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SYNTHESIS OF INORGANIC P'-[ (S)-160,170,180]PYROPHOSPHATE 

Cordon Lowe' and Barry V.L.  P o t t e r +  

The Dyson P e r r i n s  Laboratory,  Oxford Un ive r s i ty ,  

South P a r k s  Road, Oxford, OX1 3QY, UK. 

SUMMARY 

A novel s y n t h e t i c  approach has  been developed f o r  t h e  s y n t h e s i s  of  

i no rgan ic  pyrophosphate which a l lows  t h e  i s o t o p e s  170 and " 0  t o  be 

inco rpora t ed  a t  P' t o  g i v e  c h i r a l l y  l a b e l l e d  material. 

INTRODUCTION 

C h i r a l  [160,170,1a01 phosphate esters and anhydrides  a re  now well 

recognised as being u s e f u l  t o o l s  f o r  t h e  de t e rmina t ion  of  t h e  s t e r e o -  

chemical cour se  of  enzyme-catalysed phosphoryl and n u c l e o t i d y l  t r a n s f e r  

r e a c t i o n s  (1 -3 ) ,  and methods fo r  t h e i r  s y n t h e s i s  (4.5) and s t e reochemica l  

a n a l y s i s  (6 ,")  have been devised.  A wide v a r i e t y  of  r e a c t i o n s  i n  

mechanis t ic  chemistry and enzymology have been i n v e s t i g a t e d  us ing  such 

molecules.  

During t h e  cour se  of  our s t u d i e s  i n  t h i s  area we r e q u i r e d  

P ' [ (S)-160, '70, 'aO] pyrophosphate 2 which is a novel  molecule ,  c h i r a l  by 

v i r t u e  of i s o t o p i c  s u b s t i t u t i o n ,  and r e l a t e d  t o  ino rgan ic  pyrophosphate 

- 1 .  

which r e s u l t  from t h e  i n t r o d u c t i o n  of " 0  and t h e  magne t i ca l ly  a c t i v e  170 

nucleus (I=5/2) i n t o  t h i s  molecule have a l r e a d y  been d i scussed  (8). 

We now r e p o r t  t h e  s y n t h e s i s  of  t h i s  compound. The unusual e f f e c t s  
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EXPERIMENTAL 

" 0  Water (44 atom 8 )  was ob ta ined  from t h e  Monsanto Research 

Corpora t ion ,  Miamisburg, Ohio. (1R,2S)-[1-180]-1,2-dihydroxy-1,2- 

diphenyle thane  (99% enr i ched  i n  " 0 )  was a k ind  g i f t  of D r .  P.M. C u l l i s .  

2-Cyanoethylphosphate was purchased  from Sigma, London. Pyr id ine  was 

r e f l u x e d  wi th  potassium hydroxide ,  d i s t i l l e d  and s t o r e d  over  KOH p e l l e t s .  

Dioxan was passed down an  alumina column, r e f l u x e d  wi th  sodium and 

benzophenone u n t i l  a permanent b l u e  co lou r  appea red ,  d i s t i l l e d ,  and s t o r e d  

over  sodium wire under d r y  n i t r o g e n .  

The Br iggs  phosphate t es t  (9) was adap ted  f o r  t h e  d e t e c t i o n  o f  

pyrophosphate as fo l lows .  A l iquo t s  (250 p l )  of f r a c t i o n s  from t h e  

ion-exchange columns were t r a n s f e r r e d  t o  i n d i v i d u a l  v i a l s  and evapora t ed  

t o  d ryness  i n  vacuo ove rn igh t  over  conc. s u l p h u r i c  a c i d .  M Su lphur i c  a c i d  

(100 111) was then added and t h e  mix tu res  incuba ted  at  9OoC ove rn igh t  t o  

des t roy  the  pyrophosphate.  Water (250 111) was added, fo l lowed by ammonium 

molybdate s o l u t i o n  (500 p l ,  2 .5  g i n  20 m l  water and 7.5 m l  conc. 

s u l p h u r i c  a c i d ) ,  hydroquinone s o l u t i o n  (250 pl, 0 . 5  g i n  100 m l  water and 

one drop of conc. s u l p h u r i c  a c i d )  and sodium s u l p h a t e  s o l u t i o n  (250 p l ,  
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4 g i n  20 m l  water) and t h e  v i a l s  s e a l e d  and l e f t  f o r  s e v e r a l  days.  

Gene ra l ly ,  a f t e r  48 h t h e  b l u e  c o l o u r a t i o n  of  phosphate could be 

d i sce rned .  

Gradients  f o r  ion-exchange chromatography were provided by an LKB 

1130 Ultrograd mixer and an LKB Perpex p e r i s t a l t i c  pump. The column 

e f f l u e n t  was monitored a t  254 nm by an LKB Uvichord I1 d e t e c t o r ,  and 

f r a c t i o n s  were c o l l e c t e d  us ing  an LKB 7000 U l t r o r a c  c o l l e c t o r .  

"P NMR spectroscopy was performed a t  36.43 MHz on a Bruker WHY0 

spec t romete r ,  o p e r a t i n g  i n  t h e  Four i e r  t ransform mode, with broad band 

proton decoupling. Samples i n  D,O were contained i n  5 mm o r  10 mm 

p r e c i s i o n  NMR t ubes ,  and samples i n  o t h e r  s o l v e n t s  were contained i n  8 mm 

tubes  which were mounted c o a x i a l l y  i n s i d e  10 mm tubes con ta in ing  D,O t o  

provide t h e  lock s i g n a l .  Chemical s h i f t s  are r e f e r r e d  t o  e x t e r n a l  

t r imethylphosphate  and are p o s i t i v e  when downfield from t h i s  s t anda rd .  

Dibenzyl hydrogen phosphate 

Dibenzyl hydrogen phosphate was prepared by t h e  method of Coulson 

( 1 0 ) .  Bromine (2.87 m l ,  56 mmole) i n  CC1, (12 m l )  was added dropwise ove r  

3h t o  a r a p i d l y  s t i r r e d  mixture  of d ibenzy l  phosph i t e  (18  g ,  68 mmole) 

C C 1 ,  (20 m l ) ,  p y r i d i n e  (16 m l )  and water (48 m l )  cooled i n  an ice  ba th .  

The mixture  was s t i r r e d  f o r  a f u r t h e r  l h  a t  ambient temperature  and t h e  

product  i s o l a t e d .  Dibenzyl hydrogen phosphate was ob ta ined  as small 

c o l o u r l e s s  needles  from CC1,-hexane, m.p. 78-79OC ( l i t .  78-79°C); 'H 

n.m.r. 6(CC1,) 4.96 (d,4H.-C11,-3Jp, = 7 Hz) 7.22 (s, lOH,&), 12.24 

( s , l H , P - O H ) ;  "P n.m.r. 6p (THF-3.15 (s . (PhCH,O)E- ,  ' H  decoupled, q ,  

3 J p ~  = 4 H Z ) .  

Trans-(4R,5S)-2(dibenzylphospho)-2-oxo-4,5-diphenyl-1,3,2-dioxaphospholane 3 

The phosphorylat ing a g e n t ,  ~ - ( 4 R , 5 S ) - 2 - c h l o r o - 2 - 0 ~ 0 - 4 , 5 -  

diphenyl-1,3,2-dioxaphospholane 6 ( 1  mmole) (11)  was generated a s  

p rev ious ly  desc r ibed  ( 5 ) ,  t h e  p y r i d i n e  c a r e f u l l y  removed i n  vacuo, 

exc lud ing  moi s tu re  from t h e  s y s t e m  and r e l e a s i n g  t h e  vacuum under 

n i t rogen .  The r e s i d u e  was suspended i n  d ry  benzene. Dibenzyl phosphate 
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(280 mg, 1 mmole) which had been thoroughly d r i e d  i n  vacuo ove r  P,O, was 

d i s so lved  i n  d ry  benzene (10 m l )  and t h i s  volume was evaporated down f o u r  

times t o  ensu re  dryness .  I t  was then  d i s s o l v e d  i n  d ry  benzene ( 3  m l )  and 

added t o  t h e  cooled s t i r r e d  s o l u t i o n  of  5 t o g e t h e r  w i t h  an  e q u i v a l e n t  of 

py r id ine  (45 ~1). 

pyridinium c h l o r i d e  was allowed t o  s e t t l e  and a sample removed f o r  "P 

After 1 h a t  ambient temperature  t h e  suspension of 

n.m.r. 6p ( C , H , ) D , O  lock,  -16.2 ( d ,  (PhCH,O),~O-aJpp = 21 H z ) .  -15.5 

i s , [ (PhCH20) ,~0] ,0 ) ,  -4.2, (s,(PhCH,O),E-), -1.5 p.p.m. ( d ,  r i n g  P ,  ' JPp = 

21 Hz, ' H  undecoupled s i g n a l ,  'JpH = 8.0 Hz). 

Benzyl dihydrogen phosphate 

The t i t l e  compound was prepared acco rd ing  t o  Cramer and Weimann ( 1 2 ) .  

C r y s t a l l i n e  phosphoric a c i d  (0.196 g ,  2 mmole), benzyl a l c o h o l  (10 g ) ,  

t r i e thy lamine  (0.404 g ,  4 mmole) and t r i c h l o r o a c e t o n i t r i l e  (1.44 g ,  1 

mmole) were added t o g e t h e r  and a f t e r  4 h a t  7 5 O C  cyclohexylamine ( 2  g ,  20 

mmole) was added, t h e  excess  benzyl a l c o h o l  d i s t i l l e d  o f f  and t h e  product  

i s o l a t e d  as its %-cyclohexylammonium s a l t  from acetone-water.  

77%. m.p. 233OC (lit. 233°C); 

l ock ,  a ,  -3.05 p.p.m. 

Yield 

"P n.m.r. 6p (d ioxan ,  =-Bu,NH+ salt)D,O 

Trans-(4R,5S)-2(benzylphospho~-2-oxo-~,5-diphenyl-1,3,2-dioxaphospholane 4 
The phosphorylat ing r e a g e n t  5 was prepared as p rev ious ly  desc r ibed  

( 5 )  and the  p y r i d i n e  removed i n  vacuo. The r e s i d u e  was d i s s o l v e d  i n  dry 

dioxan ( 4  ml).  The pyridinium c h l o r i d e  d i d  n o t  d i s s o l v e .  Benzyl 

phosphate f r e e  a c i d  (189 mg, 1 mmole - from t h e  cyclohexylammonium s a l t  

and amber l i t e  IR120 (H+) r e s i n )  was d i s s o l v e d  i n  d r y  dioxan and 

t r ibu ty l amine  added (185 mg, 1 mmole), t h e  s a l t  d r i e d  by coevaporat ion of  

dry dioxan and t h e  mixture  qu ick ly  added i n  one p o r t i o n  t o  t h e  

phosphorochlor idate  5 t o g e t h e r  w i th  f u r t h e r  t r i b u t y l a m i n e  ( 1  mmole). The 

mixture  was l e f t  s t i r r i n g  f o r  3 h and t h e  "P n.m.r. spectrum recorded €iP 

(dioxan)D,O lock -15.8 ( d ,  PhCH20r-, Jpp = 22.06 Hz), -3.65, 

(3, PhCH,OEO,-) 0.00 ( d ,  5-ring P I  ,JPp = 22.06 Hz, 'H undecoupled 

' J ~ H  = 8.0 H Z ) .  
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Attempted deprotection of 2 
The reaction mixture was divided into two portions. One half was 

transferred to a hydrogenation flask containing ethyl acetate (10 m l )  and 

10% Pd/C (180 mg) and hydrogenolysed overnight. After filtration the 

mixture was extracted with sodium bicarbonate solution which was 
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evaporated and the residue dissolved in D,O. 

( s ,  m), 0.24 ( s ,  &), 0.24 (3, &I, 12.88 ( s ,  5-ring phopshate). 

"P n.m.r. b P  (D,O) -7.57 

The other half was deprotected in sodium/liquid ammonia in a similar 

fashion as that described for (5). 

3.06 (3, 3). 
"P n.m.r. bp (D,O) -7.51 (3, 3). 

Trans-~~R,5S~-2(2-cyanoethylphospho~-2-oxo-~,5-diphenyl-~,~,2- 

dioxaphospholane 5 
2-Cyanoethylphosphate dihydrate (322 mg, 1 mmole) was converted to 

the pyridinium salt with Dowex 50 W (pyridinium form) and suspended in 

methanol ( 5  m l ) .  Tri-n-octylamine (353 mg, 1 mmole) was added and the 

mixture stirred until solution was obtained. The pyridinium salt was 

dried by repeated evaporation of dry pyridine, and was then dissolved in 

dry dioxan (3 m l )  with tri-n-butylamine (185 mg, 1 mmole) and this 

solution added all at once with a syringe to a stirred solution of 

- trans-(4R,5S)-2-chloro-2-oxo-~,5-diphenyl-l,3,2-dioxaphospholane (1 mmole) 

- 6 prepared according to Ukita (11). 

prepared in dry pyridine which had been evaporated and replaced by dry 

dioxan ( 5  m l )  under strictly anhydrous conditions. Pyridinium chloride 

formed during the preparation was insoluble in dioxan. The mixture was 

left to stir for 3 h, when complete reaction was observed, as judged by 

'lP n.m.r. spectroscopy. 

'JPp = 22.8 Hz), 

The phosphorochloridate had been 

tip (dioxan)D,O lock -15.50 (d,-POEOCH,-, 

-0.75 (d, 5 ring P, 'JPp = 22.06 Hz, 'H undecoupled 

'JPH = 7.5 HZ). 

Inorganic pyrophosphate 

Liquid ammonia (ca. 60 m l )  was distilled from sodium metal in a 

stream of dry nitrogen, and sodium metal (30 mmole, 80 cm wire) added 
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under anhydrous c o n d i t i o n s  i n  a dry n i t r o g e n  atmosphere. The dioxan 

mixture con ta in ing  t h e  p r o t e c t e d  pyrophosphate was added r a p i d l y  by 

sy r inge  t o  t h e  mechanical ly  s t i r r e d  deep-blue s o l u t i o n ,  and a f t e r  e x a c t l y  

10 min t h e  mixture  was quenched by a d d i t i o n  of s o l i d  ammonium c h l o r i d e  

u n t i l  t h e  b lue  colour  had been d i scha rged .  The ammonia was al lowed t o  

evaporate  i n  a stream of d r y  n i t r o g e n  t o  l e a v e  a whi t e  s o l i d  which was 

p a r t i t i o n e d  between chloroform and water. The aqueous l a y e r  was 

evaporated t o  dryness  t o  g ive  crude product  as a whi t e  s o l i d .  

spectroscopy showed peaks c h a r a c t e r i s t i c  of ino rgan ic  pyrophosphate and 

phosphate. 

”P n.m.r. 

The crude product was d i s s o l v e d  i n  water (300 m l )  and t h e  pH a d j u s t e d  

t o  10.5 with H C 1 .  The sample was a p p l i e d  a t  a f low rate  of 80 m l  h-’ t o  a 

column of DEAE Sephadex A-25 (200 ml) e q u i l i b r a t e d  i n  100 mM TEAB. 

Products  were e l u t e d  by a 48 h l i n e a r  g r a d i e n t  of 100-600 mM TEAB pH 10.5, 

and f r a c t i o n s  were c o l l e c t e d  a t  15 min i n t e r v a l s .  Samples (250 ul) were 

withdrawn and examined by an a d a p t a t i o n  of t h e  Briggs phosphate tes t  ( 9 ) .  

Pyrophosphate was l o c a t e d  i n  f r a c t i o n s  26 - 38 which were evaporated t o  

d ryness ,  and excess  TEAB removed by coevaporat ion wi th  dry methanol. 

r e s u l t i n g  gum was d i s s o l v e d  i n  water and t h e  s o l u t i o n  s t i r red wi th  Dowex 

50 W (sodium form) f o r  30 min. The water was l y o p h i l i s e d  t o  g i v e  

te t rasodium pyrophosphate 1 as a f i n e  white  powder (130 mg, 50%) .  (D,O) 

The 

-9.2 (s, 4). 

(2R, 4s. 5R)-2(2-Cyanoethylphosph0)-[2-~ 70]-oxo-4,5-diphenyl-~ 1 -1801-1 3,2- 

dioxaphospholane 

This  material was prepared as desc r ibed  for t h e  un labe l l ed  compound 

except t h a t  2-cyanoethylphosphate was reacted with (2R,4S,5R)-2-chloro- 

[2-’70]-o~o-~,5-diphenyl-~1-’a0]-1,~,2-dioxaphospholane & prepared by 

t h e  method of C u l l i s  and Lowe ( 5 ) .  

PI-[ (S) - I  60, 70, 80]-Pyrophosphate 2 
The d e p r o t e c t i o n  of t h e  p r o t e c t e d  l a b e l l e d  pyrophosphate was 

c a r r i e d  out  as descr ibed f o r  t h e  un labe l l ed  compound, and t h e  

P’-[(S)-’60,170,’a0]-pyrophosphate 2 p u r i f i e d  by ion-exchange 
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chromatography as above. 

P1-[(S)-'60,'70,1801-PPi, P' r e s i d u e  no t  obse rvab le ,  * J p p  = 21.1 Hz]; -9.0 

( 5 ,  unresolved c e n t r a l  l i n e s  of AB systems - 8.74, 9.26; * J p p  = 21.1 Hz). 

6p (D,O) -8.98 [d ,  P2(-pOJ)  r e s i d u e  of  

RESULTS AND DISCUSSION 

During our work on t h e  a p p l i c a t i o n  of  c h i r a l  [160, '70, '80]phosphate  

esters t o  s tereochemical  problems i n  enzyme c a t a l y s e d  phosphoryl t r a n s f e r  

r e a c t i o n s  ( 3 )  we developed a s y n t h e s i s  of  P'-['60,170,180]-pyrophosphate. 

T h i s  molecule was expected t o  have unusual c h i r o p t i c a l  and magnetic 

p r o p e r t i e s  by v i r t u e  of  its unique asymmetry. Whereas i n  many 

1'60,170,180]-phosphates prepared t o  d a t e  t h e r e  i s  u s u a l l y  a l r e a d y  

cons ide rab le  asymmetry i n  o t h e r  p a r t s  of t h e  molecule,  t h e  i n t r o d u c t i o n  of 

t h i s  type of i s o t o p i c  c h i r a l i t y  a l o n e  i n  a t o t a l l y  symmetrical  molecule 

has  no t  p rev ious ly  been accomplished. 

Much of  t h e  c l a s s i c a l  chemistry developed for  t h e  chemical s y n t h e s i s  

of pyrophosphate s y s t e m s  i n  n u c l e o t i d e s  has  been well reviewed (13.14).  

We approached t h e  s y n t h e s i s  of t h i s  molecule  from the s t andpo in t  of our 

gene ra l  method ( 5 )  us ing  i n i t i a l l y  t h e  phosphorochlor idate ,  

- trans-~4R,5S)-2-chloro-2-oxo-4,5-diphenyl-l,3,2-dioxaphospholane 2 f o r  t h e  

p r e p a r a t i o n  of t h e  u n l a b e l l e d  compound. The problems were t o  f i n d  a 

s u i t a b l e  phosphate d e r i v a t i v e  and an  a p p r o p r i a t e  d e p r o t e c t i o n  method. A 

wide v a r i e t y  of c o n d i t i o n s  was i n v e s t i g a t e d ,  s i n c e  t h e  usua l  c o n d i t i o n s  

f o r  phosphorylat ion,  namely g e n e r a t i o n  and i n  s i t u  r e a c t i o n  of t h e  

phosphorochlor idate  5 i n  p y r i d i n e  were found t o  produce a number of s ide  

r e a c t i o n s .  

When dibenzyl  phosphate was allowed t o  react wi th  a i n  p y r i d i n e  and 

t h e  r e a c t i o n  mixture  monitored by "P nmr spectroscopy an a p p r e c i a b l e  

q u a n t i t y  of t h e  d e s i r e d  pyrophosphate tetraester =-2(dibenzyl- 

phospho~-2-oxo-4,5-diphenyl-1,3,2-dioxaphopsholane 2 was formed. However, 

t h e  spectrum showed t h e  presence of  s e v e r a l  o t h e r  products  and an i n t e n s e  

s i n g l e t  a t  -15.5 ppm, a s s igned  t o  t e t r a b e n z y l  pyrophosphate.  Th i s  is an  

analogous r e a c t i o n  t o  t h a t  r e p o r t e d  by Corby (15) i n  which 

P'-dibenzyl-Pz-diphenylpyrophosphate was observed t o  react w i t h  d ibenzy l  
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phosphate to produce tetrabenzyl pyrophosphate. Moreover it was also 

found that PI-di-p-methoxyphenyl-P'-diphenyl-pyrophosphate 

disproportionated in pyridine solution which may account for  the side 

reactions observed here. 

Initial experiments employing dibenzylphosphate as nucleophile in dry 

benzene showed that the desired intermediate pyrophosphate tetraester 

- 3 could be formed in excellent yield. However, presumably on account of 

the increase in reactivity over te t rabenzylpyrophosphate  associated with 

the presence of the 5-membered ring (161,  the tetraester 2 was 

exceptionally sensitive to water and was not therefore suitable. Indeed, 

addition of a few drops of water to a solution of 2 in dry benzene caused 

complete destruction of the anhydride within 5 min as monitored by "P 

n.m.r. spectroscopy. 

Since a pyrophosphate triester such as ?might be expected to be more 

resistant to nucleophilic attack, the preparation of 2 was investigated 
using benzyl phosphate as the nucleophile. 

an almost quantitative yield of 3 and addition of water did not cause 
hydrolytic scission of the anhydride system. Although triester 4 was 
considerably more stable, the "P nmr spectrum of the products obtained 

after attempted removal of blocking groups by hydrogenolysis showed the 

presence of only small amounts of inorganic pyrophosphate at 6p-7.6. 

main product was orthophosphate at 6p-0.24 ppm. It appeared that rapid 

removal of the benzyl group had left a PIP' pyrophosphate diester which 

had decomposed. This was confirmed by the presence of a major peak at 

6p+12.9 ppm which was assigned to the 5-ring diester 1. 

Reaction with 6 in dioxan gave 

The 

An alternative deprotection reaction, namely sodium metal in liquid 

ammonia has the advantage of anhydrous conditions. Arris (17) have 

studied the deprotection of benzyl pyrophosphates by this procedure and 

have found that the di- and triesters give inorganic pyrophosphate, but 

the tetraester gives mainly orthophosphate and some inorganic 

pyrophosphate. 

two resonances could be observed in the 31P n.m.r. spectrum, the major one 

at 6p+3.06 being assigned to inorganic phosphate, and the other at 6p-7.51 

When 2 was deprotected by sodium in liquid ammonia only 
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to inorganic pyrophosphate. It seemed that a similar kind of deprotection 

problem was being encountered in the sodium-liquid ammonia reduction, 

probably due to the facile formation of benzyl radicals, and therefore 

what was required was a protecting group on P2 which would either be 

completely stable to the deprotection conditions o r  be removed at a rate 

much slower than that of the 5-ring system. The choice of the 

6-cyanoethyl protecting group appeared to be appropriate in this instance 

for it would be removed by mildly basic conditions and be completely 

stable to hydrogenolysis. 

2-Cyanoethyl phosphate as its tri-n-octylammonium salt was treated 

with the phosphorochloridate 5, as previously. 
solvent and ' 'P n.m.r. spectroscopy indicated an excellent yield of the 

protected pyrophosphate ~-2-(2-cyanoethyIphosphospho)-2-oxo-~ ,5-d iphenyl -  

Dry dioxan was used as 

I '  
n 

(ii) I 
\ /O 

+O 

0 
0 - P - 0 - p o  , o..+'' 

O=P- OCH,CH,CN 
I 

5a 0- H i  (C,H,,l, 
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Reagents ( i )  NCCH,CH,OPO3HeBHN(C,H1,), in dioxan. 

(ii) Na - liq. NH,. 
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1,3,2-dioxaphospholane 2. The trans stereochemistry of the 5-membered ring 

system was confirmed by the measurement of 'JPH = 7.5 Hz (5). 

Hydrogenolysis under anhydrous conditions failed to give a 

satisfactory yield of inorganic pyrophosphate, but reductive cleavage 

using sodium in liquid ammonia was much more successful. The 2-cyanoethyl 

group was also removed by this procedure, possibly during the aqueous 

alkaline conditions of the work-up. Purification of the product by 

ion-exchange chromatography gave inorganic pyrophosphate in 50% yield. 

This method was then applied to the synthesis of chirally labelled 

pyrophosphate. 2-Cyanoethylphosphate was reacted with (2R,4S,5R)-2- 

chloro~2-'70]oxo-4,5-diphenyl-[l-1~O~-l,3,2-dioxaphospholane & to 
give z. 
Deprotection with sodium in liquid ammonia gave P'-[(S)-'60,'70,*80]- 

pyrophosphate 2. 
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