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Abstract—Phosphonated isoxazolinyl nucleosides have been prepared via 1,3-dipolar cycloaddition reaction of nitrile oxides with
corresponding vinyl or allyl nucleobases for antiviral studies. The cytotoxicity, the anti-HSV activity and the RT-inhibitory activity
of the obtained compounds were evaluated and compared with those of AZT and diethyl{(1 0SR,4 0RS)-1 0-[[(5-methyl-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)]-3 0-methyl-2 0-oxa-3 0-azacyclopent-4 0-yl]}methylphosphonate, a saturated phosphonated dihydroisoxaz-
ole nucleoside analogue.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In the last two decades, nucleosides and nucleotides
have become an important subject of research in the
field of medicinal chemistry following the discovery that
the structural modification of natural derivatives can of-
fer important synthetic routes for the preparation of
new bioactive nucleoside analogues.1 Extensive modifi-
cations have been performed on both the heterocyclic
base as well as on the sugar moiety.2 In this context,
nucleoside analogues, in which the furanose ring has
been substituted by acyclic,3 carbocyclic,4 and heterocy-
clic moieties,5 have attracted special interest by virtue of
their biological action as antiviral and anticancer agents.
In this field, a recent line of research considers the
replacement of the ribose ring with an isoxazolidine
nucleus: since the pioneering work of Tronquet et al.,6

isoxazolidine nucleosides have emerged as an interesting
class of dideoxynucleoside analogues whose structures
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hold good potential for the development of biologically
active compounds.

Our efforts in this area have been devoted towards the
development of new schemes for the enantioselective
synthesis of N,O-modified nucleosides 1–3.7 Some of
the obtained compounds exhibit interesting biological
features in vitro: in particular, (�)-ADFU 1 (B = 5-flu-
orouracil), while showing low levels of cytotoxicity,
has been shown to be a good inductor of apoptosis on
lymphoid and monocytoid cells, acting as a strong
potentiator of Fas-induced cell death.8 Also the dihyd-
roisoxazole ring could constitute a suitable substrate
for the synthesis of new antiviral compounds. Hydroxy-
methyl dihydroisoxazole nucleosides 4 have been report-
ed to exhibit in vitro moderate anti-HIV activity and
moderate cytotoxicity; thus representing the first exam-
ple of potential antiviral agents which derive from
dihydroisoxazole nucleus (Fig. 1).9

However, it is well known that most of these nucleoside
analogues must be phosphorylated by cellular kinases to
give successively 5 0-mono-, di- and tri-phosphates;10 in
this latter form, they are metabolized by enzymatic
systems, instead of natural nucleosides, and inserted in
the DNA growing chain, acting as chain terminators.
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Figure 1. N,O-Nucleosides.
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Several strategies have been envisaged to overcome the
problem of the initial selective monophosphorylation
step.11 In this respect, a good approach involves the de-
sign of isosteric and isoelectronic phosphonates which
are resistant to enzymatic dephosphorylation and able
to penetrate cell membranes functioning as mimetics of
the corresponding monophosphates.12

Recently, we have described the reverse transcriptase
(RT) inhibitors 5: these compounds show low levels of
cytotoxicity and exert, on the RT from two different ret-
roviruses, a specific inhibitory activity, which is compa-
rable with that of AZT, thus opening up new perspective
on their possible use as therapeutic agents, in anti-
retroviral and anti-HBV chemotherapy.13

Phosphonated nucleosides can be divided in two classes:
(a) ‘foreshortened’ phosphonates, where the nucleic acid
base is separated from the phosphorus by a chain of four
atoms, one atom shorter than in the corresponding
nucleoside phosphates; (b) ‘full-length’ analogues, where
the five atom chain of nucleotides is preserved.14 Exam-
ples of nucleoside phosphonates with antiviral activity
include foreshortened analogues15,12 as well as full-
length derivatives.16

Considering all these aspects and in connection with our
studies on N,O-modified nucleosides, we deemed inter-
esting to see whether phosphonated isoxazoline deriva-
tives could be utilized as antiviral agents in the future.
In this paper, we report the synthesis of ‘foreshortened’
and ‘full-length’ phosphonated nucleosides 6 and 7 con-
taining a dihydroisoxazole skeleton (Fig. 2). The synthe-
sis of this kind of compounds could throw light on the
structural features which concur to determine the bio-
logical activity of the N,O-nucleoside system.
Figure 2. Nucleoside phosphate and phosphonates.
The cytotoxicity, the anti-HSV activity and the RT-in-
hibitory activity of the obtained compounds have been
investigated and compared with those of saturated phos-
phonated dihydroisoxazole nucleosides 5.
2. Results and discussion

The synthetic strategy towards the construction of isox-
azolin-5-yl nucleosides 6 and 7 relies on the 1,3-dipolar
cycloaddition approach. In this aim, a suitable dipole
is represented by the nitrile oxide originated from
diethyl 2-(hydroxymino)ethyl phosphonate 817 which
have been reacted with vinyl18 or allyl19 nucleobases
10 and 12.

2.1. A. Foreshortened phosphonates

The synthesis of compounds 6a–c has been performed in
a one-step process as shown in Scheme 1. The nitrile
oxide 9, derived in situ from aldoxime 8 by treatment
with N-bromosuccinimide under basic condition, was
added to the vinyl nucleobases 10a–c to give the racemic
isoxazolin-5-yl nucleosides 6a–c in 60–70% yield
(Scheme 1).

The two-step methodology previously reported,20 based
on the 1,3-dipolar cycloaddition of 9 with vinyl acetate
and followed by Vorbrüggen nucleosidation, always
led to the expected diethyl(isoxazol-3-yl)methylphosph-
onate as an exclusive product.

In agreement with analogous cycloaddition processes,
the reaction showed a complete regioselectivity and the
5-isomer was obtained, after purification, as the sole
product.21 The 1H NMR of the crude reaction mixture
did not show any trace of the alternative 4-isomer.
Structures of all the obtained adducts were supported
by their spectral and analytical data.

The 1H NMR spectrum of 6a, chosen as model com-
pound, displays the vinyl proton of the thymine unit
as a quartet at 7.04 ppm and the methyl group as a dou-
blet at 1.98 ppm. The H-5 proton resonates as doublet
of doublet at 6.70 ppm (J = 3.9 and 6.5 Hz). The meth-
ylene protons at C-4 appear as two separate doublets of
doublets at 3.72 and 3.19 ppm. The methylene protons
of the phosphonate moiety resonate as two separate
doublets at 2.95 and 3.10 ppm. The 13C NMR spectrum
of 6a shows the characteristic resonance of the C@N
group at 150.3 ppm. The structures of derivatives 6b
and c were assigned on the basis of similar observations.



Scheme 1. Reagents and conditions: (i) NCS, TEA, CH2Cl2, 1 h, rt; (ii) 10a–c, 12 h, 40–50 �C (60–70%).
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2.2. B. Full-length phosphonates

Normal nucleosides have a N-glycosidic linkage which
determines the typical conformational preferences of
natural nucleosides.22 When a methylene group is insert-
ed between the N-1 of the heterocyclic bases and C-1 0 of
the pentofuranosyl ring, the anomeric effect is lost.
Moreover, the heterocyclic base moiety occupies a more
flexible position23 and the so formed nucleosides possess
less specific and less restrictive interactions with the
receptorial site.

The synthesis of homo-N-nucleosides 7a–c has been car-
ried out according to Schemes 2 and 3. The first ap-
proach was based on the 1,3-dipolar cycloaddition of
nitrile oxide 9 with allyl alcohol. The obtained cycload-
duct 1124 was then converted into the corresponding
O-methanesulfonyl derivative upon treatment with
methanesulfonyl chloride in the presence of triethyl-
amine and was directly treated with thymine, fluoroura-
cil or cytosine, in the presence of sodium hydride or
caesium carbonate in dimethylformamide at 90 �C.
Nucleosides 7a–c were obtained in low yields and in
the crude reaction mixture N-3 pyrimidine isomers were
observed (Scheme 2).

Pyrimidine anions are less regioselective in their reac-
tions with several electrophiles. Thus, alkylation of the
Scheme 2. Reagents and conditions: (i) MsCl, TEA, CH2Cl2, 2 h, rt;

(ii) pyrimidine nucleobases, caesium carbonate, dimethylformamide,

12 h, 90 �C.
pyrimidine nucleobases can generally occur at the N-1
as well as the N-3 positions, although alkylation at
N-1 predominates.25

In order to overcome the problem of the N-regioselectiv-
ity and the low yields, the alternative synthetic proce-
dure, based on the 1,3-dipolar cycloaddition reaction
of nitrile oxide 9 with allyl nucleobases, was performed
(Scheme 3). The reaction proceeded with good yields
(70–75%) to give racemic nucleosides 7a–c, which have
been purified by MPLC chromatography (CHCl3/
MeOH, 99:1).

The structure of nucleosides 7a–c has been confirmed by
1H NMR. As an example, the 1H NMR spectrum of 7
shows H-4 protons as two doublets of doublets centered
at 2.98–3.01 and 3.01–3.12 ppm, while H-5 resonates as
multiplet at 4.93–4.96 ppm. The methylene group at C-5
resonates as two doublets of doublets in the range of
3.60–4.95 ppm while the methylene protons of the phos-
phonate moiety resonate as multiplet at 2.95–3.02 ppm.
3. Biological tests

The synthesized compounds, 6a–c and 7a–b, were tested
in vitro for their cytotoxicity, on Molt-3 and Vero cells.
Moreover, the antiviral activity against herpes simplex
viruses (HSV-1 and HSV-2) and the inhibitory activity
versus retroviral RT, along with reference antiviral com-
pounds (acyclovir for anti-HSV and AZT for RT-inhibi-
tion), were assayed. Results are shown in Table 1.

None of the above mentioned synthetized phosphonated
nucleosides, when evaluated against HSV-1 and HSV-2
by means of a standard plaque reduction assay in Vero
cells, showed specific anti-HSV activity, that is, an EC50

lower than the minimal CC20 detected in one of the two
cell lines tested, as we arbitrarily defined. As expected,
the reference compound acyclovir confirmed its specific,
strong anti-HSV activity.

The ability to inhibit the reverse transcriptase activity of
avian myeloblastosis retrovirus was tested in a cell-free



Table 1. Evaluation of cytotoxicity,a anti-HSV activityb and RT-inhibitory activitycof phosphonated nucleosides in vitro

Compound Toxicity CC20 HSV-1 plaque reduction assay HSV-2 plaque reduction assay RT-inhibition assay

MOLT-3 VERO EC50 EC50 EC100

Acyclovir >400 >400 3.00 3.70 NDd

AZT NDd NDd NDd NDd 10 nM

5ae >400 >400 >400 >400 10 nM

6a >400 >400 >400 >400 10 lM

6b 76.62 >400 >100 >100 NDd

6c 120.00 >400 >200 >200 10 lM

7a >400 >400 >400 >400 10 lM

7b >400 >400 >400 >400 >10 lM

a Cells were exposed under optimal culture conditions to concentrations of acyclovir, 5a, 6a–c and 7a,b ranging from 1 nM to 400 lM, or control

medium. Values indicate the CC20calculated as the concentrations of the drug required to cause 20% toxicity, detected by a commercial viability

assay (CellTiter 96� AQueous One Solution Assay, Promega Co., Madison WI).
b HSV-1 and HSV-2 antiviral activity was assayed by standard plaque reduction assays on Vero cells in six-well plates at concentrations ranging from

1 to 400 lM. Values indicate EC50 as the concentrations of the compounds required to cause 50% reduction of plaque formation.
c Inhibition of reverse transcriptase activity was evaluated by a cell free assay based on a RT-PCR at concentrations ranging from 10 lM to 1 nM.

Values indicated EC100 as the concentrations of the compounds required to cause complete (100%) inhibition of RT-PCR products.
d Not done.
e Compound 5a is the diethyl{(10SR,4 0RS)-1 0-[[(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)]-3 0-methyl-20-oxa-30-azacyclopent-4 0-

yl]}methylphosphonate.

Scheme 3. Reagents and conditions: (i) NBS, TEA, CH2Cl2, 1 h, rt; (ii) 12a–c, 12 h, 60 �C (70–75%).
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assay.13 Compounds 6a,c and 7a completely inhibited
the RT activity at the higher concentration tested, that
is, at 10 lM. This concentration is 1000-fold higher than
that shown by the reference compound AZT and by the
compounds 5 to exert the same effect. Nevertheless, the
compounds generally showed a low level of toxicity.
None of the compounds tested showed a CC20 lower
than the maximal concentration tested on Vero cells,
while compounds 6b and c showed a certain degree of
cytotoxicity on Molt-3 cells.

Taken all together, these results indicate that the inser-
tion of an unsaturation in the pseudosugar moiety leads
to molecules with lower potency with respect to isoxaz-
olidine derivatives 5. The reduced efficacy of these com-
pounds towards RT may be attributed to two
fundamental factors: (1) lower molecular flexibility and
(2) lower basicity of the nitrogen atom.

The introduction of a double bond on the N,O-heterocy-
clic moiety decreased the flexibility of the five-membered
ring so determining a less ability to elicit recognition by
reverse transcriptase, with respect to compounds previ-
ously described by us.13 Moreover, it is known that
the insertion of nucleotides in the growing nucleic acid
chain operated by polymerases is assisted by bivalent
metallic ions that facilitate the transfer of nucleotide
units.26 In phosphonated nucleosides, one of these ions
links the phosphorus moiety and the heteroatom that
lies between the nucleobase and the phosphorus. In
phosphonated 2 0-oxa-3 0-aza-nucleosides 5, the heteroat-
om responsible for this binding is probably the nitrogen
atom. In fact, coordinating metal ions (e.g., Mg2+) can
form a six-membered chelate with the nitrogen atom
and the oxygen of phosphonyl group. For unsaturated
compounds 6–7, the lower basicity of nitrogen
atom could account for the reduced activity towards
AMV-RT.
4. Conclusions

‘Foreshortened’ and ‘full-length’ phosphonated dihydro-
isoxazole nucleosides containing thymine, fluorouracil
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and cytosine have been synthesized in good yields by the
1,3-dipolar cycloaddition methodology.

The cytotoxicity, the anti-HSV activity and the RT-
inhibitory activity of the obtained compounds have been
investigated and compared with that of AZT and with
that of saturated phosphonated isoxazolidinyl nucleo-
sides 5. The RT-inhibitory activity of the obtained com-
pounds is 1000-fold lower than that of the lead
compound 5. The insertion of a double bond in the su-
gar moiety not only does not potentiate but actually
reduces the nucleotide capability to function as a chain
terminator, so excluding the possibility that the investi-
gated compounds can be considered at the moment as
promising inhibitors of retroviral RT. Further efforts
are needed to further modify the N,O-system, in order
to achieve new nucleoside phosphonates with a better
biological activity with respect to compounds 5.
5. Experimental

5.1. General

Commercially available chemicals and solvents were of
reagent grade. All solvents were dried according to liter-
ature methods. Elemental analyses were performed on a
Perkin-Elmer 220B microanalyzer. NMR spectra were
recorded on a Varian instrument at 300 MHz (1H)
and at 75 MHZ (13C) using deuterochloroform as sol-
vent; chemical shifts are given in parts per million from
TMS as internal standard. Thin-layer chromatographic
separations were achieved with Merck silica gel 60-
F254 precoated aluminium plates. Preparative separa-
tions were carried out by MPLC Büchi C-601 using
Merck silica gel 0.040–0.063 mm.

5.2. General procedure for the synthesis of nucleosides
6a–c and 7a–c

To a stirring suspension of N-chlorosuccinimide
(5.1 mmol) in dry CH2Cl2 (10 ml), a solution of diethyl
2-(hydroxymino)ethyl phosphonate 8 (5.1 mmol, 1 g)
in dry CH2Cl2 (10 ml) was added, together with a cata-
lytic amount of pyridine. As the suspended N-chlorosuc-
cinimide completely disappeared, the vinyl or allyl
nucleobases (5 mmol) in dry CH2Cl2 (10 ml) were added
dropwise and the temperature was raised to 40–50 �C.
After 10 min of stirring at this temperature, triethyl-
amine (5.1 mmol) was added dropwise over 15 min
and the mixture was stirred for another 12 h. The sol-
vent was evaporated under reduced pressure and the res-
idue was chromatographed by MPLC Büchi C-601,
using CHCl3/MeOH (99:1) as solvent (10 ml/min).

5.3. Diethyl[(5RS)-4,5-dihydro-5-(3,4-dihydro-5-methyl-
2,4-dioxopyrimidin- 1(2H)-yl)isoxazol-3-yl] methyl
phosphonate 6a

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 6a was obtained as a yellow oil (70%
yield). 1H NMR (CDCl3): d 1.31 (t, 6H, J = 5.9 Hz),
1.98 (d, 3H, J = 0.95 Hz), 2.95 (dd, 1H, J = 13.5 and
21.5 Hz, H300a), 3.01 (dd, 1H, J = 13.5 and 22.1 Hz,
H300b), 3.09 (dd, 1H, J = 3.9 and 9.5 Hz, H4 0a), 3.51
(dd, 1H, J = 6.5 and 9.5 Hz), 4.05 (q, 4H, J = 5.9 Hz),
6.70 (dd, 1H, J = 3.9 and 6.5 Hz), 7.05 (q, 1H,
J = 0.95, H6), 10.01 (br s, NH). 13C NMR (CDCl3): d
12.32, 16.21, 25.61, 43.70, 62.86, 84.55, 95.05, 111.94,
134.78, 150.25, 152.63, 163.56. HRMS (FAB) calcd for
[M+] C13H20N3O6P: 345.2944. Found: 345.2941. Anal.
Calcd for C13H20N3O6P: C, 45.22; H, 5.84; N, 12.17.
Found: C, 45.29; H, 5.79; N, 12.23.

5.4. Diethyl[(5RS)-5-(5-fluoro-3,4-dihydro-2,4-dioxopyr-
imidin-1(2H)-yl)-4,5-dihydroisoxazol-3-yl] methyl phos-
phonate 6b

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 6b was obtained as a yellow oil (67%
yield). 1H NMR (CDCl3): d 1.35 (t, 6H, J = 6.8 Hz),
2.96 (dd, 1H, J = 14.8 and 22.0 Hz, H300a), 3.18 (dd,
1H, J = 14.8 and 21.47 Hz, H300b), 3.13 (dd, 1H,
J = 2.03 and 12.5 Hz, H4 0a), 3.60 (dd, 1H, J = 8.7 and
12.5 Hz), 4.10 (q, 4H, J = 6.8 Hz), 6.70 (dd, 1H,
J = 2.03 and 8.7 Hz), 7.35 (d, 1H, J = 5.8 Hz, H6), 9.80
(bs, NH). 13C NMR (CDCl3): d 16.47, 16.57, 25.99,
44.21, 63.35, 63.51, 85.38, 94.72, 126.65, 149.04,
153.45, 157.49. HRMS (FAB) calcd for [M+]
C12H17N3O6FP: 349.2594. Found: 349.2590. Anal.
Calcd for C12H17N3O6FP: C, 41.27; H, 4.91; N, 12.03.
Found: C, 41.22; H, 4.86; N, 12.08.

5.5. [(5RS)-5-(4-Acetylamino-2-oxo-2H-pyrimidin-1-yl)-
4,5-dihydroisoxazol-3-ylmethyl] phosphonic acid diethyl
ester 6c

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 6c was obtained as a yellow oil (60%
yield). 1H NMR (CDCl3): d 1.37 (t, 6H, J = 6.5 Hz),
2.01 (s, 3H), 2.97 (dd, 1H, J = 12.0 and 2.1 Hz, H4 0a),
2.99 (dd, 1H, J = 11.5 and 20.4 Hz, H300a), 2.99 (dd,
1H, J = 14.8 and 21.47 Hz, H300a), 3.13 (dd, 1H,
J = 11.5 and 20.4 Hz, H300b), 3.70 (dd, 1H, J = 8.8 and
12.0 Hz, H4 0b), 4.10 (q, 4H, J = 6.5 Hz), 6.61 (dd, 1H,
J = 2.1 and 8.8 Hz), 7.45 (d, 1H, J = 7.7 Hz), 7.70 (d,
1H, J = 7.7), 10.1 (br s, NH). 13C NMR (CDCl3): d
16.60, 17.50, 25.10, 29.95, 46.12, 63.10, 63.18, 87.14,
129.05, 143.72, 154.16, 155.07, 163.42. 171.23. HRMS
(FAB) calcd for [M+] C14H21N4O6P: 372.3204. Found:
372.3212. Anal. Calcd for C14H21N4O6P: C, 45.16; H,
5.68; N, 15.05. Found: C, 45.08; H, 5.73; N, 15.10.

5.6. diethyl[(5RS)-4,5-Dihydro-5-(3,4-dihydro-5-methyl-
2,4-dioxopyrimidin-1(2H)-yl)methylisoxazol-3-yl] methyl
phosphonate 7a

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 7a was obtained as a yellow oil (65%
yield). 1H NMR (CDCl3): d 1.31 (t, 6H, J = 6.5 Hz),
1.84 (d, 3H, J = 0.87 Hz), 2.95–2.99 (m, 3H, H4 0a and
H300), 3.12 (dd, 1H, J = 3.02 and 13.5 Hz, H4 0b), 3.57
(dd, 1H, J = 4.28 and 14.28 Hz, H500a), 3.95 (dd, 1H,
J = 3.02 and 14.28 Hz, H500b), 4.10 (q, 4H, J = 6.5),
4.87 (m, 1H, H5 0), 7.31 (q, 1H, J = 0.87 Hz), 10.31 (br
s, NH). 13C NMR (CDCl3): d 12.37, 16.49, 16.57,
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27.17, 40.35, 50.67, 62.88, 63.00, 78.65, 110.66, 141.71,
151.79, 152.56, 164.88. HRMS (FAB) calcd for [M+]
C14H22N3O6P: 359.2890. Found: 359.2896. Anal. Calcd
for C, 46.80; H, 6.17; N, 11.70. Found: C, 46.76; H, 6.07;
N, 11.78.

5.7. Diethyl[(5RS)-5-(5-fluoro-3,4-dihydro-2,4-dioxopyr-
imidin-1(2H)-ylmethyl)-4,5-dihydroisoxazol-3-yl] methyl
phosphonate 7b

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 7b was obtained as a yellow oil (70%
yield). 1H NMR (CDCl3): d 1.34 (t, 6H, J = 6.7 Hz),
2.98 (m, 3H, H4 0a and H300), 3.12 (dd, 1H, J = 14.8 and
22.0 Hz, H300a), 3.18 (dd, 1H, J = 4.5 and 13.3 Hz,
H4 0b), 3.78 (dd, 1H, J = 6.86 and 14.55 Hz, H5 0a), 3.97
(dd, 1H, J = 3.02 and 14.55 Hz), 4.10 (q, 4H,
J = 6.7 Hz), 4.93 (m, 1H, H5 0), 7.5 (d, 1H, J = 5.8 Hz),
10.00 (br s, NH). 13C NMR (CDCl3): d 16.26, 16.34,
26.50, 40.00, 50.57, 62.73, 62.92, 78.22, 129.55, 139.50,
149.98, 152.36, 156.41. HRMS (FAB) calcd for [M+]
C13H19N3O6FP: 363.2864. Found: 363.2871. Anal.
Calcd for C13H19N3O6FP: C, 42.98; H, 5.27; N, 11.56.
Found: C, 42.93; H, 5.32; N, 11.63.

5.8. [(5RS)-5-(4-Acetylamino-2-oxo-2H-pyrimidin-1-yl-
methyl)-4,5-dihydro-isoxazol-3-ylmethyl] phosphonic acid
diethyl ester 7c

Starting from diethyl 2-(hydroxymino)ethyl phospho-
nate, compound 7c was obtained as a yellow oil (62%
yield). 1H NMR (CDCl3): 1.33 (t, 6H, J = 6.04 Hz),
2.24 (s, 3H), 2.90–3.04 (m, 3H, H4 0a and H300), 3.21
(dd, 1H, J = 4.12 and 10.41 Hz, H4 0b), 3.72 (dd, 1H,
J = 7.96 and 13.73 Hz, H500a), 4.08–4.20 (m, 5H, H500b

and CH2O), 4.97 (m, 1H, H5 0a), 7.42 (d, 1H,
J = 7.41 Hz), 7.68 (d, 1H, J = 7.41 Hz), 10.23 (bs,
NH). 13C NMR (CDCl3): d 17.31, 17.45, 26.30, 30.27,
40.51, 50.57, 62.96, 66.13, 84.10, 120.02, 125.32,
150.28, 156.48, 163.47, 171.29. HRMS (FAB) calcd for
[M+] C15H23N4O6P: 386.3474. Found: 386.3469. Anal.
Calcd for C, 46.63; H, 6.0; N, 14.50. Found: C, 46.58;
H, 6.17; N, 14.58.
6. Biological assays

6.1. Evaluation of toxicity

Toxicity was evaluated by a commercial viability assay
(CellTiter 96� AQueous One Solution Assay, Promega
Co., Madison WI), according to manufacturer’s instruc-
tions. This assay is based on the principle that cells, at
death, rapidly lose the ability to reduce MTS tetrazoli-
um. Briefly, Molt-3 and Vero cells were cultured in opti-
mal culture conditions for 20 h in 96-well plates, in the
absence of the compounds or in their presence, at con-
centrations ranging from 1 to 400 lM. At the end of
the incubation time, the MTS-tetrazolium-based reagent
was added to each well. After a further incubation of
one hour at 37 �C in a humidified, 5% CO2 atmosphere,
the absorbance of the samples was recorded at 490 nm
using a 96-well spectrophotometer. The assays were
performed in triplicate. The cytotoxic concentrations
20 (CC20) were calculated as the concentrations of the
compounds required to cause 20% reduction of absor-
bance values.

6.2. Anti-HSV assay

The antiviral activity towards herpes simplex virus type
1 (HSV-1) and herpes simplex virus type 2 (HSV-2) was
assayed by standard plaque reduction assays on Vero
cells in six-well plates. The compounds were added to
the wells to obtain final concentrations ranging from 1
to 400 lM. For compounds showing a CC20 lower than
400 lM, the maximal concentration tested for anti-HSV
activity was that immediately higher than the calculated
CC20. The effective concentrations 50 (EC50) were calcu-
lated as the concentrations of the compounds required
to cause 50% reduction of plaque formation.

6.3. Reverse-transcriptase inhibition assay

The capacity of the described compounds to inhibit avi-
an myeloblastosis virus RT (Promega Co.) activity was
investigated by evaluating their activity towards cDNA.
Generation from an RNA template using a cell-free RT
reaction assay, we have recently described.13 This assay
is based on routinely adopted RT-PCR procedures. The
reactions were performed in the presence or in the ab-
sence of the activated compounds, at the concentrations
of 10 lM, 1 lM, 100 nM, 10 nM and 1 nM, for 1 h at
37 �C. The newly synthesized compounds and AZT (Sig-
ma–Aldrich Co.) were activated in vitro through incuba-
tion with a crude extract from 1· 106 PBMCs, that
served as enzyme supplier for phosphorylation process-
es. The effective concentrations 100 (EC100) were deter-
mined as the concentrations of the compounds
required to cause complete (100%) inhibition of RT-
PCR products.
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Pistarà, V.; Rescifina, A.; Romeo, R.; Sindona, G.;
Romeo, G. Tetrahedron: Asymmetry 2003, 14, 2717–
2723; (b) Chiacchio, U.; Borrello, L.; Iannazzo, D.;
Merino, P.; Piperno, A.; Rescifina, A.; Richichi, B.;
Romeo, G. Tetrahedron: Asymmetry 2003, 14, 2419–
2425; (c) Chiacchio, U.; Corsaro, A.; Rescifina, A.;
Romeo, G.; Romeo, R. Tetrahedron: Asymmetry 2000,
11, 2045–2048.

8. Chiacchio, U.; Corsaro, A.; Iannazzo, D.; Piperno, A.;
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