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SUMMARY 

A d e n y l y l  i m i d o d i p h o s p h a t e ,  s p e c i f i c a l l y  ' 5 N  l a b e l l e d  i n  t h e  
p , Y - b r i d g i n  n i t r o g e n  p o s i t i o n ,  was s y n t h e s i z e d  i n  5 %  o v e r a l l  
y i e l d  f rom q 5 N H 3 .  

Key Words:  A d e n y l y l  i m i d o d i p h o s p h a t e - p ,  Y-l5N; 1 5 N - N M R  

I N T R O D U C T I O N  

I n  1 9 7 1 ,  Youn t  fi a. ( 1 )  r e p o r t e d  t h e  s y n t h e s i s  o f  a d e n y l y l  

i m i d o d i p h o s p h a t e  (AMP-PNP), w h i c h  i s  a c l o s e  s t r u c t u r a l  a n a l o g  o f  

a d e n o s i n e  5 ' - t r i p h o s p h a t e  ( A T P ) .  S i n c e  t h e  P-N bond  i s  r e l a t i v e l y  

s t a b l e  i n  b a s i c  s o l u t i o n s ,  t h i s  compound h a s  p r o v e d  t o  be a w i d e l y  

a p p l i c a b l e  c o m p e t i t i v e  i n h i b i t o r  o f  e n z y m e s  t h a t  n o r m a l l y  c a t a l y z e  

AMP-PNP ATP 

~~ ~ ~~ ~ 

A u t h o r  t o  whom c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d .  
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e i t h e r  c l e a v a g e  o r  t r a n s f e r  o f  t h e  Y - p h o s p h o r y l  g r o u p  o f  ATP ( e . g . ,  

a d e n o s i n e  t r i p h o s p h a t a s e s  a n d  k i n a s e s )  . More r e c e n t l y ,  3 ' P - N M R  

s t u d i e s  ( 2 )  o n  AMP-PNP a s  a f u n c t i o n  o f  b o t h  pH a n d  d i v a l e n t  m e t a l  

i o n  c o n c e n t r a t i o n  ( e  .g. ,  Mg2+) h a v e  r e v e a l e d  s o m e w h a t  a n o m a l o u s  

b e h a v i o r  r e l a t i v e  t o  t h e  c o r r e s p o n d i n g  b e h a v i o r  o f  ATP i t s e l f  ( 3 ) .  

N a m e l y ,  t h e  B - p h o s p h o r u s  e x p e r i e n c e s  a g r e a t e r  c h a n g e  i n  c h e m i c a l  

s h i f t  u p o n  t i t r a t i o n  i n  t h e  4 -10  p H  r a n g e  t h a n  d o e s  t h e  Y- 

p h o s p h o r u s ,  w h e r e a s  w i t h  A T P  t h e  r e v e r s e  i s  t r u e .  T h e s e  s t u d i e s  

h a v e  p r o m p t e d  u s  t o  s y n t h e s i z e  A M P - P N P  t h a t  h a s  a s p e c i f i c  

1 5 N  l a b e l  i n  t h e  p , Y - n i t r o g e n  p o s i t i o n  ( c o m p o u n d  6 i n  Scheme  I ) .  

T h i s  compound  s h o u l d  b e  u s e f u l  i n  

f u n c t i o n  o f  b o t h  pH a n d  d i v a l e n t  me ta l  i o n  c o n c e n t r a t i o n .  

1 5 N - N M R  s t u d i e s  o f  AMP-PNP 2s a 

DISCUSSION 

A d e n y l y l  i m i d o d i p h o s p h a t e  (c ) ,  c o n t a i n i n g  9 9 %  1 5 N  I n  t h e  B ,  Y -  

n i t r o g e n  p o s i t i o n ,  h a s  b e e n  p r e p a r e d  a c c o r d i n g  t o  Scheme  I .  

Scheme I 

0 FI 'OC12, ( E t O )  P- 15 N=S=O + 2HC1 ( E t 0 ) 2 P - C 1  15NH3' H-0 Et3N> (EtO)$-I5NH2 2 

I + ( E t0 )3P=0  + ( Et0)3P=S 

0 H O  0 H O  R @ Q I I  1 5 1  II Q I I  151 II 

I 
AMP-O-P(OC6H5)2  + 4Bu3NH,W- -  7-0 --+ AMP-O-P- N- f ' -OQ 

OQ @A o@ eO 
6 - 5 - 

w h e r e  AMP i s  the adenosine-5'-monophosphate m o i e t y  
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The method of Coehring and Niedenzu (4) was modified for the syn- 

thesis of the diethyl ph~sphoramidate-’~N (1). 

scheme up to compound 3 was adapted from the synthesis of Wieczor- 

kowski (5, 6) as this scheme does not depend on a step where excess 

ammonia-15N would be required. 

from 3 using trimethylsilyl iodide was an adaptation of the 

method of Chojnouski & &. (7), who used this reagent to prepare 

tetrasodium thiopyrophosphate from its tetraethyl ester. Although 

the overall yield is not great, 2.4 g of tetrasodium 

imid~diphosphate-’~N (5) can be obtained per 1.0 g of enriched 

ammonia. The procedure of Yount & &. ( 1 ,  8), an adaptation of 

the Michelson synthesis of ATP itself ( 9 ) ,  was used to convert 5 to 

the desired nucleotide product 4. 

The rest of the 

Removal of the ethyl ester groups 

EXPERIMENTAL 

Ammonia-15N ( 9 9 s  15N) was obtained from K O R  Isotopes, Inc. 

Triethyl phosphite, triphenyl phosphite, diphenyl chlorophosphate, 

diethyl chlorophosphate, and trimethylsilyl iodide were all from 

Aldrich Chemical Co. Adenosine-5*-monophosphate was the product of 

Sigma Chemical Co. Unlabeled AMP-PNP was purchased from 

Boehringer-Mannheim Co. All other chemicals were reagent grade. 

Melting points and boiling points are uncorrected. Elemental 

analyses were performed by the Microanalytical Laboratory, Univer- 

sity of California, Berkeley. 

Varian Model FT-80 spectrometer, and 6 values are reported relative 

to tetramethylsilane as an internal standard. 31P-NMR spectra were 

obtained using a Varian Model XL-100 spectrometer at 40.5 MHz, and 

6 values are reported relative to 858 H3P0,, as an external stan- 

dard. 

’H-NMR spectra were taken on a 

15N-NUR spectra were recorded on the same instrument operat- 
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ing at 

chloride as an external standard. 

10.14 MHz with 6 values reported relative to amrnoni~m-’~N 

Diethyl P h o ~ p h o r a m i d a t e - ~ ~ N  (1). A m m ~ n i a - ’ ~ N  (2.0 1. , 8 9  

mmol) was dissolved in 8.92 ml of distilled, deionized water in a 

sealed vessel at O°C to make a 10 11 solution. This solution was 

transferred to a 50-1111 flask, and freshly distilled triethylamine 

( 8 . 2 1  g, 81 mmol) was added. Diethyl chlorophosphate (14.00 g, 81 

mmol) was then added dropwise to the stirred solution at O°C. 

After addition was complete, the solution was stirred for 15 min at 

room temperature. More water (5 ml) was then added, and the pro- 

duct was extracted with two successive additions of 200-ml portions 

of CH2C12. The CH2C12 layer was dried over MgS04. After removal 

of solvent at reduced pressure, 15 ml of benzene was added and 

similarly removed to rid the product of traces of water. A flaky, 

white solid was obtained which melted between 48-51OC. [literature 

m.p. 52OC (4) 1. The product weighed 8.0 g (64% of the theoretical 

yield) . 
Diethyl Sulfinylvhosphoramidate-15N (2). Thionyl chloride was 

heated at reflux with triphenyl phosphite (20 ml per 200 ml S0Cl2) 

and then freshly distilled (b.p. 76OC). Benzene was dried over 

molecular sieves for at least 3 days. Compound 1 (8.0 g, 52.5 

mmol) was added to 40 ml of dry benzene in a flask equipped with a 

reflux condenser and CaC12 drying tube. S0Cl2 (6.22 g, 52.5 mmol) 

was then added, and the apparatus was purged with dry N2. Using an 

oil bath, the temperature was raised to 80°C. HC1 gas began to 

evolve above 45OC. Heating was continued until HC1 gas evolution 

ceased (m. 45 min). The cooled mixture was filtered through 

activated carbon, and the benzene was removed under reduced pres- 

sure to give 9.24 g of crude product as a pale yellow liquid. This 

crude product was purified by vacuum distillation at 72-74oC (0.3 
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torr) [literature b.p. 77OC at 1 torr (511. This fraction weighed 

3.81 g (375 of the theoretical amount). 

Diethylphosphoryl Triethoxyiminophosphorane- 1 5N (3 , .  
Triethylphosphite (9.54 g, 57.4 mmol) was dissolved in 8 ml of dry 

benzene, and 3.81 g of 2 in 6 ml dry benzene at O°C was added drop- 

wise with stirring under a purge of dry N2. Stirring was continued 

lor 15 min at room temperature following complete addition, and the 

benzene was removed at reduced pressure. The side products, 

triethyl phosphate and triethyl phosphorothioate, distilled 

together at 50-53OC (0.20 torr) [literature b.p. 42' C. (0.2 torr) 

(611 and weighed 6.36 g. The desired product (1) distilled at 95OC 

(0.005 torr, oil diffusion pump) and weighed 5.57 g (91.51 of the 

theoretical yield). 'H-NMR (&I: 6 1.29 (6H, t, JHH = 7.1 H z ) ,  

1.33 (gH, t, JHH = 7.1 Hz), 4.09 (10 H ,  m). 

- Anal. Calcd. for C10H2515N06P2: C, 37.74; H, 7.92; I5N, 4.71; 

P, 19.46. Found: C, 37.52; H, 7.85; I5N, 4.70; P, 19.40. 

Diethylphosphoryl Diethylphosphoramidate-' 5N (3). Compound 3 

(5.35 g, 16.8 mmol) was dissolved in 15 ml of ice-cold, dry ben- 

zene, and dry HC1 (passed through conc. H2S04) was introduced over 

a period of 15 min. The benzene was removed at reduced pressure to 

give 5.0 g of crude product. This product was distilled at 112- 

117OC ( 0 . 0 0 3  torr), and weighed 3.26 g (66.85 of the theoretical 

yield). 'H-NHR: 6 1.32 (12 A ,  t, JHH = 7.1 H z ) ,  4.10 (8 H ,  

apparent quintet). 3 1 E - m  (proton deco uDled): 6 = -2.816 (d, J p N  

= 33.6 Hz). 

Hz). 

15N-NHR (proton decouDled): 6 = 44.49 (t, J p N  I 33.6 

u. Calcd. for C8H21'5N06P2: C, 33.11; H, 7.29; 15N, 5.17; 

p ,  21.35. Found: C, 33.83; H ,  7.27; 15N, 4.94; P, 20.90. 
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T e t r a s o d i u m  I ~ a i d o d i p h o s p h a t e - ~ ~ N  ( 5 ) .  Compound 3 ( 1  . O O  g ,  

3 . 4 5  mmol) was d i s s o l v e d  i n  1 . 0  m l  o f  d r y  C H 2 C 1 2 ,  a n d  t h e  r e s u l t i n g  

s o l u t i o n  was c o o l e d  t o  u. -40 C u s i n g  a Dry I c e - a c e t o n e  b a t h .  

T r i m e t h y l s i l y l  i o d i d e  ( 2 . 7 6  g ,  13 .8  mmol) was  a d d e d  d r o p w i s e  w i t h  

s t i r r i n g  o v e r  t h e  c o u r s e  o f  a. 15 m i n ,  a n d  t h e  c o o l e d  m i x t u r e  was 

s t i r r e d  for an  a d d i t i o n a l  4 5  min .  S t i r r i n g  w a s  c o n t i n u e d  a t  room 

t e m p e r a t u r e  o v e r n i g h t .  Hater ( 1 0  m l )  was t h e n  a d d e d ,  a n d  t h e  mix-  

t u r e  was s t i r r e d  a t  room t e m p e r a t u r e  f o r  3 0  m i n .  Next ,  a 50% a q u e -  

o u s  N a O H  s o l u t i o n  ( 2 . 2 1  g ,  2 7 . 6  mmol NaOH) was a d d e d .  The a q u e o u s  

p h a s e  was t h e n  w a s h e d  w i t h  5 m l  C H 2 C 1 2  a n d  d i l u t e d  w i t h  a n  a d d i -  

t i o n a l  10 m l  H 2 0 .  The p r o d u c t  ( w h i t e  n e e d l e s )  was p r e c i p i t a t e d  by 

d r o p w i s e  a d d i t i o n  o f  e t h a n o l  a t  O ° C .  A f t e r  o n e  r e c r y s t a l l i z a t i o n  

from a q .  EtOH, t h e  n e e d l e s  w e i g h e d  1 . 2  g ( 7 8 . 1 ;  y i e l d ) .  

0 

Anal. C a l c d .  for Na4H15N06P2*10 H 2 0 :  H ,  4 . 7 4 ;  1 5 N ,  3 . 3 6 ;  P ,  

1 3 . 8 9 ;  Na, 2 0 . 6 2 .  Found :  H ,  4 . 6 0 ;  15N, 2 . 8 1 ;  P ,  1 3 . 9 0 ;  Na, 2 1 . 0 0 .  

A d e n y l y l  I m i d o d i p h o s p h a t e  B, Y- 1 5 N  ( 5 ) .  Compound 5 was 

t r a n s f o r m e d  i n t o  i t s  t r i b u t y l a m m o n i u m  s a l t  a n d  c o n v e r t e d  t o  fi 
e x a c t l y  a s  d e s c r i b e d  by  Youn t  a n d  c o - w o r k e r s  ( 1 ,  8 ) .  E s s e n t i a l l y  

t h e  same y i e l d  t h a t  t h e y  r e p o r t  was o b t a i n e d  ("40%). The p r o d u c t  

h a d  a n  i d e n t i c a l  R f  v a l u e  ( 0 . 1 6 )  when c o m p a r e d  t o  a u t h e n t i c  u n l a -  

b e l e d  AMP-PNP u s i n g  p o l y e t h y l e n i m i n e  c e l l u l o s e  t h i n - l a y e r  ch roma-  

t o g r a p h y  w i t h  1 . 2  N a C l  a s  e l u e n t  ( 1 0 ) .  The s p o t ,  a s  e x p e c t e d ,  

c o u l d  b e  v i s u a l i z e d  w i t h  u l t r a v i o l e t  l i g h t .  I 5 N - N M R :  6 = 5 3 . 4 3  (pH 

7 . 3 ) .  
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