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NUCLEOSIDES & NUCLEOTIDES, 5(1), 65-77 (1986)  

POLYMER SUPPORT OLIGONUCLEOTIDE SYNTHESIS XX' I: 
SYNTHESIS OF A HENHECTACOSA DEOXYNUCLEOTIDE BY USE OF A 

DIMERIC PHOSPHORAMIDITE SYNTHON 

A. Molter, J. Biernat and H. Koster 
Institut fur Organische Chemie und Biochemie 

der Universitat Hamburg 
Mart i n- Lu t her- King- P 1  a tz 6 

D-2000 Hamburg 13 
F.R.G. 

ABSTRACT 
The dimeric phosphoramidite synthon (4) has been pre- 

pared by solution synthesis. Incorporation of (4) and the 
monomeric phosphoramidite (5) into a polymer supported syn- 
thesis on controlled pore glass (CPG) lead to the synthesis 
o f  a model oligodeoxynucleotide containing 101 nucleotide 
units. 

-____ 

INTRODUCTION 

Chemical synthesis o f  long chain oligodeoxynucleotides 
remains still a difficult and time-consuming task although 
synthesis of oligomers containing 51 and 6 2  nucleotide units 

Our present approach to oligodeoxynucleotide synthesis 

have been described in the literature 293) 

relies on the use of controlled pore glass (CPG) a s  silica 
based s o l  id Condensation reactions are per- 
formed following phosphoramidite chemistry 6 )  . The amidite 
synthons in use are 5'-0-(4,4'-dirnethoxytrityl)-N-acyl- 
deoxynucleoside-3'- 0'- (2-cyanoethyl ) - N  ,N-dii sopropyl phos- 
phoramidites' ' 7 ) .  

includes removal of 5'-O-dimethoxytrityl groups by protic 
acid treatment, condensation using p-nitrophenyltetrazole 
activated phosphoramidite units8), capping and oxidation 
(Table 1). 

The synthesis o f  long chains on a solid support re- 
quires many cycles to be performed during the assembly of 

One cycle o f  nucleotide unit addition 
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66 WOLTER, BIERNAT, AND KOSTER 

o n e  o l i g o n u c l e o t i d e ,  a n  a p p r o a c h  w h i c h  m i g h t  l e a d  t o  s p e c i a l  
p r o b l e m s .  

A l t h o u g h  c o n d e n s a t i o n  r e a c t i o n s  f o l l o w i n g  p h o s p h o r a m i -  
d i t e  c h e m i s t r y  a r e  n o r m a l l y  h i g h  y i e l d  r e a c t i o n s  ( 9 0 - 9 8 % )  
a c c u m u l a t i o n  o f  t h e  e f f e c t  o f  i n c o m p l e t e  c o n d e n s a t i o n  may 
g i v e  r i s e  t o  v e r y  l o w  o v e r a l l  y i e l d s  ( 1 0 0  c o n d e n s a t i o n s  
o f  9 0 %  y i e l d  e a c h  w o u l d  r e s u l t  i n  0 . 0 0 3 %  o v e r a l l  y i e l d ,  
9 5 %  e a c h  w o u l d  g i v e  0 . 6 %  o v e r a l l  y i e l d ) .  D e t r i t y l a t i o n  
a n d  c a p p i n g  a r e  r e a c t i o n s  p r o c e e d i n g  w i t h  n e a r l y  q u a n t i t a t i v e  
y i e l d s .  H o w e v e r ,  t r a c e s  o f  i n c o m p l e t e  d e t r i t y l a t i o n  ( f  1 % )  
c o u l d  n o t  be a v o i d e d  i n  o u r  h a n d s  ( a s  c o n t r o l l e d  by d i m e -  
t h o x y t r i t y l  c a t i o n  a s s a y  o f  d e t r i t y l a t e d  m a t e r i a l  w i t h  s t r o n g e r  
a c i d s  a n d  p r o l o n g e d  r e a c t i o n  t i m e ) .  A c c u m u l a t i o n  o f  t h e  
e f f e c t  o f  i n c o m p l e t e  d e t r i t y l a t i o n  ( a n d / o r  c a p p i n g )  r e -  
s u l t s  i n  c o n t a m i n a t i o n  o f  t h e  f i n a l  p r o d u c t  by f a i l u r e  s e -  
quences  - s h o r t e r  s e q u e n c e s  b e a r i n g  d i m e t h o x y t r i t y l  g r o u p s  
w h i c h  a r e  n o t  e a s i l y  s e p a r a b l e  f r o m  t h e  d e s i r e d  p r o d u c t  
by r e v e r s e d  p h a s e  HPLC. T o  r e d u c e  t h e s e  e x p e c t e d  p r o b l e m s  
we u n d e r t o o k  t h e  s y n t h e s i s  o f  a d i m e r i c  u n i t  w h i c h  w o u l d  
r e d u c e  t h e  n u m b e r  o f  r e a c t i o n  c y c l e s  t o  5 0 % .  

The s u p e r i o r i t y  o f  t h e  8 - c y a n o e t h y l  p h o s p h a t e  p r o t e c t i n g  
g r o u p  f o r  t h e  s y n t h e s i s  o f  v e r y  l o n g  D N A  s e q u e n c e s  d u e  
t o  i t s  e f f i c i e n t  a n d  h i g h l y  s e l e c t i v e  r e m o v a l  h a s  a l r e a d y  
b e e n  d i s c u s s e d  l a ) .  
p r o t e c t i o n  w o u l d  a l s o  l e a d  t o  DMT- c o n t a i n i n g  t r u n c a t e d  
s e q u e n c e s  w h i c h  a r e  v e r y  d i f f i c u l t  t o  r e m o v e  by r e v e r s e d  
p h a s e  H P L C .  

A c h a i n  s c i s s i o n  d u r i n g  p h o s p h a t e  d e -  

RESULTS A N D  DISCUSSION 

I n  t h i s  p a p e r  t h e  s y n t h e s i s  o f  a n  o l i g o d e o x y n u c l e o -  
t i d e  c o n t a i n i n g  101  n u c l e o t i d e  u n i t s  by o u r  p o l y m e r  s u p p o r t  
m e t h o d o l o g y  u s i n g  D - c y a n o e t h y l  p h o s p h o r a m i d i t e  c h e m i s t r y  
i s  

The s y n t h e s i s  o f  t h e  k e y  i n t e r m e i d a t e  ( 4 )  i s  o u t l i n e d  
i n  Scheme 1 .  The  p - n i t r o p h e n y l t e t r a z o l e  m e d i a t e d  c o n d e n -  
s a t i o n  r e a c t i o n  b e t w e e n  ( 1 )  a n d  f 2 )  i n  t h e  s o l u t i o n  s y n -  
t h e s i s  o f  t h e  d i m e r  ( 3 )  was c o m p l e t e  w i t h i n  2 m i n u t e s  
a s  c o n f i r m e d  by t l c .  E x p e r i m e n t s  c o n c e r n i n g  t h e  a m o u n t  
o f  p - n i t r o p h e n y l - t e t r a z o l e  n e c e s s a r y  t o  m a i n t a i n  h i g h  y i e l d s  
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DMT : 

Lev 

-CpOCH3 0 
OCH3 

-$CH2CH2sCH3 
0 0 

0 
NCC H2CH2O - P, )-- 

t- 

Scheme 1 .  Synthesis o f  the dimeric phosphoramidite synthon ( 4 ) .  

i n  s o l u t i o n  c o n d e n s a t i o n  r e a c t i o n s  i n d i c a t e d  t h e  need  o f  

t h e  p r e s e n c e  o f  a t  minimum 1 e q u i v a l e n t  o f  t h i s  a c t i v a t o r .  
A f t e r  o x i d a t i o n  by I 2  a n d  work-up by a q u e o u s  e x t r a c t i o n  
t h e  c r u d e  m i x t u r e  was s u b j e c t e d  t o  d e l e v u l i n a t i o n .  Quench ing  
o f  t h e  d e l e v u l i n a t i o n  r e a c t i o n  a f t e r  6 minutes') 
by s t r i p p i n g  o f f  2 / 3  of  t h e  s o l v e n t  u n d e r  vacuum and d i r e c t  
a p p l i c a t i o n  of t h e  r e s u l t i n g  m i x t u r e  t o  a s h o r t  and l a r g e  
d i a m e t e r  s i l i c a  g e l  co lumn.  A f t e r  p rewash  w i t h  C H C 1 3  t h e  
p r o d u c t  was e l u t e d  w i t h  a s t e p w i s e  g r a d i e n t  o f  e t h a n o l  i n  
C H C 1 3  ( 7 % ,  I D % ,  0 . 5 %  p y r i d i n e  was a d d e d  t o  t h e  e l u t i o n  m e d i u m  
i n  o r d e r  t o  a v o i d  d e d i m e t h o x y t r i t y l a t i o n s ) .  Pure ( 3 )  was 
o b t a i n e d  i n  8 0 %  i s o l a t e d  y i e l d .  A n  i m p o r t a n t  f e a t u r e  o f  
t h e  c o n d e n s a t i o n  r e a c t i o n  i s  t h e  use o f  a v e r y  pure  phos -  
p h o r a m i d i t e  ( 1 ) .  ( 1 )  and s i m i l a r  p h o s p h o r a m i d i t e s  c o u l d  
be p u r i f i e d  by f l a s h  c h r o m a t o g r a p h y  on s i l i c a  g e l " ) .  

was f o l l o w e d  

P u r -  
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6 8  WOLTER , BIERNAT, AND KOSTER 

i f i e d  s a m p l e s  o f  ( 1 )  g e n e r a l l y  u n d e r w e n t  n e a r l y  q u a n t i t a t i v e  
c o n v e r s i o n  t o  d i n u c l e o t i d e s  i n  s o l u t i o n  a t  a n e a r l y  o n e  
t o  o n e  s t o i c t i i o m e t r i c  r a t i o  b e t w e e n  p h o s p h o r a m i d i t e  a n d  OH- 

c o m p o n e n t  ( a s  c o n f i m e d  by t l c ) .  [ 3 )  was p h o s p h i t y l a t e d  
b y  t h e  u s u a l  p r o c e d u r e  t o  g i v e  t h e  d i m e r i c  p h o s p h o r -  
a m i d i t e  ( 4 1 ,  w h i c h  was  o b t a i n e d  a f t e r  p u r i f i c a t i o n  by  c o l u m n  
c h r o m a t o g r a p h y  on s i l i c a  g e l  i n  9 3 %  y i e l d .  

A n o t h e r  d i m e r i c  p h o s p h i t e  u n i t  ( o f  t h e  c h l o r o p h o s p h i t e  
t y p e )  h a s  r e c e n t l y  b e e n  u s e d  i n  t h e  s y n t h e s i s  o f  d ( T p ) 4 T  
on a s i l i c a  g e l  s o l i d  s u p p o r t " ) .  
o f  t h i s  m a n u s c r i p t  we b e c a m e  a w a r e  o f  a p u b l i c a t i o n  by Kumar 
a n d  P o o n i a n " ) .  
a l l  16 d i m e r i c  m e t h y l p h o s p h o r a m i d i t e  s y n t h o n s  1 3 ) .  
a i d e d  s y n t h e s i s  o f  o l i g o d e o x y n u c l e o t i d e s  c o n t a i n i n g  1 6 -  
29 b a s e  r e s i d u e s  h a s  b e e n  a c h i e v e d  w i t h  t h e s e  s y n t h o n s .  

by a f u l l y  a u t o m a t i c  D N A - ~ y n t h e s i z e r ' ~ )  f o l l o w i n g  t h e  c y c l e  
o u t l i n e d  i n  T a b l e  1 .  

D u r i n g  t h e  p r e p a r a t i o n  

T h e s e  workers d e s c r i b e d  t h e  s y n t h e s i s  o f  
M a c h i n e -  

C h a i n  a s s e m b l y  o f  t he  p r o t e c t e d  o l i g o m e r  was p e r f o r m e d  

The  s y n t h e s i z e r  a l l o w s  a d d i t i o n  o f  r e a g e n t s  a n d  s o l -  
v e n t s  by w a s h i n g  s t e p s  a n d  r e c y c l i n g  o f  r e a g e n t s  i n  a r e -  
c y c l i n g  l o o p .  5 3  r e a c t i o n  c y c l e s  had b e e n  p e r f o r m e d  w i t h  
2 2 . 5  mg o f  CPG-500 l o a d e d  w i t h  5 ' - 0 - ( 4 , 4 ' - d i m e t h o x y t r i t y l )  
t h y m i d i n e ' )  ( l o a d i n g  31 . 2  p m o l e / g ) .  
t h e  c o n s t r u c t i o n  o f  t h e  model  s e q u e n c e  c o n s i s t i n g  o f  1 0 1  
n u c l e o t i d e  u n i t s  w a s  4 8  h o u r s .  I n  o r d e r  t o  f a c i l i t a t e  c h a r -  
a c t e r i s a t i o n  o f  t h e  p r o d u c t  by M a x a m - G i l b e r t  s e q u e n c e  a n a l y s i s  
s i x  r e a c t i o n  c y c l e s  w i t h  t h e  s u i t a b l e  p r o t e c t e d  d e o x y g u a n o -  
s i n e - s y n t h o n  ( 5 )  had  b e e n  i n c o r p o r a t e d  i n t o  t h e  c h a i n  
a s s e m b l  y : 

The t o t a l  t i m e  f o r  

d ( T 1 - 4 G 5 T 6 - 2 1  G T  2 2  2 3 - 3 8  G T  3 9  4 0 - 6 3  G T  6 4  6 5 - 8 0  G T  81 8 2 - 9 7  G T  98 9 9 - 1 0 1 ) '  

The 47  c o n d e n s a t i o n s  u s i n g  t h e  T T  p h o s p h o r a m i d i t e  ( 4 )  r e -  
q u i r e d  3 . 0  g ( 2 . 7 1  m m o l e s )  o f  t h e  d i m e r .  

s o l u b l e  i n  a c e t o n i t r i l e ,  was  b e s t  a c c o m p l i s h e d  by e m p l o y i n g  
a c e t o n e  a s  w a s h i n g  medium a f t e r  c o n d e n s a t i o n .  T h i s  s o l v e n t  
( d r i e d  o v e r  P 4 O I 0 ' a n d  d i s t i l l e d  by use o f  a l o n g  V i g r e u x -  
c o l u m n  unde r  a r g o n )  c o u l d  a l s o  s u c c e s s f u l l y  s u b s t i t u t e  a c e -  

Removal o f  t h e  p - n i t r o p h e n y l t e t r a z o l e ,  w h i c h  i s  p o o r l y  
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POLYMER SUPPORT OLIGONUCLEOTIDE SYNTHESIS 69 

T a b l e  1 :  O u t l i n e  o f  C h a i n  E l o n g a t i o n  C y c l e  

S t e p  M a n i p u l a t i o n  R e a g e n t  
1 w a s h  d e t r i t y l a t i o n  r e a g e n t  r 

2 )  
2 w a s h  a c e t o n i t r i l e  
3 w a s h  c o n d e n s a t i o n  r e a g e n t  
4 r e c y c l e  - 
5 wash c o n d e n s a t i o n  r e a g e n t  
6 r e c y c l e  - 
7 wash c o n d e n s a t i o n  r e a g e n t  
8 r e c y c l e  - 
9 w a s h  a c e t o n e  

1 0  w a s h  c a p p i n g  r e a g e n t  
11  r e c y c l e  - 
1 2  w a s h  c a p p i n g  r e a g e n t  
1 3  r e c y c l e  - 
1 4  wash c a p p i n g  r e a g e n t  
1 5  r e c y c l e  - 
16 wash a c e t o n e  
17 wash o x i d i z i n g  r e a g e n t  
1 8  wash a c e t o n e  
1 9  wash a c e t o n i t r i l e  

3 )  

4) 

T i m e  ( s e c )  - 
4 5 0  
3 0 0  

90 

6 0  
7 0  

7 0  

6 0  
7 0 5 )  

1 8 0  
1 2 0  

90 
6 0  
90 
6 0  
90 
6 0  

1 2 0  
2 T O  

90 

1 )  D e t r i t y l a t i o n  r e a g e n t :  3% TCA i n  CH2C12/CH3N02/CH30H 
8 0 /  1 9 /  1 I V / V )  , . , ,  

2 )  C o n d e n s a t i o n  r e a g e n t :  m i x t u r e  o f  0 .1  M p - n i t r o p h e n y l -  
t e t r a z o l e  i n  a c e t o n i t r i l e  a n d  0.07 M p h o s p h o r a m i d i t e  ( 4 )  
o r  ( 5 )  i n  a c e t o n i t r i l e ,  2 / 1  ( V / V ) .  
3 )  C a p p i n g  r e a g e n t :  m i x t u r e  o f  a d i m e t h y l a m i n o p y r i d i n e -  
s o l u t i o n  i n  p y r i d i n e  ( 3 0 0  mg i n  4 5  m l )  a n d  a c e t i c  a n h y d r i d e ,  
23/7 ( V / V ) .  
4 )  O x i d i z i n g  r e a g e n t :  0 . 1  M i o d i n e  s o l u t i o n  i n  c o l l i d i n e l  
THF/H 0 ,  4 0 / 8 0 / 2  ( V / V ) .  
5 )  C 6 a i n  e l o n g a t i o n  c y c l e s  2 7 - 5 3  h a v e  b e e n  p e r f o r m e d  b y  
i n t r o d u c t i o n  o f  a d d i t i o n a l  s t e p s .  C y c l e  2 7 - 4 1  s t e p s  8 a -  
b y  C y c l e  4 2 - 5 3  s t e p s  8 a - d :  

8 a  wash c o n d e n s a t i o n  r e a g e n t  6 0  

c wash c o n d e n s a t i o n  r e a g e n t  30 
d r e c y c l e  7 0  

b r e c y c l e  - 7 0  

- 
T h u s  t h e  t i m e  f o r  t h e  c o n d e n s a t i o n  s t e p  o f  a c y c l e  was i n c r e a s e d  
d u r i n g  t h e  c h a i n  a s s e m b l y  f r o m  420 s e c  ( c y c l e s  1 - 2 6 )  t o  550 
sec ( c y c l e s  2 7 - 4 1 )  a n d  6 5 0  s e c  ( c y c l e s  4 2 - 5 3 ) .  

t o n i t r i l e  a s  t h e  c o n d e n s a t i o n  med ium.  The g r e a t e r  s o l u b i l i t y  

o f  p - n i t r o p h e n y l t e t r a z o l e  i n  a c e t o n e  ( 0 . 7  M s o l u t i o n s  may 
b e  o b t a i n e d  e a s i l y )  l e a d s  t o  s h o r t e r  c o n d e n s a t i o n  t i m e s  d u r i n g  

monomer a d d i t i o n s  o n  a s o l i d  s u p p o r t .  C o n d e n s a t i o n  t i m e s  

o f  2 m i n u t e s  may b e  u s e d  w i t h  g o o d  y i e l d s  when 0.33 M p -  

n i t r o p h e n y l t e t r a z o l e  i n  a c e t o n e  i s  e m p l o y e d  a s  c o n d e n s a t i o n  

med ium.  U n f o r t u n a t e l y ,  a c e t o n e  e x h i b i t s  n o  g o o d  s o l u b i l i t y  

f o r  t h e  d i m e r  ( 4 ) ;  m i x t u r e s  o f  a c e t o n i t r i l e  a n d  a c e t o n e  
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70 WOLTER, BIERNAT, AND KOSTER 

may b e  f a v o u r a b l e  t o  d i s s o l v e  d i m e r  b l o c k s  a s  w e l l  a s  p -  

n i t r o p h e n y l  t e t r a z o l e .  

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

f o r  r o u g h  d e t e r m i n a t i o n  o f  t h e  a m o u n t  o f  d i m e t h o x y t r i t y l  

c o n t a i n i n g  c h a i n s  o n  t h e  p o l y m e r  f o r m e d  d u r i n g  s y n t h e s i s .  

D e t e r m i n a t i o n  o f  c o n d e n s a t i o n  y i e l d s  ( b y  c o l l e c t i o n  o f  d e t r i -  

t y l a t i o n  w a s h i n g s  a n d  a d d i t i o n  o f  5 %  TCA i n  CH2C12 w i t h  

tDMT+ = 7 1 7 0 0 )  a f t e r  12 ( 0 . 5 5 7  i i m o l e s  DMTr ' ) ,  2 6 ( 0 . 3 8 6  

p m o l e s ) ,  3 9  ( 0 . 2 8 6  p m o l e s )  a n d  5 2  c y c l e s  ( 0 . 2 1 4  u m o l e s )  

d e m o n s t r a t e d  t e n t a t i v e  y i e l d s  o f  7 9 ,  5 5 ,  41 a n d  3 0 %  r e s p e c -  

t i v e l y  ( o r i g i n a l  l o a d i n g  o f  s u p p o r t  0 . 7 0 5  p m o l e s  D M T r - g r o u p s ) .  

f e r r e d  t o  a g l a s s  r e a c t o r  f i t t e d  w i t h  a f r i t ,  w a s h e d  w i t h  

a c e t o n e  a n d  d i c h l o r o m e t h a n e  a n d  d r i e d  i n  v a c u o .  D i m e t h o x y -  

t r i t y l  g r o u p  a s s a y  ( 7 0 %  H C 1 0 4 / E t O H , 3 / 2 )  showed 4 . 6 7  p m o l e s  

d i m e t h o x y t r i t y l  g r o u p s  p e r  g r a m  o f  p o l y m e r  i n d i c a t i n g  a 

t o t a l  y i e l d  o f  1 5 %  o v e r  5 3  c o n d e n s a t i o n  r e a c t i o n s  ( 9 6 . 5 %  

a v e r a g e  p e r  c o n d e n s a t i o n 1  1 5 ) .  
1 . 8  mg o f  t h e  p o l y m e r  was d e p r o t e c t e d  b y  i n c u b a t i o n  

w i t h  0 . 5  m l  c o n c e n t r a t e d  NH3 ( 2 5 % )  f o r  7 2  h o u r s  a t  6 0 "  C 
i n  an  E p p e n d o r f  v i a l .  A f t e r  c o n c e n t r a t i o n  o f  t h e  s u p e r n a t a n t ,  

t h e  m a t e r i a l  ( 1 2  O D )  was d i s s o l v e d  i n  b i d i s t i l l e d  w a t e r  

( 2  m l )  a n d  f i l t e r e d  f r o m  some i n s o l u b l e  m a t e r i a l  ( p r o b a b l y  

a p o l y m e r  o f  a c r y l o n i t r i l )  t h r o u g h  a S a r t o r i u s  membrane 

f i l t e r .  A f t e r  c o n c e n t r a t i o n  t h e  m a t e r i a l  was p u r i f i e d  b y  

r e v e r s e d  p h a s e  HPLC. F u r t h e r  p u r i f i c a t i o n  was a c h i e v e d  

b y  g e l  e l e c t r o p h o r e s i s  on a 1 0 %  p o l y a c r y l a m i d e  g e l  a f t e r  

l a b e l l i n g  w i t h  r - 3 2 P  ATP a n d  p o l y n u c l e o t i d e  k i n a s e .  F i g u r e  

1 shows a n  a u t o r a d i o g r a p h  o f  a 1 0 %  p o l y a c r y l a m i d e  g e l  w i t h  

s a m p l e s  o f  T - 3 2 P - l a b e l l e d  m a t e r i a l  w i t h o u t  H P L C - s e p a r a t i o n ,  

w i t h  H P L C - s e p a r a t i o n  a n d  a f t e r  p u r i f i c a t i o n  b y  g e l  e l e c t r o -  

p h o r e s i s .  

p u r i f i e d  f r a c t i D r t  c o n f i r m e d  t h e  s e q u e n c e  ( F i g u r ?  2 ) .  

D u r i n g  t h e  d e t r i t y l a t i o n  s t e p  t h e  d i m e t h o x y t r i t y l  

A t  t h e  e n d  o f  t h e  c h a i n  a s s e m b l y  t h e  p o l y m e r  was t r a n s -  

M a x a m - G i l b e r t  s e q u e n c e  a n a l y s i s  1 6 )  o f  t h e  g e l  

T h e  d e s c r i b e d  a p p r o a c h  f o r  t h e  s y n t h e s i s  o f  l o n g  o l i g o -  

d e o x y n u c l e o t i d e  c h a i n s  r e l i e s  on t h e  f a v o u r a b l e  p r o p e r t i e s  

o f  o u r  8 - c y a n o e t h y l  p h o s p h o r a m i d i t e  s y n t h o n s .  E x c e l l e n t  

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

e n a b l e d  u s  t o  p r o d u c e  v e r y  p u r e  a m i d i t e s  b y  c o l u m n  c h r o m a -  
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Figure 1: Electrophoresis of the 701-rner, d(T( , -41G5T(6-21)  G T  22 (23-38) 

G39T(40-63) G T  64 (65-80) G T  81 (82-97) G T  98 (99-101)’32 on the 10% polyacrylarnide 
gel a f t e r  d e t r i t y l a t i o n  and l abe l l i ng  with ( - P)ATP and T4 polynucleo- 
t i d e  kinase. Lane 1 :  Material without HPLC pur i f i ca t ion .  Lane 2: Ma- 
t e r i a l  from the t r i t y l  pos i t ive  peak a f t e r  HPLC pur i f ica t ion .  Lane 3: 
Material purifiQ9)by gel e lec t rophores i s .  Lane 4: Homo-oligo-dT chain 
length s t a n d a r d  . Lane 5 and 6:  21 and 18-mer a s  length standard 
respectively.  
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Am B m  
G A C T  

G A C T  

G 

Figure 2: 

. G64T(65-80)G81T(82-97) G T  98 (99-101 1’ 
A. Electrophoresis on 10% polyacryl- €4. Electrophoresis on 20% 
amide gel. On the left side the xy- polyacrylamide gel. On the 
lene cyanol marker ( X C )  runs 38.5 cm, left side the bromophenol- 
on the right side 19.5 cm. blue marker (BPB) runs 28.5 

cm, on the right side 9.5 
cm. 

Sequencing O f  101-mer d(T(1-4)G5T(6-21) G T  22 (23-38) G T  39 (40-63) 
16) according to Maxam-Gi 1 bert 
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POLYMER SUPPORT OLIGONUCLEOTIDE SYNTHESIS 7 3  

t o g r a p h y .  The p u r e  a m i d i t e s  may be used  w i t h  s u c c e s s  i n  
c o n d e n s a t i o n  r e a c t i o n s  i n  s o l u t i o n  a t  a n e a r l y  1 / 1  s t o i -  
c h i o m e t r y  w i t h  r e s p e c t  t o  O H  componen t .  Very h i g h  r e a c t i v i t y  
i s  e x h i b i t e d  i n  p - n i t r o p h e n y l t e t r a z o l e  c o n t a i n i n g  s o l u t i o n s  
a l s o  a t  d i m e r  l e v e l .  C o n s t a n t  h i g h  c o n d e n s a t i o n  y i e l d s  
a r e  e n s u r e d  even  i n  t h e  a s sembyl  of l o n g  o l i g o d e o x y n u c l e o t i d e s .  

Very i m p o r t a n t  f o r  t h e  s u c c e s s f u l  s y n t h e s i s  of v e r y  
l o n g  o l i g o d e o x y n u c l e o t i d e  s e q u e n c e s  i s  t h e  q u a n t i t a t i v e  
a n d  r e g i o s e l e c t i v e  removal  o f  t h e  p h o s p h a t e  p r o t e c t i n g  g r o u p  
a f t e r  f i n a l i z i n g  s y n t h e s i s .  In  t h i s  r e s p e c t ,  t h e  R-cyano-  
e h t y l  g r o u p  a p p a r e n t l y  h a s  v e r y  f a v o u r a b l e  p r o p e r t i e s .  

C o n t r o l l e d  p o r e  g l a s s  s e r v e s  a s  a h i g h l y  r e l i a b l e  
s u p p o r t  m a t e r i a l  f o r  l o n g  c h a i n  s y n t h e s i s .  The e x c e l l e n t  

t a n t  i m p a c t  i n  t h e  c o u r s e  o f  t h i s  s y n t h e s i s  was t h e  v e r y  
h i g h  d e g r e e  of  r e p r o d u c i b i l i t y  d u r i n g  t h e  p e r f o r m a n c e  o f  
r e a c t i o n  c y c l e s  by t h e  a u t o m a t i c  DNA-Syn thes i ze r  s y s t e m  
used  1 4 ) .  

m e t h o x y t r i t y l  c a t i o n  r e l e a s e d  f rom t h e  po lymer  d u r i n g  d e t r i -  
t y l a t i o n  s t e p s  showed a r a t h e r  c o n s t a n t  l e v e l  ( a v e r a g e  9 6 -  

9 7 %  p e r  s t e p ) .  The t i m e  s a v i n g  p r o p e r t i e s  of  a m a c h i n e -  
a i d e d  s y s t e m  i s  a n  a d d i t i o n a l  f a v o u r a b l e  f e a t u r e .  

A n  a l t e r n a t i v e  r e c e n t l y  p u b l i s h e d  c o n c e p t  o f  t i m e  
s a v i n g  f o r  gene  s y n t h e s i s  i s  t h e  s i m u l t a n e o u s  s y n t h e s i s  
of l a r g e  number of medium c h a i n  l e n g t h  o l i g o d e o x y n u c l e o t i d e s  
on s e g m e n t a l  s o l i d  s u p p o r t s 1 8 ) .  In t h i s  a p p r o a c h  t h e  number 
of  p e r f o r m e d  c o n d e n s a t i o n  r e a c t i o n s  i s  d r a s t i c a l l y  r e d u c e d .  
N e v e r t h e l e s s ,  t h e  manual h a n d l i n g  o f  t h e  s e g m e n t a l  s u p p o r t  
r e q u i r e s  m a n w o r k  a n d  t h i s  d o e s  n o t  e n s u r e  c o m p l e t e  r e p r o -  
d u c i b i l i t y  d u r i n g  a l l  p e r f o r m e d  r e a c t i o n  c y c l e s .  

M o r e o v e r ,  t o d a y  i t  i s  a w e l l - e s t a b l i s h e d  e x p e r i e n c e  
t h a t  n o t  o l i g o d e o x y n u c l e o t i d e  s y n t h e s i s  ( c h a i n  a s s e m b l y )  
b u t  work -up ,  p u r i f i c a t i o n  and  s e q u e n c i n g  i s  by f a r  t he  most 
t ime-consuming  p a r t .  T h e r e f o r e ,  t h e  mos t  c o n v i n c i n g  s t r a t e g y  
f o r  t h e  c o n s t r u c t i o n  of l o n g  D N A  d u p l e x e s  i s  t h e  f u l l y  a u t o -  
m a t e d  s y n t h e s i s  of a few v e r y  l o n g  o l i g o d e o x y n u c l e o t i d e  s e -  
q u e n c e s  a n d  s u b s e q u e n t  f i l l i n g  i n  by D N A  p o l y m e r a s e .  T h u s  
o n l y  a few s e q u e n c e s  have  t o  be worked u p ,  p u r i f i e d  and s e -  
q u e n c e d .  T h e s e  a r e  o p e r a t i o n s  wh ich  s t i l l  have  t o  be p e r -  

p r o p e r t i e s  of  C P G  a r e  d i s c u s s e d  e l s e w h e r e  4 )  . A n o t h e r  impor-  

C o u p l i n g  y i e l d s  d e t e r m i n e d  by e s t i m a t i o n  of  d i -  
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74  WOLTER, BIERNAT, AND KOSTER 

formed manually, while the large number of identical nucleo- 
tide addition steps during chain assembly should favourably 
be undertaken by a highly reliable automatic DNA synthesi- 
zer. 

The result of the study presented in this paper demon- 
strated that very long oligodeoxynucleotides can be obtained 
by the use of the dimeric 8-cyanoethyl phosphoramidite syn- 
thon (4). The good performance during synthesis of this 
model sequence suggests that oligonucleotides containing 
more than one hundred base residues may be obtained by ap- 
plication of this methodology. 

EXPERIMENTAL 
Commercial pyridine was distilled over tosylchloride, 

KOH and CaH2. 
and passed over basic A1203. 
phenone and distilled. Toluene, benzene and diisopropylethyl- 
amine were distilled from CaH2. 
molecular sieves (0.4 nm). Acetic anhydride was distilled 
over anhydrous sodiumacetate. p-Nitrophenyltetrazole 
was crystallized from dioxane/petroleumether, 8/2. HPLC- 
purifications have been described previously . 
Purification of phosphoamidite synthons (1) and (5) by 
column c h r o m a t o g r a m  

The material obtained after reaction and aqueous extrac- 
tion work-up laY7)on a 5 mmole-scale was dissolved in a small 
amount o f  ethylacetate/pyridine (19/1) and applied to a column 
o f  silica gel packed in the same solvent-mixture ( I 0 0  g silica 
gel 60H Merck, column diameter 50 mm). Elution was per- 
formed using 1 1 o f the above solvent under 0.35 bar. After 
collection of a prefraction (220 ml) all further manipula- 
tions were performed under argon. 1 0 0  ml-fractions were 
analysed after evaporation by tlc (silica gel, solvent ethyl- 
acetate, diastereoisomers of (1) and (5) separate on tlc 
in this system). The product was usually obtained within 
the first 2 fractions. Pure fractions were combined and 
lyophilised from benzene. 3'P-NMR: (1 ) :  148,5/148,3 ppm; 
(5): 148,3/148,1 ppm (diastereoisomers). 

Acetonitrile was distilled over P 4 O l 0 ,  CaH2 
THF was dried over Na/Benzo- 

Ethylacetate was kept over 

19) 

154) 
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P 
P r e p a r a t i o n  o f  5 ' - 0 -  ( 4 , 4  ' - d i m e  t h o x y t r i  t y l  ) t h y m i  dyl -3' -LO 
-(2-cyanoethyl)]5'-thymidine ( 3 )  

a 1 0 0  ml r o u n d  b o t t o m e d  f l a s k  w i t h  a s i d e  a r m  u n d e r  a r g o n ,  
A m i x t u r e  o f  7 . 5  mmole 3 ' 0 - l a e v u l i n y l - t h y m i d i n e  ( 2 . 6 0  g )  
a n d  7.58 mmole p - n i t r o p h e n y l t e t r a z o l e  ( 1  .44 g )  was  d r i e d  
by c o - e v a p o r a t i o n  w i t h  s m a l l  a m o u n t s  o f  a )  p y r i d i n e ,  b )  t o -  
l u e n e  a n d  c )  a c e t o n i t r i l e ,  d i s s o l v e d  i n  6 0  ml a c e t o n i t r i l e  
w i t h  g e n t l e  h e a t i n g  a n d  t r a n s f e r r e d  t o  t h e  p h o s p h o a m i d i t e  
u n d e r  a r g o n .  The  r e a c t i o n  was  m o n i t o r e d  by t l c  ( s i l i c a  
g e l ,  s o l v e n t  CHC13/methanol  9 / 1 )  i n d i c a t i n g  c o m p l e t e  r e a c t i o n  
w i t h i n  2 m i n u t e s 2 * ) .  A f t e r  30  m i n u t e s  i o d i n e  s o l u t i o n  ( 9  
mmoles  I 2  i n  30 ml CH3CN/Py/H20,  2 4 / 5 / 1 1  was  a d d e d .  
r e a c t i o n  mix tu re  w a s  s t i r r e d  f o r  5 m i n u t e s  a n d  t h e  i o d i n e  
c o l o u r  was q u e n c h e d  by a d d i t i o n  o f  0 . 5  ml 4 0 %  a q u e o u s  
NaHS03 - s o l u t i o n .  
n i t r i l e  i n  v a c u o  t h e  m a t e r i a l  was d i s s o l v e d  i n  2 5 0  ml CHC13. 
T h e  CHC13- l a y e r  was  w a s h e d  t w i c e  w i t h  150 m l  1 M NaHC03- 
s o l u t i o n .  The a q u e o u s  l a y e r s  were c o m b i n e d ,  s a t u r a t e d  w i t h  
NaCl a n d  r e - e x t r a c t e d  f o u r  t i m e s  w i t h  7 5  ml C H C T 3  e a c h  ( s o m e  
p r e c i p i t a t e d  p - n i t r o p h e n y l t e t r a z o l e  w a s  f i l t e r e d  o f f ) .  T h e  
c o m b i n e d  C H C 1 3 - l a y e r s  were d r i e d  ( N a 2 S 0 4 ) ,  f i l t e r e d  a n d  
e v a p o r a t e d  i n  v a c u o .  The m a t e r i a l  w a s  d i s s o l v e d  i n  7 5  ml 
p y r i d i n e  a n d  7 5  ml o f  1 M h y d r a z i n e  h y d r a t e  s o l u t i o n  i n  
p y r i d i n e / a c e t i c  a c i d  ( 3 / 2 )  w a s  a d d e d .  A f t e r  6 m i n u t e s  t h e  
r e a c t i o n  f l a s k  w a s  c o o l e d  i n  a n  i c e - b a t h  a n d  1 5  m l  a c e t y l -  
a c e t o n e  were a d d e d .  T h e  r e a c t i o n  was  c o n c e n t r a t e d  i n  v a c u o  
t o  a v o l u m e  o f  50 ml a n d  t h e n  d i r e c t l y  a p p l i e d  t o  a s i l i c a  
g e l  c o l u m n  ( 2 5 0  g s i l i c a  g e l  60H,  M e r c k ;  c o l u m n  d i a m e t e r  
90 mm). The e l u t i o n  medium c o n t a i n e d  0 . 5 %  p y r i d i n e  a n d  
c o n s i s t e d  o f  CHC13 ( 0 . 7  1 )  a n d  C H C 1 3 / e t h a n o l e - m i x t u r e s  ( 1 . 5  
1 9 3 / 7 ;  2 1 9 0 / 1 0 ) .  F r a c t i o n s  c o n t a i n i n g  p u r e  m a t e r i a l  
w e r e  p o o l e d  a n d  4 . 0 7  g ( 3 )  were o b t a i n e d  a f t e r  e v a p o r a t i o n  
a n d  l y o p h i l i s a t i o n  f r o m  d i o x a n e  a s  w h i t e  p o w d e r .  Some f r a c -  
t i o n s  c o n t a i n i n g  i m p u r e  m a t e r i a l  h a d  b e e n  r e c h r o m a t o g r a p h e d  
t o  g i v e  a s e c o n d  c r o p  o f  1 . 3 6  g p u r e  m a t e r i a l  ( t o t a l  8 0 % )  
3 1 P - N M R :  

8 . 3  mmole p h o s p h o a m i d i t e  ( 1 )  ( 6 . 1 6  g )  were p l a c e d  i n  

The 

A f t e r  e v a p o r a t i o n  o f  m o s t  o f  t h e  a c e t o -  

- 2 , 2  ppm ( d i a s t e r e o i s o m e r s  n o t  r e s o l v e d ) .  
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P r e p a r a t i o n  o f  5 ' 0 - ( 4 , 4 ' - d i m e t h o x y t r i t y l ) t h y m i d y 1 - 3 ' - ~ 0 -  
____ ( 2 - c y a n o e t h y l ) )  - 5 ' - t h y m i d i n e - 3 ' - 0 ' -  C ( 2 - c y a n o e t h y l  )J - N  , N -  
__~-  d i i s o p r o p y l p h o s p h o r a m i d i t e  ( 4 )  

5 . 4 0  g ( 3 )  ( 6 . 0  mmole)  w e r e  p h o s p h i t y l a t e d  u s i n g  2 4  
mmole d i i s o p r o p y l e t h y l a m i n e  a n d  1 2  mmole c h l o r o - 2 - c y a n o -  
e t h o x y - N , N - d i i s o p r o p y l a m i n o  p h o s p h a n e  i n  4 5  ml T H F  a s  p r e -  
v i o u s l y  d e ~ c r i b e d ' ~ ' ~ !  
( s i l i c a  g e l ,  s o l v e n t  T H F / e t h y l a c e t a t e ,  3 / 1 ) .  Column c h r o -  
m a t o g r a p h y  w a s  p e r f o r m e d  a s  d e s c r i b e d  a b o v e  u s i n g  1 3 0  g 
s i l i c a  g e l  a n d  T H F / e t h y l a c e t a t e / p y r i d i n e  ( 4 7 . 5 / 4 7 . 5 / 5 )  a s  
e l u t i o n  medium.  5 . 0 2  g o f  ( 4  were o b t a i n e d  a f t e r  l y o p h i -  
l i s a t i o n  f r o m  b e n z e n e  ( 7 6 % )  . 3 ' P - N M R :  1 5 8 . 8 / 1 4 8 . 1  ppm 

( 1  P :  P I ' '  , d i a s t e r e o i s o m e r i c  c o m p o u n d s  p a r t i a l l y  r e s o l v e d ) ;  
- 2 , 4  ppm ( 1  P :  

The  r e a c t i o n  was  m o n i t o r e d  by  t l c  

P v ,  n o  r e s o l u t i o n  o f  d i a s t e r e o i s o m e r s ) .  

A C K N O W L E D G E M E N T  

We t h a n k  Dr. N .  D .  S i n h a  f o r  s t i m u l a t i n g  d i s c u s s i o n  

t h r o u g h o u t  t h e  w o r k .  

REFERENCES 

1 )  a )  No. XVIII  i n  t h i s  s e r i e s :  N .  0. S i n h a ,  J .  B i e r n a t ,  
J .  McManus a n d  H .  K o s t e r ,  N u c l e i c  A c i d s  Res. I 1 2  
( 1  9 8 4 )  , 4 5 3 9 .  

b )  No. X I X  i n  t h i s  s e r i e s :  H .  K o s t e r ,  J .  B i e r n a t ,  J. 
McManus a n d  N. 0. S i n h a  i n :  R .  Z a l e w s k i  ( E d . ) ,  P r o -  
c e e d i n g s  o f  t h e  1 4 t h  I n t e r n a t i o n a l  IUPAC S y m p o s i u m  
on t h e  C h e m i s t r y  o f  N a t u r a l  P r o d u c t s ,  E l s e v i e r s ,  
A m s t e r d a m ,  p a g e  2 2 7 ,  ( 1  9 8 5 ) .  

2 )  S .  P .  Adams,  K .  S .  K a v k a ,  E .  J .  Wykes ,  S .  B .  H o l d e r  a n d  
G .  R .  G a l u p p i ,  J .  A m .  C h e m .  S O C .  1 0 5 ,  6 6 1  ( 1 9 8 3 ) .  

3 )  V .  A .  E f f i m o v ,  A .  A .  B u r y a k o v a ,  S .  V .  R e v e r d a t t o ,  0 .  
G .  C h a k h m a k h c h e v a  a n d  Y u .  A.  O v c h i n n i k o v ,  N u c l e i c  A c i d s  
Res. 1 1 ,  8 3 6 9  ( 1 9 8 3 ) .  

4 )  H .  K o f i e r ,  J .  B i e r n a t ,  A .  W o l t e r ,  A .  S t u m p e ,  C h .  K .  N a r a n g  
a n d  N .  D .  S i n h a ,  T e t r a h e d r o n  4 0 ,  1 0 3  ( 1 9 8 4 )  

5 )  H .  K o s t e r ,  A.  S t u m p e  a n d  A .  WXte r ,  T e t r a h e d r o n  L e t t .  
2 4 ,  7 4 7  ( 1 9 8 3 ) .  

6 )  J .  M c B r i d e  a n d  M .  H.  C a r u t h e r s ,  T e t r a h e d r o n  L e t t .  
2 4 ,  2 4 5  ( 1 9 8 3 ) .  

7 )  D .  S i n h a ,  J .  B i e r n a t  a n d  H .  K o s t e r ,  T e t r a h e d r o n  L e t t .  
2 4 ,  5 8 4 3  ( 1 9 8 3 ) .  

8 )  E C .  F r o e h l e r  a n d  M .  0. M a t t e u c c i ,  T e t r a h e d r o n  L e t t .  
2 4 ,  3171 ( 1 9 8 3 ) .  

9 )  % F .  M .  de Rooi  j ,  G .  W i l l e - H a z e l e g e r ,  P. H .  v a n  Deursen ,  
J .  S e r d i j n  a n d  J .  H .  v a n  Boom, R e c .  T r a v .  C h i m .  P a y s -  
Bas - 9 8 ,  5 3 7  ( 1 9 7 9 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
6
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYMER SUPPORT OLIGONUCLEOTIDE SYNTHESIS 77 

1 0 )  Monomeric p h o s p h o r a m i d i t e  s y n t h o n s  o f  t h e  m e t h o x y - s e r i e s  
h a d  a l s o  been  p u r i f i e d  by c h r o m a t o g r a p h y  on s i l i c a  g e l :  
Re f .  6 and T .  Dorpe r  a n d  E . - L  W i n n a c k e r ,  N u c l e i c  A c i d s  
Res .  1 1 ,  2575 ( 1 9 8 3 ) .  

1 1 )  R .  L . T e t s i n g e r ,  E .  P. Groody,  N .  L a n d e r  and  T .  T a n a k a ,  
T e t r a h e d r o n  4 0 ,  1 3 7  ( 1 9 8 4 ) .  

1 2 )  G .  Kumar  a n d T .  S .  P o o n i a n ,  J .  Org. Chem. 49, 4 9 0 5 - 1 2  
( 1  9 8 4 ) .  

1 3 )  O t h e r  r e c e n t  p u b l i c a t i o n s  r e g a r d i n g  p h o s p h o r a m i d i t e  med i -  
a t e d  c o n d e n s a t i o n  r e a c t i o n s  i n  s o l u t i o n :  
a )  A .  H .  B e i t e r  and  W .  P f l e i d e r e r ,  T e t r a h e d r o n  L e t t .  

b )  TK W .  Schwarz  and  W .  P f l e i d e r e r ,  T e t r a h e d r o n  L e t t .  

c )  C. C l a e s e n ,  G .  I .  Tes se r ,  C .  E .  D r e e f ,  J .  E .  Marugg,  
G .  A .  van d e r  Mare1 and J .  H .  v a n  Boom, T e t r a h e d r o n  
L e t t .  25,  1 3 0 7 - 1 1  ( 1 9 8 4 ) .  

d )  F.  S e e l a ,  J .  O t t o  and  B.  V .  L .  P o t t e r ,  J .  A m .  Chem. 

e )  J . - L - X u r r e y  and  G .  V a r e n n e ,  T e t r a h e d r o n  L e t t .  

f )  J T - L .  F o u r r e y  and  G .  V a r e n n e ,  T e t r a h e d r o n  L e t t .  - 2 6 ,  

1 4 )  B i o s y n t e c h  D N A  S y n t h e s i z e r :  BIOSYNTECH, B i o c h e m i s c h e  
S y n t h e s e t e c h n i k  GmbH & Co.,  S t r e s e m a n n s t r .  2 6 8 - 2 8 0 ,  2000 
Hamburg 5 0 ,  FRG. 

1 5 )  The a t t a c h m e n t  of  l o n g  c h a i n s  on t h e  s u p p o r t  was a l s o  
d e m o n s t r a t e d  by an i n c r e a s e  o f  w e i g h t  o f  t h e  p o l y m e r .  
T h i s  f a c t  e x p l a i n s  t h e  d i f f e r e n c e  i n  y i e l d  by e s t i m a t i o n  
o f  DMT-groups p r e s e n t  i n  t h e  d e t r i t y l a t i o n  w a s h i n g  d u r i n g  
s y n t h e s i s  and  e s t i m a t i o n  o f  DMT-groups f rom a s m a l l  we ighed  
s a m p l e  a f t e r  t e r m i n a t i o n  o f  s y n t h e s i s .  

1 6 )  S e q u e n c e  A n a l y s i s  h a s  been p e r f o r m e d  a c c o r d i n g  t o  Maxam- 
G i l b e r t ,  Methods  i n  Enzymology,  65, 499 ( 1 9 8 0 )  w i t h  some 
m o d i f i c a t i o n s :  
E .  J a y ,  A .  K .  S e t h ,  J .  Rommens, A .  Sood and  G .  J a y ,  Nuc- 
l e i c  A c i d s  Res .  - 1 0 ,  6 3 1 9 - 2 9 ,  ( 1 9 8 2 ) .  

1 7 )  R .  F rank  and H .  K o s t e r ,  N u c l e i c  A c i d s  Res .  6 ,  2 0 6 9  ( 1 9 7 9 ) .  
1 8 )  R .  F r a n k ,  W .  H e i k e n s ,  G.  H e i s t e r b e r g - M o u t s i s  and  H .  

B l o c k e r ,  N u c l e i c  A c i d s  Res .  11 , 4 3 6 5  ( 1 9 8 3 ) .  
1 9 )  W .  G .  F i n n e g a n ,  R .  A .  Henry a n d  R .  L o f q u i s t ,  J .  Amer. 

Chem. S O C .  8 0 ,  3 9 0 8  ( 1 9 5 8 ) .  
2 0 )  A l t h o u g h  c o m p l e t e  c o n d e n s a t i o n  r e a c t i o n  h a s  been  o b t a i n e d  

i n  s e v e r a l  runs w i t h i n  2 m i n u t e s  we b e l i e v e  t h a t  c a r e f u l  
t l c - a n a l y s i s  b e f o r e  i o d i n e - m e d i a t e d  q u e n c h i n g  o f  t h e  
r e a c t i o n  i s  o f  v a l u e .  D e c o m p o s i t i o n  o f  t h e  i n t e r m e d i a t e  
p h o s p h i t e - d i m e r  c o u l d  n o t  be d e t e c t e d  w i t h i n  6 0  m i n u t e s ,  
a s  j u d g e d  by c o n t r o l  e x p e r i m e n t s .  

p u r i f i e d  ( 4 )  have  been  i s o l a t e d .  

2 5 ,  1 9 7 5 - 7 8  ( 1 9 8 4 ) .  

25,  5 5 1 3 - 1 8  ( 1 9 8 4 ) .  

S O C .  1 0 5 ,  5 8 7 9 - 8 6  ( 1 9 8 3 ) .  

25 ,  4 5 1 1 - 1 4  ( 1 9 8 4 ) .  

1 2 1 7 - 2 0  ( 1 9 8 5 ) .  

2 1 )  In  a s e c o n d  run ,  s t a r t i n g  f rom 3.5 mmole ( 3 1 ,  9 3 %  o f  

Received September 2 3 ,  1985. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
6
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


