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SYNTHESIS OF [BIS(INOSINE-S)]-TETRAPHOSPHATE AND 
[BIS(JNOSINE-5')]-PENTAPHOSPHATE ANALOGUES BEARING THE 

RESIDUES OF METHYLENEDIPHOSPHONIC ACID 

A. V. Shipitsyn, N.  B. Tarussova, E. A. Shirokova*, and I A. A. Krayevsky I 

Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, 32 
Vavilov str., Moscow I 17984, Russia 

Abstract: Various methods of synthesis of metabolically stable phosphonate 
analogues of bisnucleoside oligophosphates containing two residues of 
methylenediphosphonic acid in the oligophosphate chain are studied. 
Phosphonate analogues of Ip4I and Ips1 are prepared. 

Natural bisnucleoside oligophosphates NpnN can function in cells as 

metabolic signals, inhibitors of some enzymes, or as initiators of processes 

catalyzed by enzymes [ I ,  21. 
Recently, a new type of purinergic brain receptors was discovered, for 

which agonists are bisadenosine oligophosphates Ap,,A (n  = 4, 5 )  and 

antagonists are bisinosine oligophosphates IpnI (n = 4, 5 )  [3]. Some 

phosphonate analogues of these bisnucleoside oligophosphates also revealed 

agonist or antagonist properties toward these receptors [4]. 
Np,N have some specific features if compared with nucleoside 5'-  

triphospliates: they are less polar, exhibit considerable stacking interactions, 

and can rather effectively form complexes with bivalent metal ions [l] .  All 

this results in intricate interpretations of the NpnN effect on biological 

processes. To study the mechanism of action of these polyphosphate 

nucleotides, their phosphonate analogues may be useful. Some approaches for 
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the preparation of Np4N analogues as well as their biological application were 

developed by Blackburn [5]. Syntheses of Ap4A analogues bearing 

methylenediphosphonic acid residues were published in [6, 71. 
Phosphonate NpnN analogues differ from natural compounds by their 

stability toward hydrolyzing enzymes or by their inhibitory properties [8, 91, 
by the properties of metal complexes [ lo] ,  and conformational flexibility of 

the oligophosphate chain. 

The aim of this work was to develop simple procedures for the 

synthesis of I P , ~ ~  (n  = 4, 5 )  phosphonate analogues containing in the 

phosphate chain either two residues of metliylenediphosphonic acid (M DP) 

(compound Vll) or two MDP fragments attached to a phosphate residue 

(compound VIII) .  
The starting compound, inosine 5'-methylenediphosphonate ( I I J ) ,  can 

be obtained in different ways (Schenie I ) .  We tried several methods to 

synthesize compound ( I l l )  [ l l ,  121 or to find a convenient one-step way to 

its dinier (VI). But in the case of inosine derivatives we did not obtain 

satisfactory results. The reaction of 2',3'-O-isopropylideneinosine ( I )  with 

methylenebis(phosphonic dichloride) in trietliylphosphate in the presence of a 

base yielded derivative ( I I ) ,  which was deprotected in 60% HCOOH to give 

( I 1  1). This compound was also obtained through oxidative deamination of 

adenosine 5'-metliylenediphosphonate (IV) synthesized as in 161. 
To introduce a residue of phosphoric acid between phosphonate 

fragments, we treated diphosphonate ( I  I )  with tris(imidazo1ido)pliosphate i n  

absolute DMF. However, the compound bearing five phosphorus atoms was 

not found. The products isolated were the analogue of triphosphate (V) and 

tetrapliosphonate derivative (VI). We failed to deprotect the latter to the 

corresponding (V1 I ) ,  since under acid conditions of deblocking the hydrolysis 

of the P-0-P bond prevailed over hydrolysis of the isopropylidene group. 

Nevertheless, starting from nucleotide (I1 I )  and Im3P0, we isolated both 

compound (VII), which is an lp4l analogue, and compound (VIII), an Ips1 

analogue, in satisfactory yields (44 and 1 1 %, respectively). 
The analysis of the reaction course allows LIS to suggest that at the 

initial stage (3-phosphorus of ( I 1  I )  attacks Im3PO to give intermediate (IX). 
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At this point additional ( I l l ) ,  acting as a nucleophile, attacks either the y- 

phosphorus of (IX) yielding (VII I )  after hydrolysis of the remaining imidazole 

group, or (111) attacks the p-phosphorus of (IX) (Ini2P02- is a leaving group) 

giving (VII) (Scheme 2). 

111 

I X  
0 

Im-P -0 - P-C H ~7 -In o 
I m y  , \ , O H  

'* 
V I I  V I I I  

0 
Im-P -0 - P-C H ~7 -In o 

I m y  , \ , O H  

'* 
V I I  V I I I  

SCHEME 2 

The structures of the compounds synthesized were confirmed by UV 

and NMR spectra. The 31P NMR spectrum of compound (VII) was in 

coincidence with that of the corresponding bisadenosine derivative [6]. It is 

worth noting the difference in the 31P NMR spectra of inosine derivatives 

bearing MDP residues. The 2',3'-isopropylidene-protected compounds (11, V, 

and VI) had clear P-a, P-p doublets with J = 8 Hz, whereas for unprotected 

111 and VII the signals corresponding to P-a and P-p atoms were observed as 

singlets. Different modes of signal splitting for similar phosphorus atoms of 
nucleoside phosphonates was earlier described in [ 13, 141. 

Phosphonates (VII) and (V111) evidently differed: compound (VII) had 

two singlets, whereas compound (VIII) had a singlet corresponding to P-a, a 

doublet of P-p, and a triplet corresponding to P-y atoms with the coupling 

constant 19.5 Hz. 

EXPERIMENTAL, 
UV spectra were recorded on a Specord M40 (UV-VIS) and Shimadzu 

UV- 1201 spectropliotometers. The yields were determined according to W 
absorption of products, using molar extinction coefficients as in [ l ,  61. 1H 
NMR spectra (200 MHz) with t-BuOH as an  internal standard and 31P NMR 
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spectra (81 MHz) (proton decoupled) with phosphoric acid as an external 

standard were registered on a Bruker WP-200 SY in D20. Mass spectra were 

registered on a COMPACT MALDI-4 (Kratos Analytical, United States) on 

2-amino-Snitropyridine matrix. Column chromatography was performed on 

cellulose DE-32 (Whatman, England), LiChroprep RP- 18 (25-40 p), Dowex 

50W x 8 (Merck, Germany), and Spheron DEAE-100 (Lachema, Czech 

Republic). For TLC, Kieselgel 60 F254 plates and PEI cellulose plates 

(Merck) in 0.25 M phosphate buffer were used. 2',3'-Isopropylideneinosine 

was from Sigma (USA); methylenebis(phosphonic dichloride) from Aldrich; 

tris(imidazo1ido)phosphate was prepared according to [ 151. 

2',3'-O-Isopropylideneinosine 5'-methylenediphosphonate, bisammonium 

salt (11). To a solution of nucleoside ( I )  (150 mg, 0.487 mmol) in triethyl 

phosphate (3 ml), Bu3N (0.24 ml, 1 nimol) and methylenebis(phosphonic 

dichloride) (150 mg, 0.6 mmol) were added, and the mixture was stirred. 

After 24 h at 2OoC, Bu3N (0.5 ml, 2 mniol) and water (5 pl, 0.3 mmol) were 

added, and the solution was stirred for 6 h. Then, 1 M NH4HC03 (200 pl) 

and after 0.5 h water (200 ml) and 25% aqueous ammonia (100 pl) were 

added. The mixture was chromatographed on a DEAE Spheron column (10 x 
80 mm) in a linear gradient of NH4HC03 (0-+0.5 M, 500 ml). The fraction 

eluted at 0.1-0.2 M was concentrated and repurified on a LiChroprep RP-18 

column (20 x 150 mm) in a linear gradient of MeOH (040.25%) in 0.05 M 

NH4HC03 (500 ml). The solution of compound (11) was evaporated and 

freeze-dried to give 54 mg (22%). 'H NMR (6, ppm; J ,  Hz): 8.25s and 8.04s 

(2H, H-2 and H-8), 6.12d ( l H ,  J 2, H-l '),  5.29m and 5.09m (2H, H-2' and 

H-3'), 4.52m ( l H ,  H-47, 3.98m (2H, H-5'), 1.97t (2H, J 20, PCHzP), 1.52s 

and 1.31s (6H, two CH3). 31P NMR (6, ppm; J, Hz): 19.15d ( J  8, P a ) ,  

15.84d ( J X ,  P-p). 
Inosine 5'-methylenediphosphonate, bisammonium salt (111). Method A. 

Compound (11) (85 mg, 0.17 mmol) was dissolved in 60% HCOOH (2 ml), 
after 2 h at 20OC the solution was evaporated, coevaporated with water (3 x 5 

ml), and the residue was purified on a LiChroprep RP-18 column (10 x 150 

mm) eluting with water. The fractions containing compound (111) were 
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concentrated in a vacuum to the volume of 3 ml, neutralized with 25% 

aqueous ammonia, and evaporated to dryness. The yield 56 mg (72%). UV 

(water): Alma, 249 nm (10200). 'H NMR ppm, 6, Hz): 8.41s and 8.08s (2H, 

H-2 and H-8), 5.99d ( lH ,  J 5 . 4 ,  H-l'), 4.66m ( l H ,  H-27, 4.44m (1H, H-37, 

4.23m ( l H ,  H-4'), 4.04m (2H, H-5'), 2.05t (2H, J 19.5, PCH2P). 31P NMR: 

18.46s (P-a), 14.94s (P-p). 

Method B. To a solution of bisammonium salt of (IV) (50 mg, 0.11 

nimol) in a 2 : 1 AcOH-H20 mixture (1 ml), sodium nitrite (20 mg, 0.28 

mmol) was added, the reaction mixture was stirred for 12 h at 2OoC, 

evaporated, coevaporated with water (5 x 5 ml), and dried in a vacuum. The 

residue was dissolved in water (1 ml), loaded on a Dowex 50W x 8 column 

(20 x 100 mm), and eluted with water. The fractions corresponding to tlie first 

peak were concentrated to 0.5 ml, adjusted to pH 7 with 25% aqueous 

ammonia, and purified on a LiChroprep RP-18 column (20 x 200 mm) 

eluting with 0.02 M NH4HC03, and evaporated to give (111) (32 nig, 64%). 

The second peak contained starting (IV) (15 mg). 

2',3'- O-Isopropylideneinosine- 5'-methylenediphosphonatephosphate, 

tetraammonium salt (V) and P-a, P-a'-bis[ 2',3'-O-isopropylideneinosine-5'- 
methylenediphosphonate], tetraammonium salt (VI). Compound (11) (23 mg, 

0.046 mmol) and Bu3N (26 pl, 0.11 mmol) were dissolved in DMF ( 1  mi), 

then tlie solution of h 3 P O  in MeCN (120 pl, 0.03 mmol) was added, and, 

after stirring at 20OC for 66 11, 1 M NH4HC03 ( 1  ml) was added. The mixture 

was stirred for 1 h, 25% aqueous ammonia (300 pl) was added, the mixture 

was diluted with water to 150 nil, and the solution was loaded on a DEAE 
Spheron column (10 x 80 nim). The products were eluted in a linear gradient 

of NH4HC03 (0-0.5 M, 500 nil). The target fractions were concentrated and 

repurified on a LiChroprep RP-18 column (20 x 150 mm) in a linear gradient 

of MeOH in 0.05 M NH4HC03, (0+25%, 500 ml) to give (V) (5 mg, 18%) 

and (VI) (4 nig, 18%). Compound (V): UV (water): h,,, 249 nm (18400). 1H 

NMR: 8.18s and 8.02s (2H, H-2 and H-8), 6.08d ( IH ,  J 2 ,  H-l '),  5.28ni and 

5.07ni (2H, H-2' and H-37, 4.51111 ( 1 H ,  H-47, 3.94ni (2H, H-5'), 1.91t (2H, 

J 2 0 ,  PCH,P), 1.51s and 1.28s (6H, two CH3). 3 1 P  NMR: 18.49d ( J 8 ,  P-a), 

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



[BIS(INOSINE-5')]-TETRAPHOSPHATE 887 

5.75dd (J 8, 21.5, P-D), -9.34d (J 21.5, P-y). Compound (VI): W (water): 

Amax 249 nm (10300). IH NMR: 8.21s and 8.00s (2H, H-2 and H-S), 6.06d 

( l H ,  J 2, H-l'), 5.23m and 5.06ni (2H, H-2' and H-3'), 4.45m ( l H ,  H-4'), 

3.94m (2H, H-5'), 2.14t (2H, J 20, PCH2P), 1.52s and 1.31s (6H, two CH3). 

31P NMR: 18.34d ( J S ,  P-a, P-a'), 8.19d ( J S ,  P-p, P-p'). 

P-a, P-a'-Bis[inosine-5'-methylenediphosphonate], tetraammonium salt 

(VII) and [P-a, P-a'-bis(inosine-5'-methylenediphosphonate) ]phosphate, 

pentaammonium salt (VIII). D M F  (2 ml) and Bu3N (66 pl, 0.28 nimol) were 

added to a solution of (111) (65 mg, 0.14 niniol) in water (2 nil), tlie solution 

was evaporated to a volume of 2 ml, and coevaporated with DMF (3 nil x 3 ) .  

A solution of 0.25 M Ini3P0 in DMF (420 pl, 0.1 1 mniol) was added under 

vigorous stirring. After stirring at 22OC during 72 h,  the reaction mixture was 

quenched with 25% aqueous ammonia (2 nil) and water ( 5  nil) and extracted 

with chloroform (3 x 5 nil). The aqueous layer was concentrated, loaded on a 

LiChroprep RP-18 column (20 x 250 mm, 25 x 40 p), and then eluted with 

0.01 M NH4HC03. The fractions corresponding to tlie first peak were 

concentrated and clironiatographed on a DE-32 cellulose (HC03- form) 

column (25 x 150 mni) in a linear gradient of NH4HC03 in 15% MeOH (400 

ml, 0.2+0.6 M). Compounds (VII) and (VIII) were eluted at 0.36-0.38 M 
and 0.40-0.43 M, respectively, and repurified on a LiChroprep RP- 18 colunin 

(2.5 x 160 mm) eluting with 0.05 M NH4HC03. The second peak eluted from 
the DE-32 cellulose column contained compound (VI I ) ,  which was repurified 

on a LiChroprep RP- 18 colunin as above. The total yield of (VII) was 28 mg 

(44%). UV (water): h,,,, 249 iini (18500). ' H  NMR: 8.21s and 7.99s (2H, H- 

2 and H-S), 5.88d ( IH ,  J 5.8, H-l '),  4.40-4.55m (2H, H-2', H-37, 4.22ni 

( IH ,  H-47, 3.99111 (2H,  H-5'), 2.22t (2H, J 19.5, PCHlP). 3 1 P  NMR: 17.68s 

(P-a, P-a'), 7.52s (P-p, P-p'). MS, m/e: 833.9 [MI+. Calc. C2lH30NsOl9P4: 

840. 

Compound (VIII). The yield 8 mg (1 1%). h,,,, 249 nni (18000). IH 

NMR: 8.47s and 8.15s (2H, H-2 and H-S), 6.06d ( l H ,  J 5.6 Hz, H-l '),  

4.53m ( l H ,  H-2'), 4.32ni ( IH,  H-3'), 4.14ni ( l H ,  H-47, 4.04ni (2H, H-5'), 
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2.39t (2H, J 19.5, PCH2P). 3 'P  NMR: 17.18s (P-a, P-a'), 8.95d (J 19.5, P-p, 

P-p'), -21.88t (J 19.5, P-y). MS, m/e: 916.0 [M+l]+,  938.5 [M + Na]+. Calc. 

C22H31Ng022P5: 9 14.5. 

Acknowledgements 
The work was supported by the Russian Foundation for Basic 

Research, projects nos. 98-03-32930a and 96- 15-97646. 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8 

9. 

10. 

11. 

REFERENCES 

Holler, E.; Holmquist, B.; Vallee, B. L.; Taneja, K.; Zamecnik, P. 
Biochemistry, 1983, 22, 4924-4933. 

Prescott M.;  McLennan A.G. Anal. Biochem., 1990, 184, 330-337. 

Pintor, J.; Hoyle, Ch. V.; Cualix, H .  J.; Miras-Portugal, M. T. 

Neurosci. Res. Commun., 1996, 20, 69-78. 

Pintor, J . ;  Shipitsyn, A.; Shirokova, E.; Gomez-Villafuertes, R.; 

Gualix, J. ;  Krayevsky, A.; Miras-Portugal, M. T. J. Neurochem., 1998, 

71, 25. 

Blackburn G.M.;  Taylor G.E.; Tattershall R.U.; Thathcher G.R.J.; 

McLennan M.G. Biophosphates and their Analogues - Synthesis, 

Structure, Metal and Activity, eds. Bruzik K.S. & Stec W.I. (Elsevier 

Amsterdam), 1986, pp. 45 1-464. 
Tarussova, N. B.; Shuniiantseva, V. V.; Krylov, A. S.; Karpeisky, M. 
J.; Khomutov, R. M. Bioorg. Chem. (Russian), 1983, 9, 838-843. 

Tarussova, N.  B.; Zavgorodny, C. G. ;  Osipova, T. I. Bioorg. Chem. 

(Russian), 1985, 2, 802-807. 

Blackburn G.M.; Taylor G.E.; Thathcher G.R.J.; McLennan M.G. 

Nucl. Acids Rex, 1987, 17, 6991-7004. 

Guranovsky, A.; Biriukov, A.; Tarussova, N. B.; Khomutov, R. M.; 

Yakubovski, H. Biochemistry, 1987, 26, 3425-3429. 

Tarussova, N. B.; Kondratyeva, N .  0.; Tyrtysh, T. V.; Timofeev, V. 

P.; Gnuchev, N .  V. J .  Org. Chem. (Russian), 1988, 24, 1474-1480. 

Davisson J.O.; Davis D.R.; Dixit V.M.; Poulter D. J. Org. Chem., 

1987, 52, 1794- 180 1. 

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



[BIS(INOSINE-S') J-TETRAPHOSPHATE 889 

12. Pankiewicz K.W.; Lesiak K.; Watanabe K.A. J. Am. Chem. Soc., 1997, 

119, 3691-3695. 

13. 

14. Labataille P., Pelican0 H.,  Maury G.,  Inibacli J .-L.,  Gosselin G. 

Stock J.A. J. Org. Chem., 1979, 44, 3997-4000. 

Bioorg. & Med. Chem. Lett., 1995, 5 ,  2315-2320. 

15. Sergeeva N.F. ;  Smirnov V.D.; Shabarova Z.A.; Procofev M.A.; 

Zarytova V.F.; Lebedev A.V.; Knorre D.G. Bioorg. Khimia (Russian), 

1976, 2, 1056-1062. 

Received 7 / 9  ,f 9 9 
Accepted 2/8/00 

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


