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Inhibitors of sterol synthesis. Tritium-labeled
26-hydroxycholesterol of high specific activity from
a byproduct of the Clemmensen reduction of

diosgenin

Yuan Ni,' Alemka Kisic, William K. Wilson, and George J. Schroepfer, Jr.”
Departments of Biochemistry and Cell Biology, Rice University, PO. Box 1892, Houston, TX 77251-1892

Abstract  (25R)-26-Hydroxycholesterol (I) was synthesized in
six steps from (22Z,25R)-cholesta-5,22-diene-38,26-diol (II) in
31% overall yield. The 26-tert-butyldiphenylsilyl ether of II was
converted via its 33-tosylate to (22Z,25R)-6(3-methoxy-26-(tert-
butyldiphenylsilyloxy)-3c,5-cyclo-5¢-cholest-22-ene (V). Removal
of the 26-silyl group of V gave (22Z,25R)-63-methoxy-3a,5-
cyclo-5a-cholest-22-en-26-ol, which was hydrogenated over
platinum oxide and then hydrolyzed to I. Catalytic reduction in
the presence of deuterium or trittum gas gave [2H]-I or [3H]-I,
respectively. Analysis of the [2H]-I by mass spectrometry showed
that all the deuterium was located in the sterol side chain,
mainly as dy, d;, and d, species. The 2H and !3C nuclear mag-
netic resonance (NMR) spectra of [2H]-I indicated that most of
the deuterium was located at C-22 and C-23, with lesser
amounts at C-24 and minor amounts at C-20, C-21, C-25, and
(C-27. NMR spectra of [2H]-I and its a-methoxy-a-(triftuoro-
methyl)phenylacetate diester showed no detectable 205 epimer
and ~2% of the 258 epimer. The [3H]-I was prepared analo-
gously to [2H]-I using carrier-free tritium and showed a specific
activity of 16.9 Ci/mmol. All synthetic intermediates were
characterized fully by 'H and *C NMR, and representative
1H-'H coupling constants are given for the ring A protons of i-
steroids.—Ni, Y., A. Kisic, W. K. Wilson, and G. J. Schroep-
fer, Jr. Inhibitors of sterol synthesis. Tritium-labeled
26-hydroxycholesterol of high specific activity from a byproduct
of the Clemmensen reduction of diosgenin. J. Lipid Res. 1994.
35: 546-559.
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A number of oxygenated sterols have been shown to be
highly active as inhibitors of sterol biosynthesis and in the
regulation of the levels of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase activity in cultured
mammalian cells (1, 2). (25R)-26-Hydroxycholesterol (Ia)
is especially potent in this regard (3, 4) and shows syner-
gism with another oxysterol in the lowering of HMG-CoA
reductase activity in Chinese hamster ovary cells (5).
Other (25R)-26-oxygenated sterols also display high ac-
tivity in the regulation of the levels of reductase activity
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(6-8). Mitochondrial 26-hydroxylation of sterols is an ob-
ligatory reaction in major pathways of bile acid formation
(9-11) and is an initial reaction in the metabolism of 383-
hydroxy-5a-cholest-8(14)-en-15-one, a potent hypocholes-
terolemic agent (12-14). The 26-hydroxylase has been
purified to homogeneity (15), and the gene for the
26-hydroxylase has been cloned and its expression has
been detected in several tissues (16). 26-Hydroxycholesterol
is present in blood plasma of normal human subjects at
concentrations that have been shown to lower the levels of
HMG-CoA reductase activity in cultured mammalian
cells (17 and references cited therein). Very recently, the
immunosuppressant cyclosporin A has been shown to be
a potent inhibitor of the mitochondrial 26-hydroxylation
of cholesterol (18). These and other observations have
provided the impetus for our interest in the chemical syn-
thesis of 26-oxygenated sterols and their isotopically la-
beled analogs.

We have recently reported the isolation of (22Z,25R)-
cholesta-5,22-diene-36,163,26-triol as a byproduct of the
Clemmensen reduction of diosgenin and its conversion to
the corresponding 38,26-diol II (19). The availability of
II suggested a synthetic route to tritium-labeled
(25R)-26-hydroxycholesterol of high specific activity by

Abbreviations: DEPT, distortionless enhancement by polarization
transfer; COSYDEC, w,-decoupled 'H-'H correlation spectroscopy;
GC, gas chromatography; HETCOR, 'H-13C heteronuclear shift-
correlated spectroscopy; HMBC, heteronuclear multiple bond correla-
tion; HMQC, heteronuclear multiple quantum coherence; HPLC, high
performance liquid chromatography; IR, infrared; mp, melting point;
MS, mass spectrometry or mass spectrum; MPLC, medium pressure k-
quid chromatography; MTPA, a-methoxy-a-(triftuoromethyl)phenylacetyl,
NMR, nuclear magnetic resonance; SC, side chain; TBDPS, tert-
butyldiphenylsilyl; TLC, thin-layer chromatography; TMS, trimethylsilyl.
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reduction of the A?? bond with carrier-free tritium gas.
Described herein is the preparation of deuterium- and
tritium-labeled (25R)-26-hydroxycholesterol from II. A
preliminary account of a portion of these results has been
presented (19).

EXPERIMENTAL PROCEDURES AND RESULTS

Materials and methods

Melting points (mp) were measured with a Thomas-
Hoover apparatus in sealed, evacuated capillary tubes.
Optical rotations were measured in CHCI; solution at
room temperature (~23°C) on a JASCO DIP-4 digital
polarimeter. Infrared spectra (IR) were measured with

KBr pellets on a Mattson Galaxy 6020 Fourier-transform.

infrared spectrometer; all spectra showed C-H bands at
2980-2800, ~1460, and ~1370 cm™. Direct-inlet mass
spectra of underivatized sterols were recorded on a
Shimadzu QP-1000 quadrupole spectrometer by electron-
impact at 70 €V and are reported as m/z (relative intensity,
suggested assignment).

Gas chromatography-mass spectrometry (GC-MS)
was carried out with falling needle injection and direct in-
troduction of the helium carrier gas into the ion source of
the mass spectrometer (Extrel ELQ-400, quadrupole,
electron impact at 70 €V). Bis-trimethylsilyl (TMS) ethers
were prepared using bis(trimethylsilyl)trifluoroacetamide
(14) and injected in hexane solution onto a DB-5 column
(15 m x 0.25 mm, 0.1 pm film thickness, bonded phase
of 5% diphenyl 95% dimethyl polysiloxane; J & W
Scientific, Folsom, CA) that was held at 200°C for 2 min
and increased to 290°C at 10°C per min. Capillary GC
was done on a Shimadzu GC-9A unit using splitless injec-
tion with flame-ionization detection and nitrogen (1.3 kg
per cm?) as the carrier gas; the DB-5 column (30 m) was
held at 200°C for 3 min and increased to 280°C at 20°C
per min.

Nuclear magnetic resonance (NMR) spectra were
measured on an IBM AF300 spectrometer (75.5 MHz for
13C, ~22°C), a Bruker AM X500 instrument (500.1 MHz
for 'H, 125.8 MHz for 13C, 76.8 MHz for ?H, 27°C), and
a Bruker AC250 instrument (235.4 MHz for ¥F, ~22°C)
in CDCI; solution and referenced to internal tetramethyl-
silane (*H), CDCl; at 7.27 ppm (?H), CDCl; at 77.0 ppm
(13C), or CFCl; (*9F). All 13C shieldings reported here are
from 22°C spectra or adjusted accordingly. Standard
Bruker software was used to acquire DEPT (distortionless
enhancement by polarization transfer)), COSYDEC
(w;-decoupled 'H-H correlation spectroscopy; 0.2-s fixed
evolution period 7., & ~0.6-2.4, 256 increments), HET
COR (*H-3C shift correlated spectroscopy; ~50 incre-
ments, 6 ~0.6-2.6 in f;), HMBC (heteronuclear multiple
bond correlation, 120 increments, 6 10-75 in f;), and
HMOQC (heteronuclear multiple-quantum coherence)

spectra. An HMQQ spectrum of VIIa was acquired us-
ing the pulse sequence of Bax et al. (20) without 3C
decoupling (21): 1.1-s acquisition time, 0.3-s relaxation de-
lay, 0.35-s delay after BIRD pulse, spectral window 6 9-51
in f; and 8 0.35-2.15 in f;, 160 increments, 16-step phase
cycling. Coupling constants were derived from line spac-
ings of resolution-enhanced 1D spectra and confirmed in
some cases by homodecoupling experiments or spin simu-
lation with NMR" (Callec Scientific Software; Ft. Collins,
CO). PC MODEL (Macintosh version 4.4; Serena Software,
Bloomington, IN) was used to model sterol structures by
molecular mechanics and predict vicinal 'H NMR
coupling constants. 'H and 1*C NMR assignments were
made from a combination of DEPT, HETCOR, and
COSYDEC spectra in conjunction with comparisons of
chemical shifts reported for Ia (6) and its diacetate ester
(22). 'H NMR stereochemical assignments were made by
chemical shift and coupling constant comparisons (22, 23)
except in the case of ring A of i-steroids (see below).

Analytical thin-layer chromatography (TLC) was per-
formed using precoated 0.25-mm silica gel G plates
(Analtech, Newark, DE) or aluminum-backed silica gel
60 plates (EM Separations, Gibbstown, NJ). Solvent sys-
tems for TLC and column chromatography were: SS-1,
2% ethyl acetate in hexane; SS-2, 2.5% ethyl acetate in
hexane; SS-3, 4% ethyl acetate in hexane; SS-4, 5% ethyl
acetate in hexane; SS-5, 10% ethyl acetate in hexane;
SS-6, 15% ethyl acetate in hexane; SS-7, 25% ethyl ace-
tate in hexane; SS-8, 50% ethyl acetate in hexane; §S8-9,
5% water in methanol; SS-10, 40% 2-propanol in
methanol. TLC plates were charred by spraying with 5%
ammonium molybdate(VI) in 10% sulfuric acid followed
by heating. RadioTLC analyses were carried out on 1-cm
sections, as described previously (24). Silica gel (70-230
mesh or 230-400 mesh) was purchased from Aldrich
Chemical Co. (Milwaukee, WI), and Unisil was obtained
from Clarkson Chemical Co. (Williamsport, PA). Sam-
ples for medium pressure liquid chromatography
(MPLC) or flash chromatography were dissolved in a sol-
vent no stronger than the initial eluting solvent. Silica gel-
AgNO; for MPLC (22, 25) was prepared by adding a so-
lution of AgNQO; (10 g) in water (10-15 ml) to a free-flow-
ing slurry of silica gel (90 g, 70-230 mesh) in acetone (200
ml). The resulting mixture was protected from light,
swirled for 5 min, and spun on a rotary evaporator
without vacuum for 30 min. Acetone was removed by ro-
tary evaporation, and water was removed under high
vacuum (< 0.1 torr). High performance liquid chro-
matography (HPLC) was performed isocratically at 1
ml/min with a Waters liquid chromatograph (U6K injec-
tor, model 510 pump, and model 481 variable wavelength
detector set at 210 nm) on a 5-um ODS-II Spherisorb
column (250 mm x 4.6 mm id.).

Deuterium gas was obtained from Cambridge Isotope
Labs (Woburn, MA). Platinum oxide, tetrabutylammo-
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Fig. 1. Synthesis of deuterium- and tritium-labeled (25R)-26-hydroxycholesterol from (22Z,25R)-cholesta-3,22-diene-3(3,26-diol (II).

nium fluoride solution, fert-butyldiphenylsilyl chloride,
bis(trimethylsilyl)trifluoroacetamide, and  (S)-(+)-a-
methoxy-a-(trifluoromethyl)phenylacetyl (MTPA) chlo-
ride (98% ee) were purchased from Aldrich. Radioac-
tivity of sterol solutions was determined on a Packard
4600 liquid scintillation spectrometer using 0.4%
2,5-diphenyloxazole in toluene-ethanol 2:1 as the scintil-
lation fluid. Tritiated sterols Ic and VIIc were stored in
ethyl acetate, hexane, or ethanol solution at —17°C.
(22Z,25R)-Cholesta-5,22-diene-303,26-diol (II) was pre-
pared as described previously (19) from (22Z,25R)-
cholesta-5,22-diene-38,168,26-triol, a byproduct of the
Clemmensen reduction of diosgenin. Chemical structures
in the synthesis of Ia from II are shown in Fig. 1.

(22Z,25R)-26-tert-Butyldiphenylsilyloxy)cholesta-5,22-
dien-38-ol (III)

To a stirred solution of A%??24-383,26-diol II (630 mg;
1.58 mmol) in dry N,N-dimethylformamide (14 ml) and
dichloromethane (14 ml) was added imidazole (262 mg) and
tert-butyldiphenylsilyl chloride (0.5 ml). This mixture was
stirred at room temperature overnight under nitrogen,
diluted with water (20 ml), and extracted with ethyl ace-
tate. The combined extracts were washed with water and
brine, dried over sodium sulfate, and evaporated to a
residue (1.42 g). The crude product was purified by flash
chromatography (75 g silica gel, 230-400 mesh; elution with
SS-1 (400 ml), then SS-5; 25-ml fraction volumes). Evapo-
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ration of fractions 40-59 furnished III as an oil (0.7 g; 70%
yield):: > 99% purity by HPLC (SS-10, 8.6 min); [a]’p
—~34.1° (¢ 0.6, CHCly); IR, vy 3380, 3071, 3048, 1111,
1055, 824, 700 cm™!; high resolution MS, calcd. for
C39H;530,81 (M-C,H,), 581.3815, found 581.3826; MS,*
m/z 581 (4, M-C,H,), 503 (2, M-C,H,-C¢Hg), 381 (1), 365
(3), 309 (31, SC-C,H,), 295 (5), 281 (61, pSC-C,Hs), 255
(14, M-SC-H;0), 239 (18), 203 (14), 199 (100, Ph,SiOH);
1H and 13C NMR, Table 1 and Table 2. Evaporation of
fractions 15-18 gave (22Z,25R)-38,26-bis(tert-butyldiphenyl-
silyloxy)cholesta-5,22-diene (0.12 g), identified by its 'H and
13C NMR spectra.* Evaporation of fractions 27-30 gave
(22Z,25R)-3B-(tert-butyldiphenylsilyloxy)cholesta-5,22-dien-
26-ol (0.02 g; 96% pure by HPLC, 8S-10), which was
identified by 'H and **C NMR spectra.*

3The following notation is used in suggested mass spectral assign-
ments: SC, side chain; pSC, part of side chain excluding C-20 and C-21;
TsOH, p-toluenesulfonic acid; Ph, phenyl.

4The 38,26-bisTBDPS and 38-TBDPS cthers of II showed NMR
chemical shifts virtually identical to those of IIT and II, respectively, ex-
cept in rings A and B, where the following shieldings were observed: 'H
NMR, & ~3.52 (H-3a), ~5.13 (H-6), 0.98 (H-19); 3*C NMR, 4 37.20
(C-1), 31.84 (C-2, C-7, C-8), 73.24 (C-3), 42.48 (C-4), 141.25 (C-3),
121.11 (C-6), 50.07 (C-9), 36.49 (C-10); signals for 33-TBDPS group (+
0.02 ppm): § 134.82 (quaternary), 135.75 (ortho), 127.45 (meta), 129.42
(para), 27.01 (methyl), 19.12 (quaternary).
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TABLE 1. 'H NMR chemical shitts for synthetic intermediates in the preparation of 26-hydroxycholesterol*™

11 111 v \' VIII VI Vila Ila
C-3 Group’ OH OH OTs 3a,5a-Cyclo OMe 3a,5a-Cyclo 3a,5a-Cydo OH
C-26 Groupf OH TBDPS TBDPS TBDPS TBDPS OH OH OH
H-le 1.08 1.08 1.02 1.51 1.04 1.51 1.51 1.08
H-18 1.85 1.85 1.81 0.86 1.86 0.86 0.86 1.85
H-20 1.84 1.84 1.81 1.76 1.92 1.76 1.76 1.83
H-28 1.50 1.50 1.70 1.52 1.43 1.53 1.52 1.50
H-3w 3.52 3.52 4.33 0.89 3.06 0.89 0.89 3.52
H-4o 2.30 2.30 2.27 0.431 2.39 0.432 0.428 2.30
H-48 2.23 2.23 2.44 0.649 2.16 0.649 0.646 2.23
H-6a 5.35 5.35 5.30 2.77 5.35 2.77 2.77 5.35
H-7a 1.53 1.52 1.48 1.06 1.53 1.06 1.06 1.53
H-78 1.96 1.97 1.94 1.89 1.97 1.89 1.89 1.97
H-83 1.46 1.45 1.41 1.72 1.45 1.73 1.73 1.45
H-9« 0.94 0.93 0.88 0.81 0.93 0.82 0.81 0.93
H-1la 1.50 1.50 1.46' 1.41 1.49" 1.42 1.40 1.51
H-118 1.47 1.46 1.42' 1.40 1.46 1.41 1.40 1.46
H-12a 1.19 1.18 1.15 1.15 1.18 1.17 1.13 1.16
H-128 1.99 1.98 1.96 1.95 1.98 1.97 1.99 2.01
H-14a r.o1' 0.99' 0.96' 1.04 1.00' 1.04 1.03 0.99
H-15« 1.54 1.52 1.50 1.54 1.52 1.56 1.59 1.58
H-158 1.04 1.02 1.00% 1.06" 1.05™ 1.11 1.12 1.07
H-16a 1.69 1.66 1.65 1.65 1.65 1.69 1.82 1.82
H-168 1.16 1.14 1.13 1.14 1.14 1.16 1.26 1.26
H-17a 1.16 1.14 1.13 1.14 1.14 1.16 1.09 1.09
H-18 0.721 0.689 0.665 0.729 0.689 0.756 0.716 0.680
H-19 1.016 1.015 0.970 1.027 1.007 1.028 1.022 1.009
H-20 2.44 2.41 2.40 2.42 2.42 2.44 1.39 1.39
H-21 0.968 0.945 0.932 0.940 0.946 0.962 0.912 0.919
H-22 5.22 5.17 5.15 5.17 5.17 5.22 1.03 1.03
1.35 1.35
H-23 5.20 5.15 5.16 5.15 5.15 5.21 1.24 1.24
1.34 1.34
H-24 1.96 1.89 1.88 1.89 1.89 1.97 1.09 1.10
2.13 2.19 2.18 2.18 2.19 2.12 1.33 1.33
H-25 1.70 1.71 1.70 1.70 1.71 1.70 1.61 1.62
H-26 3.466 3.473 3.468 3.475 3.473 3.468 3.421 3.423
3.534 3.519 3.512 3.521 3.520 3.535 3.502 3.502
H-27 0.929 0.895 0.889 0.895 0.896 0.929 0.915 0.915
OCH, 3.328 3.353 3.323 3.322

“Chemical shifts referenced to Si(CH,), signal. Data obtained at 500 MHz in CDCI; solution at a concentration of 0.02-0.1 M.
*Chemical shifts are generally accurate to 0.01 ppm except for values marked by 1 (£ 0.02 ppm) or 11 (= 0.05 ppm).

‘No stereochemical assignments are given for the side-chain protons.

“TBDPS ether signals for III, IV, V, and VIII: 8 7.67 (dd, ortho), 7.41 (m, meta), 7.36 (m, para), 1.060 (s, CH;). Tosylate signals for IV:

5 7.80 (d, 8.3), 7.33 (d, 8.6), 2.44 (s, CHj).

‘Selected *H coupling constants in Hz (average of observed values, deviations generally < 0.2 Hz): H-1e (V, VI, VIIa) dd, 13.4, 7.7; H-18
(V, VI, VIla) ddd, 13.4, 11.6, 7.8 (Ia, VIII) ddd, 13.3, 3.4, 3.4; H-2« (V, VI, VIIa) tdd, 12.1, 7.8, 4.1; H-28 (V, VI, VIIa) dd, 12.6, 7.7;
H-3a (Ia, III, VIII) tt, 11.2, 4.6 (II) tdd, 11.1, 5.1, 4.2 (VI, VIIa) dt, 8.0, 4.0; H-4a (Ia, II, III, IV) ddd, 13.1, 5.1, 2.2 (V, VI, VIIa) dd,
8.0, 5.0; H-48 (V, VI, V1Ia) dd, 5.0, 3.8; H-6 (1a, II, III, IV, VIII) dt, 5.3, 2.0 (V, VI, VIIa)t, 2.9; H-78 (Ia) dtd, 17.1, 5.0, 2.7 (V1, VIIa)
dt, 13.5, 3.1; H-12a (Ia) td, 12.6, 4.8; H-128 (Ia) ddd, 12.9, 4.1, 3.1 (VI, VIIa) dt, 12.6, 3.4; H-14«a (Ia) ddd, 12.6, 10.3, 3.9; H-16« (VIIa)
ded, 13.1, 9.5, 5.9; H-20 (I, V, VI) tq, ~9, 6.6; H-21 d, 6.6; H-24, upfield signal (II, VI) ddd, 14.2, 7.7, 6.3; H-24, downfield signal (II) ddd,
14.0, 6.0, 5.0 (II1, IV, V, VI, VIII) dt, 14.3, 5.2; H-25 (III) dqtd, 8.5, 6.7, 6.2, 5.2; H-26, upfield signal (Ia, II, VI, VIIa) dd, 10.5, 6.4 (I1I,
IV, V, VIII) dd, 9.8, 6.2; H-26, downfield signal (Ia, VIIa) dd, 10.5, 5.9 (II, VI) dd, 10.5, 6.1 (III, IV, V, VIII) dd, 9.8, 6.2; H-27 d, 6.7.

/C-3 and C-26 functional groups; TsO, p-CH;3CsH,SO;; TBDPS, tBu(Ph),SiO.

(22Z,25R)-33-Tosyloxy-26-(tert-butyldiphenylsilyloxy)
cholesta-5,22-diene (IV)

To a solution of 26-TBDPS ether III (1.93 g; 3 mmol) in
dry pyridine (20 ml), was added p-toluenesulfonyl chloride
(7.8 g). After stirring at room temperature overnight, the
solution was poured over ice water (~200 ml) and ex-

tracted with ethyl acetate. The combined organic layers
were washed with brine, saturated CuSO, solution (to re-
move pyridine), and additional brine, followed by drying
over sodium sulfate and evaporation of the solvent to give
IV as an oil (2.41 g; 100% yield); > 99% purity by HPLC
(85-10, tg 10.6 min); [a]zs ~29.5° (¢ 0.7, CHCL); IR, viax
3069, 3044, 1597, 1175, 1111, 937, 702 cm™; high resolution
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TABLE 2. 13C NMR chemical shifts for synthetic intermediates in the preparation of 26-hydroxycholesterol®™

. 11 11X v v VIII Vi Via
C-3 Group OH OH OTs 3a,5a-Cyclo OMe 3a,5a-Cyclo 3o, 5a-Cyclo
C-26 Group" OH TBDPS TBDPS TBDPS TBDPS OH OH
C-1 37.23 37.22 36.85 33.34 37.16 33.28 33.29
C-2 31.62 31.58 28.59 24.95 27.98 24.89 24.91
C-3 71.77 71.70 82.35 21.45 80.30 21.42 21.43
C-4 42.26 42.23 38.83 13.07 38.66 13.02 13.02
C-5 140.72 140.71 138.81 35.24 140.81 35.17 35.20
C-6 121.67 121.63 123.47 82.39 121.54 82.34 82.37
C-7 31.85 31.85 31.78 35.04 31.89 34.94 34.98
C-8 31.85 31.93 31.69 30.46 31.84 30.40 30.41
C-9 50.13 50.11 49.89 48.08 50.20 48.00 47.94
C-10 36.49 36.46 36.32 43.37 36.87 43.31 43.31
C-11 21.04 21.03 20.93 22.75 21.03 22.70 22.72
C-12 39.68 39.66 39.53 40.21 39.68 40.14 40.22
C-13 42.26 42.18 42.15 42.67 42.20 42.64 42.71
C-14 56.76 56.75 56.63 56.58 56.78 56.49 56.44
C-15 24.24 24.23 24.18 24.14 24.23 24.09 24.11
C-16 28.12 28.09 28.05 28.21 28.10 28.18 28.29
C-17 56.08 56.10 56.06 56.32 56.13 56.21 56.25
C-18 12.17 12.12 12.09 12.53 12.13 12.51 12.21
C-19 19.40 19.40 19.14 19.30 19.37 19.26 19.25
C-20 34.26 34.19 34.17 34.26 34.20 34.29 35.68
C-21 20.60 20.60 20.57 20.60 20.60 20.55 18.60
C-22 138.00 137.52 137.46 137.61 137.53 137.96 36.08
G-23 124.33 124.62 124.67 124.62 124.63 124.31 23.38
C-24 31.38 31.19 31.19 31.22 31.19 31.36 33.48
C-25 36.31 36.38 36.37 36.40 36.39 36.26 35.75
C-26 68.27 68.84 68.84 68.86 68.84 68.16 68.44
C-27 16.52 16.51 16.49 16.51 16.52 16.49 16.47
OCH; 56.55 55.56 56.49 56.49

“Chemical shifts referenced to CDClI; signal at 77.0 ppm. Data obtained at 75 MHz in CDCl; solution at a concentration of 0.02-0.2 M.
#96-TBDPS ether signals for III, IV, V, and VIII (+ 0.02 ppm): § 134.01 (quaternary), 135.58 (ortho), 127.52 (meta), 129.45 (para), 19.27

(quaternary), 26.85 (methyl).

“Signals of 33-tosylate esters: & 134.6 (C-SO3R), 127.59 (ortho), 129.72 (meta), 144.38 (para), 21.61 (para-CHj); 26-tosylate esters (prepared in
the alternate synthetic route) showed: § 133.02 (C-SO;R), 127.82 (ortho), 129.73 (meta), 144.55 (para), 21.59 (para-CHa).
“C-3 and C-26 functional groups; TsO, p-CH;C,HSOs; TBDPS, tBu(Ph),SiO.

MS, caled. for C43HgpO81 (M-TsOH), 620.4413, found
620.4393; MS, m/z 714 (2, M-C¢Hg), 657 (1,
M-C¢He-C,Hg), 620 (4, M-TsOH), 563 (17,
M-TsOH-C,H,), 485 (5, M-TsOH-C¢Hs-C,H,), 364 (4,
M-TsOH-C,HqPh,SiOH), 353 (32), 309 (39, SC-C,H,),
281 (73, pSC-C.H,), 255 (9, M-TsOH-SC), 253 (12,
M-TsOH-SC-2), 239 (19), 199 (100, Ph,SiOH), 109 (41),
107 (45), 105 (70); 'H and *C NMR, Tables ! and 2.

(22Z,25R)-6(3-Methoxy-26-(tert-butyldiphenylsilyloxy)-
3a,5-cyclo-5a-cholest-22-ene (V)

A solution of tosylate IV (2.4 g; 3.03 mmol) and fused
potassium acetate (2.4 g) in methanol (120 ml) was refluxed
overnight under nitrogen. After cooling of the reaction and
evaporation of the solvent, water was added to the residue,
followed by extraction with ethyl acetate. The combined
organic layers were washed with water and brine, dried
over sodium sulfate, and evaporated to an oil (2.0 g; 75%
purity by HPLC, S8-10). The crude product was subjected
to flash chromatography (40 g silica gel, 230-400 mesh;
elution with 0.25% ethyl acetate in hexane; 25-ml fraction
volumes). Evaporation of fractions 39-48 gave an analyti-
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cal sample of V (437 mg) showing > 99% purity by
HPLC (SS-10, tgr 14.0 min); additional material (1.064 g)
of 94% purity (HPLC, SS-10) was obtained from evapora-
tion of fractions 34-38 and 49-52. Evaporation of fractions
57-85 gave a crude sample of (22Z,25R)-33-methoxy-26-(tert-
butyldiphenylsilyloxy)cholesta-5,22-diene (VIII; 0.32 g),
which was identified and characterized by 'H and 3C NMR
(Tables 1 and 2) and HPLC (88-10, tg 20.2 min). Analyti-
cal data for V: oil; [a] +11.6° (¢ 0.9, CHCL); IR viax
3071, 3054, 1150, 1111, 1017, 824, 810 cm™!; high resolution
MS, calcd. for C40Hs550.81 (M-C,Hy), 595.3971, found
595.3958; MS, m/Zz 595 (1, M-C,H,), 563 (17,
M-CH;OH-C,H,), 485 (11), 309 (22, SC-C,H,), 281
(56, pSC-C;H,), 255 (7, M-CH3;0OH-S8C), 253 (9,
M-CH;OH-SC-2), 239 (12), 199 (100, Ph,SiOH), 109
(70), 107 (40), 105 (58); 'H and *C NMR, Tables 1 and 2.

(22Z,25R)-63-Methoxy-3c,5-cyclo-5a-cholest-22-en-
26-0l (VI)

To a solution of TBDPS ether V (1.45 g, 2.2 mmol) in
tetrahydrofuran (100 ml) was added tetrabutylammonium
fluoride (72 ml; 1 M solution in tetrahydrofuran), and the
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resulting mixture was stirred at room temperature for 20
h. After evaporation of the solvent, water was added, fol-
lowed by extraction with ethyl acetate. The combined or-
ganic layers were dried over sodium sulfate and evaporated
to a yellow oil (2.5 g), which was purified by column chro-
matography (125 g silica gel, 230-400 mesh; elution with
SS-3; 25-ml fraction volumes). Evaporation of fractions
50-80 provided VI as an oil (887 mg; 96% yield) showing
a single component by TLC (88-7, R;0.42) and ~99%
purity by 'H NMR; [oz]D +13.8° (¢ 1.4, CHCL); IR,
Vmax 3400, 1098, 1040 cm™!; high resolution MS, calcd.
for CosH46Os, 414.3498, found 414.3506; MS, m/z 414 (18,
M?), 399 (39, M-CHj;), 382 (39, M-CH,;OH), 367 (9,
M-CH;0H-CHj;), 359 (62, M-C,H,), 356 (9), 287 (3,
M-SC), 282 (5), 2535 (28, M-CH;OH-SC), 253 (11,
M-CH;OH-SC-2), 109 (100), 107 (45), 105 (49); 'H and
13C NMR, Tables 1 and 2.

(25R)-63-Methoxy-3c,5-cyclo-5a-cholestan-26-ol
(VIIa)

To a solution of the A??Z-i-steroid VI (207 mg; 0.5
mmol) in ethyl acetate (20 ml) was added platinum oxide
monohydrate (20 mg). The mixture was stirred under 1
atm of hydrogen for 20 h at room temperature. Filtration
and evaporation of the solvent gave a residue (210 mg),
which was purified by column chromatography (10 g of
AgNOs-silica gel; elution with SS-5; 10-ml! fraction
volumes). Evaporation of fractions 7-10 gave an analytical
sample of VIIa (139 mg). The material in fractions 11-22,
which consisted of a mixture of VI and VIIa (46 mg), was
subjected to further hydrogenation to afford additional
VIIa (46 mg; total Xleld 87%). Characterization of VIIa:
mp 95-96.5°C; [oz]D +56.9° (¢ 1.1, GHCl,;); single com-
ponent by TLC (8S-7, developed twice, Ry 0.58); TR v
3470, 3079, 3043, 1086, 1053, 1022 cm™!; high resolution
MS, caled. for CysH,50,, 416.3654, found 416.3663; MS,
m/z 416 (32, M*), 401 (65, M-CH,), 384 (53, M~CH,;OH),
369 (15, M-CH;OH-CH3;), 361 (100, M-C,H;), 358 (14),
329 (8), 263 (8), 255 (13, M-SC-CH;OH), 107 (70), 105
(89); 'H and *C NMR, Tables 1 and 2. The 125 MHz 13C
NMR spectrum showed additional signals of 1~2% inten-
sity at 6 68.28, 33.60, and 16.67 (shieldings adjusted to cor-
respond to 22°C spectra).

(25R)-Cholest-5-ene-33,26-diol (Ia)

To a solution of the i-steroid VIIa (46 mg; 0.11 mmol)
in dioxane (20 ml) was added water (5 ml) and p-
toluenesulfonic acid (46 mg), and the resulting solution
was refluxed for 1 h. After addition of water and extraction
with ethyl acetate, the combined organic layers were dried
over sodium sulfate and evaporated to a solid (44 mg),
which was purified by flash chromatography (4 g silica gel,
230-400 mesh; elution with 8S-5 and SS-6). Evaporation
of fractions 58-60 gave Ia (11 mg) of 98% purity, and addi-
tional Ia (22 mg) of 96% purity (HPLC analysis) was ob-

tained from adjoining fractions. Recrystallization of the
98% pure sample from methanol furnished an analytlcal
sample of Ia: mp, 177-178°C (lit. (6) 177-178°C), [a]
-38.6° (¢ 0.6, CHCl3); lit (26) [a] 5 —40.6°; single com-
ponent matching an authentic standard by TLC (SS-8,
R;0.45) and HPLC (88-9, tg 4.9 min); the NMR chemi-
cal shifts matched reported ones (6) to within + 0.04 ppm
(13C) and + 0.001 ppm (resolved 'H signals).

[ZH]-(25R)-63-Methoxy-3a,5-cyclo-5a-cholestan-26-
ol (VIIb)

The A% i-steroid VI (50 mg; 0.12 mmol) was evaporated
twice from CH3;OD and then dissolved in ethyl acetate (5
ml) and CH;COOD (5 ml). Platinum oxide (20 mg) was
added, and the mixture was stirred under 1 atm of deu-
terium gas for 30 min at room temperature. Filtration and
evaporation of the solvent gave a residue, which was added
to that of a duplicate reaction. The combined residues were
adsorbed onto silica gel (200 mg) and subjected to MPLC
(14 g of AgNOj;-silica gel; 50 cm x 1 ¢cm i.d. column; elu-
tion with SS-4; 5-ml fraction volumes). Evaporation of
fractions 71-120 gave VIIb as a solid (90 mg; 89% yield):
mp 95-96.5°C; single spot by TLC (SS-7). The mass spec-
trum corresponded to that of VIIa except for deuterium
shifts. Analysis of the molecular ion region indicated dg
(0%), d, (8%), d» (31%), d; (30%), ds (19%), ds (8%), d¢
(4%), and small amounts of d;, dg, and dy species (an aver-
age of 3.0 deuterium atoms per molecule). A virtually
identical distribution of deuterium was observed for ions
corresponding to M-CH; and M-CH;OH, whereas the
ion corresponding to M-SC-CH;OH showed no detecta-
ble deuterium. The 13C NMR spectrum of VIIb was es-
sentially identical with the spectrum of VIIa except for the
absence of signals for C-22 and C-23, attenuation of sig-
nals for C-20, C-21, C-24, and C-27, small upfield deu-
terium isotope shifts (mainly < 0.1 ppm), and minor
peaks attributable to deuterium coupling and isotope
shifts. No signals were observed for C-22, C-23, or C-24
in the HETCOR spectrum. The ?H NMR spectrum
showed the following broad signals (relative intensities esti-
mated by integration): § 0.89 (7%, D-21, D-27), 1.03 and
110 (32%, D-22, D-24), 1.24 (21%, D-23), 1.33 (34¢%,
D-20, D-22, D-23, D-24), 1.60 (5%, D-25), 3.43 and 3.50
(1%, D-26). In the 'H NMR spectrum of VIIb, the side-
chain proton signals were broadened and/or diminished in
intensity relative to those of the undeuterated steroid VIIa.
The IR spectrum of VIIb was essentially identical to that
of VIIa except for a broad, weak absorbance at 2150 cm™
attributed to C-D stretching vibrations.

[2H]-(25R)-Cholest-5-ene-3(3,26-diol (Ib)

To a solution of i-steroid VIIb (75 mg) in dioxane (32
ml) was added water (7.5 ml) and p-toluenesulfonic acid
{75 mg), and the resulting solution was refluxed for 1 h.
After addition of water and extraction with ethyl acetate,
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the combined organic layers were dried over sodium sul-
fate and evaporated to a solid (75 mg), which was ad-
sorbed onto silica gel (200 mg) and purified by MPLC (14
g silica gel, 230-400 mesh; elution with SS-6; 8-ml frac-
tion volumes). Evaporation of fractions 80-170 gave Ib (61
mg; 84% yield): single component by TLC (SS-8, Ry
0.40), HPLC (SS-9, tg 9.5 min; tg 9.5 min for authentic
Ia), and GC (tgr 20.25 min; tg 20.37 min for authentic
Ia); mp 175-177°C. The mass spectrum corresponded to
that of Ia except for deuterium shifts. The molecular ion
indicated do (1%), d, (8%), ds (36%), d3 (28%), d, (18 %),
ds (5%), ds (4%), and small amounts of d;, dg, and d spe-
cies (an average of 2.9 deuterium atoms per molecule).

Ions corresponding to M-H,O-CHj;, M-60, M-75, and
M-111 showed similar amounts of deuterium, whereas
ions at m/z 255 and 273 (corresponding to ions involving
loss of the side chain) showed complete absence of deu-
terium. The GC-MS of the TMS ether derivative of Ib
showed a similar distribution of deuterium in ions M*,
M-CH;, M-TMSOH, M-TMSOH-CH;, and M-129.
The 'H NMR spectrum of Ib closely resembled that of Ia
except for diminished signal intensities at § ~1.34 and an
additional doublet-doublet 0.003 ppm upfield of the H-26
resonance at 8 3.50 (possibly due to deuterium isotope
effects). The 125-MHz 13C NMR spectrum of Ib in
CDClI; containing 5% CD;OD resembled that of Ia ex-

A C
C-12 C-18
(R)-MTPA-Ia Ib
e 12 11 40.0 95 12.0  1ls
B D
(R)-MTPA-Ib Ib
T T T A L D
43 12 11 15 1.0

Fig. 2. 'H NMR spectrum of the (R)-MTPA diesters of (25R)-26-hydroxycholesterol 1a (panel A) and the side-
chain deuterated analog Ib (panel B). 3C NMR signals for C-12 and C-18 of Ib (panel C). 2H NMR spectrum
of Ib (panel D). ‘H NMR spectra: 500 MHz, no apodization; 3C spectrum: 125 MHz, inverse gated 'H
decoupling; 1-Hz line broadening; ?2H spectrum: 77 MHz, 'H decoupled, mild Gaussian apodization; all spectra

acquired at 27°C.
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cept for the following signals: C-22 and C-23 (very weak
multiplets), C-24 (weak multiplet), C-17, C-20, C-21
C-25, C-26, and C-27 (diminished in intensity, multiplets
upon resolution enhancement). The 2H NMR spectrum
(Fig. 2, panel D) showed the following broad signals (rela-
tive intensities estimated by integration): é 0.89 (6%,
D-21, D-27), 1.04 and 1.10 (32%, D-22, D-24), 1.24 (19%,
D-23), 1.32 (39%, D-22, D-23, D-24), 1.60 (5%, D-25).

[3H]-(25R)-Cholest-5-ene-33,26-diol (Ic)

A solution of the A%% i-steroid VI (40 mg) in ethyl
acetate containing acetic acid and platinum oxide was ex-
posed to tritium gas until an activity of 1.5 Gi was ob-
tained. After removal of the catalyst and labile tritium,>
a portion (420 mCi) of the product (VIIc) was purified by
column chromatography on Unisil (35 cm x 1 cm id.
column; 12-ml fraction volumes; elution with 250 ml of
S8-1, 250 ml of S8S8-4, and 550 ml of SS-5). The contents
of fractions 55-67 (299 mQCi) had the same Ry (0.5) as
VIIa by radio-TL.C (S8S-7). This material was further
chromatographed (AgNO;-silica gel; 40 cm x 1 cm id.
column; 18-ml fraction volumes; elution with 500 ml of
SS-4 and 1250 ml of SS-5). Fractions 36-42 (172 mCi)
were combined and evaporated to dryness.

To a solution of the residue in dioxane (10 ml) was ad-
ded water (2.5 ml) and p-toluenesulfonic acid (23 mg).
The resulting solution was gently refluxed with stirring
under nitrogen for 1 h. After the solution was allowed to
cool, water (5 ml) and ethyl acetate (50 ml) were added.
The layers were separated, and the aqueous layer was fur-
ther extracted with ethyl acetate (2 x 50 ml). The com-
bined organic extracts were washed with brine (3 x 10
ml); the aqueous layer and brine washes contained
together ~1 mCi. The ethyl acetate solution (~20 ml)
was transferred to a round-bottom flask and evaporated to
dryness under nitrogen, and the residue was transferred
to a Unisil column (35 cm x 1 cm id.) in several 10-ml
portions of 5% ethyl acetate in hexane. The product was
eluted with SS-5 (1000 ml) and SS-6 (1250 ml) and col-
lected in 12.5-ml fractions. Fractions 97-118 were com-
bined to give Ic (140 mCi). As shown in Fig. 3, the
product showed high purity by radioTLC on silica gel
(S8-8, Ry 0.50) and by radio-HPLC (SS-9, tg 10.0 min).
In both cases, Ic comigrated with unlabeled (25R)-26-
hydroxycholesterol (Ia). A specific activity of ~16.9 Ci
per mmol was obtained using a colorimetric assay (27)
with calibration curves constructed for authentic 26-hydroxy-
cholesterol.

5The catalytic reduction in the presence of tritium gas was done by
Amersham International (Buckinghamshire, England).

X
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Fig. 3. Chromatographic analysis of *H-(25R)-26-hydroxycholesterol
(I¢) by radioTLC on silica gel (elution with 50% ethyl acetate in hex-
ane) and reversed phase radio-HPLC (elution with 5% water in
methanol, 0.5-min fractions).

Preparation of (R)-MTPA esters of Ia, Ib, and VIIb

(8)-(+)-MTPA chloride (5 pl) was added to a solution
of ~1.5 mg of sterol in pyridine-dichloromethane (1:1, 0.6
ml), and the solution was allowed to stand at room tem-
perature for 36 h. Additional MTPA chloride (10 ul) was
added at 16 h, and virtual completion of the reaction after
22 h was indicated by TLC (20% ethyl acetate in hexane,
R; 0.71 for diesters of Ia and Ib, Ry 0.79 for ester of
V1Ib). The reaction mixture was evaporated to a residue
that was triturated with 5% ethyl acetate in hexane and
passed through silica gel (50 mm x 4 mm id. column),
TLC analysis indicated that the MTPA esters were in the
first ~5 ml of eluate, which was evaporated to a residue
and dissolved in CDCI; for NMR analysis. The 500 MHz
'H NMR spectrum of the MTPA ester of Ia showed the
H-26 signals similar to those reported previously (26): §
4.233 (dd, 10.7, 5.6 Hz) and 4.069 (dd, 10.7, 6.7 Hz) for
the 25R epimer and a pair of weak peaks (1% of total
H-26 intensity) at 6 4.15 and 4.16 for the 258 epimer (see
Fig. 2, panel A). The MTPA esters of the deuterated
sterols Ib and VIIb showed the same doublet-doublets at
6 4.233 and 4.069 for the 25R isomer and weak peaks of
unequal intensity at 6 4.15 and 4.16 (Fig. 2). Other signals
for the esters of Ia and Ib were virtually identical to those
reported previously (26). The F NMR spectra of the
MTPA diesters of Ia and Ib showed singlets at 6 —-71.94
and & —71.99, and that of the MTPA ester of VIIb
showed one singlet at § —72.05; no other signals were ob-
served except 13C satellites (Jor 288.4 Hz) and minor sin-
glets at 6 67.91 and 67.95 (1% of main peaks, in all spectra).

Attempted preparation of 26-hydroxycholesterol via
the 33,26-ditosylate of II

The 383,26-ditosylate of II (prepared by reaction of II
with p-toluenesulfonyl chloride-pyridine overnight at room
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temperature) was converted to 68-methoxy-26-tosyloxy-
3a,5-cyclo-5a-cholest-22-ene by treatment with potassium
acetate, as described for the preparation of V. After
purification by silica gel chromatography (SS-2), the i-
steroid (50 mg) was hydrogenated (1 atm H,, PtO,, 23°C)
to give 63-methoxy-26-tosyloxy-3a,5-cyclo-5a-cholestane
(45 mg). Hydrolysis of the i-steroid (conditions as described
for the preparation of Ia) gave the 26-tosyl derivative of
Ia. However, deprotection of the 26-hydroxyl proved to be
difficult. The best of several attempts to remove the tosyl
group was treatment with sodium acetate in acetic acid at
90°C overnight to give ~50% conversion to the 26-acetate
of Ia.

DISCUSSION

The goal of this research was to prepare 3H-labeled
(25R)-26-hydroxycholesterol of high specific activity for
use in investigations of its in vitro binding to proteins and
for other studies. Descriptions of the preparation of
26-hydroxycholesterol labeled with isotopes of hydrogen
have been reported previously. In 1968 Wachtel, Emer-
man, and Javitt (28) reported the preparation of 3H-labeled
26-hydroxycholesterol (13.3 uCi per pmol) by Clemmen-
sen reduction of kryptogenin in the presence of tritiated
water. After further reduction of the crude product with
hydrazine in alkali, the resulting material was diluted with
unlabeled 26-hydroxycholesterol and recrystallized to
constant specific activity. The criterion for radiopurity of
the product was “preparation of the diacetate with no loss
in specific activity” In 1981 Javitt et al. (29) reported the
preparation of deuterated 26-hydroxycholesterol by
Clemmensen reduction of kryptogenin in the presence of
D,0O and DCI. The product was characterized only by the
MS for its bis-I'MS ether derivative, which showed a
major peak at m/z 554 corresponding to the incorporation
of eight atoms of deuterium. In the following year the
same group (30) reported that Clemmensen reduction of
kryptogenin in the presence of CH;CH,OD, D,0O, and
DCl gave, after column chromatography on alumina,
deuterium-labeled 26-hydroxycholesterol; this material
was further purified by conversion to the 383,26-diacetate
derivative and repeated recrystallization followed by
regeneration of the free sterol, which was recrystallized
from ethyl acetate. Characterization of the labeled
26-hydroxycholesterol obtained in this manner was
limited to negative ion chemical ionization MS and low-
field 'TH NMR. The MS studies indicated incorporation
of five to nine deuterium atoms but provided no informa-
tion with respect to isotopic localization. 'H NMR analy-
sis was stated to show the absence of deuterium at C-27,
C-26, and C-25 and the “strongest loss of signals” at C-16
and C-22, with the remainder of the deuterium assumed
to be located on carbon atoms 15, 17, 20, and 23. In 1990
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Breuer and Bjorkhem (31) reported the preparation of [15,15,
16,16,17 x-2H;]-26-hydroxycholesterol “according to previ-
ously published methods” No characterization of the
product was presented. The pertinent reference cited was
a publication by others (32) involving Clemmensen
reduction of kryptogenin which reportedly gave
26-hydroxycholesterol containing predominantly eight
atoms of deuterium. Another group (33) recently
reported the preparation of deuterium-labeled 26-hydroxy-
cholesterol by Clemmensen reduction of kryptogenin in
the presence of CH;CH,OD, D,O, and DCL. The proce-
dure described involved purification of the crude product
by column chromatography on silicic acid followed by
recrystallization of the material corresponding to 26-hydroxy-
cholesterol. The labeled product contained molecules
with five to ten atoms of deuterium with the major species
containing seven atoms of deuterium. Further characteri-
zation of the labeled sterol, including evidence for the
localization of the deuterium, was not presented.

In 1990 Kok and Javitt (34) reported the preparation of
the 383,26-diacetate derivative of 26-hydroxycholesterol
through a series of reactions starting with diosgenin. In
this approach, diosgenin was subjected to Clemmensen
reduction and the crude product was, without further
purification or product characterization, oxidized with
chromium trioxide. The crude oxidation product was,
without further purification or product characterization,
subjected to Wolff-Kishner reduction in the presence of
100% ND;ND, and KOD. The crude product was
acetylated and the resulting material was subjected to
chromatography on an alumina column to give 26-hydroxy-
cholesterol diacetate, which was recrystallized from
methanol. The product, which was characterized only by
melting point and the presentation of a partial MS, was
reported to consist mostly of d; and d, species (based
upon analysis of the M-60 region of the MS of the diace-
tate derivative). The published MS data for this region
presented in the upper and insert panels of Figure 1 of
that paper (34) differed significantly in the ion intensities.
No evidence was provided on the localization of the deuterium.

Another approach to the preparation of 3H-labeled
26-hydroxycholesterol was that of Varma, Wickramasinghe,
and Caspi (35) involving hydroboration of the 38-
tetrahydropyranyl ether of cholesta-5,25-diene-383-ol. Us-
ing this approach, preparation of (25RS)-[25-3H]-38-
tetrahydropyranyloxycholest-5-ene-26-ol (5.97 uCi per
pmol) was described.

It should be noted that Kluge, Maddox, and Partridge
(36) reported that both Clemmensen reduction of kryp-
togenin and Wolff-Kishner reduction of the resulting
22-ketosterol byproduct lead to epimerization at C-20 and
C-25. This report therefore demonstrates the need for
careful attention to the stereochemistry at C-20 and C-25
and the possible requirement of separation of the multiple
compounds resulting from epimerization. The equilibra-
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tion of 22-ox0-26-hydroxy and 22-hydroxy-26-oxo species
under acidic and basic conditions (36, 37) also raises the
possibility of deuterium incorporation at C-25 and C-26.
Furthermore, inasmuch as Clemmensen reduction of di-
osgenin has been shown to lead to a number of significant
byproducts (19), attention must be directed towards re-
quirement for the isolation of pure cholest-5-ene-33,163,
26-triol for use in its subsequent conversion to (25R)-26-
hydroxycholesterol or very extensive characterization of
the final 26-hydroxycholesterol.
(22Z,25R)-Cholesta-5,22-diene-383,26-diol (II) can be
prepared in gram quantities from (22Z,25R)-
cholesta-5,22-diene-383,163,26-triol, a byproduct of the
Clemmensen reduction of diosgenin (19). The availability
of IT provided a useful starting material for the prepara-
tion of (25R)-26-hydroxycholesterol labeled with deu-
terium or tritium. Selective reduction of the A?*Z bond of
II required prior protection of the A% bond. An effective
protecting group for this purpose is the i-steroid, which
can be prepared from the A’-33-tosylate and subsequently
hydrolyzed to regenerate the A%-38-hydroxy system by
heating with p-toluenesulfonic acid. We initially pursued
a synthetic scheme starting with the ditosylate of II fol-
lowed by its conversion to the i-steroid, (22Z,25R)-683-
methoxy-26-tosyloxy-3a,5-cyclo-5a-cholest-22-ene.5  Af-
ter catalytic hydrogenation (platinum oxide) of the A??*
double bond, acid hydrolysis of the i-steroid gave the
26-tosyl derivative of Ia. However, difficulties were en-
countered in the efficient conversion of the 26-tosyl func-
tion to the hydroxyl group. To circumvent this problem,
the 26-hydroxyl of II was first protected as the fert-
butyldiphenylsilyl] (TBDPS) ether III under conditions
that gave only minor amounts of the 38-TBDPS and
38,26-bis-TBDPS ethers. Preparation of the 33-tosylate
IV followed by i-steroid formation® and removal of the
26-TBDPS group afforded (22Z,25R)-6(3-methoxy-3a,5-
cyclo-5e-cholest-22-en-26-0l (VI), which provided the
substrate for catalytic reduction with hydrogen, deu-
terium, or tritium. Catalytic hydrogenation of VI over
platinum oxide? in ethyl acetate gave the saturated i-
steroid (VIIa), which was hydrolyzed with p-toluenesul-
fonic acid in refluxing dioxane to (25R)-26-hydroxycholes-
terol. The product Ia showed spectral and physical
properties corresponding to those reported previously (6).

6Preparation of the i-steroids was accompanied by formation of a
significant byproduct that was identified as the A%-38-methoxy ether
(compound VIII in the case of the preparation of i-steroid V). A similar
byproduct has been reported in the preparation of the i-steroid of stig-
masterol (38).

7Attempts to reduce VI with the homogeneous catalyst tris(triphenyl-
phosphine)chlororhodium were unsuccessful; the unreactivity of the
A”E bond of ergosterol under similar conditions has also been noted
(39). Platinum oxide was chosen as the heterogeneous catalyst least
prone to promote isotopic scrambling (39, 40).

This six-step synthesis of (25R)-26-hydroxycholesterol
from II proceeded in an overall yield of 31%.

Syntheses were next carried out to prepare deuterium-
labeled (25R)-26-hydroxycholesterol. Catalytic reduction
of VT over platinum oxide with deuterium gas was much
slower than the corresponding reduction with hydrogen
and led to incorporation of less than two deuterium atoms
per molecule. Addition of acetic acid to the ethyl acetate
solution led to a much faster reaction with the incorpora-
tion of approximately three deuterium atoms per
molecule in the product VIIb. The NMR and mass spec-
tra of VIIb indicated that all of the deuterium was located
in the side chain. The ?2H and 3C NMR spectra showed
that most of the deuterium was located at C-22 and C-23,
with lesser amounts at C-24 and minor amounts at C-20,
C-21, C-25 and C-27. Hydrolysis of the i-steroid VIIb
gave deuterium-labeled (25R)-26-hydroxycholesterol (Ib)
in 85% vyield. Thorough analysis of Ib by MS and !H,
2H, and 3C NMR indicated the same pattern of deu-
terium incorporation as in VIIb.

The presence of deuterium label in Ib and VIIb at
nearly all side-chain positions suggested the possibility of
epimerization at C-20 and/or C-25. Consequently, hydro-
genation or deuteration products prepared in the
presence (Ib, VIIb) or absence (Ia, VIIa) of acetic acid
were analyzed for epimerization by 3C NMR (125 MHz)
and by 'H NMR of the MTPA ester (26). Portions of
these spectra are shown in Fig. 2. Based on 3C NMR
shielding differences between C-20 epimers of
26-hydroxycholesterol diacetate (36), the presence of any
20S epimer should be indicated by additional minor sig-
nals in the region of the C-12 and C-18 resonances. Ex-
amination of the 13C spectra demonstrated the absence of
any 20S epimer in either VIIa (detection limit 1%) or Ib
(detection limit 2%). Minor signals in the 3C spectrum
of VIIa corresponding to those expected (13, 26, 41) for
the 258 isomer indicated that the sample was almost ex-
clusively (98-99%) the 25R isomer.

In the deuterated sterols Ib and VIIb, the complexity
of the side-chain 13C signals (caused by deuterium
coupling and deuterium isotope shifts) would obscure any
minor signals of the 258 epimer. Consequently, the (R)-
MTPA esters of Ia, Ib, and VIIb were prepared and ana-
lyzed by 'H NMR for the 25S epimer using methodology
described previously for 26-hydroxysterols (26). In the
resulting 'H NMR spectrum, the H-26 resonance cor-
responding to one diastereomer (R-MTPA, 25R-sterol
and S-MTPA, 258-sterol) is a pair of well-separated
doublet-doublets, between which is the resonance of the
nearly isochronous H-26 protons of the other di-
astereomer (Fig. 2, panel A). Comparison of the integrals
of the center and outer resonances of the (R)-MTPA
diester of Ia indicated 1% of the minor diastereomer.
Both the 25S-sterol and the enantiomeric impurity
present in the MTPA chloride reagent (stated to be 1%)
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contribute to this 1% signal. Integration of the outer and
inner resonances of the deuterated sterols Ib and VIIb in-
dicated a ~ 98:2 ratio of 25R and 258 epimers. The inner
resonance consisted of a pair of peaks of unequal intensity
corresponding to the H-26 resonance of the minor di-
astereomer (Fig. 2, panel B). The larger peak at 6 4.15 ap-
pears to represent H-26 protons adjacent to deuterium at
C-25, an interpretation suggesting that deuterium incor-
poration at C-25 is accompanied by partial epimerization.

In summary, the combined findings show that hydro-
genation in the absence of acetic acid, followed by chro-
matographic purification and hydrolysis, furnished
26-hydroxycholesterol uncontaminated by the 20S epimer
and containing ~1% of the 258 epimer. The deuterated
26-hydroxycholesterol, prepared by reduction of the A%
double bond in the presence of acetic acid, contained no
detectable 208 epimer and ~2% of the 25S epimer.

In light of the spectral analyses for purity, it is notewor-
thy that no epimeric or other impurities were detected in
Ib by reversed phase HPLG, capillary GC, or TLC on sil-
ica gel. We have avoided relying exclusively on chromato-
graphic methods for detecting minor isomeric impurities,
which are often marginally resolved from the principal
component. The peaks of such impurities present at a
level of only a few percent will often be entirely obscured
by the tail or front of the nearby principal component
peak. For example, the resolution of the 25R and 258
epimers of underivatized 26-hydroxycholesterol by
reversed phase HPLC (26) appears to be insufficient to
detect a minor impurity of one epimer in the other.
Nevertheless, the combination of HPLC and capillary
GC is capable of detecting many potential contaminants
of 26-hydroxycholesterol, including most byproducts der-
ived from the Clemmensen reduction of diosgenin.

Tritium-labeled (25R)-26-hydroxycholesterol (Ic) was
prepared under conditions similar to those used in the
preparation of Ib. To remove possible epimeric material
and other impurities, the i-steroid intermediate was
purified on silica gel and on silver nitrate-silica gel, and
the diol Ic¢ was further purified on silica gel. The final
product showed high purity by radioTLC and radio-
HPLC (Fig. 3). The mass of the final product was esti-
mated by a colorimetric assay, and the specific activity
was calculated to be 16.9 Ci per mmol. This specific ac-
tivity is very considerably higher than reported previously
for any synthesis of tritium-labeled (25R)-26-hydroxy-
cholesterol.

All synthetic intermediates were fully characterized by
optical rotation, IR, MS, high-resolution MS, and NMR.
An abundant m/z 109 ion was characteristic of the mass
spectra of the A?? sterols; this ion appears to correspond
to the sterol side chain after loss of the C-26 substituent.
The A%2.26 TBDPS ethers gave strong ions at m/z 281
and m/z 199 (Ph,SiOH), as well as ions from loss of C.H,
together with other fragments. The 26-hydroxy-i-steroids
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V1 and VIIa showed prominent ions for M-CHjs,
M-CH;0H, and M-C,H;, but such ions were weak or
absent in the 26-TBDPS-i-steroid V, whose mass spec-
trum was dominated by ions characteristic of TBDPS
ethers. The MS fragmentation of the i-steroid 68-
methoxy-3a,5-cyclo-5a-cholestane has been thoroughly
investigated, and mechanisms have been elucidated for
the formation of ions M-CH;OH and M-C.H; (42).

Full 'H and 3C NMR assignments are presented for
all synthetic intermediates, including the i-steroids V, VI,
and VIIa. The quaternary carbons of i-steroids (C-5,
C-10, and C-13) were distinguished in the HMBC spec-
trum of VIIb, which showed the following pertinent long-
range correlations: C-13 (6 42.71) to H-18, C-5 (4 35.20)
and C-10 (6 43.31) to H-19, and C-5 to H-78. Comparison
of the 13C assignments in Table 2 with those reported for
other i-steroids show apparent agreement (43, 44) or
minor differences (45).

Analysis of the 'TH NMR resonances in ring A of i-
steroids was complicated by the large geometrical differ-
ences between the five-membered A ring of i-steroids and
the six-membered chair conformation observed for ring A
of Sa-sterols and AS-sterols. Furthermore, all of the H-1,
H-2, and H-3 resonances were overlapped by other sig-
nals, and the remoteness of the C-1 and C-2 protons from
the C-19 methyl and the C-4 protons made nuclear Over-
hauser enhancement experiments unattractive. Finally,
the near isochronicity of H-1 and H-2 signals at § ~1.5
portended strong coupling effects that would vastly com-
plicate analysis of the spin system. Nevertheless, precise
chemical shift values were derived from COSYDEC spec-
tra, and predicted coupling constants were obtained by
applying a Karplus relation to calculated structures of the
i-steroids. Because of the broad energy minima usually
encountered in five-membered rings, coupling constants
were calculated for a range of conformations by varying
the C10-C1-C2-C3 dihedral angle. Similar conformational
analyses have been done previously (8, 46). The results
shown in Fig. 4 provided the key finding that the
predicted value of Juiq-n2s is < 1 Hz and prompted the
suggestion that the H-1 and H-2 signals at 6 1.51 and 1.52
might be weakly coupled. This hypothesis proved to be
correct and led to the first-order analysis of all the ring A
resonances in the 500 MHz spectrum.® Representative 'H
NMR coupling constants and chemical shifts for ring A
protons of i-steroids are presented in Fig. 5. Fig. 4 shows
that the best fit of experimental Jiy.24, J18-20» and Jig-2g

8The analysis of the overlapped ring A signals was subsequently
confirmed by a 'H-13C correlation spectrum (HMQC) of VIIa, which
showed the isolated coupling pattern for each 'H signal with good digital
resolution. However, in our hands, HMQC spectra show significant dis-
tortion from antiphase components and furnish scalar couplings slightly
higher than those measured from 1D spectra.
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Fig. 4. Calculated energy and predicted coupling constants between
C-1 and C-2 protons of 683-methoxy-i-steroids as a function of the
C10-C1-C2-C3 dihedral angle. The three data points (shown with esti-
mated error ranges) are located at the intersection of the curves with the
corresponding observed coupling constant.

values to the predicted couplings corresponds to a
C10-C1-C2-C3 dihedral angle of ~33° similar to that
from molecular mechanics (30°) or X-ray structures (47)
of 68-methoxy-i-steroids (29° and 31°). All three methods
show the five-membered ring to be a 18-envelope.
Coupling patterns for protons in rings B and C of 64-
methoxy-i-steroids were determined from an HMQC
spectrum of VIIa and by simulation of the spin system
containing the nearly isochronous C-11 protons. The
coupling constants were similar to those of saturated
sterols and produced analogous multiplets except for
second-order effects (at 500 MHz) for the H-9«, H-11,
H-118, and H-12¢ resonances and simplifications arising
from the absence of protons at the 5« and 68 positions.
Virtual coupling effects owing to strongly coupled signals

50.86 51.52 50.65

4 1.51 51.76 60.89 50.43

Fig. 5. Representative 'H NMR chemical shifts (8) and 'H-'H
coupling constants in Hz for ring A of i-steroids.

of i-steroids (H-l1ler, H-118) and A?%*% sterols (H-168,
H-17¢ and H-22, H-23) thwarted further conformational
analysis based on 'H NMR couplings.

In summary, we have presented a chemical synthesis of
deuterium- and tritium-labeled (25R)-26-hydroxycholesterol
from a byproduct of the Clemmensen reduction of diosge-
nin. Synthetic (25R)-26-hydroxycholesterol derived from
sapogenins is likely to contain epimeric impurities and other
contaminants that are detectable only by rigorous analyti-
cal techniques. Although most epimeric and other con-
taminants are separable from (25R)-26-hydroxycholes-
terol by silica gel chromatography, HPLC, or capillary GC,
some of the potential impurities are unlikely to be
sufficiently resolved to permit detection at a level of a few
percent. We have presented NMR analyses capable of de-
tecting ~1% of a C-20 or C-25 epimeric impurity in
(25R)-26-hydroxycholesterol. We have also demonstrated
the use of 2H NMR and 3C NMR to locate the carbon
atoms at which deuterium label is present in
(25R)-26-hydroxycholesterol. Although the distribution of
the isotopic hydrogen in the side chain of the product
described herein may be unsuitable for certain metabolic
studies, it does not preclude use in a number of important
analytical and biological investigations. Moreover, the syn-
thesis presented herein provides a *H-labeled product of
high specific activity (16.9 Ci/mmol) for use in a number
of experiments not possible with previously described
materials. Bl
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