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NUCLEOSIDE H-PHOSPHONATES. V. THE MECHANISM OF HYDROGENPHOSPHONATE 

DIESTER FORMATION USING ACYL CHLORIDES AS COUPLING AGENTS I N  

OLIGONUCLEOTIDE SYNTHESIS BY THE HYDROGENPHOSPHONATE APPROACH 

Per J. Garegg, Tor Regberg, Jacek Stawinski*, Roger Stromberg 

Department o f  Organic Chemistry , A r r  henius Laboratory,  

University o f  Stockholm, 5-106 91 Stockholm, Sweden 

Abstract  

The H-phosphono-acyl mixed anhydrides o f  t y p e  I11 were found to b e  
t h e  main intermediates during H-phosphonate diester format ion using acyl 
chlorides as coupling agents in t h e  react ion o f  hydrogenphosphonate 
monoesters w i t h  hyd roxy l  i c  components. 

Recently we have r e p o r t e d  on t h e  use o f  nucleoside hydrogenphos- 

phonates as new intermediates in oligonucleotide synthesis'". I t  was 

found t h a t  H-phosphonate diesters a re  formed rap id ly  and in high yield 

when nucleoside 3'-  H-phosphonates are  act ivated in t h e  presence o f  a 

nucleoside w i t h  a f r e e  5'-OH funct ion ("regular" coupling), but t h e  y ie ld 

decreased significantly when H-phosphonate monoesters were mixed w i t h  

the  coupling agent (diester chlorophosphatel", a ry l  sulfonic acid 

der ivat ives or  pivaloyl c h l ~ r i d e ' ' ~ )  b e f o r e  t h e  addi t ion o f  t h e  

hydroxylic component (coupling w i t h  preact ivat ion).  

These ra ther  unexpected findings prompted us to gain deeper insight 

i n t o  these reactions and thus  we decided t o  invest igate t h e  act ivat ion 

process and t h e  coupling react ion using 31P NMR spectroscopy. Since 

pivaloyl chlor ide (PV-CI) proved t o  b e  a most sui table coupling agent, 

b o t h  for  S O I U t i O n l  and solid phase' synthesis o f  oligonucleotides, we 

chose it f o r  these studies. 
b 
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656 GAREGG ET AL. 

PFSULTS AND DISCU ssroy 
I n  t h e  th ree  regular coupling reactions investigated, I a  + 3'-Q- 

benzoylthymidine (HO-T-OBz), l a  + ethanol, and I b  + ethanol, in t h e  Pre- 

sence o f  pivaloyl chlor ide (PV-CI, 2.5 equiv.) in pyr id ine,  no react ive 

intermediates could be  detected by  31P NMR spectroscopy, and t h e  f i r s t  

spectrum recorded ( a f t e r  m. 2 min) showed quant i ta t i ve  conversion o f  

the s t a r t i n g  materials i n t o  H-phosphonate diesters I Ia-c.  

Completely d i f f e r e n t  31P NMR spectra emerged when t h e  above 

reactions were carr ied ou t  w i t h  preact ivat ion (ca. 30 sec) o f  I using an 

acyl chloride, be fore  t h e  addi t ion o f  t h e  hydroxyl ic component. I n  a l l  

cases t h e  react ion mixtures then consisted o f  th ree  compounds w i t h  t h e  

31P NMR chemical s h i f t s  a t  m. 139, 132 and 122 ppm and pract ica l ly  no 

H-phosphonate diesters I1 were detected. 

The chemical sh i f ts  and t h e  absence o f  JPH coupling constants in 

undecoupled spectra indicated t h e  presence o f  t r i v a l e n t  species. The 

signals a t  122 and 132 ppm disappeared immediately upon addi t ion o f  

water  and t h a t  a t  139 ppm a f t e r  m. 5 min, producing signals a t  s. 8 

ppm (H-phosphonate diesters) and 1.5 ppm (H-phosphonate monoesters). 

To ident i f y  these intermediates. t h e  act ivat ion o f  I has been car r ied  

out wi thout  a hydroxylic component. By adding 2.5 equiv. o f  PV-CI t o  I a  

or  I b  in pyridine. intermediates w i t h  chemical sh i f t s  122.3 ppm (doublet, 

7 .0  Hz) respectively, were  
3 3 

9.7 Hz) and 122.6 ppm ( t r i p l e t ,  JpH 

observed. When b o t h  I a  and I b  were act ivated together,  the  31P NMR 

spectrum showed only those t w o  intermediates. Both were converted i n t o  

the  respect ive s ta r t ing  materials upon addi t ion o f  water.  These findings 

indicate t h a t  the  react ive species generated f r o m  I and PV-CI contain 

one phosphorus atom and one residue o f  nucleoside or  one ethyl  group. 

The only s t ruc tu re  which i s  consistent w i t h  th is ,  i s  t h e  bit-acylphosphite 

V. 

PH 

5 

Further support  f o r  t h i s  s t r u c t u r e  came f r o m  t h e  react ion o f  V w i t h  

ethanol. According t o  our expectations. t h e  addi t ion o f  1 equiv. o f  

ethanol t o  Va resulted in t w o  singlets a t  132.0 and 131.6 ppm (diastereo- 

isomers o f  d iester aCyl phosphite V I b ) ,  a singlet a t  138.0 ppm (phosphite 

t r ies te r  V I I b )  and the  s ta r t ing  material. bis-acylphosphite Va, a t  122.3 

ppm. A spectrum wi thout  'H-heteronuclear decoupling conf i rmed t h e  

above assignments. Thus t h e  t w o  singlets a t  132.0 and 131.6 ppm ap- 

9.3 Hz) and peared as t w o  overlapping quar te ts  ( J 7.9 Hz and JpH 3 
PH 
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HYDROGENPHOSPHONATE DIESTER FORMATION 6 5 7  

0 

RO-P-Oe H H&Et) 3 

I a  R=5'-O-dimethoxytritylthymidine-3'-yl(DHT-T-) IIa R = D H T - T - , R 1 = - T - O B z  

Ib R = e t h y l  IIb R=DHT-1-,R,=ethyl 

IIc R = R l = e t h y l  

s o  RO-t-o-c R,  
H 

1111 R - D H T - T - , R 1 = t - b u t y  

IIIb R:ethyl , R 1 = t - b u t y l  

0 
0 - C R ,  
/ 

RO-P, 
0 -CR,  

0 

Va R = D H T - T - , R 1 = t - b u t y l  

V b  R = e t h y l  = t - b u t y l  
I R 1  

9 9  
RO-y-0-P-OR 

H H  

IVa R=DHT-1- 

I V b  R = e t h y l  

0 
1 0 - C R ,  

RO-P, 
OR, 

V I a  R=DHT-T-,R1=t-butyl,R2=-T-OBz 

V I b  R=DHT-T-,R1=t-butyl,R2=ethyl 

V I c  R = R  =ethyl,R = t - b u t y l  2 1 

VIIa R=OHT-T-,R : -T-OBz 

V l I b  R:DHT-T-,R :ethyl 
1 

1 
V IIC R = R  = e t h y l  1 
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Table 1 

Ia  

I b  

I I a  

I I b  

I I C  

I I I a  

I I I b  

31 
1 2 w  

1 . 5  I V a  - 2 . 3  V I c  1 3 1 . 9  

1 . 3  IVb - 4 . 0  V I I a  1 3 9 . 1  

8 . 1 :  9 . 6  V a  1 2 2 . 3  V I I b  1 3 8 . 0  

1.5 Vb 122.6 V I I c  1 3 8 . 8  

7 . 3  V I a  132 .2  

1 . 1  VIb 132 .0 :  131.6 

1 . 2  

I 

t 

* 
Di a s ter  eoi somer s n o t  resolved 

3 
the singlet a t  138.0 ppm, as a sextet  ( 3 7.9 Hz). Addi t ion o f  another 

equivalent o f  ethanol caused immediate disappearance o f  t h e  signals f r o m  

Va and VIb, and only t h e  signal f r o m  phosphite t r i e s t e r  V I I b  a t  138.0 

ppm 

Upon addi t ion o f  water ,  the  l a t t e r  compound was converted i n t o  a 

mixture o f  the  H-phosphonate diesters I I b  and I I c ,  apparent ly as a 

resul t  o f  unspecific hydrolysis. 

PH 

was present in t h e  31P NMR spectrum. 

The same pathway was found t o  be t r u e  also f o r  t h e  reactions o f  

nucleoside bis-acylphosphite Va and ethy l  bis-acylphosphite V b  w i t h  other  

hydroxylic components ( f o r  chemical s h i f t s ,  see t h e  Table). 

Formation o f  d iester acyl phosphites V I  and phosphite t r ies te rs  V I I ,  

may theoret ical ly also arise as a consequence o f  act ivat ion o f  H-phos- 

phonate diesters I1 by PV-CI. This, however, has t o  b e  excluded i n  l i g h t  

o f  complete resistance o f  H-phosphonate diesters towards f u r t h e r  act iva- 

tion, even w i t h  an excess (10 equiv.) o f  PV-CI. Thus, t h e  react ion pathway 

which can lead t o  V I  and V I I ,  must have bis-acylphosphite V as an i n t e r -  

med i a te. 

The f a c t  t h a t  none o f  the  compounds o f  t y p e  V, V I  or V I I  were  

detected dur ing the  coupling react ion w i thout  preact ivat ion.  strongly 

indicates t h a t  V can not b e  considered as an in termediate dur ing t h e  

regular coupling react ion in solution. 

Searching f o r  react ive intermediates, which can b e  involved in t h e  

coupling react ion when act ivat ion i s  carr ied o u t  in the  presence o f  a 

hydroxylic component, we investigated t h e  react ion o f  I w i t h  l imi ted 

amounts o f  acyl chloride. 
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HYDROGENPHOSPHONATE DIESTER FORMATION 659 

W i t h  0.5 equiv. PV-CI one would expect  format ion o f  t h e  H-phos- 

phono-acyl anhydride o f  t y p e  111. which should r e a c t  w i t h  I forming t h e  

H-pyrophosphonate I V .  W i t h  1.5 equiv. o f  coupling agent, t h e  31P NHR 

spectrum should be  similar o r ,  if the  format ion o f  I11 is fas te r  than t h e  

subsequent react ion w i t h  I, the mixed anhydride I11 should be  t h e  main 

react ive intermediate. 

Indeed, we found, t h a t  addi t ion o f  1.5 equiv. o f  PV-CI t o  I b  in 

pyr id ine mainly caused t h e  format ion o f  I I I b  (1.2 ppm, JpH 732 Hz, JpH 
7 

9.8 Hz) and small amounts (less then 10%) o f  H-pyrophosphonate I V b  (-4.0 

ppm, 'PH 780 Hz) . However, when more H-phosphonate I b  was added t o  

such a mixture, we d i d  n o t  observe t h e  expected react ion I b  + I I I b  - 
I V b .  Since it is r a t h e r  unlikely t h a t  I b  is n o t  nucleophilic enough t o  

r e a c t  w i t h  t h e  mixed anhydride IIIb, these findings indicate. t h a t  t h e r e  

i s  an  equil ibrium I I Ib  a IVb, which i s  t o  t h e  l e f t .  The react ion o f  I b  

w i t h  0.5 equiv. o f  PV-CI, as expected, also fa i led t o  produced subs- 

t a n t i a l  amounts o f  H-pyrophosphonate IVb, and t h e  react ion mixture 

consisted o f  I b  ( 8 O X )  and I I I b  (20%). 

The 31P NHR spectra o f  t h e  analogous react ion o f  nucleoside H-phos- 

phonate I a  w i t h  1.5 equiv. o f  PV-CI showed similar types o f  interme- 

diates, b u t  because o f  s igni f icant broadening o f  peaks, deta i led 31P NMR 

analysis could n o t  be  done. 

3 

8 

Thus, we continued w i t h  ethy l  H-phosphonate as a model compound t o  

c l a r i f y  t h e  act ivat ion process fu r ther .  Since, in t h e  act ivat ion o f  H-phos- 

phonate monoesters by PV-CI, nucleophilic or base catalysis may b e  in- 

volved, we investigated t h e  ro le  o f  pyr id ine i n  t h e  above reaction. When 

I b  was allowed t o  r e a c t  w i t h  1.5 equiv. of PV-CI in acetoni t r i le.  t h e  31P 

N M R  spectrum showed format ion o f  mixed anhydr ide I I Ib and H-pyro- 

phosphonate I V b  ( r a t i o  ca 1 : 11, which upon add i t ion  o f  ethanol (1.5 

equiv.) were converted i n t o  H-phosphonate diester I I c  and H-phosphonate 

monoester I b  ( r a t i o  ca 2 : 1). When, instead o f  ethanol, more PV-CI was 

added (3  equiv.). the  only change observed in the  31P NMR spectrum was 

the  amost complete conversion o f  H-pyrophosphonate IVb i n t o  t h e  mixed 

anhydride IIIb. However, addi t ion o f  4 equiv. o f  pyr id ine.  resul ted in 

appearance of  t h e  signal a t  122.6 p p m  (bis-acylphosphite Vb). 

These experiments demonstrated t h a t  format ion o f  t h e  mixed an- 

hydr ide I I I b  and H-pyrophosphonate IVb, the  conversion o f  IVb - I I I b ,  

as well as the  subseqent react ion o f  these intermediates w i t h  added 
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9 
ethanol, do  no t  requi re  pyridine. However, pyr id ine,  or  another base , i s  

necessary f o r  t h e  f u r t h e r  act ivat ion o f  I I I b  by  PV-CI, which results in 

the  format ion o f  bis-acylphosphite Vb. 

To sum up, we conclude on t h e  basis o f  t h e  above experiments, t h a t  

the  mixed anhydrides o f  t y p e  I11 a r e  t h e  main react ive species involved 

in H-phosphonate diester format ion using acyl chlorides as act ivators.  

Since H-pyrophosphonates I V  also seem t o  be  react ive species, they can 

cont r ibu te  t o  the  format ion of H-phosphonate diesters, b u t  probably t o  

a lesser extent,  because o f  t h e  unfavourable equi l ibr ium I11 S I V ,  which 

i s  t o  t h e  l e f t .  

The impor tant  synthetic impl icat ion o f  these studies is, t h a t  p re-  

act ivat ion of H-phosphonate I should b e  avoided since it causes t h e  

a l ternat ive react ion pathway intermediate V t o  become t h e  predo- 

minant one. Another possibil i ty t o  eliminate t h i s  undesired react ion 

pathway dur ing condensation, i s  t o  car ry  ou t  t h e  coupling in acetoni t r i le  

w i t h  l imi ted amounts o f  pyridine. since t h e  l a t t e r  promote t h e  conversion 

o f  mixed anhydride I11 i n t o  bis-acylphosphite V. 

During t h e  regular coupling reaction, t h e  pathway u in termediate V 

i s  suppressed even in pyr id ine since t h e  react ion o f  I11 w i t h  t h e  hydro-  

xylic component i s  fas te r  than conversion o f  111 i n t o  V. However, if f o r  

any reason, the  coupling react ion i s  slowed down (e. g. coupling w i t h  

nucleoside bound t o  solid support), t h i s  a l ternat ive react ion pathway may 

s t a r t  t o  compete w i t h  t h e  desired one, proceeding u intermediates I11 

(or & I11 and IV) .  Synthesis o f  t h e  hexamer d ( A p )  A on solid suppor t  

has shown, t h a t  the  coupling react ion was very fas t2  and only t h e  

desired produc t  was formed. However, when the  same synthesis was 

carr ied out  w i t h  preact ivat ion o f  nucleoside H-phosphonate w i t h  PV-CI, 

polyacryamide gel electrophoresis (PAGE) revealed presence o f  t h e  desired 

hexamer together w i t h  shorter oligonucleotides . Interest ingly.  t h e  d i f -  

ference between the  t w o  syntheses was smaller than one could expect  

f rom t h e  synthesis of dimers ( w i t h  yersyS wi thout  preact ivat ion)  in solu- 

tion. This probably re f lec ts  the  d i f ferences in react ion conditions dur ing 

solid phase and solution synthesis o f  oligonucleotides, and also indicates, 

t h a t  the  extent  of side reactions can be  d i f f e r e n t  in t h e  t w o  types o f  

synthesi s. 

5 

2 
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HYDROGENPHOSPHONATE DIESTER FORMATION 661 

Reactions were carr ied ou t  in NMR tubes and spect ra were recorded 

on a Varian Associates XL-100 FT (40.48 MHz) spectrometer. Chemical s h i f t s  

are repor ted  re la t i ve  t o  2% H3POC in D 0 (inner tube). The value o f  

chemical s h i f t s  for  the  intermediates produced &, i n  some cases 

varied (* 1 ppm), depending on the  react ion conditions. 

2 

Pyridine was ref luxed and d is t i l led over P205, then ref luxed and 

d is t i l led over CaH2 and stored over 3 A  molecular sieves. The same 

procedure was used f o r  t h e  preparat ion o f  anhydrous acetoni t r i le.  

5'-Q-dimethoxytritylthymidine 3'- hydrogenphosphonate' and ethy l  

hydrogenphosphonate6 (both as triethylammonium salts) were prepared 

according t o  published procedures. Phosphite t r i e s t e r s  VIIa,b, as r e f e -  

rences f o r  t h e  3'P NMR analysis. were prepared in the  react ion o f  

5'-Q-dimethoxytrityIthymidine w i t h  PCI3 (1.2 equiv.) in pyr id ine,  followed 

by addi t ion o f  3'-p-benzoylthymidine or  ethanol. 

Pivaloyl chloride, d ie thy l  hydrogenp hosp honate and tr ie thy l  p hosp hi t e  

were commercial grade (Aldrich). 

General Drocedure f o r  t h e  reaular COUD linq r e  actions (syDth esis o f  11). 

H-phosphonate I (0.2 mmoles) and a hydroxyl ic component (0.22 

mmoles), a f t e r  concentrat ion f r o m  pyr id ine solution, were  dissolved in the  

same solvent (3 ml) and pivaloyl chlor ide (0.5 mmoles) was added. The 31P 

NMR spectra were recorded a f t e r  mixing the  reagents. 

General Drocedure f o  r ' I  D r e a c t  i v a t i on" I 

H-phosphonate I a  (0.2 mmoles), concentrated f r o m  a pyr id ine solution, 

was dissolved in pyr id ine (3 ml), o r  in t h e  case o f  l b ,  in pyr id ine o r  in  

acetoni t r i le,  and pivaloyl chlor ide (2.5 equiv. o r  as s ta ted  in t h e  t e x t )  

was added. To i d e n t i f y  t h e  intermediates formed dur ing t h e  act ivat ion 

process and t o  investigate the i r  chemical reac t iv i t y .  hydroxyl ic com- 

ponents o r  water  were added as speci f ied in the  t e x t .  The 31P NMR 

spectra were recorded a f t e r  each step. 
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Studies on the  act ivat ion o f  H-phosphonate monoesters by  ary l  sulfonyl 

der ivat ives and by  chlorophosphates a r e  in progress and wi l l  b e  

pub1 i shed el eswhere. 

Wi th  other acyl chlorides, t h e  same t y p e  o f  intermediates were 

formed. E. g. w i t h  anisolyl chloride, t h e  in termediate o f  t y p e  V 

(R=ethyl, R1= pCH30-Ph-) and V I  (R=R2=ethyl, R1= pCH30-Ph-) were 

7.6 H t )  and a t  132.4 (qu intet ,  observed a t  123.9 ppm ( t r i p l e t ,  3 
'PH 

7.8 Hz) respectively. 
JPH 
P. R. Hammond, ;I. Ch em. SOC., 252, (1962). 

Compound I I I b  was produced as a single intermediate in t h e  

react ion o f  I b  w i t h  2 equiv. o f  PV-CI and pyr id ine in acetoni t r i le.  

Addition o f  ethanol (1 equiv.) to such a react ion mixture,  produced 

immediately and almost quant i tat ively,  as judged f r o m  31P NMR 

spectra, H-phosphonate diester I Ic .  

Compound IVb was produced as a single in termediate in the  reac- 

t ion  of I b  w i t h  1 equiv. of benzenesulfonyl chlor ide (or diphenyl- 

chlorophosphate) and 2 equiv. o f  pyr id ine.  in acetoni t r i le.  Addi t ion o f  

ethanol (1 equiv.) to t h i s  react ion mixture resul ted in the  format ion 

o f  H-phosphonate diester I I c  and H-phosphonate monoester I b  in t h e  

r a t i o  o f  =a. 1 : 1. 

I n  t h i s  reaction, pyr id ine seems t o  a c t  as a base, since the  same 

results were obtained when pyr id ine was replaced by triethylamine. 
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