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SUMMARY 

A number of new homogeneous metal catalysts have been studied 
fo r  the deuteration and/or t r i t i a t ion  of a Mnge o f  steroids. 
Sodium tetrachloroplatinate (II) w s  the most satisfactory of 
the catalysts examined. 
exchange of protons in ring A of aromatic type steroids such as 
3-desoxyestrone, oestrone and oestradiol. 
f ree  steroids t o  their  acetate or benaoate esters gave better 
labelling since the OH group in the p e e  steroid reacts with the 
catalyst  leading t o  precipitation of platinum from the homo- 
geneous solution and a reduction in exchange rate.  Steroids 
with hindered double bonds such as cholesterol, testosterone, 
pregnenolone, desoqcorticosterone acetate and progesterone do 
not exchange rapidly nor do the cardiac glycosides, digitoxin 
and digitoxigenin. Exchange with homogeneous p lu t inum is more 
selective in isotope incorporation than with the corresponding 
heterogeneous p l u t i n u m .  
is proposed in terns of n-bonded intermediates. 
data are a guide fo r  predicting the isotopic hydrogen labelling 
behaviour of steroids with the recently discovered homogeneous 
p k z t i m u n  catalyst .  

This compound catalysed selective 

Conversion of the 

A mechanism for  the homogeneous exchange 
The present 

INTRODUCTION 

In the preceding paper (I), a representative group of 

s temids  has been labelled using heterogeneous platinum and palladium 

* P a r t  LXXX of a ser ies  (J.L.G.) ent i t led  “Catalytic Deuterium 
Exchange Reactions of Organics”. P a r t  LXXIX, preceding paper. 

** C.S.I.R.O., Division of Animal Genetics, P . O .  Box N0.90, Epping, 
N.S.W., 2121, Australia. 
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as ca ta lys t s  fo r  the reaction. In the present work, a s i m i l a r  s e r i e s  

of s te ro ids  has been labelled w i t h  the recently discovered(2) 

homogeneous sodium te t rachlompla t ina te  (11) ca ta lys t .  Attempts have 

also been made t o  use homogeneous palladium, gold, nicJtel and cobalt 

ca ta lys t s  fo r  t h i s  labe l l ing  work. Previous exchange s tudies  with the 

homogeneous platinum ca ta lys t  have been confined t o  simple aromatic and 

a l ipha t ic  compounds such as subs t i tu ted  benzenes, alkanes and 

c y c l ~ h e x a n e s . ( ~ - ~ )  

use of t h i s  homogeneous platinum ca ta lys t  with s te ro ids .  

have been interpreted i n  terms of current ca t a ly t i c  theories.  

conclusion of the paper, a c r i t i c a l  evaluation is made of the use of 

both homogeneous and heterogeneous ca t a ly t i c  methods fo r  labe l l ing  

s te ro ids  and molecules of s imi la r  s t ruc ture  of  use i n  the chemical and 

biological f ie lds .  

This is the f i r s t  detailed investigation of the 

The r e su l t s  

A t  the 

A preliminary communication of t h i s  work has been published. ( 7 )  

EXPERIMENTAL 

A l l  organic chemicals and heavy water used fo r  the  homogeneous 

exchanges were obtained from the same sources as mentioned in  the 

preceding paper. (I) Sodium ch lompla t in i t e  and sodium chloropalladite 

were supplied by Johnson, Matthey and Co. Limited. 

For the ac tua l  exchange runs, the quant i t ies  of pa r t i cu la r  

reagents used are shown in  the relevant Tables I - I V .  The general 

exchange method was a modification of t h a t  previously reported for 

benzene and simpler compounds(8). 

monodeutemacetic acid (CH3COOD) which was prepared by mixing the 

stoichiometric quant i t ies  of ace t i c  anhydride with deuterium oxide 

and carefully refluxing under nitrogen. 

t o  the  deuteroacetic acid imed ia t e ly  p r io r  t o  each series of runs. 

The organic compound together with any other addi t ives ,  e .g . ,  HC1, were 

included i n  the  preconstricted reaction vessel which was then 

outgassed twice, sealed a t  lo-* t o m  and heated f o r  the required time i n  a 

The reaction medium was 

The ca t a lys t  was added 
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water bath or  oven. 

needed p r i o r  t o  each s e r i e s  of runs,  s i n c e  Pt" d isproport ionates  t o  P t o  

Fresh preparat ion of c a t a l y s t  so lu t ion  was 

and Pt'" on prolonged s tanding.  

of ca ta lys ing  competing homogeneous exchange although previous work 

with benzene ind ica tes  t h a t  such heterogeneous deuterat ion is very 

slow even a t  15OoC. 

sodium t e t r a c h l o r o p l a t i n a t e  (11) .  The potassium s a l t  of  t h i s  l igand 

is more e a s i l y  p u r i f i e d ,  however it possesses  only l imi ted  s o l u b i l i t y  i n  

t h e  reac t ion  medium and f o r  t h i s  reaon was not used i n  t h e  present  p r o j e c t .  

The p r e c i p i t a t e d  platinum is capable 

The c a t a l y s t  used i n  a l l  platinum runs was 

The recovery of compounds from t h i s  homogeneous medium can 

be d i f f i c u l t .  Those insoluble  a t  room temperature were f i l t e r e d  o f f  

on a s i n t e r e d  g l a s s  f i l t e r ,  leached through t h e  f i l t e r ,  usual ly  with 

methanol, and evaporated with f u r t h e r  methanol on a water bath under 

n i t rogen  t o  remove l a b i l e  isotope,  espec ia l ly  -OD. 

were so lvent  ex t rac ted  and t h e  so lvent  evaporated under ni t rogen.  

recovered mater ia l  was dr ied  over s i l i c a  ge l  under vacuum a t  room 

temperature, then p u r i f i e d  by chromatography, r e c r y s t a l l i s a t i o n  and, 

where appl icable ,  by vacuum sublimation. 

Soluble compounds 

The 

The chemical p u r i t y  of t h e  products was then checked by 

physical  methods s u c h  a s  in f ra red  spectroscopy, polar imetry,  m.p., 

N.M.R. and mass spectrometry. With a l l  compounds, background runs 

with non-deuterated medium were performed t o  check t h a t  no c a t a l y t i c  

rearrangement, degradation or inversion has occurred during l a b e l l i n g .  

Deuterium analys is  on t h e  products was determined by 

(1) N.M.R. and mass spectrometry as previously described. 

RESULTS AND DISCUSSION 

The exchange condi t ions and i s o t o p i c  incorporat ions f o r  

3-desoxyestrone ( I ) ,  oestrone ( I I ) ,  o e s t r a d i o l  ( I I I ) ,  o e s t r a d i o l  

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

t es tos te rone  a c e t a t e  (VII) and propionate ( V I I I ) ,  and progesterone 

(IX) are shown i n  Tables I and 11. The r e s u l t s  f o r  desoxycort iwsterone 
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acetate (X), 5-3 -dihydrotestostemne (XI), pregnenolone ace ta te  (XII), 

pregnenolone (XIII) ,  cholesterol (XIV) , cholesteryl acetate (XV), and 

propionate (XVI), digitoxin (XVII) and digitoxigenin (XVIII) are 

summarised i n  Table 111. 

as benzene (XIX), diphenyl (XX), phenyl cyclohexane (XXI) and 

hexamethylbenzene (XXII) are shown f o r  mechanistic comparison purposes. 

In Table I V  da ta  fo r  simpler compounds such 
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In  Tables V - V I I  a r e  l i s t e d  t h e  low vol tage mass s p e c t r a l  

deuterium d i s t r i b u t i o n s  f o r  a se lec ted  s e r i e s  of runs i n  

TableeI-IV. Isotope o r i e n t a t i o n  by N.M.R. on a representa t ive  

number of t h e  s t e r o i d s  i n  Tables 1-111 a r e  summarised i n  Table 

V I I I .  

homogeneous c a t a l y s t  is important. Thus there  is an upper 

temperature l i m i t  f o r  t h e  a c t u a l  exchange runs and t h i s  leads t o  

s i g n i f i c a n t  s e l e c t i v i t y  i n  isotope incorporat ion i n  those s t e r o i d s  

where deuterat  ion was achieved. 

I t  w i l l  be observed i n  t h i s  work t h a t  t h e  s t a b i l i t y  of  t h e  

Nature of Cata lys t  Solut ion 

Because the  sodium c h l o r o p l a t i n i t e  c a t a l y s t  was an untr ied 

system f o r  s t e r o i d  exchanges, extensive prel iminary inves t iga t ions  

were necessary t o  determine t h e  e f f e c t i v e  c a t a l y s t  condi t ions.  In 

t h i s  respec t ,  a wide range of so lvents  f o r  the  exchange medium were 

examined t o  increase both s o l u b i l i t y  of  the  compounds and t h e  

deuterium content i n  t h e  reac t ion  so lu t ion .  

s a t i s f a c t o r y  c a t a l y t i c  so lu t ion .  Even runs i n  a two phase system 

with D 0 were unsa t i s fac tory  (Table I ,  runs 6,7). Complete 

Only CH COOD gave a 3 

2 
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reduct ion of  Pt" t o  P t o  occurred with a l l  o ther  solvents  inves t iga ted ,  

p a r t i c u l a r l y  t h e  alcohols .  

groups i n  t h e  non-aromatic s t e r o i d s  (Tables 11, 111) a l s o  accentuated 

p r e c i p i t a t i o n  of t h e  metal c a t a l y s t  and i s  probably responsible  f o r  

the  poor l a b e l l i n g  e f f i c i e n c i e s  o f  a l a r g e  number of  these compounds 

s ince  s u f f i c i e n t  concentrat ion of  c a t a l y s t  could not  be maintained 

i n  so lu t ion  f o r  long per iods of time. 

compounds has  shown t h a t  t h i s  p r e c i p i t a t e d  platinum i s  v i r t u a l l y  

inac t ive  f o r  heterogeneous aromatic exchange a t  100°C. 

The presence o f  hydroxyl and ke to  

Previous work(*) with simpler 

In  general ,  c a t a l y s t  s t a b i l i t y  was found t o  be a funct ion of 

time, temperature and nature  o f  the  s u b s t r a t e .  

t o  disproport ionate  t o  Pto and P t I V  a f t e r  prolonged s tanding a t  room 

temperature(*), a s a t i s f a c t o r y  c a t a l y s t  should show some degree of  

thermal s t a b i l i t y .  In  CH COOD, with a l l  compounds inves t iga ted ,  

t h e  c a t a l y s t  w a s  s t a b l e  f o r  24 hours a t  100°C, although with c e r t a i n  

s t e r o i d s ,  p a r t i c u l a r l y  those i n  Tables I1 and I11 some Pto  was present  

a f t e r  t h i s  t i m e .  

than 24 hours with all compounds s tudied.  

were performed for 3-4 hours at about 95OC. Simi lar  d i f f i c u l t i e s  with 

c a t a l y s t  so lu t ion  were encountered when sodium chloropal lad i te  was used 

a s  c a t a l y s t  ins tead  of  sodium c h l o m p l a t i n i t e .  Addit ional  homogeneous 

c a t a l y s t s  examined, bu t  unsuccessful ly ,  i n  the present  work were sodium 

chloroaurate  (square p lanar ) ,  sodium chloropal ladate  and sodium 

chloropla t ina te  (both oc tahedra l ) ,  platinum dich lor ide  , nicke l  a c e t a t e  

and cobal t  ace ta te .  

Since Pt" w a s  known 

3 

A t  12OoC, complete reduct ion t o  P t o  occurred i n  less 

As a compromise, most runs 

Relat ionship between Stero id  S t ruc ture  and Label l ing Eff ic iency 

Al l  compounds i n  Table I l a b e l l e d  r e a d i l y  i n  the aromatic r i n g  

using homogeneous platinum. 

(11) and (111) showed t h a t  both aromatic r i n g  and C-16 hydrogens had 

exchanged (Table VII I )  however back dedeuterat ion runs with CH3COOH 

showed t h a t  exchange a t  C-16 hydrogens was l a b i l e .  The N.M.R. o r i e n t a t i o n  

Studies  of  the  o r i e n t a t i o n  of  isotope i n  ( I ) ,  
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ef fec ts  were confirmed by the m . s .  cut-offs i n  Table V. 

(1111, deuteration of the  e s t e r s  (IV, V) was more f ac i l e  than the parent 

compound (Table I, runs 18-21) ,  the diacetate (V) being more  e f f i c i en t  

than the monobenzoate (IV). The presence of f ree  a l ipha t ic  hydroxyl 

groups tends t o  prec ip i ta te  the ca ta lys t  through reduction t o  P t o  and 

thus t h e  homogeneous exchange r a t e  is decreased. During the deuteration 

of oes t rad io l ,  simultaneous e s t e r i f i ca t ion  of the compounds was observed, 

thus it is preferable t o  exchange the e s t e r  ra ther  t h in  the parent compound 

With oes t rad io l  

Data i n  Table I show tha t  it is not possible t o  obtain a fu l ly  

deuterated s te ro id  by the homogeneous technique. 

possible t o  obtain se lec t ive ly  deuterated (I)-(III) by t h i s  procedure. 

For t r i t i a t i o n  work however, despite the or ien ta t ion  e f f ec t ,  the present 

technique would be sa t i s fac tory  as a general l abe l l ing  t o o l  especially fo r  

high spec i f ic  a c t i v i t i e s ,  i f  highly active ace t i c  ac id  were used. 

It is therefore only 

For the deuteration and/or t r i t i a t i o n  of the  remaining s te ro ids  

studied here,  the present homogeneous platinum catalysed conditions a re  

unsatisfactory (Tables 11, 111, V, VI) since back exchange with CH3COOH 

and l M H C l  removed a l l  incorporated isotope. 

are essent ia l ly  saturated hydrocarbons which are known t o  exchange much more 

slowly than aromatic systems . ( 3 - 6 )  

(XIV), which possess i so la ted  double bonds did not labe l  s a t i s f ac to r i ly  with 

e i t h e r  homogeneous platinum or palladium. 

w i l l  be discussed i n  the Section associated with the mechanism of the reaction. 

These s te ro ids  (VI t o  XVIII) 

Even those s te ro ids ,  such as choles te ro l  

Reasons for t h i s  lack of  exchange 

It is in te res t ing  t o  note tha t  testosterone (VI) did not exchange, 

even by keto-enol tautomerism, when reacted with pure CH COOD (no ca t a lys t )  

f o r  3 hours a t  92' (Table 11, run 2 2 ) ,  consistent with previous s te ro id  

keto-enol tautomerism s tudies  i n  ace t i c  acid. (') 

ca ta lys t  was added, or the solution w a s  made IM i n  D C I ,  exchange of "labile" 

hydrogens occurred. This exchange would be s tab le  for cer ta in  t r ace r  

experiments, i f  the pH of the solution were not high, however for most 

biological work t h i s  type of labe l l ing  is  unsatisfactory.  

3 

However, i f  e i t he r  
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Mechanism of Labelling 

From preceding work(8) and exchange of simpler compounds (Tables I V ,  

V I I ) ,  it i s  obvious tha t  molecules possessing aromaticity,  complex 

re la t ive ly  strongly with the  homogeneous platinum ca ta lys t .  

phenylcyclohexane (Table V I I ,  run 52)  under the mild temperature conditions 

of the present deuteration, exchange is confined predominantly t o  the  

aromatic ring. 

some isotope incorporation i n t o  the  saturated r ing  a l so ,  however, the aromatic 

r ing  s t i l l  exchanges much f a s t e r  indicating tha t  i n  molecules of mixed 

aromatic-aliphatic character, complexing is  preferen t ia l ly  with the aromatic 

part .  

can now be applied t o  explain the behaviour of the more complicated 

compounds such as the s te ro ids  studied i n  the present work. 

Thus i n  

Prolonged exchange of phenylcyclohexane a t  120° does give 

The pr inc ip les  of exchange developed with these simpler molecules 

I f  benzene is used as a representative aromatic system, f r o m  

e a r l i e r  k ine t ic  investigations,  exchange can be considered t o  occur by 

a homogeneous a-associative process (Figure I ) .  (3,8) 

Fig. I. Homogeneous n-associative mechanism 
fo r  exchange in  benzene. 

Hence i n i t i a l  formation of a n-complex takes place followed by 

e lec t rophi l ic  attack of a solvated deuteron (D') on the n-complex under 

the acidic conditions o f  the exchange t o  give the associative intermediate 

shown. 

n-complex, gives monodeuterated benzene. 

Loss of H+ from the intermediate, followed by rupture o f  the 

If a number of rapid exchange 
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cycles of the  n-complexed benzene occur before the n-complex breaks, 

multiple deuteration is  observed and explains the pa t te rn  of many of the 

mass spectrometric deuterium dis t r ibu t ions  found in  the present work i n  

Tables V - V I I .  

However, is available from s t e r i c  considerations 

t o  show tha t  the  exchange occurs predominantly by a homogeneous 

n-dissociative process. 

t o  proceed by a dissociative process involving a reversible n-0 

In t h i s  mechanism (Figure 21 ,  exchange is thought 

C I  

C I  

C I  
Fig. 2 .  Homogeneous n-dissociative mechanism. 

conversion. 

displacement of a proton from the n-bonded aromatic o r  a reversible 

rearrangement of the n-bonded complex t o  a s i x  coordinated hydridocomplex 

with the subsequent exchange involving the hydrido group. 

b p l i c a t i o n  of 11-Complex Mechanisms t o  Steroid Exchange 

The exchange s t e p  may be a reversible e lec t rophi l ic  

In considering the possible application of the above homogeneous 

n-complex mechanisms t o  the present s te ro id  data,  it is  s igni f icant  t h a t ,  

of the s te ro ids  studied, only those possessing an aromatic r ing  have been 

sa t i s f ac to r i ly  labelled.  

and oestradiol (1111, the N.M.R. and mass spec t ra  show tha t  deuteration has 

Thus i n  3-desoxyesterone ( I ) ,  cestrone (11) 
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occurred i n  t h e  C 1  t o  C 4  hydrogens and a l s o  a t  C 1 6 .  

exchange was shown t o  be by keto-enol tautomerism, s o  t h a t  t r u e  c a t a l y t i c  

deuterat ion only occurred i n  the  aromatic r i n g .  Exchange at  C16 was more 

d i f f i c u l t  than i n  simple ketones such a s  acetone, suggest ing s t e r i c  

hindrance, however if  t h e  s o l u t i o n  was 1 M i n  ac id  t h e  C 1 6  hydrogens would 

exchange. 

In the  l a t t e r  case (C16), 

Using 3-desoxyestrone ( I )  a s  example, the  o r i e n t a t i o n  i n  r ing  A 

ind ica tes  t h a t  the  s-complex occurs p r e f e r e n t i a l l y  with t h i s  p a r t  of  t h e  

molecule. 

by D cut-offs  suggest t h a t  only two pos i t ions  i n  the  aromatic r i n g  a r e  

a c t i v e  s i n c e  two pos i t ions  a t  C 1 6  deuterate  leaving a f u r t h e r  two from 

r i n g  A .  This r e s u l t  i s  cons is ten t  with exchange i n  molecules such a s  

naphthalene (XXIII) where previous s tudies(3y10)  have shown t h a t  only t h e  

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  i n  Table V ,  t h e  D2 followed 

4 

6 pos i t ions  exchange with t h e  present  homogeneous c a t a l y s t  and the  ci 

pos i t ions  a r e  s t e r i c a l l y  hindered. From t h i s  reasoning, i n  (I) the  

hydrogens on C2, C 3  would be expected t o  exchange f a s t e r  cons is ten t  with 

mass s p e c t r a l  and N.M.R. data .  Inclusion of  an OH group i n  the  ammat ic  

r i n g  a c t i v a t e s  the  or tho  pos i t ions  t o  homogeneous c a t a l y t i c  exchange, (lo) 

so t h a t  i n  (11) and (111) p o s i t i o n  4 becomes more a c t i v e  t o  exchange than 

i n  (I). 

t o  D 

for two hydrogens a t  C16 and only three  hydrogens l e f t  i n  r i n g  A because 

of  the  OH, t h i s  suggests  t h a t  on prolonged exchange, deutera t ion  of t h e  

s a t u r a t e d  r i n g  adjacent  t o  r i n g  A occurs ,  presumably a t  p o s i t i o n  6. 

would be cons is ten t  with the  observed deutera t ion  o f  the methyl group o f  

toluene(") which involves  n - a l l y l i c  spec ies  (XXIV) . Because of s t e r i c  

In  c e r t a i n  of  the  mass s p e c t r a l  d i s t r i b u t i o n s  o f  (II), peaks o u t  

have been observed i n  t h e  low vol tage mass spectrum. Allowing 6 

This 
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hinderance a t  t h e  C6 pos i t ion  i n  molecules such a s  (111, t h e  magnitude o f  

n - a l l y l i c  exchange i n  these  compounds is n o t  a s  extensive a s  i n  toluene.  

Using t h i s  a-complex theory, t h e r e  are a number o f  reasons why 

t h e  remaining members (VI) t o  (XVIII) o f  t h e  present  s t e r o i d  s e r i e s  do not  

s a t i s f a c t o r i l y  l a b e l  with the  homogeneous platinum c a t a l y s t .  

V I  t o  X V I I I  a r e  e s s e n t i a l l y  sa tura ted  hydrocarbons, which, even with simple 

molecules such a s  methane and cyclohexane, deutera te  very much more slowly 

than aromatic systems. (lo) 

condensed r i n g  s t r u c t u r e s  such a s  i n  the  present  s t e r o i d s  reduces t h e  

exchange r a t e  even f u r t h e r .  

choles te ro l  (XIV) normally enhances complexing and r a t e  o f  exchange. 

If complexing is too  s t rong v i a  such a n-olef in  intermediate ,  then 

exchange may be i r r e v e r s i b l y  poisoned. With choles te ro l  and 

analogous s t e r o i d s ,  however, the  double bond is s t rongly  s t e r i c a l l y  

hindered and probably makes no cont r ibu t ion  t o  t h e  complexing and 

therefore  t h e  exchange. 

r a t e s  i n  these o t h e r  s t e m i d s  i s  t h e  presence of  non-hindered, a l i p h a t i c  

hydroxyl and keto groups. 

c a t a l y s t  i s  l o s t  f r o m  so lu t ion  and t h e  homogeneous exchange terminated.  

Most o f  

Inclusion of  t e r t i a r y  carbon atoms and 

The presence o f  a double bond, e.g. 

The o t h e r  f a c t o r  which reduces t h e  exchange 

These r e a d i l y  reduce the  Pt" t o  P t o ,  thus  

Comparison of  Homogeneous and Heterogeneous Systems 

In  t h e  preceding paper ,(I) heterogeneous assoc ia t ive  and 

d i s s o c i a t i v e  n-complex mechanisms were shown t o  be v a l i d  f o r  the  

i n t e r p r e t a t i o n  of t h e  deuterat ion d a t a  f o r  t h e  s t e r o i d s ,  t h e  II- 

d i s s o c i a t i v e  process predominating. 

homogeneous exchange of  t h e  s t e r o i d s ,  homogeneous n-associat ive and 

n-dissociat ive processes  appear t o  be s a t i s f a c t o r y ,  t h e  Ti- 

d i s s o c i a t i v e  processes  predominating. 

can be made between homogeneous and heterogeneous systems, i . e .  where 

secondary reac t ions  do not  i n t e r f e r e ,  s i m i l a r  p a t t e r n s  of  deutera t ion  

e x i s t  f o r  both c a t a l y t i c  procedures. This r e s u l t  is cons is ten t  with 

n-complex theory. 

o e s t r a d i o l  (111) homogeneous exchange is predominantly and almost 

In l i k e  manner, f o r  t h e  

For t h e  s t e r o i d s  where comparison 

Thus i n  3-desoxyestrone ( I ) ,  oestrone (11) and 
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exclusively i n  r ing  A.  

a lso  exchanges preferen t ia l ly ,  but a f t e r  prolonged deuteration, the 

other hydrogens a l so  exchange. 

has been observed f o r  simple molecules. 

relationships are fur ther  support f o r  the concept t ha t  the manner of 

h n d  formation involving adsorbed molecules and the  chemistry of 

For the  heterogeneous process, the  r ing  A 

This pa t te rn  of ac t iv i ty  pa ra l l e l s  what 

Thus the present observed 

inorganic co-ordination complexes are intimately r e l a t ed ,  presumably 

through rr-complex formation. (lo) The additional important mechanistic 

feature of the  present work is tha t  homogeneous platinum catalysed 

exchange i n  the s te ro ids  i s  generally more se lec t ive  i n  a molecule than 

the corresponding heterogeneous reaction. 

conditions, exchange ultimately occurs over the whole molecule, although 

i n i t i a l l y  much f a s t e r  near the unsaturated posit ions.  

homogeneous data are subtracted from the corresponding heterogeneous 

r e su l t s ,  a s ign i f icant  f rac t ion  of the deuterium remains i n  the 

molecule. This f rac t ion  m u s t  be incorporated by processes tha t  are 

surface catalysed only. 

abstraction processes as previously proposed f o r  simple molecules. 

In t h i s  respect the present b io logica l  compounds i l l u s t r a t e  an extreme 

example, since they a re  r e l a t ive ly  la rge  molecules and can spread over 

a number of active s i t e s  on a heterogeneous surface. 

Under heterogeneous 

If the 

Such mechanisms probably involve hydrogen 

(10) 

Homogeneous and Heterogeneous Catalysis as Complementary Labelling Systems 

The f ac t  t ha t  the homogeneous method gives se lec t ive ly  deuterated 

and/or t r i t i a t e d  compounds whereas the heterogeneous technique ultimately 

exchanges a l l  posit ions can be u t i l i zed  t o  increase the range of 

se lec t ive ly  labelled compounds capable of being obtained by the present 

procedures. 

Using t e t r a l i n  t o  represent r ings  A and B of s te ro ids  

(I) - (1111, it is possible t o  homogeneously back exchange fu l ly  

deuterated compound (XXV) from a heterogeneous reaction t o  give 
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s e l e c t i v e l y  deuterated (XXVI ) which would normally be d i f f i c u l t  t o  prepare.  

In  conclusion, it should be poss ib le  now t o  p r e d i c t  t h e  

behaviour of  a p a r t i c u l a r  s t e r o i d  when being labe l led  by e i t h e r  t h e  

homogeneous o r  heterogeneous techniques. 

condi t ions under which t h e  procedures a r e  powerful deutera t ion  

The da ta  show the  

and/or t i t r a t i o n  l a b e l l i n g  t o o l s .  

when compared with t h e  a l t e r n a t e  radiat ion-induced methods, 

They obviously possess  advantages 

f o r  

tritium l a b e l l i n g .  
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TABLE I 

Exchange o f  3-dezoxyestrone ( I )  oestrone ( I I ) ,  

a e s t r a d i o l  (1111, o e s t r a d i o l  monobenzoate (IV) 

and o e s t r a d i o l  d i a c e t a t e  (V) with homogeneous 

platinum and palladium c a t a l y s t s .  

Comp- Run W t  Ca ta lys t  D A c ~  Addi t ional  Temp T i m e  D 
ound (g) s o 1 2  (O°C) ( h r )  (%)  

Reagents 

(ml) (ml) (g)  

I 1 0.097 10 

2 0.130 10 

3 0.177 5 10 

4 0.153 2& 

102 3 8.0 

102 25 13.6 

102 18.5 9.8 

102 18.5 0 

I1 5 0.061 

6 0.265 

7 0.256 

8 0.211 

9 0.226 

10 0.110 

11 0.106 

12 0.111 

1 3  0.114 

14 0.097 

15  0.107 

1 6  0.115 

17 0.131 

3 

4 

5 

20 

20 

20 

20 

20 

20 

10 10 

92 2.5 

l2 120 3 

8 120 3 

92 3 

92 3 

0.131% 9s 4.7 

o.ll8e 95 42.5 

95 4.7 

95 24 

95 4 

95 4 

f 1.0- 

205 95 4 

102 25 

14.6 

0 

0 

0 

0 

8.4 

13.2 

10.8 

11.9 

7.9 

0 

8.1 

15.8 

I11 18 0.181 & 
19 0.193 3 

92 3 0 
h 92 3 1.1- 

I V  20 0.059 3 92 2.5 3.4 

V 21 0.260 3 92 3 6.0 

Na2PdC1 (0.02 M) i n  CH3COOD 4 
a Na P t C l  (0.02 M) i n  CH3COOD - 2 4  
c DAc = CH3COOD d D 0 contains  0.02 M Na2PtC1,+ e Na2PtClq  

f 1 M H C 1  g CH COOH, to  examine degradation with no isotope present  

h - oes t rad io l  ace ty la ted  during exchange. 

2 - - 

3 - 
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TABLE I1 

Exchange of testosterone (VI), testosterone acetate (VII), 
testosterone propionate (VIII) and progesterone (1x1 

with homogeneous platinum and palladium ca ta lys t s .  

b Compound Run W t  Catalyst DAc- Additional Temp Time D 
so ln  5 Reagents O°C (h r )  % 

(g )  (ml) (ml) (g) 

VI 22 

23 

24 

25 

26 

27 

28 

29 

0.239 3 

0.206 3 

0.194 

0.215 

0.070 

0.181 

0.065 

0.252 

5 92 

92.5 

4 0.045% 92.5 
d 5 0.142- 92 

3 5  92 

92 f 3 0.05- 

3 2  92 

92.5 d 3 .053- 

3 0 

3 1 5 . 3  

3 0 

3 17.9 

3 0 

3 17.7 

3 0 

3 0 

VII 30 0.237 3 

31 0.266 4 

32 0.134 

92 3 10.4 

120 3 7 .3  

3: 95 3 0 

VIII 33 0.251 3 

34 0.195 

92 3 7 .8  

3 5  92 3 0 

IX 35 0.195 3 

36 0.254 3 

37 0.150 

92 3 11 .9  

120 3 13 .4  

3: 92 3 0 

- a Na2PtC14 (0.02 M) i n  CH3COOD 

- b DAc CH3COOD 

- c Na2PdC14 

- d Na2PtC14 

e 0.05 ml 10 N H C l  added t o  HAc; these were dedeuteration runs t o  - 
check for incorporation by keto-enol tautomerism. 

f 10 NHCl - 
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TABLE I11 

Exchange of desoxycort icosterone a c e t a t e  (X), 

5-a-dihydrotestosterone (XI) ,  pregnenolone 

a c e t a t e  (XII) ,  pregnenolone (XII I ) ,  choles te ro l  (XIV) , 
cholee te ry l  a c e t a t e  (XV) , c h o l e s t e r y l  propionate  (XVI) , 
dig i tox in  (XVII), and d ig i tox igenin  (XVIII) with 

homogeneous platinum and palladium c a t a l y s t s .  

Compound Run W t  Ca ta lys t  DAck Addit ional  Temp Time D 

Reagents O°C ( h r )  (%) s o $ -  
(ml) (ml) ( g )  

(9)  

X 38 0.292 3 

39 0.156 

96 1 . 5  9.0 

3 5  92 3 0 

X I  40 0.201 3 

41 0.130 

92 3 10.9 

3 5  92 3 0 

X I 1  42 0.209 3 92 3 12.2 

X I 1 1  43 0.126 3 92 3 8.9 

X I V  44 0.204 

45 0.211 

4 0.03& 92.5 3 0 

4 0.035: 92.5 3 0 

XV 46 0.214 4 92.5 3 0 

X V I  47 0.257 4 92.5 3 0 

X V I I  48 0.130 5 95 4 0 

X V I I I  49 0.132 5 95 4 0 

- a Na2PtClb (0.02 M) i n  CHBCOOD 

c 0.05 m l  1 0  NHCl added t o  HAc; these  were dedeuterat ion runs t o  

- d Na2PdC1,, 

Na2PtC14  

DAc = CH3COOD 

check f o r  incorporat ion by keto-enol tautomerism. 
- 
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TABLE IV 

Exchange of benzene (XIX), diphenyl  (XX), phenycyclohexane (XXI) 
and hexamethylbenzene (XXII) with homogeneous platinum and 

pal ladium c a t a l y s t s .  

Compound Run C a t a l y t  D A c ~  Addit ional  Temp Time D 

(O°C) ( h r )  (%)  
H t  soh- Reagents 
( g )  ( m l )  (ml) 

(g) 

XIX 50 1.6 20 0.12& 95 20 38.7 

xx 51 0.156 2 0  102 18.5 15.2 

XXI 52 0.16 20 95 20 9.0 

53 0.16 2& 95 20 0 

XXII 54 0.156 20 10 2 3 0.1 

55 0.163 20 102 25 0.7 

56 0.145 5.05 102 1 8  0 

- a Na2PtC14 (0.02 M) i n  CH3COOD 

b Na2PdC14 (0.02M) i n  CH3COOD 

- c DAc = CH3COOD 

- d Na2PtC14 

- e D20+Na2PtC14 (0.130g) 
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TABLE V 

Deuterium distributions for 3-desoxyestrone (I) 
oestrone (111, oestradiol (111) and its 
monobenzoate (IV) and diacetate (V) reported in 
Table 1 

Compound Run D Distribution (%)" 

(Table I) (Table I) (%) Do D1 D2 D3 D4 D5 D6 

I 1 8.0 5.0 38.8 41.3 10.9 4.0 

2 13.6 6.1 25.2 37.1 28.4 2.7 0.4 

3 9.8 4.3 21.8 41.1 22.4 9.0 1.4 

I1 5 

10 

11 
12 

13 

14 

16 

17 

14.6 0 3.3 15.7 39.4 40.5 1.0 0.2 

8.4 2.6 14.4 60.6 16.8 0.4 

13.2 0 5.1 23.2 35.9 23.4 5.5 1.9 

10.8 1.7 8.8 42.9 43.8 2.7 0.1 

11.9 1.8 6.2 29.8 52.6 8.9 0.6 

7.9 3.9 18.2 76.3 

8.1 4.2 23.6 65.3 5.9 0.9 

15.8 0 2.4 10.6 35.0 46.1 4.5 1.4 

~ -~ 

I11 19 1.1 84.3 8.8 4.7 2.1 

IV 20 3.4 58.2 16.1 14.8 4.8 4.7 1.2 

V 21 6.0 18.1 43.5 26.7 11.7 

~ ~ . ~~ 

* By low voltage mass spectrometry. 
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TABLE VI 

Deuterium distributions for testosterone (VI), its acetate (VII) 
and propionate (VIII), progesterone (IX), desoxycorticosterone 

acetate (X), dihydrotestosterone (XI), pregnenolone acetate (XII) 
and pregnenolone (XIII) reported i n  Tables I1 and 111. 

Compound Run D Distribution (%) a Remarks 
(Tables I1 (Tables 

(%) Do D1 D2 D3  D4 D5 D6 8 111) I1 & 111) 

23 15 .3  1 . 4  5.5 18.9 33.4 27.6 10.1 2.0 0 .7  

VI 25 17.9 0 0 5.8 27.4 55.5 7.2 4.0 

27 17.7 0 1 . 3  7 . 1  25.6 54.3 7.2 4.5 

30 10 .4  0.8 5 . 1  21.2 37.4 28.5 6.5 0 . 5  

31 7.3 7.3 23.0 33.6 24.0 9 .4  2.7 
VI I 

b, 
~ ~~ ~ - ~~ 

VIII 33 7.8 2.8 16.6 32.9 29.9 15.0 2.2 0.6 

IX 35 1 1 . 9  1 . 8  5 .6  12.6 25.4 29.7 18.8 6.0 

36 13 .4  1 . 8  4.7 12 .9  18 .0  25.8 22.5 10 .6  3.7 a 

X 38 9.0 6.7 12.7 23.5 24.5 20.1 8 .7  3.9 

XI 40 10.9 0.6 2.7 12 .7  38.3 44.6 1 . 2  

XI I 42 12 .2  4.0 11 .4  29.4 37.0 16.8 1.5 

XI11 43 8.9 7.4 25.4 W.2  25.4 1 . 4  

- a 
- b Catalyst unstable 

By low voltage mass spectrometry 
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TABLE V I I  

Deuterium d i s t r i b u t i o n s  and i s o t o p e  o r i e n t a t i o n  fop 
benzene (XIX) , diphenyl  (XX) , phenylcyclohexane (XXI) 

and hexamethylbenzene (XXII), r e p o r t e d  i n  T a b l e  I V  

I so tope  D i s t r i b u t i o n  (%) 5 Coolpound Rum 0 
(Table IV) (Table (%) Do D1 D2 D3 Dk D5 D6 Or ien ta t ion  - 

IV) 

XIX 50 38.7 35.5 6 . 1  12.3 13.3 1 2 . 1  10.1 10.4 
.~ 

xx 51  15.2 37.9 21.4 15.8 12.1 6.1 4.0 2.7 3,4,5,3 ' ,4 ' ,5 '  

Aromatic X X I  52 9.0 25.8 27.9 26.5 17 .8  2.0 

X X I I  54 0.1 97.8 2 . 2  

55 0.7 89.0 11.0 

- a By low voltage mass spectrometry 

b By N.M.P. 
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TABLE V I I I  

Orientat ion of deuterium i n  3-desoxyestrone ( I ) ,  oestrone (11) 

and o e s t r a d i o l  (111) and its benzoate (IV) and d i a c e t a t e  (111)s  

Compound Run D C - 1  t o  C-4 Hydrogens C-16 Aliphat ic  Hydrogens 

( % )  (%) ( b _ )  

I 1 8.0 

2 13.6 

5.0 

30.0 

80.0 

95.0 

I1 17 15.8 51.3 97.0 

I11 19 1.1 All D incorporated 

I V  20 3.4 Predominantly 

V 21 6 .O A l l  D incorporated 

a By N.M.R. 

b 

- 
This deuterium was labile s i n c e  back exchange occurred 

using reac t ion  so lu t ion  containing prutium and no 

c a t a l y s t .  

- 
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