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The synthesis of oligonucleotides from dimers to a hexamer
by a H-phosphonate approach in solution using solid-sup-
ported acyl chloride is reported herein. This strategy avoids
the use of chromatography. The work-ups have been simpli-
fied and involve filtration, aqueous extraction and precipi-

Introduction

Oligonucleotides and their phosphorothioate analogues
are mainly synthesized with DNA synthesizers on a solid
support. In this way, batches of kilograms of oligonucleo-
tides can be obtained. Nevertheless, when antisense com-
pounds reach the market, hundreds of kilograms or perhaps
even tonnes of them will be needed and all at a relatively
low price.[1] If an increase in the number of machines could
increase the quantity of oligonucleotides produced, the
global cost would remain the same. An alternative to solid-
phase synthesis is solution-phase synthesis. Along this line,
some solution-phase syntheses have already been described,
such as the HELP,[2] which uses a soluble PEG solid sup-
port, or the PASS[3] in which the growing oligonucleotide
reacts with a phosphoramidite derivative temporarily im-
mobilized on a solid support. In both of these processes,
the precipitation or the removal of the excess phosphoram-
idite by aqueous extraction avoids the use of costly and
time-consuming chromatography to obtain the pure oligo-
nucleotide. Furthermore, solution-phase synthesis using H-
phosphonate chemistry has been reported[4] but this proto-
col still requires the use of chromatographic separation af-
ter each coupling step. To best accomplish the goal of an
efficient large-scale synthesis, it is clear that chromato-
graphic purification of the intermediates must be avoided.

The tremendous need to decrease the cost of oligonucleo-
tide synthesis has prompted us to develop a new process
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tation. The synthesis was scaled up to 1 mmol for the dimers
and 340 µmol for the hexamer.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

that could be scaled up. Our goal was to develop a solution-
phase process that does not require chromatography after
each step. To accomplish this, we envisioned the use of so-
lid-supported reagents that would be removed after reaction
by filtration. Both phosphoramidite[5] and H-phosphonate
chemistries were investigated. We report herein the synthe-
sis of fully protected building blocks and a hexamer by a
convergent strategy using H-phosphonate chemistry with a
solid-supported activator. This process requires only fil-
tration, extraction or precipitation as work-up.

Results and Discussion

According to the H-phosphonate methodology, the syn-
thesis of oligonucleotides on a solid support requires two
recurrent steps: coupling and detritylation (since the oxi-
dation is performed at the end of the elongation). Coupling
occurs between a nucleoside 5�-O-Dmtr-3�-H-phosphonate
monoester, activated with an acyl chloride, and the 5�-hy-
droxy group of a nucleoside or an oligonucleotide immobi-
lized on a solid support to form a H-phosphonate diester
linkage. This linkage is stable in the acidic conditions re-
quired for detritylation and the acid is then removed by
washing the solid support. In solution, the moiety at the
3�-position is replaced by a nucleoside protected at the 3�-
position by a levulinyl group. Theoretically, oxidation of the
H-phosphonate linkage formed could be delayed and fur-
ther detritylation and coupling steps applied. However,
since the H-phosphonate diester linkage is relatively sensi-
tive to alkaline conditions,[6] the quenching of the acidity
should be well controlled. In addition, it has been reported
that the H-phosphonate diester could be cleaved by intra-
molecular transesterification of the resulting 5�-hydroxy
function on the phosphorus atom leading to hydrolysis of
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the linkage.[7] To avoid such degradation, the H-phos-
phonate diester linkage was oxidized after the coupling re-
action to a more stable phosphorothioate triester linkage.[4]

Solid-Supported Coupling Reagents: Preparation of Acyl
Chloride Resins and Loading

In H-phosphonate chemistry, the standard activator used
in the coupling reaction is a sterically hindered acyl chlo-
ride, such as pivaloyl chloride[8,9] or adamantoyl chloride[10]

(Figure 1), which reduces the extent of 5�-O-acylation and
overactivation.[11] Alternatively, the coupling reactions can
be performed using carbodiimide,[12] phosphorochlorid-
ate[13] or sulfonyl chloride[13] derivatives. First, we wanted a
commercially available solid-supported reagent that bears
one of these functionalities. Polymer-bound sulfonyl chlo-
ride (Aldrich) and chlorocarbonyl-polystyrene (fluka),
both commercial reagents, were selected (Table 1). Sec-
ondly, we wished to use a solid-supported reagent that
could be recycled. For this purpose we prepared polymer-
bound acyl chlorides starting from the corresponding poly-
mer-bound carboxylic acids. One was the Dowex MWC-1
polyacrylic acid and two were benzoic acids on polystyrene
resin (from Novabiochem and Rapp polymers). The acyl
chloride resins were prepared from the corresponding solid-
supported acid by using thionyl chloride with a catalytic

Figure 1. Soluble and solid-supported acyl and sulfonyl chlorides.

Table 2. Conversion of carboxylic resins into acyl chloride resins.

Commercial carboxy resin Properties Acyl chloride resin, Cl– content Treatment

Macroporous polyacrylic 6.84 mmol/g of COOH 3.41 mmol/g toluene, DMF cat.,
carboxy dowex MWC-1 20–50 mesh 4 equiv. SOCl2
fluka 44551 reflux 12 h

PS carboxy, 2.10 mmol/g 1.82 mmol/g CH2Cl2, DMF cat.,
carboxypolystyrene VHL 100–200 mesh 4 equiv. SOCl2
novabiochem 01-64-0150 reflux 3 h

PS carboxy, polystyrene-COOH 1.96 mmol/g 2.15 mmol/g CH2Cl2, DMF cat.,
Rapp Polymers H110008 100–200 mesh 4 equiv. SOCl2

reflux 4 h

Eur. J. Org. Chem. 2006, 436–448 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 437

amount of DMF in dichloromethane or toluene under re-
flux for 3–12 h (Scheme 1 and Table 2).

Table 1. Commercial coupling reagents: acyl and sulfonyl chlorides.

Commercial Cl– content
specificities [mmol/g]

Chlorocarbonyl-polystyrene; � 2.1 mmol/g 1.2
PS acid chloride, fluka 12973
Polymer-bound sulfonyl 2.5–3.0 mmol/ 1.71
chloride, Aldrich 51,622-8 g; 70–90 mesh

Scheme 1. Preparation of the acyl chloride resins.

The amount of chlorine in the resins was determined by
elemental analysis. We noticed that the chlorine content of
the commercial chlorocarbonyl-polystyrene from fluka was
only 1.2 mmol/g instead of the 2.1 mmol/g given. The chlo-
rine content was around 3.6 mmol/g in the acyl chloride
resin derived from the Dowex polyacrylic and between 1.8
and 2.2 mmol/g in the two polystyrene-derived resins that
we prepared.

Evaluation of Polymer-Bound Coupling Agents

The efficiency of each solid-supported activator was es-
tablished based on the following criteria: 1) its efficiency in
forming an H-phosphonate diester (yield), 2) the number of
molecular equivalents used, 3) the rate of reaction, 4) its
ability to trap excess H-phosphonate monoester, 5) cost and
6) recycling potential.

The coupling reaction was performed at a 33 µmol scale
with 10–30 molar equivalents of resin 3 or 3� with respect
to the 3�-H-phosphonate monoester nucleoside (3�-HP nu-
cleoside) (Scheme 2). The resin was allowed to swell in
dichloromethane/pyridine (1:1, v/v) and then the two
monomers, 5�-O-Dmtr-dT-3�-HP (1) (1.2 equiv.) and 5�-
OH-dCBz-3�-O-TBDMS (2) (1 equiv.), were added. The re-
sulting heterogeneous mixture was shaken and the reaction
monitored by 31P NMR spectroscopy and HPLC. The
coupling reaction proceeds through a catch-and-release
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mechanism (Scheme 2). First, a mixed anhydride 4 or 4� is
formed between the H-phosphate monoester nucleoside and
the resin (acyl or sulfonyl chloride) after which the free hy-
droxy of the other unit attacks the phosphorus atom to re-
lease the dimer with an H-phosphonate diester linkage 5.
Thus, it is expected that excess of the 3�-HP nucleoside is
trapped on the resin and only the resulting H-phosphonate
diester derivative and pyridinium chloride remain in solu-
tion after the consumption of the 5�-hydroxy derivative.
Theoretically, the H-phosphonate diester derivative is iso-
lated by filtration and the salt is removed by simple aqueous
extraction. Note that the resin is also a dehydrating agent.

Scheme 2. Synthesis of the dimer H-phosphonate diester through
the H-phosphonate SOLIGO process.

Using the sulfonyl chloride resin, we observed, by 31P
NMR spectroscopy, only the dimer H-phosphonate diester
(9.7 and 10.5 ppm) after 5 or 6 h, indicating that excess of
the 3�-HP nucleoside is trapped on the resin. However,
monitoring by HPLC showed only a 51% extent of coup-
ling with 20 equiv. of coupling reagent after 6 h and a 61%
extent of coupling with 30 equiv. of coupling reagent after
5 h. In both experiments, some of the monomers remained
in solution.

With 20 equiv. of the commercial acyl chloride resin
(fluka, 12973), HPLC showed a yield of about 70% after
4 h with both monomers still in solution. With the poly-
acrylic DOWEX MWC-1 acyl chloride resin, only 24% of
dimer was observed after 140 h. Fortunately, under the
same conditions, using the acyl chloride resin prepared
from the Novabiochem polystyrene resin, we observed al-
most quantitative dimer formation after 3 h. After fil-
tration, only the dinucleoside H-phosphonate diester was
observed by 31P NMR spectroscopy (9.3 and 9.9 ppm), in-
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dicating that excess of the 3�-HP nucleoside had been
caught by the resin. The HPLC-measured purity of the di-
nucleoside H-phosphonate diester at 260 nm was higher
than 90%. The dimer was characterized by MALDI-TOF
MS (C53H63N5O13PSi positive mode: calcd.: 1037.17; found
1037.02). With only 10 equiv. of resin, the reaction was
monitored by HPLC and the yield of dimer formation was
59% after 1 h, 66% after 2 h and 88% after 4 h.

Similarly, using the acyl chloride resin prepared from the
Rapp Polymer polystyrene resin, we observed almost quan-
titative dimer formation after 2 h. After filtration, only H-
phosphonate diester was observed by 31P NMR spec-
troscopy (8.4 and 8.9 ppm), indicating that excess of the H-
phosphonate monoester had been caught by the resin. The
HPLC-measured purity at 260 nm was higher than 90%.
With a smaller amount of resin (10 equiv.), the coupling
reaction performed on the 125 µmol scale was complete
within 2 h with a purity of 98%. However, with only
5 equiv. of resin, the reaction was still not complete after
5 h (74%).

In conclusion, the two resins prepared from the Novabio-
chem and Rapp acid-supported polystyrene resins gave the
best results with a high amount of coupling. The coupling
reaction performed with the Rapp polymer resin was faster,
required fewer equivalents of resin, trapped excess mono-
mer and was cheaper. Hence, this resin was selected for fur-
ther investigation.

The H-phosphonate method is somewhat less popular
than the phosphoramidite one. This is partly because se-
veral side-reactions occur during the coupling step.[11,14] In-
deed, the acyl chloride can react with the 5�-OH oligonucle-
otide giving rise to a 5�-O-acylated oligonucleotide or could
overactivate the 3�-HP nucleoside leading to phosphorus
bis-acylation. To better understand the various aspects of
these possible side-reactions with solid-supported reagents,
we studied the kinetics of the reactions of the acyl chloride
resin with the 5�-OH and 3�-HP nucleosides and the over-
activation reaction. Furthermore, we wanted to confirm
that, as in the solution-phase methodology,[14] the resulting
H-phosphonate diester dinucleoside did not react with the
acyl chloride resin.

Kinetics of 5�-OH Trapping: O-Acylation

The rate of the reaction between a 5�-OH nucleoside and
the acyl chloride resin was evaluated under the same condi-
tions as those used for the coupling reaction. To this end,
5�-OH-thymidine-3�-O-Lev was mixed with the Rapp acyl
chloride resin (5 equiv.) in the presence of 3�,5�-di-O-acetyl-
thymidine as an internal standard in pyridine/CH2Cl2 (1:1,
v/v). The reaction was monitored by HPLC by withdrawing
an aliquot every 5 min. The disappearance of the 5�-OH
nucleoside was calculated from the area of its peak relative
to that of the diacetylthymidine. The kinetic study showed
that 26% of the nucleoside was acylated after 5 min, 65%
after 15 min and that acylation was complete within 90 min.
Note that in a standard coupling reaction, the 3�-HP nucle-
oside competes with the 5�-OH nucleoside.
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Kinetics of H-Phosphonate Trapping on the Rapp Acyl
Chloride Resin

The rate of reaction of a 3�-HP nucleoside with the acyl
chloride resin was evaluated under the conditions used
above for the O-acylation experiments. 5�-O-Dmtr-thymid-
ine-3�-HP was mixed with the acyl chloride resin (5 equiv.)
in the presence of 3�,5�-di-O-acetylthymidine as an internal
standard in pyridine/CH2Cl2 (1:1, v/v). The reaction was
monitored by HPLC every 5 min. The HPLC profile
showed that 88% of the 3�-HP-thymidine reacted with the
acyl chloride resin within 5 min and that the reaction was
complete within 10 min.

Just as in solution phase, the 3�-HP nucleoside reacts
more rapidly with a solid-supported acyl chloride than the
5�-OH nucleoside.

Overactivation of the 3�-HP Nucleoside with the Acyl
Chloride Resin

Overactivation is a known side-reaction in H-phos-
phonate chemistry that results from the reaction of a sec-
ond molecule of acyl chloride with the mixed phosphono-
carboxylic acid anhydride.[11] The use of supported acyl
chlorides such as those described here, in which steric hin-
drance is due to the polystyrene resin, could help prevent
this overactivation side-reaction. To evaluate it, Dmtr-dABz-
3�-HP was mixed with the acyl chloride resin for 30 min and
then 3�-O-levulinylthymidine was added. HPLC, 31P NMR
spectroscopy and MALDI-TOF MS showed that three
compounds were formed (Scheme 3): the expected H-phos-
phonate diester dimer (AT) as a minor compound (21.3%
of the area at 260 nm, HPLC retention times: 20.32 and

Scheme 3. Overactivation of H-phosphonate monoester by acyl chloride resin.
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20.54 min; δ = 9.0 and 10.0 ppm; m/z = 1043.70, calcd.
1045.03), the phosphotriester derivative bearing two thymi-
dine residues (45.7% of the area at 260 nm, HPLC retention
time: 20.05 min; δ = 141.3 ppm; m/z = 1365.0, calcd.
1367.35) and its phosphite triester precursor (11.8% of the
area at 260 nm, HPLC retention time: 21.15 min; δ =
–1.0 ppm; m/z = 1380.7, calcd. 1383.35). Partial oxidation
of the phosphite triester precursor could be explained by
the possibility that some anhydride was present on the resin
and acted as an oxidizer. Note that the ε value for the dimer
is lower than that of the trimer hence the percentage of
dimer is higher than that calculated from the area of its
peak. Therefore, despite the steric hindrance of the resin,
the overactivation side-reaction was not prevented. So, just
as for solid-phase synthesis using pivaloyl chloride, the or-
der in which the reactants are added is important for the
efficiency of H-phosphonate diester formation and premix-
ing of the 3�-HP nucleoside and the acyl chloride resin must
be avoided. Fortunately, when both monomers were intro-
duced together no overactivation was detected.

Synthesis of Dimers with the Rapp Acyl Chloride Resin

Among the 16 possible dimers, 10 of them (Table 3) were
synthesized using 1.2 equiv. of the 3�-HP monomer in anhy-
drous CH2Cl2/pyridine (1:1, v/v) on a scale between 125
and 1000 µmol with respect to the 5�-OH nucleoside. The
number of molar equivalents of acyl chloride used varied
between 3.0 and 7.7 equiv. with respect to the H-phos-
phonate nucleoside (Table 3). We noticed that the number
of equivalents of resin could be reduced when the scale of
the synthesis was increased. Indeed, on the 125 µmol scale,
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Table 3. Dimers synthesized by activation with the Rapp acyl chloride resin using 1.2 equiv. of Dmtr nucleoside 3�-H-phosphonate in
solution in CH2Cl2/pyridine (1:1, v/v).

Entry Dimer 5�-OH nucleoside 3�-H-Phos- Resin Time Yield HPLC purity m/z (MALDI- 31P NMR
sequence [µmol] [mg] phonate [mg] [equiv.] [%] [%] at 260 nm TOF) [ppm]

1 AT 125 42.5 123.4 7.7 30 min 98 88.5 1043.02 9.08, 10.02
438 149.0 412.0 3.5 1 h 100 100 1044.96 8.4, 9.8

1045.03 calcd.
2 AC 125 53.7 123.4 5.5 1 h 89 94 1133.75 9.5, 10.0

125 53.7 123.4 5.5 1 h 30 85 �94 1133.51 8.8, 9.5
1134.13 calcd.

3 CT 125 42.5 120.0 5.5 1 h 90 �91 1020.46 8.4, 9.8
417 142.0 399.8 3.5 1 h 100 100 1020.21 8.7, 10.2

1020.01 calcd.
4 CA 435 197.3 400.0 3.5 1 h 95 95 1132.14 8.9, 9.9

1133.13 calcd.
5 CG 417 181.0 400.0 3.5 4 h + 15 min 80 �92 1115.29 8.8, 12.4

1116.11 calcd.
6 GT 125 42.5 120.7 5.5 1 h 30 70 97 1025.72 9.0, 10.2

1027.02 calcd.
7 GC 125 53.7 120.7 5.5 1 h 30 72 100 1116.43 9.2, 9.8

500 215.0 483.0 3.5 1 h 87 92 1117.77 9.2, 10.1
1116.11 calcd.

8 GA 125 56.6 120.7 5.5 1 h 69 �90 1138.33 8.9, 9.6
417 189.0 402.0 3.5 1 h 83 85 1140.30 6.6, 6.7

1140.14 calcd.
9 TT 417 142.0 354.8 3.5 1 h 100 100 928.75 8.6, 10.0

125 106.4 51.7 5 1 h 30 99 100 929.91 calcd. 8.8, 10.4
417 142.0 354.8 3.5 1 h 98 99 Neg. mode 8.6, 10.0

10 TG 1000 435.4 850.0 3 2 h 15 + 15 min 89 96 1026.61 8.5, 12.7
1027.02 calcd.

Figure 2. HPLC profile, MALDI-TOF MS and 31P NMR spectra of dimer Dmtr-dABz-HP-dCBz-3�-Lev after precipitation.
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5.5 equiv. of acyl chloride were necessary to drive the reac-
tion to completion whereas above the 400 µmol scale,
3.5 equiv. were sufficient. This observation can be explained
by the more anhydrous conditions of larger-scale syntheses.
We hypothesized that the residual water content was lower
for larger-scale syntheses and thus less acyl chloride was
necessary to obtain a complete reaction. Most of the reac-
tions were complete within a time of between 1 h and 1 h 30
(HPLC monitoring). After completion, the resin was fil-
tered off and the pyridine evaporated. The pyridinium salt
was then removed by aqueous extraction. The organic layer
was evaporated and the dimers were precipitated from di-
ethyl ether as white powders. Compounds were analyzed by
HPLC and characterized by MALDI-TOF MS and 31P
NMR spectroscopy. Figure 2 displays the results of HPLC,
MALDI-TOF MS and 31P NMR analyses of the dimer
Dmtr-dABz-HP-dCBz-3�-Lev after precipitation.

Note that in two cases (entries 5 and 10), there was insuf-
ficient resin to completely scavenge the excess 3�-HP nucleo-

Table 4. Detritylation of dimer using a 2% BSA solution in CH2Cl2/MeOH (7:3, v/v).

Sequence Scale BSA [mL] Quenching Time [min] Yield [%] Yield [mg] m/z (positive mode)
[µmol] [mg]

AT 100 105 5 NaHCO3 15 70 52 742.14
742.66 calcd.

AC 106 120 5 NaHCO3 15 65 66 830.58
106 120 5 NaHCO3 15 88 73.2 830.75

831.76 calcd.
TT 183 115 5 PVP 15 93.5 73 NA[a]

410 382 10 PVP 30 86 223
CT 594 426 10 PVP 30 98 330 717.71

718.63 calcd.
GC 88.7 98.9 5 PVP 30 94 68 812.08

813.74 calcd.
CA 158 180 5 PVP 20 83 109 831.91

831.76 calcd.
AT 438 458 10 PVP 20 98 322 742.16

742.66 calcd.
TG 420 430 10 PVP 20 100 320 725.24

450 460 10 PVP 15 93 303 725.15
724.64 calcd.

[a] Thymine is not protonated.

Scheme 4. Schematic protocol for detritylation with benzensulfonic acid and quenching with PVP resin.
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side. However, after complete dimer formation, this excess
was successfully trapped in 15 min by adding extra
(3 equiv.) acyl chloride resin.

Thus, this protocol has allowed us to prepare, at up to
1 mmol scale, fully protected dimers with an H-phos-
phonate diester linkage in both high yield and high purity,
yet without the need for any chromatography. Furthermore,
the used resin was recycled up to five times with no decrease
in its efficacy observed and with a chlorine content of be-
tween 2.1 and 2.3 mmol per gram of resin.

Detritylation

To further elongate the dimers, the Dmtr group needs to
be removed next. Detritylation was achieved using a solu-
tion of 2% benzenesulfonic acid (BSA) in CH2Cl2/MeOH
(7:3, v/v) at 0 °C for 15–30 min (Table 4). In the first at-
tempt, the reaction was quenched by the addition of
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1 equiv. (with respect to BSA) of aqueous NaHCO3 and
then the mixture was washed with water. The trityl group
was removed from the mixture by precipitation with diethyl
ether. The resulting free 5�-OH dimers were obtained in a
moderate yield (65–88%). We assumed that some cleavage
of the internucleosidic linkage occurred during the quench-
ing since it is known that H-phosphonate diesters are sensi-
tive to the basic conditions of the work-up.[6] Thus, to pre-
vent partial cleavage, we quenched the reaction further by
adding poly(4-vinylpyridine) resin (PVP resin, 5.5 equiv. of
resin per equiv. of acid) (Scheme 4). After filtration and
evaporation, the dimer was precipitated from diethyl ether
to remove the trityl derivative. The yields were higher (83–
100%) than those obtained with NaHCO3 quenching and
aqueous work-up and the purities were generally greater
than 92%. Quenching of the reaction with a resin had an-
other advantage in that 5�-OH-THPT-3�-Lev is soluble in
water, which made it compulsory to avoid aqueous treat-
ment. Note that some degradation of the dimer was ob-
served when the more basic resin Amberlyst A21 (polysty-
rene-bound dimethylammonium) was used.

Synthesis of Short Oligonucleotides: Trimer to Pentamer

The solid-phase synthetic approach was also used to syn-
thesize short oligonucleotides without oxidizing the H-
phosphonate diester linkages. Several trimers were made in
this way, at scales ranging from 70–420 µmol. Using 4–
5 equiv. of acyl chloride resin, the coupling time was gen-
erally longer than that required to synthesize the dimers (3–
5 h instead of 1 h). To increase the reaction rate, 8–12 equiv.
of acyl chloride resin were used which enabled the coupling
reaction to be finished within 1 h. Trimers were obtained in
yields of between 55 and 91% and with purities of between
67 and 99% (Table 5).

Therefore, by following the sequence of 1) coupling, 2)
filtration, 3) aqueous washing, 4) precipitation (optional),
5) detritylation, 6) PVP quenching, 7) filtration and 8) pre-
cipitation, short oligonucleotides have been synthesized. As

Table 5. Fully protected trimers synthesized by activation with 4–11.7 equiv. of the Rapp acyl chloride resin using 1.2 equiv. of 5�-Dmtr
3�-HP nucleoside in solution in CH2Cl2/pyridine (1:1, v/v).

Sequence Scale [µmol] Resin Conc. HP Time Yield [%] HPLC purity [%] m/z
5�-OH [equiv.] [mm] at 260 nm (MALDI-TOF)

AAT 70 7.7 24 3 h 75 91 1445.60
1446.36 calcd.

TAC 79.5 11.7 13 1 h 65 67 1419.86
88.2 8 22 1 h 82 82 1421.06

1422.33 calcd.
GTT 116 8 22 1 h 55 93 1312.50

355 4 46 3 h 70 67 1312.26
1315.21 calcd.

GCT 410 4 63 3 h 30 detritylated 90 1402.52
1404.31 calcd.

GCA 131 5 30 1 h 50 74 1516.14
1517.43 calcd.

CAT 430 4.5 65 3 h 91 99 1420.23
1421.33 calcd.

CTG 430 4.5+0.5 58 4 h 89 99 1403.95
1404.31 calcd.
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an example, we report the synthesis of the pentamer Dmtr-
TGiBuCBzABzT-Lev. (Table 6). The dimer Dmtr-ABzT-Lev
H-phosphonate diester was prepared on a 438 µmol scale
(149 mg) from T-3�-Lev and 1.15 equiv. of Dmtr-ABz-3�-H-
phosphonate monoester with 3.5 equiv. of acyl chloride
resin in 1 h in 100% yield after precipitation (98% purity;
MS: m/z = 1044.96; 31P NMR: δ = 8.41 and 9.77 ppm). The
dimer was detritylated using 2% BSA in CH2Cl2/MeOH
(8 mL, 7:3, v/v) at 0 °C for 20 min. The reaction was
quenched with poly(4-vinylpyridine) resin (800 mg) for
5 min and then filtered. After evaporation, the residue was
precipitated from diethyl ether (322 mg, 98%, 430 µmol;
MS: found 742.16; calcd. 742.66: 31P NMR: δ = 8.54 and
9.73 ppm).

The resulting dimer reacted with Dmtr-CBz-3�-HP acti-
vated with 3.5 equiv. of acyl chloride resin to yield the H-
phosphonate diester trimer Dmtr-CBzABzT-Lev in 3 h
(556 mg, 91% yield, 90% purity; MS: m/z = 1420.0). Then
the trimer was detritylated and the reaction was quenched
(as described previously) to give the 5�-OH-CBzABzT-Lev
trimer (432 mg, 99% yield, 386 µmol; MS: found 1118.3;
calcd. 1118.95). A further coupling with Dmtr-GiBu-3�-HP
activated with 4.5 equiv. of resin gave the H-phosphonate
diester tetramer Dmtr-GiBuCBzABzT-Lev in 3 h (520 mg,
75% yield, 96% purity; MS: found 1803.45; calcd. 1804.63)
with little trace of any remaining trimer (MS: m/z = 1119).
After detritylation (solubility was poor), the tetramer re-
acted with Dmtr-T-3�-HP (1.5 equiv.) activated with
8 equiv. of acyl chloride resin to yield the H-phosphonate
diester pentamer Dmtr-TGiBuCBzABzT-Lev in 5 h (394 mg,
60% yield, 188 µmol, 92% purity).

The rate of the reaction as well as the yields both de-
creased with the length of the oligomer although the
amount of acyl chloride resin was increased to increase the
rate of the reaction. Note that even when yields were lower,
the HPLC purity of the oligomer remained high.

Unfortunately, after detritylation of the pentamer some
impurities corresponding to shorter sequences were ob-
served. We assumed that a side-reaction occurred involving
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Table 6. Synthesis of pentamer Dmtr-TGiBuCBzABzT-Lev H-phosphonate.

Oligonucleotide Starting material Resin/ Time Isolated product HPLC m/z
H-phosphonate 5�-OH-oligo H-phos yield purity [%]

DMTr-ABzT-Lev 412 mg, 500 µmol, 149 mg, 438 µmol, 830 mg, 1 h 458 mg, 100 % 100 1045.03 calcd.
1.15 equiv. 1 equiv. 3.5 equiv. 1044.96 exp.

HO-ABzT-Lev 458 mg, 438 µmol 20 min 322 mg, 98 % 100 742.66 calcd.
742.16 exp.

DMTr-CBzABzT-Lev 413 mg, 516 µmol, 322 mg, 430 µmol, 860 mg, 3 h 556 mg, 91 % 100 1422.33 calcd.
1.2 equiv. 1 equiv. 3.5 equiv. 1420.23 exp.

HO-CBzABzT-Lev 556 mg, 391 µmol 20 min 432 mg, 99 % 79 1118.95 calcd.
1118.30 exp.

DMTr-GiBuCBzABzT-Lev 373 mg, 463 µmol, 432 mg, 386 µmol, 990 mg, 3 h 520 mg, 75 % 96 1804.63 calcd.
1.2 equiv. 1 equiv. 4.5 equiv. 1803.45 exp.

HO-GiBuCBzABzT-Lev 520 mg, 288 µmol 20 min 450 mg, 100 % 45 1502.26 calcd.
1501.17

DMTr-TGiBuCBzABzT-Lev 277 mg, 390 µmol, 450 mg, 300 µmol, 1500 mg, 5 h 394 mg, 60 % 92 2092.83 calcd.
1.3 equiv. 1 equiv. 8 equiv. 2091.85 exp.

the transesterification of a free 5�-hydroxy group on the H-
phosphonate diester linkage, as reported by Wada et al.[7]

One way to avoid this side-reaction is to oxidize the H-
phosphonate linkage to a stable phosphotriester linkage.

Oxidation Protocol

Oxidizing Reagents

In early 1990, Van Boom and co-workers reported that
the oxidation of a dinucleoside H-phosphodiester in solu-
tion with N-(phenylthio)- and N-(benzylthio)succinimide
yielded a phosphorothioate dimer after deprotection.[15]

This idea was investigated further by using, specifically, N-
(2-cyanoethylthio)phthalimide or N-(2-cyanoethylthio)suc-
cinimide (Figure 3) for the elaboration of building blocks
for the synthesis of phosphorothioates in solution using
phosphotriester chemistry[16] and for the synthesis of phos-
phorothioate oligonucleotides in solution using H-phos-
phonate chemistry.[4]

Figure 3. Reagents used for the oxidation of the H-phosphonate
diester linkage.

We evaluated the use of both oxidizing reagents, the N-
(2-cyanoethylthio)phthalimide and the N-(2-cyanoethyl-
thio)succinimide, in the oxidation of our H-phosphonate di-
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ester dimers. Starting with the isolated dimer, oxidation re-
actions were performed with 3 equiv. of N-(2-cyanoethyl-
thio)phthalimide in the presence of 0.5 equiv. of N-methyl-
morpholine (NMM) as an activator and the reactions were
complete within 1 h. The oxidation reactions performed
with N-(2-cyanoethylthio)succinimide were more efficient
as these reactions were complete within 30 min and re-
quired only 1.8 equiv. of reagent and no NMM. Note that
the H-phosphonate diester trimers were also sulfurized to
give products of excellent purity.

Furthermore, we observed that the oxidation reactions
could be performed directly on the crude H-phosphonate
diesters, that is, without removing the acyl chloride resin.

It has been demonstrated in the synthesis of phos-
phorothioate dinucleosides in solution that coupling and
sulfurization can be achieved selectively, though both rea-
gents (i.e. bis-arylphosphorochloridate and N-(2-cyano-
ethylthio)succinimide) were added together to a 3�-HP nu-
cleoside and a 5�-OH nucleoside.[4] Indeed, the H-phos-
phonate diester, obtained in situ, reacts with the sulfurizing
reagent approximately an order of magnitude faster than
the H-phosphonate monoester, hence the monoester is not
oxidized. An attempt to do the same with our solid-sup-
ported coupling reagent was not successful. Indeed, when
the two reagents [i.e. the acyl chloride resin and N-(2-cyano-
ethylthio)succinimide] were added simultaneously to a mix-
ture of 3�-HP and 5�-OH nucleosides in pyridine/dichloro-
methane, we observed the formation of a byproduct. The
reaction was monitored by HPLC and MALDI-TOF MS,
and these analyses showed that not only the expected sulfu-
rized dimer was formed, but that a side-sulfurization of the
H-phosphonate monoester had also occurred. This result
could be explained by the fact that the coupling reaction
using solid-supported acyl chloride proceeded much more
slowly than the coupling reaction in solution with pivaloyl
chloride. As a consequence, the H-phosphonate diester di-
mer was formed more slowly and a competitive sulfuri-
zation between the H-phosphonate mono- and diester had
time to occur. Therefore, in all subsequent syntheses of oli-
gonucleotides, the coupling and the sulfurization steps were
performed successively.
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Synthesis of Hexamer Dmtr-
CBzpScneABzpScneGiBupScneCBzpScneGiBupScneT-Lev with
Thiolatecyanoethyl Phosphotriester Linkages

The main advantage of the synthesis in solution is that
it can proceed by a convergent approach (Scheme 5). Thus,
risk of failure is minimized and the overall yield is im-
proved. To synthesize a hexamer, we first prepared the two
trimers Dmtr-CBzpScneABzpScneGiBu-3�-HP and 5�-OH-
CBzpScneGiBupScneT-Lev which were then coupled to-
gether. This necessitated the previous conversion of one tri-
mer to its 3�-H-phosphonate monoester derivative.

Synthesis of Trimer 5�-OH-CBzpScneGiBupScneT-Lev

A Dmtr-GiBupScneT-Lev dimer was synthesized (on a
0.66 mmol scale) as described above using 4 equiv. of sup-
ported acyl chloride. After coupling, oxidation was
achieved by the direct addition of N-(2-cyanoethylthio)suc-
cinimide. The resin was filtered off and the pyridinium hy-
drochloride was removed by aqueous extraction. The dimer
was isolated by precipitation from diethyl ether (79% yield,
92% HPLC purity). The Dmtr group was removed using
BSA and the mixture was quenched with NaHCO3 instead
of PVP resin owing to the better stability of the phosphor-
othiolate triester linkage under basic conditions. After ex-

Scheme 5. Convergent synthesis of fully protected hexamer CAGCGT. Reagents and consitions: a. acyl chloride resin, CH2Cl2, pyridine;
b. succ-Scne; c. 2% BSA, CH2Cl2/MeOH; d. hydrazine resin; e. salicylchlorophosphite, CH2Cl2, pyridine.
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traction and evaporation the 5�-OH dimer was precipitated
(92%). Following the same protocol, Dmtr-CBz-3�-HP was
coupled with this dimer and sulfurized. After detritylation
and precipitation, the 5�-OH trimer was obtained in a 52%
overall yield over the six steps (89.7% average yield) and
with a 95% HPLC purity at 260 nm (Figure 4).

Figure 4. HPLC profile of 5�-OH-CBzpScneGiBupScneT-Lev after
precipitation.
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Synthesis of Trimer Dmtr-CBzpScneABzpScneGiBu-3�-HP

Initially, the Dmtr-CBzpScneABzpScneGiBu-3�-Lev trimer
was synthesized, starting from 1 mmol of 5�-OH-GiBu-Lev,
following the same procedure as that outlined above. The
levulinyl group was removed in 2 h by using a solid-sup-
ported hydrazine (Amberlyst A15 in hydrazine form,
15 equiv.) to trap the levulinyl group on the resin. After

Figure 5. HPLC profile of trimer Dmtr-CBzpScneABzpScneGiBu-3�-
OH.

Figure 7. HPLC profiles of fully protected (left) and deprotected (right) hexamer CAGCGT and MALDI-TOF MS of deprotected
hexamer.
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filtration and precipitation, the 3�-OH trimer was obtained
in a 54.8% overall yield over the six steps (90.5% average
yield) and with 79% purity (Figure 5).

The next key step was phosphitylation. Several protocols
for this reaction have been described in the literature[17–21]

and two of them have given good results. Since, from the
outset, our highest priority was to develop a process that
did not involve chromatography, we tried a phosphitylation

Figure 6. HPLC profile of trimer DmtrCBzpScneABzpScneGiBu-3�-
HP.
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protocol using 4-methylphenyl H-phosphonate[21] and the
same solid-supported acyl chloride as used in the coupling
reaction in pyridine/CH2Cl2 (1:1, v/v). The reaction was
usually complete in 2–3 h. The main advantage of this ap-
proach is that the excess activator is easily removed by fil-
tration and did not need to be quenched by washing with
different buffers. The mixture was treated with water and a
sulfonic acid resin (in triethylammonium form) and the 3�-
HP trimer was obtained in an 83–95% yield and with 83–
85% HPLC purity. However, this phosphitylating reagent is
not commercially available and releases foul-smelling fumes
of cresol. Therefore, we used the salicylchlorophosphite rea-
gent[17] which does not need to be activated and is commer-
cially available.

Hence, the trimer was phosphitylated using salicylchloro-
phosphite in pyridine/CH2Cl2 (1:1, v/v) at 0 °C for 3 h 30.
After hydrolysis of the excess chlorophosphite, the mixture
was quenched by the addition of a sulfonic acid resin (in
triethyammonium form). After filtration, the expected tri-
mer was precipitated (83% yield, 90% purity) (Figure 6).

Both trimers, dissolved in pyridine/CH2Cl2 (1:1, v/v),
were coupled by the addition of solid-supported acyl chlo-
ride (10 equiv.) for 3 h 30 and then the H-phosphonate link-
age was oxidized with N-(2-cyanoethylthio)succinimide. Af-
ter work-up, the hexamer was precipitated (49% yield, 89%
HPLC purity) (Figure 7).

Unblocking of Hexamer Phosphorothioate

Since the hexamer contains phosphorothioate linkages,
direct treatment with ammonia could not be performed as
partial desulfurization of the phosphorus atoms would oc-
cur. It was therefore necessary to first remove the cyano-
ethyl group using DBU in dry acetonitrile. A portion of
the fully protected hexamer in dry acetonitrile solution was
treated with DBU (in the presence of chlorotrimethylsilane
as a scavenger of water) for 30 min. After evaporation of the
solvent, concentrated ammonia and mercaptoethanol were
added and the resulting mixture was heated at 55 °C over-
night. The solvent was removed under vacuum and the resi-
due was treated with 80% aqueous acetic acid for 1 h. Ace-
tic acid was removed by coevaporation with water and etha-
nol. The resulting residue was precipitated from cold etha-
nol. The solid was dissolved in water and the amount of
hexamer was determined from its absorbance at 260 nm
(330 OD260 nm, 5.3 µmol). The hexamer gave a broad HPLC
peak owing to the presence of 25 diastereoisomers and was
characterized by MALDI-TOF MS (found 1871.44; calcd.
1871.56) (Figure 7).

Conclusions

We have developed a strategy for synthesizing oligonucle-
otides in solution using solid-supported reagents for the
coupling, delevulinylation and phosphitylation steps. The
synthesis of the dimers was scaled up to 1 mmol with high
purity without chromatography. The polystyrene acyl chlo-
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ride resin was recycled up to five times without any quanti-
fiable decrease in its efficacy. Short oligonucleotide H-phos-
phonate diesters were synthesized, but were found to be un-
stable after detritylation. A hexamer exhibiting a thiolatecy-
anoethyl phosphotriester linkage was synthesized on the
340 µmol scale without chromatography and with a 90%
HPLC purity at 260 nm.

Experimental Section
General Remarks: All commercial chemicals were reagent grade
and were used without further purification, except where otherwise
stated. H-Phosphonate monoester nucleosides were synthesized ac-
cording to literature procedures.[19]

HPLC Analysis and MS Characterization: High-performance liquid
chromatography (HPLC) analyses were performed with a Waters-
Millipore instrument equipped with a Model 600E solvent delivery
system, a reodyne injector and a Model 996 PDA detector. A re-
versed-phase C18 (5 µm) Nucleosil column (150×4.6 mm, Supelco)
with acetonitrile (linear gradient of 10–72%) in 0.05 m aqueous tri-
ethylammonium acetate (pH 7) as eluent at a flow rate of 1 mL/
min for 13 min.

MALDI-TOF mass spectra were recorded with a Voyager DE mass
spectrometer (Perseptive Biosystems, Framingham, MA, USA)
equipped with an N2 laser. Prooligo samples (1 µL, 0.1 OD260 nm

in 100 µL water/acetonitrile, 50:50, v/v) were exchanged on an am-
monium DOWEX 50W X8 resin prior to the addition of an aceto-
nitrile/water (10 µL, 1:1, v/v) solution saturated with 2,4,6-trihyd-
roxyacetophenone (THAP) and ammonium citrate (1 µL, pH 9.4,
100 mm in water). This mixture was placed on a plate and dried at
ambient temperature and pressure.

Preparation of Polystyrene Acyl Chloride Resin: Polystyrene car-
boxy resin (6 g, �12 mmol) from Rapp-Polymers (load: 1.96 mmol/
g) was suspended in anhydrous CH2Cl2 (80 mL) in a round-bot-
tomed flask to which DMF (300 µL) and SOCl2 (3.8 mL, 48 mmol)
were added. The mixture was stirred under reflux for 3 h and then
the resin was filtered under argon and vacuum and washed twice
with CH2Cl2 and diethyl ether. The resin was dried under vacuum
for 4 h. Chlorine content, determined by elemental analysis, was in
the range of 2.1–2.3 mmol/g.

General Protocol for Coupling: The 5�-Dmtr-3�-HP (0.60 mmol)
and 5�-OH-3�-Lev nucleosides (0.50 mmol) were dissolved in
CH2Cl2:pyridine (5 mL, 1:1, v/v) and added to the polystyrene-acyl
chloride resin (1.0 g, 3.5 equiv.) suspended in CH2Cl2/pyridine
(5 mL, 1:1, v/v). The mixture was shaken and the reaction moni-
tored by HPLC. After completion (1–2 h), the resin was filtered off
and washed with CH2Cl2. The organic layer was washed with water,
dried with Na2SO4 and removed by evaporation under reduced
pressure. The residue was dissolved in toluene and precipitated
from diethyl ether.

General Protocol for Detritylation of H-Phosphonate Diester Deriv-
atives: 10% BSA (2.0 mL) in CH2Cl2/MeOH (7:3, v/v) was added
to a 5�-Dmt-3�-Lev H-phosphonate diester dinucleoside
(0.438 mmol) in CH2Cl2/MeOH (8.0 mL, 7:3, v/v) cooled to 0 °C.
The reaction was monitored by TLC. After 20–60 min, the solution
was diluted with CH2Cl2 (40 mL) and water (1 mL). Then, poly(4-
vinylpyridine) (fluka 81391) (800 mg) was added and the mixture
was shaken for 5 min. The resin was filtered off and pyridine
(1 mL) added to the filtrate. The organic layer was evaporated un-
der reduced pressure and the residue dissolved in toluene and pre-
cipitated from diethyl ether.
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Synthesis of 5�-OH-dABz-dGiBu-3�-O-Lev Thiolatecyanoethyl Phos-
photriester: The monomer 5�-O-DMTr-dABz-3�-HP (987 mg,
1.2 mmol, 1.2 equiv.) was coevaporated twice with anhydrous pyri-
dine (10 mL). 5�-OH-dGiBu-3�-O-Lev (435 mg; 1 mmol) was added
and two more coevaporations with anhydrous pyridine (10 mL)
were performed. The resulting foam was dissolved in CH2Cl2/pyri-
dine (7 mL, 1:1, v/v) and added to a round-bottomed flask contain-
ing polystyrene-supported acyl chloride (2.1 g, 4.75 mmol) swollen
in CH2Cl2/pyridine (5 mL, 1:1, v/v). The reaction was monitored
by reversed-phase HPLC. After shaking for 2 h 30 at room tem-
perature, N-(2-cyanoethylthio)succinimide (442 mg, 2.4 mmol) was
added. After stirring for 30 min, the resin was filtered off and
washed with CH2Cl2 (50 mL). The organic layer was washed with
deionized water (2×50 mL), dried with Na2SO4 and concentrated
under reduced pressure. The crude dimer was dissolved in cold
(0 °C) CH2Cl2/MeOH (14 mL, 7:3, v/v) and a solution of 10% ben-
zenesulfonic acid in CH2Cl2/MeOH (3.7 mL, 7:3, v/v) was added.
The reaction was stirred for 15 min at 0 °C (TLC monitoring:
CH2Cl2/MeOH 95:5, v/v). Then CH2Cl2 (50 mL), distilled water
(1 mL) and a saturated solution of NaHCO3 (50 mL) were success-
ively added to the solution. After phase separation, the organic
layer was washed with distilled water (3×50 mL), dried with
Na2SO4, and concentrated under vacuum. The residue was precipi-
tated in diethyl ether (100 mL) to give 760 mg (0.824 mmol, 83%)
of the desired product (92% HPLC purity at 260 nm). MALDI-
TOF MS (positive mode, THAP): calcd. 922.89; found 921.62.

Synthesis of 5�-O-DMTr-dCBz-dABz-dGiBu-3�-OH Thiolatecyano-
ethyl Phosphotriester: The monomer 5�-O-DMTr-dCBz-3�-HP
(799 mg, 0.99 mmol) was coevaporated twice with anhydrous pyri-
dine (10 mL). 5�-OH-dABz-dGiBu-3�-O-Lev (760 mg, 0.82 mmol)
was added and two more coevaporations with anhydrous pyridine
(10 mL) were performed. The resulting foam was dissolved in
CH2Cl2/pyridine (5 mL, 1:1, v/v) and added to a round-bottomed
flask containing polystyrene-supported acyl chloride (950 mg,
3.96 mmol) swollen in CH2Cl2/pyridine (3 mL, 1:1, v/v). The reac-
tion was monitored by reversed-phase HPLC. After shaking for
3 h at room temperature, N-(2-cyanoethylthio)succinimide (304 mg,
1.65 mmol) was added. After stirring for 30 min, the resin was fil-
tered off and washed with CH2Cl2 (50 mL). The organic layer was
washed with deionized water (2×50 mL), dried with Na2SO4 and
concentrated under reduced pressure. The residue was dissolved in
pyridine (16 mL) and acetic acid (4 mL). Then Amberlyst A15
NH3

+-NH2 (3.1 g, 12.36 mmol) was added. The mixture was
shaken at room temperature for 2 h [TLC monitoring: CH2Cl2/
MeOH (9:1, v/v)] and the resin was filtered off and washed with
CH2Cl2 (100 mL). A cold (4 °C) saturated solution of NaHCO3

(55 mL) was added. After phase separation, the organic layer was
washed with distilled water (2×55 mL), dried with Na2SO4 and
concentrated under reduced pressure. The residue was precipitated
in cooled diethyl ether (400 mL) to obtain 860 mg (0.54 mmol,
66%) of the desired product (79% HPLC purity at 260 nm).
MALDI-TOF MS (positive mode, THAP): calcd. 1588.59; found
1587.27.

Synthesis of 5�-O-DMTr-dCBz-dABz-dGiBu-3�-HP Thiolatecyano-
ethyl Phosphotriester: The trimer 5�-O-DMTr-dCBz-dABz-dGiBu-3�-
OH (860 mg, 0.54 mmol) was coevaporated with pyridine
(2×6 mL) and dissolved in CH2Cl2/pyridine (10 mL, 1:1, v/v). Sal-
icylchlorophosphite (274 mg, 1.35 mmol) in CH2Cl2/pyridine
(10 mL, 1:1, v/v) was added at 0 °C and the reaction mixture was
stirred for 15 min at 0 °C and then at room temperature for 3 h.
Then water (150 µL) and sulfonyl resin as the triethylammonium
form (4.2 g, 13.5 mmol) were added and the mixture was shaken
for 1 h. The resin was filtered and washed with CH2Cl2 (50 mL).
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The organic layer was washed with water (2×160 mL), dried with
Na2SO4 and evaporated under reduced pressure to obtain 600 mg
(0.34 mmol, 63%) of an oil of the desired phosphorylated trimer
(90% HPLC purity at 260 nm). MALDI-TOF MS (positive mode,
THAP): calcd. 1652.56; found 1652.69.

Synthesis of 5�-OH-dGiBu-dT-3�-O-Lev Thiolatecyanoethyl Phos-
photriester: The monomer 5�-O-DMTr-dGiBu-3�-HP (640 mg,
0.8 mmol, 1.2 equiv.) was coevaporated twice with anhydrous pyri-
dine (10 mL). 5�-OH-dT-3�-O-Lev (226 mg, 0.66 mmol) was added
and two more coevaporations with anhydrous pyridine (10 mL)
were performed. The resulting foam was dissolved in CH2Cl2/pyri-
dine (5 mL, 1:1, v/v) and added to a round-bottomed flask contain-
ing the polystyrene-supported acyl chloride (1.4 g, 3.12 mmol)
swollen in CH2Cl2/pyridine (3 mL, 1:1, v/v). After shaking for 3 h
at room temperature, N-(2-cyanoethylthio)succinimide (260 mg,
1.4 mmol) was added. After stirring for 30 min, the resin was fil-
tered off and washed with CH2Cl2 (50 mL). The organic layer was
washed with deionized water (2×50 mL), dried with Na2SO4 and
concentrated under reduced pressure. The residue was precipitated
in diethyl ether (70 mL) to give 580 mg (0.52 mmol, 79%) of the
desired product (92% HPLC purity at 260 nm). MALDI-TOF MS
(positive mode, THAP): calcd. 1112.14; found 1111.49.

The dimer (80 mg, 0.52 mmol) was dissolved in cold CH2Cl2/
MeOH (9 mL, 7:3, v/v) and 10% benzenesulfonic acid in CH2Cl2/
MeOH (2.4 mL, 7:3, v/v) was added at 0 °C. The reaction was
stirred for 15 min at 0 °C [TLC monitoring: CH2Cl2/MeOH (9:1,
v/v)] and then CH2Cl2 (50 mL), distilled water (1 mL) and a satu-
rated solution of NaHCO3 (50 mL) were successively added. After
phase separation, the organic layer was washed with distilled water
(3×50 mL), dried with Na2SO4 and concentrated under vacuum.
The residue was precipitated in diethyl ether (200 mL) to give
386 mg (0.48 mmol, 92%) of the desired product (95% HPLC pu-
rity at 260 nm). MALDI-TOF MS (positive mode, THAP): calcd.
809.77; found 808.93.

Synthesis of 5�-OH-dCBz-dGiBu-dT-3�-O-Lev Thiolatecyanoethyl
Phosphotriester: The monomer 5�-O-DMTr-dCBz-3�-HP (455 mg,
0.57 mmol, 1.2 equiv.) was coevaporated twice with anhydrous pyr-
idine (10 mL). 5�-OH-dGiBu-dT-3�-O-Lev (386 mg, 0.47 mmol) was
added and two more coevaporations with anhydrous pyridine
(10 mL) were performed. The resulting foam was dissolved in
CH2Cl2/pyridine (5 mL, 1:1, v/v) and added to a round-bottomed
flask containing polystyrene-supported acyl chloride (950 mg,
3.96 mmol) swollen in CH2Cl2/pyridine (3 mL, 1:1, v/v). After
shaking for 3 h at room temperature, N-(2-cyanoethylthio)suc-
cinimide (173 mg, 0.94 mmol) was added. After stirring for 30 min,
the resin was filtered off and washed with CH2Cl2 (50 mL). The
organic layer was washed with deionized water (2×50 mL), dried
with Na2SO4 and concentrated under reduced pressure. The residue
was precipitated in diethyl ether (50 mL) to give 650 mg
(0.41 mmol, 88%) of the desired product (85% HPLC purity at
260 nm). MALDI-TOF MS (positive mode, THAP): calcd.
1574.57; found 1571.00.

The trimer (650 mg, 0.41 mmol) was dissolved in CH2Cl2/MeOH
(7 mL, 7:3, v/v) and 10% benzenesulfonic acid in CH2Cl2/MeOH
(1.9 mL, 7:3, v/v) was added at 0 °C. The reaction was stirred for
30 min at 0 °C [TLC monitoring: CH2Cl2/MeOH (9:1, v/v)] and
then CH2Cl2 (50 mL), distilled water (1 mL) and a saturated solu-
tion of NaHCO3 (50 mL) were successively added. After phase sep-
aration, the organic layer was washed with distilled water
(3×50 mL), dried with Na2SO4 and concentrated under vacuum.
The residue was precipitated in diethyl ether (200 mL) to give
440 mg (0.35 mmol, 84%) of the desired product (92% HPLC pu-
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rity at 260 nm). MALDI-TOF MS (positive mode, THAP): calcd.
1272.19; found 1269.96.

Synthesis of the Hexamer 5�-O-DMTr-dCBz-dABz-dGiBu-dCBz-
dGiBu-dT-3�-O-Lev Thiolatecyanoethyl Phosphotriester: The trimer
5�-O-DMTr-dCBz-dABz-dGiBu-3�-HP (600 mg, 0.34 mmol) was co-
evaporated twice with anhydrous pyridine (5 mL) and 5�-OH-dCBz-
dGiBu-dT-3�-O-Lev (440 mg, 0.34 mmol) was added and coevapo-
rated twice more with anhydrous pyridine (5 mL). The resulting
foam was dissolved in CH2Cl2/pyridine (5 mL, 1:1, v/v) and added
to a round-bottomed flask containing polystyrene-supported acyl
chloride (5 g, 3.4 mmol) swollen in CH2Cl2/pyridine (4 mL, 1:1, v/
v). After shaking for 3 h 30 at room temperature, N-(2-cyanoethyl-
thio)succinimide (125 mg, 0.68 mmol) was added. After stirring for
30 min, the resin was filtered off and washed with CH2Cl2 (50 mL).
The organic layer was washed with distilled water (2×50 mL),
dried with Na2SO4 and concentrated under reduced pressure. The
residue was precipitated in cooled diethyl ether (300 mL) to obtain
500 mg (0.17 mmol, 49%) of the desired product (89% HPLC pu-
rity at 260 nm). MALDI-TOF MS (positive mode, THAP): calcd.
2991.87; found 2988.95.

Unblocking of the Hexamer: Fully protected hexamer (50 mg,
17 µmol) was first dried by coevaporating twice with dry pyridine.
Then, after dissolving in dry acetonitrile (1 mL), chlorotrimethylsil-
ane (25 µL) and DBU (114 µL) were added. After 30 min at room
temperature, the solvents were evaporated and concentrated ammo-
nia (1 mL) and mercaptoethanol (0.1 mL) were added. The mixture
was heated at 55 °C overnight. The solvent was removed under vac-
uum and the residue was treated with 80% aqueous acetic acid
(400 µL) for 1 h. The acetic acid was removed by coevaporation
with water and ethanol. The resulting residue was precipitated from
cold ethanol (–10 °C). The solid was dissolved in water and the
amount of hexamer was determined from its absorbance at 260 nm
(330 OD260 nm, 5.3 µmol, 32%).
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