, they utilized the ene reaction with ethyl propionate in the pres-
ence of Lewis acid EtAICl. After the successful ene reaction, the first 16-ene structure was
obtained, but the double bond was then reduced stereo-selectively to the saturated CD-
ring system that was included in the natural active vitamin Ds skeleton. A great variety of
unique 16-ene vitamin D analogs were synthesized using the ene reaction, and their bio-
logical activities were evaluated by Hoffmann-La Roche group and Posner’s group as
shown in Section 2. It was proved that 16-ene-1a,25(OH):Ds had higher binding affinity
for the VDR, lower affinity for the vitamin D binding protein in circulation, and greater
resistance to 24-oxo-mediated catabolism as compared with 1a,25(OH)2Ds. Another strat-
egy for 16-ene construction was developed by Mourino’s group in 1999. They utilized
Sn2'-syn-facial displacement toward (17Z)-olefin carbamate from 135 by high-order cu-
prates (Li2CusMes, etc.) to generate the 20R-natural configuration and the 16-ene double
bond with high yield. The leaving group, a carbamate group, for the Sn2' reaction was
located at the C16 position, and various types of substituents could be introduced at the
C20 position, stereo-selectively, by this route. On the other hand, examples of 16-modified
vitamin D analogues were few as described in Section 3, and only hydroxylated analogues
were synthesized in which Mourifio’s synthetic intermediate was included as above. The
unique example was Okamoto’s 16-oxa analogues of 1c,25(OH)2Ds, even though these
analogues exhibited weaker VDR binding affinity. Vandewalle and De Clercq developed
a trans-decalin CD-ring system in the vitamin D structure, and these analogues showed
potent biological activities, which is summarized in Section 4. Finally, our synthetic 15-
substituted vitamin Ds analogues that possessed moderate biological activity were de-
scribed in Section 5, but combination with 16-ene modification brought higher potency in
VDR binding and osteocalcin transactivation activity than the natural hormone 2. Alt-
hough it is known that seco-D-ring system as vitamin D analogues [39], this review covers
real ring systems as the vitamin D derivatives with the chemically modified D-ring. Mod-
ification on the vitamin D skeleton is worthy of challenging, and only real synthetic mol-
ecules are able to tell us benefits for the specific disease treatment.
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