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SUPBlARY 

5-astatouracil was prepared via the decomposition of the 5-diazonium salt 

of uracil in the presence of ‘llAt- with overall yields ranging from 20 to 30%. 

Identification and separation was carried out on four different high pressure 
liquid chromatography columns. Under identical conditions, astatination is more 

effective than iodination, and complex formation of halide with the diazonium 

compound seems to be the product forming mechanism. 
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INTRODUCTION 

lhe a-emitter 211At ( T  = 7.2 h )  i s  of potential importance for radiation 

biological aod therapeutical applications. The specific interest  l i es  in i t s  

favourable decay properties (1) and i n  the fact  that the biochemical behaviour 

of this heaviest halogen is  similar t o  t h a t  of iodine. This faci l i ta tes  the 

choice of chemical forms i n  which 211At might be administered for a selective 

incorporation. Inorganic forms of 211At, mostly A t - ,  have been used i n  nuclear 

medicine, e.gb for studies of thyroidal uptake (2-51, incorporation into tumors 

and the influence on their  growth (6,7) and effects on embryotoxicity (8). 

Besides a certain enrichment i n  the thyroid gland and in tumors, the major 

amount of the radioactivity i s  distributed in the body rather unspecifically 

(3,7). Thus,  for further studies i t  seems necessary to prepare organic 211At- 

compounds, expecially biomolecules, which might act as a carrier t o  specific 

organs or centers of disease. Early attempts to  label tyrosine and proteins 

followed the well known methods o f  iodination, i.e. reaction with N-succinimide, 

chloramine-T, oxidation processes via H202 or electrochemical procedures (9,lO). 

A real breakthrough was obtained with the application o f  *llAt-labelled anti- 
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gens f o r  suppression o f  immunological defense mechanisms (11-14). 

The o x i d a t i v e  l a b e l l i n g  methods which have been app l i ed  t o  macromolecules 

such as lymphocytes o r  albumins were r a t h e r  unspec i f i c .  There i s  no informa- 

t i o n  a v a i l a b l e  on the  mechanism, on the exact  p o s i t i o n  o f  the a s t a t i n e  o r  on 

the s t a b i l i t y  o f  t h e  products formed. Thus, these procedures g i v i n g  r i s e  t o  a 

more o r  l ess  random a s t a t i n a t i o n ,  are n o t  appropr ia te t o  prepare products f o r  

d e t a i l e d  biochemical s tud ies  o r  f o r  p o t e n t i a l  app l i ca t i ons  t o  therapy i n  man. 

It was the aim o f  t h i s  work t o  demonstrate a s p e c i f i c  a s t a t i n a t i o n  i n  a 

p r e d i c t a b l e  p o s i t i o n .  U r a c i l  was chosen as a subs t ra te  s ince i t  represents a 

simple py r im id ine  base c o n s t i t u e n t  o f  nucleosides such as thymidine o r  deoxy- 

u r i d i n e .  The under l y ing  idea i s  t o  use these DNA-precursors as a veh ic le  f o r  

211At t o  centers wi th enhanced c e l l  p r o l i f e r a t i o n  such as tumors (15,16). The 

s p e c i f i c  l a b e l l i n g  o f  t he  py r im id ine  r i n g  by c a r r i e r - f r e e  rad io iod ine  i n  5- 

p o s i t i o n  had been achieved by var ious methods. Furthermore, i t  i s  poss ib le  t o  

check the p o s i t i o n  o f  the l a b e l  by sequent ia l  ana lys i s  w i t h  the corresponding 

5 -ha lou rac i l s  by h igh  pressure l i q u i d  chromatography (16,17). 

Previous attempts t o  a s t a t i n a t e  deoxyur id ine and u r a c i  1 by  methods analogous 

t o  those o f  i o d i n a t i o n  were n o t  very  successfu l  (15-17). Y ie lds ranging from 

0.5 t o  2 % j u s t  enabled q u a l i t a t i v e  sequent ia l  ana lys i s  and e l a b o r a t i o n  o f  

separat ion and p u r i f i c a t i o n  procedures. Obviously, the e l e c t r o p h i  l i c  r e a c t i v i t y  

o f  At-species i s  much sma l le r  than t h a t  o f  i o d i n e  species. Thus, i t  was 

necessary t o  choose a mechan is t i ca l l y  d i f f e r e n t  pathway o f  halogenation, e.g. 

the decomposition of diazonium s a l t s  o f  t he  subst rate.  This method i s  s i m i l a r  

t o  the w e l l  known Sandmeyer r e a c t i o n  and had a l ready been success fu l l y  app l i ed  

t o  the a s t a t i n a t i o n  o f  benzoic a c i d  and benzene (10,18) and i n  a p r e l i m i n a r y  

experiment t o  serum albumin (10). Recently, t he  0-, m-, p-astatohalobenzenes 

(AtX-b,  X = F, C1, B r ,  I) have been prepared by us w i t h  good y i e l d s  (20-30 %)  

v i a  the decomposition o f  the diazonium s a l t s  o f  the corresponding 0-, m-, p- 

h a l o a n i l i n e s  (19). I t  now seemed promising t o  use t h i s  method f o r  t he  pre- 

p a r a t i o n  o f  5 -as ta tou rac i l  s t a r t i n g  w i t h  5-aminouraci l .  I t  was a l so  i n t e r e s t i n g  

t o  ob ta in  i n fo rma t ion  on the  r e l a t i v e  r e a c t i v i t y  o f  ' l lAt- and 

compet i t ion experiment. 

1251- in a 
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EXPERIMENTAL 

‘ l l A t  was produced via the ‘O9Ei (a,2n)211At-process and converted in to  the 

At--form as described previously (16,17). Reagent grade 5-aminouracil was 

purchased from Serva-Feinbiochemica, Heidelberg. I t  was purified by dissolution 

i n  0.5 N H C l  and precipitation by addition of 0.5 N NaOH. This precipitate was 

recrystall ized from water solution (80 O C ) .  Carrier-free lZ5I- was produced 

via the 124Xe(n,~)125Xe process followed by the decay of the 125Xe in the 

presence of an aqueous Na2S03 solution (17~20) .  

The reaction via the decomposition of the diazonium s a l t  i s  

shown i n  the following scheme: 

-“H[7J:; 0” H ;+QoH H ‘H + 0” q 9 H ‘H 

0 
II 

0 
II 

A 

major radio- 
active product 

Y 
major inactive 

products 

0.1 mmol of 5-aminouracil was dissolved a t  about 50 OC i n  200 ul 7N H C I .  After 

complete dissolution, the mixture was cooled t o  -5 O C .  50 u1 of a fresh 2.5 N 

solution of NaN02 were added dropwise under continuous s t i r r ing .  2-3 mg of 

urea were given to  the now c lear  solution.About 0.1 mCi of carrier-free 

or  up t o  I mCi of * l l A t -  i n  50 pl 0.4 N Na2SO3-solution were added. After a 

few minutes of s t i r r i n g ,  the reaction mixture was heated for  1-3 min i n  a 

water bath to 80 OC until  the solution turned yellow and a gas evolution 

occured. The mixture was then cooled t o  about 0 OC.  The reddish-yellow preci- 

p i t a t e  was f i l t e r ed  and washed twice w i t h  100 ul of water. The f i l t r a t e  con- 

1251 - 
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taining about 90 % of the radioactivity was analysed by h i g h  pressure l i q u i d  

chromatography (HPLC) . 
The identification of the carrier-free At-compounds by chromatographic 

methods necessitates a sequential analysis of the homologous halogen compoundss 

c f .  (16). Uracil and the 5-halouracils ( X - U ,  X = H ,  F ,  Br, I )  from Serva 

Table 1 HPLC-columns and conditions of operation* 

col umn 
number 

packing 
materi a1 

inner di  am., 

length, mm 

eluent 

mm 

temp., OC 

gTsure, 

I 

cation 
exchanger 

Aminex A7 

4.0 

100 

0.05 M KHS04 

25 

180 

0.3 

I1 

ani on 
exchanger 

Aminex A25 

1.8 

250 

2 M HCOOH 

25 

50 

0.3 

I11 

anion 
exc h anger 

Aminex A27 

1.8 

100 

lo-' M NaN03 

60 

30 

0.3 

IV 

parti  ti on 
chromatography 

Me rckos o rb - 
S i  60 (10 u )  

4.0 

500 

1-butanol , 
saturated 
w i t h  H20 

25 

50 

0.3 

*cf. a l so  (16,ZO) 

Feinbiochemica, Heidelberg, were analysed on four d i f fe ren t  HPLC-columns de- 

scribed i n  Table 1. Especially the cation exchange column I proves t o  be a 

good tool fo r  the separation of side products of halogenation of urac i l s  and 

deoxyuridines. The columns were made out o f  V4A s ta in less  s t ee l  tubes and were 

mounted on the HPL-chromatograph UFC-1000 o f  Hewlett Packard. The eluents used 

were spectroscopic grade,,and the solutions were degassed pr ior  to operation. 

The net retention volumes of the macroscopic substances ( U s  X - U )  were deter- 

mined via a UV-detector a t  254 nm; the car r ie r - f ree  lZ5I- and 211At-reaction 

products were continuously monitored by a well type NaI(T1) sc in t i l l a t i on  counter 
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(16).  F rac t i ons  were a l s o  c o l l e c t e d  and measured separate ly  w i t h  a NaI(T1) 

s c i n t i l l a t i o n  de tec to r  i n  an automatic sample changer (Autogamma, Packard 

Instruments). 

RESULTS AND DISCUSSION 

The chromatographic sequence o f  u r a c i l ,  5-f luoro-, 5-bromo- and 5-iodo- 

u r a c i l  on f o u r  d i f f e r e n t  HPLC-columns i s  shown i n  F i g .  1 together  w i t h  the  

r a d i o a c t i v i t y  peaks (dashed peaks) o f  t he  c a r r i e r - f r e e  i o d i n e  and a s t a t i n e  

products. 

I 

1 2 3 5 

; ] x ; n A , ,  ,n, ,A,,!\\;, , , , 

C .- 0 I \  
c 

\ I  g \ I  \ 
v) 
fl 05 10 15 2 0  2 5  0 0  

I 

IY 

net-retention volume ,m l  

F ig .  1 Sequential ana lys i s  o f  u r a c i l  and 5 -ha lou rac i l s  

(XU; X = H ,  F, B r ,  I )  and c a r r i e r - f r e e  r a d i o a c t i v e  

products (dashed peaks) o f  i o d i n a t i o n  and 

a s t a t i n a t i o n  on f o u r  d i f f e r e n t  HPLC-columns, 

c f .  Table 1. 
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The peak f o r  l z 5 I U  co inc ides w i t h  t h a t  o f  macroscopic amounts o f  IU  on 

each column. The p o s i t i o n  o f  t he  ”’At-product peak f i t s  the sequence o f  the 

5 -ha lou rac i l s  q u i t e  w e l l  on columns I and I V  ( c a t i o n  exchange and p a r t i t i o n  

chromatography, r e s p e c t i v e l y ) .  Columns I 1  and I11 (anion exchange) g i ve  reten-  

t i o n s  which are somewhat sma l le r  than expected. However, w i t h i n  the exper i -  

mental e r r o r ,  the f i t t i n g  o f  the sequence i s  s t i l l  reasonably good. Thus, i t  

can be concluded t h a t  t he  major 211At-product formed by decomposition o f  the 5- 

diazonium s a l t  o f  u r a c i l  i n  the presence o f  At - - ions i s  indeed 5 -as ta tou rac i l .  

Re in jec t i on  o f  t he  1251U- and ‘llAt-peak f r a c t i o n s  e x h i b i t s  o n l y  one and the 

same peak again. Storage o f  t he  e l u a t e  f o r  0.5 h a t  80 OC be fo re  r e i n j e c t i o n  

d i d  n o t  change the  y i e l d .  Obviously, the A t - C  bond formed i s  s t a b l e  under 

these condi ti ons. 

The chromatographic y i e l d s  o f  t he  var ious columns as obta ined from 

r e i n j e c t i o n  o f  the peak f r a c t i o n s  are l i s t e d  i n  Table 2 .  They range from 70 t o  

almost 100 %. The c a t i o n  exchanger (I) gives r i s e  t o  the  b e s t  r e s o l u t i o n ,  b u t  

a l s o  e x h i b i t s  the lowest  chromatographic y i e l d s  (70 - 80 %). The p a r t i t i o n  

chromatography ( IV) ,  on the  o t h e r  hand, g ives r i s e  t o  somewhat b e t t e r  y i e l d s ,  

b u t  i s  a l so  r a t h e r  unspec i f i c .  F o r  p repara t i ve  purposes i t  seems advisable t o  

use the anion exchange column (111) which e x h i b i t s  reasonable r e s o l u t i o n  and 

y i e l d s .  The o v e r a l l  y i e l d s  on t h i s  column f o r  l Z 5 I U  and ‘llAtU are l i s t e d  i n  

Table 3. I t  should be mentioned t h a t  the y i e l d s  o f  t he  i n d i v i d u a l  runs d i f f e r  

very  much, s ince i t  i s  d i f f i c u l t  t o  ma in ta in  the cond i t i ons  o f  the diazonium 

Table 2 Chromatographic y i e l d s  of l Z 5 I U  and ‘llAtU on f o u r  d i f f e r e n t  

HPLC-columns, % o f  product  r a d i o a c t i v i t y  r e i n j e c t e d  

Columns (accord ing t o  Table 1) 

subs tan  ce I I 1  I11 I V  

12+u >80 >80 >90 -100 

‘llAtU 70-80 80 90 -100 
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s a l t  decomposition completely constant. The values in Table 3 represent a 

mean of about 15 runs. I t  can be seen that the yields of ‘ l l A t U  are always 

higher t h a n  those of 1251U. This holds for the individual preparations as 

well as for a competition experiment, i n  which lZ5I- and ‘llAt- (both carrier- 

free) were present during the diazonium s a l t  decomposition. There are, of 

course, better methods for preparing 1251U; the maximal yield of 30 % for 

211AtU, however, i s  very good, when compared with the yields of other as ta t i -  

nation procedures (11,13,17). 

Table 3 Overall yields of 1251U and ‘ l l A t U  on column 111, 

% of radioactivity 

substance separate competi t i  on 
preparations experiment 

lZ51u 18 f 3 13 f 2 

211AtU 25 ?r 5 20 f 2 

Very low yields ranging from 3 to  6 % are found, when working w i t h  weigh- 

able amounts of I- (0.1 mmol). Here, the reaction scheme is complicated by 

the interaction of macroscopic amounts of I2 formed d u r i n g  diazonium s a l t  

decomposition. 

The astatination procedure gives r ise  t o  two other unidentified side pro- 

ducts, containing 20 t o  30 % of the total radioactivity. They are eluted a t  

rather high retention volumes, 10 and 20 ml, respectively, on columns I1 and 

111. These peaks cannot be ascribed to  simple inorganic At-forms which under 

the conditions applied remain on the column. The major inactive products are 

probably 5-hydroxypyrimidine, some of the relatively stable diarouraci 1s (21)  

and intermolecular coupling products, which precipitate during the diazonium 

s a l t  decomposition adsorbing about 1 % of the total activity. 

In view of the extremely small concentrations of lZ5I-  ( abou t  10-l’ mol.1-l) 

and 211At- (5.10’12 mol.1-l) i t  seems rather unlikely t h a t  the reaction proceeds 
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v i a  a b imolecular  process between an unstable in termediate and a halogen ion.  

As i n  the analogous case o f  t he  astatohalobenzenes (19) we r a t h e r  assume t h a t  

I -  o r  A t -  forms a complex w i t h  the  diazonium compound (c f .  r e a c t i o n  scheme 

above) which then g ives r i s e  t o  the  products upon decomposition. This i s  a l so  

suggested by the i nc reas ing  tendency o f  the heavier  halogens towards polyvalency, 

when going t o  h ighe r  rows o f  t he  p e r i o d i c  tab le .  Molecular  beam experiments on 

the reac t i ons  o f  C1 w i t h  H I  and H A t  (22,23) a lso  demonstrated t h a t  a s t a t i n e  

i s  the s t ronger  p o l y v a l e n t  species and hence has the  g rea te r  tendency t o  form 

complexes. As ta t i ne  should the re fo re  e x h i b i t  a g rea te r  p r o b a b i l i t y  f o r  a 

r e a c t i o n  w i t h  the a c t i v a t e d  5 -pos i t i on  o f  the py r im id ine  r i n g .  Th is  should be 

independent o f  the problem whether the r e a c t i o n  i s  o f  n u c l e o p h i l i c  na tu re  

(carbanion format ion)  - as shown i n  the  above r e a c t i o n  scheme - o r  o f  the 

homolyt ic  ( r a d i c a l i c )  type. Only complex format ion can e x p l a i n  the  f a c t  t h a t  

a s t a t i n a t i o n  proceeds w i t h  h ighe r  y i e l d s  than i o d i n a t i o n .  Otherwise, due t o  

the greater  s t a b i l i t y  o f  the C - I  bond, one would expect the reverse e f f e c t .  

The h igh  r e a c t i v i t y  o f  A t -  observed f o r  t h i s  l a b e l l i n g  procedure again 

ra i ses  the problem o f  the low r e a c t i v i t y  of ox id i zed  forms o f  A t  as compared 

t o  those o f  i od ine ,  c f .  (15-17). I n  c o n t r a s t  t o  the n u c l e o p h i l i c  o r  homolyt ic  

d i r e c t  a t tack  t o  the 5 - p o s i t i o n 9  the e l e c t r o p h i l i c  a t tack  o f  ox id i zed  halogen 

proceeds v i a  a d d i t i o n  of HOX t o  the 5-6 double bond o f  the py r im id ine  r i n g  

(24,25). A s t a t i n e  seems n o t  t o  form hypoastatous a c i d  (HOAt)  b u t  s t a b i l i z e s  

probably as a c a t i o n  At '  (16) .  Th i s  species, however, seems t o  be too  unreact ive 

fo r  a d i r e c t  e l e c t r o p h i l i c  a t tack  t o  the  5 -pos i t i on  o f  u r a c i l  and a l so  may 

form complexes wi th  the so lvent ,  thereby, f u r t h e r  decreasing i t s  r e a c t i v i t y .  

The decomposition. o f  corresponding diazonium s a l t s  lends i t s e l f  as a t o o l  f o r  

the l a b e l l i n g  o f  s i m i l a r  nucleosides w i t h  'l lAt i n  s p e c i f i c  pos i t i ons .  Exper i -  

ments t o  l a b e l  5-astatodeoxyuridine are under way, b u t  s u f f e r  from d i f f i c u l t i e s  

i n  preparat ion and p u r i f i c a t i o n  o f  t he  s t a r t i n g  m a t e r i a l  5-aminodeoxyuridine. 

Organ d i s t r i b u t i o n  o f  i n o r g a n i c  forms o f  lz5I and 'llAt ( 7 ) ,  as w e l l  as o f  

5-iOdO- and a s t a t o u r a c i l s ,  c f .  (26), and - deoxyuridines are p r e s e n t l y  checked 

i n  NMRI-mice, both i n  normal animals and those wi th experimental tumors. The 

r e s u l t s  w i l l  be repo r ted  elsewhere. 
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