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SUMMARY 

Deuterium labeled bile acids are synthesized from their keto acid 

analogs by a one-pot base-catalyzed enolization exchange with 

deuterated hydroxylic solvents (OD) followed by in situ reduction of 

the ketone. The stereochemistry of the alcohol, especially that at 

C-7, can be controlled either by steric approach reduction with sodium 

borodeuteride or thermodynamically by reduction with sodium in n- 
butanol. 

Key Words: Bile acids, chenodeoxycholic, ursodeoxycholic, deuterium- 

labeled, enolization, exchange. 

INTRODUCTION 

The carbonyl group is certainly the most widely used and versatile 

functional group for the introduction of deuterium into steroids and 
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t h e  most common deuterium l a b e l i n g  technique i s  t h e  exchange o f  a c t i v e  

hydrogens via e n o l i z a t i o n .  

react ions as w e l l  as the  r e l a t i v e l y  low p r i c e  and the  a c c e s s i b i l i t y  o f  

the requ i red  reagents. 

t o  synthesize deuterium-labeled b i l e  ac ids necessary f o r  t h e  e l u c i d a t i o n  

o f  t h e  q u a l i t a t i v e  and q u a n t i t a t i v e  aspects o f  t h e  b i o s y n t h e t i c  

pathways i nvo l ved  i n  t h e  catabol ism o f  cho les te ro l  t o  b i l e  acids. For 

such s tud ies t o  be f e a s i b l e ,  t he  metabol i tes must be l abe led  w i t h  a 

deuterium enrichment o f  a t  l e a s t  M+3 ( 2 ) .  

Th is  i s  due t o  t h e  s i m p l i c i t y  o f  t h e  

A l l  o f  t he  above are p e r t i n e n t  i n  our  e f f o r t  

D I S C U S S I O N  

Ketones l abe led  w i t h  deuterium on t h e i r  ad jacent  carbons have l i m i t e d  

use i n  b i o l o g i c a l  systems, e s p e c i a l l y  i n  v i v o  experiments, due t o  t h e  

exchange o f  t h e  incorporated isotopes w i t h  protons i n  t h e  medium. 

However, t he  exchange c a p a b i l i t y  o f  deuterium ceases as soon as t h e  

eno l i zab le  ketone i s  reduced. 

Chol ic  1 and chenodeoxycholic ac ids 5 a r e  convenient s t a r t i n g  

ma te r ia l s .  

r i n g  A via the  ketone a t  C-3. 

Oppenauer o x i d a t i o n  ( 3 )  o f  t he  methyl cho la te  2. 
Oppenauer o x i d a t i o n  procedure proceeded r a t h e r  s l u g g i s h l y  f o r  methyl 

chenodeoxycholate E. 
sequence o f  acety la t . ion ( 4 ) ,  s e l e c t i v e  h y d r o l y s i s  o f  t h e  3-acetoxy 

group (5 )  f o l l owed  by Jones o x i d a t i o n  (Scheme 11) which gave ketone 8 
i n  good o v e r a l l  y i e l d .  The same sequence can a l so  be app l i ed  t o  urso- 

deoxycholic ac id  & i n  order  t o  synthes ize ketone 13. 
s e l e c t i v i t y  i n  terms o f  t he  hyd ro l ys i s  o f  t he  3-acetoxy group had t o  

be monitored more c a r e f u l l y .  

i n  gaod y i e l d  by t h e  s e l e c t i v e  o x i d a t i o n  o f  b i l e  a c i d  methyl es te rs  

w i t h  the  more expensive reagent, s i l v e r  carbonate-ce l i te ,  i n  r e f l u x i n g  

to luene (21) .  

Scheme I dep ic t s  t h e  s t r a t e g y  o f  i n t r o d u c i n g  deuterium a t  

The ketone 3 was synthesized by an 

However, t he  same 

This  problem was overcome by a qu i ck  and simple 

However, 

3-Keto b i l e  ac ids can a l s o  be synthesized 
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&COOR o&COOMe 

a,b 
H 0.- "OH "OH 

1 R=H 2 R=CH3 

c , d , e  
D 

4a R=H 
- 4b R=Me 
- 

( a )  MeOH/TsOH; (b) A1 (O-iPr)3/,$CH3/acetone/L; ( c )  Na/MeOD/D20/A/3 days; 

(d )  NaBD4; ( e )  MeOH/TsOH. 

Deuterium was introduced by the base-catalyzed exchange of the 3- 

keto bile acids 3, 8 and 13 in a mixture of 5 1  sodium deuterioxide in 

methanol-OD. 

known to proceed smoothly, especially when stabilized with sodium 

methoxide (6). Hence sodium borodeuteride was added directly into the 

crude reaction mixture when the deuterium exchange was completed. The 

3-keto group, in all cases (3, 4 and E), was reduced predominantly to 
the 3~hydroxy moiety, s, & and & respectively, due largely to 
steric approach control (7), the effective reagent being the larger 

and more reactive methoxyborodeuteride [Na(OCH3)3BD] (8). 

Reactions with sodium borohydride in aqueous methanol are 
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Scheme I 1  

&coOR2 d C O O H  

- 5a 

a 
H 0.- Ac 0.. 4 A A 

1 6 R=OAc; R =H 

11 R=H; R S)Ac 

1 2  

1 2  

2 

R=OH; R ,R =tI 

1 

1 
5b R=OH; R =H; R =Me - - 
10 R=H; R =OH; R =H 

HO" i R 
1 - 8 R-OAc; R =H 

- 13 R=H; R =OAc 1 

P- 
D 

D b  
HO 

1 5 b  R=OH;  R =H 

- 7 R=OAc; R =H 

- 1 2  R=H; R =OAc 

1 
- 

1 

( a )  Ac O/HC104/HOAc; ( b )  A c C l  /MeOH ; 
( c )  J o k s  Reagent;  ( d )  N a / M e O D / D  O / A /  
3 days; ( e )  NaBD4; ( f )  MeOH/TsOH? 

(9) AgC03-Cel i te/$CH3/A. 

1 2  
- 9a R-OH;  R =R =H 

1 2  - 9b R=OH; R =H; R =Me 
2 1  14a R=R =H; R =OH 

- 14b R - H ;  R =OH; R =Me 1 2 
- 

The introduction o f  deuterium into ring B the C-7 carbonyl 

group is shown in Scheme 111. 

selective oxidation procedure o f  Haslewood (9). The configuration at 

C-7 o f  the reduced product could be controlled either by a one-pot 

synthesis via the enolization exchange, followed by reduction with 

Ketone fi was synthesized by the 
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17a R = H  

17b R=Me 
- 
- 

16a R=H 

16b R=Me 
- 

( a )  K2Cr04/NaOAc/HOAc; ( b )  Na /MeOD/D20 /A /3  days;  (c) NaBD4; 

( d )  Na/n-butanol (OD)/lZO"C; ( e )  MeOH/TsOH. 

sodium borodeuter ide t o  g i v e  the  s t e r i c  c o n t r o l  product ( t h e  a x i a l  

7u-alcohol l&i) o r  by the  f a c i l e  sodium reduc t i on  i n  h o t  1-butanol  

(OD) t o  g i v e  t h e  equa to r ia l  76-alCohOl 17a (20). 

descr ibed i n  ou r  prev ious p u b l i c a t i o n  (10). 

ketone i s  ad jacent  t o  a hydrogen-bearing asymmetric center ,  ep imer i -  

z a t i o n  may occur d u r i n g  t h e  e n o l i z a t i o n  exchange. 

m e r i z a t i o n  a t  c-8 was detected d u r i n g  t h e  exchange o f  7-ketones (11, 

12). 

au then t i c  sample, were i d e n t i c a l  w i t h i n  experimental e r r o r s .  

These methods were 

I n  t h e  case where a 

However, no e p i -  

The TLC, NMR, IR and m e l t i n g  po in ts ,  when compared t o  an 
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For a s tab le  isotope labe led  analog, i t  i s  assumed t h a t  t he  

substance i s  i d e n t i c a l  i n  a l l  aspects, except mass, t o  t h e  parent  

compound. Unfor tunate ly ,  t h e  molecular  i o n  o f  b i l e  ac ids,  i n  general,  

i s  o f ten no t  r e g i s t e r e d  on t h e  spectrogram i f  ana lys i s  i s  conducted by 

e lec t ron  impact inass spectrometry. 

t h e i r  hydroxyl (as H20) o r  d e r i v a t i z e d  moiety (as TMSOH). 

t h e  mass spec t ra l  fragmentations o f  a number of b i l e  ac ids,  as t h e i r  

hydroxy o r  acetoxy methyl esters ,  e s p e c i a l l y  t h a t  o f  c h o l i c  1, 
chenodeoxycholic and ursodeoxycholic & acids, have been 

ex tens i ve l y  s tud ied  (13,14) and these r e s u l t s  were used t o  c a l c u l a t e  

the  percentages o f  deuterium content  i n  ou r  f i n a l  products by com- 

parisons o f  t h e  r e l a t i v e  peak i n t e n s i t i e s .  

incorporated a t  C-6, C-7 and C-8, l oss  o f  one deuterium i s  i n e v i t a b l e  

dur ing f ragmentat ion due t o  l oss  o f  HDO and TMSOD ( i f  d e r i v a t i z e d )  

s ince t h e  C-7 (and C-12) a lcohol  dehydrates f a s t e r  t han  t h e  C-3 

a1 coho1 (1 3,14) - 

Th is  i s  due t o  premature l oss  o f  

However, 

Where deuterium i s  

EXPERIMENTAL 

M e l t i n g  p o i n t s  were determined on a K o f l e r  m e l t i n g  p o i n t  apparatus 

and are uncorrected. The IR spect ra o f  c r y s t a l s  were determined as KBr  

p e l l e t s  and o f  o i l s  as a f i l m  on sodium c h l o r i d e  windows. The NMR 

spect ra were obta ined i n  deuter iochloroform s o l u t i o n ,  o r  o therwise 

s tated,  by us ing  te t ramethy l s i l ane  as an i n t e r n a l  re ference and were 

recorded on a 90 MHz Variarl EM-390 spectrometer. 

GC-MS spect ra o f  l abe led  b i l e  ac ids were recorded a s  t h e  tri- 

m e t h y l s i l y l  d e r i v a t i v e s  o f  t he  respec t i ve  methyl es te rs  us ing a 

Hewlett Packard 5992-A GC/MS system. 

b o r o s i l i c a t e  g lass c a p i l l a r y  column (6 f t  x 2 nun) con ta in ing  3% 

SP2100 on 80/100 Supelcoport. 

TMS-Derivatization. 

The GC column used was a 

Column temperatures were 240-290°C. 

About 0.5 mg o f  a sample was d isso lved i n  

1 mL o f  TRI-SIL/TBT (Pierce Chemical Co.) i n  2 mL tapered v i a l s  
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equipped w i t h  Tuf-Bond t e f l o n - s i l i c o n e  d i scs  and open-top screw caps. 

The m ix tu re  was incubated a t  60°C f o r  2 h be fo re  use. 

Methyl 3a,7~~, 1 2 a - t r i  hydroxy-5g-chol an-24-oate (2)  was prepared 

from c h o l i c  a c i d  1 w i t h  methanol and p t o l u e n e s u l f o n i c  ac id  according 

t o  known procedures (17), m.p. 154-156°C ( e t h y l  acetate)  [ L i t .  ( 4 )  

156-157"C]. 

Methyl 7a,12a-di hydroxy-3-oxo-5~-cholan-24-oate ( 3 )  was prepared 

by t h e  Oppenauer o x i d a t i o n  (3 )  o f  t h e  methyl cho la te  2, m.p. (e the r )  

171-172°C [ L i t .  ( 3 )  171-172"CI. 
2 ,38 ,4a ,4g- H5]-Methyl - 3 ~ ,  7a , 1 2 a - t r i  hydroxy-56-chol an-24- 

oate (4b). 

prepared 5% deuterated methanolic sodium hydroxide s o l u t i o n  (OD) (190 mg 

sodium, 13 mL methanol (OD) 99 atom % D, 6.8 mL deuterium ox ide 99.8 

atom % D ) .  

atmosphere. 

added. 

w i t h  c o l d  10% hyd roch lo r i c  a c i d  and f i l t e r e d  t o  g i ve  the  crude 

deuterated c h o l i c  a c i d  9 (612 mg, 87%) as a s o l i d .  

was r e f l u x e d  w i t h  a 5% methanolic potassium hydroxide s o l u t i o n  (20 mL) 

f o r  2 h t o  remove any exchangeable deuterium from the  molecule. 

product  was a c i d i f i e d ,  methylated (as f o r  compound 2) and chrornato- 

graphed on p repara t i ve  TLC (3 x 20% acetone/hexane) y i e l d i n g  the  

deuterated methyl cho la te  &; m.p. 153-155°C ( e t h y l  acetate)  [ L i t .  (4) 

The ketone 2 (700 mg, 1.6 mrnol) was suspended i n  a f r e s h l y  

The m ix tu re  was r e f l u x e d  f o r  3 days i n  a n i t rogen  

It was then cooled and sodium borodeuter ide (100 mg) was 

This was s t i r r e d . a t  room temperature overn ight ,  then quenched 

The crude a c i d  

The 

156-157"CI; I R  vmax 3400 (OH), 2180, 2100 (C-D), 1720 (C=O), 1190, 

1080, 1020 (C-0) cm-'; NMR 6 0.67 (3H, s ,  18-Me), 0.91 (3H, s ,  19-Me), 

0.97 (3H, d, J = 7 Hz, 21-Me), 3.67 (3H, s ,  24-COOMe), 3.86 ( IH ,  m, 

w/2 % 8 Hz, 7-H), 3.98 ( lH,  rn, w/2 ?r 8 Hz, 12-H). 

CH3]+. 463 [ (M+5)-2 TMSOH]+, 348 [ (Mt3)-E TMSOH-side chain]'. 

I s o t o p i c  p u r i t y :  75% (M+5), 27% (M+4). 

MS m/e 628 [(M+5)- 
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Methyl 7~~-ace toxy -3~-hyd roxy -5~-cho lan -24 -oa te  (7). Chenodeoxy- 

cholic acid 5-was acetylated according to the procedure of Fieser and 

Rajagopalan (4). 

hydrolyzed (5) with methanol (19 mL) and acetyl chloride (0.94 mL) 

and the product was worked up according to published procedure ( 5 )  t o  

yield a crude oil 

N M R )  to be used in the next reaction step. 

was prepared by chromatography on TLC (60% ethyl acetate/hexane) and 

crystal 1 ization from ether/hexane; m.p. 112-1 14°C [Lit. (18) 115-1 17”C]; 

IR 3350 (OH), 1720 (C=O), 1250 (C-0) cm-’; NMR 6 0.67 (3H, s ,  18-Me), 

0.93 ( 3 H ,  s ,  19-Me), 0.93 (3H, d, 2 = 6 Hz, 21-Me), 2.07 (3H, s ,  7-OCOMe), 

3.43 (lH, br.m., w/2 ‘L 17 Hz, 3-H), 3.63 (3H, s ,  24-COOMe), 4.80 (lH, m, 

The diacetate 5 (1.78 g, 3.7 mmol) was selectively 

(1.60 g, 96%) which was sufficiently pure (TLC, 

An analytically pure sample 

w/2 ?J 8 HZ, 7-H). 

Methyl 7~-acetoxy-3-oxo-5~-cholan-24-oate (8). The alcohol 7 
(1.72 g, 3.84 rnrnol) was oxidized with Jones reagent to give ketone 8 

(1.66 g, 96%). 

m.p. 116-118°C [Lit. (18) 119-12O0C]; IR umax 1725 (C=O), 1230 (C-0) cm-’; 

PlMR 5 0.68 (3H, s, 18-Me), 0.92 (3H, d, J = 6 Hz, 21-Me), 1.03 (3H, s ,  

19-Me), 2.03 (3H, s ,  3-OAc), 3.60 (3H, s ,  24-COOMe), 4.90 (lH, m, w/2 ‘L 

An analytical sample was crystallized from hexane, 

8 Hz, 7-H). 
2 [2a,2BY3B,4u,4B- H5]-Methyl 30,7a-di hydroxy-5~-chol an-24-oate (9b). 

The ketone 8 (1.41, 3.1 mmol) was deuterated according to the procedure 

as described for compound *. 
chenodeoxycholic acid 5 (1.16 g, 81%) as a white solid which was 

methylated in the usual manner with p-toluenesulfonic acid and methanol 

and chromatographed ( 5  x 20% acetone/hexane giving g as an oil, 

IR vmax 3400 (OH), 2100 (CD), 1730 (C=O), 1250 (C-0) cm-’; NMR 6 0.67 

(3H, s ,  18-Me), 0.90 (3H, s ,  19-Me), 0.93 (3H, d, 2 = 6 Hz, 21-Me), 

3.60 (3H, s, 24 Cook), 3.77 (lH, m y  w/2 = 8 Hz, 7-H); MS m/e 465 

[(M+5)-TNSOD]+, 374 [(M+5)-(TMSOH + TMSOD)]’; Isotopic purity: 63% 

(M+5), 37% (M+4 . 

This yielded the crude pentadeuterated 
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Methyl 7~-acetoxy-3a-hydroxy-5e-chol an-24-oate (12). Ursodeoxy- 

cholic acid 9 (350 mg, 0.89 mmol) was acetylated according to the 
procedure for compound 5 to give the diacetoxy acid 5 (340 mg, 80%) 
as a white solid, m.p. 90-92°C; IR umax 3200 (COOH), 1720 (C=O),  1240, 

1020 (C-0) cm-’; NMR 6 0.70 (3H, s, 18-Me), 0.97 (3H, d, J = 6 Hz, 

21-Me), 0.98 (3H, s, 19-Me), 1.98 (3H, s, 7-acetoxy Me), 2.03 (3H, s, 

3-acetoxy Me), 4.67 (ZH, br.m., w/2 -” 22 Hz, 3 and 7 - H ) .  

The crude diacetoxy acid 11 was selectively hydrolyzed as 
described for compound 6 yielding the 3a-alcohol 11. (284 mg, 71% 
overall) as an oil, IR vmax 3400 (OH), 1720 (C=O), 1230, 1020 (C-0) cm-’; 

NMR 6 0.70 (3H, s, 18-Me), 0.98 (3H, s, 19-Me), 0.98 (3H, d, J = 6 Hz, 

21-Me), 1.98 (3H, s, 7-acetoxy Me), 3.50 (lH, br.m., w/2 ‘L 18 Hz, 3-H), 

2.63 (3H, s, 24-COOMe), 4.73 (lH, br.m., w/2 ‘L 20 Hz, 7-H). 

Methyl 7~-acetoxy-3-oxo-5~-cholan-24-oate (13). Alcohol 11 
(297 mg, 0.66 mmol) was oxidized with Jones reagent to give the ketone 13 
(227 mg, 77%) as crystals. 

ethyl acetate/hexane, m.p. 88-90°C; IR vmax 1720 ( C = O ) ,  1250, 1020 

(C-0) cm-’; NMR 6 0.75 (3H, s, 18-Me), 0.93 (3H, d, J = 6 Hz, 21-Me), 

1.08 (3H, s, 19-Me), 3.62 (3H, s, 24-COOMe), 4.73 (lH, br.m., w/2 % 

An analytical sample was recrystallized from 

18 Hz, 7-H). 
2 [2a,2fiY38,4a,48- H5]-Methyl 3~,7~-di hydroxy-5B-cholan-24-oate 

(14b). 

procedures for compound 

as crude crystals which was then esterified as described for compound 2 
and purified by preparative TLC ( 5  x 30% ethyl acetate/hexane) to give 

the methyl ester 14b (320 mg, 76% overall) as colorless needles. 
analytical sample was recrystallized from aqueous methanol, m.p. 157- 

159°C [Lit. (19) 159-16l0C]; IR umax 3350 (OH), 2100 (C-D), 1720 

(C=O), 1250 (C-0) cm- ; NMR 6 0.68 (3H, s, 18-Me), 0.94 (3H, d, J = 

6 Hz, 21-Me), 0.93 (3H, s ,  19-Me), 3.55 (lH, br.m., w/2 ‘L 20 Hz, 7-H), 

The ketone 13 (478 mg, 1.06 mmol) was deuterated according t o  

to give the labeled product 14a (375, 89%) 

An 

1 
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3.65 (3H, s, 24-COOMe); MS m/e 542 [(M+5)-CH3]+, 465 [(M+5)-TMSOH]+, 

374 [(M+5)-(TMSOH + TMSOD)]'. Isotopic purity: 64% (M+5), 36% (M+4). 

Methyl 3 ~ - h y d r o x y - 7 - o x o - 5 ~ - c h o l a n - 2 4 - o a t e  (15). The diol & was 

selectively oxidized at C-7 with potassium chromate according to the 

Haslewood procedure (9) to give the hydroxy ketone 13 as a crystalline 
solid. A1 analytical sample was prepared by recrystallization from 

methanol, m.p. 104-105°C [Lit. (18) 107-109"C], IR wmax 3400 (OH), 

1720 ( C = O ) ,  1180 (LO) cm-'; NMR 6 0.65 (3H, s ,  18-Me), 0.95 (3H, d, 

-. J = 6 Hz, Zl-Me), 1.20 (3H, s ,  19-Me), 3.5 (lH, br.m. , w/2 ?r 17 Hz, 

3-H), 3.62 (3H, s, 24-COOMe). 

[ 6 ~  ,6?, 78,8e-ZH,]-Methyl 3a, 7a-di hydroxy-56-chol an-24-oate (1 6 b ) .  

1250 (C-0) cm-l; 

(3H, d, 2 = 6 Hz 

(3H, s ,  24-COOMe 

(THSOH + TMSOD + 

5% ( W ) .  

~ ~ 

The hydroxy ketone 15 (300 mg, 0.7 mmol) was deuterated as described 

for  compound t o  yield the deuterated methyl chenodeoxycholate 16b 
(184 mg, 602) as an oil, I R  vmax 3350 (OH), 2100 (C-D), 1720 (C=O), 

NMR 6 0.67 (3H, s ,  18-Me), 0.90 (3H, s ,  19-Me), 0.93 

21-Me), 3.43 (lH, br.m., w/2 18 Hz, 3-H), 3.62 

; MS m/e 373 [(M+4)-(TMSOH + TMSOD)]', 358 [(M+4)- 

CH3)]+. Isotopic purity: 56% (M+3), 39% (M+2), 

2 [ 6tr ,68,7a ,8p- H4]-Methyl 3a ,  713-di hydroxy-50-chol an-24-oate (1 7b). 

The hydroxy ketone 15 (450 mg, 1.1 mmol) i n  deuterated 2-butanol (OD) 

(98 + atom S D, 10 mL: was heated to 120°C in an N2 atmosphere to 

which sodium pieces ((b 600 mg ?i 26 mmol) were added and the reaction 

was maintained at 120'C for 1 /2  h. 

procedure for compound + yielded the deuterated methyl ursodeoxy- 
cholate fi (300 mg, 67%) as a white solid. 

recrystallized from ether/hexane, m.p. 148-150°C [Lit. (19) 152"CI; 

3350 (OH), 2100 ( C - D ) ,  1720 (C=O), 1260 (ester) ern-'; NMR 6 IR Vmax 
0.67 (3H, s ,  18-Me), 0.92 (3H, d, 2 = 6 Hz, 21-Me), 0.93 (3H, s, 

18-Me), 3.63 (lH, m. w/2 

Worked up according to the 

An analytical sample was 

18 Hz, 3-H), 3.67 (3H, s ,  24-COOMe); 
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MS m/e 539 [ (M+4)-CH3]+, 463 [(M+4)-TMSOD]+, 374 [(M+4)-(TMSOH t 

TMSOD)]', 358 [(M+4)-(TMSOH + TMSOD + CH3)]+. I s o t o p i c  p u r i t y  60% 

( ~ 4 1 ,  40% (r,1+3). 
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