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Introduction 

In recent years, considerable attention has been fo- 
cused on the difference in biosynthesis and metabolism 
of bile acids between the fetus and adult. We have 
recently reported that two new 4P-hydroxylated bile 
acids were isolated from human fetal bile,’ and their 
structures were unambiguously characterized by 
chemical syntheses as 3cu,4p.7cY-trihydroxy- and 
3a,4P,7a, 12a-tetrahydroxy-5P-cholanoic acids having 
a diequatorial truns-3,4-glycol structure.’ 

On the other hand, analogous 2-hydroxylated bile 
acids with a vicinal 2,3-glycol structure have also rc- 
cently been identified in the biologic samples from fe- 
tuses and neonates by gas-liquid chromatography/mass 
spectrometry (GUMS). Clayton et al.? isolated 
2/3,3a,7a, 12a-tetrahydroxy-5/3-cholanoic acid from the 
gastric contents of neonates with intestinal obstruction. 
The presence of this acid in the amniotic fluid of preg- 
nant women has also been recently reported by Naka- 
gawa and Setchell.” Subsequently, 2P,3a,&,7cu-tetra- 
hydroxy-5/3-cholanoic acid has been identified in the 
urine of healthy newborns by Strandvik and Wiks- 
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tram.’ In more recent work, Gustafsson et al.h investi- 
gated the biotransformation of [ 24-‘4C]lithocholic acid 
by the microsomes from human fetal liver and identified 
the formation of a 2-hydroxylated lithocholic acid 
(2t,3a-dihydroxy-So-cholanoic acid). These findings 
indicate the existence of new metabolic pathways in 
the fetus and neonate. namely, that of 2-hydroxylation. 
Although the occurrence of several C1, 2,!%hydroxyl- 
ated bile acid and bile alcohol metabolites in the sam- 
ples from osteoglossid fishes, Arapaima gigas (Cuvier: 
family Osteoglossidae), has already been disclosed,’ 
analogous 2-hydroxylated bile acids in human biologic 
samples have not hitherto been reported. 

For a series of our studies on new and unusual bile 
acid metabolites, 2P-hydroxylated bile acids with a die- 
quatorial trrrns-glycol structure are required as authen- 
tic specimens. This paper describes the synthesis of 
the four 2@-hydroxylated derivatives (la-d; Scheme 
I) of lithocholic, chenodeoxycholic, deoxycholic, and 
cholic acids (and their corresponding methyl esters). 
starting from the respective parent bile acids @a-d), 
and presents their ‘H and ‘jC nuclear magnetic reso- 
nance (NMR) spectroscopic and GC/MS properties. 

Experimental 

Melting points (mp) were determined on a micro hot 
stage apparatus and are uncorrected. Infrared (IR) 
spectra were obtained on a Perkin-Elmer 1600 Series 
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toluenesulfonic acid (550 mg), and added in one portion 
with a solution of bromine (26 mmol) in DMF (20 ml). 
Stirring was continued overnight at room temperature, 
and ice-water was gradually added to the mixture. The 
solid products (6f and 6g) were collected by filtration, 
washed with water, and recrystallized from the solvent 
indicated in Table 1. The oily products (6e and 6h) were 
extracted from the mixture with CH,CI,. The combined 
extract was washed with 5% Na&O, solution and then 
with water, and was dried eve; Drierite. The solvent 
was evaporated, and the remaining product was recrys- 
tallized from the solvent indicated in Table 1. 

Rl R2 
la ir H 

lb OH H 

lc H OH 

Id OH OH 

Scheme1 

FTIR. ‘H nuclear magnetic resonance spectra were 
obtained on a JEOL FX-90Q at 90 MHz with CDCl, 
containing tetramethylsilane (TMS) as an internal stan- 
dard. The high resolution ‘H (400 MHz) and 13C (125.65 
MHz) NMR spectra were also recorded on JEOL GSX- 
400 and GSX-500 instruments, respectively. A Shi- 
madzu GC-14A gas chromatograph equipped with a 
flame ionization detector was used isothermally (270 
C); it was fitted with an aluminum-clad fused-silica 
capillary column (HiCap CBPMl [equivalent to OV- 
1011, 25 m x 0.25 mm ID, film thickness, 0.1 pm; 
Shimadzu Corp., Kyoto, Japan). A Hitachi M-80B GC/ 
MS system equipped with a data processing sys- 
tem was used under the following conditions: GC, 
15 m x 0.25 mm ID DB-1 chemically bonded fused 
silica capillary column at 250 C using helium (linear 
velocity, 40 cm/set) as carrier gas; column tempera- 
ture, 250 C; ionization temperature, 250 C; ionization 
energy, 20 eV; and acceleration voltage, 3.0 kV. Bile 
acid samples were analyzed as their methyl ester-tri- 
methylsilyl (Me-TMS) ether derivatives, using bis(tri- 
methylsilyl)trifluoroacetamide as a derivatizing re- 
agent. Analytic thin-layer chromatography (TLC) was 
performed on pre-coated silica gel plates (20 cm x 20 
cm, 0.25 mm layer thickness; E. Merck AG) using 
EtOAc/hexane (6 : 4, v/v) or EtOAc/hexane/acetic 
acid (50 : 50: 1 to 10 : 40 : 2, v/v/v) as the developing 
solvent. All compounds were dried by azeotropic dis- 
tillation (benzene or benzene/CH,CI,, CH,Cl,, or 
CH,CI,/MeOH) before use in reactions. 

Each of the following general procedures was used 
for the preparation of la-d and their methyl esters. 
The key intermediates Se-h were prepared from the 
respective parent bile acids 2a-d in three steps via 
the compounds 3f-h through 4f-h.8,’ The results are 
compiled in Tables 1 and 2. 

Bromination of 3-0~0 derivatives (5e-h) 
to the 4/3-bromo-3-oxo compounds (6e-h) 

The 3-0~0 derivative (5e-h) (20 mmol), prepared from 
the respective parent bile acids 2a-d, was dissolved in 
N,N-dimethylformamide (DMF) (60 ml) containing p- 

Rearrangement and substitution 
of 4p-bromo-3-oxo derivatives (6e-h) to the 
2P-acetoxy-3-oxo compounds (7e-h) 

A mixture of the 4/3-bromo-3-oxo ester (6e-h) (10 
mmol) and anhydrous potassium acetate (90 mmol) 
in acetic acid (45 ml) was refluxed for 30 minutes. 
The solution was cooled at room temperature, diluted 
with water until near turbidity, and allowed to stand 
in the refrigerator. The solid product (6e) was col- 
lected by filtration, washed with water, and recrystal- 
lized from MeOH. In the case of compounds 6f-h, 
the oily product was extracted with CH,Cl,, and the 
combined extract was washed with water, dried over 
Drierite, and evaporated. Chromatography of the oily 
residue on a column of silica gel (120 g) and elution 
with benzene/EtOAc (6 : 4, v/v) afforded the desired 
compounds, which were recrystallized from the sol- 
vent shown in Table 1. 

Reduction of 2P-acetoxy-3-oxo derivatives 
(7e-h) to the 2P-acetoxy-3whydroxy 
compounds (8e-h) 

trot-Butylamine-borane complex (8 mmol) was added 
to a stirred solution of the 2P-acetoxy-3-oxo ester 
(7e-h) (3.5 mmol) in CH,Cl, (30 ml). The mixture was 
stirred at room temperature for 2 hours, then acidified 
with 10% HCl. The CH,CI, layer was washed with 
water, dried over Drierite, and evaporated to give an 
oil, which consisted essentially of a single component 
as judged by TLC. Chromatography of the oil on a 
silica gel column (230 to 400 mesh, 60 g) and elution 
with benzene/EtOAc (4: 1 to 1 : 1, v/v) afforded the 
desired compounds @e-g), which were homogeneous 
according to TLC and ‘H NMR but failed to crystallize. 
The product Sh was recrystallized from acetone/ 
hexane. 

Hydrolysis of 2/3-acetoxy-3a-hydroxy 
derivatives (8e-h) to the corresponding 
free acids (la-d) 

The 2/I-acetoxy-3a-hydroxy ester (8e-h) (300 mg) was 
refluxed in 5% methanolic potassium hydroxide (9 ml) 
for 1 hour. MeOH was evaporated off, and the residue 
was dissolved in water. The solution was cooled in an 
ice-bath, and acidified with 10% H,SO, with stirring. 
The precipitate was filtered, washed with saturated 
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Synthesis of ZP-hydroxylated bile acids: lida et al. 

2a-d 3f-h 4f-h 5e-h 

I 

,a-,, - A;&Ac~& o# 
H 

RI Rz R3 
Br 

a TTY-- XOH Be- h 7e-h 6e-h 

b OH H COOH 

C H OH COOH 

d OH OH COOH 

e H H COOCH3 

f OCHO H COOH 

9 H OCHO COOH 

h OCHO OCHO COOH 

Scheme 2 

brine, and recrystallized from the solvent given in Ta- 
ble 2. 

Esterijication offree acids (la-d) to the 
corresponding methyl esters 

p-Toluenesulfonic acid (15 mg) was added to the free 
acid (la-d) (150 mg) in MeOH (5 ml), and the mixture 
was allowed to stand overnight at room temperature. 
MeOH was evaporated and the residue was extracted 
with CH,Cl,. The organic extract was washed with 5% 
NaHCO, and water, dried over Drierite, and evapo- 
rated to give the corresponding methyl ester, which 
was recrystallized from the solvent shown in Table 2. 

Results and discussion 

3-l Synthesis of 2p-hydroxylated bile acids 

Partial synthesis of Id, starting from methyl 7a,12c~- 
diacetoxy-3-oxo-5@cholanoate, has been previously 
reported by Haslewood and Tokes.‘The principal reac- 
tions used were bromination of the 3-0~0 derivative in 
acetic acid, rearrangement in the substitution reaction 
of the resulting 4fl-bromo-3-oxo ester with potassium 
acetate, and subsequent reduction of the 2@acetoxy- 
3-0~0 derivative with sodium borohydride (NaBH,). It 

seemed very likely that the successful synthesis of la-d 
would depend on improving the methods. We have 
been able to do this by adapting known procedures for 
several steps. 

In our synthesis, the 3-0~0 formylated bile acids 
5f-h (with the exception of Se) were chosen as the 
starting 3-ketones (Scheme 2) because formylated bile 
acids obviate the need for prior esterification of the 
carboxyl group in reactions and subsequent chromato- 
graphic purification, and are readily hydrolyzed to the 
free acids and crystallized more easily compared with 
the corresponding acetylated bile acid esters. Com- 
pounds Sf-h were thus prepared in total yield of over 
75% from the respective parent bile acids (2b-d) in 
three steps, with a slight modification of the procedures 
of Tserng and Klein’ and Leppik.‘The procedures con- 
sist of formylation (3f-h) with 99% formic acid, selec- 
tive deformylation (4f-h) of the 3-formyloxy group with 
saturated ammonia in methanol (MeOH), and then oxi- 
dation of the 3cw-hydroxy products with Jones reagent. 
Methyl 3-oxo-SP-cholanoate (5e) was obtained directly 
from 2a via the methyl ester 2e. 

By carrying out the bromination of 5e-h in DMF,“.” 
instead of the commonly used acetic acid, in the pres- 
ence of a catalytic amount of p-toluenesulfonic acid, 
an analytically pure sample of the 46-bromo-3-oxo 

Steroids, 1991, vol. 56, March 119 
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compounds (6e-h) w;l> ohtaincd in rensonable yields 
(67%~ to 80%~). These compounds cssentiallv show a 
single spot on TLC and their ‘H NMR exhibit for the 
4a-hydrogen a characteristic doublet signal (.I = Il.7 
Hz) at 4.95 to 4.98 ppm for 6e and 6g and at S.33 
ppm for 6f and 6h. The difference in chemical shift is 
probably due to the proximity of the axial 7a-formyloxy 
group. 

Treatment of the 4P-bromo-3-oxo compounds 
(6e-h) with anhydrous potassium acetate in boiling acc- 
tic acid led to a substitution accompanied by the re- 
arrangement of C-4 (4/I-Br) to C-2 (2/$OCOMe), a 
method introduced by Satoh et al.” and modified by 
Haslewood and Tokes.‘The rearrangement and substi- 
tution proceeded smoothly, and the sterically pure 2p- 
acetoxy-3-oxo intermediates (7e-h) were formed in iso- 
lated yield of 48% to 61% by direct crystallization or 
after chromatographic purification. The structure of 
7e-h was confirmed by the ‘H NMR signal. appearing 
at 2.13 to 2. I6 ppm as a sharp singlet due to the acetoxy 
group and at 5.13 to 5.30 ppm as a double doublet (J = 
13.5 and 6.3 Hz) due to coupling of the %-hydrogen 
with ILY- and I/%hydrogena.“,“’ 

The high equatorial selectivity found in our previous 
reduction of the analogous 3-keto bile acids with to’t- 
butylamine-borane complex’ suggested its use for an 
improved preparation of the 2P-acetoxy-ICY-hydroxy 
acids (8e-h). Indeed, when the reduction reaction was 
carried out on 7e-h, the desired equatorial 3tw-hydrox- 
ylated products (8e-h) were obtained with isolated 
yields of 76%’ to 9 1%) after chromatographic purification 
on silica gel: in each reaction. no isolated amount of 
the 3@-epimer was recovered. The equatorial configu- 
ration of the 2/X-acetoxy and 3a-hydroxyl groups in 
Se-h was confirmed by the two broad multiplet signals 
(‘H NMR) appearing at 4.62 to 4.70 ppm (axial 2tw- 
hydrogen) and at 3.51 to 3.63 ppm (axial 3&hydrogen). 

Usual alkaline hydrolysis of Se-h with 3% metha- 

nolic potassium hydroxide followed by acidification 

afforded the desired 2,!%hydroxylated bile acids (la-d). 
Esterification of la-d by the usual method yielded the 
corresponding methyl esters. 

3-2 Characterization of compounds 
by gas-liquid chromatographylmass 
spectrometry and ‘Hand 13C nuclear 
magnetic resonance 

Chemical evidence for the 1,2-diol structure, the ste- 
reochemical configuration of hydroxyls. and the purity 
of la-d were further confirmed by GC/MS and high- 
resolution ‘H and 13C NMR spectral data. 

The electron impact ionization mass spectra of la-d 
as their Me-TMS ether derivatives are shown in Fig- 
ure 1, and the methylene unit value” observed for those 
compounds on a nonselective capillary column, HiCap 
CBPMI (equivalent to OV-IOl), are as follows: la, 
32.82: lb, 33.36; lc, 34.15; and Id, 34.155. In each mass 
spectrum, a molecular ion peak (M+) of the Me-TMS 
ethers (lb and lc, 638 amu; Id, 726 amu) is very small 
or absent. except for la (550 amu). Major peaks are 

120 Steroids, 1991, vol. 56, March 
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Figure 1 Electron impact ionization (20 eV) mass spectra of the 
Me-TMS ether derivatives of (A) 2P,3u-dihydroxy-5p-cholanoic 
acid (la), (B) 2&3a,7tu-trihydroxy_5P-cholanoic acid (lb), 
(C) 2~,3u,l2~-trihydroxy-5~-cholanoic acid (Ic), and (D) 
2~.3~r,7tr,lZ~tetrahydroxy-5~-cholanoic acid (Id). In each panel, 
the intensities, from the tail of the arrow onward, have been 
multiplied by the scaling factor indicated above the arrow. 

ions arising from one to four sequential losses of tri- 
methylsilanol (TMSOH, 90 amu) from M ’ and the re- 
lated ions due to further loss of side chain (I I5 amu). 
However, a more diagnostic ion that characterizes a 
vicinal 2P,3a-glycol structure involves loss of -0TMS 
(89 amu) rather than TMSOH.“’ Thus, the base peaks 
for the Me-TMS ether of la, lb, and Id are the ions at 
w/=. 371 (M-90-89). 369 (M-90-90-891, and 367 (M-90- 
90-90-89). respectively. In addition, the relative inten- 
sity of the ion at I?I/Z 369 in lc is much higher than that 
of the ion at ml,: 368 (M-90-90-90). 

Tables 3 and 4 show the high-resolution ‘H and “C 
NMR data for the methyl esters of la-d. In the 400 
MHz ‘H NMR spectra, particularly noteworthy is the 
complete separation of axial 2~ and 3@protons, which 
overlap each other in the 90-MHz spectra. In la and 



Synthesis of 2j3-h ydrox ylated bile acids: lida et al. 

Table 3 High-resolution ‘H nuclear magnetic resonance spectral data for the methyl ester derivatives of 2/3-hydroxylated bile acids 
(la-d)a 

Bile acid 18-Me’ 1 g-Me* 21-MeC COOMe* 2a-HC 36-HE 7/3-HC 12@-H= 

2P,3t~-tOH)~ (la) 

2/3,3a,7a-(OHIs (lb) 

2&3a,l2a-(OH)s (1~) 

2~,3~,7~,12~-(OH)~ (Id) 

0.64 

0.62 

0.64 

0.63 

0.96 

0.91 

0.90 

0.88 

0.91 
(d, 6.5) 

0.88 
(d. 6.5) 

0.93 
id, 6.5) 

0.93 
fd, 6.0) 

3.66 

3.62 

3.63 

3.63 

3.52 3.42 
(brm, 25.9) (brm, 26.5) 

3.47 3.21 3.78 
(brm, 23.9) (brm, 26.3) (m, 7.4) 

3.60 3.35 3.96 
(brm)d (brm, 26.71 im, 6.3) 

3.58 3.24 3.79 3.92 
fbrm, 24.1) (brm, 25.6) (m, 6.3) (m, 7.0) 

a In parts per million downfield from TMS; recorded at 400 MHz on a JEOL GSX-400 spectrometer. 
* Singlet. 
‘Values in parentheses refer to signal multiplicity and coupling constant (J in Hz) or width at half-height (W,!, in Hz): d, doublet; m, 
multiplet; brm, broad multiplet. 
d The width at half-height of this signal could not be determined due to overlapping with the methyl ester signal. 

Table 4 13C nuclear magnetic resonance spectral data for the methyl ester derivatives of 2p-hydroxyfated bile acids (la-d)a 

Carbon 
2&3a-(OH), 2~,3~,7ff-(OH~~ 2~,3ff,l2~-(OH)~ 2~-3~-7~~12~-(~H)~ 

(la) flbt UC) (IdI 

1 43.27 43.05 43.60 
2 71.53 71.27 70.75 
3 76.85 76.94 76.37 
4 34.18 37.33 34.50 
5 42.10* 41.51 42.04 
6 26.50” 33.97 26.49’ 
7 26.41c 68.27 26.16* 
8 35.90 39.41 36.07 
9 42.07* 34.26 35.06 

10 37.23 37.53 36.58 
11 21.12 20.92 28.60 
12 40.13 39.68 73.21 
13 42.76 42.66 46.61 
14 66.44 50.36 47.98 
15 24.21 23.65 23.73 
16 28.23 28.26 27.57 
17 55.99 55.95 47.20 
18 12.10 11.80 12.77 
19 23.41 22.89 23.01 
20 35.43 35.44 35.34 
21 18.33 18.35 17.35 
22 31.14 31.10 31.32 
23 31.04 31.03 31.07 
24 174.88 174.88 174.80 
25d 51.58 51.59 51.54 

43.14 
70.55 
76.54 
37.26 
41.39 
33.87 
68.33 
39.46 
27.67 
37.16 
28.43 
72.99 
46.44 
41 &ib 
23.22 
27.62 
47.03 
12.50 
22.43 
35.48 
17.34 
31.29 
31.04 

174.86 
51.54 

a In parts per million downfield from TMS; recorded at 125.65 MHz on a JEOL GSX-500 spectrometer. 
bc Assignments in each column may be interchanged. 
‘The methyl group of the methyl ester. 

lc,the axial 3P-hydrogen appears at 3.35 to 3.42 ppm 
as a broad multiplet (Wriz, 26.5 to 26.7 Hz), while the 
corresponding signal in lb and Id is slightly shielded, 
probably due to the ‘ftu-hydroxyl group, and occurs at 
3.21 to 3.24 ppm (W,,,, 25.6 to 26.3 Hz). On the other 
hand, the axial 2a-hydrogen, also appearing as a broad 
multiplet (Wliz, 23.9 to 25.9 Hz), resonates at lower 
field (3.47 to 3.60 ppm) than the corresponding 3/3- 
hydrogen. The remaining proton signals, equatorial 7/3- 
and 12~-hydrogens. appear at 3.78 to 3.79 ppm (W,,?, 

6.3 to 7.4 Hz) and at 3.92 to 3.96 ppm (W,,:, 6.3 to 7.0 
Hz) as multiplet, respectively. 

The assignment of each carbon signal of the methyl 
ester of la-d in the 13C NMR was made on the basis 
of previous reports. “,I8 The signal assignments were 
further confirmed by the distortionless enhancement 
by polarization transfer (DEPT) spectra, which allows 
the differentiation of the signals of methine (CH), meth- 
ylene (CH,), methyl (CH,), and quaternary (C) car- 
bons; C, CH, and CH, versus CH, signals were easily 
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differentiated from the DEPT I, 2. and 3 \pcctra. rc- 
spcctivcly. A comparison ofthc shielding data for la-d 
with those for the parent compounds 2a-dlX rcvealcd 
that introduction of a Z/j-hydroxyl group causes a 
downfield shift of C-l (7.8 to 8.5 ppm). C-2 (40.5 to 41.4 
ppm), C-3 (4.X to 5.9 ppm), C-c) (I.5 to 2.0 ppm). and 
C-IO (2.5 to 3.0 ppm). while C-4 is shielded by 1.4 
to 2.3 ppm. Remaining carbon signals arc either little 
affected or shifted slightly. Since these sharp signals 
arc unequivocally identified and separated complctcly 
from each other. the shielding data allow a straightfor- 
ward identification of each compound as well as an 
estimation of its purity. 
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Names 

Lithocholic acid 3cy-hydroxy-SP-cholanoic 
acid 

Chenodeoxycholic acid 3cu.7a-dihydroxy-S/j- 
cholanoic acid 

Deoxycholic acid 3~~,12a-dihydroxy-5p- 
cholanoic acid 

Cholic acid 3a.7a. I&trihydroxy-5/+ 
cholanoic acid. 
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