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a b s t r a c t

The synthesis of pyrimidine unsaturated keto and exomethylene arabinopyranonucleoside analogs as
potential antitumor and antiviral agents is described. Commercially available 1,2,3,4-tetra-O-acetyl-
D-arabinopyranose (1) was condensed with silylated thymine, uracil, 5-fluorouracil, N4-benzoyl cytosine
and 5-(trifluoromethyl)uracil, respectively, deacetylated and acetylated to afford 1-(3,4-O-isopropylidene-
a-D-arabinopyranosyl)pyrimidine analogs 4. Two different synthetic routes were investigated for the
conversion of compounds 4 into the new 1-(2,3,4-trideoxy-2-methylene-a-pent-3-enopyranosyl)nucleo-
side derivatives of thymine (10a), uracil (10b), 5-fluorouracil (10c) andN4-benzoyl cytosine (10d). Only the
first approach could afford derivative 10d. Debenzoylation of 10d afforded 1-(2,3,4-trideoxy-2-methylene-
a-pent-3-enopyranosyl)cytosine (10f). The first approach resulted also to the 2-keto-3,4-unsaturated
analogs 9. The new analogs did not show inhibition of DNA and RNA virus replication in cell culture. The
20-ketonucleoside derivatives 9were found to bemore cytostatic than the corresponding 20-exomethylene
nucleosides10. The 5-fluorouracil unsaturated ketoderivative9c and the exomethylenederivatives10c and
13c showed antiproliferative activity in the lower micromolar range. Experimental evidence revealed that
9c, 10c and 13c may act as novel types of 5-fluorouracil releasing prodrugs, and points to thymidylate
synthase as target for their cytostatic action.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Nucleosides and their analogs are considered as the cornerstone
for the development of effective, selective and non-toxic antiviral
and antitumor agents [1e6]. Extensive work has been conducted to
search for new types of nucleosides with high biological activity,
limited toxicity and less likely to develop drug resistance [7]. Over
the past two decades, nucleoside/nucleotide chemistry has evolved
to facilitate efficient routes to effective agents for the treatment of
AIDS [3], herpes [2] and viral hepatitis [8].

Lately, nucleosides bearing a six-membered carbohydrate
moiety have been evaluated for their potential antiviral [9e11],
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antioxidant [12] and antibiotic [13] properties and mimic of natural
building blocks in nucleic acid synthesis [14,15]. Modifications in
the sugar residue of the aforementioned nucleosides furnished
enzymatically stable nucleic acid analogs [16], which can be
considered as bioisosteres of natural nucleosides and nucleotides,
and can play a major role in different domains like therapy, diag-
nosis and biotechnology. The unsaturated keto and exocyclic
methylene nucleosides are a series of sugar modified pyr-
anonucleosides, whose biological importance has been extensively
emphasized. These agents were found to exhibit interesting anti-
tumor and antiviral properties [17e22], while a number of them
proved to be key intermediates in synthetic and biosynthetic
processes. In addition, their activity is clearly independent of the
anomeric configuration, the axial or equatorial position of the
heterocyclic base, and the L or D configuration of the sugar [19,23].

As part of our program to search for new antitumor and antiviral
agents, we have previously synthesized a series of unsaturated keto
[24e28] aswell as exomethylene pyranonucleoside analogs [29,30],
which proved to be efficient as tumor cell growth inhibitors. Our
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findings suggest that the presence of a primary hydroxyl and
hydroxymethyl function does not seem to be critical for biological
activity. This was clearly evident since early synthesized 60-pro-
tected and hydroxymethyl-lacking analogs [31] were very effective
cytotoxic agents.

Taking into consideration these interesting results, the aim of the
present study is to synthesize a series of new hydroxymethyl-lack-
ing pyrimidine nucleoside analogs in order to further investigate the
structural features of the sugar and base moieties. Therefore, we
report herein an efficient synthesis of 30,40-unsaturated 20-keto and
-exomethylene arabinonucleoside analogs, containing thymine,
uracil, 5-fluorouracil,N4-benzoyl cytosine, 5-(trifluoromethyl)uracil
and cytosine as base moiety and the evaluation of their biological
properties. Given the fact that for each series of compounds, the
5-fluorouracil nucleoside analogsweremost cytostatic, thymidylate
synthase (TS) could be considered as a potential target enzyme. TS
converts 20-deoxyuridylate (dUMP) to thymidylate (dTMP) and
represents the only de novo pathway for the tumor cell to generate
thymine nucleotide building blocks for DNA synthesis. It is well
known that 5-fluorouracil (5-FU), after metabolic conversion by
several enzymesof thepyrimidinenucleotidemetabolismpathways
is a potent inhibitor of TS as its 5-fluoro-20-dUMP derivative. It can
also be incorporated into DNA [through its 5-fluoro-20-deoxyur-
idine-50-triphosphate (FdUTP) derivative] andmayalso disrupt RNA
synthesis [through its 5-fluoro-uridine-50-triphosphate (FUTP)
derivative] (Scheme 1) [32]. We could demonstrate that the unsat-
urated keto and exomethylene D-arabinopyranonucleoside analogs
of 5-fluorouracil likely represent novel prodrugs of 5-FU and target
(at least partially) TS to exert their cytostatic action.

2. Results and discussion

2.1. Synthesis

The starting materials, 1-(2,3,4-tri-O-acetyl-a-D-arabinopyr-
anosyl)nucleosides of thymine (2a), uracil (2b), 5-fluorouracil (2c),
N4-benzoyl cytosine (2d) and 5-(trifluoromethyl)uracil (2e) were
obtained by condensing commercially available 1,2,3,4-tetra-
O-acetyl-D-arabinopyranose (1) with silylated thymine, uracil, 5-
fluorouracil, N4-benzoyl cytosine and 5-(trifluoromethyl)uracil,
respectively, in the presence of trimethylsilyl trifluoromethane-
Scheme 1. Metabolic pathways to convert 5-FU to its active metabolites. OPRT: Oro-
tate phosphoribosyltransferase, TK: thymidine kinase, TS: thymidylate synthase, TP:
thymidine phosphorylase, RR: ribonucleotide reductase, dUTPase: 20-deoxyuridine-50-
triphosphate hydrolase, RNA pol: RNA polymerase, DNA pol: DNA polymerase.
sulfonate (Me3SiOSO2CF3) or SnCl4, in refluxing 1,2-dichloroethane
(1,2-EtCl2) or acetonitrile (Scheme 2) [33]. Removal of all O-acetyl
protecting groups of 2(aec, e) with saturated methanolic ammonia
[34], gave compounds 3(aec, e), in excellent yields. Selective
deprotection of 2d using sodium hydroxide/ethanol/pyridine gave
benzoylated derivative 3d, in quantitative yield [35]. However,
when compound 2d was treated with methanolic ammonia the
fully unprotected nucleoside was obtained. Specific acetylation of
3(aee) using 2,2-dimethoxypropane [34] in acetone led to the 30,40-
O-isopropylidene derivatives 4(aee), respectively.

In order to elucidate the influence of keto and exomethylene
moiety on the biological activity of the target molecules, two
different synthetic routes were investigated for the conversion of
compounds 4 into the desired olefinic derivatives 10. Only the first
approach resulted to keto unsaturated derivatives 9 and afforded
cytosine nucleoside 10d, while the second one led to saturated
exomethylene analogs 13. Therefore, in the first approach, acety-
lation of 4(aee) using acetic anhydride (Ac2O) in pyridine followed
by deisopropylidenation of the resulted derivatives 5(aee), in
CH2Cl2/HCOOH, 1:1, led to the vicinal diol derivatives 6(aee), in
high yields (79e95%). Olefination of 6(aee) with iodoform-Ph3P-
imidazole [36e38] afforded 1-(2-O-acetyl-3,4-dideoxy-a-D-glyc-
ero-pent-3-enopyranosyl)nucleosides of thymine (7a) in 65% yield,
uracil (7b) in 66% yield, 5-fluorouracil (7c) in 56% yield, N4-benzoyl
cytosine (7d) in 61% yield and 5-(trifluoromethyl)uracil (7e) in 65%
yield. Deacetylation of 7(aec, e) with saturated methanolic
ammonia [34] and of 7d with sodium hydroxide/ethanol/pyridine
[35], gave 8(aec, e) and 8d, respectively, which after oxidation of
the free hydroxyl group in the 20-position of the sugar moiety with
pyridinium dichromate (PDC)/Ac2O [39], were converted to the
desired unsaturated 20-ketonucleosides 9(aee). Wittig condensa-
tion of the keto intermediates 9(aed), with NaH and methyl tri-
phenylphosphonium bromide (Ph3PCH3Br) in the presence of
t-amyl alcohol [40] in tetrahydrofuran (THF), afforded the exo-
methylene derivatives 10(aed), respectively. Debenzoylation of 10d
was performed with saturated methanolic ammonia to afford the
desired unsaturated 20-exomethylene cytosine derivative 10f.

In the secondapproach, oxidationof the freehydroxylgroupwith
PDC/Ac2O [39] led to the formationof thedesired20-ketonucleosides
11(aed). Wittig reaction of the obtained ketonucleosides 11(aed)
resulted in 12(aed), respectively. Deisopropylidenation of the
resulted exomethylene compounds 12(aec) in CH2Cl2/HCOOH, 1:1,
led to the vicinal diol nucleosides 13(aec), respectively. It is note-
worthy that treatment of the isopropylidene derivative 12d with
amixture of CH2Cl2 andHCOOH,1:1, or 90% trifluoroacetic acid (TFA)
inMeOH, or pyridinium p-toluenesulfonate (PPTS) inMeOH [41], or
Amberlite IR 120 Hþ resin in MeOH [42], or 50% CH3COOH in H2O
[34], unfortunately did not afford the desired 1-(2-deoxy-2-meth-
ylene-a-D-erythro-pentopyranosyl)-N4-benzoyl cytosine, but it led
instead to intractable materials. Olefination of 13(aec) with iodine-
Ph3P-imidazole [43e46] afforded 1-(2,3,4-trideoxy-2-methylene-
a-pent-3-enopyranosyl)nucleosides of thymine (10a) in 57% yield,
uracil (10b) in 53% yield, and 5-fluorouracil (10c) in 53% yield.

Compounds 9(aee), 10(aed, f) and 13(aec) were evaluated for
their antiviral and cytostatic properties.

2.2. Biological activity

Whereas none of the compounds showed appreciable antiviral
activity at subtoxic concentrations against a broad variety of DNA
and RNAviruses (data not shown), therewere striking differences in
their cytostatic potential. In general, the unsaturated 20-ketonu-
cleosides 9 showed a more pronounced cytostatic activity than the
20-exomethylene nucleosides 10 and 13 (Table 1). In all structural
groups of compounds, the nucleosides carrying the 5-fluorouracil
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Scheme 2. i) Silylated base, Me3SiOSO2CF3/SnCl4, dry 1,2-EtCl2/CH3CN; ii) a: ammonia/MeOH (B ¼ Thy, U, 5-FU, 5-CF3U), b: NaOH/pyridine/ethanol, 11 min (B ¼ N4-BzCyt); iii)
acetone, 2,2-dimethoxypropane, p-toluenesulfonic acid; iv) Ac2O, pyridine; v) HCOOH/CH2Cl2 (1:1); vi) dry Tol/DMF (4:1), iodoform-imidazole-Ph3P, 120 �C, 90 min; vii) PDC, Ac2O,
dry CH2Cl2; viii) Ph3PCH3Br, NaH, t-amyl alcohol in THF, 0e25 �C; ix) dry Tol/DMF (4:1), iodine-imidazole-Ph3P, 80 �C, 15 min.
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base were far more cytostatic against the tumor cell lines than the
corresponding thymine-, uracil-, cytosine-, N4-benzoyl cytosine-
and 5-(trifluoromethyl)uracil-carrying derivatives. With the
exception of the humanT-lymphocyte CEM cells thatwere inhibited
by the 5-fluorouracil derivatives at higher micromolar concentra-
tions, themurine leukemia L1210, the murinemammary carcinoma
FM3A, and the human cervix carcinomaHeLa cells were inhibited in
their proliferation by compounds 9c, 10c and 13c at concentrations
that were in the lower micromolar range. The reference compound
5-FUwas onlyw1.5- to 2.5-fold more cytostatic than compound 9c.
Interestingly, there was a strong correlation between the cytostatic
activity of the individual compounds against the different tumor cell
lines. The correlation coefficient (R2) values for the IC50 values were
0.942betweenL1210andFM3A(bothmurine cell lines, 2-dayassay),
0.833 between CEM and HeLa (both human cell lines, 3-day assay),
0.976 between murine leukemia L1210 (2-day assay) and human
lymphocyte CEM (3-dayassay), 0.878 betweenmurine L1210 (2-day
assay) and human HeLa (3-day assay) and 0.845 between murine
carcinoma FM3A (2-day assay) and human carcinoma HeLa (3-day
assay) cells. Thus, irrespective of the time period of incubation,



Table 1
Cytostatic activity of test compounds.

Compound IC50
a (mM)

L1210 FM3A CEM HeLa

9a 34 � 23 77 � 32 104 � 104 34 � 37
9b 92 � 5 121 � 44 82 � 14 42 � 29
9c 1.3 � 1.2 0.23 � 0.07 17 � 2 1.4 � 0.6
9d 28 � 20 62 � 34 46 � 41 72 � 5
9e 23 � 12 46 � 2 39 � 6 34 � 3
10a 486 � 60 � 900 504 � 5 339 � 46
10b 549 � 83 >1000 450 � 39 760 � 122
10c 8.6 � 3.1 2.4 � 0.1 85 � 4 3.5 � 0.7
10d 368 � 68 379 � 5 432 � 0 296 � 58
10f 1386 � 594 �1800 1550 � 351 990 � 117
13a 610 � 251 775 � 16 � 800 �800
13b >800 >800 > 800 �800
13c 21 � 4 1.9 � 0.4 97 � 4 18 � 4
5-FU 0.56 � 0.31 0.18 � 0.02 14 � 2 0.57 � 0.23

a 50% Inhibitory concentration required to inhibit tumor cell proliferation by 50%.
Data are the mean (�S.D.) of at least 2 to 3 independent experiments. The murine
leukemia L1210 and mammary carcinoma FM3A cells were grown for 2 days, and
the human lymphocyte CEM and cervix carcinoma HeLa cells were grown for 3 days
before the cytostatic activity of the test compounds was determined by tumor cell
counting.
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species origin or tissue origin, the cytostatic data correlated very
well.

Since compounds 9 and 10 lack a free hydroxyl group for
potential phosphorylation, it was tempting to assume, that these
molecules may act as prodrugs of the free base, and that the
20-ketonucleoside derivative releases higher amounts of 5-FU, than
the corresponding 20-exomethylene nucleoside derivatives. When
the compounds 9c, 10c and 13c were solubilized in phosphate
buffered saline (PBS), 13c and 10c were fully stable up to 3 days
after bringing the compounds into solution. Compound 9c was not
stable and spontaneously and progressively released the free base
5-fluorouracil (data not shown). This may explain the higher
cytostatic activity of 9c versus 10c and 13c. When 9c, 10c and 13c
were exposed to phosphate buffer at pH 3.2 for 60 min, the
compounds 10c and 13c were fully stable as attested by HPLC
analysis, whereas the spontaneous release of 5-FU from 9c was not
higher than in neutral solution.

One may assume, that for those compounds that owe their
inhibitory effect on cell growth to inhibition of TS, the inhibitory
action would be more readily reversed by co-administration of
thymidine (dThd) than by 20-deoxyuridine (dUrd) (Scheme 1) [47].
Also, it has been demonstrated that compounds which inhibit the
incorporation of (radiolabeled) dUrd into DNA and which do not
Table 2
Effect of natural nucleosides and nucleobases on the cytostatic activity of 9c, 10c and 13

IC50
a (mM)

As such dThd (20 mM) d

L1210
9c 1.9 � 0.4 75 � 57
10c 8.0 � 0.2 182 � 23
13c 21 � 4 > 500
5-FU 0.56 � 0.10 21 � 1
5-FUrd 0.014 � 0.000 1.2 � 1.1
5-FdUrd 0.0011 � 0.0005 >100 0
HeLa
9c 0.97 � 0.71 7.1 � 2.2
10c 3.5 � 2.3 34 � 1
13c 18 � 4 146 � 3
5-FU 0.45 � 0.07 1.5 � 0.4
5-FUrd 0.014 � 0.002 0.017 � 0.000
5-FdUrd 0.0094 � 0.0094 8.5 � 4.7

a 50% Inhibitory concentration required to inhibit tumor cell proliferation by 50%. Dat
inhibit the incorporation of (radiolabeled) dThd into DNA (or
inhibit the latter to a significantly smaller extent than dUrd incor-
poration), selectively block TS [47]. To reveal whether the 5-fluo-
rouracil derivatives 9c, 10c and 13c behave mechanistically similar
to the parent TS inhibitor 5-FU, we investigated whether their
cytostatic activity can be reversed in the presence of uracil and the
natural nucleosides such as dThd, dUrd and uridine. One murine
(L1210) and one human (HeLa) cell line were chosen to perform the
antimetabolic experiments since the cytostatic activity of the
compounds against these cell lines were highly comparable. 5-FU,
5-fluoro-20-deoxyuridine (5-FdUrd) and 5-fluorouridine (5-FUrd)
were included as controls (Table 2). In L1210 cell cultures, addition
of dThd (20 mM)markedly reversed the cytostatic activity of 9c,10c
and 13c (25- ew40-fold) and also 5-FU (w40-fold), 5-FUrd (w100-
fold) and 5-FdUrd (w100,000-fold). In contrast, 20 mM dUrd only
moderately reversed the cytostatic activity of the compounds (2- to
5-fold). These data indicate that the mechanism of cytostatic
activity may be due to inhibition of TS. Indeed, addition of dThd
circumvents the inhibition of TS (and thus, efficiently reverses the
cytostatic activity of 9c, 10c and 13c, 5-FU, 5-FUrd and 5-FdUrd),
whereas dUrd does not efficiently reverse the cytostatic activity of
TS inhibitors, because it needs to be converted to dTMP first by TS
and for this reason TS has to remain active. Addition of uracil
(500 mM) had no significant effect on the antiproliferative activity of
9c, 10c and 13c, 5-FU, 5-FUrd and 5-FdUrd, whereas uridine (Urd)
(500 mM) only reversed the cytostatic effect of 5-FUrd, but not of
the other compounds. Obviously, uridine competes with 5-FUrd for
its conversion (phosphorylation) by uridine kinase, which is not the
case for 9c, 10c and 13c, and 5-FU and 5-FdUrd.

We also examined whether 9c, 10c, 13c and 5-FU differentially
inhibit the incorporation of radiolabeled dThd and dUrd into DNA
of L1210 cell cultures (Table 3). Whereas the compounds inhibited
[3H]dUrd incorporation into DNA, they did not significantly inhibit
[3H]dThd incorporation into DNA [IC50 (50% inhibitory concentra-
tion): 349 to > 500 mM. Interestingly, a 24 h preincubation of the
cells with 9c, 10c and 13c made the inhibitory effect of the test
compounds against [3H]dUrd but not [3H]dThd incorporation even
more pronounced (Table 3). These data again point to TS as the
main target for cytostatic action of 9c, 10c and 13c, and 5-FU, they
indicate that the compounds need some time for conversion to
their active metabolite(s), and they are in full agreement with the
reversal studies of the cytostatic activity in the presence of dThd
and dUrd.

The activity of TS in intact tumor cells can also be directly
monitored by measuring the tritium release by intact L1210 cell
cultures that were exposed to [5-3H]deoxyuridine ([5-3H]dUrd) and
c in murine L1210 and human HeLa cell cultures.

Urd (20 mM) Urd (500 mM) Uracil (500 mM)

3.5 � 0.2 2.0 � 0.2 1.0 � 0.3
18 � 3 5.7 � 2.0 5.8 � 0.9
66 � 0.0 18 � 3 18 � 3
1.3 � 0.1 0.62 � 0.02 0.47 � 0.17

0.026 � 0.001 0.72 � 0.01 0.0075 � 0.0003
.0051 � 0.0008 0.0023 � 0.0006 0.00063 � 0.00012

0.62 � 0.13 5.3 � 2.2 8.0 � 0.9
1.4 � 0.9 8.0 � 1.4 18 � 4
12 � 12 79 � 51 58 � 4

0.18 � 0.06 1.1 � 0.4 1.0 � 0.8
0.022 � 0.007 1.6 � 0.4 0.016 � 0.000
0.021 � 0.003 0.061 � 0.069 0.11 � 0.04

a are the mean (�S.D.) of at least 2 to 3 independent experiments.



Table 3
Inhibitory activity of compounds 9c, 10c and 13c and 5-FU against incorporation of
radiolabeled precursors of DNA and RNA synthesis in murine leukemia L1210 cells.

Compound IC50
a (mM)

[methyl-3H]dThd [6-3H]dUrd [5-3H]Urd

Without preincubation
9c 349 � 82 3.1 � 0.1 63 � 31
10c >500 37 � 9 >100
13c >500 85 � 22 >100
5-FU >500 0.97 � 0.61 51 � 33

Upon 24 h preincubation
9c 294 � 15 2.5 � 0.6 16 � 5
10c >500 7.9 � 1.0 84 � 6
13c >500 18 � 2 282 � 15
5-FU >500 0.37 � 0.05 4.9 � 1.3

a 50% Inhibitory concentration, or compound concentration required to inhibit
incorporation of radiolabel into DNA or RNA by 50%.

Scheme 3. In situ determination of TS activity by measurement of the tritium release
from [5-3H]dUrd or [5-3H]dCyd added to the tumor cell cultures. dCK: 20-Deoxy-
cytidine kinase, dCyd-D: 20-deoxycytidine deaminase, dCMP-D: 20-deoxycytidylate
deaminase, 50Nu: 50-nucleotidase, DNA pol: DNA polymerase, TK: thymidine kinase.
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[5-3H]deoxycytidine ([5-3H]dCyd) (Scheme 3) [48]. Indeed, after
[5-3H]dUrd or [5-3H]dCyd have been converted to [5-3H]dUMP, the
C-5 tritium atom on the pyrimidine base is released during the TS-
catalyzed reductive methylation of the C-5 of the uracil ring
(Scheme 3). The ability of 9c, 10c and 13c, 5-FU and 5-FdUrd to
inhibit tritium release from [5-3H]dUrd and [5-3H]dCyd was
therefore evaluated in L1210 cell cultures at a variety of compound
concentrations. 5-FdUrd proved to be a potent inhibitor of TS in situ.
Its IC50’s for tritium release from [5-3H]dUrd and [5-3H]dCyd ranked
between 0.0004 and 0.0007 mM, irrespective of the time period of
preincubation of the cells with 5-FdUrd (Table 4). The inhibitory
activities of 5-FU and 9c, 10c and 13c were much less pronounced
than 5-FdUrd, especially after only 15 min preincubation of the
Table 4
Inhibitory activity of 9c, 10c and 13c, 5-FU and 5-FdUrd against tritium release from [5-3

Compound [3H]release (IC50a) from

[5-3H]dUrd

Upon preincubation of L1210 cells with drug for following time p

15 min 4 h 24 h

9c 8.1 � 2.8 0.83 � 0.085 0.063 � 0.0
10c >10 8.7 � 1.9 0.43 � 0.1
13c �10 3.6 � 5.6 0.57 � 0.4
5-FU 7.0 � 1.7 0.22 � 0.18 0.020 � 0.0
5-FdUrd 0.0006 � 0.0001 0.0004 � 0.0003 0.0004 � 0.0

a 50% Inhibitory concentration, or compound concentration required to inhibit tritium
drugs. However, a longer preincubation time of the cells (for 4 h and,
even more, for 24 h) with 5-FU and the 5-fluorouracil derivatives
before measuring TS activity in the intact cells revealed a much
more pronounced inhibitory activity of the drugs against TS in situ.
Taken all data together, our observations indicate that 5-FU and 9c,
10c and 13c indeed need several metabolic conversion steps before
reaching TS as the target enzyme for inhibition, and support the
view that 9c,10c and 13cmost likely act as prodrugs of 5-FU to exert
their eventual cytostatic activity (Scheme 3).

The first predominant activation step for 5-FU to exert its cyto-
static activity is catalyzed by orotic acid phosphoribosyltransferase
(OPRT) converting it to 5-FUMP. This enzyme is selectively inhibited
by K-oxonate [49]. Interestingly, when 5-FU and 9c are combined
with the K-oxonate inhibitor at 200, 100 and 50 mM in L1210 cell
cultures, the cytostatic activity of both 5-FU and 13c are markedly
decreased (>90%). Instead, the cytostatic activity of 5-FdUrd (that
does not need metabolic activation by OPRT) is unaffected by the
addition of K-oxonate (data not shown). These findings are strongly
suggestive for the obligatory release of 5-FU from 9c to eventually
display a pronounced cytostatic activity, and therefore point to 9c
acting as a prodrug of 5-FU. Finally, if 9c would act as a direct
inhibitor of TS, it would be expected that the 5-(trifluoromethyl)
uracil derivative 9e would also similarly act as a direct TS inhibitor
and shows a similar cytostatic profile as 9c. However, 9e is equally
andmoderatelycytostatic against all four cell lines (IC50: 23e46mM).
This points to the release of 5-(trifluoromethyl)uracil, a base that is
virtually inactive as a cytostatic agent.

The effect of the test compounds on TS was less pronounced in
HeLa cell cultures than in L1210 cell cultures (esp. for 9c,10c and 13c,
5-FU and 5-FUrd) since co-administration of dThd with the
compounds resulted in amuch lesser degree of cytostatic reversal in
HeLa than in L1210 cell cultures (Table 2). These observations are in
agreement with our findings that addition of uracil and uridine had
a more pronounced effect on the cytostatic activity of the com-
pounds in HeLa cell than in L1210 cell cultures. Thus, the contribu-
tion of TS inhibition (and thus inhibition of DNA synthesis) in the
eventual cytostatic activity of the compounds may be less pron-
ounced, while the inhibitory effect of the compounds on uridine
metabolism (and thus inhibition of RNA synthesis) may be more
pronounced in HeLa cell cultures than in L1210 cell cultures. Indeed,
addition of uracil or uridine markedly decreased the cytostatic
activity of 13c (5- to 10-fold) and 5-FdUrd (6- to 11-fold) in HeLa
cells, a phenomenon not being observed in L1210 cells (Table 2).

Compounds 9c, 10c and 13c have also been examined for their
potential to act as substrate of purified recombinant human
thymidine phosphorylase (TP) [50] and uridine phosphorylase type
1 (UP-1) [51] (which may release 5-FU from the prodrug). UP-1
represents an isoform of uridine phosphorylase (UP), that is more
widely distributed and more abundantly expressed than UP-2 [51].
UP-1 plays an important role in the activation of 5-FU and
its prodrug capecitabine. The prodrugs were found not to be
H]dUrd and [5-3H]dCyd in L1210 cell cultures.

[5-3H]dCyd

eriod:

15 min 4 h 24 h

03 >10 0.95 � 0.007 0.071 � 0.001
8 >10 9.3 � 1.1 2.2 � 2.0
3 8.2 � 0.35 5.5 � 4.7 5.4 � 1.8
13 �10 0.60 � 0.035 0.06 � 0.016

0.0006 � 0.0001 0.0007 � 0.0004 0.0007 � 0.0001

release from [5-3H]dUrd or [5-3H]dCyd by 50%.
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substrates for these enzymes under conditions where dThd (for TP)
and Urd (for UP) were very efficiently converted to thymine or
uracil, respectively (data not shown). Moreover, the cytostatic
activity of the 5-FU prodrugs was not decreased in the presence of
benzyl acyclic uridine (BAU), a potent inhibitor of UP. Also, the
cytostatic activity of 9c (and 5-FU) in L1210 cell cultures was not
influenced by superinfection of the tumor cell cultures by Myco-
plasma hyorhinis that induce pronounced levels of TP [52]. In
contrast, 50-deoxy-5-fluorouridine (50-dFUrd), a prodrug of 5-FU
that obligatorily needs TP activity to release 5-FU, is poorly cyto-
static against L1210 cells, but becomes highly cytostatic in the
presence of theMycoplasma-infected tumor cells (data not shown).
Therefore, TP and UP-1 are clearly not the enzymes responsible for
efficient release of 5-FU from the 5-FU analogs. Other enzymes
should be investigated for their potential to recognize the 5-FU
analogs as a substrate for hydrolysis. Additional studies on 9c, 10c
and 13c are currently ongoing to further reveal their (anti)-meta-
bolic properties. It also remains to be determined whether the 5-FU
analogues have a superior pharmacokinetic profile as compared to
the free parent compound, and thus have a potential advantage
over 5-FU in terms of clinical application.

3. Conclusion

In conclusion, the synthesis of unsaturated keto and exo-
methylene arabinopyranonucleoside analogues bearing thymine,
uracil, 5-fluorouracil, N4-benzoyl cytosine and 5-(trifluoromethyl)
uracil was undertaken. The target unsaturated ketonucleoside 9
and their exomethylene 10 and 13 intermediates were found not to
inhibit the replication of a broad variety of viruses. However, the
5-fluorouracil derivatives showed an interesting cytostatic poten-
tial in various cell culture assays. Antimetabolic experiments
revealed that TS is the principal target for the cytostatic activity of
9c, 10c and 13c, which may act as novel type of prodrugs of 5-FU.

4. Experimental

4.1. General procedure

Melting points were recorded in a Mel-Temp apparatus and are
uncorrected. Thin-layer chromatography (TLC) was performed on
Merck precoated 60F254 plates. Reactions were monitored by TLC
on silica gel, with detection by UV light (254 nm) or by charring
with sulfuric acid. Flash chromatography was performed using
silica gel (240e400mesh, Merck). 1H NMR spectrawere recorded at
room temperature with a Bruker 400 MHz spectrometer using
chloroform-d (CDCl3) and methanol-d4 (CD3OD). Chemical shifts
are reported in parts per million (d) downfield from tetrame-
thylsilane (TMS) as internal standard. Mass spectra were obtained
with a Micromass Platform LC (ESI-MS). Optical rotations were
measured using Autopol I polarimeter.

All reactions were carried out in dry solvents. CH2Cl2 and 1,2-
EtCl2 were distilled from phosphorous pentoxide and stored over
4E molecular sieves. Acetonitrile, toluene (Tol) and N,N-dime-
thylformamide (DMF) were distilled from calcium hydride and
stored over 3E molecular sieves. THF was freshly distilled under
nitrogen from sodium/benzophenone before use and pyridine
stored over pellets of potassium hydroxide.

4.2. Synthesis of 1-(2,3,4-tri-O-acetyl-a-D-arabinopyranosyl)
nucleosides 2(aee)

4.2.1. 1-(2,3,4-Tri-O-acetyl-a-D-arabinopyranosyl)thymine (2a)
A mixture of thymine (2.77 g, 21.99 mmol), hexamethyldisila-

zane (HMDS) (5.75 mL, 27.27 mmol) and saccharin (185.29 mg,
1.01 mmol) in dry 1,2-EtCl2 (65 mL) was refluxed for 30 min under
nitrogen. To this were added 1,2,3,4-tetra-O-acetyl-D-arabinopyr-
anose (1) (5.0 g, 15.71 mmol) and SnCl4 (2.6 mL, 21.99 mmol). The
reaction mixture was refluxed for 3 h, neutralized with saturated
sodium bicarbonate and then extracted with CH2Cl2. The organic
extract was dried over anhydrous sodium sulfate, filtered and
evaporated to dryness. The residue was purified by flash chroma-
tography (EtOAc/hexane, 6:4) to give compound 2a (4.53 g, 75%,
Rf ¼ 0.38) as a white solid, m.p. 122e124 �C. [a]D22 �12.0 (c 0.500,
CHCl3); UV (CHCl3): lmax 262 nm (e 6557); 1H NMR (CDCl3): d 8.25
(br s, 1H, NH), 7.19 (s, 1H, H-6), 5.72 (d, 1H, J10,20 ¼ 9.3 Hz, H-10),
5.40e5.33 (m, 2H, H-20, H-40), 5.20 (dd, 1H, J20 ,30 ¼ 10.1 Hz,
J30 ,40 ¼ 3.5 Hz, H-30), 4.10 (dd, 1H, J40 ,5b0 ¼ 3.9 Hz, J5a0 ,5b0 ¼ 13.5 Hz, H-
5b0), 3.87 (d,1H, H-5a0), 2.22, 2.02, 2.01 (3s, 9H, 3OAc), 1.97 (s, 3H, 5-
CH3); ESI-MS (m/z) 385.34 [M þ Hþ]; Anal. Calcd for C16H20N2O9: C
50.00, H 5.25, N 7.29. Found: C 50.11, H 5.49, N 7.51.

4.2.2. 1-(2,3,4-Tri-O-acetyl-a-D-arabinopyranosyl)uracil (2b)
A mixture of uracil (2.46 g, 21.99 mmol), HMDS (5.75 mL,

27.26 mmol) and saccharin (185.29 mg, 1.01 mmol) in dry CH3CN
(68 mL) was refluxed for 30min under nitrogen. To this were added
1,2,3,4-tetra-O-acetyl-D-arabinopyranose (1) (5.0 g, 15.71 mmol)
and SnCl4 (2.6 mL, 21.99 mmol). The reaction mixture was refluxed
for 2 h, neutralized with saturated sodium bicarbonate and then
extracted with CH2Cl2. The organic extract was dried over anhy-
drous sodium sulfate, filtered and evaporated to dryness. The
residue was purified by flash chromatography (EtOAc/hexane, 7:3)
to give compound 2b (4.42 g, 76%, Rf ¼ 0.42) as a white foam. [a]D22

�24.0 (c 0.500, CHCl3); UV (CHCl3): lmax 256 nm (e 7632); 1H NMR
(CDCl3): d 8.29 (br s, 1H, NH), 7.40 (d, 1H, J5,6 ¼ 8.2 Hz, H-6), 5.82
(dd, 1H, J10,5 ¼ 1.3 Hz, H-5), 5.73 (d, 1H, J10,20 ¼ 9.2 Hz, H-10), 5.40 (m,
1H, J40 ,5b0 ¼ 2.0 Hz, H-40), 5.33 (m, 1H, H-20), 5.20 (dd, 1H,
J30 ,40 ¼ 3.4 Hz, H-30), 4.11 (dd, 1H, J5a0 ,5b0 ¼ 13.5 Hz, H-5b0), 3.86 (d,
1H, H-5a0), 2.20, 2.03, 2.02 (3s, 9H, 3OAc); ESI-MS (m/z) 371.33
[M þ Hþ]; Anal. Calcd for C15H18N2O9: C 48.65, H 4.90, N 7.56.
Found: C 49.04, H 5.24, N 7.41.

4.2.3. 1-(2,3,4-Tri-O-acetyl-a-D-arabinopyranosyl)5-fluorouracil
(2c)

A mixture of 5-fluorouracil (2.54 g, 19.55 mmol), HMDS
(5.75mL, 27.26mmol) and saccharin (164.73 mg, 0.90 mmol) in dry
CH3CN (80 mL) was refluxed for 30 min under nitrogen. To this
were added 1,2,3,4-tetra-O-acetyl-D-arabinopyranose (1) (4.8 g,
15.04 mmol) and Me3SiOSO2CF3 (3.8 mL, 21.06 mmol). The reaction
mixture was refluxed for 2 h, neutralized with saturated sodium
bicarbonate and then extracted with CH2Cl2. The organic extract
was dried over anhydrous sodium sulfate, filtered and evaporated
to dryness. The residue was purified by flash chromatography
(EtOAc/hexane, 6:4) to give compound 2c (5.0 g, 85%, Rf ¼ 0.44) as
awhite foam. [a]D22�24.0 (c 0.500, CHCl3); UV (CHCl3): lmax 263 nm
(e 7878); 1H NMR (CDCl3): d 8.99 (br s, 1H, NH), 7.48 (d, 1H,
JF5,6 ¼ 5.6 Hz, H-6), 5.75 (d, 1H, J10,20 ¼ 8.5 Hz, H-10), 5.45e5.23 (m,
3H, H-20, H-30, H-40), 4.13, 3.91 (q, AB-system, 2H, J¼ 13.3 Hz, H-50),
2.24, 2.05, 2.04 (3s, 9H, 3OAc); ESI-MS (m/z) 389.32 [M þ Hþ]; Anal.
Calcd for C15H17FN2O9: C 46.40, H 4.41, N 7.21. Found: C 46.14,
H 4.64, N 7.49.

4.2.4. 1-(2,3,4-Tri-O-acetyl-a-D-arabinopyranosyl)-N4-benzoyl
cytosine (2d)

A mixture of N4-benzoyl cytosine (4.40 g, 20.42 mmol), HMDS
(5.34mL, 25.32mmol) and saccharin (172.09mg, 0.94 mmol) in dry
CH3CN (80 mL) was refluxed for 30 min under nitrogen. To this
were added 1,2,3,4-tetra-O-acetyl-D-arabinopyranose (1) (5.0 g,
15.71 mmol) and Me3SiOSO2CF3 (4.0 mL, 21.99 mmol). The reaction
mixture was refluxed for 1 h, neutralized with saturated sodium
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bicarbonate and then extracted with CH2Cl2. The organic extract
was dried over anhydrous sodium sulfate, filtered and evaporated
to dryness. The residue was purified by flash chromatography
(EtOAc/hexane, 7:3) to give compound 2d (5.8 g, 78%, Rf ¼ 0.32) as
a white solid, m.p. 159e161 �C. [a]D22 �22.0 (c 0.500, CHCl3); UV
(CHCl3): lmax 262 nm (e 17413); 1H NMR (CDCl3): d 7.62 (d, 1H,
J5,6 ¼ 7.3 Hz, H-6), 7.90e7.50 (m, 6H, Bz and H-5), 6.01 (d, 1H,
J10,20 ¼ 8.9 Hz, H-10), 5.43 (m, 1H, J40 ,5b0 ¼ 1.9 Hz, H-40), 5.35 (m, 1H,
H-20), 5.24 (dd, 1H, J20 ,30 ¼ 10.1 Hz, J30 ,40 ¼ 3.4 Hz, H-30), 4.15 (dd, 1H,
J5a0 ,5b0 ¼ 13.2 Hz, H-5b0), 3.90 (d, 1H, H-5a0), 2.22, 2.03, 2.00 (3s, 9H,
3OAc); ESI-MS (m/z) 474.44 [MþHþ]; Anal. Calcd for C22H23N3O9: C
55.81, H 4.90 N 8.88. Found: C 55.44, H 4.64, N 8.61.

4.2.5. 1-(2,3,4-Tri-O-acetyl-a-D-arabinopyranosyl)5-(trifluoromethyl)
uracil (2e)

Amixture of 5-(trifluoromethyl)uracil (0.99 g, 5.5 mmol), HMDS
(1.45 mL, 6.82 mmol) and saccharin (46.3 mg, 0.25 mmol) in dry
CH3CN (21 mL) was refluxed for 30 min under nitrogen. To this
were added 1,2,3,4-tetra-O-acetyl-D-arabinopyranose (1) (1.6 g,
5.0 mmol) and Me3SiOSO2CF3 (1.26 mL, 7.0 mmol). The reaction
mixture was refluxed for 1 h, neutralized with saturated sodium
bicarbonate and then extracted with CH2Cl2. The organic extract
was dried over anhydrous sodium sulfate, filtered and evaporated
to dryness. The residue was purified by flash chromatography
(EtOAc/hexane, 4:6) to give compound 2e (1.93 g, 88%, Rf ¼ 0.3) as
a white foam. [a]D22 �12.0 (c 0.500, CHCl3); UV (CHCl3): lmax 260 nm
(e 6689); 1H NMR (CDCl3): d 8.32 (br s, 1H, NH), 7.86 (s, 1H, H-6),
5.73 (d, 1H, J10,20 ¼ 8.9 Hz, H-10), 5.43e5.21 (m, 3H, H-20, H-30, H-40),
4.17e3.86 (m, 2H, H-50), 2.19, 2.14, 2.10 (3s, 9H, 3OAc); ESI-MS (m/z)
439.31 [M þ Hþ]; Anal. Calcd for C16H17F3N2O9: C 43.84, H 3.91, N
6.39. Found: C 43.92, H 3.98, N 6.42.

4.3. Synthesis of 1-(a-D-arabinopyranosyl)nucleosides 3(aee)

4.3.1. 1-(a-D-Arabinopyranosyl)thymine (3a)
Compound 2a (4.53 g, 11.78 mmol) was treated with ammonia/

MeOH (saturated at 0 �C, 0.66 L). The solutionwas stirred overnight
at room temperature and then was concentrated under reduced
pressure to give compound 3a (2.95 g, 97%, Rf ¼ 0.30 in EtOAc/
MeOH, 8:2) as a white solid, m.p. 249e251 �C. [a]D22 �18.0 (c 0.570,
MeOH); UV (MeOH): lmax 262 nm (e 7201); ESI-MS (m/z) 259.25
[M þ Hþ]; Anal. Calcd for C10H14N2O6: C 46.51, H 5.46, N 10.85.
Found: C 46.83, H 5.32, N 10.46.

4.3.2. 1-(a-D-Arabinopyranosyl)uracil (3b), 5-fluorouracil (3c), 5-
(trifluoromethyl)uracil (3e)

Uracil, 5-fluorouracil and 5-(trifluoromethyl)uracil derivatives
3b, 3c and 3e were synthesized by similar procedure as described
for 3a.

3b:(2.86 g, 98%, Rf ¼ 0.39 in EtOAc/MeOH, 8:2). [a]D22 �12.0 (c
0.500, MeOH); UV (MeOH): lmax 258 nm (e 6869); ESI-MS (m/z)
245.22 [M þ Hþ]; Anal. Calcd for C9H12N2O6: C 44.27, H 4.95, N
11.47. Found: C 44.56, H 5.12, N 11.78.

3c: (3.1 g, 92%, Rf ¼ 0.44 in EtOAc/MeOH, 8:2), m.p. 257e259 �C.
[a]D22 �48.0 (c 0.500, MeOH); UV (MeOH): lmax 266 nm (e 7158);
ESI-MS (m/z) 263.17 [M þ Hþ]; Anal. Calcd for C9H11FN2O6: C 41.23,
H 4.23, N 10.68. Found: C 41.62, H 4.09, N 10.71.

3e: (1.3 g, 97%, Rf ¼ 0.14 in EtOAc). [a]D22 �34.0 (c 0.605, MeOH);
UV (MeOH): lmax 260 nm (e 6156); ESI-MS (m/z) 313.21 [M þ Hþ];
Anal. Calcd for C10H11F3N2O6: C 38.47, H 3.55, N 8.97. Found: C 38.57,
H 3.71, N 8.86.

4.3.3. 1-(a-D-Arabinopyranosyl)-N4-benzoyl cytosine (3d)
N4-Benzoyl cytosine derivative 2d (5.8 g, 12.25 mmol) was dis-

solved in ethanol-pyridine (122.5 mL þ 36.7 mL), 2M NaOH
(12.2 mL) was added and the mixture stirred for 11 min at room
temperature. Amberlite IR-120 (Hþ) was added to neutralize the
base. The suspension was filtered, the resin was washed with EtOH
and pyridine (100 mL þ 100 mL) and the filtrate was evaporated.
The solid residue was triturated with diethyl ether (2 � 30 mL) and
CH2Cl2 (2 � 30 mL) and filtered. 3d was obtained (3.36 g, 79%,
Rf ¼ 0.4 in EtOAc/MeOH, 8:2) as a white foam, and it was used
without further purification. [a]D22 �12.0 (c 0.500, MeOH); UV
(MeOH): lmax 261 nm (e 15313); ESI-MS (m/z) 348.33 [M þ Hþ];
Anal. Calcd for C16H17N3O6: C 55.33, H 4.93, N 12.10. Found: C 55.56,
H 5.02, N 12.47.

4.4. Synthesis of 1-(3,4-O-isopropylidene-a-D-arabinopyranosyl)
nucleosides 4(aee)

4.4.1. 1-(3,4-O-Isopropylidene-a-D-arabinopyranosyl)thymine (4a)
To a stirred suspension of 3a (2.95 g, 11.43 mmol) in anhydrous

acetone (197 mL) and 2,2-dimethoxypropane (10 mL) was added
p-toluenesulfonic acid monohydrate (0.37 g, 1.94 mmol). After 6 h
the resulting solution was neutralized with triethylamine so that
pH did not exceed 7. The solutionwas concentrated and the residue
was purified by flash chromatography (EtOAc) to give 4a (2.86 g,
84%, Rf ¼ 0.39) as a white foam. [a]D22 �48.0 (c 0.500, MeOH); UV
(MeOH): lmax 262 nm (e 11760); 1H NMR (CDCl3): d 7.26 (s, 1H, H-6),
5.51 (d,1H, J10,20 ¼ 8.8 Hz, H-10), 4.37e4.28 (m, 3H, H-30, H-40, H-5a0),
4.02 (dd, 1H, J40 ,5b0 ¼ 1.7 Hz, J5a0 ,5b0 ¼ 13.9 Hz, H-5b0), 3.77 (dd, 1H,
J20 ,30 ¼ 8.5 Hz, H-20), 1.89 (s, 3H, 5-CH3),1.62,1.42 (2s, 6H, 2CH3); ESI-
MS (m/z) 299.29 [M þ Hþ]; Anal. Calcd for C13H18N2O6: C 52.34, H
6.08, N 9.39. Found: C 52.65, H 5.97, N 9.63.

4.4.2. 1-(3,4-O-Isopropylidene-a-D-arabinopyranosyl)uracil (4b),
5-fluorouracil (4c), N4-benzoyl cytosine (4d), 5-(trifluoromethyl)
uracil (4e)

Uracil, 5-fluorouracil, N4-benzoyl cytosine and 5-(trifluorom-
ethyl)uracil derivatives 4b, 4c, 4d and 4e were synthesized by
similar procedure as described for 4a.

4b: (2.76 g, 83%, Rf ¼ 0.46 in EtOAc). [a]D22 6.0 (c 0.485, MeOH);
UV (MeOH): lmax 259 nm (e 6836); 1H NMR (CD3OD): d 7.61 (d, 1H,
J5,6 ¼ 8.1 Hz, H-6), 5.72 (d, 1H, H-5), 5.37 (d, 1H, J10,20 ¼ 9.5 Hz, H-10),
4.24e4.28 (m, 2H, H-40, H-5a0), 4.16 (t, 1H, J30 ,40 ¼ 6.0 Hz, H-30), 3.99
(dd, 1H, J40 ,5b0 ¼ 2.3 Hz, J5a0 ,5b0 ¼ 13.6 Hz, H-5b0), 3.76 (dd, 1H,
J20 ,30 ¼ 7.3 Hz, H-20), 1.54, 1.36 (2s, 6H, 2CH3); ESI-MS (m/z) 285.25
[M þ Hþ]; Anal. Calcd for C12H16N2O6: C 50.70, H 5.67, N 9.85.
Found: C 50.85, H 5.80, N 9.98.

4c: (2.81 g, 79%, Rf ¼ 0.6 in EtOAc), m.p. 183e185 �C. [a]D22 �60.0
(c 0.500, MeOH); UV (MeOH): lmax 266 nm (e 4650); 1H NMR
(CD3OD): d 7.83 (d, 1H, JF5,6 ¼ 6.5 Hz, H-6), 5.38 (dd, 1H,
J10,20 ¼ 9.3 Hz, J10,F5 ¼ 1.5 Hz, H-10), 4.30e4.16 (m, 3H, H-30, H-40,
H-5a0), 4.01 (dd, 1H, J40 ,5b0 ¼ 2.5 Hz, J5a0 ,5b0 ¼ 13.6 Hz, H-5b0), 3.76
(dd, 1H, J20 ,30 ¼ 7.0 Hz, H-20), 1.56, 1.37 (2s, 6H, 2CH3); ESI-MS (m/z)
303.27 [M þ Hþ]; Anal. Calcd for C12H15FN2O6: C 47.68, H 5.00, N
9.27. Found: C 47.81, H 4.79, N 9.46.

4d: (3.15 g, 84%, Rf¼ 0.58 in EtOAc/MeOH, 9:1), m.p. 211e213 �C.
[a]D22 �22.0 (c 0.317, MeOH); UV (MeOH): lmax 262 nm (e 8737); 1H
NMR (CD3OD): d 8.12 (d, 1H, J5,6 ¼ 7.4 Hz, H-6), 7.99e7.52 (m, 6H, Bz
and H-5), 5.62 (d, 1H, J10,20 ¼ 8.9 Hz, H-10), 4.34e4.22 (m, 3H, H-30,
H-40, H-5a0), 4.08 (dd, 1H, J40 ,5b0 ¼ 2.4 Hz, J5a0 ,5b0 ¼ 13.6 Hz, H-5b0),
3.86 (dd, 1H, J20 ,30 ¼ 8.8 Hz, H-20), 1.57, 1.38 (2s, 6H, 2CH3); ESI-MS
(m/z) 388.36 [M þ Hþ]; Anal. Calcd for C19H21N3O6: C 58.91, H 5.46,
N 10.85. Found: C 58.75, H 5.70, N 10.78.

4e: (1.17 g, 78%, Rf ¼ 0.3 in EtOAc/hexane, 8:2), m.p. 105e107 �C.
[a]D22 �36.0 (c 0.500, MeOH); UV (MeOH): lmax 259 nm (e 8070); 1H
NMR (CD3OD): d 9.79 (br s, 1H, NH), 7.96 (s, 1H, H-6), 5.56 (d, 1H,
J10,20 ¼ 7.5 Hz, H-10), 4.36e4.28 (m, 3H, H-30, H-40, H-5a0), 4.04 (dd,
1H, J40 ,5b0 ¼ 2.5 Hz, J5a0 ,5b0 ¼ 13.6 Hz, H-5b0), 3.80 (t, 1H, J20 ,30 ¼ 6.5 Hz,
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H-20), 1.58, 1.40 (2s, 6H, 2CH3); ESI-MS (m/z) 353.25 [Mþ Hþ]; Anal.
Calcd for C13H15F3N2O6: C 44.32, H 4.29, N 7.95. Found: C 44.51, H
4.31, N 7.98.

4.5. Synthesis of 1-(2-O-acetyl-3,4-O-isopropylidene-a-D-
arabinopyranosyl)nucleosides 5(aee)

4.5.1. 1-(2-O-Acetyl-3,4-O-isopropylidene-a-D-arabinopyranosyl)
thymine (5a)

Compound 4a (1.66 g, 5.56 mmol) was dissolved in a mixture of
pyridine (4.6 mL) and Ac2O (2.5 mL). The reactionwas carried out at
room temperature for 2 h, then was quenched with MeOH at 0 �C
and concentrated. The residue was purified by flash chromatog-
raphy (EtOAc/hexane, 9:1) to give 5a (1.78 g, 94%, Rf ¼ 0.50) as
a white solid, m.p. 227e229 �C. [a]D22 �52.0 (c 0.500, CHCl3); UV
(CHCl3): lmax 262 nm (e 8160); 1H NMR (CDCl3): d 8.40 (br s, 1H,
NH), 7.23 (s, 1H, H-6), 5.55 (d, 1H, J10,20 ¼ 9.3 Hz, H-10), 5.12 (dd, 1H,
J20 ,30 ¼ 7.0 Hz, H-20), 4.41e4.28 (m, 3H, H-30, H-40, H-5a0), 3.97 (dd,
1H, J40 ,5b0 ¼ 2.3 Hz, J5a0 ,5b0 ¼ 13.8 Hz, H-5b0), 2.05 (s, 3H, OAc), 1.94 (s,
3H, 5-CH3), 1.62, 1.40 (2s, 6H, 2CH3); ESI-MS (m/z) 341.34 [Mþ Hþ];
Anal. Calcd for C15H20N2O7: C 52.94, H 5.92, N 8.23. Found: C 53.10,
H 5.78, N 8.52.

4.5.2. 1-(2-O-Acetyl-3,4-O-isopropylidene-a-D-arabinopyranosyl)
uracil (5b), 5-fluorouracil (5c), 5-(trifluoromethyl)uracil (5e)

Uracil, 5-fluorouracil and 5-(trifluoromethyl)uracil derivatives
5b, 5c and 5e were synthesized by similar procedure as described
for 5a.

5b: (1.53 g, 89%, Rf ¼ 0.67 in EtOAc), m.p. 232e234 �C. [a]D22

�10.0 (c 0.205, CHCl3); UV (CHCl3): lmax 257 nm (e 5838); 1H NMR
(CDCl3): d 8.52 (br s, 1H, NH), 7.44 (d, 1H, J5,6 ¼ 8.2 Hz, H-6), 5.78 (d,
1H, H-5), 5.56 (d, 1H, J10,20 ¼ 9.4 Hz, H-10), 5.11 (dd, 1H, J20 ,30 ¼ 6.8 Hz,
H-20), 4.40 (d, 1H, J5a0 ,5b0 ¼ 13.7 Hz, H-5a0), 4.32 (m, 2H, H-30, H-40),
3.98 (dd, 1H, J40 ,5b0 ¼ 2.1 Hz, H-5b0), 2.06 (s, 3H, OAc), 1.60, 1.39 (2s,
6H, 2CH3); ESI-MS (m/z) 327.32 [M þ Hþ]; Anal. Calcd for
C14H18N2O7: C 51.53, H 5.56, N 8.59. Found: C 51.79, H 5.38, N 8.82.

5c: (1.6 g, 93%, Rf ¼ 0.66 in EtOAc/hexane, 9:1), m.p. 210e212 �C.
[a]D22 �56.0 (c 0.505, CHCl3); UV (CHCl3): lmax 265 nm (e 8074); 1H
NMR (CDCl3): d 8.56 (br s, 1H, NH), 7.54 (d, 1H, JF5,6 ¼ 5.9 Hz, H-6),
5.55 (dd, 1H, J10,20 ¼ 8.8 Hz, J10,F5 ¼ 1.4 Hz, H-10), 5.03 (dd, 1H,
J20 ,30 ¼ 6.8 Hz, H-20), 4.40e4.28 (m, 3H, H-30, H-40, H-5a0), 3.97 (dd,
1H, J40 ,5b0 ¼ 2.3 Hz, J5a0 ,5b0 ¼ 13.8 Hz, H-5b0), 2.07 (s, 3H, OAc), 1.59,
1.39 (2s, 6H, 2CH3); ESI-MS (m/z) 345.31 [M þ Hþ]; Anal. Calcd for
C14H17FN2O7: C 48.84, H 4.98, N 8.14. Found: C 48.70, H 5.09, N 8.45.

5e: (1.21 g, 93%, Rf ¼ 0.3 in EtOAc/hexane, 4:6). [a]D22 �28.0 (c
0.389, CHCl3); UV (CHCl3): lmax 265 nm (e 8163); 1H NMR (CDCl3):
d 8.56 (br s, 1H, NH), 8.05 (s, 1H, H-6), 5.64 (d, 1H, J10,20 ¼ 7.7 Hz, H-
10), 5.06 (m, 1H, J20 ,30 ¼ 6.6 Hz, H-20), 4.43e4.32 (m, 3H, H-30, H-40,
H-5a0), 3.97 (dd, 1H, J40 ,5b0 ¼ 2.31 Hz, J5a0 ,5b0 ¼ 13.6 Hz, H-5b0), 2.10 (s,
3H, OAc), 1.61, 1.42 (2s, 6H, 2CH3); ESI-MS (m/z) 395.29 [M þ Hþ];
Anal. Calcd for C15H17F3N2O7: C 45.69, H 4.35, N 7.10. Found: C 45.81,
H 4.49, N 7.41.

4.5.3. 1-(2-O-Acetyl-3,4-O-isopropylidene-a-D-arabinopyranosyl)-
N4-benzoyl cytosine (5d)

Compound 4d (1.57 g, 4.06 mmol) was dissolved in a mixture of
pyridine (24.1 mL) and Ac2O (0.36mL). The reactionwas carried out
at 4 �C overnight, then was quenched with MeOH at 0 �C and
concentrated. It was purified by flash chromatography (EtOAc/
hexane, 8:2) (1.45 g, 83%, Rf ¼ 0.53 in EtOAc/MeOH, 9.5:0.5) and 5d
was obtained as awhite solid, m.p.133e135 �C. [a]D22�42.0 (c 0.500,
CHCl3); UV (CHCl3): lmax 261 nm (e 18443); 1H NMR (CDCl3): d 7.65
(d, 1H, J5,6 ¼ 7.3 Hz, H-6), 7.98e7.54 (m, 6H, Bz and H-5), 5.83 (d, 1H,
J10,20 ¼ 8.7 Hz, H-10), 5.15e5.12 (m,1H, J20 ,30 ¼ 7.4 Hz, H-20), 4.43e4.34
(m, 3H, H-30, H-40, H-5a0), 4.04 (dd, 1H, J40 ,5b0 ¼ 1.3 Hz,
J5a0 ,5b0 ¼ 13.7 Hz, H-5b0), 2.07 (s, 3H, OAc), 1.63, 1.43 (2s, 6H, 2CH3);
ESI-MS (m/z) 430.41 [M þ Hþ]; Anal. Calcd for C21H23N3O7: C 58.74,
H 5.40, N 9.79. Found: C 58.89, H 5.38, N 9.85.

4.6. Synthesis of 1-(2-O-acetyl-a-D-arabinopyranosyl)nucleosides
6(aee)

4.6.1. 1-(2-O-Acetyl-a-D-arabinopyranosyl)thymine (6a)
Compound 5a (1.78 g, 5.23 mmol) was dissolved in a mixture of

CH2Cl2 (17.8 mL) and formic acid (17.8 mL, 90%). The solution was
stirred for 3 h at room temperature and then was concentrated
under reduced pressure. The residue was purified by flash chro-
matography (EtOAc) to give 6a (1.41 g, 90%, Rf ¼ 0.12) as a white
solid, m.p. 232e234 �C. [a]D22 �38.0 (c 0.500, MeOH); UV (MeOH):
lmax 262 nm (e 14420); 1H NMR (CD3OD): d 7.67 (br s, 1H, NH), 5.59
(d,1H, J10,20 ¼ 9.2 Hz, H-10), 5.23 (t, 1H, J20 ,30 ¼ 9.4 Hz, H-20), 4.03, 3.82
(q, AB-system, 2H, J¼ 12.6 Hz, H-50), 3.97 (m,1H, H-40), 3.90 (dd,1H,
J30 ,40 ¼ 3.0 Hz, H-30), 2.02 (s, 3H, OAc),1.90 (s, 3H, 5-CH3); ESI-MS (m/
z) 301.24 [M þ Hþ]; Anal. Calcd for C12H16N2O7: C 48.00, H 5.37, N
9.33. Found: C 47.72, H 5.77, N 9.64.

4.6.2. 1-(2-O-Acetyl-a-D-arabinopyranosyl)uracil (6b), 5-fluorouracil
(6c), N4-benzoyl cytosine (6d), 5-(trifluoromethyl)uracil (6e)

Uracil, 5-fluorouracil, N4-benzoyl cytosine and 5-(tri-
fluoromethyl)uracil derivatives 6b, 6c, 6d and 6e were synthesized
by similar procedure as described for 6a.

6b: (1.13 g, 84%, Rf ¼ 0.14 in EtOAc), m.p. 115e117 �C. [a]D22 �40.0
(c 0.500, MeOH); UV (MeOH): lmax 259 nm (e 6471); 1H NMR
(CD3OD): d 7.76 (d, 1H, J5,6 ¼ 8.1 Hz, H-6), 5.70 (d, 1H, H-5), 5.57 (d,
1H, J10,20 ¼ 9.3 Hz, H-10), 5.18 (t, 1H, J20 ,30 ¼ 9.3 Hz, H-20), 4.61 (dd, 1H,
J40 ,5b0 ¼ 1.9 Hz, J5a0 ,5b0 ¼ 12.7 Hz, H-5b0), 3.93 (m, 1H, H-40), 3.86 (dd,
1H, J30 ,40 ¼ 3.3 Hz, H-30), 3.79 (d,1H, H-5a0), 1.99 (s, 3H, OAc); ESI-MS
(m/z) 287.25 [M þ Hþ]; Anal. Calcd for C11H14N2O7: C 46.16, H 4.93,
N 9.79. Found: C 46.32, H 4.75, N 9.83.

6c: (1.26 g, 89%, Rf¼ 0.28 in EtOAc). [a]D22�52.0 (c 0.505, MeOH);
UV (MeOH): lmax 264 nm (e 8416); 1H NMR (CD3OD): d 8.05 (d, 1H,
JF5,6 ¼ 6.3 Hz, H-6), 5.60 (d, 1H, J10,20 ¼ 8.8 Hz, H-10), 5.15 (t, 1H,
J20 ,30 ¼ 8.8 Hz, H-20), 4.04, 3.84 (q, AB-system, 2H, J ¼ 12.5 Hz, H-50),
3.96 (m, 1H, H-40), 3.91 (dd, 1H, J30 ,40 ¼ 2.6 Hz, H-30), 2.03 (s, 3H,
OAc); ESI-MS (m/z) 305.21 [Mþ Hþ]; Anal. Calcd for C11H13FN2O7: C
43.43, H 4.31, N 9.21. Found: C 43.51, H 4.66, N 9.43.

6d: (1.04 g, 79%, Rf ¼ 0.15 in EtOAc/MeOH, 9.5:0.5), m.p.
213e215 �C. [a]D22 �50.0 (c 0.500, MeOH); UV (MeOH): lmax 263 nm
(e 11313); 1H NMR (CD3OD): d 8.25 (d, 1H, J5,6 ¼ 7.5 Hz, H-6),
7.98e7.51 (m, 6H, Bz and H-5), 5.80 (d, 1H, J10,20 ¼ 9.2 Hz, H-10), 5.21
(t, 1H, J20 ,30 ¼ 9.2 Hz, H-20), 4.06 (dd, 1H, J40 ,5b0 ¼ 1.8 Hz,
J5a0 ,5b0 ¼ 12.7 Hz, H-5b0), 3.97 (m, 1H, H-40), 3.92 (dd, 1H,
J30 ,40 ¼ 3.3 Hz, H-30), 3.86 (d, 1H, H-5a0), 1.96 (s, 3H, OAc); ESI-MS (m/
z) 390.38 [M þ Hþ]; Anal. Calcd for C18H19N3O7: C 55.53, H 4.92, N
10.79. Found: C 55.32, H 4.75, N 10.83.

6e: (1.0 g, 95%, Rf ¼ 0.28 in EtOAc). [a]D22 �28.0 (c 0.483, MeOH);
UV (MeOH): lmax 260 nm (e 7913); 1H NMR (CD3OD): d 8.37 (s, 1H,
H-6), 5.57 (d,1H, J10,20 ¼ 9.3 Hz, H-10), 5.06 (t,1H, J20 ,30 ¼ 9.4 Hz, H-20),
3.99e3.75 (m, 4H, H-50, H-40, H-30), 1.94 (s, 3H, OAc); ESI-MS (m/z)
355.26 [M þ Hþ]; Anal. Calcd for C12H13F3N2O7: C 40.69, H 3.70, N
7.91. Found: C 40.82, H 3.78, N 7.99.

4.7. Synthesis of 1-(2-O-acetyl-3,4-dideoxy-a-D-glycero-pent-3-
enopyranosyl)nucleosides 7(aee)

4.7.1. 1-(2-O-Acetyl-3,4-dideoxy-a-D-glycero-pent-3-
enopyranosyl)thymine (7a)

Imidazole (0.67 g, 9.88 mmol), Ph3P (5.18 g, 19.77 mmol) and
iodoform (3.89 g, 9.88 mmol) were added to the suspension of 6a
(1.41 g, 4.71 mmol) in 40 mL of dry Tol/DMF (4:1). The reaction
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mixture was heated (120 �C, oil bath) under nitrogen for 1.5 h,
concentrated in vacuum and the residue diluted with EtOAc,
washedwith saturated sodium bicarbonate, sodium thiosulfate and
water. The organic extract was dried over anhydrous sodium
sulfate, filtered and evaporated to dryness. The residuewas purified
by flash chromatography (EtOAc/hexane, 6:4) yielded 7a (0.81 g,
65%, Rf ¼ 0.68 in EtOAc), as a colorless oil. [a]D22 4.0 (c 0.500, CHCl3);
UV (CHCl3): lmax 264 nm (e 8684); 1H NMR (CDCl3): d 8.44 (br s, 1H,
NH), 7.19 (s, 1H, H-6), 6.00e5.97 (m, 1H, J30 ,40 ¼ 10.3 Hz, H-30),
5.79e5.75 (m, 2H, J40 ,5b0 ¼ 2.4 Hz, H-10, H-40), 5.51 (m, 1H,
J20 ,30 ¼ 7.9 Hz, H-20), 4.48e4.37 (m, 2H, J5a0 ,5b0 ¼ 17.0 Hz, H-5a0,
H-5b0), 2.05 (s, 3H, OAc), 1.94 (s, 3H, 5-CH3); ESI-MS (m/z) 267.26
[M þ Hþ]; Anal. Calcd for C12H14N2O5: C 54.13, H 5.30, N 10.52.
Found: C 54.35, H 5.41, N 10.68.

4.7.2. 1-(2-O-Acetyl-3,4-dideoxy-a-D-glycero-pent-3-enopyranosyl)
uracil (7b), 5-fluorouracil (7c), N4-benzoyl cytosine (7d), 5-
(trifluoromethyl)uracil (7e)

Uracil, 5-fluorouracil, N4-benzoyl cytosine and 5-(trifluorom-
ethyl)uracil derivatives 7b, 7c, 7d and 7e were synthesized by
similar procedure as described for 7a.

7b: (0.66 g, 66%, Rf ¼ 0.68 in EtOAc). [a]D22 �4.0 (c 0.500, CHCl3);
UV (CHCl3): lmax 258 nm (e 7583); 1H NMR (CDCl3): d 8.41 (br s, 1H,
NH), 7.38 (d, 1H, J5,6 ¼ 8.2 Hz, H-6), 5.99 (m, 1H, H-10), 5.78 (m, 3H,
H-20, H-30, H-40), 5.50 (d, 1H, H-5), 4.48e4.37 (m, 2H, H-5a0, H-5b0),
2.06 (s, 3H, OAc); ESI-MS (m/z) 253.21 [M þ Hþ]; Anal. Calcd for
C11H12N2O5: C 52.38, H 4.80, N 11.11. Found: C 52.51, H 5.02, N 11.48.

7c: (0.65 g, 56%, Rf ¼ 0.8 in EtOAc). [a]D22 �10.0 (c 0.460, CHCl3);
UV (CHCl3): lmax 266 nm (e 7726); 1H NMR (CDCl3): d 8.71 (br s, 1H,
NH), 7.46 (d, 1H, JF5,6 ¼ 5.6 Hz, H-6), 6.02 (d, 1H, J20 ,30 ¼ 9.9 Hz, H-30),
5.77 (m, 2H, H-10, H-40), 5.47 (d,1H, J10,20 ¼ 6.8 Hz, H-20), 4.51, 4.42 (q,
AB-system, 2H, J ¼ 17.0 Hz, H-50), 2.09 (s, 3H, OAc); ESI-MS (m/z)
271.22 [M þ Hþ]; Anal. Calcd for C11H11FN2O5: C 48.89, H 4.10, N
10.37. Found: C 48.72, H 4.43, N 10.44.

7d: (0.58 g, 61%, Rf ¼ 0.73 in EtOAc/MeOH, 9.5:0.5). [a]D22 �12.0
(c 0.300, CHCl3); UV (CHCl3): lmax 262 nm (e 28770); 1H NMR
(CDCl3): d 7.82 (d,1H, J5,6¼ 7.4 Hz, H-6), 7.92e7.49 (m, 6H, Bz and H-
5), 6.06e5.99 (m, 2H, H-10, H-30), 5.78 (dd, 1H, J30 ,40 ¼ 10.1 Hz,
J40 ,5b0 ¼ 1.8 Hz, H-40), 5.55e5.51 (m, 1H, H-20), 4.52e4.41 (m, 2H,
J5a0 ,5b0 ¼ 17.3 Hz, H-5a0, H-5b0), 2.05 (s, 3H, OAc); ESI-MS (m/z)
356.32 [M þ Hþ]; Anal. Calcd for C18H17N3O5: C 60.84, H 4.82, N
11.83. Found: C 60.51, H 4.42, N 11.48.

7e: (0.603 g, 65%, Rf ¼ 0.28 in EtOAc/hexane, 3:7). [a]D22 �16.0 (c
0.633, CHCl3); UV (CHCl3): lmax 258 nm (e 8627); 1H NMR (CDCl3):
d 8.25 (br s, 1H, NH), 7.79 (s, 1H, H-6), 5.98e5.92 (m, 1H, H-30),
5.72e5.68 (m, 2H, H-10, H-40), 5.40e5.35 (m, 1H, H-20), 4.47e4.31
(m, 2H, H-50), 1.99 (s, 3H, OAc); ESI-MS (m/z) 321.24 [Mþ Hþ]; Anal.
Calcd for C12H11F3N2O5: C 45.01, H 3.46, N 8.75. Found: C 45.17, H
3.52, N 8.84.
4.8. Synthesis of 1-(3,4-dideoxy-a-D-glycero-pent-3-enopyranosyl)
nucleosides 8(aee)

4.8.1. 1-(3,4-Dideoxy-a-D-glycero-pent-3-enopyranosyl)thymine
(8a)

Compound 7a (0.81 g, 3.06 mmol) was treated with ammonia/
MeOH (saturated at 0 �C,184mL). The solutionwas stirred for 3 h at
room temperature and then was concentrated under reduced
pressure. Purification by flash chromatography (EtOAc) yielded 8a
(0.50 g, 73%, Rf ¼ 0.37) as a white foam. [a]D22 22.0 (c 0.500, CHCl3);
UV (CHCl3): lmax 260 nm (e 7769); 1H NMR (CD3OD): d 7.76 (br s,1H,
NH), 7.53 (s, 1H, H-6), 5.92e5.81 (m, 2H, J30 ,40 ¼ 10.3 Hz,
J40 ,5b0 ¼ 3.0 Hz, H-30, H-40), 5.52 (d, 1H, J10,20 ¼ 8.2 Hz, H-10),
4.44e4.29 (m, 3H, J5a0 ,5b0 ¼ 17.5 Hz, H-20, H-5a0, H-5b0),1.91 (s, 3H, 5-
CH3); ESI-MS: (m/z) 225.23 [Mþ Hþ]; Anal. Calcd for C10H12N2O4: C
53.57, H 5.39, N 12.49. Found: C 53.42, H 5.47, N 12.58.

4.8.2. 1-(3,4-Dideoxy-a-D-glycero-pent-3-enopyranosyl)uracil
(8b), 5-fluorouracil (8c), 5-(trifluoromethyl)uracil (8e)

Uracil, 5-fluorouracil and 5-(trifluoromethyl)uracil derivatives
8b, 8c and 8e were synthesized by similar procedure as described
for 8a.

8b: (0.40 g, 74%, Rf ¼ 0.23 in EtOAc). [a]D22 4.0 (c 0.454, MeOH);
UV (MeOH): lmax 260 nm (e 3985); 1H NMR (CDCl3): d 7.66 (d, 1H,
J5,6 ¼ 8.1 Hz, H-6), 5.89e5.87 (m, 1H, J30 ,40 ¼ 10.2 Hz, H-30),
5.81e5.79 (m,1H, J40 ,5b0 ¼ 3.8 Hz, H-40), 5.72 (d,1H, H-5), 5.50 (d,1H,
J10,20 ¼ 8.1 Hz, H-10), 4.40e4.36 (m, 2H, H-20, H-5a0), 4.32e4.28 (m,
1H, H-5b0); ESI-MS: (m/z) 211.17 [M þ Hþ]; Anal. Calcd for
C9H10N2O4: C 51.43, H 4.80, N 13.33. Found: C 51.52, H 4.67, N 13.57.

8c: (0.40 g, 75%, Rf ¼ 0.55 in EtOAc), m.p. 222e224 �C. [a]D22 18.0
(c 0.500, MeOH); UV (MeOH): lmax 269 nm (e 6732); 1H NMR
(CDCl3): d 7.93 (d, 1H, JF5,6 ¼ 6.5 Hz, H-6), 5.91 (dd, 1H,
J30 ,40 ¼ 10.9 Hz, J40 ,5b0 ¼ 1.9 Hz, H-40), 5.81 (m, 1H, H-30), 5.52 (d, 1H,
J10,20 ¼ 7.9 Hz, H-10), 4.45e4.33 (m, 3H, H-20, H-5a0, H-5b0); ESI-MS:
(m/z) 229.16 [MþHþ]; Anal. Calcd for C9H9FN2O4: C 47.37, H 3.98, N
12.28. Found: C 47.59, H 4.08, N 12.57.

8e: (0.489 g, 95%, Rf ¼ 0.25 in EtOAc/hexane, 1:1), m.p.
119e121 �C. [a]D22 �2.0 (c 0.500, CHCl3); UV (CHCl3): lmax 260 nm (e
9787); 1H NMR (CDCl3): d 9.31 (br s, 1H, NH), 7.85 (s, 1H, H-6), 5.89
(m, 2H, H-40, H-30), 5.63 (d, 1H, J10,20 ¼ 7.9 Hz, H-10), 4.52e4.26 (m,
3H, H-20, H-5a0, H-5b0); ESI-MS: (m/z) 279.20 [M þ Hþ]; Anal. Calcd
for C10H9F3N2O4: C 43.18, H 3.26, N 10.07. Found: C 43.51, H 3.34, N
10.26.

4.8.3. 1-(3,4-Dideoxy-a-D-glycero-pent-3-enopyranosyl)-N4-
benzoyl cytosine (8d)

N4-benzoyl cytosine derivative 8d was synthesized from 7d by
similar procedure as described for 3d. (0.33 g, 66%, Rf ¼ 0.36 in
CH2Cl2/MeOH, 9.5:0.5), m.p. 108e110 �C. [a]D22 �44.0 (c 0.500,
MeOH); UV (MeOH): lmax 262 nm (e 19310); 1H NMR (CDCl3): d 7.91
(d, 1H, J5,6 ¼ 7.6 Hz, H-6), 7.97e7.50 (m, 6H, Bz and H-5), 5.93e5.85
(m, 2H, H-30, H-40), 5.75 (d, 1H, J10,20 ¼ 7.6 Hz, H-10), 4.52e4.38 (m,
2H, H-5a0, H-5b0), 4.31e4.28 (m, 1H, H-20); ESI-MS: (m/z) 314.28
[M þ Hþ]; Anal. Calcd for C16H15N3O4: C 61.34, H 4.83, N 13.41.
Found: C 61.56, H 4.67, N 13.57.

4.9. Synthesis of 1-(3,4-dideoxy-a-pent-3-enopyranosyl-2-ulose)
nucleosides 9(aee)

4.9.1. 1-(3,4-Dideoxy-a-pent-3-enopyranosyl-2-ulose)thymine (9a)
Amixture of 8a (0.50 g, 2.24 mmol), PDC (1.01 g, 2.69mmol) and

Ac2O (0.63mL, 6.72mmol) was stirred in dry CH2Cl2 (38mL) for 3 h,
under nitrogen at room temperature. Purification by flash chroma-
tography (EtOAc/hexane, 8:2) yielded pure 9a (0.40 g, 80%, Rf¼ 0.53
in EtOAc) as awhite solidm.p.186e188 �C. [a]D22 6.0 (c 0.500, CHCl3);
UV (CHCl3): lmax 260 nm (e 9409); 1H NMR (CDCl3): d 8.67 (br s, 1H,
NH), 7.23e7.19 (m,1H, J30 ,40 ¼10.3Hz, J40 ,5b0 ¼2.1Hz,H-40), 6.93 (s,1H,
H-6), 6.36e6.32 (m,1H, H-30), 6.18 (br s,1H, H-10), 4.78e4.63 (m, 2H,
J5a0 ,5b0 ¼ 18.9 Hz, H-5a0, H-5b0), 1.93 (s, 3H, 5-CH3); 13C NMR (CDCl3):
d 13.27, 63.12, 96.39, 112.30, 130.21, 139.01, 151.21, 154.32, 160.92,
198.39; ESI-MS (m/z) 223.18 [MþHþ]; Anal. Calcd for C10H10N2O4: C
54.05, H 4.54, N 12.61. Found: C 54.22, H 4.38, N 12.71.

4.9.2. 1-(3,4-Dideoxy-a-pent-3-enopyranosyl-2-ulose)uracil (9b),
5-fluorouracil (9c), N4-benzoyl cytosine (9d), 5-(trifluoromethyl)
uracil (9e)

Uracil, 5-fluorouracil, N4-benzoyl cytosine and 5-(trifluorom-
ethyl)uracil derivatives 9b, 9c, 9d and 9e were synthesized by
similar procedure as described for 9a.
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9b: (0.31 g, 78%, Rf ¼ 0.46 in EtOAc). [a]D22 �2.0 (c 0.500, CHCl3);
UV (CHCl3): lmax 254 nm (e 8902); 1H NMR (CDCl3): d 8.30 (br s, 1H,
NH), 7.23e7.18 (m, 1H, J30 ,40 ¼ 10.5 Hz, J40 ,5b0 ¼ 2.3 Hz, H-40), 7.08 (d,
1H, J5,6¼ 8.1 Hz H-6), 6.36e6.31 (m,1H, H-30), 6.16 (s, 1H, H-10), 5.76
(d, 1H, H-5), 4.80e4.61 (m, 2H, H-5a0, H-5b0); 13C NMR (CDCl3):
d 63.11, 93.56, 104.01, 127.93, 143.09, 148.10, 151.01, 161.99, 198.02;
ESI-MS (m/z) 209.19 [M þ Hþ]; Anal. Calcd for C9H8N2O4: C 51.93, H
3.87, N 13.46. Found: C 52.24, H 3.68, N 13.61.

9c: (0.34 g, 84%, Rf ¼ 0.37 in EtOAc/hexane, 7:3), m.p.
182e184 �C. [a]D22 �8.0 (c 0.385, CHCl3); UV (CHCl3): lmax 266 nm
(e 5501); 1H NMR (CDCl3): d 8.66 (br s, 1H, NH), 7.24e7.22 (m, 1H,
J30 ,40 ¼ 10.2 Hz, J40 ,5b0 ¼ 1.4 Hz, H-40), 7.18 (d, 1H, JF5,6 ¼ 5.5 Hz, H-6),
6.36 (d, 1H, H-30), 6.20 (s, 1H, H-10), 4.81e4.67 (m, 2H,
J5a0 ,5b0 ¼ 18.8 Hz, H-5a0, H-5b0); 13C NMR (CDCl3): d 62.91, 96.11,
130.12, 130.97, 142.77, 151.52, 152.73, 163.77, 197.96; ESI-MS (m/z)
227.17 [MþHþ]; Anal. Calcd for C9H7FN2O4: C 47.80, H 3.12, N 12.39.
Found: C 47.46, H 3.43, N 12.22.

9d: (0.21 g, 63%, Rf ¼ 0.68 in CH2Cl2/MeOH, 9.5:0.5). [a]D22 �12.0
(c 0.500, CHCl3); UV (CHCl3): lmax 262 nm (e 24840); 1H NMR
(CDCl3): d 7.62 (d,1H, J5,6¼ 7.1 Hz, H-6), 7.94e7.44 (m, 6H, Bz and H-
5), 7.20 (d, 1H, J30 ,40 ¼ 10.6 Hz, H-40), 6.37e6.34 (m, 2H, H-10, H-30),
4.81e4.66 (m, 2H, H-5a0, H-5b0); 13C NMR (CDCl3): d 61.72, 62.97,
96.97, 109.37, 128.36, 129.92, 130.18, 132.11, 132.27, 133.98, 151.71,
152.17, 174.16, 198.31; ESI-MS (m/z) 312.31 [MþHþ]; Anal. Calcd for
C16H13N3O4: C 61.73, H 4.21, N 13.50. Found: C 61.44, H 4.28, N 13.71.

9e: (0.289 g, 58%, Rf ¼ 0.32 in CH2Cl2/MeOH, 9.8:0.2), m.p.
189e191 �C. [a]D22 �4.0 (c 0.350, CHCl3); UV (CHCl3): lmax 260 nm
(e 9981); 1H NMR (CDCl3): d 8.58 (br s, 1H, NH), 7.57 (s, 1H, H-6),
7.24e7.19 (m,1H, J30 ,40 ¼ 10.2 Hz, H-40), 6.36 (d, 1H, H-30), 6.19 (s, 1H,
H-10), 4.82e4.65 (m, 2H, J5a0 ,5b0 ¼ 19.0 Hz, H-5a0, H-5b0); 13C NMR
(CDCl3): d 66.06, 104.5, 110.23, 126.63, 127.24, 142.41, 148.85, 149.0,
165.76, 192.67; ESI-MS (m/z) 277.18 [M þ Hþ]; Anal. Calcd for
C10H7F3N2O4: C 43.49, H 2.55, N 10.14. Found: C 43.62, H 2.71, N
10.33.

4.10. Synthesis of 1-(2,3,4-trideoxy-2-methylene-a-pent-3-
enopyranosyl)nucleosides 10(aed, f)

4.10.1. 1-(2,3,4-Trideoxy-2-methylene-a-pent-3-enopyranosyl)
thymine (10a)

To a stirred suspension of Ph3PCH3Br (2.11 g, 5.91 mmol) and
t-amyl alcohol (0.71 mL, 6.45 mmol) in dry THF (18.5 mL) was
added NaH (0.25 g, 60% in oil, 10.32 mmol) at 0 �C under nitrogen
and the reaction mixture was stirred for 2 h at ambient tempera-
ture. To this yellow phosphorous ylide was added a solution of 9a
(0.40 g, 1.79 mmol) in dry THF (1.1 mL) dropwise, at 0 �C under
nitrogen. After the mixture was stirred for 30 min at ambient
temperature, the reaction mixture was quenched with saturated
sodium bicarbonate and extracted with EtOAc. The organic layer
was washed with water, dried with sodium sulfate and evaporated.
The residue was purified by flash chromatography (EtOAc/hexane,
9:1) to give 10a (0.24 g, 60%, Rf¼ 0.64), as awhite foam. [a]D22 12.0 (c
0.500, CHCl3); UV (CHCl3): lmax 263 nm (e 8478); 1H NMR (CDCl3):
d 8.74 (br s, 1H, NH), 7.09 (s, 1H, H-6), 6.46 (s, 1H, H-10), 6.42 (d, 1H,
J30 ,40 ¼ 10.0 Hz, H-40), 6.03 (d, 1H, H-30), 5.17, 4.87 (br s, 2H, meth-
ylene), 4.51, 4.35 (q, AB-system, 2H, J ¼ 17.4 Hz, H-50) 1.94 (s, 3H, 5-
CH3); 13C NMR (CDCl3): d 13.24, 63.79, 92.36, 108.25, 112.23, 125.34,
138.92, 140.32, 154.11, 154.92, 161.33; ESI-MS (m/z) 221.21
[M þ Hþ]; Anal. Calcd for C11H12N2O3: C 59.99, H 5.49, N 12.72.
Found: C 59.82, H 5.68, N 12.93.

4.10.2. 1-(2,3,4-Trideoxy-2-methylene-a-pent-3-enopyranosyl)
uracil (10b), 5-fluorouracil (10c), N4-benzoyl cytosine (10d)

Uracil, 5-fluorouracil and N4-benzoyl cytosine 10b, 10c and 10d
were synthesized by similar procedure as described for 10a.
10b: (0.19 g, 62%, Rf ¼ 0.62 in EtOAc). [a]D22 �4.0 (c 0.550, CHCl3);
UV (CHCl3): lmax 258 nm (e 7559); 1H NMR (CDCl3): d 8.43 (br s, 1H,
NH), 7.17 (d, 1H, J5,6 ¼ 8.1 Hz, H-6), 6.38 (s, 1H, H-10), 6.33 (d, 1H,
J30 ,40 ¼ 10.1 Hz, H-40), 5.95 (d, 1H, H-30), 5.66 (d, 1H, H-5), 5.11, 4.81
(br s, 2H, methylene), 4.41, 4.24 (q, AB-system, 2H, J ¼ 17.6 Hz,
H-50); 13C NMR (CDCl3): d 65.57, 87.93, 103.27, 114.56, 125.36,
136.90,142.07,150.07,151.92,162.61; ESI-MS (m/z) 207.19 [MþHþ];
Anal. Calcd for C10H10N2O3: C 58.25, H 4.89, N 13.59. Found: C 58.03,
H 5.08, N 13.89.

10c: (0.19 g, 56%, Rf ¼ 0.76 in EtOAc/hexane, 9:1). [a]D22 �4.0 (c
0.100, CHCl3); UV (CHCl3): lmax 266 nm (e 4790); 1H NMR (CDCl3):
d 8.76 (br s, 1H, NH), 5.91 (d, 1H, JF5,6 ¼ 5.9 Hz, H-6), 6.43 (s, 1H,
H-10), 6.39 (m, 1H, H-40), 6.03 (d, 1H, J30 ,40 ¼ 9.4 Hz, H-30), 5.21, 4.91
(br s, 2H, methylene), 4.48, 4.32 (q, AB-system, 2H, J ¼ 17.7 Hz, H-
50); 13C NMR (CDCl3): d 64.52, 93.72, 108.98, 123.36, 130.14, 141.99,
143.76, 152.76, 153.01, 162.02; ESI-MS (m/z) 225.20 [M þ Hþ]; Anal.
Calcd for C10H9FN2O3: C 53.57, H 4.05, N 12.50. Found: C 53.88, H
4.28, N 12.71.

10d: (0.11 g, 53%, Rf ¼ 0.43 in EtOAc/hexane, 9:1). [a]D22 96.0 (c
0.250, CHCl3); UV (CHCl3): lmax 266 nm (e 3988); 1H NMR (CD3OD):
d7.92 (d,1H, J5,6¼7.2Hz,H-6), 7.69e7.45 (m, 6H, Bz andH-5), 6.66 (s,
1H, H-10), 6.43 (m, 1H, J30 ,40 ¼ 10.2 Hz, H-40), 6.03 (d, 1H, H-30), 5.17,
4.83 (br s, 2H, methylene), 4.50, 4.32 (q, AB-system, 2H, J ¼ 17.7 Hz,
H-50); 13C NMR (CD3OD): d 61.27, 63.08, 92.17, 111.16, 113.22, 127.72,
129.39, 130.01, 130.99, 132.16, 134.23, 142.15, 152.11, 153.77, 173.48;
ESI-MS (m/z) 310.33 [MþHþ]; Anal. Calcd for C17H15N3O3: C 66.01, H
4.89, N 13.58. Found: C 66.24, H 4.68, N 13.61.

4.10.3. 1-(2,3,4-Trideoxy-2-methylene-a-pent-3-enopyranosyl)
cytosine (10f)

Cytosine derivative 10fwas synthesized from 10d by the similar
procedure as described for 3a. It was purified by flash chromatog-
raphy (EtOAc/MeOH, 9:1) (0.44 g, 61%, Rf ¼ 0.11). [a]D22 2.0 (c 0.289,
MeOH); UV (MeOH): lmax 277 nm (e 1689); 1H NMR (CD3OD): d 7.53
(d, 1H, J5,6 ¼ 7.3 Hz, H-6), 7.29 (d, 1H, H-5), 6.44 (d, 1H,
J30 ,40 ¼ 10.3 Hz, H-40), 6.33 (s, 1H, H-10), 6.06 (d, 1H, H-30), 5.10, 4.67
(br s, 2H, methylene), 4.35, 4.18 (q, AB-system, 2H, J ¼ 17.7 Hz, H-
50); 13C NMR (CD3OD): d 63.71, 63.99, 93.18, 110.31, 112.74, 128.10,
130.31, 140.15, 152.32, 153.96; ESI-MS (m/z) 206.22 [M þ Hþ]; Anal.
Calcd for C10H11N3O2: C 58.53, H 5.40, N 20.48. Found: C 58.71, H
5.59, N 20.59.

4.11. Synthesis of 1-(3,4-O-isopropylidene-a-D-erythro-
pentopyranosyl-2-ulose)nucleosides 11(aed)

4.11.1. 1-(3,4-O-Isopropylidene-a-D-erythro-pentopyranosyl-2-
ulose)thymine (11a)

Amixture of 4a (1.20 g, 4.02 mmol), PDC (1.81 g, 4.82 mmol) and
Ac2O (1.14 mL, 12.06 mmol) was stirred in 67 mL of dry CH2Cl2 for
1h under nitrogen at room temperature and was concentrated in
vacuum. Purification by flash chromatography (EtOAc/hexane, 8:2)
yielded pure 11a (0.99 g, 83%, Rf ¼ 0.36 in EtOAc/hexane, 9:1) as
awhite foam. [a]D22�12.0 (c 0.500, CHCl3); UV (CHCl3): lmax 262 nm
(e 4948); 1H NMR (CDCl3): d 8.62 (br s, 1H, NH), 6.97 (s, 1H, H-6),
6.15 (s, 1H, H-10), 4.73e4.67 (m, 2H, J30 ,40 ¼ 5.5 Hz, H-30, H-40), 4.49
(d, 1H, J5a0 ,5b0 ¼ 13.6 Hz, H-5a0), 4.25 (dd, 1H, J40 ,5b0 ¼ 1.7 Hz, H-5b0),
1.94 (s, 3H, 5-CH3), 1.53, 1.45 (2s, 6H, 2CH3); ESI-MS (m/z) 297.26
[M þ Hþ]; Anal. Calcd for C13H16N2O6: C 52.70, H 5.44, N 9.46.
Found: C 52.92, H 5.78, N 9.61.

4.11.2. 1-(3,4-O-Isopropylidene-a-D-erythro-pentopyranosyl-2-
ulose)uracil (11b), 5-fluorouracil (11c), N4-benzoyl cytosine (11d)

Uracil, 5-fluorouracil and N4-benzoyl cytosine derivatives 11b,
11c and 11dwere synthesized by similar procedure as described for
11a.
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11b: (0.99 g, 79%, Rf¼ 0.42 in EtOAc). [a]D22�4.0 (c 0.298, CHCl3);
UV (CHCl3): lmax 257 nm (e 8850); 1H NMR (CDCl3): d 9.02 (br s, 1H,
NH), 7.15 (d, 1H, J5,6 ¼ 8.1 Hz, H-6), 6.16 (s, 1H, H-10), 5.79 (d, 1H, H-
5), 4.74 (d, 1H, J30 ,40 ¼ 5.6 Hz, H-30), 4.67 (d, 1H, H-40), 4.49 (d, 1H,
J5a0 ,5b0 ¼ 13.7 Hz, H-5a0), 4.26 (dd, 1H, J40 ,5b0 ¼ 1.0 Hz, H-5b0), 1.49,
1.44 (2s, 6H, 2CH3); ESI-MS (m/z) 283.22 [M þ Hþ]; Anal. Calcd for
C12H14N2O6: C 51.06, H 5.00, N 9.93. Found: C 51.38, H 5.11, N 9.68.

11c: (1.12 g, 85%, Rf ¼ 0.36 in EtOAc/hexane, 9:1), m.p.
146e148 �C. [a]D22 16.0 (c 0.500, CHCl3); UV (CHCl3): lmax 265 nm
(e 2354); 1H NMR (CDCl3): d 8.47 (s, 1H, H-6), 6.11 (s, 1H, H-10),
4.73e4.69 (m, 2H, J30 ,40 ¼ 5.6 Hz, H-30, H-40), 4.52 (d, 1H,
J5a0 ,5b0 ¼ 13.7 Hz, H-5a0), 4.26 (dd,1H, J40 ,5b0 ¼ 1.2 Hz, H-5b0), 1.53 and
1.46 (2s, 6H, 2CH3); ESI-MS (m/z) 301.25 [M þ Hþ]; Anal. Calcd for
C12H13FN2O6: C 48.00, H 4.36, N 9.33. Found: C 48.38, H 4.08, N 9.12.

11d: (1.3 g, 83%, Rf¼ 0.43 in EtOAc/MeOH, 9.5:0.5). [a]D22�36.0 (c
0.250, CHCl3); UV (CHCl3): lmax 261 nm (e 17661); 1H NMR (CDCl3):
d 7.97 (d, 1H, J5,6 ¼ 7.3 Hz, H-6), 7.72e7.50 (m, 6H, Bz and H-5), 6.40
(s, 1H, H-10), 4.88 (d, 1H, J30 ,40 ¼ 4.7 Hz, H-30), 4.70 (d, 1H, H-40), 4.51,
4.38 (q, AB-system, 2H, J ¼ 13.4 Hz, H-50), 1.47, 1.43 (2s, 6H, 2CH3);
ESI-MS (m/z) 386.39 [Mþ Hþ]; Anal. Calcd for C19H19N3O6: C 59.22,
H 4.97, N 10.90. Found: C 59.38, H 5.05, N 10.88.

4.12. Synthesis of 1-(2-deoxy-3,4-O-isopropylidene-2-methylene-
a-D-erythro-pentopyranosyl)nucleosides 12(aed)

4.12.1. 1-(2-Deoxy-3,4-O-isopropylidene-2-methylene-a-D-erythro-
pentopyranosyl)thymine (12a)

To a stirred suspension of Ph3PCH3Br (3.94 g, 11.02 mmol) and
t-amyl alcohol (1.32 mL,12.02mmol) in dry THF (34 mL) was added
NaH (0.46 g, 60% in oil, 19.23 mmol) at 0 �C under nitrogen and the
reaction mixturewas stirred for 2 h at ambient temperature. To this
yellow phosphorous ylide was added a solution of 11a (0.99 g,
3.34 mmol) in dry THF (5 mL) dropwise, at 0 �C under nitrogen.
After the mixture was stirred for 30 min at ambient temperature,
the reaction mixture was quenched with saturated sodium bicar-
bonate and extracted with EtOAc. The organic layer was washed
with water, dried with sodium sulfate and evaporated. The residue
was purified by flash chromatography (EtOAc/hexane, 1:1) to give
12a (0.57 g, 58%, Rf ¼ 0.3), as a white solid, m.p. 110e112 �C. [a]D22

�20.0 (c 0.500, CHCl3); UV (CHCl3): lmax 264 nm (e 9276); 1H NMR
(CDCl3): d 8.27 (br s, 1H, NH), 7.81 (s, 1H, H-6), 6.47 (s, 1H, H-10),
5.66, 5.50 (br s, 2H, methylene), 4.86 (d,1H, J30 ,40 ¼7.4 Hz, H-30), 4.35
(dd, 1H, J40 ,5b0 ¼ 1.7 Hz, H-40), 3.98 (d, 1H, J5a0 ,5b0 ¼ 13.5 Hz, H-5a0),
3.58 (dd, 1H, H-5b0), 1.92 (s, 3H, 5-CH3), 1.61, 1.44 (2s, 6H, 2CH3);
ESI-MS (m/z) 295.32 [M þ Hþ]; Anal. Calcd for C14H18N2O5: C 57.13,
H 6.16, N 9.52. Found: C 57.40, H 6.42, N 9.43.

4.12.2. 1-(2-Deoxy-3,4-O-isopropylidene-2-methylene-a-D-
erythro-pentopyranosyl)uracil (12b), 5-fluorouracil (12c), N4-
benzoyl cytosine (12d)

Uracil, 5-fluorouracil and N4-benzoyl cytosine derivatives 12b,
12c and 12dwere synthesized by similar procedure as described for
12a.

12b: (0.64 g, 65%, Rf ¼ 0.6 in EtOAc), m.p. 213e215 �C. [a]D22

�28.0 (c 0.600, CHCl3); UV (CHCl3): lmax 259 nm (e 5157); 1H NMR
(CDCl3): d 8.51 (br s, 1H, NH), 7.92 (d, 1H, J5,6 ¼ 8.2 Hz, H-6), 6.46 (s,
1H, H-10), 5.72 (d, 1H, H-5), 5.67, 5.49 (br s, 2H, methylene), 4.85 (d,
1H, J30 ,40 ¼ 7.3 Hz, H-30), 4.35 (dd, 1H, J40 ,5b0 ¼ 2.3 Hz, H-40), 3.97 (d,
1H, J5a0 ,5b0 ¼ 13.4 Hz, H-5a0), 3.58 (dd, 1H, H-5b0), 1.56, 1.42 (2s, 6H,
2CH3); ESI-MS (m/z) 281.29 [MþHþ]; Anal. Calcd for C13H16N2O5: C
55.71, H 5.75, N 9.99. Found: C 56.02, H 5.93, N 9.85.

12c: (0.65 g, 58%, Rf ¼ 0.71 in EtOAc/hexane, 9:1). [a]D22 �20.0 (c
0.500, CHCl3); UV (CHCl3): lmax 265 nm (e 8347); 1H NMR (CDCl3):
d 8.81 (br s, 1H, NH), 8.18 (d, 1H, JF5,6 ¼ 6.5 Hz, H-6), 6.49 (s, 1H, H-
10), 5.71, 5.58 (br s, 2H, methylene), 4.87 (d, 1H, J30 ,40 ¼ 7.4 Hz, H-30),
4.37 (dd, 1H, J40 ,5b0 ¼ 1.9 Hz, H-40), 3.98 (d, 1H, J5a0 ,5b0 ¼ 13.4 Hz,
H-5a0), 3.56 (dd, 1H, H-5b0), 1.64, 1.45 (2s, 6H, 2CH3); ESI-MS (m/z)
299.25 [M þ Hþ]; Anal. Calcd for C13H15FN2O5: C 52.35, H 5.07, N
9.39. Found: C 52.11, H 5.21, N 9.55.

12d: (0.63 g, 49%, Rf ¼ 0.42 in EtOAc). [a]D22 �34.0 (c 0.500,
CHCl3); UV (CHCl3): lmax 261 nm (e 21256); 1H NMR (CDCl3): d 7.92
(d, 1H, J5,6 ¼ 7.9 Hz, H-6), 7.91e7.63 (m, 6H, Bz and H-5), 6.67 (s, 1H,
H-10), 5.64, 5.58 (br s, 2H, methylene), 4.85 (d, 1H, J30 ,40 ¼ 7.2 Hz, H-
30), 4.37 (dd, 1H, J40 ,5b0 ¼ 2.3 Hz, H-40), 4.03 (d, 1H, J5a0 ,5b0 ¼ 13.4 Hz,
H-5a0), 3.66 (dd, 1H, H-5b0), 1.59, 1.43 (2s, 6H, 2CH3); ESI-MS (m/z)
384.41 [M þ Hþ]; Anal. Calcd for C20H21N3O5: C 62.65, H 5.52, N
10.96. Found: C 62.72, H 5.63, N 10.89.

4.13. Synthesis of 1-(2-deoxy-2-methylene-a-D-erythro-
pentopyranosyl)nucleosides 13(aec)

4.13.1. 1-(2-Deoxy-2-methylene-a-D-erythro-pentopyranosyl)
thymine (13a)

Compound 12a (0.57 g, 1.94mmol) was dissolved in a mixture of
CH2Cl2 (6.9 mL) and formic acid (6.9 mL, 90%). The solution was
stirred for 3h at room temperature and then was concentrated
under reduced pressure. The residue was purified by flash chro-
matography (EtOAc/hexane, 9:1) to give 13a (0.43 g, 87%, Rf ¼ 0.14)
as a white foam. [a]D22 �2.0 (c 0.500, MeOH); UV (MeOH): lmax
262 nm (e 8524); 1H NMR (CDCl3): d 7.69 (s, 1H, H-6), 6.16 (s, 1H, H-
10), 5.47, 4.83 (br s, 2H, methylene), 4.41 (m, 1H, H-40), 4.06e4.04
(m, 2H, J5a0 ,5b0 ¼ 12.5 Hz, H-5a0, H-5b0), 3.92 (d, 1H, J20 ,30 ¼ 5.1 Hz, H-
30), 1.91 (s, 3H, 5-CH3); 13C NMR (CDCl3): d 13.23, 65.78, 67.82, 76.38,
83.16, 112.11, 113.42, 139.43, 153.12, 154.01, 161.94; ESI-MS (m/z)
255.26 [M þ Hþ]; Anal. Calcd for C11H14N2O5: C 51.97, H 5.55, N
11.02. Found: C 52.23, H 5.76, N 10.88.

4.13.2. 1-(2-Deoxy-2-methylene-a-D-erythro-pentopyranosyl)
uracil (13b), 5-fluorouracil (13c)

Uracil and 5-fluorouracil derivatives 13b and 13c were synthe-
sized by similar procedure as described for 13a.

13b: (0.46g,85%,Rf¼0.15 inEtOAc/hexane,9:1). [a]D22�8.0 (c0.300,
MeOH); UV (MeOH): lmax 259 nm (e 8241); 1H NMR (CDCl3): d 7.75 (d,
1H, J5,6¼ 8.1Hz,H-6), 6.14 (s,1H,H-10), 5.73 (d,1H,H-5), 5.43, 4.81 (br s,
2H, methylene), 4.38 (m, 1H, H-40), 4.02 (dd, 1H, J40 ,5b0 ¼ 2.3 Hz,
J5a0 ,5b0 ¼12.6Hz,H-5b0),3.91 (d,1H,H-5a0),3.88(brs,1H,H-30); 13CNMR
(CDCl3): d 62.85, 70.29, 75.37, 86.22, 103.59, 117.29, 139.98, 151.27,
152.02, 162.90; ESI-MS (m/z) 241.22 [M þ Hþ]; Anal. Calcd for
C10H12N2O5: C 50.00, H 5.04, N 11.66. Found: C 50.36, H 5.22, N 11.43.

13c: (0.5 g, 89%, Rf ¼ 0.14 in EtOAc/hexane, 9:1), m.p.
182e184 �C. [a]D22 �8.0 (c 0.500, MeOH); UV (MeOH): lmax 265 nm
(e 1407); 1H NMR (CDCl3): d 8.04 (d, 1H, JF5,6 ¼ 6.7 Hz, H-6), 6.16 (s,
1H, H-10), 5.49, 4.92 (br s, 2H, methylene), 4.41 (m, 1H, H-40), 4.05
(dd, 1H, J40 ,5b0 ¼ 2.0 Hz, J5a0 ,5b0 ¼ 12.6 Hz, H-5b0), 3.95 (d, 1H, H-5a0),
3.91 (br s, 1H, H-30); 13C NMR (CDCl3): d 66.03, 67.98, 75.89, 84.02,
113.58, 132.93, 141.39, 153.12, 153.97, 160.07; ESI-MS (m/z) 259.22
[M þ Hþ]; Anal. Calcd for C10H11FN2O5: C 46.52, H 4.29, N 10.85.
Found: C 46.43, H 4.20, N 10.78.

4.14. Synthesis of 1-(2,3,4-trideoxy-2-methylene-a-pent-3-
enopyranosyl)nucleosides 10(aec)

4.14.1. 1-(2,3,4-Trideoxy-2-methylene-a-pent-3-enopyranosyl)
thymine (10a)

Ph3P (1.33 g, 5.07 mmol), iodine (0.64 g, 2.53 mmol), and imid-
azole (0.17 g, 2.53mmol)were added to the suspensionof13a (0.43g,
1.69 mmol) in 47 mL of dry Tol/DMF (4:1). The reaction mixture was
heated (80 �C,oilbath)undernitrogen for15minandconcentrated in
vacuum. The residue was purified by flash chromatography (EtOAc/
hexane, 9:1) yielded 10a (0.21 g, 57%), as a white foam.
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4.14.2. 1-(2,3,4-Trideoxy-2-methylene-a-pent-3-enopyranosyl)
uracil (10b), 5-fluorouracil (10c)

Uracil and 5-fluorouracil derivatives 10b and 10c were synthe-
sized by similar procedure as described for 10a.

10b: (0.21 g, 53%).
10c: (0.23 g, 53%).

4.15. Methods for measurement of biological activity

4.15.1. Cytostatic assays
Murine leukemia L1210, murine mammary carcinoma FM3A,

human T-lymphocyte CEM and human cervix carcinoma (HeLa)
cells were suspended at 300,000e500,000 cells/mL of culture
medium, and 100 mL of a cell suspension was added to 100 mL of an
appropriate dilution of the test compounds in wells of 96-well
microtiter plates. After incubation at 37 �C for two (L1210, FM3A) or
three (CEM, HeLa) days, the cell number was determined using
a Coulter counter. The IC50 was defined as the compound concen-
tration required to inhibit cell proliferation by 50%.

The cytostatic activity (IC50) of the 5-FU derivatives and 5-FU,
5-Furd and 5-FdUrd was also examined in the presence of 20 mM
dThd, 20 mM dUrd, 500 mM Urd and 500 mM uracil. The appropriate
fixed concentration of the natural nucleosides/nucleobase were
added to the serial concentrations of 9c, 10c and 13c and the
fluorinated control compounds before exposure to the tumor cells
(either L1210 or HeLa).

4.15.2. Antimetabolic assays
Compounds 9c, 10c and 13c and 5-FU were evaluated for their

capacity to inhibit the incorporation of [CH3-3H]dThd and [6-3H]
dUrd into DNA, or [5-3H]Urd into RNA. The assays were carried out
in 96-well microtiter plates. To each well were added 105 L1210
cells, 0.25 mCi of [methyl-3H]dThd, 1 mCi of [6-3H]dUrd or 0.25 mCi
[5-3H]Urd (all derived from Amersham, U.K.), and a given amount
of the test compound was added to each well. The cells were
allowed to proliferate for 20 h at 37 �C in a humidified, CO2-
controlled atmosphere. At the end of this incubation period, the
contents of the wells (200 mL) were transferred onto 25-mm glass
fiber filters (type A/E, Gelman Instrument Company, Ann Arbor,
Mich.), mounted on a Millipore 3025 sampling manifold apparatus.
The filters were washed twice with cold NaCl/Pi (phosphate buff-
ered saline), twice with cold 10% trichloroacetic acid, twice with
cold 5% trichloroacetic acid, once with cold ethanol, and once with
cold ether and assayed for radioactivity in the presence of a scin-
tillant (Optiphase ‘Hisafe’ 2, Perking Elmer, Waltham, MA).

The activity of TS in intact L1210 cells was measured by evalu-
ation of tritium release from [5-3H]dUMP (formed in the cells from
[5-3H]dUrd or [5-3H]dCyd) in the reaction catalyzed by TS. Cell
cultures (0.5 mL DMEM culture medium) were prepared containing
w5 � 106 L1210 cells and appropriate amounts of the test
compounds (9c, 10c and 13c, 5-FU and 5-FdUrd). After 15 min, 4 or
24 h preincubation at 37 �C, 1 mCi of [5-3H]dUrd (radiospecificity:
15.9 Ci/mmol) (Moravek Biochemicals, Brea, CA) or 1 mCi of [5-3H]
dCyd (radiospecificity: 22 Ci/mmol) (Moravek Biochemicals) was
added to the cell cultures. After 30min incubation,100 mL of the cell
suspensions were withdrawn and added to a cold suspension of
500 mL activated charcoal (VWR, Haasrode, Belgium) (100mg/mL in
TCA 5%). After 10 min, the suspension was centrifuged at
13,000 rpm for 10 min, after which the radioactivity in 400 mL
supernatant was counted in a liquid scintillator using OptiPhase
HiSafe (Perkin Elmer, Waldham, MA).

4.15.3. Thymidine and uridine phosphorylase assays
The conversion of dThd to thymine, Urd to uracil and potentially

9c, 10c and 13c to 5-FU by human recombinant TP [47] and uridine
phosphorylase type 1 [48] (kindly provided by Dr. T.P. Roosild, Las
Vegas, Nevada, USA) was measured by high pressure liquid chro-
matography (HPLC) analysis. To determine the conversion activity,
a high amount of recombinant enzyme was incubated with 100 mM
of dThd or 9c, 10c and 13c in TP-buffer (10 mM Tris.HCl, pH 7.6,
1 mM EDTA, 2 mM KH2PO4/K2HPO4 and 150 mMNaCl) or UP buffer
(same as TP-buffer, but 300 mM NaCl instead of 150 mM). At 20, 40
and 60 min, 100 mL aliquots of the reaction mixtures were with-
drawn and heated at 95 �C for 3 min to inactivate the enzyme. dThd
and Urd were separated from thymine and uracil and 9c, 10c and
13c were separated from 5-FU on a reverse-phase RP-8 column
(Merck, Darmstadt, Germany) and quantified by high pressure
liquid chromatography (HPLC) analysis (Alliance 2690, Waters,
Milford, MA). The separation was performed by a linear gradient
from 98% buffer B (50 mM NaH2PO4 and 5 mM heptane sulfonic
acid, pH 3.2), to 20% buffer B þ 80% acetonitrile (8 min 98% buffer
B þ 2% acetonitrile; 5 min linear gradient of 98% buffer B þ 2%
acetonitrile to 20% buffer B þ 80% acetonitrile; 10 min 20% buffer
B þ 80% acetonitrile, followed by equilibration at 98% buffer B þ 2%
acetonitrile). Retention times for thymine and dThd were respec-
tively 5.1 and 10.8 min, for uracil and Urd respectively 2.1 and
2.4 min and for 9c, 10c, 13c and 5-FU respectively, 8.4, 11.1, 6.8 and
2.4 min. UV/VIS-based detection was performed at 267 nm.

4.15.4. Antiviral assays
The antiviral assays [except anti-human immunodeficiency

virus (HIV) assays] were based on inhibition of virus-induced
cytopathicity in HEL [herpes simplex virus type 1 (HSV-1), HSV-2
(G), vaccinia virus and vesicular stomatitis virus], Vero (para-
influenza-3, reovirus-1, Sindbis, Coxsackie B4, and Punta Toro
virus), or HeLa (vesicular stomatitis virus, Coxsackie virus B4, and
respiratory syncytial virus) cell cultures. Confluent cell cultures in
microtiter 96-well plates were inoculated with 100 cell culture
inhibitory dose-50 (CCID50) of virus (1 CCID50 being the virus dose
to infect 50% of the cell cultures). After a 1 h virus adsorption
period, residual virus was removed, and the cell cultures were
incubated in the presence of varying concentrations (200, 40, 8, .
mM) of the test compounds. Viral cytopathicity was recorded as
soon as it reached completion in the control virus-infected cell
cultures that were not treated with the test compounds. The
methodology of the anti-HIV assays was as follows: human CEM
(w3 � 105 cells/cm3) cells were infected with 100 CCID50 of HIV-
1(IIIB) or HIV-2(ROD)/mL and seeded in 200 mL wells of a microtiter
plate containing appropriate dilutions of the test compounds. After
4 days of incubation at 37 �C, HIV-induced CEM giant cell formation
was examined microscopically.
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