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We studied the structure—activity relationships of a series of 2'-fluoro-2',3'-unsaturated
D-nucleosides against HIV-1 in human peripheral blood mononuclear (PBM) cells. The target
compounds 10—21 and 28—33 were prepared by N-glycosylation of the acetate 4, which was
readily prepared from 2,3-O-isopropylidene-p-glyceraldehyde in five steps. Among the newly
synthesized nucleosides, 2-amino-6-chloropurine (11), adenine (14), inosine (16), guanine (18),
2,6-diaminopurine (20), and 5-fluorocytosine (30) derivatives were found to exhibit interesting
anti-HIV activities with ECs values of 4.3, 0.44, 1.0, 2.6, 3.0, and 0.82 uM, respectively. The
implications for drug resistance of the titled nucleosides with respect to lamivudine-resistant
variants (M184V) were also examined, and no significant cross-resistance with the variants

was observed with the p-series.

Introduction

Nucleoside reverse transcriptase inhibitors (NRTIs)
continue to be the cornerstone of anti-HIV (human
immunodeficiency virus) therapy. Side effects of the
existing regimens, however, have been one of the
drawbacks.1™# Additionally, the efficacy of the NRTIs
has been compromised by the development of resistant
variants.5~7 Approaches to address these problems
include using drugs with different resistance profiles
and mechanisms, such as a combination therapy of 3TC,
AZT, and indinavir.8 Indeed, it has become increasingly
clear that in order to achieve the greatest benefit in
terms of reduction of viral load and delay of resistance,
a combination of multiple-drug regimens is required.®
Therefore, there is a need for new RT inhibitors with
high potency and different resistance profiles, thereby
providing a greater choice of drug combinations.

Since the discovery of 2',3'-dideoxy (ddN)- and 2',3'-
didehydro-2',3'-dideoxynucleosides (d4N), including 2',3'-
dideoxycytidine (ddC),1011 2',3'-dideoxyinosine (ddl),}1-16
2',3'-didehydro-3' deoxythymidine (d4T),1”18 and aba-
cavir'®2 as antiviral agents, a number of modified
dideoxynucleoside analogues have been synthesized and
identified as anti-HIV agents, such as L-2',3'-didehydro-
2',3'-dideoxycytidine (3-L-d4C), and its 5-fluoro congener
(B-L-Fd4C).2! It has also been found that the introduc-
tion of a fluorine atom into the 2'-position of nucleosides
in general, and of purine nucleosides in particular,
results in the stabilization of the glycosyl bond and
confers interesting biological activity as exemplified by
2'--fluoro-2',3'-dideoxyadenosine (F-ddA).22-24 So far,
there have been limited reports on the synthesis of
pyrimidine nucleosides possessing a 2'-fluorinated ene-
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type moiety (uracil, cytosine, and thymine deriva-
tives).2>727 However, relatively little effort has been
devoted to the synthesis of purine analogues with 2'-
fluorinated ene-type modification, presumably due to
the difficulty to access the corresponding purine nucleo-
sides. Recently, we have reported the synthesis and
anti-HIV and anti-HBV (hepatitis B virus) activities of
2'-fluoro-2',3'-unsaturated L-nucleosides. Of significance
was that -L-2'-F-d4C, -L-2'-F-d4FC, and f-L-2'-F-d4A
exhibited potent activities against HIV-1 and HBV.28
Encouraged by these promising biological results of
L-enantiomers, it was of interest to synthesize hitherto
unknown purine p-nucleosides for the study of the
structure—activity relationship. Herein, we report the
synthesis and anti-HIV activities as well as the activity
against a lamivudine-resistant mutant. It is critical to
discover antiviral agents that can demonstrate effective
antiviral activity against these resistant viruses (M184V
mutant) for combination chemotherapy since lamivu-
dine is currently widely used in the treatment of HIV
infection.

Results and Discussion

Chemistry. Following previously described method-
ologies,?8730 we have synthesized 2'-vinyl fluoride con-
taining p-nucleoside analogues (Scheme 1). 2,3-O-lIso-
propylidene-p-glyceraldehyde, prepared by oxidative
cleavage of 1,2:5,6-di-O-isopropylidene-b-mannitol, was
reacted with triethyl a-fluorophosphonoacetate to give
alkene 1, mainly as the E-isomer,32 along with a small
amount of Z-isomer, which was subsequently trans-
formed to the 2-fluorobutenolide intermediate 2.31733
Selective reduction of 2 to lactol 3 by DIBAL-H in CH»-
Cl, followed by treatment with acetic anhydride and
triethylamine gave the key intermediate 4. Condensa-
tion of acetate 4 with various trimethylsilylated purines
and pyrimidines was carried out at room temperature
in 1,2-dichloroethane (DCE). Completion of the reaction
took ca. 1 h in the presence of trimethylsilyl trifluo-
romethane sulfonate (TMSOTf) as a catalyst. The
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coupling reactions provided a mixture of a- and S-ano-
mers in 50—58% yield. For instance, acetate 4 was
reacted with silylated 6-chloropurine to give 5'-tert-
butyldimethylsiyl protected nucleosides 5 as an ano-
meric mixture. Deprotection of 5 with tetrabutylammo-
nium fluoride (TBAF) in acetonitrile facilitated the
separation of isomers on silica gel (3% MeOH/CH,Cly)
to provide the precursors 8 (5-isomer) and 9 (c-isomer)
for adenine and hypoxanthine derivatives. Acetonitrile
gave smoother conversion and better yields than tet-
rahydrofuran (THF) during deprotections of the silyl
groups. Conversion of the g-6-chloropurine derivative
8 to the -adenine derivative by ammonolysis in a steel
bomb at 90—100 °C produced 14 in 90% yield. Com-
pound 8 was also converted to the -inosine analogue
16 by refluxing with mercaptoethanol and sodium
methoxide in methanol. For the preparation of 2,6-
disubstituted purine nucleosides, the acetate 4 was
condensed with silylated 2-fluoro-6 chloropurine in DCE
to give silyl protected nucleosides 6 and 7, which were
readily separated by column chromatography (12%
EtOAc/hexanes). Compound 6 was then converted to the
2-fluoroadenine derivative 10 and the 6-amino-2-chlo-
ropurine derivative 11 by treatment with ammonia in
ethylene glycol dimethyl ether (DME) followed by TBAF
in acetonitrile. The guanine derivative 18 was readily
prepared from compound 11 analogously to the inosine
analogue 16. Compound 11 was also further converted

to the 2,6-diaminopurine derivative 20 by ammonolysis.
The a-purine nucleosides 12, 13, 15, 17, 19, and 21 were
prepared analogously to their corresponding S-isomers.
Similarly, protected cytosines and their 5-substituted
congeners, 22—27, were synthesized by N-glycosylation
of the key intermediate 4 with appropriate N*-benzo-
ylated bases. Removal of the tert-butyldimethylsiyl
group of compounds 22—27, followed by ammonolysis
in the presence of methanolic ammonia, afforded the
desired free nucleosides 28—33, as described in Scheme
1. Assignment of the structures of the newly synthesized
nucleosides was based on the comparison of the chemi-
cal, physiological, and optical data to those of the
corresponding L-series.?8

All the spectral properties of the newly synthesized
compounds (Table 1) were in good agreement with those
published for their corresponding L-enantiomers.

Antiviral Activity. Anti-HIV activities of the syn-
thesized nucleoside analogues were determined in hu-
man peripheral blood mononuclear (PBM) cells acutely
infected with HIV-1 and compared to those of AZT and
FTC. The cytosine derivative 28, which has been
published by several laboratories,?>~27 was also included
to compare the antiviral activities in different cell lines.
Results in Table 2 indicate the median antiviral potency
and growth inhibition of the newly synthesized com-
pounds expressed as ECsg and 1Csg, respectively. It was
found that p-2'-fluorinated unsaturated nucleosides (b-
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Table 1. Physical Properties of the Synthesized Nucleosides
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no. mp °C (solv)? [a]p, deg formula anal.
8 128—130 (B) +40.79 (c 0.18, MeOH) C10HsFCIN4O,-0.1EtOH C,H, N
9 157—159 (A) —162.32 (c 0.13, MeOH) C10HsFCIN4O; C,H,N
10 188—190 (C) +56.62 (c 0.13, CHCl3, C10HoF2N502 C,H, N
11 157—-160 (dec, B) —10.99 (c 0.17, MeOH) C10HgFCIN502 C,H,/N
12 183—185 (dec, C) —154.01 (c 0.19, MeOH) C10HoF2N50> C,H,N
13 148—150 (C) —134.78 (¢ 0.12, MeOH) C10HeFCIN50,+0.3H,0 C,H,N
14 >191 (dec, C) +53.91 (c 0.12, MeOH) C10H10FN50, C,H,N
15 173—-174 (B) —163.83 (c 0.34, MeOH) C10H10FN502 C,H,N
16 129131 (dec, B) +52.77 (c 0.27, MeOH) C10H10FN4O3 C,H,N
17 >202 (dec, B) —159.85 (c 0.19, MeOH) C10H10FN4O3 C,H,N
18 198—-201 (B) —24.64 (c 0.02, DMF) C10HgFN503 C,H,N
19 >212 (dec, B) —57.16 (c 0.09, DMF) C10H9FN503:0.3H,0 C,H/N
20 146—148 (B) +7.18 (C 0.23, MeOH) CloHllFN502'0.1CH2C|2 C, H, N
21 184-186 (B) —102.18 (c 0.11, MeOH) C10H11FNgO2:0.4H,0 C,H,N
28 172—-174(D) +21.94 (c 0.68, MeOH) CoH10FN303 C,H,N
29 182-183 (B) —157.86 (c 0.30, MeOH) CoH10FN303 C,H,N
30 201-203 (D) +34.35 (c 0.15, MeOH) CgHoF2N303 C,H, N
31 158—-161 (B) —153.51 (c 0.11, MeOH) CoHgF2N303 C,H,/N
32 179-182 (dEC, B) +39.65 (C 0.33, MeOH) CloleFNgos C, H, N
33 180—182 (B) —169.31 (c 0.37, MeOH) C1oH12FN30O3 C,H,N

a Solvents: A, EtOAc—hexanes; B, CH,Cl,—MeOH; C, MeOH; D, hexanes—MeOH—-CHCl,.

Table 2. Median Effective (ECso) and Inhibitory (1Csp)
Concentration of p-2'-F-d4Ns in Human PBM Cells and
Cytotoxicity in Vero and CEM Cells

ECso (uM) 1Cs0 (uM)

PBM Vero CEM
compd B HIV-1 cells cells cells
10 2-F-adenine () >100 >100 >100 >100
11 6-Cl-2-NHz-purine (6) 4.3 98.8 >100 >100
12 2-F-adenine (o) 3.97 412 161 283
13 6-Cl-2-NH-purine (o) =75 77.4 >100 30.2
14 adenine () 0.44 68.3 >100 57.6
15 adenine (a) >100 >100 >100 >100
16 hypoxanthine (5) 1.0 92.7 87.7 >100
17 hypoxanthine (o) >100 >100 >100 >100
18 guanine () 2.6 >100 =100 =>100
19 guanine (o) 18.3 >100 =100 >100
20 2,6-di-NH.-purine (3) 3.0 >100 >100 >100
21 2,6-di-NH,-purine (@) >100 >100 >100 >100
28 cytosine (8)?527 2.6 7.3 >100 35.3
29 cytosine (o) >100 >100 =>100 >100
30 5-F-cytosine (8) 0.82 >100 >100 >100
31 5-F-cytosine (o) >100 >100 >100 >100
32 5-Me-cytosine () >100 =100 =>100 =100
33 5-Me-cytosine (o) >100 >100 >100 >100
AZT 0.004 >100 29.0 14.3

2'-F-d4N) had significant anti-HIV-1 activities. The
toxicity of these nucleosides has been assessed in human
PBM, Vero, and CEM cells (Table 2). No significant
toxicity was detected for most of the evaluated com-
pounds. Within the class of -p-2'-F-d4N, purine deriva-
tives (adenine, hypoxanthine, 2-fluoroadenine, 6-chloro-
2-aminopurine, 2,6-diaminopurine, and guanine) showed
moderate to potent anti-HIV-1 activities, including two
o-anomers, and generally they were more potent than
their L-counterparts.?® The adenine derivative 14 ex-
hibited 10-fold greater potency than its corresponding
L-enantiomer (ECsg 0.44 uM vs 4.7 uM). One probable
explanation is that these p-purine derivatives may be
better substrates for nucleoside kinases than their
corresponding L-nucleosides.3* Particularly, in the case
of f-guanine and its 6-chloro-congener, the p-series (18
and 11) was found to exhibit moderate anti-HIV activity
(ECso 2.6 and 4.3 uM, respectively), while the L-
nucleosides showed no antiviral activity against HIV-1
(>100 uM).28 Surprisingly, a-2'-F-adenine 12 displayed
potent anti-HIV activity (ECso 3.97 uM), whereas its

pB-isomer 10 was inactive. These data, not fully explain-
able at this stage, were confirmed by repeated biological
essays and stereochemical assignments of the two
isomers. Furthermore, other examples where o-nucleo-
sides have shown anti-HIV activity have been re-
ported.?®35 Interestingly, it was found that in the
D-series several purine derivatives, such as the adenine
14 and hypoxanthine 16, show significant antiviral
activity whereas, in the corresponding L-series,?® the
pyrimidine derivatives such as the cytosine and 5-fluo-
rocytosine are the most potent. The anti-HIV activity
and cytotoxicity of cytosine derivative 28 were in ac-
cordance with the reported data.?>=27 In the case of the
5-fluorocytosine derivative 30, however, the L-enanti-
omer exhibited higher antiviral potency than the newly
synthesized bp-counterpart (0.17 vs 0.82 uM). It is
interesting to note that 5-fluoro substitution on the
cytosine base moiety retained potent antiviral activity
compared to the parent derivative. In contrast, the
5-methylcytosine derivatives showed no antiviral activ-
ity.

Although both 3TC and FTC showed potent antiviral
activities against HIV and HBYV, several investigators
have reported rapid emergence of resistant viruses, in
vitro as well as in clinic, characterized by a mutation
at the 184 M codon (ATG) of the reverse transcriptase
(RT).36-39 However, this mutation had no effects on the
susceptibility toward AZT or nevirapine and minimal
effects on susceptibility to ddl and ddC. Huang et al.
have described the structure of HIV-1 RT complexed
with thymidine triphosphate and its implications in
drug resistance, and they suggested a correlation be-
tween mutations and the chemical structure of the
inhibitor.%° The M184V mutant can influence both the
triphosphate of the inhibitor as well as the primer
terminus in the active site. It is reported that interfer-
ence with valine at 184 is enhanced by the oxathiolane
ring with respect to the 2'-deoxynucleoside triphosphate,
which may account for the decreased antiviral activity
of 3TC. In view of these findings, it was anticipated that
B-D-2'-F-d4Ns may not be significantly affected by point
mutation at M184 by the sugar moiety. Preliminary
biological evaluations suggest this is indeed the case.
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Table 3. Activity of Selected -p-2'-F-d4Ns against M184V Pitt
Virus in Human PBM Cells

ECso
XxBRU Pitt2  M184V Pitt?
compd B (uM) (uM) Fl¢
14 adenine 0.46 0.8 1
16 hypoxanthine 2.8 2.5 1
18 guanine 4.4 11.2 3
30 5-F-cytosine 3.1 9.61 3
AZT 0.005 0.004 1
(—)-FTC 0.0046 215 4674

a (—)-FTC-sensitive isolates. P (—)-FTC resistant isolates. ¢ FI
(fold increase) ECso = ECsg data resistant virus/ECsp data from
xxBRU Pitt virus.

Table 4. Kinetic Parameters of the Adenosine Analogues with
Mammalian Adenosine Deaminase Relative to Adenosine

compd Km (M) tue
14 2.3 x 107® 41.6 min
B-L-2'-F—d4AZ8 NS2 NDP
adenosine 5 x 1076 25s

a B-L-2'-F—d4A is not a substrate of adenosine deaminase. ® Not
determined.

The anti-HIV-1 activity of selected 5-p-2'-F-d4Ns was
confirmed in human PBM cell lines with different virus
strains including an HIV-1 strain resistant to STC/FTC
(M184V Pitt.) as shown in Table 3. AZT, lamivudine,
and (—)-FTC (emtricitabine) were included as positive
controls. The decreasing order of potency of the selected
nucleosides in xxBRU Pitt.-infected human PBM cells
was f-p-adenine 14 (0.46 uM) > S-b-inosine 16 (2.8 uM)
> pB-p-5-F-cytosine 30 (3.1 uM) > S-p-guanine 18 (4.4
uM). As expected, high levels of cross-resistance with
M184YV isolates were evident with lamivudine and (—)-
FTC, not with AZT. However, no significant cross-
resistance was found for the newly synthesized com-
pounds.

In an attempt to understand metabolic properties, the
adenine derivative 14, which showed a favorable resis-
tance profile, was studied with respect to adenosine
deaminase, along with the previously reported enanti-
omer 3-L-2'-F-d4A?8 and adenosine. As shown in Table
4, the adenine derivative 14 was found to be a substrate
for mammalian adenosine deaminase (from calf intes-
tinal mucosa, EC. 3.5.4.4.), while its L-enantiomer was
not converted to the corresponding inosine derivative.
Compound 14 is deaminated more effectively than the
nonfluorinated analogue b-d4A (Km 30 uM, tj, 3.1
days).®* Compared to adenosine, however, the p-isomer
14 is deaminated about 100 times slower. This property
of 14 may be favorable as a therapeutic agent, since
adenosine deaminase is one of the major deactivating
enzymes in vivo. As for chemical stability, as expected,
compound 14 has a half-life of ca. 3 days at pH 2.0 and
is stable at pH 7.4 and 11.0, whereas p-d4A has been
reported to have a half-life of less than 1 day at pH 7.0.4

In summary, from the structure—activity relation-
ships of 2'-fluoro-2',3'-unsaturated p-nucleosides, it was
found that the §-p-2'-F-d4N series exhibited moderate
to potent anti-HIV-1 activities with high selectivity in
human PBM cells. Preliminary cross-resistance studies
indicated that no significant cross-resistance with 3TC/
FTC resistant virus (M184V) was detected. In view of
these interesting preliminary antiviral data, additional
biological studies are warranted.
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Experimental Section

Melting points were determined on a Mel-temp 11 laboratory
device and are uncorrected. Nuclear magnetic resonance
spectra were recorded on a Bruker AMX400 400 MHz spec-
trometer with tetramethylsilane as the internal reference. UV
spectra were obtained on a Beckman DU 650 spectrophotom-
eter. Optical rotations were measured on a Jasco DIP-370
digital polarimeter. Elemental analyses were performed by
Atlantic Microlab, Inc., Norcross, GA. All reactions were
monitored using thin-layer chromatography on Analtech 200
mm silica gel GF plates.

(S)-(—)-4-[(tert-Butyldimethylsilyloxy)methyl]-2-fluoro-
2-buten-4-olide (2). A solution of triethyl 2-fluorophospho-
noacetate (40.5 g, 167.5 mmol) in THF (70 mL) was cooled to
—78 °C, and sodium bis(trimethylsilyl)amide (1.0 M solution
in THF, 167.5 mL, 167.5 mmol) was added dropwise. The
mixture was kept for 30 min at —78 °C, and then a solution of
D-(R)-glyceraldehyde acetonide (19.79 g, 152 mmol) in THF (70
mL) was added. After being stirred for 1 h at —78 °C, the
reaction mixture was treated with aqueous NH,CIl and ex-
tracted with ether. The organic phase was washed with brine,
dried over MgSO,, and concentrated. The residue was chro-
matographed on silica gel to give a mixture of E-1 and Z-1
(9:1 by *H NMR) as a yellowish oil (34.4 g, 97.1%).

A solution of E/Z-1 (10.2 g, 46.7 mmol) in 60 mL of
anhydrous EtOH was treated with 15 mL of concentrated HCI
and stirred at room temperature for 2.5 h. The solvent was
removed in vacuo and the residue coevaporated with toluene
(3 x 200 mL) to give a lactone intermediate, along with
uncyclized ester intermediate. The resulting yellowish syrup
was used as such for the next reaction without further
purification. tert-Butyldimethylsilyl chloride (17.5 g, 116.5
mmol) and imidazole (8.0 g, 117 mmol) were added to a
solution of hydrolyzed products in CH,CI, (150 mL), and the
mixture was reacted overnight at room temperature. The
resulting mixture was treated with ice and diluted with CH,-
Cl,. The organic layers were combined, dried over MgSO,, and
concentrated to dryness. Purification on silica gel (4% EtOAc/
hexanes) provided 18.89 g (70.5% from p-(R)-glyceraldehyde
acetonide) of a crystalline solid 2: mp 48—50 °C; [a]?'p —105.9
(c 0.5, CHCIg). Anal. Calcd for C1oH319FO3Si: C, 53.63; H, 7.77.
Found: C, 53.68; H, 7.82.

1-Acetyl-4-[(tert-butyldimethylsilyloxy)methyl]-2-fluoro-
2-buten-4-olide (4). 2-Fluorobutenolide 2 (10.47 g, 42.5 mmol)
was dissolved in 150 mL of CH,CI, under a nitrogen atmo-
sphere, and then the mixture was cooled to —78 °C and treated
with 1.0 M solution of DIBAL-H in CH.CI, (63.6 mL, 63.6
mmol). The resulting mixture was reacted for 2 h at —78 °C.
The cold mixture was treated with dilute nitric acid, washed
with water, and dried (Na,SO,). Evaporation of the solvent
gave lactol intermediate 3 (anomeric mixture) as a pale
yellowish oil (8.6 g, crude yield 82%), which was used as such
for the next step.

To a solution of the lactol 3 (5.18 g, 20.85 mmol) and
triethylamine (11.6 mL, 83.4 mmol) in CH.Cl; (40 mL) was
added acetic anhydride (7.9 mL, 83.4 mmol) at 0 °C, and the
resulting mixture was kept for 2 h at room temperature. The
reaction mixture was concentrated under vacuo and purified
by column chromatography (6.5% EtOAc/hexanes) to give 4
(4.79 g, 79.1%) as a yellowish oil.

General Procedure for Condensation of Acetate 4
with Heterocycles. A mixture of 6-chloropurine (1.04 g, 6.72
mmol), hexamethyldisilazane (25 mL), and ammonium sulfate
(catalytic amount) was refluxed for 4 h under a nitrogen
atmosphere. The clear solution obtained was concentrated in
vacuo, and the residue was dissolved in DCE (5 mL) and
reacted with a solution of 4 (1.50 g, 5.17 mmol) in DCE (40
mL), followed by trimethylsilyl triflate (1.3 mL, 6.72 mmol)
at 0 °C. After the mixture was stirred for 1 h at room
temperature under a nitrogen atmosphere, the reaction solu-
tion was poured into an ice-cold saturated NaHCO3 solution
(20 mL) and stirred for 15 min. The organic layer was washed
with water and brine and dried over MgSO,. The solvent was
removed under reduced pressure, and the resulting residue
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was separated by silica gel column chromatography (17%
EtOAc/hexanes) to give anomeric mixture 5 (5:a = 1:1.3, 1.15
g, 58.1%) as a syrup.
6-Chloro-9-[5-O-(tert-butyldimethylsilyl)-2,3-dideoxy-
2-fluoro-o-glycero-pent-2-enofuranosyl]purine (5): *H NMR
(CDCl3) 6 0.09-0.11 (m, 4 x CHj3), 0.91, 0.92 (2s, t-Bu), 3.85
(m, H-5), 5.19 (ps t, J = 4.4 Hz, H-4'), 5.02 (m, H-4'), 5.78,
5.85 (2s, H-3"), 6.93 (t, J = 4.8 Hz, H-1'), 7.01 (m, H-1"), 8.21,
8.60 (2s, H-2), 8.78, 8.79 (2s, H-8); UV (CHCI3) Amax 263.5 nm.
Anal. Calcd for C16H2,FCIN4O,Si: C, 49.93; H, 5.76; Cl, 9.21;
N, 14.56. Found: C, 50.04; H, 5.73; Cl, 9.33; N, 14.45.
6-Chloro-2-fluoro-9-[5-O-(tert-butyldimethylsilyl)-2,3-
dideoxy-2-fluoro-#-p-glycero-pent-2-enofuranosyl]pu-
rine (6) and Its a-lsomer (7). A mixture of silylated
2-fluoro-6 chloropurine [prepared from 1.3 g (7.6 mmol) of
2-fluoro-6-chloropurine and 20 mL of HMDS], 4 (1.7 g, 5.85
mmol), and TMSOTT (1.5 mL, 5.85 mmol) in DCE (40 mL) was
stirred at room temperature overnight. After extractive work-
up, purification by silica gel column chromatography (12%
EtOAc/hexanes) gave -anomer 6 (718 mg, 30.4%) as a white
foam and a-anomer 7 (473.7 mg, 20.1%) as a yellowish syrup.
6: UV (MeOH) Amax 268.5 nm. Anal. Calcd for C16H2:CIF2N4O,-
Si-0.1acetone: C, 47.90; H, 5.33; N, 13.71. Found: C, 48.02;
H, 5.30; N, 13.41. 7: UV (MeOH) Amax 268.0 nm. Anal. Calcd
for C16H21F>.CIN4O,Si-0.6 acetone: C, 48.84; H, 5.66; N, 12.80.
Found: C, 48.89; H, 5.60; N, 12.53.
6-Chloro-9-(2,3-dideoxy-2-fluoro-g-p-glycero-pent-2-eno-
furanosyl)purine (8) and Its a-Isomer (9). A solution of 5
(800 mg, 2.96 mmol) in CH3CN (20 mL) was treated with
TBAF (1 M solution in THF) (3.8 mL, 3.8 mmol) and stirred
for 30 min at room temperature. After evaporation of the
solvent, the residue was purified by column chromatography
(3% MeOH/CH,CI,) to obtain p-anomer 8 (283.6 mg, 35.4%)
as a white solid and o-anomer 9 (341.3 mg, 42.6%) as a white
solid. 8: UV (MeOH) Amax 262.5 nm. Anal. (C1sHsCIFN,O,-
0.1EtOH). 9: UV (MeOH) Amax 262.5 nm. Anal. (C1HsCIFN4O,)
C, H, N.
2-Fluoro-6-amino-9-(2,3-dideoxy-2-fluoro-f-p-glycero-
pent-2-enofuranosyl)purine (10) and 2-Amino-6-chloro-
9-(2,3-dideoxy-2-fluoro-f-p-glycero-pent-2-enofuranosyl)-
purine (11). Dry ammonia was bubbled into a stirred solution
of 6 (330 mg, 0.82 mmol) in dry DME (35 mL) at room
temperature overnight. The salts formed were removed by
filtration, and the filtrate was evaporated under reduced
pressure. The residue was purified by preparative TLC
(20~30% EtOAc/hexanes) to give two compounds, 5'-protected
2-fluoro-6-aminopurine derivative [86 mg, 27.4%: 'H NMR
(CDCl3) 6 0.084, 0.09 (2s, 2 x CHg), 0.91, (s, t-Bu), 3.80—3.90
(m, H-5'), 4.96 (s, H-4'), 5.73 (s, H-3'), 5.86 (m, OH), 6.81 (s,
H-1"), 8.19 (s, H-8); UV (MeOH) Anax 268.5 nm. Anal. Calcd
for C1sH23F2Ns0,Si: C, 50.11; H, 6.05; N, 18.26. Found: C,
50.18; H, 6.05; N, 18.24] as a white solid and 5'-protected
2-amino-6-chloropurine derivative [141.7 mg, 43.2%: 'H NMR
(CDCl3) 6 0.072, 0.078 (2s, 2 x CH3), 0.92, (s, t-Bu), 3.81 (m,
H-5'), 4.95 (m, H-4"), 5.12 (s, NH,), 5.75 (s, H-3"), 6.78 (s, H-1"),
8.14 (s, H-8); UV (MeOH) Amax 307.5 nm. Anal. Calcd for Ci6Has-
FCINsO,Si: C, 48.05; H, 5.80; N, 17.51. Found: C, 48.26; H,
5.88; N, 17.51] as a white solid.

These two isolated isomers were desilylated to give free
nucleosides 10 and 11 by similar methodology described for
compounds 8 and 9. After evaporation of the solvent, the
residues were purified by column chromatography to give 10
(36.3 mg, 89.9%, 9% MeOH/CH,CI,) as crystals and 11 (110.4
mg, 92%, 5% MeOH/CH.CI,) as a white solid. 10: UV (H:0)
Amax 260.5 nm (e 11200) (pH 7), 261.0 nm (e 9800) (pH 2), 261.0
nm (e 10000) (pH 11). Anal. (C10HgF2Ns502) C, H, N. 11: UV
(H20) Amax 305.5 nm (e 9800) (pH 7), 308.0 nm (e 9800) (pH 2),
305.0 nm (e 5400) (pH 11). Anal. (C10HsCIFNs0,) C, H, N.

2-Fluoro-6-amino-9-(2,3-dideoxy-2-fluoro-a-p-glycero-
pent-2-enofuranosyl)purine (12) and 2-Amino-6-chloro-
9-(2,3-dideoxy-2-fluoro-a-p-glycero-pent-2-enofuranosyl)-
purine (13). Dry ammonia was bubbled into a stirred solution
of 7 (454.6 mg, 1.23 mmol) in dry DME (40 mL) at room
temperature for 6 h. The salts formed were removed by
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filtration, and the filtrate was evaporated under reduced
pressure. The residue was purified by column chromatography
(25—50% EtOAc/hexanes) to give two compounds, 5'-protected
2-fluoro-6-aminopurine derivative [130 mg, 27.5%: *H NMR
(CDCl3) 6 0.08, 0.093 (2s, 2 x CHg), 0.91, (s, t-Bu), 3.65—-3.76
(m, H-5'), 5.13 (ps t, J = 4.4, 4.8 Hz, H-4"), 5.80 (s, H-3'), 6.76
(s, H-1"), 7.84 (s, H-8); UV (MeOH) Amax 268.5 nm. Anal. Calcd
for CisH23F2N50,Si: C, 50.11; H, 6.05; N, 18.26. Found: C,
50.23; H, 5.99; N, 18.18] as a white solid and 5'-protected
2-amino-6-chloropurine derivative [199.3 mg, 44.3%: 'H NMR
(CDClg) 6 0.082, 0.093 (2s, 2 x CHj3), 0.91, (s, t-Bu), 3.73—3.84
(m, H-5"), 5.09 (m, H-4'), 5.12 (s, NH,), 5.80 (s, H-3'), 6.74 (s,
H-1'), 7.84 (s, H-8); UV (MeOH) Amax 307.5 nm. Anal. Calcd
for C16H23FCINsO,Si: C, 48.05; H, 5.80; N, 17.51. Found: C,
48.30; H, 5.72; N, 17.23] as a white solid.

These two isolated isomers were desilylated to give free
nucleosides 12 and 13 by the same methodology described for
compounds 8 and 9. After evaporation of the solvent, the
residues were purified by column chromatography to give 12
(36.3 mg, 89.9%, 9% MeOH/CH,CI;) as a white solid and 13
(110.4 mg, 92%, 5% MeOH/CH,CI,) as a white solid. 12: UV
(H20) Amax 260.5 nm (e 11200) (pH 7), 261.0 nm (e 9800) (pH
2), 261.0 nm (e 10000) (pH 11). Anal. (C10HgF2Ns0) C, H, N.
13: UV (H20) Amax 305.5 nm (e 9800) (pH 7), 308.0 nm (¢ 9800)
(pH 2), 305.0 nm (e 5400) (pH 11). Anal. (C10HsCIFNsO,:0.3H,0)
C, H, N.

9-(2,3-Dideoxy-2-fluoro-f-p-gycero-pent-2-enofurano-
syl)adenine (14). A solution of 8 (75.5 mg, 0.28 mmol) and
saturated NH3/MeOH (50 mL) was heated at 90—100 °C in a
steel bomb for 36 h. After cooling to room temperature, the
solvent was removed under vacuum, and the residue was
purified by column chromatography using 6% MeOH/CHClI,
as eluent to give 14 (48.1 mg, 68.4%) as a white solid: UV
(H20) Amax 259.0 nm (e 22500) (pH 7), 258.0 nm (e 23900) (pH
2), 259.0 nm (e 21400) (pH 11). Anal. (C10H10FNsO2) C, H, N.

9-(2,3-Dideoxy-2-fluoro-a-p-glycero-pent-2-enofurano-
syl)adenine (15). Compound 15 was prepared from 7 on a
0.29 mmol scale by the same procedure for its S-isomer 14.
Purification by column chromatography using 6% MeOH/CH,-
Cl; as eluent afforded 15 (72 mg, 78%) as a white solid: UV
(H20) Amax 258.5.0 nm (e 24200) (pH 7), 256.5 nm (e 25300)
(pH 2), 258.0 nm (e 27100) (pH 11). Anal. (C10H10FN502)
C,H, N.

9-(2,3-Dideoxy-2-fluoro-f-p-glycero-pent-2-enofurano-
syl)hypoxanthine (16). A mixture of 8 (84.4 mg, 0.31 mmol),
NaOMe (1 M solution in MeOH) (2.18 mL, 1.25 mmol), and
2-mercaptoethanol (0.09 mL, 1.25 mmol) in MeOH (20 mL)
was refluxed for 7 h under a nitrogen atmosphere. The reaction
mixture was cooled, neutralized with glacial AcOH, and
evaporated to dryness under vacuum. The residue was purified
by silica gel column chromatography (11% MeOH/CHCIs3) to
afford 16 (61 mg, 78%) as a white solid: UV (H20) Amax 247.5
nm (e 20000) (pH 7), 247.5 nm (e 19600) (pH 2), 252.5 nm
(€ 22900) (pH 11). Anal. (C10HsFN403) C, H, N.

9-(2,3-Dideoxy-2-fluoro-o-p-glycero-pent-2-enofurano-
syl)hypoxanthine (17). Compound 17 was prepared from 9
on a 0.30 mmol scale by the same procedure used for its
pB-isomer 16. Purification by silica gel column chromatography
(10% MeOH/CH,CI,) afforded 17 (53.8 mg, 71.1%) as a white
solid: UV (H20) Amax 248.5 nm (e 24200) (pH 7), 247.5 nm (e
25200) (pH 2), 253.0 nm (e 27100) (pH 11). Anal. (C10HsFN4O3)
C, H, N.

9-(2,3-Dideoxy-2-fluoro-f-p-glycero-pent-2-enofurano-
syl)guanine (18). A mixture of 11 (75.6 mg, 0.27 mmol),
2-mercaptoethanol (0.07 mL, 1.06 mmol), and 1 N NaOMe
(1.06 mL, 1.06 mmol) in MeOH (10 mL) was refluxed for 9 h
under a nitrogen atmosphere. The mixture was cooled, neu-
tralized with glacial AcOH, and evaporated to dryness under
vacuum. Purification on silica gel (12% MeOH/CH.CI,;) and
recrystallization from hot EtOH afforded 18 (43.4 mg, 60.2%)
as a white solid: UV (H20) Amax 252.0 nm (e 9600) (pH 7), 249.5
nm (e 7400) (pH 2), 263.5 nm (¢ 6600) (pH 11). Anal. (C1oH10-
FNsO3) C, H, N.
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9-(2,3-Dideoxy-2-fluoro-o-p-gycero-pent-2-enofurano-
syl)guanine (19). Compound 19 was prepared from 10 on a
0.26 mmol scale following the same procedure used for its
p-isomer 18. Purification on silica gel using 12% MeOH/CH.-
Cl; as eluent gave 52.1 mg (75%) of 19 as white solid: UV
(H20) Amax 252.0 nm (e 9600) (pH 7), 249.5 nm (e 7400) (pH 2),
263.5 nm (e 6600) (pH 11). Anal. (C10H10FN503:0.3 H,0)
C, H, N.
2,6-Diamino-9-(2,3-dideoxy-2-fluoro-f-p-glycero-pent-
2-enofuranosyl)purine (20). A mixture of 11 (42 mg, 0.147
mmol) and saturated NHs/MeOH (20 mL) was heated at 90—
100 °C in a steel bomb for 36 h. After cooling to room
temperature, the solvent was removed under vacuum, and the
residue was purified by column chromatography using 10%
MeOH/CH,CI; as eluent to give 20 (30.5 mg, 78.2%) as a white
solid: UV (H20) Amax 279.5 nm (e 9300) (pH 7), 288.5 nm
(¢ 9700) (pH 2), 279 nm (e 9700) (pH 11). Anal. (C1oH11FNg-
0,0.1CH.CI) C, H, N.
2,6-Diamino-9-(2,3-dideoxy-2-fluoro-a-b-glycero-pent-
2-enofuranosyl)purine (21). Compound 21 was prepared
from 13 on a 0.158 mmol scale following the same procedure
used for its S-isomer 20. Purification on silica gel using 10%
MeOH/CHCI, as eluent gave 33 mg (78.5%) of 21 as white
solid: UV (H20) Amax 279 nm (e 8000) (pH 7), 290 nm (e 11600)
(pPH 2), 279 nm (e 11100) (pH 11). Anal. (C10H11FNs02+0.4H,0)
C, H, N.
1-[5-O-(tert-Butyldimethylsilyl)-2,3-dideoxy-2-fluoro-g-
p-glycero-pent-2 enofuranosyl]-N*-benzoylcytosine (22)
and Its a-1somer (23). Silylated N*-benzoylcytosine [prepared
from 1.56 g (7.24 mmol) of N“*-benzoylcytosine and 30 mL of
HMDS], 2 (1.5 g, 5.7 mmol), and TMSOTf (1.4 mL, 1.4 mmol)
in dry DCE (20 mL) were reacted for 1 h at room temperature
under a nitrogen atmosphere. After extractive workup, isola-
tion by silica gel column chromatography (30% EtOAc/hexanes)
afforded f-anomer 22 (1.10 g, 47.8%) and a-anomer 23 (0.87
g, 38.1%) as white solids. 22: *H NMR (CDClg) 6 0.12, 0.13
(2s, 2 x CHjs), 0.94, (s, t-Bu), 3.80—3.97 (m, H-5'), 4.94 (m,
H-4'), 5.61 (s, H-3'), 7.12 (m, H-1'), 7.50—7.92 (m, H—Bz), 7.91
(d, J = 6.4 Hz, H-5), 8.41 (d, J = 5.6 Hz, H-6), 8.72 (s, NH);
UV (MeOH) Amax 302.0 nm. Anal. Calcd for C»H2sFN304Si: C,
59.30; H, 6.33; N, 9.43. Found: C, 59.39; H, 6.37; N, 9.42. 23:
H NMR (CDCl3) 6 0.08, 0.09 (2s, 2 x CHs), 0.91, (s, t-Bu),
3.70—3.82 (m, H-5), 5.05 (m, H-4'), 5.75 (s, H-3'), 7.08 (m, H-1'),
7.51-7.90 (m, 7H, H-5, H 6, H—Bz); UV (MeOH) Amax 302.0
nm. Anal. Calcd for C2;H2sFN304Si: C, 59.30; H, 6.33; N, 9.43.
Found: C, 59.14; H, 6.19; N, 9.31.
5-Fluoro-1-[5-O-(tert-butyldimethylsilyl)-2,3-dideoxy-
2-fluoro-g-p-glycero-pent-2-enofuranosyl]-N*benzoylcy-
tosine (24) and Its a-1somer (25). Silylated N*-benzoyl-5
fluorocytosine [prepared from 822.1 mg (3.52 mmol) of N*
benzoyl-5-fluorocytosine and 20 mL of HMDS], 2 (787 mg, 2.71
mmol), and TMSOTf (0.5 mL, 2.73 mmol) in dry DCE (20 mL)
were reacted for 1.5 h at room temperature under a nitrogen
atmosphere. After extractive workup, isolation by silica gel
column chromatography (12—25% EtOAc/hexanes) afforded
p-anomer 24 (0.55 g, 44.4%) and a-anomer 25 (0.39 g, 31.5%)
as white solids. 24: *H NMR (CDClz) 6 0.145, 0.151 (2s, 2 x
CHg), 0.94, (s, t-Bu), 3.81—-4.01 (m, H-5'), 4.92 (m, H-4'), 5.62
(s, H-3"), 7.93 (m, H-1'), 7.44—7.58 (m, 4H, H—Bz), 8.29 8.32
(m, 2H, H-6, H—Bz); UV (CHCl3) Amax 325.0 nm. Anal. Calcd
for CH»7F2N304Si: C, 57.00; H, 5.87; N, 9.06. Found: C,
56.95; H, 5.83; N, 8.96. 25: 'H NMR (CDCls3) 6 0.08, 0.09 (2s,
2 x CHg), 0.91, (s, t-Bu), 3.70—3.80 (m, H-5"), 5.30 (m, H-4"),
5.77 (s, H-3'), 6.92 (m, H-1"), 7.31 (d J = 7.8 Hz, H-5), 7.44—
8.31 (m, H—Ph); UV (CHCI3) Amax 325.5 nm. Anal. Calcd for
CxH27F2N30,Si: C, 57.00; H, 5.87; N, 9.06. Found C, 56.87;
H, 5.86; N, 9.09.
5-Methyl-1-[5-O-(tert-butyldimethylsilyl)-2,3-dideoxy-
2-fluoro-g-p-glycero-pent-2-enofuranosyl]-N*-benzoylcy-
tosine (26) and Its o-1somer (27). Silylated N*-benzoyl-5
methylcytosine [prepared from 806 mg (3.50 mmol) of N*-
benzoyl-5-methylcytosine and 25 mL of HMDS], 2 (780 mg,
2.69 mmol), and TMSOTf (0.68 mL, 3.50 mmol) in dry DCE
(25 mL) were reacted for 5 h at room temperature under a
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nitrogen atmosphere. After extractive workup, isolation by
silica gel column chromatography (12.5% EtOAc/cyclohexane)
afforded p-anomer 26 (0.54 g, 43.2%) and a-anomer 27 (0.48
g, 38.6%) as white solids. 26: 'H NMR (CDCls) ¢ 0.11, 0.12
(2s, 2 x CHg), 0.93, (s, t-Bu), 3.80—3.89 (m, H-5"), 4.87 (m,
H-4'), 5.68 (s, H-3'), 6.94 (m, H-1'), 7.43—7.55 (m, 4H, H—Bz),
8.31 8.33 (m, 2H, H-6, H—Bz); UV (CHCI3) Amax 326.0 nm. Anal.
Calcd for Cx3H30FN3O,4Si: C, 60.11; H, 6.58; N, 9.14. Found:
C, 59.92; H, 6.69; N, 8.94. 27: 'H NMR (CDCls3) 6 0.08, 0.09
(2s, 2 x CH3), 0.91, (s, t-Bu), 3.70—3.80 (m, H-5"), 5.03 (m,
H-4'),5.76 (m, H-3'), 7.11 (m, H-1'), 7.43—7.56 (m, 4H, H—B2z),
8.31-8.33 (m, 2H, H-6, H—Bz), 13.15 (s, NH); UV (CHCl3) Amax
326.5 nm. Anal. Calcd for Cy3H30FN3O,Si: C, 60.11; H, 6.58;
N, 9.14. Found: C, 60.13; H, 6.53; N, 9.11.
1-(2,3-Dideoxy-2-fluoro-f-p-glycero-pent-2-enofurano-
syl)cytosine (28). A solution of 22 (418,8 mg, 0.94 mmol) in
dry CH3CN (20 mL) was treated with TBAF (1 M solution in
THF, 1.4 mL, 1.4 mmol) and stirred for 1 h at room temper-
ature. After evaporation of the solvent, the resulting residue
was purified by preparative TLC (2.5% MeOH/CH,CI,) to give
the N4-benzoylcytosine intermediate (256.0 mg, 82.2%, Anal.
Calcd for Ci6H14FN3O4: C, 58.01; H, 4.26; N, 12.68. Found:
C,57.88; H, 4.27; N, 12.99) as a white solid, which was treated
with saturated methanolic ammonia solution (20 mL). The
reaction mixture was allowed to stir at room temperature until
TLC showed the disappearance of the starting material (8 h).
The reaction mixture was concentrated under reduced pres-
sure, and the residue was purified by silica gel column
chromatography (10% MeOH/CH,CI,) to give 28 (144.6 mg,
83%) as a solid, which was crystalized from hexanes—MeOH—
CHCly: UV (H20) Amax 266.0 nm (e 7500) (pH 7), 276.0 nm (e
11100) (pH 2), 266.5 nm (¢ 9500) (pH 11). Anal. (CH10FN303)
C, H, N.
1-(2,3-Dideoxy-2-fluoro-o-p-glycero-pent-2-enofurano-
syl)cytosine (29). Compound 29 was prepared from 23 on a
0.87 mmol scale in two steps by the method described for
compound 28. Flash column chromatography (silica gel, 12%
MeOH/CH_CI,) gave 119.8 mg (60.2% from compound 23) of
29 as a white solid: UV (H20) Amax 266.0 nm (e 7500) (pH 7),
276.0 nm (e 12600) (pH 2), 267.0 nm (e 8900) (pH 11). Anal.
(CoH10FN303) C, H, N.
5-Fluoro-1-(2,3-dideoxy-2-fluoro-g-p-glycero-pent-2-eno-
furanosyl)cytosine (30). Compound 30 was prepared from
24 on a 0.50 mmol scale in two steps by the method described
for compound 28. Flash column chromatography (silica gel,
10% MeOH/CH,CI,) and subsequent recrystallization (hex-
anes—MeOH—-CH_CI,) gave 71.1 mg (58.6% from compound
24) of 30 as a white solid: UV (H20) Amax 277.5 nm (e 9800)
(pH 7), 282.0 nm (e 12600) (pH 2), 277.0 nm (e 8900) (pH 11).
Anal. (C9H9F2N303) C, H, N.
5-Fluoro-1-(2,3-dideoxy-2-fluoro-a-p-glycero-pent-2-eno-
furanosyl)cytosine (31). Compound 31 was prepared from
25 on a 0.64 mmol scale in two steps by the method described
for compound 28. Flash chromatography (silica gel, 11%
MeOH/CH,CI,) and subsequent recrystallization (MeOH—CH,-
Cl,-hexanes) gave 93.7 mg (59.7% from compound 25) of 31
as a white solid: UV (H20) Amax 277.0 nm (e 8800) (pH 7), 282.5
nm (e 11400) (pH 2), 276.0 nm (e 7800) (pH 11). Anal.
(CoHoF2N303) C, H, N.
5-Methyl-1-(2,3-dideoxy-2-fluoro-f-p-glycero-pent-2-eno-
furanosyl)cytosine (32). Compound 32 was prepared from
26 on a 0.47 mmol scale in two steps by the method described
for compound 28. Flash chromatography (silica gel, 10%
MeOH/CH_Cl,) and subsequent trituration with EtOAc gave
69.5 mg (61.3% from compound 26) of 32 as a white solid: UV
(H20) Amax 274.5 nm (e 7000) (pH 7), 282.5 nm (¢ 9600) (pH 2),
274.5 nm (e 6000) (pH 11). Anal. (C10H12FN303) C, H, N.
5-Methyl-1-(2,3-dideoxy-2-fluoro-a-p-glycero-pent-2-
enofuranosyl)cytosine (33). Compound 33 was prepared
from 27 on a 0.40 mmol scale in two steps by the method
described for compound 28. Flash chromatography (silica gel,
10% MeOH/CH_CI;) and subsequent trituration with EtOAc
gave 61.3 mg (63.5% from compound 27) of 33 as a white
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solid: UV (H20) Amax 274.0 nm (e 6900) (pH 7), 283.0 nm (e
11300) (pH 2), 274.5 nm (e 6800) (pH 11). Anal. (C10H12FN303)
C, H, N.

Adenosine Deaminase Assay.>* Assays were performed
at 25 °C in phosphate buffer solution (pH 7.4) with substrate
concentrations in the range of 15—200 uM and with 0.15—0.24
unit of adenosine deaminase (EC 3.5.4.4. from calf intestinal
mucosa) depending on the substrate. The assays were moni-
tored with a UV spectrometer at 265 nm, and every reaction
medium was checked by TLC or UV spectrometry to ensure
that the sole reaction product was the deaminated substrate.
Initially, the qualitative assays were performed with p-5-2'F-
d4A 14 and its I-enantiomer?® (200 «M) in the presence of 0.24
unit of adenosine deaminase for 120 min to determine whether
they were substrates of this enzyme. L-$-2'F-d4A was further
observed for 3 days by monitoring on TLC in the same
conditions. From the Michaelis—Menten equation, Vmax (maxi-
mal velocity) and Ky (the Michaelis constant) were obtained
for compound 14 and adenosine (15 and 159 4M) with 0.15
unit of the enzyme. The ti, values of p--2'F-d4A 14 and
adenosine were also measured at 0.15 M with 0.15 unit of
the enzyme.
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