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During our ongoing studies of vitamin D, we focused on the vitamin D3 side-chain 24-position, which is the
major metabolic site of human CYP24Al. In order to inhibit the metabolism of vitamin Dj, 24,24-di-
fluorovitamin Dsanalogues are important candidates. In this paper, we report the practical introduction of the
difluoro-unit to the 24-position to synthesize 24,24-difluoro-CD ring (1) and 24,24-difluoro-25-hydroxyvitamin

1. Introduction

Since the discovery of metabolic pathways of vitamin D3 (VD3),
numerous metabolites of VD3 and their biological roles have been re-
ported [1,2]. Many analogues that are related to VD3 metabolites have
also been synthesized and their specific biological activities have been
revealed [3-14]. By utilizing this knowledge, fluorinated VD3 analo-
gues with a longer half-life have been designed and synthesized as well
[15-19]. Especially, fluorine atoms were actively introduced to the
side-chain of VD3, because it contains important metabolic sites of
CYP24A1, which is the cytochrome P450 component of the 25-hydro-
xyvitamin D3 [25(0OH)D3]-24-hydroxylase enzyme. It is well-known
that C24 hydroxylation and subsequent 5-step oxidation of the 25(0OH)
D3 side-chain by CYP24Al1 leads to calcitroic acid (Scheme 1) [2].

In order to block this (24R)-oxidation metabolic pathway, the in-
troduction of fluorine atoms to the C24 position may be an efficient
strategy. That is why there has been considerable interest in 24,24-di-
fluorovitamin D3 analogues and some of these related analogues have
been reported. For example the Kobayashi and Takayama groups in-
dependently reported a synthetic method to produce 24,24-di-
fluorovitamin D3 analogues from steroidal skeletons in 1979 [20,21].
After that, the Takayama group reported an improved method to in-
troduce the 24,24-difluoro unit to the vitamin D3 side-chain starting
from androst-5-ene or vitamin D, in 1992 [22,23] and 1998 [24]. We

have explored a more direct method to synthesize the 24,24-difluoro
unit. This time, we focused on the 24,24-difluoro-CD ring (1), because it
is an important precursor of 24,24-difluorovitamin D3 analogues if
coupled with varieties of A-ring parts. To our knowledge, only one
study has been reported that synthesized the 24,24-difluoro-CD ring (1)
with the Barton-McCombie reduction process to remove a OH group on
a synthetic intermediate [25]. In this paper, we describe a new syn-
thetic method to produce 1 and 24,24-difluoro-25-hydroxyvitamin Ds
(2) utilizing the Horner-Emmons reagent 3 (Fig. 1).

2. Results and discussion

A retrosynthetic plan for 1 and 2 is shown in Scheme 2. Inhoffen-
Lythogoe diol (4) was used as the starting material. Introduction of the
difluoro-unit was performed using N,N-diethylaminosulfur trifluoride
(DAST) against a-ketoester [21,24,26]. The triene unit of 2 was con-
structed by applying the Wittig-Horner method that was reported pre-
viously (Scheme 2) [27].

The synthesis of Horner-Emmons reagent 3 is shown in Scheme 3
[28,29]. Dimethyl tartrate was used as a starting material. Cleavage of
diol, followed by the nucleophilic addition of diethyl phosphite to al-
dehyde 13 afforded alcohol 14. Protection of 14 with triethylsilyl
chloride in the presence of imidazole successfully yielded 3 [29].

In Scheme 4, the synthesis of the 24,24-difluoro-CD ring (1) is
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Scheme 1. One of the major metabolic pathways of 25-hydroxyvitamin D3 by CYP24A1 includes (24R)-oxidation leading to calcitroic acid [2].
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Fig. 1. Target compounds 24,24-difluoro-CD-ring (1) and 24,24-difluoro-25-hydroxyvitamin D3 (2) as well as the Horner-Emmons reagent 3 for synthesizing 1.

HoY

Scheme 2. Retrosynthetic analysis of 24,24-difluoro-CD ring (1) and 24,24-difluoro-25-hydroxyvitamin D3 (2) via a key compound 10.
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shown. The synthetic route started from Inhoffen-Lythgoe diol (4).
Selective iodination of the primary alcohol and nucleophilic displace-
ment of the iodide by KCN allowed conversion to nitrile 6. Silyl pro-
tection of 6, followed by reduction of the nitrile group with DIBAL-H
afforded aldehyde 8 [30]. Horner-Emmons reaction of 3 with aldehyde
8 afforded silyl enol ether 9. Hydrolysis of the silyl enol was performed
with tetrabutylammonium fluoride in the presence of acetic acid to
yield a-ketoester 10 [24]. The key part of the 24,24-difluoro unit was
constructed using DAST toward 10, and the difluorination proceeded
smoothly. Treatment of difluoromethylester 11 with an excess amount
of methyl Grignard reagent followed by deprotection of the silyl pro-
tecting group afforded the desired CD-ring 1.

Next, the 24,24-difluorovitamin D3 precursor 15 was synthesized
from 24,24-difluoro-CD-ring (1) (Scheme 5). The C8-OH group was
oxidized by tetrapropylammonium perruthenate (TPAP) in the presence
of 4-methylmorpholine N-oxide (NMO) followed by triethylsilylation of
the C25-OH group furnished 8-ketone 15 [25,31].

We synthesized 24,24-difluoro-25-hydroxyvitamin D3 (2) using the
CD-ring and the A-ring precursor phosphine oxide 18. The coupling

reaction was performed by the Wittig-Horner method. The resulting
coupling product was treated with tetrabutylammonium fluoride to
give the desired product 2 in 24% yield (2 steps) (Scheme 6).

3. Conclusion

In conclusion, we developed a convenient method to synthesize
24,24-difluoro-CD ring 1, which is an important precursor of 24,24-
difluorovitamin D3 analogues. Construction of the 24,24-difluoro unit
was achieved by treatment of the a-ketoester 10 with N,N-diethyla-
minosulfur trifluoride (DAST). Using 8-keto-CD ring 15, we were able
to synthesize 24,24-difluoro-25-hydroxyvitamin D3 (2) as well.

4. Experimental section

'H and '3C NMR spectra were recorded on JEOL AL-400 NMR
(400 MHz) and ECP-600 NMR (600 MHz) spectrometers. 1H NMR
spectra were referenced with (CH3),Si (8 0.00 ppm) as an internal
standard. '°C NMR spectra were referenced with deuterated solvent (8



F. Kawagoe, et al.

PPhs, 15, Im
—_—
THF

OH

Inhoffen-Lythgoe
diol 4

0
CHO Etg:ﬂ COOMe

E
3 OTES.LDA
- - .
THF
8 96%, 2 steps
COOMe
MeMgBr
- A
THF H
OTBS
12

Journal of Steroid Biochemistry and Molecular Biology 195 (2019) 105477

/wH
TBSCI, Im
—_—

pTsOH+H,O
—_—
MeOH

1 64%, 3 steps

Scheme 4. Synthesis of 24,24-difluoro-CD ring (1).
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Scheme 5. Synthesis of 8-keto-24,24-difluoro-CD ring 15.
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Scheme 6. Coupling reaction and deprotection steps for 2.

77.0 ppm for CDCl; and 49.3 ppm for CD30D). IR spectra were recorded
on a JASCO FT-IR-800 Fourier transform infrared spectrophotometer.
High resolution mass spectra were obtained on a SHIMADZU LCMS-IT-
TOF mass spectrometer with a positive electrospray ionization (ESI)
method. Optical rotations were measured on a JASCO DIP-370 digital
polarimeter. Column chromatography was performed on silica gel 60 N
(Kanto Chemical Co., Inc., 40-50 um) or silica gel 60 (Merck, 0.040-
0.063 mm). Preparative thin-layer chromatography was performed on
silica gel 60 Fos4 (Merck, 0.5mm). All experiments were performed
under anhydrous conditions in an atmosphere of argon, unless other-
wise stated.

4.1. Methyl 2-(diethoxyphosphoryD-2-[(triethylsilyDoxy]acetate (3)

This reagent was prepared according to the literature [29].

3: IR (neat) 1754, 1268, 1133, 1025, 969, 810, 750 cm ~'; '"H NMR
(600 MHz, CDCl3) 8 0.64 (q, J =7.8 Hz, 6 H), 0.96 (t, J =7.8 Hz, 9 H),
1.33 (q, J =6.6 Hz, 6 H), 3.79 (s, 3H), 4.12-4.26 (m, 4H), 4.16 (d, J
=17.4Hz, 1H); *C NMR (150 MHz, CDCl3) 8 4.4, 6.5, 16.4 (d, J
=5.7 Hz), 52.5, 63.6 (d, J =7.2 Hz), 70.5 (t, J =24.8 Hz), 169.1; HRMS
(ESI*) caled for C13H3006SiP [M+H] " 341.1544, found 341.1556.

4.2. Methyl 5-{4-[(tert-butyldimethylsilyl)oxy]-7a-methyloctahydro-1H-
inden-1-yl}-2-oxohexanoate (10)

To the solution of Horner-Emmons reagent 3 (7.34 g, 21.6 mmol) in
THF (20 mL) was added LDA (lithium diisopropylamide) (10.9 mL, 2 M
THF/heptane/ethylbenzene solution, 21.8 mmol) at -40 °C, the mixture
was stirred at the same temperature for 20 min, and a solution of 8 [30]
(6.65g, 19.6 mmol) in THF (15mL) was added. The reaction mixture
was stirred at 0 °C for 5 min. After the reaction had been quenched with
H,0 and saturated aqueous NH,4Cl at 0 °C, the mixture was extracted
with EtOAc three times, dried over Na,SO,, filtered, and concentrated.
The crude residue of 9 was used for the next reaction without further
purification. To the crude residue of 9 in CH,Cl, (40 mL) were added
AcOH (6 mL) and tetrabutylammonium fluoride (27.4mL, 1M THF
solution, 27.4mmol) at 0°C, and the mixture was stirred at room
temperature for 30 min. After the reaction had been quenched with H,O
at room temperature, the mixture was extracted with CH,Cl, three
times, dried over Na,SQ,, filtered, and concentrated. The residue was
purified by flash column chromatography on silica gel (hexane :
EtOAc = 7 : 1) to obtain 10 (7.77 g, 97%) as a colorless oil [24].

4.3. 1-(5,5-Difluoro-6-hydroxy-6-methylheptan-2-yl)-7a-methyloctahydro-
1H-inden-4-ol (1)

To the solution of 10 (8.08 g, 19.7 mmol) in CH,Cl, (30 mL) was
slowly added N,N-diethylaminosulfur trifluoride (DAST) (6.5mL, 7.3 g,
49.2 mmol) at 0 °C, and the mixture was stirred at room temperature for
17 h. The mixture was cooled to —78°C and MeOH and H,O were
slowly added. The mixture was extracted with CH,Cl, three times, dried
over Na,SO,, filtered, and concentrated. The residue was roughly
purified by flash column chromatography on silica gel (hexane :
EtOAc = 20 : 1) to obtain a crude residue of 11. To the solution of the
crude residue of 11 in THF (30 mL) was added MeMgCl (16.7 mL, 3.0 M
THF solution, 50.0 mmol) at 0°C, and the mixture was stirred for
15 min. After the reaction had been quenched with H,0 and HCI (1.0 M
in H,0), the mixture was extracted with EtOAc three times, dried over
Na,SOy, filtered, and concentrated. The crude residue of 12 was used
for the next reaction without further purification. To the crude residue
of 12 in MeOH (30 mL) was added p-toluenesulfonic acid monohydrate
(6.12 g, 32.2mmol), and the mixture was stirred at room temperature
for 19 h under air. After the reaction had been quenched with H,O and
saturated aqueous NaHCOs; at room temperature, the mixture was
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extracted with EtOAc three times, dried over Na,SO,, filtered, and
concentrated. The residue was purified by flash column chromato-
graphy on silica gel (hexane : EtOAc = 3: 1) to obtain 1 (4.0 g, 64%, in
3 steps) as a white powder [25].

1: [a]p?” +32.3 (c 0.98, CHCIl5); IR (neat) 3414, 1471, 1380, 1180,
1021, 735 cm ™~ '; "H NMR (400 MHz, CDCl3) 8 0.92 (d, J =6.4 Hz, 3 H),
0.94 (s, 3H), 1.06-2.07 (m, 25 H), 4.08 (brs, 1 H); *3C NMR (100 MHz,
CDCly) 8 13.5, 17.4, 18.3, 22.5, 23.6, 26.6, 27.0, 27.3 (t, ] =24.8 Hz),
33.5, 34.9, 40.3, 41.9, 52.6, 56.3, 69.4, 73.3 (t, J =26.7 Hz), 125.5 (t, J
=246.0Hz); HRMS (ESI") caled for C;oH330, [M + HCOO]™
449.3058, found 449.3064.

4.4. 24,24-Difluoro-25-hydroxyvitamin D3 (2)

nBulLi (45.1 uL, 1.6 M hexane solution, 0.073 mmol) was added to
the solution of A-ring phosphine oxide 18 (29.9 mg, 0.066 mmol) in
THF (0.5 mL) at —78 °C. After stirring for 30 min, the solution of ketone
15 (17.1 mg, 0.040 mmol) in THF (0.5 mL) was added to the reaction
mixture, and the mixture was stirred at —78 °C for 1 h. After the re-
action had been quenched with H,O at room temperature, the mixture
was extracted with EtOAc three times, washed with brine, dried over
Na,ySO,, filtered, and concentrated. The residue was purified by flash
column chromatography on silica gel (hexane : EtOAc =20 : 1) to
obtain the crude coupling product (12.4 mg), and it was used for the
next reaction without further purification. Tetrabutylammonium
fluoride (300 pL, 1 M THF solution, 0.30 mmol) was added to the so-
lution of the crude coupling product (12.4 mg) in THF (1 mL), and the
mixture was stirred at room temperature for 5 h. After the reaction had
been quenched with H,O at room temperature, the mixture was ex-
tracted with EtOAc three times, dried over Na,SO,, filtered, and con-
centrated. The residue was purified by flash column chromatography on
silica gel (hexane : EtOAc = 2 : 1 — EtOAc only) to obtain 2 (4.1 mg,
24%, in 2 steps) as a white powder.

2: [alp®” +97.8 (c 0.32, EtOH); IR (neat) 3395, 1468, 1380, 1176,
1049 cm ™ %; 'H NMR (600 MHz, CD3;OD) § 0.61 (s, 3H), 1.01 (d, J
=6.6 Hz, 3H), 1.29-1.41 (m, 11 H), 1.48-1.63 (m, 5H), 1.71-1.90 (m,
4H), 1.94-2.25 (m, 7 H), 2.44 (dt, J = 4.8,13.8 Hz, 1 H), 2.58 (dd, J =
3.9, 12.9 Hz, 1 H), 2.90-2.92 (m, 1 H), 3.80 (ddd, J = 3.3, 9.0, 12.6 Hz,
1 H), 4.79 (brs, 1 H), 5.08 (brs, 1 H), 6.08 (d, J =11.4 Hz, 1 H), 6.26 (d,
J =11.4Hz, 1 H); *C NMR (150 MHz, CD;0D) § 12.7, 19.5, 23.5, 24.2,
24.2,24.8, 28.4, 28.7 (t, J =24.5Hz), 28.9, 30.2, 33,9, 36.9, 37.4, 42.2,
47.2, 47.3, 57.8, 57.9, 70.9, 74.0 (t, J =27.3Hz), 112.9, 119.3, 122.9,
127.1 (t, J =246.3Hz), 137.7, 142.7, 147.3; HRMS (ESI™) calcd for
CagH4304F, [M + HCOO] ~ 481.3135, found 481.3137.
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