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Reactions of 39-C-Halomethyl and 39-C-Sulfonylmethyl Uridines with
Phosphinic Acid Derivatives 2 Synthesis of Building Blocks for

Oligonucleotides Containing 39-C-Methylenephosphonate Linkages
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An efficient method for the synthesis of nucleoside 39-C-
methylenephosphinates, building blocks for oligo(ribo-
nucleoside methylenephosphonate)s, has been developed.
Treatment of bis(trimethylsilyl)hypophosphite (BTSP) with a
39-deoxy-3-C-(iodomethyl)uridine resulted both in substitu-
tion to give the corresponding 39-C-methylenephosphinate
and in reduction of the iodomethyl group to afford the uridine
39-deoxy-39-C-methyl derivative. Optimisation of solvent and

Introduction

In the past decade there has been a tremendous increase
in interest in modified nucleic acid fragments. This is largely
due to the development of antisense therapy[123] and the
use of modified oligonucleotides (and nucleosides) in in-
vestigations of enzymatic mechanisms, especially in studies
on catalytic RNA.[426] As a part of our program on the
synthesis of modified oligonucleotides we are investigating
39-C-branched analogues. An interesting minimal modifica-
tion that introduces 39-C-branching is internucleoside 39-C-
methylenephosphonate (MP) linkages, with the 39-oxygen
of the phosphodiester linkage replaced by a methylene
group (Figure 1). After demonstrating efficient coupling of
methylphosphinate with a nucleoside to give the corres-
ponding phosphonate and thiophosphonate,[7] we consid-
ered a nucleoside 39-C-methylenephosphinate as a potential
building block for MP linkages. During the course of our
studies, oligodeoxyribonucleotides containing MP linkages
at selected positions were reported, albeit in little detail,
with the indication that this modification stabilizes the com-
plex with a target RNA.[8] Little is currently known about
the effect of MP linkages in oligodeoxyribonucleotides, and
the corresponding oligoribonucleotide analogues have to
the best of our knowledge, not been studied. The develop-
ment of a methodology to produce these analogues should
probably also be extendable to 29-O-alkyl derivatives, which
are of interest as potential antisense drugs.
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temperature gave a substitution/reduction ratio of 5:4 at best.
Through the use of a trifluoromethanesulfonyl leaving group
and further optimisation of reaction conditions, however, the
triethylammonium 29-O-(tert-butyldimethylsilyl)-39-deoxy-
59-O-(4-methoxytriphenylmethyl)uridine-39-C-methylene-
phosphinate was obtained in 93% isolated yield.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Figure 1. Internucleoside linkages with the 39-oxygen replaced with
a methylene group in the phosphodiester backbone

To investigate oligoribonucleotides in which the 39-oxy-
gens are replaced by methylene groups, the development of
an efficient method for synthesis of building blocks was
necessary. In analogy with the H-phosphonate
approach,[9214] phosphinate derivatives can be coupled with
alcohols and can subsequently be oxidised to give the cor-
responding phosphonate derivatives.[7,8] Collingwood et
al.[8] have reported on the synthesis of a phosphinate build-
ing block for the synthesis of oligodeoxyribonucleotide ana-
logues. A temporary acid-labile protection of the phos-
phinate centre was used in the synthesis, which required ad-
ditional deprotection and 59-hydroxyl reprotection steps
prior to oligomer synthesis. An et al.[15,16] have since also
reported on the synthesis of phosphinate building blocks
from the corresponding iodomethyl derivatives;[15,16] only
low yields (15 to 37%) were obtained, however. In this
paper, substitution of 39-C-halomethyl and 39-C-(sulfonyl-
methyl)uridines with some phosphinic acid derivatives is in-
vestigated. These studies enabled us to develop an efficient
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synthesis of triethylammonium 29-O-(tert-butyldimethyl-
silyl)-39-deoxy-59-O-(4-methoxytriphenylmethyl)uridine 39-
C-methylenephosphinate.

Results and Discussion

Few substitution methods with phosphinic acid derivat-
ives as nucleophiles have been developed. Substitution has
mostly been carried out with alkyl halides, in particular
bromides and iodides.[17,18] As leaving groups we decided to
explore not only halides, but also sulfonates such as meth-
anesulfonate (mesylate) and trifluoromethanesulfonate
(triflate). Nucleoside derivatives already bearing the 59-O-
(4-methoxytriphenylmethyl) (MMT) and 29-O-(tert-butyldi-
methylsilyl) (TBDMS) protecting groups, which are the
most commonly used in RNA synthesis, were selected. Of
the nucleophiles that have been evaluated in the past, we
considered the investigation of the use of salts of isopro-
pyl[18] and tert-butyl phosphinate,[19] as well as bis(trime-
thylsilyl)hypophosphite[20] (BTSP). Initially, reactions were
carried out with potassium salts of alkyl phosphinates at
room temperature in THF. The potassium salts of isopropyl
and tert-butyl phosphinate were not stable and dispropor-
tionated. In addition, the reactions with halides resulted
mostly in reduction, and incomplete consumption of the
halide affording less than 5% of the desired product.

Synthesis of 39-C-Branched Uridine Precursors with
Different Leaving Groups: Mesylate, Iodo and Bromo

We have recently developed an efficient method for the
synthesis of 1-[2-O-(tert-butyldimethylsilyl)-3-deoxy-3-C-
(hydroxymethyl)-5-O-(4-methoxytriphenylmethyl)-β--ribo-
pentofuranosyl]uracil (1).[21,22] This and similar 39-C-hydro-
xymethyl nucleosides had previously been converted into
the corresponding halomethyl[8,15,16,22] and methanesul-
fonyl[21,22] derivatives for the synthesis of variously func-
tionalised 39-C-branched uridine analogues. We initially
considered the previously reported mesylate derivative 2,
and also the bromo and iodo derivatives 3 and 4, which
were synthesized from hydroxymethyl derivative 1. Treat-
ment of 1 with triphenylphosphane and carbon tetrabrom-
ide in acetonitrile/pyridine (95:5, v/v) afforded bromo deriv-
ative 3 (73%). Similarly, treatment of 1 with triphenylphos-
phane and iodine in acetonitrile/pyridine (95:5, v/v) gave
the iodo derivative 4 (90%).

Treatment of Derivatives 2, 3 and 4 with BTSP

Bis(trimethylsilyl)hypophosphite[17,20,23] (BTSP) has pre-
viously been used for substitution in various alkyl hal-
ides,[8,15,16,24,25] and we first investigated nucleoside derivat-
ives 2, 3 and 4 (Scheme 1). Treatment with BTSP was car-
ried out in the presence of base (Hünig’s base, diisopropyle-
thylamine) to avoid loss of the MMT group.
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Scheme 1

The mesylate and bromo derivatives gave no detectable
product on treatment with BTSP (2 or 3 were treated with
0.3  BTSP in acetonitrile at room temperature for 20
hours). TLC and NMR analysis showed only remaining
starting material. The iodo derivative 4 was considerably
more reactive, but compound 6 was formed along with the
phosphinate derivative 5 (Scheme 2). This kind of compet-
ing reduction by BTSP has been reported previously.[15,16,26]

Scheme 2

In order to assist substitution over reduction, the influ-
ence of different solvents and temperatures was investigated
for the iodo derivative 4. The polarity of the solvent ranged
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from toluene to acetonitrile, and the temperature was varied
between room temperature and 242 °C.

In general, a polar solvent at low temperature favoured
substitution, to give less formation of 6. The ratio of 5 to 6
at 0 °C in toluene or dichloromethane, for example, was
14:86, in pyridine 18:82 and in acetonitrile 31:69. In aceton-
itrile at 20 °C the ratio was 19:81, whereas at 242 °C it was
56:44. In THF at 20 °C the ratio was 5:95, and at 0 °C
10:90. The best conditions (use of 0.3  BTSP in aceto-
nitrile at 242 °C) gave 5 in 50% isolated yield. Other at-
tempts to affect the selectivity, by addition of various salts
(sodium iodide and cadmium tosylate) or a radical scaven-
ger, had little effect.

Finally, 4 was treated with neat BTSP at 242 °C. Prod-
ucts 5 and 6 were again obtained, in a ratio of 56:44 (entry
14). Thus, the use of neat BTSP at 242 °C is an alternative
to acetonitrile, since the selectivity is similar. To improve the
yield of phosphinate 5 further, by avoiding the competing
reduction, we turned to a more reactive sulfonyl leaving
group.

Synthesis of a 39-C-Branched Uridine with a Triflate
Leaving Group

When 1 was treated with triflic anhydride (1.3 equiv.) in
dichloromethane at 278 °C in the presence of 2,6-di-tert-
butylpyridine, both the uracil moiety and the hydroxyme-
thyl group were sulfonylated, thus producing a mixture of
three products and remaining starting material. The N3-po-
sition in the uracil moiety was therefore protected with a
benzoyl group prior to treatment with triflic anhydride.
Benzoylation was performed essentially according to the
phase-transfer procedure of Sekine,[27] to give derivative 7
in 91% yield (Scheme 3). Treatment of 7 with triflic anhyd-
ride and 2,6-di-tert-butylpyridine in dichloromethane at
278 °C gave compound 8 (85%).

Scheme 3
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Treatment of Triflate 8 with BTSP

Treatment of triflate 8 with BTSP was carried out in the
presence of 2,6-di-tert-butylpyridine, to avoid loss of the
MMT group. Treatment of triflate 8 with BTSP in aceton-
itrile caused loss of the N3-benzoyl group in situ. The cleav-
age reaction was significantly faster than the substitution,
and the de-N3-benzoylated compound 9 was observed as an
intermediate (identified by MS) that reacted further to af-
ford phosphinate 5 (Scheme 4). Triflate 8 was less reactive
than the iodide 4 and required a longer reaction time. Treat-
ment of 8 with 0.3  BTSP in acetonitrile at 20 °C for 20 h.
in the presence of 2,6-di-tert-butylpyridine (6 equiv.) af-
forded phosphinate 5 in an isolated yield of 52%. Several
minor by-products were formed, one of which was probably
the C-phosphinate-linked nucleoside dimer, as judged by
MS analysis. Some of the other unidentified side products
were possibly caused by degradation of remaining 9 during
workup. An extended reaction time did not improve the
yield, which may have been due, at least partially, to decom-
position of BTSP. Attempts to carry out the reaction with
an increased (double) concentration of BTSP (0.6  in ace-
tonitrile) resulted in the formation of an additional product.
MS and 1H NMR analyses of this by-product were consist-
ent with structure 10, which could be formed by Michael
addition of BTSP to the uracil double bond of 5. Unlike
reactions with thiosulfate,[28,29] this reaction was not revers-
ible under basic conditions. Addition either of Hünig’s base
(6 equiv.) or of DBU (6 equiv.) to the above reaction mix-
tures prior to quenching with triethylammonium bicarbon-
ate (aq.) did not influence the ratio of products within 1
hour.

Scheme 4
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We finally explored whether the use of a lower temper-
ature would reduce the various side reactions that limited
the yield of the reaction. A successful approach was indeed
achieved by cooling the reaction mixture and using a high
concentration of BTSP, the latter ensuring a reasonable re-
action time. Treatment with 8 was performed in BTSP/ace-
tonitrile (9:2, v/v) at 0 °C for 50 h, in the presence of 2,6-
di-tert-butylpyridine (6 equiv.). The reaction proceeded
smoothly and was virtually quantitative, giving the phos-
phinate 5 in a yield of 93% after purification.

Concluding Remarks

We have shown here that substitution reactions with pho-
sphinic acid derivatives can be adjusted to reduce side reac-
tions in the synthesis of triethylammonium 29-O-(tert-butyl-
dimethylsilyl)-39-deoxy-59-O-(4-methoxytriphenylmethyl)-
uridine 39-C-methylenephosphinate (5). The reactions were
studied in detail, and the yield of the phosphinate has been
substantially improved. For substitution of the iodomethyl
derivative 4 with BTSP, a polar solvent such as acetonitrile
at a low temperature (242 °C) was most efficient in sup-
pressing the competing side reaction (reduction), and gave
5 in a reasonable yield (50%). A bulky neighbouring pro-
tecting group (TBDMS) was present, which was probably
a disadvantage in the substitution reaction. It is therefore
possible that an even higher selectivity might be obtained
with less hindered compounds such as 29-deoxy or 29-O-
methyl nucleosides.

In addition, we have introduced the use of an alternative
leaving group, triflate, in this reaction. By using the corres-
ponding triflate derivative 8 with BTSP we avoided the
competing reduction and obtained 5 in an excellent yield
(93%). We now clearly have a high-yielding method for the
synthesis of a 39-C-methylenephosphinate monomer that
can be used as building blocks for oligoribonucleotides con-
taining methylenephosphonate linkages. This makes the use
of this modification more attractive for the development of
potential antisense drugs (as O-alkyl derivatives), for stud-
ies of enzymatic mechanisms and for co-crystallization of
enzymes/ribozymes with their RNA substrates. A study to
evaluate and optimise the reactions crucial for oligoribonu-
cleotide synthesis with these building blocks (condensation
with alcohols, oxidation, and potential side reactions) is
currently in train in our laboratory.
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Experimental Section

General Remarks and Methods: NMR spectra were recorded on a
Bruker AVANCE DRX-400 instrument (400.13 MHz in 1H,
100.62 MHz in 13C and 162.00 MHz in 31P). Chemical shifts are
given in ppm, downfield from external TMS. Most 1H and 13C
NMR spectral assignments were based on standard 1H-1H COSY
and 1H-13C-HMQC experiments; uridine numbering is used. Silica
gel column chromatography was carried out on Matrex silica, 60Å
(35270 µm, Amicron). TLC analysis was carried out on precoated
plates, Silica Gel 60 F254 (Merck), with detection by UV light and/
or by charring with 8% sulfuric acid in methanol. Solutions were
concentrated under reduced pressure at temperatures not exceeding
40 °C. Reagents and solvents were of ordinary commercial grade
unless otherwise stated. THF was distilled at atmospheric pressure
over a mixture of sodium and potassium prior to use. Acetonitrile
was dried over 3Å molecular sieves, pyridine and CH2Cl2 were
dried over 4Å molecular sieves, toluene was dried over sodium wire.
In the substitution reactions with phosphinic acid derivatives, the
solvents were purged with nitrogen for 20 minutes prior to use.
Bis(trimethylsilyl)hypophosphite (BTSP) was prepared as a 4 molar
crude reagent solution according to Boyd et al.[25] prior to use (the
concentration was determined by 1H NMR, with benzene as in-
ternal standard). tert-Butyl phosphinate was prepared by condensa-
tion of phosphinic acid and tert-butyl alcohol essentially according
to Gallagher et al.,[18] but with tert-butyl alcohol in place of 2-
propanol. The reaction mixture was concentrated to give a stock
solution of tert-butyl phosphinate (66% w/w) in benzene and tert-
butyl alcohol (1:1, v/v). The concentration was determined by 1H
NMR spectroscopy. Cadmium tosylate was prepared as follows:
CdCO3 (1 g, 5.8 mmol) was dissolved in a solution of para-tolu-
enesulfonic acid (2.21 g, 11.6 mmol, 2 equiv.) in water (20 mL).
When gas evolution had ceased, the solution was concentrated and
further dried by evaporation of added acetonitrile (4 3 30 mL).
The solid product was ground into fine particles and further dried
at reduced pressure (80 mbar). 1-[2-O-(tert-Butyldimethylsilyl)-3-
deoxy-3-C-hydroxymethyl-5-O-(4-methoxytriphenylmethyl)-β--
ribo-pentofuranosyl]uracil (1) and 1-[2-O-(tert-butyldimethylsilyl)-
3-deoxy-5-O-(4-methoxytriphenylmethyl)-3-C-(methylsulfonyl-
methyl)-β--ribo-pentofuranosyl]uracil (2) were synthesized as de-
scribed earlier.[21]

1-[3-C-(Bromomethyl)-2-O-(tert-butyldimethylsilyl)-3-deoxy-5-O-(4-
methoxytriphenylmethyl)-β-D-ribo-pentofuranosyl]uracil (3): A solu-
tion of compound 1[21,22] (50 mg, 0.078 mmol) in dry acetonitrile/
pyridine (95:5 v/v, 1 mL) under nitrogen was cooled to 022 °C.
Triphenylphosphane (29 mg, 0.11 mmol, 1.4 equiv.) and carbon
tetrabromide (33 mg, 0.10 mmol, 1.3 equiv.) were added, and the
mixture was left on a melting ice bath and then stirred at room
temperature for 40 h. The reaction mixture was diluted with tolu-
ene (10 mL) and then concentrated. The residue was purified by
silica gel column chromatography (toluene/ethyl acetate, 4:1, v/v)
to give 3 (40 mg, 73%). 1H NMR (CD3CN, 20 °C): δ 5 0.19 (s, 3
H, SiCH3), 0.23 (s, 3 H, SiCH3), 0.91 [s, 9 H, SiC(CH3)3], 2.66 (m,
1 H, 39-H), 3.11 (dd, 3J 5 4.7 Hz, 2J 5 10.0 Hz, 1 H, CH2Br), 3.37
(dd, J59b,49 5 3.5 Hz, 1 H, 59b-H), 4.03 (dt, 1 H, 49-H), 3.42 (t, 3J 5
2J 5 10.0 Hz, 1 H, CH2Br), 3.59 (dd, J59a,59b 5 11.7 Hz, J59a,49 5

2.2 Hz, 1 H, 59a-H), 3.77 (s, 3 H, OCH3), 4.47 (d, J29,39 5 4.2 Hz,
1 H, 29-H), 5.24 (d, 1 H, 5-H), 5.62 (s, 1 H, 19-H), 6.90 and
7.2627.46 (14 H, MMT), 7.92 (d, J5,6 5 8.1 Hz, 1 H, 6-H), 9.26
(br. s, 1 H, NH). 13C NMR (CD3CN, 20 °C): δ 5 25.13 (SiCH3),
23.94 (SiCH3), 18.8 [SiC(CH3)3], 26.3 [SiC(CH3)3], 28.2 (CH2Br),
46.1 (C-39), 56.0 (OCH3), 63.1 (C-59), 78.6 (C-29), 83.1 (C-49), 88.2,
92.2 (C-19), 101.9 (C-5), 114.3, 128.3, 129.1, 129.30, 129.34, 131.5,
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135.8, 141.1 (C-6), 145.2, 151.5, 160.0, 164.3. MS (ES1/TOF) [M
1 Na]1 calcd. for C36H43BrN2O6SiNa 729.1971; found 729.1943.
C36H43BrN2O6Si: calcd. C 61.10, H 6.12, N 3.96; found C 61.30,
H 6.17, N 3.83.

1-[2-O-(tert-Butyldimethylsilyl)-3-deoxy-3-C-(iodomethyl)-5-O-(4-
methoxytriphenylmethyl)-β-D-ribo-pentofuranosyl]uracil (4): A solu-
tion of compound 1[21,22] (400 mg, 0.620 mmol) in dry acetonitrile/
pyridine (95:5 v/v, 8 mL) under nitrogen was cooled to 022 °C.
Triphenylphosphane (228 mg, 0.87 mmol, 1.4 equiv.) and iodine
(158 mg, 0.68 mmol, 1.1 equiv.) were added, and the mixture was
left on a melting ice-water bath and then stirred at room temper-
ature for 40 h. The reaction mixture was diluted with CH2Cl2 (50
mL) and then washed with 0.5  Na2S2O3 in saturated aqueous
NaHCO3 (50 mL). The water layer was extracted with CH2Cl2
(2320 mL). The combined organic layers were dried (Na2SO4), and
activated carbon (DARCO G-60, 100 mesh, powder) was added.
The solution was filtered through Celite, and remaining product
was extracted with dichloromethane (50 mL). The filtrate was di-
luted with toluene (10 mL) and concentrated. The residue was puri-
fied by silica gel column chromatography (toluene/ethyl acetate,
5:1, v/v) to give 4 (422 mg, 90%). 1H NMR (CD3CN, 20 °C): δ 5

0.24 (s, 3 H, SiCH3), 0.25 (s, 3 H, SiCH3), 0.91 [s, 9 H, SiC(CH3)3],
2.63 (m, 1 H, 39-H), 2.84 (dd, 3J 5 4.0 Hz, 2J 5 9.9 Hz, 1 H,
CH2I), 3.10 (t, 3J 5 2J 5 9.9 Hz, 1 H, CH2I), 3.36 (dd, J59b,49 5

3.4 Hz, 1 H, 59b-H), 3.58 (dd, J59a,59b 5 11.7 Hz, J59a,49 5 1.7 Hz,
1 H, 59a-H), 3.78 (s, 3 H, OCH3), 3.98 (m, 1 H, 49-H), 4.41 (d,
J29,39 5 3.9 Hz, 1 H, 29-H), 5.24 (d, 1 H, 5-H), 5.61 (s, 1 H, 19-H),
6.91 and 7.2627.46 (14 H, MMT), 7.92 (d, J5,6 5 8.1 Hz, 1 H, 6-
H), 9.19 (br. s, 1 H, NH). 13C NMR (CD3CN, 20 °C): δ 5 24.80
(SiCH3), 23.74 (SiCH3), 20.93 (CH2I), 18.8 [SiC(CH3)3], 26.4
[SiC(CH3)3], 46.7 (C-39), 56.0 (OCH3), 62.8 (C-59), 79.5 (C-29), 83.3
(C-49), 88.1, 91.9 (C-19), 101.9 (C-5), 114.3, 128.3, 129.09, 129.11,
129.27, 129.31, 129.35, 131.5, 135.7, 141.1 (C-6), 145.2, 151.5,
160.0, 164.4. MS (ES1/TOF) [M 1 Na]1 calcd. for C36H43IN2O6-

SiNa 777.1833; found 777.1812. C36H43IN2O6Si: calcd. C 57.29, H
5.74, N 3.71; found C 57.40, H 5.80, N 3.59.

3-N-Benzoyl-1-[2-O-(tert-butyldimethylsilyl)-3-deoxy-3-C-(hydroxy-
methyl)-5-O-(4-methoxytriphenylmethyl)-β-D-ribo-pentofurano-
syl]uracil (7): Compound 1[21,22] (230 mg, 0.357 mmol), Na2CO3

(302 mg, 2.85 mmol, 8 equiv.) and tetra-n-butylammonium brom-
ide (6 mg, 0.019 mmol, 0.05 equiv.) were dissolved in a two-phase
system of CH2Cl2 (8 mL) and H2O (15 mL). The mixture was co-
oled on an ice-water bath and vigorously stirred while a solution
of benzoyl chloride (54 µL, 0.46 mmol, 1.3 equiv.) in dry CH2Cl2 (2
mL) was added dropwise over 30 minutes. The reaction was stirred
vigorously at 022 °C (ice-water bath) for an additional 2.5 h. TLC
analysis showed remaining starting material, and therefore more
benzoyl chloride (17 µL, 0.15 mmol, 0.4 equiv.) dissolved in dry
CH2Cl2 (0.5 mL) was added dropwise over 10 minutes. The reaction
mixture was kept on an ice-water bath, and vigorous stirring was
continued for an additional 2 hours. TLC analysis showed complete
conversion into one product (the O4-benzoylated product[27]). The
ice-water bath was removed, and the mixture was stirred for an
additional 17 hours at room temperature in order to effect O4RN3

benzoyl migration[27] to give the N3-benzoylated product 7. The
reaction mixture was transferred to a separation funnel, and the
layers were separated. The water layer was washed with CH2Cl2
(2 3 15 mL). The combined organic layers were dried (Na2SO4)
and concentrated, and the residue was purified by silica gel column
chromatography (stepwise gradient of 122% methanol in CH2Cl2)
to obtain compound 7 (244 mg, 91%). 1H NMR (CD3CN, 20 °C):
δ 5 0.08 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.87 [s, 9 H,
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SiC(CH3)3], 2.57 (m, 1 H, 39-H), 3.48 (dd, J59b,49 5 3.4 Hz, 1 H,
59b-H), 3.53 (dd, J59a,59b 5 11.3 Hz, J59a,49 5 2.4 Hz, 1 H, 59a-H),
3.56 (dd, 3J 5 6.1 Hz, 2J 5 10.7 Hz, 1 H, CH2OH), 3.72 (dd, 3J 5

6.9, 2J 5 10.7 Hz, 1 H, CH2OH), 3.78 (s, 3 H, OCH3), 4.18 (m, 1
H, 49-H), 4.53 (d, J29,39 5 4.5 Hz, 1 H, 29-H), 5.26 (d, 1 H, H-5),
5.62 (s, 1 H, 19-H), 6.92 (2 H, MMT), 7.2627.51 (12 H, MMT),
7.57 (2 H, Bz), 7.75 (1 H, Bz), 7.99 (2 H, Bz), 8.17 (d, J5,6 5 8.2
Hz, 1 H, 6-H). 13C NMR (CD3CN, 20 °C): δ 5 25.12 (SiCH3),
24.24 (SiCH3), 18.7 [SiC(CH3)3], 26.2 [SiC(CH3)3], 45.1 (C-39),
56.0 (OCH3), 58.9 (CH2OH), 63.8 (C-59), 78.6 (C-29), 83.6 (C-49),
88.0, 92.9 (C-19), 101.6 (C-5), 114.2, 128.2, 128.3, 129.06, 129.08,
129.5, 130.5, 131.4, 131.6, 132.6, 136.0, 136.5, 142.0 (C-6), 145.2,
145.5, 150.5, 159.9, 163.4, 170.8. MS (ES1/TOF) [M 1 Na]1 calcd.
for C43H48N2O8SiNa 771.3078; found 771.3059. C43H48N2O8Si:
calcd. C 68.96, H 6.46, N 3.74; found C 68.85, H 6.60, N 3.62.

3-N-Benzoyl-1-[2-O-(tert-butyldimethylsilyl)-3-deoxy-5-O-(4-
methoxytriphenylmethyl)-3-C-(trifluoromethanesulfonylmethyl)-β-D-
ribo-pentofuranosyl]uracil (8): A solution of compound 7 (160 mg,
0.21 mmol) and 2,6-di-tert-butylpyridine (115 µL, 0.51 mmol, 2.4
equiv.) in dry CH2Cl2 (6 mL) under nitrogen was cooled to 278
°C (dry ice-acetone), and a solution of trifluoromethanesulfonic
anhydride (43 µL, 0.26 mmol, 1.2 equiv.) in dry CH2Cl2 (0.5 mL)
was added dropwise over 30 min. The reaction mixture was stirred
at 278 °C for an additional 3 h, and was then allowed to reach
022 °C (ice-water bath). The mixture was diluted with CH2Cl2 (15
mL) and washed with aqueous NaHCO3 (15 mL). The water layer
was washed with CH2Cl2 (2 3 15 mL) and the combined organic
layers were dried (Na2SO4). The organic phase was concentrated
under reduced pressure (,25 °C) and the residue was immediately
purified by silica gel column chromatography (stepwise gradient of
0.522% ethyl acetate in CH2Cl2). If the product (8) was obtained
as an oil, it readily turned orange in colour (probably due to detri-
tylation). The product (8) was more stable in a solid form, which
was obtained by lyophilization from benzene immediately after
concentration of the pure fractions. This procedure gave 8 as a
white powder (160 mg, 85%). The product was stored at 280 °C
(it slowly decomposed if stored in room temperature). 1H NMR
(CD3CN, 20 °C): δ 5 0.06 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3),
0.85 [s, 9 H, SiC(CH3)3], 3.01 (m, 1 H, 39-H), 3.43 (dd, J59b,49 5

3.2 Hz, 1 H, 59b-H), 3.55 (dd, J59a,59b 5 11.5 Hz, J59a,49 5 2.3 Hz,
1 H, 59a-H), 3.76 (s, 3 H, OCH3), 4.06 (m, 1 H, 49-H), 4.53 (d,
J29,39 5 4.9 Hz, 1 H, 29-H), 4.64 (dd, 3J 5 6.0, 2J 5 10.0 Hz, 1 H,
CH2OTf), 4.77 (dd, 3J 5 7.9 Hz, 2J 5 10.0 Hz, 1 H, CH2OTf),
5.31 (d, 1 H, H-5), 5.63 (s, 1 H, 19-H), 6.92 (2 H, MMT), 7.2527.46
(12 H, MMT), 7.54 (2 H, Bz), 7.73 (1 H, Bz), 7.97 (2 H, Bz), 8.00
(d, J5,6 5 8.3 Hz, 1 H, 6-H). 13C NMR (CD3CN, 20 °C): δ 5

25.45 (SiCH3), 24.08 (SiCH3), 18.7 [SiC(CH3)3], 26.1 [SiC(CH3)3],
42.9 (C-39), 56.0 (OCH3), 63.0 (C-59), 65.4 (CH2OTf), 77.8 (C-29),
82.1 (C-49), 88.2, 92.9 (C-19), 101.9 (C-5), 114.3, 119.0 (q, 1JC,F 5

319 Hz, CF3), 128.4, 129.1, 129.2, 129.3, 130.5, 131.4, 131.6, 132.5,
135.7, 136.6, 141.7 (C-6), 144.9, 145.3, 150.5, 160.1, 163.3, 170.7.
MS (ES1/TOF) [M 1 Na]1 calcd. for C44H47F3N2O10SSiNa
903.2571; found 903.2592. C44H47F3N2O10SSi: calcd. C 59.99, H
5.38, N 3.18, S 3.64; found C 60.12, H 5.48, N 3.02, S 3.40.

Triethylammonium 29-O-(tert-Butyldimethylsilyl)-39-deoxy-59-O-(4-
methoxytriphenylmethyl)uridine 39-C-Methylenephosphinate (5).
Method A: A solution of compound 3 (260 mg, 0.344 mmol) in dry
acetonitrile (14 mL, nitrogen-purged), under nitrogen in a flask fit-
ted with a septum, was cooled to 242 °C (dry ice/acetonitrile), and
Hünig’s base (360 µL, 2.07 mmol, 6 equiv.) was added by syringe.
BTSP (4  reagent solution prepared as described above, 1.0 mL,
4 mmol, 12 equiv.) was added dropwise by syringe (concentrated
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BTSP may ignite in contact with air), and the reaction mixture was
stirred at 242 °C for 8 h. The reaction mixture was allowed to
reach room temperature and was then diluted with CH2Cl2 (50 mL)
and washed with 2  aqueous triethylammonium bicarbonate (pH
7.5, 30 mL). The water layer was washed with CH2Cl2 (2 3 25 mL).
The combined organic layers were dried (Na2SO4) and concen-
trated. The residue was purified by silica gel column chromato-
graphy (a stepwise gradient of 0225% methanol in CHCl3 con-
taining 0.1% triethylamine) to obtain 5 (134 mg, 50%).

Method B: BTSP (4  reagent solution prepared as described above,
5.85 mL, 23.4 mmol, 140 equiv.) and 2,6-di-tert-butylpyridine (190
µL, 0.85 mmol, 5 equiv.) were added by syringe to a 25 mL flask
(fitted with a septum and purged with nitrogen gas prior to use, as
concentrated BTSP may ignite in contact with air). The mixture
was cooled to 022 °C (ice-water bath), and a solution of com-
pound 8 (150 mg, 0.17 mmol) and 2,6-di-tert-butylpyridine (40 µL,
0.18 mmol, 1 equiv.) in dry acetonitrile (1.35 mL, nitrogen-purged)
was added dropwise by syringe. The reaction mixture was kept at
0 °C (ice-water bath kept in a refrigerator) for 50 h. The mixture
was diluted with dry CH2Cl2 (20 mL, syringe), and the resulting
solution was slowly added, with vigorous stirring, to 2  aqueous
triethylammonium bicarbonate (pH 7.5, 30 mL). The water layer
was washed with dichloromethane (2 3 20 mL). The combined or-
ganic layers were dried (Na2SO4) and concentrated. The residue
was purified by silica gel column chromatography (a stepwise gradi-
ent of 5225% methanol in chloroform containing 0.1% triethylam-
ine). The product still contained traces of salt impurities, which
were removed by partitioning the residue between CH2Cl2 (15 mL)
and 1  aqueous triethylammonium bicarbonate (20 mL). The
water layer was washed with CH2Cl2 (2 3 15 mL). The combined
organic layers were dried (Na2SO4) and concentrated to give 5
(126 mg, 93%). 1H NMR (CD3OD, 20 °C): δ 5 0.23 (s, 3 H,
SiCH3), 0.28 (s, 3 H, SiCH3), 0.94 [s, 9 H, SiC(CH3)3], 1.31 [t, 3J 5

7.4 Hz, 9 H, N(CH2CH3)3], 1.38 (m, 1 H, CH2P), 1.87 (m, 1 H,
CH2P), 2.68 (m, 1 H, 39-H), 3.20 [q, 3J 5 7.4 Hz, 2J 5 14.6 Hz, 6
H, N(CH2CH3)3], 3.43 (dd, J59b,49 5 2.7 Hz, 1 H, 59b-H), 3.64 (dd,
J59a,59b 5 11.4 Hz, 1 H, 59a-H), 3.79 (s, 3 H, OCH3), 4.07 (m, 1 H,
49-H), 4.57 (dd, J29,39 5 3.9 Hz, 1 H, 29-H), 5.15 (d, 1 H, 5-H), 5.72
(s, 1 H, 19-H), 7.12 (d, 1J 5 495 Hz, 1 H, PH), 6.90 and 7.2427.48
(14 H, MMT), 8.28 (d, J5,6 5 8.1 Hz, 1 H, 6-H). 13C NMR
(CD3OD, 20 °C): δ 5 24.9 (SiCH3), 23.76 (SiCH3), 9.22
[N(CH2CH3)3], 19.0 [SiC(CH3)3], 26.5 [SiC(CH3)3], 27.9 (d, 1JC,P 5

91.2 Hz, CH2P), 38.0 (C-39), 47.7 [N(CH2CH3)3], 55.8 (OCH3),
62.4 (C-59), 78.8 (C-29), 86.0 (C-49, 3J49,P 5 16.0 Hz), 88.5, 92.8 (C-
19), 101.5 (C-5), 114.3, 128.2, 128.3, 129.0, 129.7, 129.8, 131.8,
142.5 (C-6), 151.9, 160.4, 166.4. 31P NMR spectroscopic data
(CD3OD, co-axial inner-tube with 2% v/v H3PO4 in D2O, 20 °C):
δ 5 22.5. MS (ES1/TOF) [M 1 H]1 calcd. for C42H60N3O8PSi
794.3966, found 794.3950.

General Procedures for Test Treatments of 2, 3 and 4 with BTSP to
Investigate Temperature- and Solvent-Dependence: Hünig’s base (14
µL, 80 µmol, 6 equiv.) and BTSP (4  reagent solution, 40 µL, 160
µmol, 12 equiv.) were added to solutions of the nucleoside derivat-
ives (13 µmol), in given solvents (0.54 mL nitrogen-purged THF,
toluene, CH2Cl2, pyridine or acetonitrile) under nitrogen at given
temperatures (20 °C, 0 °C or 240 °C). The reaction mixtures were
stirred for 129 h., depending on operating temperatures. Aqueous
triethylammonium bicarbonate (2 , 100 µL) was added to each
reaction mixture, and the mixtures were concentrated and further
dried by evaporation of added acetonitrile. Test reactions with
higher ionic strengths or other reagents [NaI, cadmium tosylate
(1.1 equiv.) or 2,6-di-tert-butyl-4-methylphenol (2 equiv.)] were car-

Eur. J. Org. Chem. 2002, 1509215151514

ried out in a similar fashion. The residues were dissolved in
CD3OD (insoluble particles were removed by filtration in the cases
of mixtures containing cadmium tosylate or NaI ) and analysed
by 1H NMR (the ratios of products 5 and 7 were determined by
comparison of integrals for the 29-H signals).

General Procedures for Test Treatments of 2, 3 and 4 with tert-Butyl
Phosphinate/Potassium tert-Butoxide: tert-Butyl phosphinate (66%
w/w in benzene and tert-butyl alcohol, 1:1, v/v), prepared as de-
scribed above (45.5 mg solution, 0.25 mmol of the reagent, 10
equiv.) and compound 2, 3 or 4 (0.025 mmol) were dissolved in dry
THF (322 µL) under nitrogen. A solution of potassium tert-butox-
ide (27.6 mg, 0.25 mmol, 10 equiv.) in dry THF (492 µL) was added
dropwise. The reaction mixture was stirred for 1 h at room temper-
ature, diluted with CH2Cl2 and washed with 2  aqueous triethyl-
ammonium bicarbonate. The organic layer was dried (Na2SO4) and
concentrated. The residue was analysed by 1H NMR.
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