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SUMMARY 

It i s  o f t e n  necessary t o  o b t a i n  c e r t a i n  "C radiopharmaceu- 

t i c a l s  wi th  a high s p e c i f i c  a c t i v i t y  (> 1000 Ci/mmole), espe- 

c i a l l y  when these  a r e  intended f o r  medical purposes and a r e  

e i t h e r  t o x i c  o r  used f o r  " i n  vivo" s p e c i f i c  receptor  binding 

s t u d i e s .  The amounts of l a b e l l i n g  agent  must be very small  

(concent ra t ions  o f t e n  below t o  10 M) and some s y n t h e s i s  a r e  

d i f f i c u l t  o r  impossible under t h e s e  condi t ions .  

-3 

- This a r t i c l e  shows how t h e  s p e c i f i c  a c t i v i t y  of t h e  l a b e l -  
* 

l i n g  agent  A 

t i c a l  A T '  i n  t h e  r e a c t i o n  : 

a f f e c t s  t h e  s y n t h e s i s  y i e l d  of t h e  radiopharmaceu- 1 

* * 1 

vl  A1 + v2 A 2 Z  v f l  A; + v t 2  A2 

- A s p e c i f i c  a c t i v i t y  i n c r e a s e  can  improve, reduce o r  have no 

1 '  v 2 9  
e f f e c t  on t h e  y i e l d  according t o  t h e  r e s p e c t i v e  va lues  of v 

q ,  v f 2 .  

- D i f f e r e n t  ways t o  s h i f t  an equi l ibr ium unfavourable t o  labe l -  

l i n g  are a l s o  given : r e a c t i o n  temperature ,  concent ra t ions ,  addi-  

t i o n  of s t a r t i n g  products ,  removal of f i n a l  products .  

- The r e a c t i o n  k i n e t i c s  a r e  important s i n c e  t h e  h a l f - l i f e  of 

carbon 11  i s  20 mn, bu t  t h i s  parameter i s  a complex func t ion  of 

concent ra t ions  which can only be  determined by experiment. I t  

seems however t h a t  i n  s p e c i a l  cases t h e  percentage of r a d i o a c t i -  
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v i t y  incorporated i n  a given time i s  independent of s p e c i f i c  

a c t i v i t y  . 
- The e f f e c t  of i m p u r i t i e s ,  which can b e  present  i n  concentra- 

t i o n s  of t h e  same order  of magnitude a s  those  of t h e  l a b e l l i n g  

agent  i s  a l s o  d iscussed .  

- Each t h e o r e t i c a l  development i s  i l l u s t r a t e d  by concre te  

examples s tud ied  i n  t h e  labora tory .  

- The conclusion i s  t h a t  t h e o r e t i c a l l y  i t  should not  be impos- 

s i b l e  t o  synthes ize  s t r i c t l y  c a r r i e r - f r e e  "C radiopharmaceut icals  

i n  c e r t a i n  favourable  c a s e s  ( i f  it w e r e  known how t o  prepare  such 

c a r r i e r - f r e e  l a b e l l i n g  a g e n t s ) .  

Key Words: "C radiopharmaceut icals ,  Synthes is  y i e l d ,  s p e c i f i c  r a d i o a c t i v i t y  

INTRODUCTION 

Of t h e  rad io iso topes  used f o r  l a b e l l i n g  organic  molecules, "C o f f e r s  p a r t i -  

c u l a r  advantages. This rad io iso tope  can be used f o r  human i n  vivo i n v e s t i g a t i o n  

because of i t s  s h o r t  h a l f - l i f e  (T = 20,4 mn) and i t s  p o s i t r o n  d i s i n t e g r a t i o n  

which leads  t o  gamma r a d i a t i o n  d e t e c t a b l e  by e x t e r n a l  count ing.  

dN 
d t  

t o  a given amount of i s o t o p e ,  o r  s p e c i f i c  r a d i o a c t i v i t y ,  can be c a l c u l a t e d .  For 

"C the  t h e o r e t i c a l  S.R.A. i s  10 

r a l l y  handled f o r  l a b e l l i n g  i s  of t h e  order  of 0 , l  t o  1 C i  which corresponds 

t h e o r e t i c a l l y  t o  10 t o  100 picomoles of carbon. Actua l ly  i n  s p i t e  of a l l  pre- 

caut ions taken t o  avoid d i l u t i o n  of t h e  "C with s t a b l e  carbon t h e  s p e c i f i c  a c t i -  

v i t y  obtained a t  p resent  is  lower by s e v e r a l  powers of 10 than t h e  t h e o r e t i c a l  

va lue  : a few Ci/pmole a t  t h e  end of bombardment ( 1 ,  2 ) .  The q u a n t i t y  of carbon 

involved i n  r e a l i t y  i s  t h e r e f o r e  about  a f r a c t i o n  of a pmole and t h e  concentra- 

t i o n  of r a d i o a c t i v e  precursor  i s  l e s s  than M/1000. This  r a i s e s  problems unusual 

i n  organic  s y n t h e s i s  and c e r t a i n  r e a c t i o n s  a r e  not  f e a s i b l e .  Since i n  p r a c t i c e  

t h e  r e a c t i o n  volumes cannot b e  reduced beyond c e r t a i n  l i m i t s  i t  i s  sometimes ne- 

cessary t o  add c a r r i e r .  However t h i s  i s  o f t e n  d e t r i m e n t a l  t o  t h e  medical use of 

the radiopharmaceut ical  (when t h e  l a b e l l e d  product is  h ighly  t o x i c  o r  when it is  

used f o r  i n  vivo s p e c i f i c  receptor  binding s t u d i e s ) .  

According t o  t h e  d i s i n t e g r a t i o n  law - = - AN t h e  r a d i o a c t i v i t y  corresponding 

4 Ci/umole. The amount of l l C  r a d i o a c t i v i t y  gene- 
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The aim of this work is to study the influence of the labelling agent concen- 

tration on the organic synthesis yield and to discuss some ways to shift the ba- 

lance when the yield is poor. Moreover because of the half-life of "C the time 

taken to reach this equilibrium is a l so  an important factor which needs to be 

mentioned. 

INFLUENCE OF THE LABELLING AGENT CONCENTRATION ON THE SYNTHESIS YIELD 
The labelling agent is normally in a relatively simple chemical form : 

1 1  1 1  1 1  1 1  1 1  co, co2, "CH~, H CN, H CHO, I C H ~ ,  "CH OH, etc... 3 

and is required to react with a precursor of the radiopharmaceutical. Let us 

consider the general reaction, taking place in a homogeneous medium : 

* * 
v1 A1 + v2 A2 + vi-vtl A' .t vt2 Af2 + . . . vfi A! 1 

with V1, V2,..' v' 

A*1 the labelling agent and A'; the radiopharmaceutical expected. 

vIi the different coefficients of the chemical equation, 

When the components are in sufficiently dilute solution and behave ideally 

the equilibrium condition is expressed by (3) : 

where Ci is the molar concentration of component i, 

V the volume of the solution, 

Kc the equilibrium constant referred to the molar fractions 

AV = v f 1  + vf2 + v ' ~  - v1 - v2 - V .  and . 
In the gas phase, with perfect gases the expression becomes ( 3 )  : 

c'lvfl. C ' 2 y 1 2  . Cfi Vfi 
V = Kp(RT)-'" 

C .  i 

where K is the equilibrium constant referred to the partial pressures, 
P 
T the absolute temperature 

and R the perfect gases constant. 

The labelling yield is defined by the ratio : 
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A': 
r a d i o a c t i v i t y  i n  A': a t  equi l ibr ium 

- r a d i o a c t i v i t y  introduced by A: 

c ' I V '  
=- 

C l O / V ,  

wi th  Cl0 = concent ra t ion  of component 1 before  t h e  r e a c t i o n .  

When t h e  o r i g i n a l  system conta ins  none of t h e  f i n a l  p roducts ,  b u t  only i n i t i a l  

components of concent ra t ion  C.' and i n e r t  gases  o r  s o l v e n t s  w e  reach t h e  rela- 

t ionship  ( 4 )  : 

... " . 
CV' (q) . vv1 

v. "i L 

v 1  0 1  
C l 0 V l  (1-n) . (Ci0 - c1 Q y) 

1 

1 -Av 
., = K,(Vo) 

o r  K ( R T ) - ~ '  
P 

with Cv' = v ' ~  -+ v t 2  + V '  i 

Let  us see what happens 

by examples. 

1 )  Reactions of type 

Here w e  have AV = 0 (vl  

t o  : 

t o  t h i s  genera l  express ion  i n  simple cases  i l l u s t r a t e d  

A T  i A 2 S  A'; i A t 2  

= v2 = v I l  = v l 2  = 1 )  and express ion  @ i s  reduced 

When t h e  s p e c i f i c  a c t i v i t y  of t h e  l a b e l l i n g  agent  i s  very h igh ,  C I o  becomes 

very small  compared with CZo and t h e  y i e l d  0 i s  c l o s e  t o  u n i t y .  Improving t h e  

s p e c i f i c  a c t i v i t y  increases  t h e  y i e l d  i n  t h i s  type of s y n t h e s i s .  

Examples a r e  t h e  l a b e l l i n g  of methionine, diazepam o r  f luni t razepam by t h e  

a c t i o n  of methyl iod ide  on t h e  corresponding non-methylated d e r i v a t i v e .  The 

l a b e l l i n g  agent  concent ra t ions  a r e  below M/1000. 
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a) Methio+: (5, 6 )  

Homocystein (in thiolactone form, 2 pmoles) is dissolved in a water-acetone 

mixture (150/200 pl) containing sodium hydroxide (70 pmoles, added for reasons 

given below). The quantity of radioactive methyl iodide lies between 0,l  and 

0,3 pmole. The reaction is performed at 70" for 7 mn and is practically quanti- 

tative. 

b) DiazeE~m,-flunitrazePam (7) 

1 pmole nordiazepam or norflunitrazepam in 240 p1 acetone reacts for 8 mn at 

90°C with 0 , l  to 0,3 pmole ICH3 in the presence of 8 p1 10 N sodium hydroxide. 

H 
I 

H 
I 

+ IH 

c, n, F C, H, F 

f lunitrazepam 
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In both cases the concentration of sodium hydroxyde in large excess is cons- 

tant and the reaction may be considered as being of the AT + A 2 S  AT' + A; 

type. 

2) Reactions of type A: i A 2 a A ' f  

In this case Av = - 1 (V1 = V2 = v I 1  = 1 )  and @ becomes : 

When C l 0  is small enough the second term is reduced to K Vo C20 and the 

yield becomes independent of the specific activity of the labelling agent. 

An illustration of such a case is the reaction of "C formaldehyde on mono- 

desmethyl chlorpromazine (or on monodesmethylimipramine, monodesmethylchlorimi- 

pramine, nor nicotine) ( 6 ) .  

I H 
CH, - CH, - CH, - N( 

CH, 

I CH? 
CH, - CH, - CH: - N ," 

The pH and water concentration are constant during this reaction, given the 

quantities involved. They therefore play no part in the yield equation and an 

A*1 + A = A ' * ,  reaction may be assumed. 2 

The "C formaldehyde concentration is less than M/1000. 1 pmole of monodes- 

methyl derivative reacts for 7-10 mn with 0 , l  to 0,3 pmole labelled formaldehyde 

in an acetonitrile-water mixture (200/50 pl) containing 2 p1 acetic acid (to 

acidify the solution) and 1 pmole sodium cyanoborohydride (to reduce the imine 

formed into methyl derivative, which is the final product used). 
* * 

3)  Reactions of type A 1 S A I 1  

AV = 0 (v1 = v I 1  = 1 )  

The labelling yield is not dependent on any concentration. 

An example is the synthesis of methyl iodide from methanol (5, 6 )  
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* CH~OH + I H ~  * C H ~ I  + H ~ O  

0 , l  to 0,3 !.moles of "C methanol react with 200 111 of a heated 67 Z hydriodic 

acid solution under reflux. A constant nitrogen current brings in the methanol 

and carries off  the methyl iodide formed. The operation lasts about 5 mn. The 

hydriodic acid and water concentrations are constant and we arrive at an A * + A * '  1 1  

type reaction. 

Another example is the addition reaction of methyl lithium on 3 . 3  ethylene 

dioxy A5 androsten-17 one (I) for the labelling of 17 a methyltestosterone. 

0 

17 a methyltestosterone 

When the solution i s  saturated in initial product I ,  the type of reaction is 

* - A ' *  
Al- 1 '  

Fig. 1 shows in this case that yield is roughly independent of concentration 

o f  labelling agent. 

Four )moles of methyl lithium in diethyl ether react with I in powder (10 mg) 

for 10 mn at ambient temperature. 

The solvent is then evaporated and hydrolysis is carried out by heating 3 mn 

at 70°C with 500 p1 ethanol and 200 i.ll HC1 2 N. 
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l 1 4  
05 92 03 Concentration,M/I.l 

Fig.1. Influence of concentration of labelling agent in the synthesis of 
17 a methyltestosterone using methyl lithium. 
Reaction mixture : LiCH3, 4 pmoles, dissolved in diethyl ether. 
Initial component in powder, 
Reaction conditions : 10 mn at ambient temperature. The solvent is 
evaporated and hydrolysis is carried out by heating 3 mn at 70°C 
with 500 p1 ethanol and 200 p1 HC1 2N. 

4 )  Reactions of type A t  + 2 A 2 z  A ' *  1 

v1 = v '  = 1 v2 = 2 A v = - ~  1 

0 2  
rl) Q -  - Kc Vo (c2 O - 2c1 

1 - r l  

Here again when Cl0 is small enough the yield is independent of the specific 

activity of the labelling agent. 

The synthesis of acetone by methyl lithium is a relevant example (8) 

hydrolysis 1 

"C02 is brought by a current of nitrogen into a cooled solution (-20°C) of 

methyl lithium in anhydrous ether (5 pmoles in 100 pl). The ether is evaporated, 

then after hydrolysis by 50 to 100 p1 water the radioactivity is carried off by 

a nitrogen current. 
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5) React ions of type  2Af + A 2 Z  A'* 1 
2A1 * A'; 

I n  t h e  f i r s t  case ,  w e  have Av = - 2 (V1 = 2 v2 = v f 1  = 1 )  and w e  g e t  : 

Since C 2 0  i s  l i m i t e d  by t h e  s o l u b i l i t y  of component A2 i n  t h e  so lvent  t h e  

* 
y i e l d  tends toward zero  as t h e  s p e c i f i c  a c t i v i t y  of A1  increases .  

When t h e  s o l u t i o n  i s  s a t u r a t e d  with A2 t h e  type of r e a c t i o n  i s  

2A7- A ' *  1 

Av = 1 (v 

Q -  

( 1  - 

The conclus 

= 2  v ' =  
1 l )  

2Kc Vo C I 0  

on is t h e  same a s  i love. 

An example i s  t h e  a d d i t i o n  r e a c t i o n  of methylmagnesium iodide  on (I). The 

r e a c t i o n  scheme i s  t h a t  proposed by Ashby (9, l o ) ,  with two molecules of methyl- 

magnesium iodide.  

0 

2 *CH, Mg I + 

+ *CH, 

Product I i s  p r e s e n t  i n  l a r g e  excess ,  a t  s a t u r a t i o n  i n  t h e  r e a c t i o n  s o l v e n t ,  

magnesium iodide  is  i n s o l u b l e  and t h e  concent ra t ion  of t h e s e  two compounds may 

t h e r e f o r e  be  considered a s  cons tan t  and not  involved i n  t h e  y i e l d  equat ion.  

A f t e r  hydro lys is  t h e  f i n a l  y i e l d  i s  reduced by a f a c t o r  of 2 because loss  of 

r a d i o a c t i v e  methane. 
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Fig.  2 shows t h a t  t h e  l a b e l l i n g  y i e l d  i s  c l o s e  t o  zero when t h e  s p e c i f i c  ac- 

t i v i t y  of t h e  reagent  i s  high.  

Methylmagnesium iodide  (1 pmole i n  e t h e r )  r e a c t s  wi th  I i n  powder f o r  5 mn a t  

amb i e n t  temp era t ur  e . 

Fig.2. Inf luence  of concent ra t ion  of l a b e l l i n g  agent  i n  t h e  s y n t h e s i s  of 
17 c1 methyl tes tos te rone  us ing  methyl magnesiumiodide. 
React ion mixture  : I C H 3 ,  1 pmole, i n  anhydrous d i e t h y l  e t h e r .  
Magnesium powder mixed with s o l i d  i n i t i a l  component ( l / l ) .  
React ion condi t ions  : 5 mn a t  ambient temperature .  Hydrolysis  is  
c a r r i e d  out  by hea t ing  3 mn a t  70°C with 700 p 1  e thanol  and 100 p1 
H C 1  2N. 

Moreover t h i s  s y n t h e s i s  is  made i n a p p l i c a b l e  under t h e s e  condi t ions  with l lC  

because of t h e  competi t ion between t h e  a d d i t i o n  r e a c t i o n  and e n o l i z a t i o n  (11) .  

I f  we c a l l  q1 t h e  a d d i t i o n  y i e l d  on t h e  ketone ( I ) ,  q2 t h a t  of t h e  r e a c t i o n  

on t h e  enol  (11) we can write : 

2c; = q1 c l o  

c; = q  c o  2 1  
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(concent ra t ions  of Mg12 and of compound I a r e  cons tan t )  

2 
1 1 1  

‘i w i t h  K1  = - 
C f 

C ’ = K  C 

K2 = - 
‘1 ‘3 

(methane being v o l a t i l e ,  i t s  concent ra t ion  i n  t h e  s o l u t i o n  
i s  low and cons tan t )  

C; = K2 C1  C3 

- -  ’ - K (enol iza t ion)  
c, 3 

L 

C2 = Co ( s a t u r a t i o n  with compound I) 2 

C3 = K3 C y  

2 K1 C i  

Kg ‘1 ‘3 K2 K3 C i  

2 K1 C1  - -  ‘1 - - 

c1 = c l o  - 2c; - c; = clo ( 1  - rll - r12) 

‘2 

‘2 K2 K3 C 2 0  

The propor t ion  of a d d i t i o n  r e a c t i o n  on ketone ( lead ing  a f t e r  hydro lys is  t o  

17 a methyl tes tos te rone)  thus  decreases  as t h e  methyl magnesium iodide  concentra- 

t i o n  tends towards zero. Label l ing  becomes very d i f f i c u l t  when t h e  concent ra t ion  

f a l l s  below M / 1 0 .  

Remark : Competition due t o  e n o l i z a t i o n  i s  not  so important  when methyl 

l i th ium i s  used. 

I n  t h i s  case  w e  have : A;* A;* 

c i  K i n i  c i  
(concent ra t ions  of M g 1 2  and of compound I are cons tan t )  
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c; = I l l  C10 

K 1  c1  
‘II = -  

c; 
c 1  c3 

C1° 

(methane i s  v o l a t i l e  and its concent ra t ion  i s  cons tan t ) .  K = -  

c; = ‘I2 C10 

C1° 

_ -  ‘3 - K (enol iza t ion)  

K2 c1  c3 
‘12 = 

3 

C 3 = K  C o  3 2  

K2 K3 c1 C2O 

C1° 

n2 = 

n 1  K 1  1 

‘12 K2 K3 * C,O 

_ = -  - 
L 

The r a t i o  of y i e l d s  of t h e  two r e a c t i o n s  i s  independent of concent ra t ion  of 

l a b e l l i n g  agent .  

6 )  React ions of  type 2A: + A 2 z A i *  + A; 

A s  t h e  s p e c i f i c  a c t i v i t y  of t h e  l a b e l l i n g  agent  increases  t h e  y i e l d  tends 

towards a l i m i t  dependent on t h e  i n i t i a l  product concent ra t ion .  

The example n”5 could r e l a t e  t o  t h i s  kind of r e a c t i o n  i f  t h e  s y n t h e s i s  were 

c a r r i e d  o u t  i n  a so lvent  capable  of d i s s o l v i n g  t h e  magnesium sa l t .  

7 )  Reactions of type 2 A 1 * s A 1 *  + A; 

AV = 0 

1 

V; = V; = 1) (v1 = 2 

The s y n t h e s i s  y i e l d  is independent of a l l  concent ra t ions .  Cannizzaro reac t ions ,  

dismutat ions belong t o  t h i s  category.  
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AV = o 

Av = - 1 

av = - 2 

1661 

Yield Reaction Reaction Yield 

- # O  A T + A ~  + A I ~ + A ;  / I  2AT = A '  T + A; 

A* + A2 * A';  - # 0 2 A 7  + A2 A'; + A; - # O  

2 A 7  * A ' *  \ O  

* 
-# 0 1 A; * A '  

1 

1 

\O 2A; + A2 = A ' *  1 A * + 2 A  *A'* - #  0 1 2  1 

Table I sums up the influence of the labelling agent concentration on the 

different reaction yields, the concentration of the initial product remaining 

constant. 

Table I. 

v1 = 1 v, = 2 

/ 1  : 

- # O  : 

\ o  : 

the yield tends towards 1 when A; decreases. 

the yield q tends towards a limit 0 < rl < 1, depending on the 
initial concentration of A 2 ,  the mass constant coefficient and 
the solution volume. 

the yield tends towards 0 
Av = v t l  + v f 2  - v1 - v2 

DISPLACEMENT OF EQUILIBRIA 
When the yield is inadequate it can be improved by varying the reaction para- 

meters : temperature, pressure or volume, concentration of reagents. 

1) Temperature 

The effect of temperature on the reaction yield is studied beforehand with 

non radioactive compounds. A temperature rise promotes the development of an 

endothermic reaction (Le Chatelier's law) and vice-versa. 

Sometimes an optimum is observed, due to the appearance of decomposition 

reactions at high temperature. Fig. 3 gives an example of this study in the case 

of o-methyl bufotenine synthesis (12 ) .  

2)  Pressure, dilution 

I n  gaseous systems, a rise in pressure favours reactions involving a volume 
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reduction ( A v  < 0). Dilution with an inert component improves the yield when A v  

is positive (as in dissociation, ionisation, etc ...). 

Fig.3. Influence of temperature on the synthesis of o-methyl-bufotenine. 
Reaction mixture : methoxytryptamine : 2 pmoles 

formaldehyde : 2 poles 
sodium cyanoborohydride : 5 poles 
acetic acid : 2 1-11 
acetonitrile : 300 1-11 
water : 100 yl 

3 )  Compositions 

In certain cases an equilibrium may be shifted by addition of an initial pro- 

duct (other than the labelling agent) or removal of a final product. 

a) addition of an initial produG 

The balance is shifted in the direction of final product formation if the 

following inequality prevails : 
k V 

A v + - - > O  x Ic 

where xk represents 

Examples : 

al) In the cases 

( 1 3 )  

the molar fraction of the initial component k (x < 1 ) .  k 

of methionine, diazepam and flunitrazeparn synthesis (see 

"Influence of the labelling agent concentration on the synthesis yield", 8 l ) ,  

the inequality is respected since AV = 0, V2 = 1 and 5 is positive. It is 
always advisable therefore to use an excess of initial product. 

a ) The same applies to the synthesis of chlorpromazine, imipramine or 2 
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chlorimipramine (see "Influence of the labelling agent concentration on the syn- 

thesis yield", § 2) 

A v = -  1 v2 = 1 

as 

of 

The inequality is still satisfied since x < 1 .  

Addition of the nor-derivative moves the balance in the labelling direction, 

shown on fig. 4, with chlorimipramine (14). 

2 

> 
100 

Fig.4. Influence of the quantity of initial component on the synthesis of 
clomipramine. 
Reaction mixture : formaldehyde : 0,5 pmole 

formic acid : 1 pmole 
dimethyl formamide : 500 pl 
nor-derivative : monodesmethylclomipramine. 

Reaction conditions : 5 mn at llO°C. 

a ) Addition of methyl lithium in the synthesis of acetone (see "Influence 

the labelling agent concentration on the synthesis yield", § 4) should be 
3 

beneficial since we have : 

A v = - 2  v2 = 2 
2 and the inequality - 2 + - > 0 still applies since x2 < 1 .  
x2 

In fact the reverse is true and the acetone yield actually decreases beyond 

a certain reagent concentration (fig.5, ref. 8). This is because in large excess 

an extra molecule of methyl lithium reacts to give ter butyl alcohol a phenome- 

non which can be explained as follows : 
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Fia.5.  Inf luence  of reagent  excess .  - - 
Synthesis  of acetone wi th  CO2 and LiCH3. 

Percentage of acetone i s  expressed a s  
acetone x 100 

a c e t o n e +  ter b u t y l  a lcohol  
React ion mixture  : LiCH3 i n  100 1-11 anhydrous d i e t h y l  e t h e r .  
React ion condi t ions  : CO2 i s  t rapped i n  LiCK3 s o l u t i o n ,  the so lvent  
i s  evaporated and 100 1-11 water  added. The s o l u t i o n  is heated and 
t h e  acetone i s  t r a n s f e r r e d  by c u r r e n t  of n i t rogen .  

*C02  + 2 L i C H 3  acetone 

‘* 

C; 1 hydrolys is  ‘i c2 

ter b u t y l  a lcohol  

Let  q be  t h e  o v e r a l l  y i e l d  of ter b u t y l  a lcohol .  

Lithium oxide i s  i n s o l u b l e  i n  t h e  r e a c t i o n  so lvent  ( d i e t h y l  e t h e r ) ,  i t s  con- 

2 

c e n t r a t i o n  is  very low and cons tan t ,  



Synthesis of Radioactive " C  Molecules 1665 

0 C2 # C2 with a large excess of methyl lithium 

'12 
o r  ul=- '12 

'11 
- = K  C o  

The acetone yield decreases as the quantity of methyl lithium rises. 

b) ~emo_val_of_a_l~sal-Eroduct 
For the equilibrium to shift in favour of labelling we must have : 

where represents the molar fraction of a final product (xkl < 1 ) .  

When Av is negative or zero the expression is still verified. 

b ) This applies for instance to the synthesis of methionine, diazepam or 1 
flunitrazepam (Av = 0, see "Influence of the labelling agent concentration on 

the synthesis yield", § 1 ) .  The presence of sodium hydroxide is aimed at neutra- 

lizing the hydriodic acid formed and the yield is considerably improved (tableII). 

Table 11. 

Without NaOH With NaOH 

Methionine yield, % * 8 80 

Flunitrazepam yield,% ** 0 81 

* Conditions described in "Influence of  the labelling agent concentration on 
the synthesis yield", § la) Homocystein thiolactone has been first hydrolysed 
in basic solution for 5 mn at 70°C and then neutralised. 

the synthesis yield", § lb). 
** Conditions described in "Influence of the labelling agent concentration on 

b ) Chlorpromazine and similar molecules are synthetized 

fluence of the labelling agent concentration on the synthes 

+ formation of an imine : 

2 

@ *CH 
S R - N  + H20 /H *CH20 + H @  + R - N 

\CH, 'CH, 
c1 c2 3 'llYK1 Ci' 

in two stages 

s yield", § 2 

(In- 

Here, the Ho et water concentrations are constant. 
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-+ reduct ion  of t h e  irnine by sodium cyanoborohydride : 

* 
/ CH3 + R - N  

@ 2 C H 2  

‘CH, 
c- R - N  

\CH, ’ B H ~  CN Na 3 

‘i K2 

Let  ri be  t h e  o v e r a l l  l a b e l l i n g  y i e l d  2 

5 
C 1 °  

n.2 = - 

‘i 
C l C 2  

K1 = __ 

c l o  = c; + c1 + c; = ‘ i l C 1 0  + c1 + n2C1O 

0 = c2 + c; + C ’  = c2 + nlc10 + n 2 5 O  
c 2  3 

To s impl i fy  t h e  c a l c u l a t i o n ,  i t  w i l l  be assumed t h a t  t h e  sodium cyanoboro- 

hydride concent ra t ion  C3 i s  i n  excess  wi th  r e s p e c t  t o  t h a t  of t h e  o t h e r  cornpo- 

nents  and remains cons tan t  ( i t  i s  i n  f a c t  3 t o  10 t i m e s  h igher  than t h a t  of 

formaldehyde). 

K =  1 
L 

When t h e  s p e c i f i c  a c t i v i t y  of t h e  l a b e l l i n g  agent  i s  s u f f i c i e n t l y  high w e  

have : 

‘12 K, = 
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1 K1 K2 C 2 0  - K1 K2  ( 1  + -) C K2 2 2 = '2 

L 1 0  1 + K l K 2  ( 1  + -) C 
K2 

I f  K2  i s  l a r g e ,  as i n  t h e  c a s e  of r e a c t i o n s  w i t h  sodium cyanoborohydride ( 1 5 )  

t h e  y i e l d  is  c l o s e  t o  u n i t y .  

b ) Methyl i o d i d e  s y n t h e s i s  (by bubbl ing of  methanol vapours i n  a r e f l u x i n g  

s o l u t i o n  of hydr iod ic  a c i d )  i s  improved by c a r r y i n g  o f f  t h e  p roduc t  as it forms. 

Methanol, which has  a h i g h e r  b o i l i n g  p o i n t ,  i s  recondensed o r  remains i n  t h e  

h y d r i o d i c  a c i d  s o l u t i o n .  

3 

- To sum up, a n  e q u i l i b r i u m  unfavorab le  t o  l a b e l l i n g  may be  s h i f t e d  by play- 

i ng  on t h e  r e a c t i o n  temperature  o r  on t h e  p r e s s u r e  i n  t h e  gas  phase,  by adding 

i n i t i a l  products  when is p o s i t i v e  o r  by removing f i n a l  p roduc t s  when 

_ -  AV' 
X' 

t h e  r e a c t i o n  scheme. 

'k Av + - 
V' 5 

i s  p o s i t i v e .  A p p l i c a t i o n  of  t h i s  r u l e  imp l i e s  a n  e x a c t  knowledge of 
k 

REACTION K I N E T I C S  

Given t h e  s h o r t  h a l f  l i f e  of "C t h e  t ime t aken  f o r  t h e  equ i l ib r ium t o  be  

e s t a b l i s h e d  is  a n  impor t an t  f a c t o r .  Unfo r tuna te ly  thermodynamics, which can pre- 

d i c t  t h e  s ta te  of e q u i l i b r i u m  o f  systems,  are un in fo rma t ive  on t h e  fundamental 

q u e s t i o n  of t ime ( 1 6 ) ,  w h i l e  i n  g e n e r a l  t h e  r a t e s  and a f f i n i t i e s  of chemical 

r e a c t i o n s  are n o t  r e l a t e d .  The problem can on ly  b e  so lved  by experience.  

For  i n s t a n c e  when experiment has  shown t h a t  a r e a c t i o n  of t h e  type  : 

A: + A Z = A i *  + A; 

c 1  c2 c ;  c; 

obeys t h e  Van't  Hof f ' s  l a w ,  w e  can w r i t e  : 

dC 1 v = - -  = k C ,  C2 d t  

' I he l abe l l i ng  agen t  f r a c t i o n  inco rpora t ed  p e r  u n i t  t i m e  is  : 
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c = c l o  - ‘ItC1O = C 1 0  (l-‘It) 1 

rlt = y i e l d  a t  t i m e  t. 

dC1 1 

d t  ’ 
When C l o  i s  very small, we have : - - - - - k(1 - nt)  C20 

c 1  

The percent  incorpora t ion  a t  r a d i o a c t i v i t y  per  u n i t  t i m e  i s  a func t ion  of t h e  

i n i t i a l  product  concent ra t ion  and of t h e  progress  of t h e  r e a c t i o n  b u t  i s  inde- 

pendent of t h e  s p e c i f i c  a c t i v i t y  of t h e  l a b e l l i n g  agent .  

This t h e o r e t i c a l  example shows t h a t  t h e  r e a c t i o n  k i n e t i c s  can be favourable  

even a t  very high s p e c i f i c  a c t i v i t i e s .  

On t h e  o t h e r  hand, Langstrijm e t  a1 (17) have r e c e n t l y  s tud ied  t h e  evolu t ion  of 

t h e  radiochemical y i e l d  versus  t i m e  i n  t h e  p a r t i c u l a r  case  of bimolecular  r e a c t -  

ions and they have shown t h a t  under c e r t a i n  condi t ions  t h e  inf luence  of t h e  rate 

cons tan ts  i s  t h e  determinant  f a c t o r .  The k i n e t i c  and thermodynamic aspec ts  a r e  

t h e r e f o r e  complementary t o  each o t h e r .  

CONCLUSION 

I n  conclusion i t  i s  poss ib le ,  using t h e  simple r u l e s  announced above, t o  fore-  

see how the  s p e c i f i c  a c t i v i t y  of t h e  l a b e l l i n g  agent  w i l l  a f f e c t  t h e  y i e l d  and 

t o  e l imina te  certain unfavourable c a s e s  au tomat ica l ly ,  when t h e  r e a c t i o n  scheme 

is  known. However, t o  c a l c u l a t e  t h e  y i e l d  i t s e l f  it is  necessary t o  know t h e  mass 

a c t i o n  cons tan t .  

These r u l e s  a l s o  show by which parameters t h e  equi l ibr ium may be s h i f t e d  when 

t h e  l a b e l l i n g  percentage is  inadequate. 

A s  f o r  t h e  k i n e t i c s  they can only be  determined by experiment, b u t  it is  

worth not ing t h a t  i n  c e r t a i n  cases  t h e  t i m e  needed t o  reach equi l ibr ium may be 

independent of s p e c i f i c  a c t i v i t y .  

The examples quoted h e r e  show t h a t  many syntheses  a r e  p o s s i b l e  with a f rac t ion  

of a p o l e  of l a b e l l i n g  agent  and c a l c u l a t i o n s  suggest  t h a t  t h e  same would be 

t r u e  i n  c e r t a i n  cases  f o r  much smaller amounts. 
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However any reagent or receptacle contains impurities at concentrations 

perhaps much the same as those of the labelling agent if the specific activity 

is very high. What is likely to happen if impurities and labelling agent react? 

Here again it all depends on the reaction scheme. 

- For a synthesis of the type : 

with the impurity A3 reacting as follows : 

AT + A3 A;' 

C 1  C3 K2,r12 C; 

We can write (see "Influence of the labelling agent concentration on the 

synthesis yield", 9 5) 

2K ( C  O -  7 '71 C l 0 )  . C l 0  ( 1  -q l  - n2) 
- 1 2  - 

3 If the specific activity is such that C I o  is negligible compared with C 

(and even more compared with C O) the useful yield tends towards 0. 2 

- Conversely when the reaction scheme is as follows : 



1670 G. Berger e t  al. 

We have ( s e e  " In f luence  of t h e  l a b e l l i n g  agen t  c o n c e n t r a t i o n  on t h e  s y n t h e s i s  

y i e l d " ,  § 5 )  

I f  C l 0  i s  n e g l i g i b l e  w i t h  r e s p e c t  t o  C 2 0  and C30 we g e t  : 

The r a t i o  i s  h igh  (A3 i s  an  impur i ty  of A ) and t h e  u s e f u l  s y n t h e s i s  i s  2 
Lo 

no t  p e r t i h b e d .  

There hence seems t o  b e  no t h e o r e t i c a l  r e a s o n  why t h e  s y n t h e s i s  of s t r i c t l y  

c a r r i e r  f r e e  "C r ad iopha rmaceu t i ca l s  shou ld  n o t  b e  p o s s i b l e  under c e r t a i n  f a -  

vourab le  c o n d i t i o n s  ( i f  t h e  a p p r o p r i a t e  l a b e l l i n g  a g e n t s  cou ld  b e  o b t a i n e d ) ,  

which would o f f e r  a s p e c i a l  advantage when t h e  p r o d u c t s  a r e  h i g h l y  t o x i c  o r  a r e  

t o  b e  used f o r  " i n  vivo" s p e c i f i c  r e c e p t o r  b ind ing .  

With t h i s  i n  view l a b o r a t o r y  r e s e a r c h  i s  i n  p r o g r e s s  t o  improve t h e  s p e c i f i c  

a c t i v i t y .  
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