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SUMMARY 

A representative group of steroids have been labelled by 
exchange wi th  i so topic  biater i n  the presence of heterogeneous 
Group VII I  t rans i t ion  metals. Platinum and p a l l a d i m  are the  
bes t  of the  metals studied. 
oestrogens, keto and hydroxy derivatives,  hydrocarbons and two 
cardiac glycosides. 
leads t o  oxidation simultaneously wi th  isotope incorpomtion. 
Es ter i f ica t ion  of the OH group prior t o  exchange eliminates oxi- 
dation and y i e lds  labelled compounds of high chemical pur i ty .  

The variables a f fec t ing  optimum exchange have been determined 
and include solvent,  tempeFature of reaction and method of cata lys t  
ac t iva t ion .  
a mechanism involving the ro le  ofn- and a-bonded intermediates 
i n  the exchange reaction. 

Stero;ds examined included 

The presence o f  an OH group i n  the steroid 

Isotope or ien ta t ion  i n  the labelled s tero ids  supports 

INTRODUCTION 

One-step methods f o r  the  l a b e l l i n g  of s t e r o i d s  with deuterium 

and/or t r i t i u m  a r e  usefu l ,  p a r t i c u l a r l y  f o r  chemical and b i o l o g i c a l  

s t u d i e s .  For t r i t i u m  l a b e l l i n g  which is general ly  o f  more value than 

deutera t ion ,  radiat ion-induced techpiques such as  t h e  Wilzbach method 

a r e  of l imi ted  a p p l i c a b i l i t y  because of  concurrent r a d i a t i o n  degradat ion.  

(1) 

* Par t  LXXIX of a s e r i e s  (J.L.G.) e n t i t l e d  "Catalyt ic  Deuterium 

Exchange Reactions of Organics". P a r t  L X X V I I I ,  J .C .S .  Chem. Corn., i n  press .  

** C.S.I.R.O. Division of Animal Genetics, P.O. Box 90,  Epping, N.S.W. 2121. 
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Heterogeneous exchange involving i s o t o p i c  water with Group V I I I  t r a n s i t i o n  

metals has been used extensively t o  l a b e l  sim?le molecules such as  

s u b s t i t u t e d  aromatics, o l e f i n s  and s a t u r a t e d  hydrocarbons. (2 )  

Preliminary s tudies  with t h i s  procedure have previously been performed 

only on i s o l a t e d  s t e r o i d s  and with platinum as ~ a t a l y s t . ( ~ - ~ )  Data from 

t h i s  e a r l i e r  work, p a r t i c u l a r l y  with choles te ro l ,  ind ica te  t h a t  extensive 

degradation of  the  molecule w i l l  accompany isotope incorporat ion.  (31 4, 

In some o f  these previous s t u d i e s  ( 6 )  t r i t i u m  only w a s  used. 

simultaneous deuterium l a b e l l i n g  t o  check degradation o r  o r i e n t a t i o n  of  

isotope was performed. 

t o  perform a systematic  f e a s i b i l i t y  s tudy o f  t h e  use of  hetemgeneous 

c a t a l y s i s  with i s o t o p i c  water as  a means f o r  l a b e l l i n g  s t e r o i d s .  A 

representa t ive  number of  s a t u r a t e d  and unsaturated s t e r o i d s  containing 

t y p i c a l  func t iona l  groups have been chosen for experiment. 

attempt w i l l  be  made t o  achieve l a b e l l i n g  i n  s t e r o i d s ,  such a s  choles te ro l ,  

without concurrent degradation. Final ly  t h e  r e s u l t s  w i l l  be r a t i o n a l i s e d  

i n  terms of  current  theor ies  for heterogeneous c a t a l y s i s .  Deuterium w i l l  

be used a s  a t r a c e r  f o r  t r i t i u m  i n  t h i s  work, s ince  N.M.R. and mass 

spectrometry as w e l l  a s  o ther  convent ional  instrumental  techniques can 

then be u t i l i z e d  t o  examine chemical p u r i t y  and i so tope  o r i e n t a t i o n  i n  

the tagged compounds. 

No 

I t  is t h e  purpose of t h i s  present  inves t iga t ion  

A s p e c i f i c  

EXPERIMENTAL 

The s t e r o i d s  used were t h e  pures t  commercially ava i lab le .  

was checked by m.p., in f ra red ,  N.M.R. ,  mass spectrometry and where 

appl icable ,  o p t i c a l  a c t i v i t y .  

oxide (99.7% i s o t o p i c  abundance suppl ied by the Austral ian I n s t i t u t e  

o f  Nuclear Science and Engineering). 

oxide (Johnson, Matthey) and palladium oxide (Koch-Light). 

except hydrogen gas ,  were of  AR qual i ty .  

Their  p u r i t y  

The source of i so tope  was deuterium 

Cata lys t s  employed were platinum 

A l l  reagents ,  

For the  exchange reac t ions ,  two methods of c a t a l y s t  ac t iva t ion  

For hydrogen were u t i l i z e d ,  namely hydrogen and sodium borohydride. (7) 
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reduct ion  t h e  weighed c a t a l y s t  was suspended i n  h a l f  t h e  d e s i r e d  q u a n t i t y  

of deuterium oxide i n  a preweighed, p r e c o n s t r i c t e d  r e a c t i o n  tube ,  then  

hydrogen bubbled i n  through a c a p i l l a r y  leak  (50 m l  min-') f o r  t e n  

minutes. Af te r  r e d u c t i o n ,  excess  hydrogen was d isp laced  by oxygen-free 

n i t r o g e n ,  t h e  requi red  a d d i t i o n a l  deuterium oxide added, followed by t h e  

s t e r o i d  then t h e  ampoule was s e a l e d  under vacuum a t  < 5 x t o r r  a f t e r  

two freeze-thaw cyc les .  The ampoule was hea ted  i n  an oven f i t t e d  with a 

r o t a t i n g  device t o  give uniform a g i t a t i o n .  Af te r  exchange, t h e  c a t a l y s t  

w a s  cen t r i fuged  o f f  and t h e  compound recovered by f i l t r a t i o n  or s o l v e n t  

e x t r a c t i o n  depending on i t s  s o l u b i l i t y .  Labi le  deuterium was removed 

by evaporat ion with methanol. 

technique,  t h e  procedure prev ious ly  descr ibed  was used. ( 7 )  

For reduct ion  wi th  the  sodium borohydride 

For  i n f r a r e d ,  t h e  K C I  d i s c  method was c a r r i e d  out  on a Perkin 

E l m e r  521 spectrometer .  

instrument .  Melting p o i n t s  were determined on a Reichert  Kofler  block 

apparatus  and a r e  uncorrected.  O p t i c a l  a c t i v i t y  measurements were 

c a r r i e d  out  on a Perkin Elmer model 141  p h o t o - e l e c t r i c  instrument .  

mass spectrometry,  t h e  low vol tage  technique (7) f o r  deuterium a n a l y s i s  

w a s  used on an Hitachi-Perkin Elmer RMS-4 instrument .  The measured 

mass spectrum peaks were processed on a Control  Data 3200 computer by 

a F o r t r a n ' s  program which cor rec ted  the  measured peaks f o r  carbon-13 

and oxygen-18, present ing  t h e  r e s u l t s  a s  a percentage d i s t r i b u t i o n  of 

spec ies  D - Dx. From t h i s  cor rec ted  d i s t r i b u t i o n ,  t h e  program 

c a l c u l a t e d  the  average deuterium p e r  molecule as atom % D. 

N.M.R. s p e c t r a  were obtained on a Varian A60 

For 

RESULTS AND DISCUSSION 

The experimental  condi t ions  used and t h e  r e s u l t i n g  deuterium incorpora ted  

f o r  each compound i n  t h e  s t e r o i d  ces t rogens ,  t h e  k e t o  s t e r o i d s ,  t h e  

hydroxy s t e r o i d s  and t h e i r  e s t e r s ,  t h e  s t e r o i d  hydrocarbons and t h e  

more complex d e r i v a t i v e s ,  d i g i t o x i n  and d i g i t o x i g e n i n ,  a r e  repor ted  

i n  Tables I - V I .  The mass spec t romet r ic  deuterium d i s t r i b u t i o n s  f o r  

t h e  corresponding l a b e l l e d  s t e r o i d s  a r e  l i s t e d  i n  Tables V and V I  wi th  
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i so tope  o r i e n t a t i o n  s t u d i e s  from N.M.R. and i n f r a r e d  spec t roscopies  

on a r e p r e s e n t a t i v e  number of  t h e s e  s t e r o i d s  summarised i n  Table V I I .  

With c e r t a i n  compounds, degradat ion accompanied exchange. Details of 

these  degradat ion r e s u l t s  a r e  shown i n  Tables V I I I  and IX. 

S t e r o i d  Oestrogens 

The compounds i n  t h i s  s e r i e s ,  namely 3-desoxyestrone ( I ) ,  oestrone (11)  

and o e s t r a d i o l  (111) can a l l  be l a b e l l e d  by the p r e s e n t  method (Tables 

I ,  V ,  VII) .  

products  during exchange (Tables I and V I I I ) ;  however, t h e  d i a c e t a t e  

With o e s t r a d i o l ,  t h e  p a r e n t  compound is oxid ised  t o  k e t o n i c  

0 

d e r i v a t i v e  i s  s t a b l e  and d e u t e r a t e s  e a s i l y .  Both P t O p  and PdO a r e  

a c t i v e  c a t a l y s t s ,  a l though both give d i f f e r e n t  i s o t o p e  o r i e n t a t i o n s  

during i n i t i a l  r a t e s  of exchange (Table VII ,  runs 5 and 6 ) .  

i s  important i n  t h e  r e a c t i o n  s i n c e  i n  Table 1, D2O alone with platinum 

(run 2 )  Rives low incorpora t ion  i n  desoxyestrone which i s  improved 

when deutera ted  a c e t i c  ac id  only is  used (run 4 )  and p a r t i c u l a r l y  

mixed deutepoace t ic  acidlheavy water  ( r u n  5 ) .  Analogous r e s u l t s  

‘were obtained with palladium ( runs  3 and ti). For e i t h e r  plat inum 

or palladium, the b e s t  method of c a t a l y s t  a c t i v a t i o n  w a s  reduct ion  

with hvdrogw or sodium borohydride i n  preference  t o  s e l f - a c t i v a t i o n  (’) 

which i s  i n  s i t u  reduct ion  of t h e  oxide by the  organic  compound. 

Solvent  
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Only plat inum and palladium metals  were used a s  c a t a l y s t s  i n  these  runs  

because o f  ear l ier  work ( 7 )  with s impler  compounds which showed t h a t  

t h e  o t h e r  Group VIII t r a n s i t i o n  metals  ca ta lysed  much slower exchange 

and t h e r e f o r e  h igher  d e u t e r a t i o n  temperatures  would be needed t o  give 

s i g n i f i c a n t  i so tope  incorpora t ion  i n  a reasonable  per iod  o f  time. 

Previous s t u d i e s  a l s o  demonstrated t h a t  c a t a l y s t s  prepared by a c t i v a t i o n  

of t h e  oxides  were b e t t e r  than t h e  corresponding m a t e r i a l  obtained from 

t h e  c h l o r i d e s .  (lo) 

cyclohexane confirmed these  e a r l i e r  f i n d i n a s  and s o  only t h e  oxides  

were used f o r  t h e  present  s t e r o i d  s t u d i e s .  

With plat inum and pal ladium, i s o t o p e  incorpora t ion  occurred i n  both 

aromatic  and a l i p h a t i c  p o s i t i o n s  i n  a l l  molecules (Table VII ) .  

From t h e  mass s p e c t r a l  d i s t r i b u t i o n s  (Table  V), measurable peaks 

t o  D15 with i n c i p i e n t  peaks t o  Dl8 were observed f o r  a number of runs ,  

thus  suggest ing t h a t  a l l  protons i n  t h e  molecules were capable  of 

exchange. From t h e  N . M . R .  (Table  V I I ) ,  t h e  presence of an OH group 

i n  t h e  aromatic  r i n g  ( run  5,desoxyestmne vs .  run 11, oes t rone)  

accentua tes  aromatic  exchange c o n s i s t e n t  with o r i e n t a t i o n  e f f e c t s  

prev ious ly  observed ( 7 )  i n  s impler  molecules (phenol vs .  benzene) .  

Conversion t o  t h e  a c e t a t e  d e r i v a t i v e  of these  hydroxy compounds 

such as i n  o e s t r a d i o l  d i a c e t a t e  ( run  1 6 )  reduces t h e  r e l a t i v e  

emphasis of r i n g  d e u t e r a t i o n ,  presumably due t o  s u r f a c e  s t e r i c  

cons idera t ions  from t h e  bulkv a c e t a t e  group. (11) 

aromatic  d e u t e r a t i o n  is shown by t h e  Dg cut-off  i n  t h e  mass s p e c t r a l  

d i s t r i b u t i o n  o f  desoxyestrone (Table V, r un  5 )  and t h e  D4 cut-off  

wi th  oes t rone  (Table V ,  run 9 ) .  

Keto-and Hydroxy Stero ids  

Because o f  t h e  presence of a l i p h a t i c  ke tonic  sroups i n  t h e  k e t o  

compounds, exchange by keto-enol  tautomerism i n  t h e  d e u t e r o a c e t i c  

a c i d  c a t a l y s t  medium occurs .  Careful  p u r i f i c a t i o n  o f  t h e  l a b e l l e d  

ke to  s t e r o i d s  is thus necessary t o  remove l a b i l e  i so tope  and show 

unequivocally t h a t  a l l  incorpora ted  i so tope  remaining i n  t h e  molecule, 

Prel iminary experiments wi th  benzene and 

m e  e f f e c t  of  
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a f t e r  back-exchange t reatments ,  was s t a b l y  bound. Some of the  

hydroxy s t e r o i d s  i n  t h i s  group were a l s o  s tudied  as t h e i r  e s t e r s .  

The important s t e r o i d s  i n  t h i s  group a r e  tes tos te rone  (V) and 

i t s  e s t e r s , a c e t a t e  (VI) and propionate (VII), progesterone ( V I I I )  

and desoxycort icosterone a c e t a t e  ( I X )  for which a l l  the  exchange 

da ta  a re  shown i n  Tables 11, V and V I .  

OH crH,  

0 & (vrrr) 

In addi t ion ,  da ta  for 17-hydroxypregnenolone (X) , pregnenolone 

ace ta te  (XI), choles te ro l  (XII)  and i t s  e s t e r s  (ace ta te  (XII I )  and 

propionate (XIV)), e t iocholanolone (XV), androsterone (XVI) and 

s t igmas tero l  a c e t a t e  (XVII) a r e  l i s t e d  i n  Tables 111, I V  and V I .  
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HO 

I 0  

0 

HO" & 
In  t h i s  s e r i e s ,  t h e r e  a r e  two important fea tures  of t h e  r e s u l t s ,  

namely ( i )  those compounds containing f r e e  a l i p h a t i c  OH groups are 

degraded during exchange - t h i s  aspect  w i l l  be  discussed l a t e r  i n  

t h i s  paper and ( i i )  t h e  remaining compounds of t h e  s e r i e s  and a l s o  

t h e  e s t e r  der iva t ives  of those mater ia l s  i n  ( i )  a r e  e a s i l y  l a b e l l e d  

by the  present  technique using e i t h e r  platinum o r  palladium a s  

c a t a l y s t s .  

Again hydrogen and borohydride reduct ion,  i n  preference t o  s e l f -  

a c t i v a t i o n ,  of  the  inorganic  oxides gives  a more e f f i c i e n t  c a t a l y s t .  

Temperatures of a t  l e a s t  13OOC are  necessary t o  achieve s i g n i f i c a n t  

isotope incorporat ion i n  a reasonable  time ( 2  days). In  NMR s t u d i e s  

of i so tope  o r i e n t a t i o n  i n  t h e  l a b e l l e d  compounds, considerable  

exchange had occurred p r e f e r e n t i a l l y  a t  the  double bond hydrogens i n  

a l l  steroids. These hydrogens a r e  more a c t i v e  than those a t tached  

t o  s a t u r a t e d  carbon atoms. Again, the  low vol tage mass s p e c t r a  

of these deuterated der iva t ives  (Tables V,VI) ind ica te  t h a t  a l l  

hydrogens i n  t h e  a c e t a t e  a r e  capable of exchanging. The cut-offs  

i n  t h e  deuterium d i s t r i b u t i o n  p a t t e r n s  of  t h e  re levant  s t e r o i d s  

a l s o  confirm t h e  NMK o r i e n t a t i o n s .  

No hydrolysis  of t h e  e s t e r s  is observed during exchange. 
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S t e r o i d  Hydrocarbons and More Complex S t e r o i d s  

The c a r d i a c  g lycos ide ,  d i g i t o x i n  (XVIII) and t h e  aglycone, 

d ig i tox igenin  (XIX) were i n v e s t i g a t e d  because of t h e  g e n e r a l  d i f f i c u l t y  

a l ready  experienced i n  l a b e l l i n g  t h e s e  s t e r o i d s  which possess  more 

complex s t r u c t u r e s .  The l a s t  two compounds examined were k a n d r o s t a n e  

(XX) and 53androstane (XXI). These a r e  hydrocarbons, thus  t h e  e f f e c t  

of f u n c t i o n a l  group on t h e  exchange could be  es t imated .  

Label l ing of  d i g i t o x i n  and d ig i tox igenin  was not  achieved due t o  

oxidat ion of  t h e  compounds. 

evidence t h a t  t h e  C-3 d i g i t o s e  was being hydrolysed.  

hydrocarbons, Sa-and 5B-androstane, exchanged only slowly even a t  

120OC. 

such as  cyclohexane and benzene. (11) 

exchanges much f a s t e r  than t h e  s a t u r a t e d  a l i p h a t i c .  

Degradation During Exchange 

The problem i n  l a b e l l i n g  s t e r o i d s  which contain e s s e n t i a l l y  an 

a l i p h a t i c  hydroxyl group is t h a t  ox ida t ion  and r e l a t e d  r e a c t i o n s  

r e a d i l y  occur  with a c t i v e  Group VIII  t r a n s i t i o n  meta ls ,  p a r t i c u l a r l y  

With d i g i t o x i n  t h e r e  was a l s o  s t r o n g  

Both s a t u r a t e d  

This r e s u l t  i s  c o n s i s t e n t  with d a t a  from s impler  molecules 

The aromatic  compound 
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( 3 )  platinum and pal ladium under t h e  present  exchange condi t ions .  

Even with t h e  simple a l c o h o l s ,  it has been found t h a t  r e a c t i o n  on 

heterogeneous n i c k e l  of some primary a lcohols  i n  t h e  l i q u i d  phase a t  

temperatures  from 140-275OC y i e l d s  a ldehydes,  unsa tura ted  hydrocarbons 

and s a t u r a t e d  hydrocarbons. 

dominant process  occurr ing  when a lcohols  decompose on metal  s u r f a c e s  

is  dehydrogenation. Thus primary a lcohols  y i e l d  aldehydes and 

secondary a lcohols ,  ketones.  In  t h e  only o t h e r  previous s tudy o f  

t h i s  type repor ted  with s t e r o i d s ,  Anker and Bloch ( 3 )  found t h a t  

c h o l e s t e r o l  i n  a c e t i c  a c i d  was dehydrogenated by heterogeneous 

plat inum. 

The r e s u l t s  of  t h e  p r e s e n t  r e l e v a n t  s t u d i e s  repor ted  i n  T a b l e s  V I I I  

and I X  are c o n s i s t e n t  with the  above observa t ions .  Thus o e s t r a d i o l ,  

t e s t o s t e r o n e ,  17-hydroxy-pregnenolene, c h o l e s t e r o l ,  e t iocholanolone ,  

androsterone,  d i g i t o x i n  and d ig i tox igenin  were r e a d i l y  oxid ised  t o  

ke tonic  and r e l a t e d  d e r i v a t i v e s  under t h e  present  c a t a l y t i c  exchange 

condi t ions .  Oxidation and exchange mechanisms appear t o  be r e l a t e d  

s i n c e  a t  temperatures  of  9 @ C  t h e r e  was genera l ly  no exchange and no 

oxida t ion ,  bu t  a t  13OOC where exchange i s  normally f a s t ,  ox ida t ion ,  

i s ,  a t  l e a s t ,  50% complete with many compounds a f t e r  48 hours .  In 

t h i s  r e s p e c t ,  t e s t o s t e r o n e  i s  p a r t i c u l a r l y  s u s c e p t i b l e  t o  ketone 

formation,  s i n c e  t h e  oxida t ion  i s  90% complete a f t e r  48 hours  a t  only 

l l O ° C  (Table VIII, run 2 3 ) .  The important f e a t u r e  of  t h e  present  

work i n  terms of the  above d i f f i c u l t y ,  is t h a t  i f  a l l  of t h e  above 

s t e r o i d s  are e s t e r i f i e d ,  t h e  oxida t ion  r e a c t i o n  is e l imina ted  and 

exchange occurs  e a s i l y .  

15OoC, t h e  e s t e r s  do not  hydrolyse i n  t h e  so lvent  used. 

system is thus  s u i t a b l e  for l a b e l l i n g  a l l  of t h e  above s t e r o i d s  i f  

they  are converted t o  esters p r i o r  t o  exchange. 

importance of  doing some r e a c t i o n s  i n  H20 i n s t e a d  of D20 i n  t h e  Tables 

i s  apparent ,  s i n c e  i n f r a r e d  spectroscopy can be used t o  monitor the  

oxida t ion  q u a n t i t a t i v e l y  without  i n t e r f e r e n c e  from C-0 bands. 

Bond ( 1 2 )  has  ind ica ted  t h a t  the  pre-  

A t  t h e  temperature of exchange, even up t o  

The present  

I n  t h i s  r e s p e c t  t h e  
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Mechanism of Exchange 

The mechanism o f  heterogeneous exchange of organic  compounds on metals, 

such as platinum and palladium is now genera l ly  considered t o  occur  

i n  the fol lowing manner. (13-161 Aromatic hydrogen atoms d e u t e r a t e  

predominantly by a n-d issoc ia t ive  process  (F ig .1)  w i t h  a p o s s i b l e  

cont r ibu t ion  from a n- a s s o c i a t i v e  mechanism. Exchange of  hydrogens 

d i r e c t l y  a t tached  t o  o l e f i n i c  carbon atoms appears  t o  occur  by analogous 

Inclined to 
catalyst  surface 

Plane of ring a t  rlght 

angler to catalyst  surface 
(45O ) (edpa-on cr-tanded) 

Fig. 1. Dissociative x-complex substitution mechanism 

mechanisms involving a s s o c i a t i v e  o r  d i s s o c i a t i v e  in te rmedia tes .  

b u t e r a t i o n  of a l k y l  groups ad jacent  t o  aromatic  o r  o l e f i n  bonds is 

due predominantly t o  n-o lef in ic  type mechanisms involv ing  n - a l l y l i c  

s p e c i e s  (XXII). 

Exchange a t  s a t u r a t e d  carbon atoms is c o n s i s t e n t  wi th  t h e  a p p l i c a t i o n  

of  a d i s s o c i a t i v e  type  spec ies  (XXIII) with a l s o  t h e  p o s s i b i l i t y  o f  

a c o n t r i b u t i o n  from n - a l l y l i c  s p e c i e s  and in te rmedia tes  involving 

d e l o c a l i s e d  v - o r b i t a l s  .(I7' '*) 

s a t u r a t e d  hydrocarbons, a chain of t h r e e  o r  more carbon atoms, none 

of which is a qua ternary  o r  bridge-head carbon, i s  requi red .  

mechanism involving d e l o c a l i s e d  o - o r b i t a l s  has r e c e n t l y  been proposed 

For t h e  n - a l l y l i c  process  i n  

The 
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0 

I 
P t  

CHZ 0 

I 

(XXII I )  

f o r  heterogeneous exchange a t  a l i p h a t i c  s a t u r a t e d  carbon atoms because 

analogous deutera t ion  involving homogeneous platinum has been discovered 

and de loca l i sed  o - o r b i t a l s  a r e  suggested as  cont r ibu t ing  t o  t h e  bonding 

between inorganic  c a t a l y s t  and s a t u r a t e d  hydrocarbon. 

e l i c a t i o n  o f  Mechanisms t o  S tero id  Labelling. 

For the  s t e r o i d  oestrogens such a s  desoxyestrone ( I ) ,  oestrone (11)  

and o e s t r a d i o l  ( I I I ) ,  it is proposed t h a t  i n i t i a l  adsorpt ion occurs 

a s  a n-complex v i a  t h e  aromatic r ing .  The deuterium d i s t r i b u t i o n  

and N.M.R. d a t a  (Tables V and VII) ind ica te  t h a t  during the  i n i t i a l  

s tages  of t h e  exchange, t h e  aromatic protons deutera te  much f a s t e r  

than the  remaining hydrogens. The r e s u l t s  a r e  thus cons is ten t  with 

i n i t i a l  s t r o n g  adsorpt ion though t h e  aromatic r i n g  and t h e  appl ica t ion  

of t h e  n-dissociat ive process  (Fig.1) 

For t h e  s t e r o i d s  containing o l e f i n i c  bonds, i .e . ,  t es tos te rone  (V), 

progesterone (VIII)  , desoxycorticosterone a c e t a t e  (IX) , 17-hydroxy- 

pregnenolone (X), pregnenolone a c e t a t e  (XI) ,  choles te ro l  (XI11 and 

s t igmas tero l  a c e t a t e  (XVII), there  w a s  no evidence of double bond 

migration and i n i t i a l  deuterat ion was confined predominantly t o  

hydrogens on t h e  double bond carbon atoms. 

pos i t ions  can be a t t r i b u t e d  a l s o  t o  a n-dissociat ive mechanism. 

With t h e  o l e f i n i c  s t e r o i d s ,  extensive deuterat ion was a l s o  observed 

in  t h e  a l l y l i c  pos i t ions  t o  the  double bond except where precluded 

(13) 

Exchange i n  these  
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by s t e r i c  hindrance, thus spec ies  such a s  (XXII) a r e  involved in  a 

n-a l ly l ic  mechanism i n  t h i s  ins tance .  

The above conclusions a r e  supported by t h e  prel iminary e a r l y  work 

of Fukushima and Gallagher ( 4 )  who exchanged c h o l e s t e r o l  with 

tritium oxide-acet ic  ac id  i n  t h e  presence of hydrogen pre-reduced 

platinum. 

choles te ro l  f r e e  from the  accompanying oxidat ion products. 

then chemically degraded the  p u r i f i e d  t r i t i a t e d  choles te ro l  and 

showed t h a t  40% of the  tritium was on C-6 with 52% a t  C-24, 2 5 ,  

26 and 27. 

With s t e r o i d s  containing the  s a t u r a t e d  r i n g  s t r u c t u r e ,  i . e .  

bandros tane  (XX), Sg androstane (XXI), e t iocholanolone (XV) and 

androsterone (XVI), r a t e s  of exchange were p a r t i c u l a r l y  slow, 

cons is ten t  with observat ions on t h e  deutera t ion  of  s impler  molecules 

such a s  cyclohexane. For the  n - a l l y l i c  process ,  a chain o f  th ree  

or more carbon atoms, none of which is 

carbon, i s  required.  The polymethylcyclopentanes and 1,1,3,3-  

tetramethylcyclohexane have s t r u c t u r a l  f e a t u r e s  i n  common with the  

s t e r o i d s  and have been c i t e d  as exchanging by a n - a l l y l i c  mechanism. 

In  the d i r e c t  a ,8 d i s s o c i a t i v e  ( a b s t r a c t i o n )  process'''), exchange 

occurs only on t h e  s i d e  of t h e  r i n g  bonded t o  t h e  c a t a l y s t ,  whereas t h e  

n - a l l y l i c  mechanism allows replacement from e i t h e r  s i d e  of t h e  r ing  with the  

consequence t h a t  inversion i s  poss ib le .  Some change i n  o p t i c a l  a c t i v i t y  

d id  occur with many of  t h e  s t e r o i d s  inves t iga ted ,  but  a l l  could be ascr ibed 

e i t h e r  t o  decomposition or t o  isomerisat ion,  e .g . ,  i n  one run,  17-8- 

progesterone isomerised t o  a smal l  degree t o  17-a-progesterone during 

keto-enol tautomerism. 

by adsorpt ion chromatography which would not  separa te  o p t i c a l  isomers. 

However o p t i c a l  p u r i t y  ( r o t a t i o n )  where re levant  was checked and found t o  be 

unchanged. 

n - a l l y l i c  mechanism is favoured under these condi t ions.  This r e s u l t  is 

confirmed by the  

These authors  ( 4 )  ul t imate ly  obtained t h e  l a b e l l e d  

They 

quaternary or bridge-head 

(15) 

All s t e r o i d s  t h a t  exchanged were recovered pure 

Thus inversion d i d  not occur and a d i s s o c i a t i v e  r a t h e r  than a 

D 2  cut -of fs  i n  t h e  mass s p e c t r a  of  (XX) and (XXI). If 
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invers ion  d i d  occur  with t h e  present  series o f  s t e r o i d s  i n  heterogeneous 

exchange, t h i s  c a t a l y t i c  method would be completely unsui tab le  f o r  l a b e l l i n g  

because of  t h e  d i f f i c u l t y  of s e p a r a t i n g  o p t i c a l  isomers. I n  chemical 

r e a c t i o n s ,  t h e  l e s s  s t e r i c a l l y  hindered 'h face" o f  t h e  s t e r o i d s  is usua l ly  

t h e  most r e a c t i v e .  

heterogeneous c a t a l y s i s  s i n c e  i n  no s t e r o i d  i n v e s t i g a t e d  was t h e r e  exchange 

i n  e i t h e r  t h e  C-18 or C-19 angular  methyl groups,  both o f  which are 

f3 o r i e n t e d .  

The f i n a l  mechanism which should n o t  be overlooked f o r  t h e  s a t u r a t e d  s t e r o i d s  

is one analogous to  t h a t  proposed for t h e  homogeneous meta l  ca ta lysed  exchange o f  

s a t u r a t e d  hydrocarbons. Here it i s  suggested t h a t  a pre l iminary  complex 

between t h e  organic  and c a t a l y s t  is  formed involving de loca l i sed  u- 

 orbital^^^^'^^'^*). This is followed by C-H bond d i s s o c i a t i o n .  No f u r t h e r  

evidence is a v a i l a b l e  a t  p r e s e n t  t o  suppor t  its relevance i n  t h e  p r e s e n t  

heterogeneous work. 

Mechanism o f  oxida t ion  r e a c t i o n  

The in te rmedia tes  i n  both oxida t ion  and exchange r e a c t i o n s  are probably 

similar and involve charge- t ransfer  complex formation u t i l i z i n g  t h e  -OH 

gmup. 

exchange p a r t i c u l a r l y  i n  t h e  ad jacent  or tho   position^'^), presumably 

due t o  increased  charge- t ransfer  adsorp t ion  involving t h e  oxygen atom. 

Hydmgen a b s t r a c t i o n  from t h e  -OH is thus  f a c i l i t a t e d ,  p a r t i c u l a r l y  i n  t h e  

s t e r o i d s .  

r e a c t e d  wi th  aqueous a c e t i c  a c i d  i n  t h e  presence of a c t i v e  platinum, gave 

a v a r i e t y  o f  degradat ion products ,  predominantly t h e  ketone and a l s o  some 

hydrogenated d e r i v a t i v e s ,  thus g iv ing  a hydrogen balance i n  t h e  system. 

I n  t h e  present  s t u d i e s ,  a d e t a i l e d  examination of  t h e  degradat ion products  

was n o t  performed, t h e  major product  (ketone)  only be ing  i d e n t i f i e d  t o  

confirm the  oxida t ion  r e a c t i o n .  

This s i t u a t i o n  a l s o  appears  t o  be  v a l i d  for 

The hydroxyl group i n  an aromatic  r i n g  is known t o  a c c e l e r a t e  

Work by Anker and BlochC3) showed t h a t  c h o l e s t e r o l ,  when 

General conclusions 

There are a number of s i g n i f i c a n t  f e a t u r e s  of  t h e  p r e s e n t  r e s u l t s  in terms 

of using a heterogeneous Group V I I I  t r a n s i t i o n  metal and aqueous a c e t i c  



190 J.L. Gornett and J.R. O'Xeefe 

a c i d  a s  a l a b e l l i n g  medium f o r  tagging s t e r o i d s  wi th  i s o t o p i c  hydrogen. 

Because 

technique,  however i f  oonverted t o  t h e  corresponding e s t e r s ,  e f f i c i e n t  

exchange occurs  

a t  temperatures  o f  150OC. 

Group V I I I  t r a n s i t i o n  meta ls .  

of  t h e  meta l  oxide g ives  t h e  most a c t i v e  c a t a l y s t .  

p a r t i c u l a r l y  i f  conta in ing  an aromatic  r i n g ,  exchange much f a s t e r  than  

o t h e r  members o f  t h e  s e r i e s .  

capable  of being t r i t i a t e d  

technique,  however only t h e  most r e a c t i v e  compounds were capable o f  deutera t ion  

i n  a reasonable  per iod  of t i m e ,  a t  temperatures  of 12O-15O0C. 

f o r  complete deutera t ion  a number of e q u i l i b r a t i o n s  would be needed under 

these  condi t ions .  However, f o r  most b i o l o g i c a l  work, t h e  demand f o r  

t r i t i a t e d  s t e r o i d s  is much h igher  than f o r  t h e  deutera ted  d e r i v a t i v e s  a l though 

simultaneous deutera t ion  is valuable  i n  t h a t  p h y s i c a l  methods such as NMR 

and mass spectrometry can be  r e a d i l y  used t o  check i so tope  o r i e n t a t i o n  and 

chemical p u r i t y  without  recourse t o  t e d i o u s  chemical degradat ion procedures  

n e c e s s i t a t e d  f o r  t r i t i u m  l a b e l l e d  compounds. 

is thus an e x c e l l e n t  t r a c e r  f o r  t r i t i u m .  

l i m i t i n g  f a c t o r  i n  t h e  l a b e l l i n g  of t h e  s t e r o l s ,  f o r  t r i t i a t i o n  work using 

high s p e c i f i c  a c t i v i t y  T 0,  2 

and under these  condi t ions  it may be p o s s i b l e  t o  s e p a r a t e  t h e  t r i t i a t e d  parent  

from t h e  o t h e r  degradat ion products .  

under these  condi t ions  s t i l l  remains a problem. I t  would t h u s  s t i l l  be  

p r e f e r a b l e  t o  exchange the  e s t e r  and hydrolyse even i f  one d e s i r e d  t h e  f r e e  

s t e r o l  t r i t i a t e d .  

o f  ox ida t ion ,  t h e  s t e r o l s  a r e  not  l a b e l l e d  s a t i s f a c t o r i l y  by t h i s  

wi thout  hydro lys is  or oxida t ion  even after s e v e r a l  days 

Platinum and pal ladium are t h e  b e s t  o f  t h e  

Sodium borohydride or hydrogen reduct ion  

Unsaturated s t e r o i d s ,  

A l l  s t e r o i d s  which d i d  n o t  degrade, were 

t o  high s p e c i f i c  a c t i v i t y  by t h e  p r e s e n t  

Thus 

For t h e  p r e s e n t  work deuterium 

Although oxida t ion  i s  a severe  

s h o r t  conversion t i m e s  may only be necessary 

Radiochemical p u r i f i c a t i o n  o f  products  
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laBH4 

JaBH4 

laBH4 

laBH4 

H2 

H2 

H2 

191 

0.010 

0.011 

0.022 

0.010 

0.038 

0.047 

0.043 

TABLE I 

Exchange of 3-desoxyestrone ( I ) ,  oes t rone  (II), o e s t r a d i o l  (111) 

and o e s t r a d i o l  d i a c e t a t e  (IV) on plat inum and pal ladium. 

(111) 

Compound Run 

1 2  

1 3  

I 

(IV) 

----I-- 

16  

1 7  

18 

/Ij 

Cata lys t  5 

4.0 

4.0 

2.0 

2.0 

1.85 

2.0 

2.0 

4.0 

27.2 
- 

2.0 

1 .9  

1.9 

2.0 

4.0 
- 

- 

1.8 

- 

b DAY 

(ml) 
- 

7.0 

7.0 

5.0 

5.0 

Compound 

( g )  

0.218 

0 .114  

0.150 

0.108 

0.101 

0.107 

React ion 
Time 

( h r )  

1 8  

43 

43 

43 

43 

43 

4.0 

0.050 

0 , 0 5 1  

0.131 

48 

48 

42 

I 0.111 I 42 

f+ 
0.110 * 7.0 0.114 

Temp 

("C) 

1 0 1  

120 

130 

130 

1 2 0  

120 
__ 

110 

110 

120 

120 

160 

- 
110 

130 

16 7 

167 

130 

120 

120 

0 

0.2 

5 . 8  

5 .3  

1 5  .o 

34 .1  

0.7 

2 .5  

18 .9  

0 

39.9 
~ 

d 2 -  

d 13 .9  - 
d _ -  

d 51.2 - 
7 

14.9 

0 

0 

- a 

- b D A c  = CH3COOD 

- c 

C a t a l y s t  w a s  Pt02 except  for runs 3,  6 ,  1 0  when PdO used;S.A. = se l f  a c t i v a t i o n .  

Determined by l o w  vo l t age  mass spectrometry (Table V) excep t  runs 12-15 where 

Tamiya method used. ( 8 )  

- d S i g n i f i c a n t  conversion t o  17  ketone (Table VIII). 
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Compound 

( v )  

(IV) 

(VII)  

(VI I I )  

(IX) 

J.L. Carnett and J.H. O’Keefe 

Run 

19  

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

Exchange of t e s t o s t e r o n e  (V), t e s t o s t e r o n e  acetate (VI ) ,  t e s t o s t e r o n e  

p m p i o n a t e  ( V I I ) ,  p roges t e rone  ( V I I I )  and desoxycor t i cos t e rone  a c e t a t e  (1x1 

on plat inum. 

l20 

ml) 

..9 

..9 

H 2 0  

(ml) 

4.0 

4.0 

4.0 

3.6 

30.4 

. 1 . 8  

1 . 9  

1 . 9  

1 . 9  

3.6 

2.0 

A c t .  

NaBH4 

N a B H 4  

S.A. 

S.A. 

S.A. 

H2 

N&H4 

NaBH4 

NaBH4 

NaBH4 

NaBH4 

H2 

H2 

NaBH4 

H2 

(g) 

0.010 

0.010 

0.020 

0.020 

0.020 

0.036 

0.256 

0.010 

0.010 

0.010 

0.010 

0.037 

0.045 

0.010 

0.054 

0.5  

- 

- 

7.0 

- 
7 . 0  

Compound 

( P I  

0.050 

0.050 

0.100 

0.100 

0.100 

~~ 

0.121 

0.601 

0.050 

0.050 

0.051 

0.051 

1.131 

0.106 

0.053 

0.095 

Reaction 
T i m e  

( h r )  

48 

48 

46.5 

26 

48 

42 

48 

48 

48 
~ 

48 

24 

43 

43 

48 

43 

Temp 

(OC) 

90 

90 

150 

150 

110 
- 
120 

140 

90 

152 
- 
130 

130 

120 

120 

167 
- 
120 

11.9 

16.2 

6.3 

14.7 

13.8 

12 .3  

10.1 

11.4 

14.5 

12.3 

- a DAc = CH300D 

b By low vo l t age  mass spectrometry (Tables  V ,  VI) ,  excep t  runs 1 and 2 

where Tamiya method used. 

- 

- C S i g n i f i c a n t  conversion from -OH t o  C = 0 d e r i v a t i v e  (Table V I I I ) .  
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TABLE I11 
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Exchange of 17-hydroxypregnenolone (X), pregnenolone a c e t a t e  

(XI) ,  c h o l e s t e r o l  (XI I ) ,  c h o l e s t e r y l  acetate (XI111 and 

c h o l e s t e r y l  propionate  (XIV) on plat inum, pal ladium and n i c k e l .  

Compound R u n  catalyst5 D20 H20 DAc Compound Reaction Temp & 
T i m e  
( h r )  (O°C) (%) 

A c t .  ( g )  ( m l )  (ml) (ml) ( g )  

(X) 34 NaBH4 0.032 20.0 0.445 48 120 5 . 5 5  

35 NaBH4 0.010 1 .9  0.050 48 152 1 6 . 2 2  

36 NaBH4 0.021 5 .O 0.094 48 120 - 

38 H2 0.041 3.6 0.124 43 120 0 

(XI) 37 H2 0 .041 7.0 0.108 43 130 9.2 

(XI I )  39 NaBH4 0.010 1.9 0.050 48 90 G 
40 NaBH4 0.010 2.9 0.050 48 90 & 

42. NaBH4 0.020 4.0 0.100 26 150 & 
4 1  NaBH4 0.010 1.95 0.5 0.050 48 130 & 

(XI111 43 H 2  0.334 1 .8  0.178 44 130 0 

44 H2 0.083 3.6 0.206 44 130 0 

45 H2 0 .041 1 .8  4.0 0.100 42 120 3.4 

46 H 2  0.040 1 . 8  5.0 0 .U6 43 130 5 .3  

(XIV) 47 NaBH4 0.020 5.25 

48 H2 0.034 3.6 

0.169 48 130 2.5 

0.151 4 1  120 0 

- a 

!? 

PtOp used a s  c a t a l y s t  excep t  for runs 43 ( n i c k e l  powder) and 44 (PdO). 

By l o w  v o l t a g e  mass spectrometry (Table VI) excep t  runs  1-3 where 

Tamiya") method used. 

- C S i g n i f i c a n t  conversion from -OH t o  C.0 d e r i v a t i v e  (Tables VIII and 1x1. 
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TABLE I V  

Exchange o f  e t iocho lano lone  (XV) , androsterone (XVI), 

s t i g m a s t e r o l  a c e t a t e  (XVII), d i g i t o x i n  (XVIII), 

d ig i tox igen in  (XIX), k a n d r o s t a n e  (XX) and 5Bandrostane (XXI 

on plat inum. 

Compound Run Catalyst D20 H20 DAc Compound Reaction Temp 
Time 

( O O C )  (%) 

(XV) 49 NaBH,, 0.010 2.0 0.050 48 90 2.1- 

( X V I )  5 1  NaBH4 0.010 2.0 0.047 48 90 1.5- 

Act (g) (ml) (ml) (ml)  ( g )  (hr) 

b 

50 N a B H 4  0.010 1 . 9  0.050 46.5 133 5 . a  

b 

52 NaBH4 0.010 2.0 0.053 24 130 12.& 

5 3  NaBH 0.010 2.0 0.050 46.5 150 14.22 
Y - 4 

54 NaBH4 0.027 5 .O 0.050 48 120 - 

(XVII) 55 H 2  0.035 2.0 

56 H2 0.039 

57 H 0.042 4.0 2 

4.0 0.107 43 120 2.2 

7.0 0.139 43 120 0 

0.124 48 1 2 0  0 

b 

b 
(XVIII) 58 NaBH4 0.010 2.1 0.029 48 90 0.2- 

59 NaBH4 0.034 3.9 0.100 48 130 0.9- 

60 NaBH,, 0.044 5 .0  0.104 48 130 -- b 

(XIX) 6 1  NaBH4 0.016 3.9 0.056 48 130 2 . &  

(XX) 62 H 2  0.010 2.0 0.106 24 120 0.7 

(XXI) 63  H2 0.011 2.0 0.100 24 120 0.6 

- a By low vo l t age  mass spectrometry (Table VI) excep t  runs  1-5, 1 0 , l l  where 

Tamiya") method used.  

S i g n i f i c a n t  conversion from -OH t o  '2.0 d e r i v a t i v e  (Table IX). - b 
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Table 

I 
I 
I 
I 
I 
I 

I 
I 

I 

I 
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Do D1 D2 D3 D4 D5 D6 D7 D8 Dg D10 

95.1 4.9 

25.3 37.1 25.5 10.3 1.7 
23.1 45.5 27.1 4.3 

2.0 4.4 22.1 33.6 22.6 8.8  3.5 2.0. 1.2 

1.0 2.2 2.5 4.7 7.4 7.8 8.8  11.0 14.6 14.7 lo.& 
86.2 12.7 1.1 

6 8 . 2  15.0 11.3 4.2 1.2 

1.3 3.1 9.9 21.5 24.7 20.5 13.8 4.9 1.8 0.6 

0 0 2.1 2.5 3.8 5.0 6.9 9.4 12.2 14.3 15.75 

4.7 10.4 17.3 24.5 19.6 13.8 6.9 2.3 0.6 

- 
Comp 
ound 

I 
- 

- 
I1 

- 
IV 

VI 

VII 

TABLE V 

Deuterium distribution: i n  desoxyestrone (I), oestrone (II), o e s t r a d i o l  

d i a c e t a t e  (IV), t es tos te rone  a c e t a t e  (VI) and tes tos te rone  propionate 

(VII) from Tables I and 11. 

24 11 2 . 3  9.6 16.2 24.9 21.7 14.1 4.2 4.1 1.3 1.4 

d 25 I1 0.9 0.7 3.5 14.7 21.0 20.5 16.7 8 . 6  7.6 3.4 1.5- 

26 I1 5.0 29.1 35.9 22.2 7.4 0.5 

27 11 1.2 4.4 8.8 17.5 18.2 18.4 12.6 7.0 6.1 3.9 1.55 

RUI 

2 

3 

4 

5 

6 
7 

8 

9 

11 

- 

- 

- 
16 

By low voltage mass spectrometry; 

Dlli7.8; D12=3.9; D13i1.5; Dl4\1.0; D 15 =0.6 

Dl1=13.0; Dl238.5; D ~3.9; D1;2.0; D ;0.7 13 15 
Dly 0.8 

Dll- 0.5. 
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TABLE VI 

Deuterium d i s t r ibu t ion5  i n  progesterone (VIII) , desoxycorticosterone 

acetate (IX), pregnenolone acetate (XI 1, cholesteryl acetate (XI11 1, 
cholesteryl propionate (XIV), stigmasterol acetate (XVII), 
Sa-androstane (XX) and 58-androstane (XXI) f r o m  T a b l e s  I11 and IV. 

cOmp- Run Table Do D1 D2 D3 D4 D5 D6 D7 D8 Dg D10 
ound 

VIII 28 I1 0 2.9 9.8 21.1 27.8 25.4 10.0 3.0 

29 I1 3.0 5.3 17.6 23.2 24.6 12.3 7.1 2.6 2.3 1.3 0.5 

30 I1 1.4 7.1 31.6 33.2 14.1 6.6 2.6 2.4 1.1 

31 I1 1.5 5.0 14.9 29.0 31.9 15.9 1.1 0.6 

32 I1 0 1.9 6.8 17.5 32.9 25.6 8.4 3.2 2.5 1.3 

IX 33 I1 0 3.7 20.7 19.5 23.7 16.0 9.5 4.6 2.3 

XI 37 I11 13.4 23.7 32.4 19.8 7.8 2.8 
~ 

XI11 45 111 27.8 56.3 12.7 3.0 

46 I11 13.4 58.0 13.9 7.5 3.7 2.0 1.5 

XIV 47 I11 47.8 41.5 7.5 1.7 1.5 

XVII 55 IV 15.2 61.7 12.9 5.5 1.8 

XX 62 IV 82.3 13.2 4.5 

XXI 63 IV 84.7 11.5 3.8 

- a by l o w  voltage mass spectrometry. 
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TABLE V I I  

Isotope or ien ta t ionz  i n  labe l led  3-desoxyestrone (I), 

oestrone (11) and oes t rad io l  diacetate (IV). 

197 

a By N.M.R. 

2 
- 

Angular methyl (C-18) not deuterated. 



198 J.L. h e t t  and J.H. O'Keefe 

TABLE VIII 

Degradation during t h e  exchange of o z s t r a d i o l  (1111, t es tos te rone  (V) 

and 17-hydroxypregnenolone (XI i n  Tables I - 111. 

Compound Run Table Reaction 

Time Temp. 
( h r )  ( O C )  

Remarks 

12 I 48 110 17-OH region almost i n t a c t  ( in f ra red15 

14 I 48 167 complete conversion 17-OH t o  C=& 

15 I 48 167 complete conversion 17-OH t o  C=O 

I11 13 I 24 130 l a r g e  C=O peak 

19 I1 48 90 small conversion -OH t o  C=O 

V 20 I1 48 90 small  conversion -OH t o  C=O 

21 I1 46.5 150 complete conversion -OH t o  C=O ( i n f r a r e d )  

22 I1 26 150 complete conversion -OH t o  C=O ( i n f r a r e d )  

23 I1 48 110 90% conversion -OH t o  C=O ( i n f r a r e d )  

34 I11 48 120 5% conversion -OH t o  C=O 

X 35 I11 48 152 both OH groups completely oxidised t o  C = g  

36 I11 48 120 small  conversion -OH t o  C = O  

- a 

- b aD t l l O o .  

- c 38 (secondary) hydroxyls oxidised faster than both 17a ( t e r t i a r y ) .  

uD t78.0° (MeOH) for parent  compound; t h i s  sample aD t79.5'. 
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TABLE IX 
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Degradation during the  exchange of choles te ro l  (XII), et iocholanolone 

(XV), androsterone (XVI), dig i tox in  (XVIII) and digi toxigenin (XIX). 

Reaction 

( h r )  (OC) 
Compound Run Table T i m e  Temp Remarks 

39 I11 48 90 No deutera t ion ,  no oxidat ion 

XI I 40 I11 48 90 No deutera t ion ,  no oxidat ion 

41 I11 48 130 20% conversion of 3-OH t o  C=O 

42 I11 26 150 90% conversion of 3-OH t o  C-0 

XV 49 IV 48 90 no oxidat ion 
b 50 IV 46.5 133 50% conversion &OH t o  C = k  

51 IV 48 90 no oxidat ion 

XVI 52 IV 24 130 50% conversion of 3aOH t o  C=& 

53 IV 46.5 150 80% conversion of %OH t o  C=& 

54 IV 48 120 'ho s e t s  of angular methyls present  
(N.M.R.) 

58 IV 48 90 No oxidat ion 
d XVIII 59 IV 48 130 50% conversion of -OH t o  C=O- 
d 60 IV 48 130 50% conversion of -OH t o  C=O- 

XIX 61 IV 48 130 50% conversion of -OH t o  C=O 

- a 

- b 
- C 

aD -39.3O (CHC13) for parent  compound; 

Estimated from i n f r a r e d  (1720 cm- ); 

t h i s  sample aD +49.7' 

1 48 h r  a t  150°C, conversion 90%. 

aD t93.6' (MeOH) f o r  parent  compound; t h i s  sample aD +85.5' 
I 

- d '1 aD t19.5' (MeOH) f o r  parent  compound; t h i s  sample aD +12.S0. 
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