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Analogs of the charged and enzymatically-labile phos-
phodiester bonds in oligonucleotides have been used in
the antisense approach to drug development which
targets nucleic acids.2 Methylphosphonates,3 originally
prepared by Miller and Ts’o using phosphonodiester
chemistry,4 can be prepared using either tricoordinate
or tetracoordinate phosphorus chemistry.5 Methods that
have been developed recently for the synthesis of meth-
ylphosphonate nucleotides have focused on phosphorus-
(V) derivatives in which active esters of 3′-methylphos-
phonates are coupled to 5′-alcohols. Stec and co-workers
have reported the synthesis of oligomers up to pentamers
using DBU/LiCl to couple diastereomerically-pure nu-
cleoside selenomethyl methylphosphonates with the 5′-
alcohols of protected nucleosides.6 The use of hexaflu-
oroisopropyl7 and p-nitrophenyl8 leaving groups with
t-BuMgCl as base is also a known coupling protocol.
We were interested in developing a method that would

allow near “reagent-less” couplings to be conducted in
solution to facilitate the preparation of methylphospho-
nate dinucleotides on a significant scale. We focused on
the condensation of 5′-O-(trimethylsilyl)nucleosides with
a 3′-O-methylphosphonofluoridate to produce the di-
nucleotide and the volatile trimethylsilyl fluoride (eq 1).
Methods for the preparation of phosphonofluoridates
from phosphonothioates were known,9 but an efficient
method for the preparation of phosphonothioates was
needed.
The bis(benzotriazolyl) phosphonothioate (1) is pre-

pared by treating methylphosphonothioic dichloride with
hydroxybenzotriazole by analogy to the results of van
Boom, who has prepared O,O-bis(benzotriazolyl) active

ester derivatives of both alkyl phosphates and meth-
ylphosphonate.10 Compound 1 can be stored as a stock
solution and coupled with 5′-O-(dimethoxytrityl)thymi-
dine. However, unlike van Boom’s example with the
PdO compounds, this coupling requires addition of the
nucleophilic catalyst DMAP. Hydroxypropionitrile is
coupled to the resulting monobenzotriazolyl phosphono-
thioate in the presence of N-methylimidazole to afford 2
as a mixture of diastereoisomers (eq 2). Treatment of 2

with freshly-condensed ammonia in ethanol (∼1:3) for 1
h at room temperature yields salt 3, which can be
fluorinated in a convenient procedure using the com-
mercially-available 4-fluoro-3,5-dinitrobenzotrifluoride
(4) to give 5. This material exhibits the expected large
one-bond P-F coupling (J ) 1049 Hz). The stoichiometry
of fluorinating agent and the solvent affect this fluorina-
tion reaction, which could be monitored by 31P NMR.
When it is performed with 1 equiv of 4 in acetone, the
thioester 6, presumably an intermediate in the overall
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fluorination process, also results. In pyridine, it gives 5
and a compound postulated to be Meisenheimer complex
7 [JP-S-C-F ) 47 Hz).11

To serve as coupling partners for 5, 3′-O-benzoyl-dT
and the 3′-O-benzoyl-protected nucleosides dCBz and dABz

were silylated using hexamethyldisilazane and chloro-
trimethylsilane in pyridine at room temperature for 0.25
h12 to afford 5′-O-(trimethylsilyl)deoxynucleosides 8-10
in near-quantitative yields. 3′-O-Benzoyl(N2-i-Bu)dG was
silylated with neat TMSCN to give a mixture of 11 and
starting material in a 2:1 ratio.
Thymine dinucleoside methylphosphonate analogs can

be prepared by coupling 5 with trimethylsilyl ethers
8-11 in the presence of KF13 and DMAP (useful in
preventing detritylation) in THF at 60 ˚C for 24-48 h
(eq 3). Control experiments show that both additives are
required, though an explicit role in the reaction has been
ascribed to neither. Other fluoride sources (CsF and Bu4-
NF) and milder conditions (with 18-crown-6) do not lead
to cleaner products. The isolated yields of the dinucle-
otides are good (68-79%), and the products are readily
obtained in pure form by filtration and chromatography,
removing salts and any unreacted starting material. No
aqueous workup is required.

Experimental Section

Bis-O-(1-Benzotriazolyl) Methylphosphonothioate (1).
A solution of methylphosphonothioic dichloride (0.79 mL, 1.12
g, 7.5 mmol, Johnson Matthey) in anhydrous dioxane (15 mL)
was added dropwise to a stirring solution of 1-hydroxybenzo-
triazole (2.05 g, 5.2 mmol, dried in a drying pistol over refluxing

toluene) and pyridine (1.5 mL) in anhydrous dioxane (50 mL)
at room temperature. The reaction mixture was stirred for 2 h,
and the pyridinium hydrochloride salts were removed by filtra-
tion under anhydrous conditions to give a stock solution of 1
(0.11M). 31P NMR (dioxane): δ 121.31.
5′-O-(Dimethoxytrityl)thymidine 3′-O-(2′′-cyanoethyl

methylphosphonothioate) (2).14 5′-O-(Dimethoxytrityl)thy-
midine (1.09 g, 2 mmol) was dissolved in anhydrous pyridine (5
mL) and evaporated to dryness. This material was dissolved in
CH3CN (15 mL) and transferred through a cannula to a flask
containing a solution of 1 (22 mL, 1.21 mmol) and DMAP (0.27
g, 2.2 mmol, dried in a drying pistol over refluxing toluene). After
0.5 h, 3-hydroxypropionitrile (0.35 g, 5 mmol, 0.34 mL) was
added followed by N-methylimidazole (0.8 mL, 10 mmol). Stir-
ring was continued for 2 h. Solvents were removed in vacuo,
and the residue was dissolved in CH2Cl2 (40 mL), washed with
0.1 M triethylammonium bicarbonate (15 mL), and water (15
mL), dried over MgSO4, and concentrated. The crude compound
was purified by flash chromatography (CH2Cl2:EtOH 98:2) to
afford 2 (1.12g, 81%) as a mixture of diastereoisomers. Rf: 0.49,
0.53 (EtOH:CHCl3 6:94). 1H NMR (CDCl3): δ 8.48 (s, 1H), 8.44
(s, 1H), 7.60 (s, 1H), 6.46 (m, 1H), 6.43 (m, 1H), 5.45 (m, 1H),
4.21 (d, J ) 2.2 Hz, 1H), 3.81 (s, 6H), 3.46 (m, 2H), 2.77 (t, J )
6.2 Hz, 2H), 2.56 (m, 1H), 2.46 (m, 1H), 1.91 (d, J ) 14.1 Hz,
3H), 1.86 (d, J )14.4 Hz, 3H), 1.48 (s, 3H), 1.46 (s, 3H). 31P
NMR (CDCl3): δ 98.30, 98.77 (identical to literature).
5′-O-(Dimethoxytrityl)thymidine 3′-O-Methylphospho-

nothioic Acid Ammonium Salt (3). Freshly-condensed NH3
in EtOH (∼1:3, 3 mL) was added to 2 (0.054 g, 0.078 mmol),
and the solution was stirred for 1 h at room temperature to
afford 3. 31P NMR (EtOH): δ 77.38, 78.19. This material was
used without further purification.
5′-O-(Dimethoxytrityl)thymidine 3′-O-Methylphospho-

nofluoridate (5). The salt obtained from the above reaction
(0.078 mmol) was dried over anhydrous pyridine and dissolved
in acetone (2 mL). Compound 4 (0.04 g, 0.16 mmol, Marshallton
Research Labs) was added, and the reaction mixture was stirred
at room temperature for 1-1.5 h. Progress of the reaction was
monitored by phosphorus NMR. 31P NMR (acetone): δ 31.84
(d, J ) 1048.42 Hz), 31.90 (d, J ) 1049.46 Hz). Evidence for
the elemental composition of this compound could not be
obtained because of its instability.15

5′-O-(Dimethoxytrityl)thymidine 3′-O-((S-(2′′,6′′-Dinitro-
4′′-(trifluoromethyl)phenyl)methylphosphonothioate) (6).
31P NMR (acetone): δ 90.85, 91.36. Evidence for the elemental
composition of this compound could not be obtained because of
its instability.
General Procedure for the Preparation of 5′-O-(Tri-

methylsilyl)-3′-O-benzoyl deoxynucleosides 8-10. Hexa-
methyldisilazane (1.2 mL, 0.92 g, 5.69 mmol) and chlorotri-
methylsilane (0.6 mL, 0.51 g, 4.72 mmol) were added to 3′-O-
benzoylthymidine14 (0.4 g, 1.16 mmol) in pyridine (4 mL) and
stirred at room temperature for 0.25 h. The pyridine was
removed in vacuo, and its final traces were removed by coevapo-
rating with toluene (10 mL). Diethyl ether (75 mL) or CH2Cl2
(40 mL) was added to precipitate the products.
5′-O-(Trimethylsilyl)-3′-O-benzoylthymidine (8) (0.46 g,

95%). Mp: 169.9-171.9 ˚C. Rf: 0.56 (EtOH:CHCl3 (6:94)). 1H
NMR (CDCl3): δ 9.55 (s, 1H), 8.05 (d, J ) 7.3 Hz, 2H), 7.73 (s,
1H), 7.60 (br t, J ) 7.5, 7.3 Hz, 1H), 7.47 (br t, J ) 7.7, 7.5 Hz,
2H), 6.51 (dd, J ) 9.0, 5.5 Hz, 1H), 5.48 (d, J ) 5.7 Hz, 1H),
4.27 (s, 1H), 3.93 (d, J ) 1.9 Hz, 2H), 2.26, 2.55 (m, 2H), 1.94 (s,
3H), 0.20 (s, 9H). HRMS calcd for C20H27N2O6Si [M + 1]:
419.526, found 419.1638.
5′-O-(Trimethylsilyl)-N4,3′-O-dibenzoyl-2′-deoxycyti-

dine (9) (0.21 g, 95%), colorless solid, mp dec ∼180 °C. Rf: 0.52
(EtOH:CHCl3 6:94). 1H NMR (CDCl3): δ 8.47 (d, J ) 7.5 Hz,
1H), 8.06 (d, J ) 7.2 Hz, 1H), 7.92 (d, J ) 7.5 Hz, 1H), 7.64-
7.46 (m, 7H), 6.53 (dd, J ) 8, 6 Hz, 1H), 5.52 (d, J ) 6.1 Hz,
1H), 4.40 (d, J ) 1.8 Hz, 1H), 3.98 (d, J ) 1.7 Hz, 2H), 2.29,
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2.91 (m, 2H), 0.19 (s, 9H). HRMS calcd for C26H30N3O6Si [M +
1]: 508.636, found 508.1898.
5′-O-(Trimethylsilyl)-N6,3′-O-dibenzoyl-2′-deoxyadenos-

ine (10) (0.25 g, 97%), pale yellow solid, mp 143.5-144.5 °C.
Rf: 0.45 (EtOH:CHCl3 6:94). 1H NMR (CDCl3): δ 9.07 (br s,
1H), 8.84 (s, 1H), 8.52 (s, 1H), 6.76 (dd, J ) 7.9, 6.4 Hz, 1H),
5.69 (dd, J ) 3.0, 1.6 Hz, 1H), 4.45 (d, J ) 1.6 Hz, 1H), 3.97 (d,
J ) 2.4 Hz, 2H), 2.86 (m, 2H), 0.21 (s, 9H). HRMS calcd for
C27H30N5O5Si [M + 1]: 532.686, found 532.2021.
5′-O-(Trimethylsilyl)-N2-isobutyroyl-3′-O-benzoyldeox-

yguanosine (11). Cyanotrimethylsilane (0.13 mL, 0.094 g, 0.95
mmol) was added to 3′-O-benzoyldeoxyguanosine16 (0.42 g, 0.95
mmol), and the solution was stirred at room temperature under
nitrogen for 0.5 h. The gas outlet was passed through sodium
hydroxide to trap the released hydrocyanic acid. TLC showed
starting material, and 1H NMR showed a starting material to
silyl ether ratio of 1:2. Rf: 0.45 (EtOH:CHCl3 6:94). 1H NMR
(CDCl3): δ 8.36 (s, 1H), 6.35 (m, 1H), 5.67 (d, J ) 5.73 Hz, 1H),
4.38 (d, J ) 1.96 Hz, 1H), 3.88 (m, 2H), 2.83 (m, 1H), 2.67 (m,
2H), 1.28 (m, 6H), 0.15 (s, 9H). HRMS calcd for C24H32N5O6Si
[M + 1]: 514.626, found 514.2114. Attempts to purify this
compound by column chromatography or preparative TLC were
not successful, and it was used as obtained.
General Procedure for the Synthesis of Dinucleoside

Methylphosphonates. Acetone was evaporated from the 5′-
silyl ether (0.075 mmol) under vacuum, and the resulting
material was handled in an inert atmosphere box. THF (2 mL)
was added, and the dissolved material was added to 5 (0.063 g,
0.15 mmol) in a V-Vial, with 2 × 1 mL washings of THF to

transfer all of the material. KF (0.022 g, 0.38 mmol) and DMAP
(0.27 g, 0.22 mmol) were added. The vial was sealed tightly and
stirred on a heating block at 60 °C, with reaction monitoring by
31P NMR. After the reaction was complete, the mixture was
filtered through a small pad of Celite which was then washed
with CH2Cl2:EtOH (90:10). The filtrate was concentrated to a
crude material that was purified by flash chromatography using
EtOH:CHCl3 (2-6%) to obtain the pure dinucleotide.
T-T (12)6a (0.057 g, 79%). Rf: 0.36 (EtOH:CHCl3 6:94).

Faster: 1H NMR (CDCl3) δ 1.54 (d, J ) 17.7 Hz, 3H); 31P NMR
(CDCl3) δ 32.78. Slower: 1H NMR (CDCl3) δ 1.59 (d, J ) 17.4
Hz, 3H); 31P NMR (CDCl3) δ 32.20.
T-C (13)17 (0.057 g, 70%). Rf: 0.52, 0.56 (EtOH:CHCl3 10:

90). Faster: 1H NMR (CDCl3) δ 1.52 (d, J ) 17.4 Hz, 3H); 31P
NMR (CDCl3) δ 32.58. Slower: 1H NMR (CDCl3) δ 1.60 (d, J )
17.4 Hz, 3H); 31P NMR (CDCl3) δ 33.10.
T-A (14)18 (0.054 g, 68%). Rf: 0.54, 0.58 (EtOH:CHCl3 10:

90). Faster: 1H NMR (CDCl3) δ 1.48 (d, J ) 17.4 Hz, 3H); 31P
NMR (CDCl3) δ 32.45. Slower: 1H NMR (CDCl3) δ 1.54 (d, J )
17.4 Hz, 3H); 31P NMR (CDCl3) δ 32.91.
T-G (15)6a (0.075 g, 72%). Rf: 0.55, 0.59 (EtOH:CHCl3 12:

88). Faster: 1H NMR (CDCl3) δ 1.46 (d, J ) 17.4 Hz, 3H); 31P
NMR (CDCl3) δ 33.71. Slower: 1H NMR (CDCl3) δ 1.55 (d, J )
17.4 Hz, 3H); 31P NMR (CDCl3) δ 32.13.
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