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H-Phosphonate oligonucleotides from phosphoramidite chemistry
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Abstract—A novel phosphoramidite methodology allowing the formation of H-phosphonate oligonucleotides was employed to
introduce backbone modifications into oligonucleotides. Novel N, N-diisopropylamino-para-methoxybenzylphosphoramidites were
prepared and used in a two-step synthesis cycle during the elongation process. The coupling step was directly followed by an acidic
treatment performing concomitant deprotection and phosphite deprotection through an Arbuzov reaction to yield an H-phos-

phonate linkage.
© 2004 Elsevier Ltd. All rights reserved.

During the past years, the development of the antisense
and antigene approaches using synthetic oligonucleo-
tides interfering with gene expression led to the emer-
gence of various chemical modifications to improve their
nuclease resistance and their cellular uptake. Particu-
larly, substantial attention was focused on modifications
of the internucleoside linkages.

The phosphoramidite! and the H-phosphonate? chemi-
cal approaches, have appeared as the methods of choice
to rapidly synthesize on solid support these phosphorus
oligonucleotide analogues. Compared to the phosphor-
amidite chemistry where an oxidation of phosphite
triester intermediates is performed after each coupling
step, the H-phosphonate method appears more simple
and versatile. Indeed, the oxidation of H-phosphonate
diester linkages is carried out once at the end of the
elongation process with the advantage that a common
intermediate could give rise to oligonucleotides bearing
various phosphorus linkages,® including phosphate-,*
phosphorothioate-,> phosphoroselenoate-, borano-
phosphate-,” and phosphoramidate diester®® derivatives
as well as chimeric oligonucleotides. '’

However, the H-phosphonate method also has some
disadvantages due to possible side reactions'' mostly
occurring during the coupling of a nucleoside H-phos-
phonate monoester with a free 5'-hydroxyl supported
oligonucleotide using an acyl chloride (e.g., pivaloyl
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chloride'?) as activator. If preactivation time of the
H-phosphonate monoester with the acyl chloride is too
long, bis P-acylation occurs resulting in low efficiency.
O-Acylation of the 5'-hydroxyl reactant and P-acylation
of the desired H-phosphonate diester are other sources
of inefficiency of the H-phosphonate methodology.
These are reasons why the more accessible and suc-
cessful phosphoramidite approach remains the preferred
method for the synthesis of oligonucleotides.

We decided to explore a phosphoramidite approach
yielding oligonucleotides H-phosphonate diesters as
versatile intermediates giving access to various phos-
phorus modifications.

Oxidation of a newly generated phosphite triester link-
age is considered as an indispensable step in the elon-
gation process of an oligonucleotide by the
phosphoramidite approach. Attempts to postpone this
oxidation at the end of the elongation process resulted in
uncharacterized products.!> Without oxidation, the
phosphite triester linkages decompose under the acidic
conditions, that is; trichloroacetic or dichloroacetic acid,
used for the cleavage of the dimethoxytrityl group.

Regarding the literature concerning acidic hydrolysis of
trialkylphosphites proceeding to dialkylphosphites (H-
phosphonate diesters),'* in the case of oligonucleotide
phosphite degradation, the unshared electron pair of
phosphorus atom of the phosphite is protonated to form
a phosphonium salt (i.e., a protonated phosphite). Then,
the nucleophilic attack of dichloroacetate ion on the
phosphorus atom of the phosphonium ion gives rise to
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the elimination of one of the three alcohol substituents
(Scheme 1, pathways A, B, and C) and to the corre-
sponding unstable mixed anhydrides, which readily
decompose to dialkyl H-phosphonates.

In confirmation of these pathways, we synthesized on
solid support a short oligonucleotide d(TCTATT) with
standard cyanoethyl-protected phosphoramidites for the
first four coupling steps and a regular incorporation
cycle (coupling, capping, iodine/water oxidation, de-
tritylation). The last coupling step was performed with a
methyl phosphoramidite followed by the detritylation
step with dichloroacetic acid and then by the iodine-
water oxidation. After regular ammonia deprotection,
reverse-phase HPLC (Fig. 1A) showed three main
compounds from which one corresponded to the full-
length phosphodiester hexamer d(TCTATT) (&
21.5min, m/z caled 1756.2, 50% of the mixture). Fol-
lowing the mechanism described above, this compound
should result from methanol cleavage (Scheme 1, path-
way A) during acidic hydrolysis of the phosphite fol-
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lowed by oxidation of the resulting H-phosphonate
diester. The two other compounds, the pentamers 5'-
methyl phosphodiester d(CTATT) (r 19.4min, m/z
caled 1546.0) and 5-OH d(CTATT) (tr 20.0min, m/z
calcd 1452.0) resulted from internucleoside bond cleav-
ages (Scheme 1, pathways B and C, 20% and 30%,
respectively). The identity of these three compounds was
determined by MALDI-TOF mass spectrometry. The
ratio between the three compounds in the mixture could
be explained by the difference of the pK, of the leaving
alcohols.

However, another pathway where the dichloroacetate
ion preferentially attacks the methyl group (Scheme 1,
pathway A’), as observed during iodine/water oxidation
of methylphosphite triesters (Sy2 mechanism)'® might
take place. Following this pathway, the acidic hydroly-
sis of the methylphosphite triester linkage gives rise
to an H-phosphonate linkage. Interestingly, this
Arbuzov-type reaction might explain why the full-length
oligonucleotide is the main compound of the mixture.
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1. Acidic degradation of a methylphosphite triester linkage in the oligonucleotide model d(TCTATT).
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Figure 1. Reverse-phase HPLC chromatograms of the crudes resulting from the synthesis of d(TCTATT), (A) using dT methylphosphoramidite for
the last coupling, (B) using dT para-methoxybenzylphosphoramidite for the last coupling.
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To favor the removal of the protecting group avoiding
internucleoside bond cleavage, we replaced then the
methyl group with a para-methoxybenzyl group. Indeed,
benzyl and substituted benzyl-protected nucleoside
phosphoramidites have previously been applied to the
synthesis of internucleoside phosphodiester analogues
under diverse range of Arbuzov-type reaction condi-
tions.'®!7 Considering Arbuzov-type reactions, it was
reported by Nielsen and Caruthers that alkyl deoxy-
nucleoside phosphites having alkyl groups, that is, ter-
tiary alkyl or benzyl groups, which stabilize the Syl
character of the second stage of the Arbuzov reaction
react selectively with most electrophiles and eliminate
only the appropriate protecting group.'® For example, it
was shown that aqueous iodine oxidation of 2-cyano-
1,1-dimethylethyl deoxydinucleoside phosphite and
o-methylbenzyl deoxydinucleoside phosphite,'® where
iodine acts as the electrophile and water as the nucleo-
phile involved in the Arbuzov-type reaction, yield the
corresponding phosphate diesters with selective loss of
the protecting group.

Due to this observation, we prepared 5'-O-dimethoxy-
trityl 3'-O-p-methoxybenzyl phosphoramidites from the
corresponding phosphine.!” The hexamer d(TCTATT)
was then synthesized with standard cyanoethyl-pro-
tected phosphoramidites for the first four incorpora-
tions. The coupling step of the last p-methoxybenzyl
phosphoramidite was followed by the detritylation step
and then by the iodine-water oxidation. After regular
ammonia deprotection, the reverse-phase HPLC of the
crude (Fig. 1B) showed more than 98% of the desired
full-length oligonucleotide (zg 21.5 min) without signifi-
cant cleavage of the oligonucleotide.

To illustrate the feasibility of the method, several
phosphorus-modified oligonucleotides were synthesized.
The phosphodiester and phosphorothioate dTs were
prepared on LCAA-CPG from the p-methoxybenzyl
phosphoramidite of dT. A two-step synthesis cycle was
used for the elongation of the oligonucleotide. The first
step was the condensation of the phosphoramidite with
a 5-OH nucleoside, covalently linked to the solid sup-
port through a standard succinyl linker, in the presence
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of 1-H-tetrazole as activator. The second step was an
acidic treatment with 2% dichloroacetic acid in CH,Cl,
performing both 5-hydroxyl and phosphite deprotec-
tion. Hence, the oligonucleotide with H-phosphonate
internucleoside linkages was obtained. This elongation
process was followed by an oxidation step with I,/H,O
in presence of Et;N or by a treatment with 2.5% Sg in a
CS,/pyr/EtzN (1:1:0.1, v/v/v) mixture? to, respectively,
yield the phosphodiester and the phosphorothioate dTs.
The cleavage of the ODN from the solid support was
achieved with a standard aqueous ammonia treatment.
The crudes were analyzed by reverse-phase HPLC and
MALDI-TOF MS (negative mode). Both HPLC chro-
matogram and mass spectrum of the phosphodiester dT
showed the hexamer as the main product (g 19.6 min,
m/z calculated 1762.2) contaminated with compounds
of lower retention times (fg 18.9 and 19.3min) corre-
sponding to shorter sequences dT, and dTs and with
compounds of higher retention times (fr 23.8, 24.1,
25.6min, m/z calculated 1866.4) corresponding to an
hexamer containing a benzylphosphonate linkage
instead of a phosphodiester linkage. Similarly, the
HPLC and the mass spectrum (Fig. 2) of the phos-
phorothioate dTs revealed the contamination of the
desired oligonucleotide (g 15.5-17.6min, m/z calcd
1839.9) with a compound of higher retention time and
higher mass (fg 22.0min, m/z caled 1930.6) corre-
sponding to a benzylphosphonate-containing oligo-
nucleotide. In the case of the phosphorothioate dTg, the
broadness of the HPLC peaks was due to the diastereo-
isomers partially resolved.

These unwanted alkylation reaction products might
derive from a reaction of the highly reacting p-meth-
oxybenzyl carbocation formed during the second step of
the Arbuzov-type reaction (Scheme 2, pathway A) with
another starting p-methoxybenzylphosphite molecule, in
a true Arbuzov reaction (Scheme 2, pathway B), gen-
eratirzllg undesirable p-methoxybenzylphosphonate link-
ages.

Our chemical approach was also applied to the synthesis
of a cationic dimethylaminopropyl (DMAP) phosphor-
amidate oligonucleotide. These oligonucleotides have
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Figure 2. (A) Reverse-phase HPLC chromatogram and (B) MALDI-TOF mass spectrum of the crude resulting from the synthesis of the phos-

phorothioate dTs.
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Scheme 2. Arbuzov-type (a) and Arbuzov (b) reactions occurring
toward the acidic treatment of a p-methoxybenzylphosphite triester
giving rise to an H-phosphonate linkage (A) and to a benzylphospho-
nate linkage (B).

recently showed increasing interest.”> Therefore, a
PNHDMAP pentanucleotide d(TAGCT) was prepared
on LCAA-CPG from p-methoxybenzyl phosphorami-
dites. The two-step synthesis cycle was followed with the
oxidative amination of the H-phosphonate linkages in
PNHDMAP links by CCly in the presence of N-di-
methylaminopropylamine. After deprotection and
removal of the oligonucleotide from the solid support,
the crude was analyzed by cationic exchange HPLC and
MALDI-TOF MS (positive mode). Both HPLC chro-
matogram and mass spectrum showed a major com-
pound corresponding to the desired PNHDMAP
pentamer (/g 11.2min, m/z caled 1815.7). Besides this
pentamer, the mass spectrum showed other peaks, one
of lower mass (m/z caled 1737.5) resulting to an
unwanted oxidation of one H-phosphonate linkage in a
phosphodiester, and another one of higher mass (m/z
calcd 1835.7) corresponding either to a sodium adduct
or to the partial Arbuzov reaction on p-meth-
oxybenzylphosphite triester intermediates yielding a
benzylphosphonate linkage.

In conclusion, we reported here a new phosphoramidite
method based on two-step synthesis cycle giving rise to
H-phosphonate diester oligonucleotides allowing the
preparation of various phosphate-modified oligonu-
cleotide analogues. The acidic treatment required for the
detritylation step allows conversion of the phosphite
triester internucleosidic linkage in H-phosphonate link-
age. Work is in progress to minimize side Arbuzov
reaction.

Acknowledgements

We thank the Ministere de I’Education Nationale, de la
Recherche et de la Technologie and the Association
pour la Recherche contre le Cancer for financial sup-
port.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Garegg, P. J.; Regberg,

References and notes

. Beaucage, S. L.; Iyer, R. P. Tetrahedron 1992, 48, 2223—

2311.

. Froelher, B. C. Oligodeoxynucleotide Synthesis. H-phos-

phonate Approach. In Methods in Molecular Biology.
Protocols for Oligonucleotides and Analogs; Agrawal, S.,
Ed.; Humana: Towota, 1993; Vol. 20, pp 63-80.

. Stawinski, J.; Kraszewski, A. Acc. Chem. Res. 2002, 35,

952-960.
T.; Stawinski, J.; Stromberg, R.
J. Chem. Soc., Perkin Trans. 1 1987, 1269-1273.

. Stawinski, J.; Thelin, M. J. Org. Chem. 1987, 56, 5169—
5175.

. Stawinski, J.; Thelin, M. Tetrahedron Lett. 1992, 33, 7255~
7258.

. Sergueev, D. S.; Shaw, B. R. J. Am. Chem. Soc. 1998, 120,
9417-9427.

. Froelher, B. C.; Matteucci, M. D. Nucl. Acids Res. 1988,

16, 4831-4839.

. Laurent, A.; Naval, M.; Debart, F.; Vasseur, J. J.; Rayner,

B. Nucl. Acids Res. 1999, 27, 4151-4159.

Maier, M. A.; Guzaev, A. P.; Manoharan, M. Org. Lett.
2000, 2, 1819-1822.

Sigurdsson, S.; Stromberg, R. Nucleos. Nucleot. Nucl.
Acids 2003, 22, 1-12.

Froelher, B. C.; Matteucci, M. D. Tetrahedron Lett. 1986,
27, 469-479.

Matteucci, M. D.; Caruthers, M. H. J. Am. Chem. Soc.
1981, 703, 3185-3191.

Westheimer, F. H.; Huang, S.; Covitz, F. J. Am. Chem.
Soc. 1988, 110, 181-185.

Alul, R. H.; Singman, C. N.; Zhang, G.; Letsinger, R. L.
Nucl. Acids Res. 1991, 19, 1527-1532.

Caruthers, M. H.; Kierzkek, R.; Tang, J. Y. Synthesis of
Oligonucleotides using the Phosphoramidite Method, In
Biophosphates and their Analogs—Synthesis, Structure,
Metabolism and Activity; Elsevier: Amsterdam, 1987; pp
3-21.

Battagia, S.; Vyle, J. S. Tetrahedron Lett. 2003, 44, 861—
863.

Nielsen, J.; Caruthers, M. H. J. Am. Chem. Soc. 1988, 110,
6275-6276.

Synthesis of p-methoxybenzyloxy bis(diisopropyl-amino)-
phosphane: Chlorobis(diisopropylamino)phosphane
(3.5g, 13mmol) was added at 0°C to a solution of
p-methoxybenzyl alcohol (1.8g, 13mmol) and Et;N
(3.6mL, 26 mmol) in dry Et,O (50mL). The resulting
mixture was stirred at room temperature for 3 h, diluted
with an Et,O/Et;N solution (9:1, v/v; 40mL) and then
filtered. The filtrate was concentrated to 2/3 and cyclo-
hexane (40 mL) was added. The solution was concentrated
once more. the crude was purified by silica gel chroma-
tography. The desired phosphane was eluted with a
cyclohexane/Et;N solution (95:5, v/v). The appropriate
fractions were combined, evaporated and co-evaporated
with acetonitrile. Crystallization gave 4.2 g of phosphane
(85% yield). Re: 0.77 in toluene/Et;N (9:1, v/v); mp: 54—
56°C; 3'P NMR (CDCly): 6 124.79 ppm.

Stec, W. J.; Zon, G.; Egan, W.; Stec, B. J. Am. Chem. Soc.
1984, 106, 6077-6079.

Saady, M.; Lebeau, L.; Miokowski, C. Tetrahedron Lett.
1995, 36, 5183-5186.

Michel, T.; Martinand-Mari, C.; Debart, F.; Lebleu, B.;
Robbins, 1.; Vasseur, J. J. Nucl. Acids Res. 2003, 31, 5282—
5290.



	H-Phosphonate oligonucleotides from phosphoramidite chemistry
	Acknowledgements
	References


