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SOLUTION PHASE SYNTHESIS OF DITHYMIDINE
PHOSPHOROTHIOATE BY A PHOSPHOTRIESTER METHOD
USING NEW S-PROTECTING GROUPS

Ask Piischl, Jan Kehler and Otto Dahl*

Department of Chemistry, The H. C. @rsted Institute, University of Copenhagen,
Universitetsparken 5, DK-2100 Copenhagen, Denmark.

ABSTRACT. A phosphotriester method for the synthesis of dithymidine phosphorothioates
with eight S-protecting groups has been investigated. Three of the S-protecting groups
possesed catalytic activity, however side reactions occurred under deprotection. The best S-
protecting group was 4-chloro-2-nitrobenzyl which could be removed with a minimum of
side reactions (0.3 %). The coupling reagent PyFNOP (11) gave protected dithymidine
phosphorothioate in 96 % yield after 15 min coupling.

Oligonucleoside phosphorothioates (POS-ODN) are among the most intensively
investigated nuclease-resistant antisense analogues ' and have been shown to have markedly
antiviral properties and to inhibit a variety of oncogenes °. Recently a sequence of four
consecutive guanosines (G-4 tract) within a larger POS-ODN was found to have
antiproliferative effects and to prohibit HIV-infections in vitro *. Due to the many promising
properties of POS-ODN there is an increasing need for scale up of POS-ODN synthesis from
milligram to kilogram quantity. Presently, POS-ODN synthesis is being carried out on
commercially available automated DNA synthesizers using either the phosphoramidite
method ** or the H-phosphonate method 7 using controlled pore glass as a solid support.
During the last 4-5 years these methods have been under intense development for the
manufacture of large quantities of POS-ODN as bulk pharmaceutical compounds for clinical
evaluation. However it is still a matter of debate whether industrial production of large
quantities of POS-ODN will operate by solid phase or solution phase chemistry *'°.,

The solid phase phosphoramidite method has been optimised to allow syntheses up to 5

mmol scale ''. In solution the phosphotriester method is still the only method that is really
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suitable for the large scale synthesis of oligonucleotides '*

although the phosphoramidite
approach has been used very recently for the large scale (30 mmol) synthesis of POS-dimers
" Furthermore the phosphotriester method has several advantages over other methods as 1)
the nucleotide building blocks are very stable and easy to handle, 2) only a slight excess of
nucleotide building blocks is necessary in the coupling step, 3) coupling reactions are not so
sensible to water as water is removed by the excess of condensing agent, and 4) dimer, trimer
and larger building blocks may be used and libraries of all 16 possible dimer blocks and all
64 possible trimer blocks can be synthesized on a large scale (i.e. block-synthesis) ™",

Large scale synthesis of POS-ODN by the phosphotriester method has not yet been
reported but very recently Barber er al. © and also Reese ef al. * have reported on solution
phase syntheses of POS-ODN by the phosphotriester method. Barber et al. synthesised a
decathymidine phosphorothioate but observed side reactions during deprotection which led
to breakage of the internucleotide bond (1.8 %) and formation of phosphate diester (0.9 %).
Reese et al. synthesised dithymidine phosphorothioate in solution and did not observe any
side reactions. However the method of Reese et al. seems less attractive for solution phase
synthesis of POS-ODN, because the cyanoethyl S-protecting group is too labile for normal
block synthesis. This prompted us to report our studies on a phosphotriester method for the

synthesis of dithymidine phosphorothioates with new S-protecting groups.

Synthesis of nucleoside phosphorothioate monomers 6a-6h with new S-protecting groups

Froehler and Matteucci '

introduced the ingenious idea of using catalytic phosphate
protecting groups in nucleotide synthesis. Froehler and Matteucci used the 2-(N-
methylimidazol-2-yl)phenyl as an efficient catalytic phosphate protecting group thereby
taking aavantage of the great rate acceleration achieved by anchimeric (neighboring group)
assistance. Later Efimov er al. 7 used (2-pyridylymethyl N-oxides as catalytic phosphate
protecting groups in the synthesis of oligodeoxynucleotides by the phosphotriester method.
Very recently the use of catalytic phosphate protecting groups has been applied to the
synthesis of alkylphosphonates *. To the best of our knowledge catalytic protecting groups
have not yet been used in the synthesis of POS-ODN. In this study we have investigated new
S-protecting groups with catalytic activity.

The method we used to synthesize the nucleoside phosphorothioate monomers 6a-6h with
the new S-protecting groups is outlined in figure 1 and is essential the same as used by

Barber er al. .

The key step is alkylation of the O-cyanoethyl protected thymidine
phosphorothioates 4 made by sulfur oxidation of the H-phosphonate 2. The latter is easily
accessible in almost quantitative yield either by a two step procedure from commercially
available 5'-O-dimethoxytritylthymidine via the H-phosphonate 3 or simply by addition of

water and tetrazole to commercially available phosphoramidite 1.
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Figure 1. Synthesis of the phosphorothioate monomers 5a-5h and 6a-6h. R is shown in fig. 2.

4 was converted to the fully protected thymidine phosphorothioates Sa-5h by alkylation, and the
cyanoethyl group was easily and selectively removed by treatment with either 10% tert-butylamine in dry
pyridine or 20% triethylamine in dry methylene chloride to give the ammonium salts 6a-6h in almost
quantitative yields.

Synthesis and deprotection of fully protected dithymidine phosphorothioates 9a-9h

The fully protected dithymidine phosphorothioates 9a-9h were then synthesised in order
to investigate whether the S-protecting groups 1) could be selectively removed to give 10
without side reactions and 2) gave any rate acceleration in the coupling step (i.e. could

function as catalytic protecting groups). Our results are presented in the table in Figure 2.
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Figure 2. Synthesis, S-deprotection and concomitant cleavage of the internucleoside linkage (5’-cleavage)
in the phosphorothioate dimers 9a-9h. The amount of 5°-cleavage was determined by *'P-NMR. Couplings
were performed as described in the experimental section. Deprotection was performed by treating the fully
protected dimers 9a-9h (0.1 mmol) with pyridine/triethylamine/thiophenol (0.1 mi : 0.1 m] : 0.1 ml) for
3-10 h. a) NMI was not added.

With the exception of the (2-pyridyl)methyl N-oxides dimer 9f, the only side products
detected by “P.NMR were the S-protected thymidine thiophosphate monomers 6a-6h
formed by cleavage of the internucleotide bridge by an attack of thiophenolate ions at the
5’-position of the dimer 9 (5’-cleavage in the table in Figure 2) . The 2,4-dichlorobenzyl
group in 9a could not be removed selectively but gave rise to 1.4 % cleavage of the
internucleotide bond which confirms the results found by Barber ez al. (1.8 %) *. This is also
in agreement with our recent results for phosphorodithioates *. Although the 2-nitrobenzyl
group was presumed to be less labile than the 4-nitrobenzyl group " we found that the 2-
nitrobenzyl group in 9b gave rise to only 0.8 % 5’-cleavage, whereas the 4-nitrobenzyl
group gave 1.1 % " or 0.8 % . The 2,4-dinitrobenzyl group was reported unsuitable for
synthesis of dithymidine phosphorothioate as the corresponding monomer 6 could not be

obtained pure by the method in figure 1 * and furthermore the use of such a monomer did
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not lead to a detectable amount of the corresponding dimer 9 “. We reasoned, that the 4-
chloro-2-nitrobenzyl group should have a lability between the 2-nitrobenzyl and 2,4-
dinitrobenzyl groups. The monomer 6c¢ could be made in high yield and without the side
reactions observed for the dinitrobenzyl monomer. The dimer 9¢ could be deprotected with
only 0.3 % 5’-cleavage which is very satisfactory. Among the potential catalytic protecting
groups in 9d-9h, the (V-methylimidazol-2-yl)methyl group in 9h and the (2-pyridyl)methyl
N-oxide group in 9f, gave the lowest amount of 5’-cleavage, but the values (0.8 - 0.9%) were
higher than that obtained for 9c.

Couplings of 6a-6h with 3’-acetyl protected thymidine 8 were performed in pyridine with
the addition of 2,4,6-triisopropylbenzenesulfonyl chloride (TIPSCI) as coupling reagent and,
apart from 6g and 6h, N-methylimidazole, and the coupling times are given in the table in
figure 2. A modest rate enhancement was achieved when the 2-picolyl group was used (6d)
relative to the use of 2,4-dichlorobenzyl group (6a). Unfortunately the 2-picolyl group could
not be removed without serious cleavage of the internucleotide bond (6.4%). In order to
make the S-protecting group more labile, the 4-chloro-2-picolyl group was introduced (6e).
Although this protecting group showed to be more labile (only 3.0% cleavage of the
internucleotide bond), we could not detect any rate enhancement when using 6e. These results
illustrate the delicate balance between making the S-protecting group more labile, which is
done by placing electronegative substituents on the aromatic ring, and retaining the desired
nucleophilic activity. Similar effects have been observed Efimov et al. '’. We then tried the 2-
picoline-N-oxide derivative 6f and found that a moderate rate enhancement relative to the use
of 2,4-dichlorobenzyl group 6a was achieved. The 2-picolyl-N-oxide protecting group could
be removed with only 0.9% cleavage of the internucleotide bond. Unfortunately the
deprotection procedure also gave rise to 0.9% phosphate, which were also seen in an
analogues study on phosphorodithioates *. There have previously been reported on side
reactions when pyridine-N-oxides were used as nucleophilic catalysts in oligonucleotide

12

synthesis '“. The (N-methy!l-2-imidazolylymethyl group in 6h gave the most significant rate
enhancement relative to 6a. Coupling with 6h to dimer 9h (without N-methylimidazole added
in the coupling step) was complete in less than 2 min. whereas coupling with the “reference”
6a to dimer 9a took more than 60 min. under the same conditions. Furthermore as the (N-
methyl-2-imidazolyl)methyl group in 9h could be more selectively removed (0.8% 5°-
cleavage) relative to the 2,4-dichlorobenzyl group in 9a (1.4% 5’-cleavage), the monomer 6h
looked as a promising candidate for oligomer synthesis. However cleavage of the DMT
protecting group in 5h lead to very low isolated yields of the monomer 7h and coupling
between 7h and 6h gave no detectable amount of dimer.

The results described above led us to abandon the use of any of the investigated catalytic

S-protecting groups for block-synthesis of POS-ODN in solution. Instead we turned our
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attention to the more reactive coupling reagent 4-nitro-6-trifluoromethylbenzotriazol-1-yl-

20-23

oxy-tris(pyrrolidino)phosphonium hexafluorophosphate (PyFNOP) 11 (Figure 3) and
found that the dimer 9¢ could be synthesised fast (coupling reaction completed in less than 2
min.) and isolated in high yield (96 %).

The dimer 9¢ was then completely deprotected by treatment with thiophenolate, 80 %
aqueous acetic acid and finally conc. aqueous ammonia containing 0.01 M EDTA *. The *'P-
NMR spectrum of the crude product (Figure 4) exhibited, besides the major double peak at
55 ppm, assigned to the dithymidine phosphorothioate, only a minor peak (0.3%) at 16 ppm,
assigned to DMT-deprotected 6¢. We could not detect any phosphate in the crude product in
contrast to Barber ez. al.”’. We assign this to the fact that we used EDTA during the treatment
with conc. ammonia .

In conclusion we have studied a phosphotriester method for the synthesis of dithymidine
phosphorothioates using new S-protecting groups. For solution phase synthesis of
dithymidine phosphorothioate the best results were obtained by using 6¢ in combination with
PyFNOP.

EXPERIMENTAL

5’-0-DMT-thymidin-3’-yl B-cyanoethyl N,N’-diisopropylphosphoramidite (1) was
from Cruachem, 2,4-dichlorobenzyl chloride, 4-chloro-2-nitrobenzyl chloride, and 2-
chloromethylpyridine hydrochloride were from Aldrich. 4-Chloro-2-chloromethylpyridine
#  2-chloromethylpyridine-N-oxide ** 7, 2-chloromethyl-N-methylimidazole hydrochloride
2, PyFNOP * ®, 1-hydroxy-4-nitro-6-trifluoromethylbenzotriazole *, 3'-O-acetylthymidine
8 *® were prepared as published. Acetonitrile (LAB-SCAN), dichloromethane (LAB-SCAN),
pyridine (LAB-SCAN) and N-methylimidazole (Aldrich) were dried over 4A molecular
sieves (GRACE type 512). TLC was performed on silica 60 (Merck 5554 aluminium sheet),
column chromatography on silica 60 (Merck 9385), packed in dichloromethane/
methanol/pyridine (98:1:1; viv/v) and washed with 300-500 ml eluent. 3!P-NMR spectra
were obtained on a JEOL FX 90 Q spectrometer at 36.24 MHz for 3!P in 5 mm tubes;
chemical shifts are positive in the low-field direction, with external 85 % phosphoric acid as
reference. 'H spectra were recorded at 400 MHz, on a Varian XL-400 spectrometer, with
internal reference TMS. 'H and 3!P-NMR spectra were obtained in CDCI3 if not otherwise
stated. FAB MS spectra were obtained on a JEOL JMS-HX 110/HX 110A using

nitrobenzylalkohol as matrix.

Triethylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3'-yl] O-(3-cyanoethyl)
phosphorothioate (4).
5’-0-DMT-thymidin-3’-yl [B-cyanoethyl N,N’-diisopropylphosphoramidite 1 (4 g, 5.37

mmol) was dissolved in dry, degassed acetonitrile (19 ml) under nitrogen and water (0.3 ml,
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NO,
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Figure 3. PyFNOP 11

4L1L.‘.1.,L;LLL.,,|...,ll..v.LL

100 —50 0 50 ppm

Figure 4. ’P-NMR (D,0) of crude, fully deprotected dithymidine phosphorothioate.

16.7 mmol) and tetrazole (0.75 g, 10 mmol) were added. After 15 min 0.5 M sulfur in
benzene/2,6-lutidine (19:1) (25 ml) was added and the reaction mixture stirred at rt under
nitrogen. After 60 min the reaction mixture was evaporated in vacuo, redissolved in ethyl
acetate, filtrated and evaporated in vacuo to a white foam, which was purified by silica gel
column chromatography using as  eluent dichloromethane/ethyl acetate/
methanol/triethylamine (49:38:12:1; v/v/v/v). Fractions containing the product were combined
and evaporated in vacuo.

Yield: 88 %. Rf = 0.26 (dichloromethane/ethyl acetate/ methanol/triethylamine, 49:38:12:1).
MS (FAB~), 692[M-triethylammonium]-.

*'P-NMR, & 56.88 ppm (diastereoisomers not resolved).
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General procedure for the preparation of O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3'-yl]
O-(B-cyanoethyl) S-(alkyl) phosphorothioates (5a-5h) (according to Barber et al. ),

To a stirred solution of the phosphorothioate diester (4) in dry acetonitrile (10 ml/mmol) was
added 2,6-lutidine (5 mol eq.), Nal (3-6 mol eq.) and alkylation reagent (1.5-10 mol eq.).
The reaction mixture was stirred at room temperature and the progress of the reaction was
monitored by 31P-NMR and TLC. When the reaction was completed (10 min to 16 h), the
reaction mixture was diluted with dichloromethane (50 ml/mmol), washed with saturated
aqueous sodium hydrogen carbonate (30 ml/mmol) and water (2x50 ml/mmol), dried over
NapSOy, filtered and evaporated in vacuo. The oily residue was purified by silica gel column
chromatography using a stepwise gradient of methanol (0%-7% vol) in dichloromethane.
Fractions containing the product were combined and evaporated in vacuo. The residue was
dissolved in a small amount of methylene chloride and precipitated from petroleum ether to

give a white powder that was dried over P205.

0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(-cyanoethyl) S-(2,4-dichlorobenzyl)
phosphorothioate (5a).

The reaction was carried out in the presence of 10 eq. 2,4-dichlorobenzyl chloride.

Yield: 66%. Rf = 0.71 (CH2Cl12/MeOH, 9:1). MS (FAB), 852[M+H]*.

*P-NMR, & 27.19 ppm (diastereoisomers not resolved).

'H-NMR, & 8.24 (bs, 1H, NH), 7.55 (2d, 1H, Hg), 7.40 and 6.80 (2m, 16H, arom, DMT and

dichlorobenzyl), 6.42 (m, 1H, H1"), 5.22 (m, 1H, H3"), 4.27-4.05 (m, 5H, P-OCH», P-SCH»,
and Hg'), 3.80 (s, 6H, OCH3), 3.47 and 3.32 (2m, 2H, Hs"), 2.72-2.31 (m, 4H, CH2CN and

H7", 1.40 {2d, 3H, CH3 (thymine)].

0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl} O-(B-cyanoethyl) S-(2-nitrobenzyl)
phosphorothioate (Sb).

The reaction was carried out in the presence of 10 eq. 2-nitrobenzyl chloride.

Yield: 45%. Rf = 0.73 (CH2CI2/MeOH, 9:1).

*'P-NMR, & 27.31 ppm (diastereoisomers not resolved).

'H-NMR, & 9.95 (bs, 1H, NH), 8.1 (2d, 1H, Hg), 7.6 and 6.80 (2m, 16H, arom, DMT and
dichlorobenzyl), 6.35 (m, 1H, Hy"), 5.2 (m, 1H, H3"), 4.45-4.05 (m, 5H, P-OCH», P-SCH3,
and Hg"), 3.80 (s, 6H, OCH3), 3.47 and 3.32 (2m, 2H, Hs3'), 2.7-2.3 (m, 4H, CH2CN and H7"),
1.4 [2d, 3H, CH3 (thymine)].

O0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-(4-chloro-2-nitro-
benzyl) phosphorothioate (5¢).

The reaction was carried out in the presence of 1.5 eq. 4-chloro-2-nitrobenzyl chloride.
Yield: 90% (from 1). Rf = 0.70 (CH2Cl2/MeOH, 9:1). MS (FAB1), 865[M+H] .
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*P-NMR, § 27.02 ppm (diastereoisomers not resolved).

'H-NMR, & 9.1 and 8.8 (2bs, 1H, NH), 8.0 (2d, 1H, Hg), 7.50 and 6.80 (2m, 16H, arom, DMT
and dichlorobenzyl), 6.3 (m, 1H, H1'), 5.1 (m, 1H, H3"), 4.35-4.0 (m, 5H, P-OCH2, P-SCH2,
and H4"), 3.80 (s, 6H, OCH3), 3.4 and 3.3 (2m, 2H, Hs"), 2.6-2.3 (m, 4H, CH2CN and H?"),
1.40 [2d, 3H, CH3 (thymine)].

0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-((2-pyridyl)methyl
phosphorothioate (5d).

The reaction was carried out in the presence of 4.3 eq. 2-chloromethylpyridine
hydrochloride.

Yield: 43%. Rf = 0.61 (CH2Cl2/MeOH, 9:1). MS (FAB™), 784 [M+H]™.

*'P-NMR, 8 27.59 and 27.47 ppm (diastereoisomers).

'H-NMR, & 8.90 (2s, 1H, NH), 8.70, 7.65 and 7.35 (3m, 4H arom, picolyl), 7.46 (2s, 1H, He),
7.25 and 6.80 (2m, 13H, arom, DMT), 6.40 (m, 1H, H1"), 5.25 (m, 1H, H3'), 4.30-4.10 (m,
5H, P-OCH2, P-SCH3, and Hy), 3.78 (s, 6H, OCH3), 3.47 and 3.32 (2Zm, 2H, Hs"), 2.70-2.40
(m, 4H, CH2CN and Hp"), 1.45 [2d, 3H, CH3 (thymine)].

0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-(4-chloro-2-pyridyl)-
methyl phosphorothioate (Se).

The reaction was carried out in the presence of 3 eq. 4-chloro-2-chloromethylpyridine.
Yield: 85%. Rf = 0.66 (CH2Cl2/MeOH, 9:1). MS (FAB*), 818 [M+H]™.

'P-NMR, 8 27.23 ppm (diastereoisomers not resolved).

'"H-NMR, § 8.70 (2s, 1H, NH), 8.70 and 7.35 (2m, 3H arom, picolyl), 7.46 (2s, 1H, Hg), 7.25
and 6.80 (2m, 13H, arom, DMT), 6.40 (m, 1H, Hy"), 5.25 (m, 1H, H3"), 4.15-4.05 (m, 5H, P-
OCH3, P-SCH3, and Hy"), 3.78 (s, 6H, OCH3), 3.47 and 3.32 (2m, 2H, H5"), 2.70-2.40 (m,
4H, CH2CN and Hy'), 1.45 [2d, 3H, CH3 (thymine)].

0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-(2-pyridyl)methyl N-
oxide phosphorothioate (5f).

The reaction was carried out in the presence of 2-chloromethylpyridine-N-oxide.

Yield: 70%. Rf = 0.50 (CH2Cl2/MeOH, 9:1). MS (FAB™), 800 [M+H].

*P-NMR, & 28.52 and 28.23 ppm (diastereoisomers).

'H-NMR, 8.90 (2s, 1H, NH), 8.70, 7.65 and 7.35 (3m, 4H arom, picolyl), 7.46 (2s, 1H, Hg),
7.25 and 6.80 (2m, 13H, arom, DMT), 6.40 (m, 1H, Hy'), 5.25 (m, 1H, H3'), 4.30-4.10 (m,
5H, P-OCH3, P-SCH2, and Hyg), 3.78 (s, 6H, OCH3), 3.47 and 3.32 (2m, 2H, Hj"), 2.70-2.40
(m, 4H, CH2CN and Hp'), 1.45 [2d, 3H, CH3 (thymine)].
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0-[5'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-(N-methoxy-
methylene-2-imidazolyl)methyl phosphorothioate (5g).

The reaction was carried out in the presence of 2 eq. 2-chloromethyl-N-methoxymethyl-
imidazole hydrochloride.

Yield: 30%. Rf = 0.64 (CH2Clp/MeOH, 9:1). MS (FAB™), 842 [M+Na]™*.

"P-NMR, & 26.58 and 26.46 ppm (diastereoisomers).

'H-NMR, & 10.2 (bs, 1H, NH), 7.5 (s, 1H, Hg), 7.25 and 6.80 (2m, 15H, arom, DMT and
imidazole), 6.40 (m, IH, H"), 5.25 (m, 1H, H3"), 5.2 (s, 2H, OCH2N-imidazole), 4.30-4.10
(m, 5H, P-OCH2, P-SCH2, and Hg"), 3.78 (s, 6H, OCH3), 3.65 [2s, 3H, OCH3], 3.47 and 3.32
(2m, 2H, Hs"), 2.70-2.40 (m, 4H, CH2CN and Hp"), 1.4 [2s, 3H, CH3 (thymine)].

0-15'-0-(4,4'-Dimethoxytrityl)thymidin-3’-yl] O-(B-cyanoethyl) S-(N-methyl-2-
imidazolyl)methyl phosphorothioate (Sh).

The reaction was carried out in the presence of 2-chloromethyl-N-methylimidazole
hydrochloride.

Yield: 62%. Rf = 0.50 (CH2CI2/MeOH, 9:1). MS (FAB™), 807 [M+H]+.

"'P-NMR, 6 26.58 and 26.46 ppm (diastereoisomers).

'H-NMR, 8 9.5 (bs, 1H, NH), 7.5 (bs, 1H, Hg), 7.25 and 6.80 (2m, 15H, arom, DMT and
imidazole), 6.40 (m, IH, H1'), 5.25 (m, 1H, H3"), 4.30-4.10 (m, 5H, P-OCH32, P-SCH3, and
Ha). 3.78 (s, 6H, OCH3), 3.65 [s, 3H, CH3 (N-methyl imidazole)], 3.47 and 3.32 (2m, 2H,
Hs'), 2.70-2.40 (m, 4H, CH2CN and H2), 1.45 [2d, 3H, CH3 (thymine)].

General procedure for the removal of the cyanoethyl group in the preparation of fert.-
butylammonium or triethylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-
(alkyl) phosphorothioates (6a-6h).

The following compounds were prepared according to Barber et al. ©, or as described.

tert.-Butylammonium 0-[5'-0-(4,4'-dimethoxytrityl)-thymidin-3'-yl] S-(2,4-
dichlorobenzyl) phosphorothioate (6a).
MS (FAB-), 797 [M-tert-butylammonium]". *'P-NMR, § 14.2 ppm.

tert.-Butylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(2-nitrobenzyl)
phospherothioate (6b).
MS (FAB-), 772.5 [M-tert-butylammonium]~. *'P-NMR, § 16.3 ppm.

Triethylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(4-chloro-2-
nitrobenzyl) phosphorothioate (6c).

To a stirred solution of S¢ in anhydrous dichloromethane (5 ml/mmol) was added anhydrous
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triethylamine (1.25 ml/mmol) and the reaction mixture was stirred at room temperature
overnight and the reaction mixture evaporated in vacuo. The residue was dissolved in a small
amount of dichloromethane and precipitated at 0°C from petroleum ether to give a white
powder. After centrifugation the supernatant was discarded and the precipitate was suspended
in petroleum ether and centrifuged again. The precipitate was dried in vacuo and was used
without further purification.

MS (FAB-), 809.8 [M-triethylammonium]~. *'P-NMR, & 14.5 ppm.

tert.-Butylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(2-pyridyl)-methyl
phosphorothioate (6d).
MS (FAB-), 727.9 [M-tert-butylammonium]-. *'P-NMR, & 14.7 ppm.

tert.-Butylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(4-chloro-2-
pyridyl)methyl phosphorothiocate (6e).
MS (FAB-), 764 [M-tert-butylammonium]~. *'P-NMR, & 15.96 ppm.

tert.-Butylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(2-pyridylmethyl
N-oxide) phosphorothioate (6f).
MS (FAB"), 746 [M-tert-butylammonium]-. *’'P-NMR, § 14.7 ppm.

tert.-Butylammonium O-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(N-methoxy-
methylene-2-imidazolyl)methyl phosphorothioate (6g).
MS (FAB"), 761.4 [M-tert-butylammonium]-. *'P-NMR, & 14.3 ppm.

tert.-Butylammonium 0-[5'-0-(4,4'-dimethoxytrityl)thymidin-3’-yl] S-(N-methyl-2-
imidazolylmethyl) phosphorothioate (6h).
MS (FAB-), 733 [M-tert-butylammonium]~. *P-NMR, & 14.2 ppm.

General procedure for the coupling to the dimers 9a-9h (according to Barber et al. ).
3’-Acetylthymidine and 6a-6h (1.2 mol eq) were dried by evaporation twice from dry
pyridine (10 ml/mmol) and redissolved in dry pyridine under nitrogen(10 ml/mmol of 3’-
acetylthymidine). To the stirred reaction mixture were successively added N-methyl
imidazole (10 mol eq; except for 6g and 6h) and 2,4,6-triisopropylbenzenesulfonyl chloride
(3 mol eq). After the completion of the reaction (2 - 60 min as judged by "P-NMR and TLC)
the reaction mixture was diluted with an equal volume of pyridine, quenched by addition of a
solution of saturated aqueous sodium hydrogen carbonate (5 ml/mmol) and after stirring at

room temperature for 30 min. the reaction mixture was dissolved in dichloromethane (100
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ml/mmol) and washed with a solution of saturated aqueous sodium hydrogen carbonate (200
ml/mmol). The aqueous phase was extracted with dichloromethane (2 x 100 ml/mmol), and
the combined organic phases was washed with water (200 ml/mmol), dried over Na3SO4,
filtered and evaporated in vacuo. The residue was purified by silica gel column
chromatography using a stepwise gradient of methanol (0%-7% v/v) in dichloromethane.
Fractions containing the product were combined and evaporated in vacuo. The residue was
dissolved in a small amount of dichloromethane and precipitated from petroleum ether to
give a white powder that was dried in vacuo. The products were ca. 1:1 mixtures of two

diastereomers which were not separated.

dimer 9a. Yield: 95 %. *'P NMR: § 27.63 og 27.39 ppm. R, = 0.52 (CH,C1,/MeOH, 9:1).
dimer 9b. Yield: 81 %. *'P NMR: § 27.67 og 27.47 ppm.

dimer 9c. Yield: 48 %. *'P NMR: 8 27.43 ppm. R, = 0.64 (CH,C1,/MeOH, 9:1).

dimer 9d. Yield: 88 %. P NMR: § 28.03 og 27.80 ppm. R, = 0.47 (CH,C1,/MeOH, 9:1).
dimer 9e. Yield: 65 %. *'P NMR: 8 27.71 og 27.59 ppm. R, = 0.50 (CH,C1,/MeOH, 9:1).
dimer 9f. 'P NMR: § 28.72 og 29.13 ppm.

dimer 9g. N-methylimidazole not added in the coupling step.

Yield: 78 %. P NMR: § 27.27 og 26.78 ppm. R, = 0.43 (CH,C1,/MeOH, 9:1).

dimer 9h. N-methylimidazole not added in the coupling step.

Yield: 49 %. *'P NMR: 8 27.31 og 26.88 ppm.

Synthesis of the dimer 9¢ using PyFNOP.

Monomer 6¢ ( 400 mg; 0.44 mmol) and 3’-acetylthymidine 8 (150 mg; 0.53 mmol) were
dried by evaporation from dry acetonitrile (2x5 ml), redissolved in dry acetonitrile (2.2 ml)
under nitrogen and dry N-methylimidazole (0.35 ml; 4.4 mmol) was added under nitrogen
and then PyFNOP (557 mg; 0.88 mmol). The progress of the reaction was followed by TLC
and VP NMR. After 15 min. the reaction was quenched by addition of saturated sodium
hydrogen carbonate (0.25 ml) and the mixture taken up in ethyl acetate (100 ml) and washed
with saturated sodium hydrogen carbonate (4 x 25 ml). The aqueous phase was back
extracted with ethyl acetate (2 x 50 ml) and the combined organic phases washed with
saturated sodium chloride (2 x 50 ml), dried over anhydrous sodium sulfate and evaporated
in vacuo. The orange foam was purified by chromatography on silica using as eluent
methanol/dichloromethane/ethyl acetate (5:63:32, v/v/v). Fractions containing the product
were evaporated and dried in vacuo.

Yield: 96 %. *'P NMR: & 27.43 ppm.
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Deprotection of dimer 9c.

Fully protected dimer 9¢ (65 mg, 0.06 mmol) was treated with a mixture of
thiophenol/triethylamine/pyridine (0.1 ml: 0.1 m1: 0.1 ml) for lh at room temperature and
the reaction mixture was evaporated in vacuo. The residue was trituated with diethyl ether (10
ml) and the white powder washed with diethyl ether (3 x 15 mi) and then dried by
evaporation in vacuo. The white powder was dissolved in 80% acetic acid (2 mi), and the
reaction mixture was stirred at room temperature for 20 minutes and then neutralized with
conc. ammonia containing 0.01 M EDTA (1.8 ml). The aqueous layer was washed with
diethyl ether (3 x 10 ml) and lyophilized. The residue was then treated with concentrated
aqueous ammonia (2 ml) for 3 h at room temperature and lyophilized.

*P NMR (D,0): 8 55.46 and 55.22 ppm.
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