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SUMMARY 

S o l i d - s t a t e  catalyt ic  r e a c t i o n s  provide  a new e f f e c t i v e  method 

f o r  t h e  s y n t h e s i s  of t r i t i u m - l a b e l l e d  b i o l o g i c a l l y  a c t i v e  

compounds. We p r e s e n t  t h e  s y n t h e s i s  of t r i t i u m - l a b e l l e d  amino 

a c i d s  through high-temperature  s o l i d - s t a t e  c a t a l y t i c  i so tope  

exchange (HSCIE). Under HSCIE, i so tope  exchange wi th  gaseous 

t r i t i u m  w a s  shown t o  proceed a t  a l l  hydrogen atoms i n  t h e  

molecules of s o l i d  o rgan ic  compounds, which opens t h e  p o s s i b i l i t y  

of producing b i o l o g i c a l l y  a c t i v e  compounds uniformly l a b e l l e d  wi th  

t r i t i u m  a t  high molar a c t i v i t y .  The conf igu ra t ion  i s  r e t a i n e d  upon 

t h e  hydrogen atom s u b s t i t u t i o n  a t  asymmetrical  carbon atoms under 

HSCIE cond i t ions ,  a l lowing t h e  s y n t h e s i s  of un i formly- labe l led  

amino a c i d s  i n  t h e  o p t i c a l l y  a c t i v e  form. 
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C a t a l y t i c  hydrogenolysis  by gaseous t r i t i u m  is t h e  key 

r e a c t i o n  f o r  t h e  p r e p a r a t i v e  product ion of l a b e l l e d  o rgan ic  

compounds. This  r e a c t i o n  is u s u a l l y  c a r r i e d  ou t  i n  water or i n  

organic  s o l v e n t s  i n  t h e  presence of app l i ed  c a t a l y s t s  of t h e  

plat inum group [ 11. The hydrogenolysis  of mu l t ip l e  bonds (carbon-  

carbon,  carbon-n i t rogen ,  carbon-oxygen) and of hydrogen-halogen 
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bonds can also be accomplished in the solid state without solvent. 

These catalytic reactions proceed at elevated temperatures, and we 

used them for the synthesis of tritium-labelled compounds. Solid- 

state hydrogenolysis was first used for the synthesis of tritium- 

labelled components of nucleic acids through solid-state catalytic 

dehalogenation [ 2 3 .  The isotope exchange reaction was found to 

proceed in tens ive ly under so 1 id- state hydr ogeno ly s i s condition s at 

elevat.ed temperatures. In our opinion, high-temperature solid- 

state catalytic isotope exchange (HSCIE) reactions are of special 

interest for the synthesis of tritium-labelled biologically active 

compounds. In the presence of a highly dispersed platinum metal, 

hydrogen atoms of a solid organic compound exchange with gaseous 

tritium to form an isotope-substituted compound. Raising 

temperature increases the rate of isotope exchange and the degree 

of hydrogen-tritium substitution. At elevated temperatures, all 

hydrogen atoms of the organic compound molecule enter the HSCIE 

reaction, which allows uniformly tritium-labelled compounds to be 

obtained. The isotope exchange between the catalyst-activated 

tritium and the solid-state organic compound hydrogen proceeds 

with a high retention of hydrogen configuration when carbon atoms 

are asymmetric, making it possible to obtain tritium-labelled 

amino acids with a high degree of tritium-hydrogen substitution in 

the optically active form [ 3 ] .  

The HSCIE method was effectively used for the synthesis of 

amino acids and peptides uniformly labelled wit.h trit,ium [ 4 , 5 ] .  We 

believe it is important to study the distribution of isotopic 

label in relation to the labelled compound structure, the reactive 

ability of the hydrogen atoms present. at different carbon atoms, 

and HSCIE conditions. The exchange ability of hydrogen atoms under 

HSCIE conditions was found to be markedly different from that 

registered in the liquid-state isotope exchange reaction. In the 
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310-410°K t e m p e r a t u r e  r a n g e ,  isotopic exchange u s u a l l y  proceeds  

s e l e c t i v e l y  a t  c e r t a i n  p o s i t i o n s  of t h e  b i o l o g i c a l l y  a c t i v e  

molecule .  3 H  NMR spec t roscopy h a s  shown tha t  t h e  f o l l o w i n g  

hydrogen atoms are the  m o s t  reactive i n  HSCIE a t  the 2-nd carbon 

i n  meth ionine ,  a t  t h e  3-rd carbon i n  a l a n i n e ,  a t  methyl  c a r b o n s  i n  

v a l i n e ,  a t  t h e  5 - t h  carbon i n  h y d r o x y p r o l i n e ,  a t  the second carbon 

atom of t h e  imidazole  r i n g  i n  h i s t i d i n e .  The s e l e c t i v i t y  o f  

isotopic l a b e l  i n c o r p o r a t i o n  is 70% or h i g h e r .  A t  a temperature of 

4500K and more, isotope exchange proceeds  between a l l  hydrogen 

atoms of  the s o l i d  o r g a n i c  compound and t h e  gaseous  state hydrogen 

isotopes. I n  HSCIE, t h e  i s o t o p e  exchange reaction r e a c h e s  a level 

t h a t  can o n l y  b e  accounted  f o r  by t h e  hydrogen- t r i t ium rat io  i n  

t h e  gaseous  and s o l i d  states. This  h a s  been t h e  f i r s t  recorded  

e x p e r i m e n t a l  demonst ra t ion  of  the  i s o t o p i c  e q u i l i b r i u m  of t h e  

qaseous  phase and t h e  hydrogen atoms i n  t h e  s o l i d  state organic 

molecul .  The k i n e t i c s  of  i sotopic  e q u i l i b r a t i o n  of  g a s e o u s  t r i t i u m  

and hydrogen atoms of  t h e  L - v a l i n e  molecule  was examined i n  t h e  

413-5130K t e m p e r a t u r e  r a n g e  i n  t h e  p r e s e n c e  of a n  a p p l i e d  

pa l lad ium c a t a l y s t  ( F i g .  1 ) .  Tri t , ium-labe l led  v a l i n e  w i t h  a 440 

TBq/mol  s p e c i f i c  a c t i v i t y  is  produced a t  413OK d u r i n g  1 h o u r ,  and 

96% of  t h e  l a b e l  is i n c o r p o r a t e d  a t  t h e  methyl  carbon atoms 

a c c o r d i n g  t o  3 H  NMR d a t a .  Under similar r e a c t i o n  c o n d i t i o n s  v a l i n e  

A s p e c i f i c  a c t i v i t y  of 1100 T B q / m o l  is produced d u r i n g  48 h o u r s .  

A t  t e m p e r a t u r e s  of  45OoK and h i g h e r ,  the  isotopic label is 

uni formly  i n c o r p o r a t e d  i n t o  t h e  va l ine  molecule ,  and i s o t o p i c  

e q u i l i b r i u m  is a c h i e v e d .  The HSCIE a c t i v a t i o n  energy ( 1 3  k c a l i m o l )  

w a s  det.ermined from t h e  i n i t i a l  l i n e a r  r e g i o n s  of  t h e  i s o t o p i c  

exchange k i n e t i c s  i n  t h e  433-5130K t e m p e r a t u r e  r a n g e .  T h i s  v a l u e  

i s  i n  good agreement w i t h  t h e  a c t i v a t i o n  energy of  hydrogen 

s p i l l o v e r  on p la t inum metals 163. T h i s  i n d i c a t e s  t h a t  spi l lover  

hydrogen format ion  could  be  t h e  k i n e t i c a l l y  d e c i s i v e  stage of  t h e  

HSCIE r e a c t i o n .  
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1. Dependence of t r i t i u m  i n c o r p o r a t i o n  i n  t h e  v a l i n e  m o l e c u l e  
on t h e  t e m p e r a t u r e  a n d  d u r a t i o n  o f  t h e  HSCIE r e a c t i o n  

Uni formly  l a b e l l e d  L - v a l i n e  w i t h  s p e c i f i c  a c t i v i t y  5330 

T B q / m o l  w a s  o b t a i n e d  by HSCIE a t  4930K i n  a 20 m i n u t e s  react ion 

t i m e .  Accord ing  t o  3 H  NMR d a t a .  t r i t i u m  d i s t r i b u t i o n  i n  d i f f e r e n t  

p o s i t i o n s  of t h e  va l ine  m o l e c u l e  i s  as f o l l o w s :  d : Y  : d  = 1:1:6, 

which  c o r r e s p o n d s  t o  t h e  s toichiometr ical  hydrogen  c o n t e n t  a t  t h e  

c a r b o n  atoms i n  t h e s e  p o s i t i o n s .  The m a t h e m a t i c a l  model o f  H S C I E  

based  on e q u i p r o b a b l e  hydrogen  exchange  i n  d i f f e r e n t  p o s i t i o n s  of 

t h e  m o l e c u l e  d e s c r i b e s  w e l l  t h e  d i s t r i b u t i o n  of l a b e l l e d  compound 

m o l e c u l e s  a c c o r d i n g  t o  t h e  d e g r e e  o f  i sotopic  s u b s t i t u t i o n  a n d  t h e  

k i n e t i c s  o f  isotopic e x c h a n g e . T h e  d i s t r i b u t i o n  of l a b e l l i n g  i n  t h e  

amino  a c i d  a c c o r d i n g  t o  t h e  d e g r e e  o f  t r i t i u m  s u b s t i t u t i o n  f o r  

hydrogen  a t  d i f f e r e n t  c a r b o n  atoms w a s  d e t e r m i n e d  by h i g h -  

r e s o l u t i o n  3H NMR s p e c t r o s c o p y  w i t h o u t  s u p p r e s s i n g  t h e  i n t e r a c t i o n  

of p r o t i u m  a n d  t r i t i u m  n u c l e i  (7 .81 .  Data are c i ted  f o r  t r i t i u m  

d i s t r i b u t i o n  i n  a l a n i n e  s y n t h e s i z e d  a t  493 K w i t h  a s p e c i f i c  
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a c t i v i t y  2070 TBq/mol . According t o  3 H  NMR d a t a ,  8 p o s s i b l e  

i s o t o p i c  forms are p r e s e n t  i n  t h i s  sample t h a t  d i f f e r  i n  t h e  

t r i t i u m  s u b s t i t u t i o n  f o r  hydrogen. The mixture  can be  r e p r e s e n t e d  

as I + 11, where I is C H ~ ~ H ~ - ~ C ~ H N H Z C ~ Z H  w i t h  n = 0 , 1 . 2 , 3  - a , b , c . d .  

r e s p e c t i v e l y :  I1 is C H ~ ~ H ~ - ~ C H N H Z C O Z H  w i t h  n = 0 , 1 . 2 . 3  - e , f , g , h ,  

r e s p e c t i v e l y .  The r e s u l t s  are p r e s e n t e d  i n  Table  1. The same t a b l e  

shows d a t a  f o r  t r i t i u m  d i s t r i b u t i o n  i n  a molecule  of  a l an ine  

o b t a i n e d  by c a l c u l a t i o n s  based on t h e  mathematical  model d e s c r i b e d  

above .  Table  1 makes it clear tha t  t h e  t r i t i u m  d i s t r i b u t i o n  i n  L- 

[Z. 3-3Hl-alanine s y n t h e s i z e d  by HSCIE w i t h  gaseous  t r i t i u m  i s  

q u i t e  w e l l  d e s c r i b e d  by t h e  mathemat ica l  model based on 

e q u i p r o b a b l e  exchange of hydrogen atoms i n  t h e  molecule .  The 

amount of t r i t i u m  i n c o r p o r a t e d  a t  t h e  2-nd and 3-rd p o s i t i o n s  of 

Table  1 
e r 2 . 3 - 3 H l - v  

o m  3H NMR sDent ra  a n d o m  - 
Content  of t h e  i s o t o p e - s u b s t i t u t e d  form.% 

a b C d e f R h 

3 H  NMR 3 15 22 5 5 17 23 7 

C a l c u l a t i o n  5 17 18 6 6 19 20 7 

t h e  molecule  is i n  a 1:3 r a t < i o ,  cor responding  t o  t.he c o n t e n t  of 

hydrogen atoms i n  t h e s e  p o s i t i o n s .  

The HSCIE r e a c t i o n  makes it p o s s i b l e  t o  s y n t h e s i z e  amino 

a c i d s  uni formly  l a b e l l e d  w i t h  t r i t i u m  w i t h  a h i g h  d e g r e e  of 

hydrogen S u b s t i t u t i o n  ( T a b l e  2 ) .  Some of  t h e  amino a c i d s  shown in 

t h e  t a b l e  could  be. s y n t h e s i z e d  by t r a d i t i o n a l  methods of catalyt ic  

h y d r o g e n o l y s i s  in  s o l u t i o n .  The u s e  of HSCIE makes it p o s s i b l e  t o  

a c h i e v e  h i g h e r  s p e c i f i c  a c t i v i t i e s  f o r  C2-3HI g l y c i n e ,  L- [ Z ,  3 - 3 H 1  

a l a n i n e ,  L-[2,3-3H] s e r i n e .  w h i l e  t h e  t r a d i t i o n a l  method does  n o t  



Table 2 
HSCIE of A m i n o o u s  Tritium 

Amino acid Molar Optical Yield 
activity purity, 
TBq/mol X % 

[ 2-3H I-Glyc ine 1800 - 9 0 

L-[2,3-3Hl-Serine 1400 75 5 0 
L- [2,3-3H]-Alanine 3200 82 65 
L-[2,3,4,4'-aH]-Valine 6500 94 85 
L- [2,3,4,5,5'-aH]-Leurine 7900 85 7 0 
L-[2,3,4.4' ,5-3H]-Isoleucine 8100 88 75 
L- [ 2  ,3,2' , 5 -  -"HI-Histidine 4500 5 0 2 0 

L-[2,3,2- ,4' ,5' , 6 .  ,7'-3H]-Tryptophane 3600 7 0 3 0 

work at. all for [2,3.4,4-3H] valine, [2,3,4,5,5~-sHl leucine, 

[2,3,4.4. ,5-3H) isoleucine, [ 2 , 3 , 2 '  ,5'-aH) histidine, 

[ 2 , 3 , 2  ,4-,5',6',7'-3H] t,ryptophane. Another advantage of HSCIE is 

that highly-labelled amino acids are produced with 80-YOZC. opt.ica1 

purity . 

The amount and distribution of isotopic label in amino acids 

obtained in solid-state and liquid-state catalytic reactions of 

isotopic exchange are essentially different. According to 3H NMR 

data, isotopic exchange with gaseous tritium in solution in the 

presence of heterogeneous catalysts produces [G-3H]-tryptophans 

with the isotopic label distributed only over the heteroaromatic 

portion of the molecule [S ] .  

By "H NMR spectroscopy tritium distribution was determined in 

L-[2,3,2'.4*,5',6",7'-3H]-tryptophane (Fig.2. Table 3 ) .  HSCIE 

ensures the production of [3H]-tryptophane with approximately 

equal distribution of the isotopic label in the aliphatic and 

heteroaromatic portions of the molecule. The configuration of the 

asymmetric oc-carbon atom is  retained to a high degree. 
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Table 3 
[ 

P o s i t i o n  Chemical A c t i v i t y  Degree of 
s h i f t  q u o t a  s u b s t i t u t i o n  

3.95 
3 3.35 

3 . 2 5  

2 ,  7.32 

3 3.35 
3 . 2 5  

2 ,  7.32 

28 

1 7 

47 

57 

4 -  7.75 6 20 

5 7.22 1 1  37 
6 '  7.28 1 1  3 7 
'I ' 7.55 14 4 7 

W e  have t h e r e f o r e  found a new e f f e c t i v e  method f o r  t h e  

s y n t h e s i s  o f  b i o l o g i c a l l y  a c t i v e  compounds l a b e l l e d  w i t h  hydrogen 

i s o t o p e s .  based on h igh - t empera tu re  s o l i d - s t a t e  c a t a l y t i c  i s o t o p i c  

exchange and l e a d i n g  t o  t h e  i s o t o p i c  e q u i l i b r a t . i o n  of hydrogen 

atoms i n  t.he s o l i d  and l i q u i d  p h a s e s .  On r e a c h i n g  i s o t o p i c  

e q u i l i b r i u m  i n  HSCIE, t h e  i s o t o p i c  l a b e l  is un i fo rmly  d i s t r i b u t . e d  

over  t.he amino a c i d  molecule  r e g a r d l e s s  o f  t h e  exchangabi1i t .y  o f  

t h e  hydrogen a toms .  The s p e c i f i c  a c t i v i t y  o f  t h e  product.  i s  

u s u a l l y  much h i g h e r  t h a n  i n  c o n v e n t i o n a l  methods.  

1 m g  of L -va l ine .  0 . 5  m l  of water and 10 m g  of 1 0  L pal ladiuin-  

on -cha rcoa l  were p l a c e d  i n t o  a 1 0  m l  g l a s s  v i a l .  The suspens ion  

w a s  f r o s e n  i n  l i q u i d  ni t . rogen as t h e  v i a l  w a s  r o t a t i n g .  Wat.er w a s  

removed by l y o p h i l i c  d r y i n g  i n  vacuum. The r e a c t i o n  mixt.ure w a s  

vacuumiaed, t hen  t r i t i u m  w a s  i n t r o d u c e d  t o  a p r e s s u r e  of 250 t . o r r .  

The v i a l  w a s  h e a t e d  t o  a t e m p e r a t u r e  of 473 OK and kept. a t  t , h i s  
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temperature dur ing  an hour .  The v i a l  w a s  then  cooled ,  t r i t i u m  was 

removed, t h e  v i a l  w a s  washed with hydrogen. 

Tr i t ium-labe l led  v a l i n e  w a s  i s o l a t e d  from t h e  r e a c t i o n  mixture  

by t r e a t i n g  it with 5 m l  of 1 M NHIOH conta in ing  20 % e thano l .  The 

catalyst w a s  f i l t e r e d  o u t ,  and f i l t r a t e  w a s  evaporated t o  dryness  

a t  a lower pressure.  Labi le  t r i t i u m  w a s  removed by evapora t ing  10 

m l  p o r t i o n s  t w i c e  wi th  20 % aqueous e thanol  under reduced 

p res su re .  

The chromatographic p u r i f i c a t i o n  w a s  conducted on a c a t i o n i t e  

Amberlite CG 50 (111) f i l l i n g  wi th  copper ions .  The degree of 

f i l l i n g  of t h e  sorbent  wi th  copper ions  w a s  70 % . The sorbent  w a s  

t r a n s f e r r e d  t o  a 140 mm x 8 mm column. The e l u e n t  w a s  a 0 . 2  M 

ammonium hydroxide. Traces of copper ions  are removed from t h e  

e l u e n t  by passing t h e  lat ter through a chromatographic column of 

15 mm x 10 mm s i z e  packed with a complex-forming Dowex A - 1 .  The 

f r a c t i o n  of v a l i n e  w a s  c o l l e c t e d  according t o  t h e  readings  of UV- 

d e t e c t o r  from 22 t o  27 m l .  Val ine w a s  i s o l a t e d  by a chromatography 

on a ca t ion  exchanger. Aminex Q-150-S s u l f o c a t i o n i c  exchanger i n  

t h e  €I+ form w a s  placed i n  a 5 0  mm x 8 mm column and t h e  amino a c i d  

f r a c t i o n  c o l l e c t e d  w a s  passed through it .  The sorbent  w a s  washed 

with water, and t h e  amino a c i d  w a s  desorbed by 1 . 0  M aqueous 

ammonia. The e l u e n t  w a s  evaporated,  v a l i n e  w a s  d i sso lved  i n  50 % 

aqueous e thanol  t o  a r a d i a c t i v e  concent ra t ion  of 37 G & / l .  

The a n a l y s i s  f o r  chemical p u r i t y  w a s  e f f e c t e d  by means of 

th in - l aye r  chromatography on " S i l u f o l "  i n  a system isopropanol- 

aceton-ammonia (15  : 9 : 9). The mobi l i ty  of v a l i n e  is 0 . 4 5  . The 

radiochemical p u r i t y  is 98 % . There are obtained 320 pg C 2 , 3 . 4 , 4 '  

-aH]-valine with specif ic  a c t i v i t y  4800 TBq/mol and with t h e  

chemical y i e l d  32 f . To ana lyze  and prepare t r i t i um- labe l l ed  

o p t i c a l l y  a c t i v e  amino a c i d s ,  w e  used high performance l igand-  

exchange chromatography on modified s i l ica  gel so rben t s  contaning 

L-hydroxyproline groups [ l o ] .  The sorbent  w a s  packed i n  a 250 mm x 
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4 nun column. S o l u t i o n  c o n t a i n i n g  70 % 0 . 0 1  M ammonium acetate. 1 . 0  

x 10-4 M coppe r  acetate , pH 4 . 5  and 30 % methanol  w a s  used as 

e l u e n t .  The s o r b e n t  par t ic le  s i z e  w a s  5 p m .  L-Valine w a s  e l u t e d  

from 10 t.o 22 ml.  The optical  p u r i t y  amino a c i d  w a s  aqua1  t o  00 % .  

2 .  &r&h$&3 of  i s o t o D e - s u b s t i t  - 
I n  a 1 0  m l  g l a s s  v i a l ,  a s o l i d  m i x t u r e  compr i s ing  a non- 

o r g a n i c  carrier (ba r ium s u l p h a t e ,  c a l c i u m  c a r b o n a t e .  aluminium 

o x i d e ,  c h a r c o a l ) ,  a p l a t i n u m  g r o u p  catalyst metal (rhodium, 

p a l l a d i u m ,  p l a t i n u m )  and 1 m g  of  L-amino a c i d  reacts w i t h  g a s e o u s  

t r i t i u m  o r  deu te r ium under  a p r e s s u r e  of 200-400 t o r r  a t  a 

t e m p e r a t u r e  o f  373-513oK d u r i n g  20-200 min .  I s o t o p e - s u b s t i t u t e d  

amino a c i d  is i s o l a t e d  from t h e  reaction m i x t u r e  w i t h  4-6  m l  of 

1 . 0  M aqueous ammonia c o n t a i n i n g  20% e t h a n o l .  L a b i l e  t r i t i u m  is  

removed by e v a p o r a t i n g  10  m l  p o r t i o n s  twice w i t h  20% aqueous 

e t h a n o l  under  reduced p r e s s u r e .  Amino a c i d  i s  i s o l a t e d  by 

chromatography on Aminex 150-6 s u l p h o c a t i o n i c  exchanger  i n  t h e  H* 

form and l i g a n d  exchange chromatography on c a r b o x y l i c  c a t i o n i c  

exchanger  Amberlite CG 50 (111) f i l l e d  w i t h  coppe r  i o n s  (11) .  T o  

i s o l a t e  o p t i c a l l y  a c t i v e  l a b e l l e d  amino a c i d ,  l i g a n d  exchange 

chromatography w a s  u sed  on s o r b e n t s  w i t h  L-pheny la l an ine  and L- 

hydroxypro l ine  g r o u p i n g s  [ 1 0 , 1 1 , 1 2 1 .  

3 .  1H NME sDectr- 

3 H  NMR and 1 H  NMR s p e c t r a  o f  amino a c i d  s o l u t i o n s  in “HzU 

w e r e  o b t a i n e d  on a AC 250 Bruker  NMR s p e c t r o m e t e r  equipped w i t h  a 

1 H / 3 H  5-mm d u a l  p robe  w i t h  o p e r a t i n g  f r e q u e n c i e s  o f  266 .0  and 250 

MHz r e s p e c t i v e l y .  Chemical s h i f t s  o f  t r i t i u m  s i g n a l  i n  comple t e ly  

t r i t i u m - s u b s t i t u t e d  components are  assumed t o  be  e q u a l  t o  

c o r r e s p o n d i n g  p r o t o n  s h i f t s  [ 1 3 ] .  M u l t i p l e t  s ignals  were modeled 
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with t h e  he lp  of t h e  s tandard  Panic  program by Bruker.  

Measurements were taken by p l ac ing  50-100 m C i  of t r i t i u m  l a b e l l e d  

amino a c i d  d i s so lved  i n  0 . 5  m l  of 2HzO i n  t h e  v i a l .  
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