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Appropriately protected structurally modified nucleoside
3�,5�-cyclic monophosphates are known to show antiviral ac-
tivity. For this reason, a straightforward synthesis of nucleo-
side 3�,5�-cyclic phosphates protected with three different
enzymatically removable groups, viz. 3-acetyloxy-2,2-bis-

Introduction
To be biologically active, antiviral nucleosides must be

phosphorylated by intracellular kinases to their 5�-triphos-
phates via 5�-mono- and 5�-diphosphates. The first phos-
phorylation is the most discriminating.[1,2] For this reason,
several nucleoside monophosphate prodrugs showing en-
hanced cellular uptake have been studied as potential anti-
viral agents.[3,4] Appropriately protected nucleoside 3�,5�-
cyclic phosphates represent one class of pronucleotides that
has recently received increasing interest.[5–7] These mol-
ecules are expected to undergo, after removal of the protect-
ing group, phosphodiesterase-catalysed ring opening to give
the desired nucleoside 5�-monophosphate.[6] Pivaloyloxy-
methyl, 2-(acylthio)ethyl and isopropoxycarbonyloxymethyl
esters of base-modified 2�-C-methylribonucleoside 3�,5�-
cyclic phosphates have shown enhanced inhibition of hepa-
titis C virus (HCV) replication compared to the parent
nucleoside.[8] Even alkyl and aryl esters of base-modified
2�-deoxy-2�-fluoro-2�-C-methylribonucleoside 3�,5�-cyclic
phosphates have been reported to inhibit the RNA-depend-
ent RNA polymerase of HCV.[9]

Synthetic methods used for the preparation of nucleoside
3�,5�-cyclic phosphotriester prodrugs include the alkylation
of cyclic phosphodiesters with an appropriate alkylating
agent, and the condensation of cyclic phosphodiesters with
suitable alcohols in the presence of a condensation agent.[8]

The phosphoramidite strategies reported involve phosphit-
ylation of nucleosides with bis(dialkylamino)alkoxyphos-
phines followed by intramolecular cyclization and oxidation
of the phosphite intermediate formed.[7,9]
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(ethoxycarbonyl)propyl (in 1 and 4), 4-acetylthio-2,2-di-
methyl-3-oxobutyl (in 2), and 4-(tert-butyldisulfanyl)-2,2-di-
methyl-3-oxobutyl (in 3) groups, is described. Removal of
these protecting groups at pH 7.5 and 37 °C was monitored
by reverse-phase HPLC.

We have previously prepared enzyme-labile S-pivaloyl-
oxymethyl-protected 2�-C,O6-dimethylguanosine 3�,5�-
cyclic phosphorothioate, a potential prodrug of 2�-C-meth-
ylguanosine, by alkylation of the cyclic phosphorothioate
diester with pivaloyloxymethyl chloride.[10] Although the
cyclic phophorothioate is undoubtedly more nucleophilic
than its oxygen counterpart, the yield of the alkylation reac-
tion was low (14%). Attempts to prepare the 2,2-disubsti-
tuted 4-acylthio-3-oxobutyl-protected nucleoside 3�,5�-
cyclic phosphates by the phosphoramidite approach failed.
These thermolabile and enzyme-labile protecting groups are
not only base labile, but they are also susceptible to cleavage
by amine nucleophiles, and they also leave rather easily as
a result of intramolecular cyclization. Accordingly, an alter-
native method is needed for the efficient protection of 3�,5�-
cyclic phosphodiesters with enzymatically removable
groups. We now show that the oxidative coupling recently
described by the Kraszewski group[11] for the synthesis of
simple O-alkyl and aryl esters of nucleoside 3�,5�-cyclic
phosphates offers a workable method for the introduction
of structurally more complex enzymatically removable
phosphate protecting groups, such as 3-acetyloxy-2,2-bis-
(ethoxycarbonyl)propyl (in 1 and 4), 4-acetylthio-2,2-di-
methyl-3-oxobutyl (in 2), and 4-(tert-butyldisulfanyl)-2,2-
dimethyl-3-oxobutyl (in 3) groups (Figure 1). In addition,
data on the stability of the cyclic phosphotriesters (i.e., 1–
4) and their conversion into cyclic diesters is given.

Regarding the removal of the protecting groups, 3-acet-
yloxy-2,2-bis(ethoxycarbonyl)propyl has been shown to
undergo deacetylation by carboxyesterase, and the resulting
3-hydroxy-2,2-bis(ethoxycarbonyl)propyl group is then
cleaved in a retro-aldol reaction.[12] The 4-acetylthio-2,2-di-
methyl-3-oxobutyl group is also removed by esterases, but
it is also thermolabile, and can thus be removed even if
the enzymatic reaction is sluggish.[13,14] The enzymatic and
nonenzymatic deprotection processes both proceed by in-
tramolecular cyclization to give a substituted tetrahydro-
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Figure 1. Structures of protected nucleoside 3�,5�-cyclic phos-
photriesters 1–4.

thiophenone. Tetrahydrothiophenones do not form adducts
with glutathione, and thus they probably do not show
significant alkylating activity. The removal of the 4-(tert-
butyldisulfanyl)-2,2-dimethyl-3-oxobutyl protecting group
should proceed by enzymatic or glutathione-induced re-
ductive cleavage of the disulfide linkage,[15] followed by
removal through cyclization, as in the case of the 4-acet-
ylthio-2,2-dimethyl-3-oxobutyl group. The kinetics of these
processes have been studied with triesters 1–4.

Results and Discussion

Synthesis

Of the alcohols used for introduction of the enzymati-
cally removable protecting groups, diethyl 2-(acetyloxy-
methyl)-2-(hydroxymethyl)malonate (5)[12] and S-(4-
hydroxy-3,3-dimethyl-2-oxobutyl)ethanethioate (7)[13] were
prepared as described previously. 1-(tert-Butyldisulfanyl)-4-
hydroxy-3,3-dimethylbutan-2-one (6) was obtained by treat-
ment of 1-bromo-4-hydroxy-3,3-dimethylbutan-2-one[13]

with potassium p-toluenethiosulfonate in DMF, and a sub-
sequent thiol–disulfide interchange reaction with 2-methyl-
propane-2-thiol (Scheme 1). A similar strategy has pre-
viously been used in the synthesis of 2�-O-(tert-butyldisul-
fanylmethyl)ribonucleosides.[16]

Scheme 1. Preparation of 1-(tert-butyldisulfanyl)-4-hydroxy-3,3-di-
methylbutan-2-one (6).
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Thymidine 3�,5�-cyclic phophotriesters 1–4 were then
synthesized by using an oxidative coupling concept recently
described for the synthesis of O-alkyl and aryl esters of nu-
cleoside 3�,5�-cyclic phosphates.[11] Accordingly, thymidine
3�-H-phosphonate (9) was prepared by the acid-catalysed
detritylation of 5�-O-(4,4�-dimethoxytrityl)thymidine-3�-H-
phosphonate (8).[17] It was subjected to pivaloyl-chloride-
promoted intramolecular cyclization in a mixture of
CH2Cl2 and pyridine (95:5) at 0 °C (Scheme 2). The re-
sulting 3�,5�-cyclic H-phosphonate diester was not isolated,
but oxidized immediately to the iodophosphate, and the
iodine ligand was displaced by alcohols 5–7 to give cyclic
triesters 1–3. Triester 4 was prepared similarly from 2�-C-
methyluridine 5�-H-phosphonate (10), which was obtained
by phosphitylation of 2�-C-methyluridine with diphenyl
phosphite in pyridine at –5 °C and subsequent treatment
with aq. Et3N (Scheme 3). The products were obtained as
mixtures of RP and SP diastereomers, the ratio of the major
and minor diastereomers being 7:3 for 1–3, and 19:1 for 4.
No attempt was made to assign the relative configuration
of the diastereomers.

Scheme 2. Preparation of thymidine 3�,5�-cyclic O-3-acetyloxy-2,2-
bis(ethoxycarbonyl)propyl phosphate (1), thymidine 3�,5�-cyclic
O-4-acetylthio-2,2-dimethyl-3-oxobutyl phosphate (2), and thymid-
ine 3�,5�-cyclic O-4-(tert-butyldisulfanyl)-2,2-dimethyl-3-oxobutyl
phosphate (3). DMTr = 4,4�-dimethoxytrityl.

As mentioned above, attempts to prepare the nucleoside
3�,5�-cyclic phosphates using phosphoramidite methodol-
ogy failed. N6-Dimethoxytrityl-2�-O-methyladenosine and
2�-O-tetrahydropyranyl-2�-C-methyluridine were phosphit-
ylated with N,N-diisopropylchlorophosphoramidite and
N,N-diethylchlorophosphoramidite, respectively, in CH2Cl2
containing Et3N. In the case of unprotected 2�-C-methylur-
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Scheme 3. Preparation of 2�-C-methyluridine 3�,5�-cyclic O-3-acet-
yloxy-2,2-bis(ethoxycarbonyl)propyl phosphate (4).

idine, tris(dimethylamino)phosphine was used as the phos-
phitylating agent, and tetrazole as the activator in MeCN.
The formation of the phosphitylated products was verified
by 31P NMR spectroscopy. The products resonated around
δ = 148–150 ppm, depending on the nucleoside and phos-
phitylating reagent. Displacement of the dialkylamino li-
gand by cyclization with the 3�-OH group, however, gave
complex reaction mixtures. None of the desired products
were observed after coupling of the 4-acetylthio-2,2-di-
methyl-3-oxobutyl or the 4-pivaloylthio-2,2-dimethyl-3-
oxobutyl protecting groups in the presence of tetrazole fol-
lowed by oxidation with iodine in aqueous THF containing
2,6-lutidine.

Stability

We also investigated the stability of cyclic phosphotri-
esters 1–4. The mixtures of RP and SP diastereomers of the
phosphotriesters (i.e., 1–4) were deprotected in the presence
of porcine liver esterase (PLE; 2.6 unitsmL–1) or glutathi-
one in a HEPES buffer (0.036/0.024 m; 3 mL) at pH 7.5
and 37 °C to give nucleoside 3�,5�-cyclic monophosphates
(Scheme 4). The deprotection was monitored by HPLC. Al-
iquots taken from the reaction mixture at appropriate time
intervals were acidified (pH 2) to deactivate the enzyme and
quench the hydrolysis. Thymidine 3�,5�-cyclic phosphate
(11a) was identified by spiking with an authentic sample,
while 2�-C-methyluridine 3�,5�-cyclic phosphate (11b) was
collected and identified by ESI-MS analysis.

Carboxyesterase-triggered deprotection of phosphotri-
ester 2 (tR = 22.1 min) produced, as expected, 3�,5�-cyclic
diester 11a (tR = 14.5 min), the half-life at 37 °C being
6.0 min using 2.6 unitsmL–1. A minor intermediate ac-
cumulated, which was probably the deacetylated starting
material. The disappearance of this intermediate was seven
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Scheme 4. Deprotection of 3�,5�-cyclic phosphotriesters 1–4 to give
cyclic phosphodiesters 11.

times as fast (τ1/2 = 0.84 min) as the disappearance of 2.
The second step evidently involves the attack of the exposed
mercapto group onto the phosphate-bound carbon atom
with concomitant release of 3�,5�-cTMP. The product distri-
bution is shown in Figure 2.

Figure 2. Time-dependent product distribution for the esterase-
triggered deprotection of diastereomeric (RP/SP) thymidine 3�,5�-
cyclic O-4-acetylthio-2,2-dimethyl-3-oxobutyl phosphate (2) at pH
7.5 (I = 0.1 m with NaCl) and 37 °C. Notation: (�) 2, (�) 3�,5�-
cTMP, (�) deacetylated 2.

The 4-acetylthio-2,2-dimethyl-3-oxobutyl protecting
group may also undergo nonenzymatic cyclization to 4,4-
dimethyl-4,S-dihydrothiophen-3-yl acetate.[13] In the ab-
sence of enzyme, compound 2 underwent quantitative con-
version to 3�,5�-cTMP (11a), the half-life being 9.3 h.

It is known that glutathione acts as a reducing agent to
cleave disulfide bridges. Accordingly, the removal of the 4-
(tert-butyldisulfanyl)-2,2-dimethyl-3-oxobutyl protecting
group from 3 was carried out in the presence of glutathione
(5 mm) in a HEPES buffer. According to the product distri-
bution, the starting material (i.e., 3; tR = 27.9 and 28.4 min
for the RP and SP diastereomers) was converted into 3�,5�-
cTMP, the half-life for the overall disappearance of 3 being
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74 min. In addition, glutathione disulfide (GS–SG; tR =
3.6 min; m/z = 631.4 [M + H]+) was accumulated.

As with 2 and 3, 3�,5�-cTMP (11a) was also obtained as
the product of the esterase catalysed deprotection of 1 (tR

= 24.3). The enzymatic deacetylation of the 3-acetyloxy-2,2-
bis(ethoxycarbonyl)propyl group was, however, more than
one order of magnitude slower than the corresponding re-
action of the 4-acetylthio-2,2-dimethyl-3-oxobutyl group on
2 (half-lives 93 and 6.0 min, respectively, at 37 °C using
2.6 unitsmL–1 of carboxyesterase). The deacetylated inter-
mediate was not accumulated, but a minor amount of an
unknown intermediate was formed besides 11a.

The deprotection of phosphotriester 1 was also studied
in a whole-cell extract of human prostate cancer (PC3) cells.
To obtain a PC3 cell extract, 3 �106 cells were disrupted in
RIPA buffer (pH 7.5; 1 mL), and then this mixture was di-
luted in a 1:2 ratio with HEPES buffer. Compound 1 was
added to 3 mL of this extract. Under these conditions, more
than 60% of 1 was converted into 3�,5�-cTMP (11a) in 6 d,
the half-life being 47.5 h for the disappearance of 1.

Unexpectedly, the 3-acetyloxy-2,2-bis(ethoxycarbonyl)-
propyl-protected phosphotriester (i.e., 4; tR = 23.4 min) re-
leased the 3�,5�-cyclic phosphodiester (i.e., 11b; tR = 14.0;
m/z = 343.0 [M + Na]+) even more slowly (τ1/2 = 35 h) than
1 reacted to form 11a. Repeated purification of 4 by HPLC
did not have any appreciable effect on the rate. As 1 and 4
are deacetylated more slowly than 2, the 4-acetylthio-2,2-
dimethyl-3-oxobutyl group appears to be a more attractive
protecting group than the 3-acetyloxy-2,2-bis(ethoxy-
carbonyl)propyl group for 3�,5�-cyclic phosphates of nu-
cleosides.

To study whether 11a could be further converted into
nucleoside 5�-monophosphate (5�-TMP; 12a) by phospho-
diesterases, phosphotriester 2 was first nonenzymatically
converted into 11a, and human phosphodiesterase 5A1
[10 μg enzyme in 40 mm Tris-HCl containing glycerol
(20 %), NaCl (110 mm), KCl (2.2 mm), and DTT (dithio-
threitol; 3 mm); pH 8.0; 30 μL] was added into the reaction
solution (200 μL). 5�-TMP was not, however, observed to
be formed under these conditions, although human recom-
binant phosphodiesterases (PDE) have been reported to
hydrolyse not only 3�,5�-cAMP and 3�,5�-cGMP, but also
3�,5�-cTMP and 3�,5�-cUMP to their 5�-phosphates.[18] In-
stead, more than 70 % of the 3�,5�-cTMP (11a) was con-
verted into thymine (tR = 9.2 min; m/z = 125.1 [M – H]–)
after 3 d. The same conversion was also attempted using
phosphodiesterase 3A (PDE 3A). Phosphotriester 1 was
first deprotected by PLE, and then the phosphodiesterase
[10 μg in 25 mm Tris-HCl containing NaCl (100 mm),
TWEEN®-20 (0.05%), glycerol (50 %), glutathione (20 mm),
and DTT (3 mm); pH 8.0; 20 μL] was added into the reac-
tion solution, but no trace of thymidine 5�-phosphate was
observed.

Conclusions
The synthesis using oxidative coupling of nucleoside

3�,5�-cyclic phosphates 1–4 bearing enzymatically remov-
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able protecting groups has been described. All the cyclic
phosphotriesters were converted into the desired cyclic
phosphodiesters in the presence and/or absence of enzyme
at pH 7.5 and 37 °C. 3-Acetyloxy-2,2-bis(ethoxycarbonyl)-
propyl (in 1 and 4) and 4-acetylthio-2,2-dimethyl-3-oxo-
butyl (in 2) groups were removed by carboxyesterase (half-
lives 93 min, 35 h, and 6 min, respectively). The 4-acet-
ylthio-2,2-dimethyl-3-oxobutyl protecting group (2) was
also thermolabile (half-life 9.3 h). The 4-(tert-butyldisulf-
anyl)-2,2-dimethyl-3-oxobutyl group (in 3) was removable
by treatment with glutathione (half-life 74 min).

Experimental Section
General Remarks: Pyridine and CH2Cl2 were dried with molecular
sieves (4 Å). Pivaloyl chloride was distilled before use. 1H, 13C, 31P,
and 2D NMR spectra were recorded with a Bruker Avance 500
spectrometer. High-resolution mass spectra were recorded with a
Bruker Daltonics microTOF-Q instrument using electrospray ion-
ization. The composition of the samples was analysed with a Merck
Hitachi LaChrom D7000 HPLC instrument with an L-7455 UV-
detector and an L-7100 pump, using an ODS Hypersil C18 column
(4�250 mm, 5 μm, flow rate 0.95 mLmin–1).

Thymidine 3�-H-Phosphonate (9): 5�-O-(4,4�-Dimethoxytrityl)thym-
idine 3�-H-phosphonate[17] (8; 2.00 g, 2.81 mmol) was dissolved in
a mixture of CH2Cl2 (2.5 mL) and MeOH (2.5 mL), and conc. HCl
(25 μL) was added dropwise. The mixture was stirred at room tem-
perature for 3 h, then it was neutralized with Et3N. The solvent was
removed under reduced pressure, and the residue was coevaporated
twice from toluene. The product was purified by silica gel
chromatography using CH2Cl2 containing 5–15 % MeOH as eluent.
Compound 9 (0.90 g, 79%) was obtained as a solid. 1H NMR
(500 MHz, CD3OD): δ = 7.87 (d, J = 1.15 Hz, 1 H, 6-H), 6.83 (d,
J = 626.46 Hz, 1 H, PH), 6.33 (dd, J = 7.50, 6.15 Hz, 1 H, 1�-H),
4.91–4.89 (m, 1 H, 3-H), 4.13–4.11 (m, 1 H, 4-H), 3.82 (d, J =
3.10 Hz, 1 H, 5�-H), 3.23 (q, J = 7.30 Hz, 2 H, Et3N), 2.45 (ddd,
J = 14.28, 6.05, 3.15 Hz, 1 H, 2�-H), 2.36–2.30 (m, 1 H, 2��-H),
1.90 (d, J = 1.10 Hz, 3 H, CH3), 1.34 (t, J = 7.30 Hz, 3 H, Et3N)
ppm. 13C NMR (125 MHz, CD3OD): δ = 164.99 (C-4), 150.93 (C-
2), 136.74 (C-6), 110.20 (C-5), 86.50 (C-1�), 84.72 (C-4�), 73.31 (C-
3�), 61.14 (C-5�), 46.38 (Et3N), 38.81 (C-2�), 11.05 (CH3 of Thy),
7.80 (Et3N) ppm. 31P NMR (202 MHz, CD3OD): δ = 3.20 ppm.
MS (ESI): calcd. for C10H16N2O7P [M – H]– 305.2; found 305.4.

2�-C-Methyluridine 5�-H-Phosphonate (10): A solution of 2�-C-
methyluridine (1.00 g, 3.87 mmol) in anhydrous pyridine (10.0 mL)
was added dropwise to diphenyl phosphite (112 μL, 5.80 mmol) in
anhydrous pyridine (5.0 mL) at –5 °C. The mixture was stirred for
30 min at room temperature, then a mixture of triethylamine
(2.5 mL) and water (2.5 mL) was added. The mixture was stirred
for a further 20 min, then it was subjected to a conventional H2O/
CH2Cl2 work up. The aqueous layer was evaporated to dryness.
The residue was purified by silica gel column chromatography with
gradient elution (5–10% MeOH in CH2Cl2) to give compound 10
(1.3 g, 79%) as a solid. 1H NMR (500 MHz, CD3OD): δ = 8.01 (d,
J = 8.15 Hz, 1 H, 6-H), 6.80 (d, J = 623.31 Hz, 1 H, PH), 5.97 (s,
1 H, 1�-H), 5.81 (d, J = 8.15 Hz, 1 H, 5-H), 4.25 (ddd, J = 12.08,
6.20, 1.95 Hz, 1 H, 5�-H), 4.10 (ddd, J = 12.03, 6.85, 2.25 Hz, 1 H,
5��-H), 4.02–4.00 (m, 1 H, 4�-H), 3.88 (d, J = 9.15 Hz, 1 H, 3�-H),
3.20 (q, J = 7.35 Hz, 2 H, Et3N), 1.31 (t, J = 7.35 Hz, 3 H, Et3N),
1.16 (s, 3 H, CH3) ppm. 13C NMR (125 MHz, CD3OD): δ = 164.53
(C-4), 151.06 (C-2), 140.93 (C-6), 101.47 (C-5), 91.59 (C-1�), 80.93
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and 80.86 (C-4�), 78.58 (C-2�), 71.9 (C-3�), 60.93 and 60.89 (C-5�),
46.43 (Et3N), 18.79 (CH3), 7.80 (Et3N) ppm. 31P NMR (202 MHz,
CD3OD): δ = 4.91 ppm. HRMS (ESI): calcd. for C10H15N2NaO8P
[M + H]+ 345.0458; found 345.0454.

1-(tert-Butyldisulfanyl)-4-hydroxy-3,3-dimethylbutan-2-one (6): 1-
Bromo-4-hydroxy-3,3-dimethylbutan-2-one (0.020 mol, 4.00 g),
prepared as described earlier,[13] was dissolved in dry DMF
(30 mL). Potassium p-toluenethiosulfonate (0.022 mol, 5.10 g) was
added, and the mixture was stirred for 1 h. 2-Methyl-2-prop-
anethiol (0.030 mol, 4.70 mL) was added dropwise, and the mixture
was stirred for 1 h. CH2Cl2 (150 mL) was added, and the organic
phase was washed with water (3 � 25 mL), and dried with Na2SO4,
and the solvents were evaporated to dryness. The crude product
was purified on a silica gel column eluting with 20% EtOAc in
hexane. Compound 6 (4.20 g, 87%) was obtained as a colourless
oil. 1H NMR (500 MHz, CDCl3): δ = 3.80 (s, 2 H, SCH2), 3.59 (s,
2 H, OCH2), 2.13 (s, 1 H, OH), 1.34 (s, 9 H, 3 CH3 of tBu), 1.20
(s, 6 H, 2 CH3) ppm. 13C NMR (125 MHz, CDCl3): δ = 208.95
(C=O), 67.78 (OCH2), 47.53, 46.59, and 45.96 (2 spiro C and
SCH2), 28.10 (CH3 of tBu), 19.89 (CH3) ppm. HRMS (ESI): calcd.
for C10H21 NaO2S2 [M + Na]+ 259.0802; found 259.0802.

Thymidine 3�,5�-Cyclic O-3-Acetyloxy-2,2-bis(ethoxycarbonyl)-
propyl Phosphate (1): Thymidine 3�-H-phosphonate (9; 1.22 mmol,
0.500 g) was dissolved in a mixture of CH2Cl2 and pyridine (95:5;
10 mL), and the solution was cooled to 0 °C. Pivaloyl chloride
(2.45 mmol, 0.302 mL) was added dropwise, and the reaction mix-
ture was stirred for 10 min. A solution of iodine (2.45 mmol,
0.623 g) in pyridine (1.6 mL) was added dropwise, and the mixture
was stirred for 15 min at 0 °C. A solution of diethyl 2-(acetyloxy-
methyl)-2-(hydroxymethyl)malonate (5; 2.45 mmol, 0.643 g) in
CH2Cl2 (5 mL) was added dropwise, and the reaction mixture was
stirred at room temperature for 8 h. After the reaction was com-
plete, the excess iodine was quenched with sodium thiosulfate solu-
tion (10%). The product was extracted with CH2Cl2 (4� 20 mL).
The organic phase was dried with Na2SO4, and the solvents were
evaporated to dryness. The crude product was purified by silica gel
column chromatography eluting with EtOAc to give compound 1
(186 mg, 28%) as a white solid. 1H NMR (500 MHz, CDCl3): δ =
9.23 and 9.20 (s, 1 H, NH), 7.10 and 6.98 (s, 1 H, 6-H), 6.27 and
6.23 (dd, J = 8.93, 2.48 Hz, 1 H, 1�-H), 4.83 (q, J = 9.10 Hz, 3�-
H), 4.70–4.39 (m, 6 H, 3�-H, 5�-H, POCH2, CH2OAc), 4.26–4.15
and 4.05 (m, 5 H, 5��-H, 2 OCH2CH3), 3.84 and 3.81 (m, 1 H, 4�-
H), 2.58–2.49 (m, 1 H, 2�-H), 2.44–2.38 (m, 1 H, 2��-H), 2.02 and
1.98 (s, 3 H, AcO), 1.99 and 1.89 (s, 3 H, CH3 of Thy), 1.25–1.16
(m, 6 H, 2 OCH2CH3) ppm. 13C NMR (125 MHz, CDCl3): δ =
170.45 and 170.09 (MeC=O), 166.50, 166.39, 166.30, and 166.27
(OC=O), 163.46 and 163.38 (C-4), 150.02 and 149.92 (C-2), 135.61
and 135.32 (C-6), 112.41 and 112.37 (C-5), 85.37 and 84.84 (C-1�),
77.90, 77.84, 77.24, and 77.20 (C-3�), 73.59 and 73.53 (C-4�), 69.88,
69.79, 69.41, and 69.34 (C-5�), 66.41, 66.36, 64.87, and 64.83
(POCH2), 62.52 and 62.40 (OCH2CH3), 61.40 and 61.29
(CH2OAc), 58.26, 58.17, 58.03, and 57.95 (spiro C), 35.35, 35.19,
35.09, and 35.07 (C-2�), 20.74 and 20.63 [MeC(O)O], 14.18 and
13.95 (OCH2CH3), 12.52 and 12.32 (CH3 of Thy) ppm. 31P NMR
(202 MHz, CDCl3): δ = –4.52 and –7.84 ppm. HRMS (ESI): calcd.
for C21H30N2NaO13P [M + Na]+ 571.1299; found 571.1306.

Thymidine 3�,5�-Cyclic O-4-Acetylthio-2,2-dimethyl-3-oxobutyl
Phosphate (2): Compound 2 was prepared as described for 1, using
S-(4-hydroxy-3,3-dimethyl-2-oxobutyl)ethanethioate (7) as the
source of the protecting group. The reaction mixture was stirred at
room temperature for overnight. Compound 2 (60 mg, 15%) was
obtained as a solid. 1H NMR (500 MHz, CDCl3): δ = 9.66 (s, 1 H,
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NH), 7.18 and 7.08 (d, J = 1.02 Hz, 1 H, 6-H), 6.36 (d, J = 8.90 Hz,
1 H, 1�-H), 4.91 and 4.73 (q, J = 9.10 Hz, 1 H, 3�-H), 4.65–4.48
and 4.39–4.34 (m, 2 H, 5�-H, 5��-H), 4.25–4.10 (m, 2 H, POCH2),
4.00–3.85 (m, 3 H, SCH2, 4�-H), 2.65–2.58 (m, 1 H, 2�-H), 2.52–
2.47 (m, 1 H, 2��-H), 2.40 and 2.35 (s, 3 H, AcS), 2.04 (s, EtOAc),
1.99 and 1.95 (d, J = 0.75 Hz, 3 H, CH3 of Thy), 1.38, 1.33, 1.32,
and 1.30 (s, 3 H, CH3) ppm. 13C NMR (125 MHz, CDCl3): δ =
205.88 and 205.33 (C=O), 194.56 and 194.53 (C=O of AcS), 163.67
and 163.64 (C-4), 150.29 and 150.20 (C-2), 135.74 and 135.35 (C-
6), 112.38 and 113.35 (C-5), 84.90 and 84.67 (C-1�), 78.00, 77.98,
76.96, and 76.94 (C-3�), 74.03, 73.98, 73.71, and 73.66 (C-4�), 73.44,
73.38, 72.52, 72.48, 69.71, 69.64, 69.35, and 69.29 (POCH2 and C-
5�), 48.72, 48.66, and 48.60 (spiro C), 36.43 and 36.41 (SCH2),
35.27, 35.21, 35.10, and 35.03 (C-2�), 30.23, 30.18, and 29.67
(MeC=O), 21.81, 21.66, 21.56, and 21.50 (CH3), 12.62 and 12.53
(CH3 of Thy) ppm. 31P NMR (202 MHz, CDCl3): δ = –4.48 and
–7.27 ppm. HRMS (ESI): calcd. for C18H26N2NaO9PS [M + Na]+

499.0911; found 499.0915.

Thymidine 3�,5�-Cyclic O-4-(tert-Butyldisulfanyl)-2,2-dimethyl-3-
oxobutyl Phosphate (3): Compound 3 was prepared as described
for 1 and 2. A solution of 1-(tert-butyldisulfanyl)-4-hydroxy-3,3-
dimethylbutan-2-one (6), used as the source of the protecting
group, in CH2Cl2 (5 mL) was added dropwise to the reaction mix-
ture at 0 °C. Compound 3 (80 mg, 13%) was obtained as a solid.
1H NMR (500 MHz, CDCl3): δ = 9.07 (s, 1 H, NH), 7.22 and 7.03
(s, 1 H, 6-H), 6.39 and 6.34 (dd, J = 8.95, 2.50 Hz, 1 H, 1�-H), 4.90
and 4.70 (q, J = 9.30 Hz, 1 H, 3�-H), 4.66–4.37 (m, 2 H, 5�-H, 5��-
H), 4.26–3.87 (m, 3 H, POCH2, 4�-H), 3.88, 3.87, and 3.84 (s, 2 H,
SCH2), 2.68–2.59 (m, 1 H, 2�-H), 2.54–2.47 (m, 1 H, 2��-H), 2.05
and 1.97 (s, 3 H, CH3 of Thy), 1.36 and 1.35 (s, 9 H, CH3 of tBu),
1.37 and 1.26 (s, 6 H, CH3) ppm. 13C NMR (125 MHz, CDCl3): δ
= 207.97 and 206.73 (C=O), 163.43 (C-4), 150.14 and 149.96 (C-
2), 135.42 and 135.21 (C-6), 112.64 and 112.41 (C-5), 85.08 and
84.41 (C-1�), 77.65, 77.61, 77.14, and 77.10 (C-3�), 74.15, 74.10,
73.70, 73.66, 73.61 72.33, and 72.28 (C-4� and POCH2), 69.84,
69.80, 69.27, 69.65, and 69.21 (C-5�), 48.65, 48.48, 48.41, 48.34,
48.25, and 48.19 (SCH2), 47.70 and 47.59 (spiro C), 35.21 and 35.15
(C-2�), 29.86 and 29.82 (CH3 of tBu), 21.86, 21.56, 21.52, and 21.47
(CH3), 12.69 and 12.58 (CH3 of Thy) ppm. 31P NMR (202 MHz,
CDCl3): δ = –4.30 and –7.50 ppm. HRMS (ESI): calcd. for
C20H31N2NaO8PS2 [M + Na]+ 545.1152; found 545.1156.

2�-C-Methyluridine 3�,5�-Cyclic O-3-Acetyloxy-2,2-bis(ethoxycarb-
onyl)propyl Phosphate (4): Compound 4 was prepared as described
for 1, 2, and 3. Compound 4 (80 mg, 20 %) was obtained as a solid.
1H NMR (500 MHz, CDCl3): δ = 9.54 (s, 1 H, NH), 7.38 (d, J =
8.10 Hz, 1 H, 6-H), 6.22 (s, 1 H, 1�-H), 5.80 (d, J = 8.05 Hz, 1 H,
5-H), 5.30 (CH2Cl2), 4.77–4.29 (m, 7 H, OCH2, POCH2, 5�-H, 5��-
H, 4�-H), 4.27 (q, J = 7.10 Hz, 4 H, OCH2CH3), 4.07 (d, J =
9.15 Hz, 1 H, 3�-H), 2.18 (acetone), 2.07 and 2.05 (s, 3 H, AcO),
1.34–1.23 (m, 9 H, 2�-Me and 2 CH3 of Et) ppm. 13C NMR
(125 MHz, CDCl3): δ = 170.58 (MeC=O), 166.37 (OC=O), 162.72
(C-4), 150.40 (C-2), 139.16 (C-6), 103.12 (C-5), 93.80 (C-1�), 82.68
and 82.63 (C-3�), 74.80 (C-2�), 69.87, 69.79, and 69.76 (C-4� and
C-5�), 64.81 (POCH2), 62.60 (OCH2CH3), 61.28 (CH2OAc), 58.27
(spiro C), 29.70 (acetone), 20.77 [MeC(O)O], 19.77 (2�-Me), 13.96
(OCH2CH3) ppm. 31P NMR (202 MHz, CDCl3): δ = –6.35 and
–7.55 ppm. HRMS (ESI): calcd. for C21H30N2O14P [M + H]+

565.1435; found 565.1435.

Kinetics Experiments: Mixtures of RP and SP diastereomers of
phosphotriesters 1–4 were transformed into nucleoside 3�,5�-cyclic
monophosphates in the presence of porcine liver esterase (PLE;
2.6 unitsmL–1) or glutathione in a HEPES buffer (0.036/0.024 m;
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3 mL) at pH 7.5 and 37 °C. The deprotection of phoshotriester 2
was also followed in the absence of PLE at pH 7.5 and 37 °C. The
initial concentration of the starting materials was 0.15 mm. The
conversion was monitored by HPLC. Samples (200 μL) were taken
from the reaction solution at appropriate time intervals, and were
made acidic (pH 2) with aqueous HCl (1 m; 10 μL) to inactivate
the enzyme and to quench the hydrolysis. A 7 min isocratic elution
with AcOH/NaOAc buffer (0.045/0.015 m) containing NH4Cl
(0.1 m) and 0.5% MeCN, followed by a 30 min linear gradient up
to 70.0% MeCN was used to separate the products. The ionic
strength of the solutions used in the HPLC analysis was adjusted
to 0.1 m with sodium chloride.

Supporting Information (see footnote on the first page of this arti-
cle): Copies of the 1H, 13C, and 31P NMR spectra of compounds
1–4, 6, 9, and 10.
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