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An early observation that oligonucleotides containing
methanephosphonate linkages of (RP) configuration at
internucleotide positions possess higher affinity toward
complementary DNA or RNA1 facilitated studies on the
synthesis of the chimeric oligonucleotide constructs with
incorporated (RP)-dinucleoside methanephosphonates (1).2
Therefore, an approach to the stereoselective synthesis
of 13 appeared as the prerequisite for construction of the
second generation of antisense molecules.4 Recently, we
have described a novel approach to the stereoselective
synthesis of dinucleoside (3′,5′)-methanephosphonates (1)
based upon the synthesis of the appropriately protected
nucleoside 3′-O-methanephosphonoanilidothioates, their
separation into diastereomeric species, and sequential
stereospecific conversion of each single [(RP) or (SP)]
diastereomeric methanephosphonoanilidothioate into (RP)-
5′-O-DMT-(N-protected)-nucleoside 3′-O-(S-alkyl metha-
nephosphonothiolate) (3), followed by substitution of the
thioalkyl group in (RP)-3 with the 5′-OH group of N-
protected 3′-O-acetyl (or tert-butyldimethylsilyl) nucleo-
side (2).5 To the best of our knowledge, this has been
the first method allowing for the synthesis of one required
diastereomer of dinucleoside (3′,5′)-methanephosphonates
from either of the separated diastereomeric precursors.

In this paper we describe an alternative route leading
exclusively to (RP)-3. A corollary of this accomplishment
is the simple synthesis of suitably protected nucleoside
3′-O-(O-alkyl methanephosphonothioate)s (5) (R ) -CH3,
or preferably -CH2CH2CN). After their separation into
diastereomers and subsequent O-dealkylation,6 ammo-
nium salts of diastereomerically pure (RP)- and (SP)-5′-
O-DMT-nucleoside methanephosphonothioates (6) are
obtained7,8 (Scheme 1).

Chemoselective S-alkylation of (RP)-6 results in the
formation of (RP)-5′-O-DMT-(N-protected, except for thym-
ine) nucleoside 3′-O-(S-alkyl methanephosphonothiolate)s
(3) which, as depicted in Scheme 1, are used as the
substrates for synthesis of the desired (RP)-1. The
opposite diastereomers, (SP)-6, are treated with sterically
hindered 2,4,6-trimethylbenzoyl chloride. The process of
acylation is completely regioselective (exclusive O-ben-
zoylation) and occurs with retention of configuration at
the phosphorus atom, providing in high yield of (RP)-5′-
O-DMT-(N-substituted, except thymine) nucleoside 3′-O-
(2,4,6-trimethylbenzoyl methanephosphonothioate)s (7).
The hydrolysis of the mixed anhydrides (RP)-7 in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) oc-
curs smoothly within 30-40 min giving (RP)-methane-
phosphonothioates 6 in high (over 90%) preparative
yields.9 This process is fully stereospecific and occurs
with inversion of configuration at the phosphorus center.10

Therefore, the benzoylation of (SP)-6 followed by the
DBU-assisted hydrolysis of the resulting (RP)-7 allows
for the stereoconversion of (SP)-6 into (RP)-6 and the use
of both separated diastereomers 6 for the stereoselective
synthesis of slow-(RP)-311 (Data are collected in Table 1).
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Interestingly, if the hydrolysis of mixed anhydrides
(RP)-7 is performed in the presence of 4-(dimethylamino)-
pyridine DMAP, (SP)-nucleoside methanephosphonothio-
ate 6 is recovered. The hydrolysis of the opposite
diastereomer (SP)-7 in the presence of DMAP occurs with
the same base-dependent stereochemistry, so this reac-
tion proceeds with retention of configuration at the
phosphorus atom.

The observation of variable stereochemistry of the
base-promoted hydrolysis of mixed anhydrides 7 indicates
that this reaction most probably proceeds via two differ-
ent mechanisms and is dependent upon the nature of the
catalyst. Strongly basic DBU (pKa ) 11.6)12 promotes
an attack of the hydroxyl oxygen at the phosphorus atom,
while the weaker base, DMAP (pKa ) 9.70)13 causes
exclusive attack of water at the carbonyl function.14 An
influence of the base strength upon the site of attack of
the water molecule on ambident electrophiles containing
both carbonyl and methanephosphonothioyl centers (as
in compounds 7) has also been confirmed in the studies
involving stereoselective incorporation of [18O] into 5′-O-
DMT-thymidine 3′-O-methanephosphonothioate 6. In
separate experiments, the hydrolysis of 5′-O-DMT-thy-
midine 3′-O-(2,4,6-trimethylbenzoyl methanephosphono-
thioate) (7) was performed in H2

18O (95% enriched), in
the presence of DBU or DMAP. The reaction progress
was monitored by TLC (5% MeOH in CHCl3). After
hydrolysis was complete (about 1 h), the reaction mixture
was analyzed by both 31P NMR and mass spectrometry.
It was found that, in the DBU-assisted hydrolysis, oxygen
[18O] originating from H2

18O was almost exclusively
incorporated into 5′-O-DMT-thymidine 3′-O-methane-

phosphonothioic acid 6. The isotope chemical shift effect
measured for 6 was ∆δ ) 3.7 Hz. The product of
hydrolysis was then S-alkylated and the value of the
isotope effect was ∆δ ) 4.1 Hz for ester 3. Similar
substitution-directing effects have also been observed for
the DBU- or DMAP-assisted alcoholysis (details not
given).

The effectiveness of our new stereoselective synthesis
of (RP)-nucleoside 3′-O-(S-methyl methanephosphonothi-
olate)s 3 is summarized in Table 2.

Analysis of the data included in Tables 1 and 2
indicates that the 31P NMR chemical shift values are not
always reliable parameters for distinguishing between
the (RP) and (SP) diastereomers of 5, 6, and 3. The
apparent distinction between diastereomers is only pos-
sible via HPLC (or HP TLC) comparison of the given
single diastereomer with the mixture of both diastereo-
mers. The earlier assignments17 of the absolute config-
uration at the phosphorus atom in both diastereomers
of compound 6 (B ) Thy) are, however, in agreement with
our recent results.

Besides the practical application of the base-directed
solvolysis of mixed anhydrides 7 for the cost-effective
stereoselective synthesis of 1, we wish to emphasize that
the obtained results allow us to demonstrate a new
Walden cycle in phosphorus chemistry18 (Scheme 2).

Mechanistic elucidation of the observed base-depend-
ent regioselectivity of hydrolysis of mixed anhydrides 7
deserves further study, but the results presented here
imply that DBU,19 in contrast to DMAP,20 exerts in the
hydrolysis of 7 a function of the base strong enough to
generate hydroxyl ions in aqueous solutions, which are
then able to attack the phosphorus atom, leading to
inversion of configuration at this center. DMAP, which
is known to be less basic than DBU but much more
nucleophilic, most probably attacks the carbonyl center
with the formation of an adduct,20 which is subsequently
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Table 1. Stereoconversion of Nucleoside 3′-O-Methanephosphonothioic Acids

slow (RP)-7 fast (SP)-7

B′ (SP)-6 31P NMRa 31P NMR 1H NMRb (RP)-6 31P NMR 31P NMR 1H NMRb FAB MS (calcd)

Thy 77.63 91.41 2.09 (15.9) 77.45 91.77 2.04 (15.9) 784.2 (784.2583)
CBz 75.77 91.50 2.08 (15.9) 75.66 91.57 2.05 (15.9) 873.2849 (867.3067)
ABz 77.46 91.06 2.14 (15.9) 77.27 91.49 2.07 (15.9) 896.9 (897.2961)
GiBu 76.82 91.29 2.14 (15.9) 77.01 91.85 2.09 (15.9) 879.10 (879.3067)
a 31P NMR in CDCl3, as triethylammonium salt. b 1H NMR in CDCl3 (2JP-CH3 in Hz).
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hydrolyzed, restoring parent 6 with unchanged configu-
ration at phosphorus.

Experimental Section

General. NMR spectra were recorded at 300.13 (1H) and
121.47 (31P) MHz. Chemical shifts are reported (δ) relative to
TMS (1H) and 80% H3PO4 (31P) as external standards. 2D 1H-
1H NMR (NOESY) correlations were applied for identification
of signals in NMR spectra. Positive chemical shift values were
assigned for compounds resonating at lower fields than the
standards. Mass spectra were recorded on a mass spectrometer
with a Cs+ gun operating at 13 keV using a 3-nitrobenzyl alcohol
matrix. High-resolution mass spectra were recorded for 1:1
mixtures of diastereomers. Column chromatography and HP
TLC analyses were performed on silica gel (240-400 mesh) and
precoated F254 silica gel plates, respectively. Solvents and
reagents were purified according to the standard laboratory
techniques and stored under argon. MeCN was distilled from
CaH2 directly to the reaction vessels. LiCl was recrystallized
from MeOH and dried under vacuum (150 °C/0.05 mmHg) for
several days. Reactions involving air- or moisture-sensitive
compounds were carried out in glassware that was dried either
in an oven or under high vacuum and then placed under a
positive pressure of argon.

General Procedure for Preparation of 5-O-DMT-(N-
Protected) Nucleoside 3′-O-(O-Alkyl Methanephosphono-
thioate)s (5) from MeP(S)Cl2. To a solution of MeP(S)Cl2 (2
mmol) in dry pyridine (15 mL), a solution of 5′-O-DMT-(N-
protected, except thymine) nucleoside (1 mmol), synthesized
according to the literature21 in pyridine (5 mL), was added. The
reaction mixture was stirred for 15 min at 55 °C and cooled to
ambient temperature, followed by an addition of 4-6 mmol of
alcohol. After 30 min, the reaction was completed, the reaction
mixture was concentrated under reduced pressure to about 1/3
of the original volume, and the oily residue was dissolved in
CHCI3, (30 mL) and washed 3 times with citric acid (0.1 M, 15
mL). The organic layer was dried over anhydrous MgSO4,
concentrated, and purified by means of silica gel column chro-
matography [elution with chloroform containing petroleum ether
(20-5%)]. Appropriate fractions of products fast-5 (isomer faster
migrating during a silica gel chromatography) and slow-5
(isomer slower migrating during a silica gel chromatography)-
(R ) NCCH2CH2) were collected and concentrated to give pure
diastereomers as colorless foams. Their characteristics are given
in Table 2.

Separation of esters 5 (R ) OMe) was more difficult, so they
were often collected as a mixture of diastereomers and further
separated for analytical reasons. Alternatively, separation can
be directly achieved for methanephosphonothioates 6 (silica gel
column chromatography, silica gel 240-400 mesh, gradient
3-6% MeOH in CHCl3, with 0.5% Et3N).

Fast(Rp)-5 (B ) T, R ) OMe): 31P NMR δ 98.91 (CDCl3); 1H
NMR (CDCI3) δ 1.77 (9.68, d, 3H, PCH3), 3.74 (8.22, d, 3H,
POCH3), HR FAB [M - H] 651.186 (calcd 651.193). Slow(Sp)-5
(B ) Thy, R ) OMe): 31P NMR δ 99,00 (CDCI3); 1H NMR
(CDC13) δ 1.85 (10.63, 3H, PCH3), 3.70 (7.35, d, 3H, POCH3).
Fast(Rp)-5 (C ) CBz, R ) OMe): 31P NMR δ 98.77 (CDCl3); 1H
NMR (CDCl3) δ 1.76 (11.05, d, 3H, PCH3), 3.72 (14.00 d, 3H,
POCH3); HR FAB [M - H] 740.215 (calcd 740.219). Slow(Sp)-5
(B ) CBz, R ) OMe): 31P NMR δ 99.37 (CDCI3); 1H NMR (CDCI3)
δ 1.84 (14.01, 3H, PCH3), 3.70 (7.35, d, 3H, POCH3). Fast(Rp)-5
(B ) ABz, R ) OMe): 31P NMR δ 98.91 (CDCl3); 1H NMR (CDCl3)
δ 1.81 (15.49, d, 3H, PCH3), 3.74 (14.07,d, 3H, POCH3); HR FAB
[M - H] 764.238 (calcd 764.261). Slow(Sp)-5 (R ) ABz, R )
OMe): 31P NMR δ 99.00 (CDCI3); 1H NMR (CDCl3) δ 1.89 (15.53,
3H, PCH3), 3.62 (13.99, d, 3H, POCH3). Fast(RP)-5 (B ) Gibu, R
) OMe): 31P NMR δ 99.23 (CDCI3); 1H NMR (CDCI3) δ 1.76
(15.49, d, 3H, PCH3), 3.51 (14.01, d, 3H, POCH3); HR FAB [M
- H]: 746.238 (calcd 746.241).

Table 2. Spectral Characteristics for 5′-O-DMT-nucleoside Methanephosphonothioates (O-alkyl 5), (S-alkyl 3), and 6

5′-O-DMT-nucleoside 3′-O-(O-alkyl
methanephosphonothioate)

(R ) CH2CH2CN) 5 thioacid 6

5′-O-DMT-nucleoside 3′-O-(S-alkyl
methanephosphonothiolate)

(R ) CH3) 3

nucleosidea configb

31P
NMR

(δ, ppm)

1H NMR
(δ, ppm; JPCH3

in Hz)
config

(yield, %)c

31P
NMR

(δ, ppm)d
config

(yield, %)e

31P NMR
(δ, ppm)

HR FAB
MS

[M-H]f

1H NMR
(δ, ppm; JP-H,

in Hz)g

thymidine (RP)-5 98.85 1.89; 15.54h (RP)-6 (86) 72.67 (RP)-3 (95) 57.22 637.178 1.74; 15.78 (CH3P, d)
(80) fast (0.58) slow 2.19, 11.6 (CH3S, d)

(SP)-5 98.34 1.84; 15.58 (SP)-6 (87) 72.34 (SP)-3 (95) 57.21 (637.177)i 1.82; 15.67 (CH3P, d)
slow (0.48) fast 2.18; 13.18 (CH3S, d)

cytidine (RP)-5 98.90 1.88; 15.52 (RP)-6 (70) 72.97 (RP)-3 (90) 56.96 740.209 1.81; 15.63 (CH3P, d)
(67) fast (0.55) slow 2.21; 13.30 (CH3S, d)

(SP)-5 98.31 1.83; 15.60 (SP)-6 (65) 72.58 (SP)-3 (86) 57.01 (740.219) 1.83; 15.6 (CH3P, d)
slow (0.43) fast 2.27; 13.3 (CH3S, d)

adenosine (RP)-5 98.32 1.91; 15.57 (RP)-6 (85) 72.93 (RP)-3 (80) 57.32 764.4 1.85; 13.6 (CH3P, d)
(63) fast (0.58) slow 2.2; 12.08 (CH3S, d)

(SP)-5 98.47 1.87; 15.54 (SP)-6 (81) 72.70 (SP)-3 (75) 57.41 (764.261) 1.88; 15.07 (CH3P, d)
slow (0.48) fast 2.1; 11.50 (CH3S, d)

guanosine (RP)-5 98.47 1.85; 15.52 (RP)-6 (70) 72.06 (RP)-3 (85) 57.34 746.235 1.81; 20.38 (CH3P, d)
(51) fast (0.30) slow 2.10; 13.35 (CH3S, d)

(SP)-5 98.80 1.83; 15.61 (SP)-6 (75) 72.22 (SP)-3 (82) 57.47 (746.241) 1.82; 15.55 (CH3P, d)
slow (0.20) fast 2.32; 13.19 (CH3S, d)

a In parentheses yields of compounds 5 are given. b Relative mobilities of diastereomers on HP TLC analytical plates (E. Merck).
Developing system: CHCl3/MeOH (96:4 v/v, twice). c Yields of conversion 5 f 6 (after purification). d Spectra registered in DMF/C6D6
(sodium salt, precipitated from petroleum ether). e In parenthesis, yields of conversions 6 f 3 are given. f HR MS analysis was performed
for 1:1 mixture of diastereomers 3. Calculated molecular weights are given in parentheses. g Data are given for P-CH3 protons, in CDCl3.
h Data are given for P-CH3 and P-SCH3 protons, in CDCl3, appropriately. i [M-CH3] peak was observed.

Scheme 2
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General Procedure for Preparation of 5′-O-DMT-(N-
Protected Except Thymine) Nucleoside 3′-O-(O-2,4,6-Tri-
methylbenzoyl Methanephosphonate)s (7). N-Methyl-N-
tert-butylammonium salts of (SP)-5′-O-DMT-nucleoside meth-
anephosphonothioates (6) (0.5 mmol) obtained from 5 according
to methodology described earlier,8 were twice coevaporated with
pyridine, and left overnight on high vacuum, and redissolved in
dry pyridine (8 mL) with Et3N (2 mmol), and to this solution
2,4,6-trimethylbenzoyl chloride (1-1.5 mmol) was added in one
portion. After 30 min, the reaction mixture was concentrated
to 1/4 of the original volume, diluted with CHCl3 (15 mL), and
washed with 0.05 M citric acid. The organic layer was dried
over MgSO4 and concentrated to dryness. 31P NMR spectra
confirmed complete conversion to 7. Compounds 7 were purified
by means of silica gel column chromatography. Data are
collected in Table 1.

Hydrolysis of Mixed Anhydrides 7 with H2
18O and DBU.

Mixed anhydride (RP)-7 (B ) Thy, R′ ) 2,4,6-trimethylphenyl)
(0.05 mmol) was dissolved in MeCN (1 mL) with 0.05 mL of H2-
18O (95% ie) and DBU (0.2 mmol). After 4 h, a 31P NMR
spectrum of the reaction mixture revealed the presence of a
single product (RP)-6 [31P NMR (MeCN-d3) δ 74.6 ppm]. MS
analysis of the mixture of unseparated products confirmed the
presence of a species with a molecular ion [found FABMS [M -
H] 639.3 (calcd 639.2)], indicating the incorporation of [18O] into
(RP)-6. The molecular ion of 2,4,6-trimethylbenzoic acid [found
FAB MS [M - 1] 163.2 (calcd 163.2)], which was not enriched
in [18O] isotope, was also detected. The reaction product was
treated with MeI (0.1 mL), and the isolated (RP)-3 was identical
to a genuine sample prepared independently.5 The diastereo-
meric purity of slow-(RP)-3 was 95% [31P NMR (CDCl3) δ 58.6].

Hydrolysis of Mixed Anhydrides 7 with H2
18O and

DMAP. Mixed anhydride (RP)-7 (B ) Thy, R′ ) 2,4,6-trimeth-
ylphenyl) (0.05 mmol) was dissolved in MeCN (1 mL) with 0.05
mL of H2

18O (95% ie) and DMAP (0.2 mmol). After 2 h, a 31P
NMR spectrum of the reaction mixture revealed the presence
of a single product of hydrolysis, (SP)-6 [31P NMR (MeCN-d3) δ
74.3; yield +99%; found FAB MS [M - H] 637.3 (calcd 637.2)].
The incorporation of [18O] into benzoic acid was confirmed by

means of MS [found FAB MS [M - 1] 166.1 (calcd 166.2)]. The
reaction product, (SP)-6, was treated with MeI (0.1 mL), and the
isolated (SP)-3 was identical to a genuine sample prepared
independently.5 The diastereomeric purity of slow (SP)-3 was
95% [31P NMR (CDCl3) δ 58.6].

Stereoconversion of the Nucleoside 3′-O-Methane-
phosphonothioate (Sp)-6 into (Rp)-6 via Mixed Anhydride
(Rp)-7. The triethylammonium salt of (SP)-nucleoside 3′-O-
methanephosphonothioate (6) was coevaporated with pyridine
and dried overnight on high vacuum. To a pyridine solution,
2,4,6-trimethylbenzoyl chloride (1.2 equiv) was added in one
portion. The reaction progress was controlled by TLC (5%
MeOH/CHCl3). After the reaction was complete (about 30 min),
the reaction mixture was concentrated and the crude viscous
liquid was diluted with CHCl3 and washed with 0.05 M citric
acid. The combined organic layers were dried with MgSO4 and
concentrated. Product (RP)-7 was purified by silica gel column
chromatography (chloroform as eluent). The pure mixed anhy-
dride (RP)-7 was dissolved in MeCN, followed by addition of DBU
(20 equiv) and water (100 equiv). After 2 h, the reaction mixture
was concentrated, dissolved with chloroform, and washed with
0.05 M citric acid. The obtained (RP)-7 was purified by means
of flash silica gel column chromatography (4% EtOH/CHCl3) or
used without purification for S-alkylation (data are collected in
Table 1).
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