Stereocontrolled synthesis of dithymidine boranophosphates by
an oxazaphospholidine method
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Abstract—Diastereopure Rp- and Sp-dithymidine boranophosphates were synthesized by an oxazaphospholidine method. Both in solution
and solid-phase, the products were obtained in good yields and with excellent diastereoselectivity.

Boranophosphate DNA is a new class of modified nucleic
acids, in which one of the non-bridging oxygens of the
phosphodiester linkage in DNA is replaced by a BHs
group.® Incorporation of the boranophosphate linkages into
oligonucleotides results in significant increase of their
nuclease resistance and lipophilicity.** In addition, a
duplex consisting of a boranophosphate DNA and its
complementary RNA is a good substrate for RNase H.%*
Thus, boranophosphate DNA is regarded as a promising
candidate for therapeutic agents applicable to antisense and
antigene approaches as well as boron neutron capture
therapy (BNCT).> Substitution of a non-bridging oxygen of
the phosphodiester linkage in DNA by the BH; group
results in a chiral boranophophate linkage. Recent studies
have shown that the properties of boranophosphate DNA
are affected by the chirality of the phosphorus atoms.®*
Shaw et al. reported the synthesis of diastereopure Sp- and
Rp-dithymidine bpranophosphates from the corresponding
diastereopure H-phosphonate intermediates separated by
silica-gel column chromathography.® Just et al. reported the
separation of diastereomers of dithymidine
boranophosphates  synthesized by the conventional
phosphoramidite method.” These approachs can be
applicable only to the dinucleoside boranophosphates
because separation of the diastereomers is virtually
impossible for long oligomers. Just et al. also reported the
stereocontrolled synthesis of Sp-dithymidine
boranophosphate by using (S)-3-hydroxy-4-(2-
indolyl)butyronitrile as a chiral auxiliary.® In this case, both
the efficiency and diastereoselectivity for  the
internucleotidic bond formation are not sufficient for the
solid-phase synthesis of long oligomers. In contrast, fully
Sp-stereoregulated oligodeoxyribonucleoside
boranophosphates can be obtained by the enzymatic
method using the nucleoside 5’-O-a-boranotriphosphates.®
However, Rp-stereoregulated oligodeoxyribonucleoside

boranophosphates cannot be obtained by the enzymatic
method because of the substrate specificity of the enzyme.
Under these circumstances, development of an efficient
method for the chemical synthesis of stereodefined
oligonucleoside boranophosphates is of great importance.

Recently, we have developed an oxazaphospholidine
approach  for the stereocontrolled synthesis  of
oligodeoxyribonucleoside phosphorothioates by the use of
nucleoside 3’-O-oxazaphospholidine monomer units and
non-nucleophilic acid activators.’® The method enables us
to synthesize Sp- and Rp-phosphite triester intermediates in
high yields and with excellent diastereoselectivity. The
resulting diasteropure phosphites are expected to be
converted to the  corresponding  diastereopure
boranophosphates. In this paper, we wish to describe a
novel approach for the synthesis of diastereopure Rp- and
Sp-dithymidine boranophosphates by the
oxazaphospholidine method.

As we previously reported, the diastereopure 5’-O-(tert-
buthyldiphenylsilyl)thymidine  3’-O-oxazaphospholidine
monomer units (Sp)-1 and (Rp)-1 were obtained from the
chiral 1,2-amino alcohols with the diastereomeric ratios of
>99:1 and 99:1, respectively.’® The monomer (Sp)-1 was
condensed with 3’-O-(tert-butyldimethylsilyl)thymidine 2
in the presence of activator 3 to give the diastereopure
phosphite intermediate 4 (dr >99:1).° The resulting
phosphite was then boronated by treatment with 1 M
BHz*THF in THF at rt for 10 min (Scheme 1). The chiral
auxiliary of 5 could be easily removed by treatment with 10
equiv of DBU for 30 min at 50 °C to afford 5’-O- and 3’-
O-silylated dithymidine boranophosphate 6. Finally, the 5’-
O- and 3’-O-silyl groups were removed by treatment with
3HF+Et;N,** and purification by reverse-phase column
chromatography gave the fully deprotected dimer 7 in 66%
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Scheme 1. Solution-phase synthesis of Sp-dithymidine boranophosphate.

isolated yield (4 steps). The resultant dimer was almost
diastereopure (dr = 98:2) which was confirmed by reverse-
phase HPLC and the P-configuration of the dimer was
determined to be Sp by the *H-NMR analysis.***? It has
been previously reported that the condensation of (Sp)-1
with 2 in the presence of 3 proceeds with inversion of the
configuration at the phosphorus atom and that the removal
of the chiral auxiliary by the DBU treatment proceeds with
retention of the configuration.’® It is known that the
conversion of phosphite triester to boranophosphate by
BHs*THF takes place with retention of the P-configuration.
Therefore, the present results are consistent with the
previous studies.’® In a similar manner, (Rp)-7 could be
obtained from (Rp)-1 in 63% isolated yield (4 steps) with dr
of 96:4.

On the basis of these results, we applied this method to the
solid-phase  synthesis of diastereopure dithymidine
boranophosphates (Scheme 2). An oxazaphospholidine
monomer (Sp)-8 was condensed with thymidine anchored
to a CPG (9) in the presence of 3, and the resulting
phosphite triester 10 was boronated under various
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Scheme 2. Solid-phase synthesis of Sp-dithymidine boranophosphate.
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Té%?éi Reaction conditions for boronation and deprotection on the solid
support.

Entry Boronation Deprotection TegT: T?
1 1MBH3;THF/THF 0.2MDBU/50°C/ 53: 47"
/10 min 30 min
2 1MBH3;THF/THF 0.2MDBU/50°C/ 55 : 45°
/30 min 30 min
3 1MBH3;THF/THF 0.2MDBU/25°C/ 70: 30"
/30 min overnight
4 1 M BH;-Me,S / 02MDBU/25°C/ 89:11
CH,ClI, /30 min overnight
5°¢ 1 M BH;-Me,S/ 02MDBU/25°C/ 93:7
CH,ClI, /30 min overnight

®The ratios were determined by HPLC.
PMany side products were observed other than TpsT and T.
“Acetylation was carried out before the DBU treatment.

conditions (Table 1). The 5’-DMTr group of 11 was then
removed by treatment with 3% DCA in CH,CI, in the
presence of Et;SiH as a trityl cation scavenger.® After
removal of the chiral auxiliary of 12, the dimer was cleaved
from the solid-support by treatment with conc NH; aq at
50 °C for 30 min. The crude product was analyzed by
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reverse-phase HPLC.

When boronation of the phosphite intermediate 10 and
deprotection of the chiral auxiliary of 12 were carried out
under similar conditions for the solution-phase synthesis,
the HPLC profile of the crude product was very
complicated (Table 1, entry 1). Many products were
observed other than the desired dimer. A prolonged
boronation reaction was found to be less effective (Table 1,
entry 2). Milder deprotection conditions resulted in an
improved yield of the dimer (Table 1, entry 3). However,
many unidentified products were still observed. When
BH3*Me,S in CH,CI, was used as a boronating agent in
place of BHz*THF in THF, the yield of the dimer was
appreciably improved (Table 1, entry 4). In the
deprotection reaction of 12, the 5’-hydroxy group can
attack the neighboring phosphorus atom to decompose the
product. In order to avoid this undesirable side reaction, the
5’-hydroxy group was acetylated prior to the DBU
treatment (Table 1, entry 5). This treatment was found to be
very effective to avoid the decomposition of the product.

Using the optimized conditions, Sp- and Rp-dithymidine
boranophosphates were synthesized in good yields. In the
case of (Sp)-7, dr was estimated to be >99:1 and the yield
of the dimer was 92%. In a similar manner, (Rp)-7 was
obtained in 90% yield (dr = 98:2) (Figure 1).

In conclusion, we have developed a new method for the

stereocontrolled synthesis of dithymidine boranophosphates.

Both in solution and solid-phase, diastereopure Sp- and Rp-
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Figure 1. Reverse-phase HPLC profiles of the crude products: (a) (Rp)-7;
(b) (Sp)-7; (c) a diastereomixture of (Rp)-7 and (Sp)-7.

dithymidine  boranophosphates ~ were  successfully
synthesized. Solid-phase synthesis of stereoregulated
oligodeoxyribonucleoside boranophosphates including four
kinds of nucleobases is now in progress.

Acknowledgments

This work was supported by Grants from the Ministry of
Education, Sciences, Sports, Culture and Technology,
Japan.

References

1. Sood, A.; Shaw, B. R.; Spielvogel, B. F. J. Am. Chem. Soc.
1990, 112, 9000-9001.

2. (a) Zhang, J.; Terhorst, T.; Matteucci, M. D. Tetrahedron
Lett. 1997, 38, 4957-4960: (b) Higson, A. P.; Sierzchala, A.;
Brummel, H.; Zhao, Z.; Caruthers, M. H. Tetrahedron Lett.
1998, 39, 3899-3902; (c) Sergueev, D. S.; Shaw, B. R. J. Am.
Chem. Soc. 1998, 120, 9417-9427; (d) Brummel, H. A;
Caruthers, M. H. Tetrahedron Lett. 2002, 43, 749-751.

3. Sergueeva, Z. A.; Sergueev, D. S.; Ribeiro, A. A.; Summers,
J. S.; Shaw, B. R. Helv. Chim. Acta 2000, 83, 1377-1391.

4. (a) Rait, V. K.; Shaw, B. R. Antisense Nucleic Acid Drug
Dev. 1999, 9, 53-60; (b) Wang, X.; Dobrikov, M.; Sergueev,
D.; Shaw, B. R. Nucleosides, Nucleotides & Nucleic Acids
2003, 22, 1151-1153.

5. Hawthorne, M. F. Angew. Chem. Int. Ed. Engl. 1993, 32,
1044-1052.

6. Sergueeva, Z. A.; Sergueev, D. S.; Shaw, B. R. Tetrahedron

Lett. 1999, 40, 2041-2044.

Jin, Y.; Just, G. Tetrahedron Lett. 1998, 39, 6429-6432.

Jin, Y.; Just, G. Tetrahedron Lett. 1998, 39, 6433-6436.

(@) Li, H.; Porter, K.; Huang, F.; Shaw, B. R. Nucleic Acids

Res. 1995, 23, 4495-4501; (b) Sergueev, D.; Hasan, A,

Ramaswamy, M.; Shaw, B. R. Nucleosides Nucleotides 1997,

16, 1533-1538; (c) He, K.; Porter, K. W.; Hasan, A.; Briley, J.

D.; Shaw, B. R. Nucleic Acids Res. 1999, 27, 1788-1794.

10. (a) Oka, N.; Wada, T.; Saigo, K. J. Am. Chem. Soc. 2002,
124, 4962-4963; (b) Oka, N.; Wada, T.; Saigo, K. J. Am.
Chem. Soc. 2003, 125, 8307-8317.

11. Gasparutto, D.; Livache, T.; Bazin, H.; Duplaa, A-M.; Guy,
A.; Khorlin, A.; Molko, D.; Roget, A.; Teoule, R. Nucleic
Acids Res. 1992, 20, 5159-5166.

12. Li, H.; Huang, F.; Shaw, B. R. Bioorg. Med. Chem. 1997, 5,
787-795.

13. Wada, T.; Shimizu, M.; Oka, N.; Saigo, K. Tetrahedron Lett.
2002, 43, 4137-4140.

© o~





