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SUMMARY 

An i n v e s t i g a t i o n  exp lo r ing  t h e  u t i l i t y  o f  organopentaf luoro-  
s i l i c a t e s  a s  i n t e r m e d i a t e s  f o r  t h e  s i t e  s p e c i f i c  i nco rpora t ion  of  
no-carrier-added radiobromine or  r a d i o i o d i n e  i n t o  o rgan ic  molecules 
was c a r r i e d  ou t .  Some simple a l k y l -  and a r y l p e n t a f l u o r o s i l i c a t e s  
were syn thes i zed  and r e a c t e d  with i n  s i t u  gene ra t ed  [ 7 7 B r l B r C 1  and 
[J31  IlICl. The r ad ioha logena t ions  of a r y l -  and primary a lky lpen ta -  
f l u o r o s i l i c a t e s  were found t o  be complete wi th in  10 minutes  a t  room 
t empera tu re ,  w i th  radiochemical  y i e l d s  of  74-961. Radiohalogena- 
t i o n s  of a secondary alkylpentafluorosilicate, cyclohexylSiF, I$ , 
gave lower radiochemical  y i e l d s  and r equ i r ed  h ighe r  r e a c t i o n  tem- 
p e r a t u r e s .  

Key Words: Radiohalogenat ion,  Bromine-77, Iodine-131, Organopen ta f luo ros i l i -  
c a t e s  

INTRODUCTION 

Organopentafluorosilicates a r e  a i r -  and moi s tu re - s t ab le  d i a n i o n i c  complexes 

( s a l t s )  i n  which t h e  valency o f  s i l i c o n  has  expanded from t h e  usual  t e t r a v a l e n t  

t o  hexavalent  ( 1 , 2 ) .  Kumada. e t  a l .  ( 3 , 4 )  have r epor t ed  t h a t  t h e s e  coordin- 

a t i v e l y  s a t u r a t e d  o r g a n o s i l i c o n  compounds r e a d i l y  undergo cleavage by halogens 

t o  y i e l d  a l k y l  or  a r y l  o rganoha l ides .  Our i n v e s t i g a t i o n s  ( 5 , 6 )  of no-carr ier-  

added r ad ioha logena t ions  ( 7 )  using a r y l t r i m e t h y l s i l y l  i n t e rmed ia t e s  have 

demonstrated t h a t  good radiochemical  y i e l d s  can be obtained f o r  both nca radio-  

brominat ions and r a d i o i o d i n a t i o n s  of aromatic  r i n g s .  Unfo r tuna te ly ,  t h e  nca 
r a d i o i o d i n a t i o n s  o f  some a r y l  r i n g s  r e q u i r e s  r e l a t i v e l y  harsh r e a c t i o n  condi- 

t i o n s  t o  o b t a i n  good radiochemical  y i e l d s  ( i . e . ,  1-2 hours  i n  HOAc a t  60°C) .  

Furthermore,  t h e  t r i m e t h y l s i l y l  moiety can not  be u s e d  t o  r ad ioha logena te  a l k y l  

groups. Because o f  t h e s e  shortcomings of  o r g a n o t r i m e t h y l s i l a n e s ,  we undertook 

an i n v e s t i g a t i o n  o f  t h e  a p p l i c a b i l i t y  of organopentafluorosilicates t o  incor-  

p o r a t e  nca radiobromine and r a d i o i o d i n e  i n t o  o rgan ic  molecules.  The inves t iga -  

t i o n  employed a v a r i e t y  of s imple organopentafluorosilicates a s  model compounds. 

That i n v e s t i g a t i o n  is desc r ibed  h e r e i n .  
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RESULTS AND DISCUSSION ~- 
I n i t i a l  exper iments  were conducted t o  de t e rmine  i f  t h e  mixed ha logens ,  B r C l  

and I C 1 ,  could  be gene ra t ed  and r e a c t e d  i n  t h e  p re sence  o f  o rgano$en ta f luo ros i l -  

i c a t e s .  The r e s u l t s  o f  t h e s e  expe r imen t s  were impor t an t  t o  t h e  rad ioha logena-  

t i o n s  a s  i n  s i t u  g e n e r a t i o n  o f  mixed ha logens  has  proven t o  be t h e  most e f f i -  

c i e n t  method f o r  r e a c t i o n s  invo lv ing  3 r ad ioha logens .  Also ,  Kumada ( 3 )  has 

r epor t ed  t h a t  r e a c t i o n s  o f  t h e  mixed ha logen ,  BrI, w i th  a l k y l p e n t a f l u o r o s i l i -  

c a t e s  y i e lded  both a lky lb romides  and a l k y f i o d i d e s .  S i m i l a r  r e s u l t s  f o r  t h e  

mixed ha logens  employed i n  t h i s  s t u d y  would d e c r e a s e  t h e  r a d i o l a b e l i n g  e f f i c i e n -  

c i e s .  

Non-rad ioac t ive  mixed halogen r e a c t i o n s  were c a r r i e d  o u t  on an a ry lpen ta -  

f l u o r o s i l i c a t e ,  para- to ly lS iF5K2 6, and an a l k y l p e n t a f l u o r o s i l i c a t e ,  n-hexyl- 

SiF5K2 2. The mixed ha logens  were gene ra t ed  i n  a v a r i e t y  o f  s o l v e n t s  ( e . g . ,  

M e O H ,  H O A c ,  THF, DME) by o x i d i z i n g  sod ium b romide  o r  sod ium i o d i d e  w i t h  

N-chlorosuccinimide (NCS) 18) or w - b u t y l h y p o c h l o r i t e  (TBHC). Reac t ions  of 

NCS/halide i n  t h e  p re sence  of a suspens ion  o f  organopentafluorosilicate y ie lded  

yellow-orange s o l u t i o n s ,  which became colorless w i t h i n  15 minutes .  L ikewise ,  

use  of TBHC a s  t h e  ox idan t  y i e l d e d  c o l o r e d  s o l u t i o n s  which became c o l o r l e s s  

w i t h i n  5 minutes a t  room t empera tu re .  Analyses  o f  t h e  r e a c t i o n  mix tu res  by HPLC 

and c a p i l l a r y  GC i n d i c a t e d  t h a t  on ly  one product  was formed i n  each  r e a c t i o n .  

The product  was i d e n t i c a l  to  e i t h e r  t h e  co r re spond ing  bromide or i o d i d e  de r iv -  

a t i v e s  by chromatographic  r e t e n t i o n  time. No c h l o r i n a t e d  p roduc t s  were seen  i n  

any of t h e  s t o i c h i o m e t r i c  i n  s i t u  gene ra t ed  mixed ha logen  r e a c t i o n s  ( 9 ) .  even 

though t h e  o r g a n o p e n t a f l u o r o s i l i c a t e s  were r e a d i l y  c h l o r i n a t e d  by TBHC. 

Following t h e  i n i t i a l  s t u d i e s ,  some a d d i t i o n a l  o rganopentaf luoros i l ica tes  

were s y n t h e s i z e d ,  and a l l  o f  t h e  compounds, 1-7, were i n v e s t i g a t e d  i n  r ad ioha lo -  

gena t ion  r e a c t i o n s .  I n  s i t u  gene ra t ed  mixed ha logen  r a d i o h a l o g e n a t i o n s  were 

c a r r i e d  o u t  u s i n g  nca sodium [77Brlbromide and nca sodium [13111iodide .  The 

r e s u l t s  of t h e  r a d i o h a l o g e n a t i o n s  a r e  g iven  i n  Table  I. The r a d i o i o d i n a t i o n s  
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were q u i t e  f a c i l e ,  l e a d i n g  t o  on ly  one product  u s i n g  NCS a s  t h e  ox idan t .  Con- 

t r a r y  t o  t h i s ,  ve ry  poor r ad iochemica l  y i e l d s  were ob ta ined  when NCS was used i n  

t h e  r ad iob romina t ions .  The re fo re ,  TBHC was used a s  t h e  ox idan t  f o r  t h e  r ad io -  

b romina t ions .  T h i s  same r e s u l t  h a s  been observed  f o r  = r ad iob romina t ions  o f  

a r y l t r i m e t h y l s i l a n e s .  Unfo r tuna te ly ,  t h e  use  o f  TBHC r e s u l t s  i n  t h e  format ion  

o f  c h l o r i n a t e d  p roduc t s  i n  t h e  r e a c t i o n  mix tu res ,  a s  t h e  ox idan t  is used i n  

l a r g e  excess over  t h e  r a d i o n u c l i d e .  Reac t ions  employing NCS a s  t h e  ox idan t  have 

a d i s t i n c t  advantage  i n  t h a t  NCS r e a c t s  ve ry  s lowly  wi th  t h e  o rganopen ta f luo ro -  

s i l i c a t e s .  

A l l  o f  t h e  r ad ioha logena t ion  r e a c t i o n s  gave ve ry  good rad iochemica l  y i e l d s  

wi th in  10 minutes  a t  room t empera tu re ,  excep t  r e a c t i o n  o f  2. The e f f e c t  o f  a 

h i g h l y  s t e r i c  envi ronment ,  such  a s  a cyc lohexy l  group,  on a backs ide  a t t a c k  

(S 2- invers ion  r e a c t i o n )  of t h e  e l e c t r o p h i l e  h a s  been p r e v i o u s l y  noted  as  a 

cause  o f  poor y i e l d s  i n  t h e  halogen c l eavages  o f  o rganopen ta f luo ros i l i ca t e s .  We 

found t h a t  t h e  r ad ioha logena t ion  o f  primary alkylpentafluorosilicates were b e s t  

c a r r i e d  o u t  i n  p r o t i c  s o l v e n t s  and t h e  secondary  alkylpentafluorosilicate, 3, 
was b e s t  r eac t ed  i n  a p r o t i c  s o l v e n t s .  I n t e r e s t i n g l y .  t h e s e  a r e  t h e  e x a c t  op- 

p o s i t e  r e s u l t s  observed by Kumada, e t  a l .  ( 3 ) .  E leva t ion  o f  t h e  r e a c t i o n  tem- 

p e r a t u r e  i n  t h e  r a d i o h a l o g e n a t i o n s  gave improved r ad iochemica l  y i e l d s  f o r  t h e  

r ad iob romina t ion ,  bu t  no t  f o r  t h e  r a d i o i o d i n a t i o n  (10) .  

E 

The d i f f e r e n c e  i n  t h e  r e a c t i o n  mechanisms f o r  a l k y l -  and a r y l p e n t a f l u o r o -  

s i l i c a t e s  can be r e a d i l y  seen  i n  t h e  r e a c t i o n s  o f  =-tolylSiF5K2, 7, a s  t h i s  

r e a c t i o n  i s  a t  l e a s t  a s  f a s t  a s  t h e  less s t e r i c a l l y  encumbered p a r a - t o l y l S i F  K 5 2' 

Unl ike  t h e  r e a c t i o n s  o f  t h e  a r y l t r i m e t h y l s i l a n e s ,  no d i f f e r e n c e  i n  t h e  r e a c t i o n  

y i e l d s  were observed between t h e  u s e  o f  MeOH o r  HOAc a s  s o l v e n t s .  I n  f a c t ,  

r e a c t i o n s  w i t h  nca r a d i o h a l i d e s  could  be c a r r i e d  o u t  by adding a sma l l  a l i q u o t  

of t h e  r a d i o h a l i d e  s o l u t i o n  a s  o b t a i n e d ,  w i thou t  n e u t r a l i z i n g  t h e  base  p r e s e n t  

( u s u a l l y  0.1N NaOH). 
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Table I: Radiohalogenat ions of  Organopentafluorosilicatesa 

R-'X oxid/*X' ~ R-SiF K 
5 2  

b Radiochemical Label ing E f f i c i e n c i e s  ( % )  

Compound R TBHC/77Br NCS/1311 

86 ( M e O H )  96 ( M e O H )  

82 (HOAc) 89 (HOAc) 
- 1 CHSCH 2- 

2 - 

5 - 

6 - 

7 - 

CH3(CH2)4CH2- 81 ( M e O H )  77 (MeOH)  

82 (HOAc) 84 (HOAc) 

58 (THF)' 24 (HOAc) 

70 (DME)' 

90 ( M e O H )  86 (MeOH) 

86 (HOAc) 74 (HOAc) 

89 ( Me OH 1 
85 (HOAc) 

94% (MeOH) 

88 (MeOH) 

86 (HOAc) 

91% ( M e O H )  

aReact ions were run a t  room t empera tu re  except  where noted. React ion times were 

<5 min f o r  radiobrominat ion and <10 min f o r  r a d i o i o d i n a t i o n s .  bRadiochemical 

l a b e l i n g  e f f i c i e n c i e s  a r e  taken a s  pe rcen tages  of  t o t a l  a c t i v i t y  on radiochrom- 

atograms t h a t  a r e  a s s o c i a t e d  with t h e  product .  'Fif teen minutes  a t  55OC. 

dReaction not run due t o  expected i n s t a b i l i t y  of  product .  

The organopentafluorosilicates. l i k e  t h e  a r y l t r i r n e t h y l s i l a n e s ,  a r e  e a s i l y  

syn thes i zed .  The syn theses  begin wi th  t h e  p r e p a r a t i o n  o f  o r g a n o t r i c h l o r o s i -  

l anes .  These compounds a r e  conven ien t ly  prepared i n  high y i e l d  from t h e  reac-  

t i o n  of  Grignard r e a g e n t s  with t e t r a c h l o r o s i l a n e s  ( 1 1 ) .  or  by t h e  p rocess  of 

h y d r o s i l a t i o n  of  a l k e n e s  (12) o r  a lkynes  (13) wi th  t r i c h l o r o s i l a n e  and peroxides  
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o r  c h l o r o p l a t i n i c  ac id  ( 1 4 ) .  The o r g a n o t r i c h l o r o s i l a n e s  can be r e a d i l y  con- 

v e r t e d  t o  organopentafluorosilicates i n  high y i e l d s  by t h e i r  r e a c t i o n  with 

f l u o r i d e  s a l t s  ( u s u a l l y  potassium) i n  H20 a t  0-10°C ( 4 ) .  The organopentaf luoro-  

s i l icates  a r e  s o l i d  wh i t e  p r e c i p i t a t e s  which a r e  q u i t e  i n s o l u b l e  i n  most so l -  

v e n t s .  

React ions o f  t h e  organopentaf luoros i l ica tes  gave high radiochemical  y i e l d s  

f o r  r ad ioha logena t ions  of  primary a l k y l  groups.  They a l s o  gave r e g i o s p e c i f i c  

a romat i c  s u b s t i t u t i o n s  under milder  r e a c t i o n  c o n d i t i o n s ,  w i th  h ighe r  radiochemi- 

cal y i e l d s ,  t han  t h e  corresponding a r y l t r i m e t h y l s i l a n e s .  However, t h e  use  of 

organopentafluorosilicates f o r  nca radiobrominat ions and r a d i o i o d i n a t i o n s  w i l l  

u l t i m a t e l y  depend on t h e  compound under s tudy.  While t r i m e t h y l s i l y l  d e r i v a t i v e s  

can be c a r r i e d  through on e n t i r e  s y n t h e t i c  scheme, a major drawback t o  t h e  use 

of organopentafluorosilicates may be t h a t  t h e y  m u s t  be put  i n t o  molecules  a t  t h e  

f i n a l  s t e p  of  a s y n t h e s i s .  T h i s  comes about  by t h e  f a c t  t h a t  t h e  organopenta- 

f l u o r o s i l i c a t e s  a r e  q u i t e  i n s o l u b l e  i n  most s o l v e n t s ,  and t h e i r  immediate pre- 

c u r s o r s ,  o r g a n o t r i c h l o r o s i l a n e s ,  a r e  ve ry  r e a c t i v e  s p e c i e s .  However, t h e  or- 

ganopentafluorosilicates may have an advantage over o r g a n o t r i m e t h y l s i l a n e s  i n  

t h e  p u r i f i c a t i o n  p rocess  due t o  t h e i r  i n s o l u b i l i t y  and d i a n i o n i c  n a t u r e .  While 

t h e  organopentafluorosilicates were not  found t o  be completely i n s o l u b l e  i n  t h e  

s o l v e n t s  employed, t h e  r e a c t i o n  mix tu res  can be c l e a r e d  of a l a r g e  p o r t i o n  of 

s t a r t i n g  m a t e r i a l  by f i l t r a t i o n  through a 0.2 micron Mi l l i po re  f i l t e r .  Addi- 

t i o n a l  p u r i f i c a t i o n  may be r e a d i l y  a v a i l a b l e  by ion chromatography. 

Our  s t u d i e s  of t h e  r ad ioha logena t ions  of o rganopentaf luoros i l ica tes ,  as  

we l l  a s  p u r i f i c a t o n  of  p r o d u c t s ,  a r e  con t inu ing .  

EXPERIMENTAL 

A l l  o f  t h e  r e q u i s i t e  o r g a n o t r i c h l o r o s i l a n e s  needed t o  s y n t h e s i z e  compounds 

- 1 - I  were purchased from P e t r a r c h  Systems, Inc.  ( B r i s t o l .  P A ) ,  w i th  t h e  excep t ion  

o f  w - t r i c h l o r o s i l y l t o l u e n e .  The s y n t h e s i s  o f  t h i s  compound is  desc r ibed  

below. The o r g a n o t r i c h l o r o s i l a n e s  were converted t o  organopentafluorosilicates 
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by r e a c t i o n  o f  KF i n  H20 a t  O°C a s  p r e v i o u s l y  d e s c r i b e d  ( 4 ) .  A l l  of t h e  non- 

r a d i o a c t i v e  r e a g e n t s  and s o l v e n t s  were a t  l e a s t  a n a l y t i c a l  r e a g e n t  g r a d e  and 

were used a s  o b t a i n e d .  The sodium [ 1 3 1 1 1 i o d i d e  s o l u t i o n  used  was o b t a i n e d  from 

New England Nuclear  ( B o s t o n ,  MA)  c o n t a i n i n g  20 m C i  a c t i v i t y  i n  500 pL o f  a 0.1N 

NaOH s o l u t i o n .  The sodium [ B r l b r o m i d e  s o l u t i o n  used  was made by bombardment 

of  a molybdenum t a r g e t  by medium e n e r g y  p r o t o n s  ( s p a l l a t i o n  r e a c t i o n s )  a t  t h i s  

f a c i l i t y  a s  p r e v i o u s l y  d e s c r i b e d  ( 1 5 ) .  

77 

Chromatographx.  A n a l y s e s  o f  t h e  n o n - r a d i o a c t i v e  r e a c t i o n  m i x t u r e s  o f  

compounds 2, 6, and 1 were per formed on a V a r i a n  3700 gas chromatograph  u s i n g  

FID d e t e c t i o n ,  c o u p l e d  t o  a S p e c t r a  P h y s i c s  4100 i n t e g r a t o r / p l o t t e r .  Separa-  

t i o n s  were accompl ished  on a 50-m SE-30 c a p i l l a r y  column ( J & W ) .  u s i n g  a tempera-  

t u r e  program of 5OoC ( 5  min)  t o  75OoC a t  10°C/min for compound 2 and 5'C/min for 

compounds 6 and 1 ( n e c e s s a r y  t o  c h e c k  r e g i o s p e c i f i c i t y ) .  

A n a l y s e s  o f  a l l  of  t h e  r e a c t i o n  m i x t u r e s  were p e r f o r m e d  w i t h  W a t e r s  

A s s o c i a t e s  L i q u i d  Chromatograph w i t h  6000A pumps, U6K i n j e c t o r ,  Model 450 UV 

d e t e c t o r  ( a t  254 nm), s y s t e m  c o n t r o l l e r ,  and d a t a  module. S e p a r a t i o n s  were 

o b t a i n e d  w i t h  a r e v e r s e - p h a s e  ( R a d i a l  Pak C-18)  column on a R a d i a l  Compression 

Module, e l u t i n g  w i t h  60:40 CH C H / H 2 0  a t  a flow r a t e  of 2 mL/min. A n a l y s e s  of 

r a d i o h a l o g e n a t i o n  r e a c t i o n  m i x t u r e s  were per formed on  t h e  HPLC s y s t e m  w i t h  a 

r a d i o a c t i v i t y  d e t e c t i o n  sys tem.  T h i s  s y s t e m  c o n s i s t s  of a 2- in  NaI c r y s t a l  

c o u p l e d  t o  an Ortec power b i n ,  h i g h  v o l t a g e  s u p p l y ,  r a t e m e t e r ,  a m p l i f i e r ,  

c o u n t e r  and t i m e r ,  and l i n e  p r i n t e r .  

3 

R a d i o h a l o g e n a t i o n s .  R e a c t i o n s  were c a r r i e d  o u t  w i t h  1-2 mg of compounds 

- 1-1  suspended  i n  100 pL s o l v e n t  ( e . g . ,  MeOH, HOAc,  THF, o r  WE) i n  1. mL c o n i c a l  

bot tomed v i a l s .  R a d i o b r o m i n a t i o n s  o f  t h e s e  compounds were c a r r i e d  o u t  by a d d i -  

t i o n  of 1-2 p L  of t h e  nca sodium [77Br lbromide  s o l u t i o n  (300-500 pCi) f o l l o w e d  

by a d d i t i o n  of 1 pL n e a t  TBHC. R a d i o i o d i n a t i o n  of t h e  compounds were c a r r i e d  

o u t  by a d d i t i o n  of 1 mg NCS f o l l o w e d  by 3-5 p L  3 sodium [ 1 3 1 1 1 i o d i d e  s o l u t i o n  

(120-200 pCi). R e a c t i o n  p r o g r e s s  was f o l l o w e d  by radioHPLC. 

S y n t h e s i s  o f  ortho-trichlorosilyltoluene. R e a c t i o n  of 25 g e - b r o m o t o l -  

u e n e  t o  make t h e  G r i g n a r d  r e a g e n t  was a c c o m p l i s h e d  a s  p r e v i o u s l y  d e s c r i b e d  (16) .  
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The Gr ignard  r eagen t  was t h e n  added t o  a s o l u t i o n  of two e q u i v a l e n t s  o f  t e t r a -  

c h l o r o s i l a n e  i n  THF a t  such  a r a t e  as  t o  keep t h e  r e a c t i o n  t empera tu re  below 

4OoC ( c o o l i n g  by ice/H20 b a t h  needed a t  times). A f t e r  t h e  a d d i t i o n  was com- 

p l e t e ,  t h e  r e a c t i o n  mix tu re  was s t i r r e d  a t  room t empera tu re  f o r  an hour .  F i l -  

t r a t i o n  o f  t h e  wh i t e  s a l t s  from a cooled  r e a c t i o n  s o l u t i o n  (ice/H20 b a t h )  and 

evapora t ion  of t h e  THF s o l v e n t  under vacuo y i e l d e d  a l i g h t  ye l low o i l .  P u r i f i -  

c a t i o n  of t h e  o i l  by Kugelrohr d i s t i l l a t i o n  a t  55°C/100 Hg gave a colorless 

o i l  i n  76% y i e l d .  
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