
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 26 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Nucleosides, Nucleotides and Nucleic Acids
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597286

SYNTHESIS OF CYCLIC DINUCLEOTIDES BY AN H-PHOSPHONATE
METHOD IN SOLUTION
Fan Zenga; Roger A. Jonesa

a Department of Chemistry Rutgers, The State University of New Jersey, Piscataway, NJ

To cite this Article Zeng, Fan and Jones, Roger A.(1996) 'SYNTHESIS OF CYCLIC DINUCLEOTIDES BY AN H-
PHOSPHONATE METHOD IN SOLUTION', Nucleosides, Nucleotides and Nucleic Acids, 15: 11, 1679 — 1686
To link to this Article: DOI: 10.1080/07328319608002723
URL: http://dx.doi.org/10.1080/07328319608002723

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597286
http://dx.doi.org/10.1080/07328319608002723
http://www.informaworld.com/terms-and-conditions-of-access.pdf


NUCLEOSIDES & NUCLEOTIDES, 15(11&12), 1679-1686 (1996) 

SYNTHESIS OF CYCLIC DINUCLEOTIDES BY 
AN H-PHOSPHONATE METHOD IN SOLUTION 

Fan Zeng and Roger A. Jones" 

Department of Chemistry, Rutgers, The State University of New Jersey, 
Piscataway, NJ 08855. 

Abstract: We report synthesis of each of the ten cyclic 2'-deoxyribodinucleotides by a 
solution-phase H-phosphonate method. The cyclic dimers have been characterized by 31P 
NMR, MS, UV, and enzymatic degradation. 

Cyclic dinucleotides were first isolated from chemical polymerization reactions 
during early explorations of diester oligonucleotide synthesis.' They later were shown to 
have activity as RNA polymerase inhibitors2 and in one case as an activator of cellulose 
~ y n t h a s e . ~  As a result, there have now been a number of reports of synthesis of cyclic 
dinucleotides in both the rib0 and 2'-deoxyribo series. Our original work,4 and much of 
the later work, relied on the phosphotriester m e t h ~ d . ~ . ~  The phosphoramidite method has 
been used for larger cyclic oligonucleotides l o  and the H-phosphonate method has been 
used for cyclic dinucleotide phosphorothioates. ' We now use the H-phosphonate method 
for solid-phase oligonucleotide synthesis, and chose to explore a solution-phase version 
for preparation of cyclic dinucleotides. We  report below the synthesis and 
characterization of the complete set of ten cyclic 2'-deoxyribodinucleotides. 

The principle disadvantage with solution-phase H-phosphonate synthesis is the 
lability of H-phosphonate diesters. A scheme that is applicable to synthesis of molecules 
with phosphorothioate linkages is to convert the H-phosphonate diesters to some form of 
phosphorothioate after each coupling. In the case of our unmodified cyclic 
dinucleotides, we chose to explore oxidation of the linear H-phosphonate diester to the 
phosphate diester, as shown in Scheme 1 .  Since H-phosphonate monoesters are not 
readily oxidized, the 3' H-phosphonate monoester group is not oxidized and can be used 
for the cyclization. In this approach, one of the two protected 3' H-phosphonate 
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R = cyanoethyl, 4-nitrophenylethyl, phenylsulfonylethyl 
B = thymine or Nprotected adenine, cytosine, or guanine 
B = adenine, cytosine, guanine, orthymine 
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I 

0 0  
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4 

inonoesters (e.g. 2 in Scheme 1 )  is coupled to an alcohol that is subject to cleavage by p- 
elimination. We found that the phenylsulfonylethyl derivative had the best properties for 
this purpose. Because of the lability of the resulting H-phosphonate diester, no extraction 
or chromatography is possible. But because the H-phosphonate coupling reaction is both 
fast and clean the product could be isolated by precipitation after a 30 sec coupling 
reaction. Detritylation followcd by precipitation then gives the 5'-hydroxyl component for 
coupling with 1 to form the linear dimer. Again, the coupling i s  stopped after 30 sec by 
precipitation of the dimer, using stoichiometric quantities of each monomer, and the 
phenylsulfonylethyl group is cleaved using triethylamine. After another precipitation to 
remove the triethylamine. the internucleotide H-phosphonate diester linkage is oxidized 
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CYCLIC DINUCLEOTIDE SYNTHESIS 1681 

Tables 1 and 2. 3lP Chemical shifts of the linear and cyclic dimers.t 

t d  of d, IJ = 641-643 Hz, 3J = 8 Hz tDzO,28 mmol phosphate, 85% H3P04 ext ref. 

with iodine and aqueous pyridine and detritylated with acetic acid to give 3. This linear 
dimer is a stable compound that is purified by preparative reversed-phase HPLC. The 
presence in 3 of one phosphate diester and one H-phosphonate monoester group was 
shown by 31P NMR. The cyclization then was effected by treatment with adamantoyl 
chloride for 30 sec followed by precipitation into petroleum ether. The residue then was 
dissolved in a solution of iodine in aqueous pyridine for the final oxidation. Deprotection 
with aqueous ammonia followed by purification by reversed-phase HPLC completed the 
synthesis. The linear dimers 3 (after amino deprotection) and the cyclic dimers 4 were 
characterized by l H  and 31P NMR, MS, UV, and enzymatic degradation. 

Tables 1 and 2 list the 31P  chemical shifts of the linear and cyclic dimers. The 
linear dimers each show a resonance corresponding to the internucleotide phosphate 
diester at -0.2 to - 1.2 ppm and a resonance corresponding to the 3'-H-phosphonate at 5 to 
6 ppm. The latter shows up as a doublet of doublets due to the large (642 Hz) P-H 
coupling and the much smaller 8 Hz coupling to the 3' proton. The 31P spectra of the 
cyclic dimers are simpler. The homo dimers show only a single phosphate diester 
resonance, while the hetero dimers have two phosphate diester resonances. 

Table 3 lists the masses of the species observed by laser desorption MS. These 
results show that, while the cyclization reaction could in principle produce higher 
oligomers, both linear and cyclic, the only species isolated was the cyclic dimer. 
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C-AA 
C-AC 
C-AG 
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pA 
pA + pC 
DA + DG 

We also monitored 
treatment of both the linear 
and cyclic dimers with 
nuclease P1 and with spleen 
phosphodiesterase. The 
enzyme reactions were 
monitored by HPLC and 
the results are tabulated in 

Table 3. Mass spectral data on the cyclic dimers 

c-CC 1 578.1 I 578.4 (M)+; 601.5 (M+Na)+ 

Table 4. We found that the 
3'-H-phosphomonester 
moiety was cleaved by P1 
and, as had been reported 
previously by Reese,' the 
cyclic dimers are not cleaved by spleen phosphodiesterase, but are cleaved by nuclease 
P1. Reese has also reported that the rate of cleavage of cyclic dimers was slower than that 
of cyclic trimers or hexamers. We found that the cyclic dimers are much more slowly 
cleaved than the linear dimers, particularly as the pH is increased from 5.3 to 7. Table 5 
shows the approximate times for complete digestion of linear and cyclic d[GT] as a 
function of pH. At pH 7, cleavage of the cyclic dimer is not complete at 48 h, while the 
linear dimer is completely cleaved within 2 h. 

We used the 
resistance of the 
cyclic dimers to 
digestion at pH 7 to 
de te rmine  the i r  
extinction 
coefficients. To  do 
t h i s ,  i d e n t i c a l  
volume samples of 
each cyclic dimer 
were lyophilized 
and dissolved in 
either water or pH 7 
phosphate buffer to 
which nuclease P1 
was added. After the 
former  samples  
were digested, they 
were diluted with 
pH 7 phosphate to 

Table 4. The reaction of cyclic and linear dimers with nuclea: 
and with Spleen phosphodiesterase. 

I Substrate I nuclease P1 I sdeen DhosDhodiesterase I 

;e PI 

~~ 

c-AT I p A + p T  
c-cc I nC I 
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I-d[GT] 
c-d[GT] 

Table 5. Approximate times for digestion with nuclease P1 as a function of pH.1 

5.3 5.6 6.0 6.3 7.0 
20min  40min  60min 80min  120min 

2 h 24 h 36 h 4 8 h  > 4 8 h  

the same volume as the latter. Thus both the digested and undigested samples (confirmed 
by HPLC) had identical composition, differing only in the order of addition. The 
measured absorbences were all within experimental error, demonstrating that the cyclic 
dimer extinction is adequately represented as the sum of the monomer extinctions, as 
would be expected. These data are shown in Tables 6 and 7. 

Experimental 
General Methods. NMR spectra were recorded on a Varian XL-400 

spectrometer. UV spectra were recorded on an AVIV C14. MALDITOF mass spectra 
were recorded on Biopro EZ1000. Preparative reversed-phase HPLC used a Waters 
PrepPak with two 40 x 100 mm cartridges. 

General procedure for synthesis of linear dimers (3). To 0.6.5 mmol of a 
protected 3'-H-phosphonate (1) in SO mL of pyridine was added 0.3 mL (2.0 mmol) of 
phenylsulfonylethanol. The solution was concentrated to a final volume of about 30 mL, 
and 0.5 g (2.5 mmol) of adamantoyl chloride was added with stirring. After 30 sec, 30 
mL of ethyl acetate was added and the solution immediately poured into a flask 
containing 300 mL of petroleum ether. The mixture was cooled to 0 'C, the supernatant 
discarded, and the oily residue was dissolved in 30 mL of methylene chloride and again 
precipitated by addition to 300 mL of petroleum ether. To the oily residue dissolved in 30 
mL of methylene chloride was added 10 mL of 5 % dicloroacetic acid in methylene 
chloride. After 2 min 400 mL of anhydrous diethyl ether wab added to precipitate 2. The 
residue of 2 was dissolved in methylene chloride and precipitated a second time by 
addition of diethyl ether to give 2 as a solid. This was used directly without further 
purification. To the precipitate of 2 dissolved in 30 mL of pyridine was added 0.6.5 mmol 
of 1 and 0.5 g (2.5 mmol) of adamantoyl chloride. After 30 sec 30 mL of ethyl acetate 

was added and the solution was immediately poured into 300 mL of petroleum ether. 
The supernatant was discarded and the precipitate was dissolved in a mixture of 7.5 mL of 
pyridine and 25 mL of triethylamine. After 20 min 400 mL of diethyl ether was added. 
The precipitate was dissolved in 60  mL of 2 % aqueous pyridine containing 1.0 g of 
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1684 ZENG AND JONES 

Table 6. Spectroscopic comparison of cyclic dimers and their enzymatic cleavage 

-bA sample of the cyclic dinucleotide after degradation with nucleasc P I .  

Table 7. Yields and extinction coefficients for the cyclic dimers. 
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iodine. After 15 min the solution was concentrated to near dryness, 150 mL of 20 % 

acetic acid was added and the solution was extracted once with diethyl ether. After 
standing for 5 h, the solution was extracted with 2 50 mL portions of diethyl ether and 
any remaining acid neutralized by addition of portions of sodium bicarbonate until gas 
evolution ceased. The linear dimer (3) was purified by preparative reversed phase HPLC 
using a gradient of 0 to 25 % acetonitrile: 0.1 M ammonium bicarbonate (pH 6.9) at a 

flow rate of 24 mL/min. The combined fractions of pure 3 were lyophilized to dryness. 

General procedure for preparation of the cyclic dimers (4). To a solution of 
the linear dimer 3, dried by concentration of a pyridine solution (3 times) and dissolved in 
40 mL of pyridine was added 0.5 g (2.5 mmol) of adamantoyl chloride. After 30 sec, 40 
mL of ethyl acetate was added and the mixture was poured into 300 mL of petroleum 
ether. The precipitated solid was dissolved in 100 mL of 2 % aqueous pyridine containing 
1 .O g of iodine. After 15 min, the solution was concentrated to near dryness, dissolved in 
150 mL of water and extracted with three SO mL portions of diethyl ether. The aqueous 
layer was concentrated to near dryness and dissolved in 30 mL of concentrated aqueous 
ammonia. After 2 days, the solution was concentrated on a Speed-Vac to remove most of 
the ammonia and lyophilized to dryness. The residue was purified by preparative 
reversed-phase HPLC using a gradient of 0 to 25 % acetonitrile: 0.1 M ammonium 
bicarbonate (pH 6.9) at a flow rate of 24 mL/min. The combined fractions of pure 4 were 
lyophilized to dryness. The overall yield for preparation of each cyclic dimer is listed in 
Table 7. 

General procedure for deprotected linear dimers. The protected linear dimers 
3 were treated with 15 mL of concentrated aqueous ammonia for 2 days, and purified as 
described above for 4. 

Nuclease P1 digestion. To a 1 .O OD sample of dimer was added 0.5 mL of 0.2 M 
acetate buffer (pH 5.3) and 10 pL  of a solution of nuclease P1 prepared from a 100 pL 
solution of lyophilized P1 powder (40 units) in deionized water that was further diluted 
by addition of 0.4 mL of 0.2 M acetate buffer (pH 5.3) and 50 pL of 0.2 M ZnS04. The 
digestion was monitored by reversed-phase HPLC using a gradient of 2 to 20 % 

acetonitrile: 0.1 M triethylammonium acetate. 

Spleen phosphodiesterase digestion. To a 1 .O OD sample of dimer was added 
0.5 mL of 0.2 M acetate buffer (pH 6.3) and 10 pL of a solution of spleen 
phosphodiesterase prepared by dissolving 25 units of lyophilized spleen 
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1686 ZENG AND JONES 

phosphodiesterase i n  0.4 mL of deionized water. The digestion was monitored by 
reversed-phase HPLC using a gradient of 2 to 20 % acetonitrile: 0.1 M triethylammonium 
acetate. 
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