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SUMMARY 

The e f f i c i e n t  and r a p i d  n u c l e o p h i l i c  exchange of f l u o r i n e  by 

fluoride-18F i o n  i n  aromatic  r i n g s  is  r epor t ed  h e r e  u t i l i z i n g  

rubidium-18F-fluoride i n  'DMSO on model compounds. 

a c t i v i t i e s  i n  t h e  3 x LO4 Ci/mol r e g i o n  a r e  r e a d i l y  ach ievab le .  

Nucleophi l ic  s u b s t i t u t i o n  i s  shown t o  b e  an a t t r a c t i v e  modality 

f o r  f luorine-18 l a b e l i n g  of aromatic  compounds. 

S p e c i f i c  

Key Words: n u c l e o p h i l i c  aromatic  s u b s t i t u t i o n ,  f l uo r ine -18 ,  radiopharmaceut icals .  

INTRODUCTION 

I n t e r e s t  i n  I8F-label led radiopharmaceut icals  h a s  been s t e a d i l y  growing (1) , 

c a l l i n g  f o r  e f f i c i e n t  s y n t h e t i c  procedures  from t h e  a v a i l a b l e  ino rgan ic  pre-  

c u r s o r s .  Among new [I8F] f l u o r i n a t i n g  agen t s  such a s  18[F]F2 ( 2 ) ,  dioxane-H18F 

( 3 ) ,  [18F]tr i f luoromethyl  h y p o f l u o r i t e  ( 4 1 ,  [18F]diethylaminosulfur t r i f l u o r i d e  

(5) e t c . ,  in t roduced i n  t h e  p a s t  few y e a r s ,  t h e  most s imple reagent  [18F]fluoride 

( a v a i l a b l e  i n  e i t h e r  aqueous o r  anhydrous form depending on t h e  nuc lea r  r e a c t i o n  

and t a r g e t  m a t e r i a l  used) maintains  a s i g n i f i c a n t  r o l e .  Indeed, a number of 

s y n t h e t i c  procedures have been r e c e n t l y  r e p o r t e d ,  based on t h e  n u c l e o f n i l i c  
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r e a c t i v i t y  of "F-' toward a l i p h a t i c  s u b s t r a t e r  con ta in ing  s u i t a b l e  l e a v i n g  

groups,  such a s  C 1 ,  B r .  I ,  mesyl,  t o s y l  and methanesulphonyl groups,  

f r equen t ly  e x p l o i t i n g  phase - t r ans fe r  t echn iques  ( 6 ) .  

The p r e p a r a t i o n  of a r y l  [18Flf luorides  h a s  r e l i e d  p r i n c i p a l l y  on t h e  

Schiemann r e a c t i o n  ( c f .  1 a ,  d ,  f and r e f e r e n c e s  c i t e d  t h e r e i n )  and more r e c e n t l y  

on t h e  decomposition of a r y l  t r i a z e n e s  with H18F ( 7 ) .  

s u f f e r s  t h e  d i sadvan tages  of low y i e l d  and low s p e c i f i c  a c t i v i t y  a r y l  [ I8F]  

f l u o r i d e s .  

a t  no c a r r i e r  added (NCA) l e v e l s  a l though i n  ve ry  low radiochemical  y i e l d .  

Recent ly  XeF2 has  been used t o  f l u o r i n a t e  e l e c t r o n  r i c h  aromatic  r i n g s  and t o  

produce 6-[18F]fluoro DOPA i n  l o w  y i e l d  (8). 

met with only moderate success ,  r e q u i r i n g  r e l a t i v e l y  long r e a c t i o n  t imes and 

high temperatures ,  g iv ing  i n  many cases  r a t h e r  low y i e l d s  and unwanted by-products 

and r e q u i r i n g  e l a b o r a t e  p u r i f i c a t i o n  schemes. 

The Schiemann r e a c t i o n  

In  comparison, t h e  t r i a z e n e  decomposition g ives  a r y l  [18F]fluorides 

In  summary, t h e s e  procedures  have 

The need f o r  a r o u t e  of a r y l  [I8F] f l u o r i d e s  which would use [I8F]  f l u o r i d e  

a s  t h e  p recu r so r  and t h e  r e s u l t s  of a comprehensive k i n e t i c  s tudy  ( 9 )  on t h e  

i s o t o p i c  exchange of a c t i v a t e d  f l u o r i n a t e d  a romat i c s  with I8F- i n  dimethyl  

su l fox ide  (DMSO) has  l ed  t o  t h e  conclusion t h a t  i n  many c a s e s  i s o t o p i c  exchange 

has  d i s t i n c t  advantages a s  a l a b e l i n g  technique over conven t iona l  procedures  

involving displacement of o t h e r  nuc leo fug ic  groups by 18F- ( c f .  (10)) .  A s  a 

ma t t e r  of f a c t ,  t h e  r a t e  cons t an t  of F-for-F displacement  (kE) can exceed by 

s e v e r a l  o r d e r s  of magnitude t h e  rate cons tan t  f o r  displacement  of o t h e r  groups,  

e . g .  B r  o r  C1 s u b s t i t u e n t s  by 18F- (kD).  

r e a c t i o n  of I8F- wi th  ch lo ro f  luorobenzenes or bromof luorobenzenes , cha rac t e r i zed  

(9) by kE/% r a t i o s  i n  excess  of lo3  ( 9 ) .  

exchange does occur ,  i t  becomes p o s s i b l e  t o  g r e a t l y  reduce t h e  concen t r a t ion  of 

t h e  i n a c t i v e  s u b s t r a t e  without  unduly p rc long ing  t h e  r e a c t i o n  t i m e ,  which i n  curn 

al lows a correspondingly l a r g e  i n c r e a s e  of t h e  s p e c i f i c  a c t i v i t i e s  a t t a i n a b l e .  

This  i s  c l e a r l y  i l l u s t r a t e d  by t h e  

In t h o s e  systems where a fast i s o t o p i c  
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The presen t  r e p o r t  d e t a i l s  t h e  a p p l i c a t i o n  of t h e  i s o t o p i c  exchange 

technique t o  s u i t a b l y  a c t i v a t e d  f l u o r i n a t e d  aromatics ,  t h a t  r e p r e s e n t  u s e f u l  

i n t e rmed ia t e s  f o r  t h e  s y n t h e s i s  of 18F-labeled radiopharmaceut icals .  

Choice of t h e  exchange cond i t ions .  A s  expected,  t h e  r a t e  of t h e  i s o t o p i c  

exchange between 18F- and f l u o r i n a t e d  aromatics  h a s  been found t o  c r i t i c a l l y  

depend on t h e  choice of t h e  r e a c t i o n  medium. A s  an example, t h e  crown 

ether /benzene systems,  s u c c e s s f u l l y  employed i n  o t h e r  n u c l e o p h i l i c  r e a c t i o n s  

(11) have been found t o  be i n e f f i c i e n t  i n  t h e  r e a c t i o n s  r epor t ed  h e r e .  

Comparative s t u d i e s  have po in ted  t o  DMSO as t h e  s o l v e n t  of choice,  con- 

s i s t e n t  with its recognized r o l e  i n  n u c l e o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  (12), 

p l u s  o t h e r  f avorab le  p r o p e r t i e s ,  i nc lud ing  t h e  a b i l i t y  t o  d i s s o l v e  r e l a t i v e l y  

l a r g e  amounts of i no rgan ic  h a l i d e s  (131, t h e  h igh  b o i l i n g  p o i n t ,  and adequate 

thermal  s t a b i l i t y  (14).  The only experimental  drawback of DMSO a r i s e s  from t h e  

d r a s t i c  dep res s ion  of t h e  exchange rate caused by even small amounts of w a t e r .  

Thus t h e  h igh  hygroscopic  n a t u r e  of DMSO r e q u i r e s  r igo rous  dehydrat ion of t h e  

s o l v e n t ,  t h e  r eagen t s  and t h e  r e a c t i o n  v e s s e l s .  Low c o n c e n t r a t i o n  of i n a c t i v e  

f l u o r i d e s ,  t y p i c a l l y  below 10-3M, have been found u s e f u l  i n  ob ta in ing  repro-  

d u c i b l e  r e su l t s  and i n  e l i m i n a t i n g  adso rp t ion  of t h e  I8F- a c t i v i t y  on t h e  s u r f a c e  

of t h e  glassware.  

EXPERIMENTAL 

M a t e r i a l s .  U l t r apure  RbCl and 98% anhydrous KF from Al fa  Products  D iv i s ion ,  

Ventron Inc . ,  were f u r t h e r  d r i e d  by h e a t i n g  a t  300°C under vacuum. 

Matheson, Coleman and Bell Co. was s t o r e d  f o r  ca .  1 month over a c t i v a t e d  4 

molecular s i e v e s  (15) .  KC1, p-f luoroni t robenzene and p - f luo robenzon i t r i l e  were 

research-grade p roduc t s  from Ald r i ch  Chemical Co., Inc.  

DMSO from 

Prepa ra t ion  of I8F-F-. The convent ional  wet-chemistry procedures f o r  t h e  

p repa ra t ion  of l abe led  f l u o r i d e s  a r e  not  p a r t i c u l a r l y  s u i t a b l e  when an anhydrous 
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reagent  i s  r equ i r ed .  Accordingly,  a convenient technique has  been developed, 

based on t h e  heterogeneous exchange of rubidium c h l o r i d e  with [ 

C12 and t h e  correspondent  rubidium f l u o r i d e ,  a r e a c t i o n  p rev ious ly  e x p l o i t e d  

f o r  t h e  q u a n t i t a t i v e  gas  chromatographic a n a l y s i s  of F2/02 mixtures  (16 ) .  

Anhydrous I8F-F2 produced by deu te ron  bombardment of Ne con ta in ing  a t r a c e  of 

F2 ( 0 . 1  X )  i n  t h e  60" c y c l o t r o n  of Brookhaven Na t iona l  Laboratory (2 )  was 

allowed t o  p a s s  through a 10-cm long,  1-mm i . d .  pyrex c a p i l l a r y ,  packed with 

f i n e l y  ground c r y s t a l s  of rubidium c h l o r i d e .  The c a p i l l a r y  w a s  mounted w i t h i n  

t h e  s e n s i t i v e  volume of a 7 mm x 27 mm i o n i z a t i o n  chamber from Capintec,  

Model CRC453X, i n  o rde r  t o  fo l low t h e  accumulation of t h e  18F- a c t i v i t y .  

t h e  d e s i r e d  a c t i v i t y  w a s  t r apped ,  t h e  c a p i l l a r y  was washed wi th  a s t ream of pure 

N e  t o  remove any unreacted f l u o r i n e ,  and i t s  c o n t e n t s  were t r a n s f e r r e d  i n t o  a 

pyrex v e s s e l  con ta in ing  d r y  DMSO, and t h e  c a l c u l a t e d  amount o f  KF which would 

lead t o  an  o v e r a l l  (F-) c o n c e n t r a t i o n  of 2 10-3M. 

suspension w a s  allowed t o  s e t t l e ,  and t r a n s f e r r e d  wi th  f i l t r a t i o n  i n t o  t h e  exchange 

v e s s e l .  This  procedure gives  an  18F- s o l u t i o n  remarkably f r e e  of r a d i o a c t i v e  

i m p u r i t i e s ,  w i th  good y i e l d s ,  and t y p i c a l l y  50 t o  60% of  t h e  I8F-F2 a c t i v i t y  (17) .  

1 8  FIF2, y i e l d i n g  

When 

Af te r  vigorous s t i r r i n g ,  t h e  

Exchange r e a c t i o n  and a n a l y t i c a l  procedures .  The exchange was c a r r i e d  ou t  

u s ing  0.5-2.0 m l  of t h e  DMSO s o l u t i o n  t o  which t h e  o rgan ic  s u b s t r a t e  (0.05 t o  

20 mg) had been added. 

and immersed i n  a s i l i c o n e  o i l  thermostated b a t h .  A t  t h e  end of t h e  exchange, 

t h e  r e a c t i o n  mixture  w a s  cooled,  d i l u t e d  wi th  benzene and e x t r a c t e d  r e p e a t e d l y  

wi th  a d i l u t e  aqueous s o l u t i o n  of KF, t h e n  wi th  wa te r .  The o rgan ic  and t h e  

aqueous l a y e r s  were sepa ra t ed  and t h e  a c t i v i t y  i n  t h e  o r g a n i c  phase was con- 

t a i n e d  e x c l u s i v e l y  i n  t h e  l abe led  s u b s t r a t e ,  c h a r a c t e r i z e d  by an  e x c e p t i o n a l  

radiochemical  p u r i t y ,  as q u a n t i f i e d  by radio-HPLC and radio-GLPC. The ana lyses  

were c a r r i e d  out w i th  a S e r i e s  3B l i q u i d  chromatograph (Pe rk in  Elmer C o . ) ,  

connected t o  a model LB503 f low s c i n t i l l a t i o n  coun te r  from Ber tho ld ,  and with 

The pyrex v e s s e l s  were equipped wi th  a t e f l o n  s t o p p e r  
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a model 76298 Hewlett-Packard gas chromatograph connected t o  a f low coun te r  (18 ) .  

Typ ica l  radiochromatograms are shown i n  F igure  1. 

i' 

D time 

RESULTS AND DISCUSSION 

Table I g ives  t h e  y i e l d s  and t h e  s p e c i f i c  act ivi t ies  of t h e  f l u o r i n a t e d  

a romat i c s  l a b e l e d  under d i f f e r e n t  c o n d i t i o n s .  The r e s u l t s  show tha t  i s o t o p i c  

exchange on a c t i v a t e d  a romat i c  compounds i s  an  e f f i c i e n t  l a b e l i n g  t echn ique ,  i n  

terms of y i e l d  and a t t a i n a b l e  s p e c i f i c  a c t i v i t y , p r o v i d e d  t h a t  a c t i v a t e d  sub- 

strates and a p p r o p r i a t e  exchange c o n d i t i o n s  make t h e  n u c l e o p h i l i c  18F f o r  F 
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s u b s t i t u t i o n  a s u f f i c i e n t l y  f a s t  p rocess .  The s h o r t  r e a c t i o n  tines, and t h e  

h igh  chemical and radiochemical  p u r i t y  of t h e  l a b e l e d  products  are obvious 

advantages when compared t o  o t h e r  i s o t o p i c  exchange r e a c t i o n s  which have been 

desc r ibed  (19). 

It should b e  emphasized t h a t  t h e  s p e c i f i c  a c t i v i t y  l e v e l s  a t t a i n e d  up t o  

CB.  3,000 C i  p e r  mol., do n o t  approach t h e  u l t i m a t e  p o t e n t i a l  of t h e  method, 

s i n c e  it appears  q u i t e  f e a s i b l e  t o  i n c r e a s e  t h e  a c t i v i t y  of t h e  18F-labeled 

f l u o r i d e  by o r d e r s  of magnitude over  t h e  modest (5 mCi) l e v e l  used i n  t h e  p re sen t  

s tudy .  Nevertheless ,  c a r e f u l  i n s p e c t i o n  of Table  I r e v e a l s  two f e a t u r e s  t y p i c a l  

of i s o t o p i c  exchange t h a t  s e t  an  upper l i m i t  t o  t h e  s p e c i f i c  a c t i v i t i e s  a t t a i n -  

ab le .  Decreasing t h e  concen t r a t ion  of t h e  s u b s t r a t e ,  as r equ i r ed  t o  raise t h e  

s p e c i f i c  a c t i v i t y  of t h e  p roduc t ,  dec reases  t h e  r e a c t i o n  rate as w e l l ,  which 

l e a d s  t o  an  ex tens ion  of t h e  exchange t ime f o r  t h e  least a c t i v a t e d  s u b s t r a t e s .  

Furhtermore,  t h e  r e a c t i o n  of [18F] f l u o r i d e  wi th  i m p u r i t i e s  contained 

exchange medium can s i g n i f i c a n t l y  dec rease  t h e  y i e l d s  a t  t h e  lowest concen t r a t ions  

of t h e  s u b s t r a t e .  

a c t i v i t y  which can b e  inco rpora t ed  i n t o  t h e  s u b s t r a t e  when t h e  system reaches 

equ i l ib r ium i .e. :  

i n  t h e  

The most s e r i o u s  drawback i s  t h e  maximum f r a c t i o n  (Xm) of t h e  

[ S u b s t r a t e ]  

[Subs t r a t e ]  + [18F-] 
x, = 

s i n c e  i t  dec reases  when t h e  concen t r a t ion  of t h e  s u b s t r a t e  becomes comparable 

wi th ,  o r  lower t h a n  t h e  o v e r a l l  f l u o r i d e  concen t r a t ion .  The l a t te r  cannot of 

course be i n d e f i n i t e l y  reduced, e s p e c i a l l y  i n  r e g u l a r  product ion runs ,  s i n c e  

t h e  s p e c i f i c  a c t i v i t y  of t h e  l abe led  f l u o r i d e  can probably no t  be extended beyond 

more than  one o r  two o r d e r s  of magnitude above t h e  l e v e l  used i n  t h e  p re sen t  

work. 

from c a r r i e r  f r e e  (CF) anhydrous H18F. 

Amelioration of t h i s  problem might b e  accomplished by u t i l i z i n g  lEF  i o n  

However, even wi th  t h e  above l i m i t a t i o n s ,  a q u i t e  r e s p e c t a b l e  s p e c i f i c  

a c t i v i t y  (of t h e  o rde r  of 30,000 t o  50,000 C i  p e r  mol) can be conse rva t ive ly  
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pred jc t ed  Lrom t h e  p r e s e n t  d a t a  f o r  a c t i v a t e d  s u b s t r a t e s ,  which makes t h e  l a b e i i n g  

technique based on i s o t o p i c  exchange 

of s y n t h e t i c  i n t e rmed ia t e s .  

a promising approach t o  a l a r g e  family 
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