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= 7.7 Hz, NH) (The presence of EtOAc, noted in the elemental
analysis, was confirmed by NMR); mass spectrum (FAB) m/z 511
(M + H*], 20), 364 (M - NHCH(CO,H)CH,CH,CO,H, 100).
Anal. (CIBHZSNZOIISZ'I'lTFA'0'45Et0AC) C, H, N, S, F. This
compound reacted positively (blue color) with the Epstein spray
reagent.

Compound 8 (0.09 g, 82%), 4-[(2-chloroethyl)[2-(mesyloxy)-
ethyllamino]benzoyl-L-glutamic acid, was similarly obtained from
5: NMR (Me,S0-dg) 6 1.99 (m, 2 H, CH,CH,CO,H), 2.33 (t, 2
H, J = 7.3 Hz, CH,CH,CO,H), 3.16 (s, 3 H, CH3SO3), 3.77 (s, 4
H, ClCHgCHg), 3.83 (t, 2 H, J =517 HZ, CH3803CH20H2)y 4.33
(m, 3 H, CH;SO4CH,CH, and CH), 6.82 (AB q, 2 H, J = 9.0 Hz,
arom H-3,5), 7.77 (AB q, 2 H, arom H-2,6),8.29(d,1 H,J = 7.7
Hz, NH); mass spectrum (FAB) m/z 451 ([M + H*}, 5), 401 (M
- CICH,, 4), 341 (M - CHgSO;CH,, 7). Anal. (C7;H»3N,04C1S-0.25
TFA) C, H, N, C|, F, S. This compound reacted positively (blue
color) with the Epstein spray reagent.

Compound 9 (0.33 g, 94%), 4-[bis(2-chloroethyl)amino]-
benzoyl-L-glutamic acid, was likewise obtained from 6: NMR
(MegsO'ds) 4 2.00 (m, 2 H, CHgCHgCOgH), 2.34 (t, 2 H, J =74
Hz, CH,CH,CO,H), 3.78 (t, 8 H, J = 5.2 Hz, 2 CICH,CH,), 4.34
(m, 1 H, CH), 6.80 (AB q, 2 H, J = 9.0 Hz, arom H-3,5), 7.77 (AB
q, 2 H, arom H-2,6), 8.29 (d, 1 H, J = 7.8 Hz, NH); mass spectrum
m/z 872 (M - H,0, 12), 244 M - NHCH(CO,H)CH,CH,CO,H,
45). Anal. (C,4H3N;0;5Cl;-0.4 TFA) C, H, N, CL, F. This com-
pound reacted positively (blue color) with the Epstein spray
reagent.

Biological Methods. Each prodrug compound (7-9) and the
parent drug, compound 12, was incubated at a range of concen-
trations (0.5-800 M) with the two cell lines (5 X 104 mL, cells
grown in DMEM). Prodrug or parent drug was made up just prior
to use, adjusted to pH 7.4, and added in the same concentration
three times at 24-h intervals. Each concentration was performed
in duplicate. CPG2 (6 units mL™! final concentration) was added
to test wells in equivalent cultures with each dose of prodrug to
achieve active drug in situ. Cell viability was determined by
hemocytometry 24 h after the last treatment and the results were
compared to those of untreated controls.
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The preparation of (R,R)-1,3-dibenzyl-4-fluorobutane-1,2,3-triol (6) from D-isoascorbic acid and subsequent chlo-
romethylation of this chiron made possible the synthesis of a series of 2’-deoxy-2’-fluoro-1’,2-seconucleosides, Among
them were the uridine (10}, thymidine, (11), 5-iodouridine (14), ribavirin (17), and guanosine (19) analogues. They
were evaluated for antiviral activity primarily against RNA viruses and found to be inactive. In addition to the
aforementioned acyclonucleosides, the 3’,5’-cyclic phosphates of the uridine (22) and thymidine (23) analogues were
prepared from their respective 4-nitrophenyl 3,5-cyclic phosphate triesters. The triesters were also examined for
antiviral activity, but like their nucleoside counterparts exhibited only marginal activity.

The synthesis of sugar-fluorinated nucleoside analogues
continues to attract attention as potential antiviral
agents.?® To date, those which have demonstrated sig-
nificant activity possess a 2’-ara-fluoro substituent,’® e.g.,
1-(2-deoxy-2-fluoro-3-D-arabinofuranosyl)-5-methyluracil
(FMAU) and 1-(2-deoxy-2-fluoro-3-D-arabinofuranosyl)-

(1) Presented in part at the Third Chemical Congress of North
America, Toronto, Canada, June 1988; MEDI 16.

(2) Smee, D, F.; Chernow, M.; Kraft, M.; Okamoto, P. M.; Prisbe,
E. J. Nucleosides Nucleotides 1988, 7, 155.

(3) Hertel, L. W.; Kroin, J. S.; Misner, J. W.; Tustin, J. M. J. Org.
Chem. 1988, 53, 2406.

(4) Borthwick, A. D.; Butt, S.; Biggadike, K.; Exall, A. M.; Roberts,
S. M.; Youds, P. M;; Kirk, B. E.; Booth, B. R.; Cameron, J. M.;
Cox, S. W.; Marr, C. L. P.; Shill, M. D. J. Chem. Soc., Chem.
Commun. 1988, 656.

(5) Biggadike, K.; Bothwick, A. D.; Exall, A. M.; Kirk, B. E.; Ward,
R. A. J. Chem. Soc., Chem. Commun. 1988, 898,

(6) Fox, J. J.; Lopez, C.; Watanabe, K. A. Medicinal Chemistry
Advances; De Las Heras, F. G., Vega, S., Eds.; Pergamon: New
York, 1981; p 27.

(7) Harada, K.; Matulic-Adamic, J.; Price, R. W.; Schinazi, R. F.;
Watanabe, K. A.; Fox, J. J. J. Med. Chem. 1987, 30, 226.

(8) Mansuri, M. M.; Ghazzouli, I.; Chen, M. S.; Howell, H. G.;
Brodfuehrer, P. R.; Benigni, D. A.; Martin, J. C. J. Med. Chem.
1987, 30, 867.
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5-iodouracil (FIAU). Prompted by these reports, we ini-
tiated a program aimed at the synthesis of chiral 2’-
deoxy-2'-fluoro-1’,2’-seconucleosides and -nucleotides,
acyclonucleic acid components which incorporate similar
structural features of FMAU, FIAU, and their analogues.?

o

o
CH, '
HN | HN |
o)\n o)\n
H HO
F 3
HO

FMAU FIAU

HO

(9) The structural formulas of the 2’-deoxy-2'-fluoro-1/,2’-seco-
nucleosides/nucleotides depicted in this paper are drawn in
the “arabinose-like” conformation to point out their similarity
with certain 2’-flucroarabinosylpyrimidine nucleosides, e.g.,
FIAU and FMAU, that have demonstrated significant antiviral
activity. In the text the naming and numbering of these ana-
logues follow nucleoside nomenclature, however; in the Ex-
perimental Section the acyclic side chains of the 1/,2’-seco-
nucleosides/nucleotides are named and numbered in accord-
ance with butanetriol nomenclature.

© 1990 American Chemical Society



682 Journal of Medicinal Chemistry, 1990, Vol. 33, No. 2

Scheme I

0 0
><o w >< ow OR
—————- T —————————
0
F
1

2: R=H

3: R=Bn

Vemishetti et al.

HO
HO;%OBn
i F

Bn = benzyi

Chemistry and Discussion

We recently developed an efficient route for the prep-
aration of chiral butanetriols and -tetrols from L-ascorbic
and D-isoascorbic acid.}® An intermediate in one pathway
(2R,35)-3,4-epoxy-1,2-O-isopropylidenebutane-1,2-diol (1),
which is derived from D-isoascorbic acid, was selected as
starting material for this project. Treatment of 1 with
anhydrous tetrabutylammonium fluoride (TBAF) in dry
benzene at reflux provided fluoro alcohol 2 (Scheme I) in
good yield.)! Benzylation of 2 using benzyl bromide in
the presence of sodium hydride led to 3, which on deace-
tonation afforded 4. This monoprotected fluoro triol (4)
was then converted to epoxide 5 via the Mitsunobu reac-
tion.}? Regiospecific ring opening of 5 with sodium ben-
zylate furnished the desired, selectively protected fluoro
triol 6.

The targeted, pyrimidine acyclonucleosides 10, 11, and
14 were prepared as depicted in Scheme II. The chiron
(R,R)-1,3-di-O-benzyl-4-fluorobutane-1,2,3-triol (6) was
chloromethylated with paraformaldehyde and hydrogen
chloride gas in dichloromethane at 0 °C to give 7. De-
pending on the run, the percent purity!® of 7 fluctuated
between 80 and 90%. Once generated, chloromethyl ether
7 in dry dichloromethane was coupled with the desired
persilylated heterocycle in the presence of a catalytic

(10) Abushanab, E.; Vemishetti, P.; Leiby, R. W.; Singh, H. K,;
Mikkilineni, A. B.; Wu, D. C.-J.; Saibaba, R.; Panzica, R. P. J.
Org. Chem. 1988, 53, 2598.

(11) Opening of the epoxide was investigated with a variety of
conditions and solvents at reflux, i.e., using potassium fluoride
and 18-crown-6 in acetonitrile (Mengel, R.; Guschlbauer, W.
Angew. Chem., Int. Ed. Engl. 1978, 17, 525), the same reagents
in benzene (Liotta, C. L.; Harris, H. P. J. Am. Chem. Soc. 1974,
96, 2250), potassium fluoride and tetrabutylammonium chlo-
ride in benzene (Carpino, L. A.; Sau, A. C. J. Chem. Soc.,
Chem. Commun. 1979, 514), and potassium hydrogen fluoride
in 1,2-ethanediol (Barford, A. D.; Foster, A. B.; Westwood, J.
H.; Hall, L. D.; Johnson, R. N. Carbohydr. Res. 1971, 19, 49)
as well as tert-butyl alcohol (Sarel-Imber, M.; Bergmann, E.
D. Carbohydr. Res. 1973, 27, 73). All of these methods failed
to yield 2. The opening of 1 with TBAF gives on average a
65% yield of 2.

(12) Mitsunobu, O. Synthesis 1981, 1.

(13) Vemishetti, P.; Leiby, R. W.; Abushanab, E.; Panzica, R. P. J.
Heterocycl. Chem. 1988, 25, 651.
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amount of tetrabutylammonium iodide (TBAI) to furnish
the blocked 1’,2’-seconucleosides. Thus, reaction with
persilylated uracil and thymine gave 8 and 9, respectively.
Debenzylation of their respective, acyclic side chains using
Pearlman’s catalyst!® provided 10 and 11 (the 1’,2’-seco
analogue of FMAU) in excellent yields. 2’-Deoxy-2’-
fluoro-1’,2"-secouridine (10) served as starting material for
the preparation of FIAU analogue 14. Acetylation of 10
using acetic anhydride-pyridine at room temperature led
to 12 in high yield. Next, 12 was reacted with iodine
monochloride (IC) in dichloromethane!* at reflux to give
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13 in 88% yield. Treatment of 13 with potassium carbo-
nate in aqueous methanol*® afforded the desired 14.

With the ready availability of chiron 6, we turned our
attention to synthesis of other chiral 2’-deoxy-2’-fluoro-
1/,2’-seconucleosides which might exhibit potent antiviral
activity. Ribavirin analogue 17 {Scheme III) was prepared
in a similar manner as that described for the pyrimidine
analogues. Silylated methyl 1,2,4-triazole-3-carboxylate
was condensed with chloromethyl ether 7 to provide
blocked ester 15. The ester group on 15 was easily con-
verted to the carboxamide function by methanolic am-
monia at room temperature. Deblocking of amide 16 was
carried out by transfer hydrogenation over Pearlman’s
catalyst.

The preparation of guanosine analogue 19 (Scheme III)
followed synthetic methodology recently reported by
Kjellberg and co-workers.!® They found that a solution

(14) Robins, M. J.; Barr, P. J.; Giziewicz, J. Can. J. Chem. 1982, 60,
554.

(15) Swigor, J. E.; Pittman, K. A. J. Labelled Compd. Radiopharm.
1985, 22, 931.

of 2-amino-6-(benzyloxy)-9H-purine'” in dry DMF and in
the presence of lithium hydride reacted regioselectively
with 4-bromobutyl acetate to give the N(9)-alkylated de-
rivative in a 6:1 (N9/N7) ratio. With the same experi-
mental conditions, with the exception that 7 replaced 4-
bromobutyl acetate, the N(9)- and N(7)-alkylated 2-
amino-6-(benzyloxy)-9H-purines were obtained in a 15:1
(N(9)/N(7)) ratio. The enhanced regioselectivity may
reflect the inherent differences in the properties of the two
alkylating agents. Removal of the three benzyl protecting
groups on N(9) isomer 18 was accomplished in one step
by transfer hydrogenation to furnish 2’-deoxy-2’-fluoro-
1’,2’-secoguanosine (19).

The site of alkylation for the targeted pyrimidine ana-
logues 10 and 11 was determined by UV spectroscopy. In
the case of the 2/-deoxy-2’-fluoro-1/,2’-seconucleosides of

(16) Kjellberg, J.; Liljenberg, M.; Johansson, N. G. Tetrahedron
Lett. 1986, 27, 877.

(17) For an improved synthesis of 2-amino-6-(benzyloxy)-9H-
purine, see: MacCoss, M.; Chen, A,; Tolman, R. L. Tetrahe-
dron Lett. 1985, 26, 1815 and references cited therein.
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ribavirin and guanosine, '"H NMR spectroscopy was em-
ployed.!3.18

The effectiveness of acyclic nucleosides as antiviral
agents is highly dependent on whether they are substrates
for phosphorylating enzymes.!? In an effort to penetrate
the cell membrane and then, once in the cell, bypass the
aforementioned activation requirement, we synthesized the
4-nitrophenyl 3’,5’-cyclic phosphate triesters® of 10 and
11 (Scheme IV). This was accomplished in one step by
treating either 2’-deoxy-2’-fluoro-1/,2’-secouridine {10) or
-thymidine (11) with 4-nitrophenyl phosphorodichloridate
in dry acetonitrile and in the presence of pyridine. Tri-
esters 20 and 21 were formed in good yields (ca. 70%).
Coversion to their respective 3',5"-cyclic phosphates (22 and
23) was achieved by dissolving the triesters in p-dioxane
and treating the individual solutions with concentrated
ammonium hydroxide. It is worth mentioning that
DHPG, certain 5-halocytidines,?! and ribavirin? when
derivatized as their 3’,5’-cyclic phosphates still exhibited
good antiviral activity.

Biological Evaluation

Compounds 10, 11, 14, 17, and 19 were screened for
activity against Vesicular Stomatitus (VSV) virus, Rift
Valley Fever (RVF) virus, Adenovirus Type 2 (AD2),
Vaccinia (VV) virus, Punta Toro (PT) virus, Japanese
Encephalitis (JBE) virus, Sicilian Sandfly Fever (SSF)
virus, and Yellow Fever (YF) virus. In addition, com-
pounds 10, 11, and 19 were tested against Human Immu-
nodeficiency virus (HIV), and compound 11 was tested
against Pichinde (PIC) virus. The in vitro test results of
these compounds were negative. Triesters 20 and 21 were
assessed for activity against VSV, AD2, and VV and like
their nucleoside counterparts were inactive. Nucleotides
22 and 23 are still undergoing evaluation.

Experimental Section

Melting points were determined on a Thomas-Hoover melting
point apparatus and are uncorrected. 'H NMR spectra were
obtained on a Varian EM-390 spectrometer. Chemical shifts are
in parts per million with respect to TMS. Optical rotations were
obtained with a Perkin-Elmer Model 141 digital readout polar-
imeter. Ultraviolet absorption spectra were recorded with a
Beckman DU-7 spectrophotometer. Silica gel (60-200 mesh)
suitable for chromatographic use was purchased from Fisher
Scientific Co. Thin-layer chromatography was run on precoated
(0.2 mm) silica gel 60 F-254 plates manufactured by EM Labo-
ratories, Inc., and shortwave ultraviolet light (254 nm) was used
to detect the UV-absorbing spots. All solvent proportions are
by volume unless otherwise stated. Elemental analyses were
performed by M-H-W Laboratories, Phoenix, AZ.

(R,R)-4-Fluoro-1,2-O-isopropylidene-1,2,3-butanetriol (2).
Tetrabutylammonium fluoride trihydrate (TBAF-3H,0; 53.0 g,
0.168 mol) was added to dry benzene (105 mL) in a 250-mL
round-bottomed flask which was fitted with a Dean—Stark ap-
paratus and condensor. The solution was heated at reflux for 3.5
h and the water of hydration was removed as an azeotropic
mixture. Epoxide 119 (23.02 g, 0.16 mmol) was added to the above
dried solution, stirred, and heated at reflux for 20 h. Next, the
benzene was removed under diminished pressure and the resulting
layered liquid was poured into a separatory funnel. The viscous,
heavier layer was separated (the lighter, upper layer was shown

(18) Kjellberg, J.; Johansson, N. G. Tetrahedron 1986, 42, 6541.

(19) Prisbe, E. J.; Martin, J. C.; McGee, D. P. C.; Barker, M. F;
Smee, D. F.; Duke, A. E.; Matthews, T. R.; Verheyden, J. P.
H. J. Med. Chem. 1986, 29, 671.

(20) Engels, J.; Schlaeger, E.-J. J. Med. Chem. 1977, 20, 907.

(21) Beres, J.; Bentrude, W. G.; Kruppa, G.; McKernan, P. A
Robins, R. K. J. Med. Chem. 1985, 28, 418.

(22) Allen, L. B.; Boswell, K. H.; Khwaja, T. A.; Meyer, R. B., Jr.;
Sidwell, R. W.; Witkowski, J. T.; Christensen, L. F.; Robins,
R. K. J. Med. Chem. 1978, 21, 742.
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by 'H NMR spectroscopy to be tri-n-butylamine), placed on a
silica gel column, and gradient eluted with a ethyl acetate-hexane
solvent system (5:95 — 20:80). Chromatography furnished 19.0
g (72.5%) of 2 as a colorless liquid: [«]®p = +6.53° (¢ = 1.655,
CHCly); 'H NMR (CDCl,) 6 1.33 (s, 3 H, CH;), 1.4 (s, 3 H, CH>),
3.23 (d, J = 2 Hz, 1 H, OH; D,0 exchangeable), 3.4-4.42 (m, 4
H), 4.52 (dm, J =48 HZ, 2 H, CHgF). Anal. (C7H13F03) C, H,
F.

(R,R)-3-0O-Benzyl-4-fluoro-1,2-O-isopropylidene-1,2,3-
butanetriol (3). Fluoro alcohol 2 (22.02 g, 0.134 mol) in dry DMF
(20 mL) was added dropwise to a cold (0 °C), mechanically stirred
suspension of NaH (4.9 g, 0.204 mol; previously washed three times
with dry benzene) in DMF (25 mL). After the mixture was stirred
for 30 min, a solution of benzyl bromide (25.9 g, 0.151 mol) in
dry DMF (20 mL) was added over 30 min, and the resulting
mixture was stirred for 1.5 h. Next, water (5.0 mL) was carefully
added to the reaction flask, the mixture was stirred, and then the
mixture was poured into water (500 mL). The product was
extracted with ethyl ether (4 X 150 mL). The ether extracts were
combined, washed with water (4 X 100 mL), and dried over
anhydrous MgSO,. Removal of the ether under diminished
pressure gave 3 (30.7 g, 90%). An analytical sample was obtained
by silical gel chromatography using hexane—ethyl acetate (95:5):
[a}?p = +42.7° (¢ = 1.495, EtOH); '"H NMR (CDCl;) 4 1.30 (s,
3 H, CHy), 1.37 (s, 3 H, CHj;), 3.28-5.0 (m, 6 H), 4.63 (AB q, 2
H, OCH206H5), 7.28 (S, 5 H, CGH5). Anal. (C“H19F03) C, H, F.

(R,R)-3-0-Benzyl-4-fluoro-1,2,3-butanetriol (4). Amberlite
IR-120 resin (70.0 g), water (85 mL), and concentrated hydro-
chloric acid (10 mL) were added to a stirred solution of 3 (85.1
g, 0.335 mol) in ethanol (853 mL). The reaction mixture was
stirred for 16 h at room temperature and then filtered, and the
filtrate was concentrated under diminished pressure to furnish
an oily material. This material was extracted into ethyl ether
(4 X 100 mL) and dried over anhydrous MgSO,. The dried organic
layer was filtered and the excess solvent was removed under
diminished pressure to provide pure 4 in quantitative yield.
Analytically pure 4 was obtained by chromatography on silica gel
using ethtyl acetate as eluent: [«]®p = +19.5° (¢ = 1.08, EtOH);
'H NMR (CDCl;) § 2.88-4.00 (m, 6 H; 2 H are D,0 exchangeable),
4.59 (dm, J = 46.5 Hz, 2 H, CH,F), 457 (AB q,J = 12Hz, 2 H,
OCHZCGH5)? 7.28 (S, 5 H, CsHs). Anal. (CHH15F03) C, H, F.

(R,R)-3-(Benzyloxy)-1,2-epoxy-4-fluorobutane (5). Di-
isopropyl diazodicarboxylate (DIAD, 16.31 g, 0.082 mol) was added
dropwise to a stirred solution of 4 (15.01 g, 0.071 mol) and tri-
phenylphosphine (TPP, 21.17 g, 0.081) in dry benzene (100 mL).
After the addition was complete, the reaction mixture was allowed
to cool to room temperature. The benzene was removed from
the reaction mixture under diminished pressure and the resulting
oily residue was distilled at 95-102 °C (0.2 mmHg) to give 10.68
g (77.7%) of pure 5: [a]®p = -1.96° (¢ = 1.89, EtOH); '"H NMR
(CDCly) § 2.62-2.93 (m, 2 H), 2.97-3.17 (m, 1 H), 3.50 (dq, J =
18.75 and 4.5 Hz, 1 H), 4.50 (dd, J = 4.5 and 48 Hz, 2 H, CH,F),
4.63 (S, 2 H, OCchsH5), 7.3 (S, 5 H, OCH206H5). Anal. (Cu'
H,;;FO,) C, H, F.

(R,R)-1,3-Di- O-benzyl-4-fluoro-1,2,3-butanetriol (6). A
solution of sodium hydroxide (4.55 g, 0.114 mol) in water (4.6 mL)
was added to a stirred solution of benzyl alcohol (40.5 mL), 5 (11.08
g, 0.057 mol), and tert-butyl alcohol (149 mL) at room temper-
ature. The reaction mixture was stirred vigorously for 3 h at 90
°C. The reaction mixture was then diluted with water (50 mL)
and extracted with ethyl ether (3 X 50 mL). The ether extracts
were combined, washed with a saturated sodium chloride solution
(2 X 30 mL) and dried over anhydrous MgSO,. The ether and
traces of benzyl alcohol were removed under diminished pressure
to furnish pure 6 (14.16 g, 82.4%): [«]®p = +20.5° (¢ = 1.5,
EtOH); 'H NMR (CDCl,) § 2.65 (d, J = 6 Hz, 1 H, OH; ex-
changeable with D;0), 3.4-4.03 (m, 4 H), 4.08-5.08 (m, 6 H), 7.27
(S, 10 H, OCH206H5). Anal. (ClgH21F03) C, H, F.

(R,R)-2-(Chloromethoxy)-1,3-bis(benzyloxy)-4-fluoro-
butane (7). The chloromethyl ether was prepared according to
literature procedures.!3# In a typical experiment, a solution of
6 (2.5 g, 8.2 mmol) in dry dichloromethane (CH,Cl,, 20 mL) was

(23) Vemishetti, P.; Abushanab, E.; Leiby, R. W.; Panzica, R. P.
Nucleosides Nucleotides 1989, 8, 201.
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treated with paraformaldehyde (0.37 g) and dry hydrogen chloride
gas at ice-bath temperature. After workup, 7 [2.9 g, 88.2% pure
(*H NMR!%%)] was obtained as an oil.
1-[[1,3(R)-Bis(benzyloxy)-4-fluoro-2(R)-butoxy]-
methyl]uracil (8). Uracil (2.66 g, 24 mmol) and a catalytic
amount of ammonium sulfate were added to hexamethyldisilazane
(HMDS, 70 mL) and the mixture was stirred and heated at reflux
overnight with the exclusion of moisture. The excess HMDS was
removed under reduced pressure and the residue was dried in
vacuo. A solution of 7 (5.89 g, 88.2% pure, 15 mmol) in dry CH,Cl,
(100 mL) and 50 mg of tetrabutylammonium iodide (TBAI) were
added to the persilylated uracil and this mixture was stirred and
heated at reflux for 4.5 h. After cooling, the reaction mixture was
diluted with water (10 mL) and methanol (60 mL), stirred for 10
min, and then evaporated to dryness. The residue was dissolved
in 50 mL of CH,Cl, and the organic layer was washed in turn with
a saturated sodium chloride solution (40 mL) and water (40 mL)
and then dried over anhydrous MgSO,. The solvent was removed
under reduced pressure and the remaining residue was chroma-
tographed on a silica gel column. Elution with hexane-ethyl
acetate (1:1) furnished 8 (6.2 g, 99%): [a}®p = -10.5° (¢ = 1.43
EtOH); 'H NMR (CDCl;) § 3.4-4.2 (m, 4 H), 4.52 (dm, J = 48
Hz, 2 H, CH,F), 4.45 (s, 2 H, OCH,Ph), 4.53 (AB q, J = 10 Hz,
2 H, OCH,C¢H;), 5.17 (AB q, J = 12 Hz, 2 H, OCH,N), 5.56 (d,
J =15 Hz, 1 H, C(5)H), 7.14 (d, J = 7.5 Hz, 1 H, C(6)H), 7.25
(s, 10 H, CgHy), 9.18 (br s, 1 H, NH; D,0 exchangeable). Anal.
(CygHysFNyOg) C, H, F, N.
1-[[1,8(R)-Bis(benzyloxy)-4-fluoro-2(R )-butoxy]-
methyl]thymine (9). Persilylated thymine [obtained from 1.2
g (9.6 mmol) of thymine] was coupled as described for 8 with 7
(2.9 g, 88.2% pure, 8.2 mmol) in dry CH,Cl, (25 mL) and in the
presence of TBAI (20 mg). The reaction mixture was stirred and
heated at reflux for 24 h. Workup and chromatography afforded
pure 9 (3.2 g, 716%): [a)®p = -11.9° (c = 1.08, EtOH); 'H NMR
(CDCL,) 6 1.82 (s, 3 H, CHj), 3.4-4.17 (m, 4 H), 447 (s, 2 H,
OCH,Ph), 4.55 (dm, J = 48 Hz, 2 H, CH,F), 4.57 (AB q,J = 9
HZ, 2 H, OCchsHE), 5.18 (AB q, 2 H, OCHgN), 7.05 (S, 1 H,
C(6)H), 7.32 (s, 10 H, C4Hjp), 10.1 (s, 1 H, NH; D,0 exchangeable).
Anal. (Cg4H27FN205) C, H, F, N.
1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy)methyl]uracil
(10). Compound 8 (4.36 g, 10 mmol) was dissolved in absolute
ethanol (54 mL) and to this solution was added 20% Pd(OH),/C
(1.51 g) and cyclohexene (15 mL). The reaction mixture was
stirred and heated at reflux for 15 h. The reaction mixture was
then filtered through Celite and the filter cake was washed with
warm ethanol. The filtrate and wash were combined and con-
centrated under diminished pressure to furnish 10 (quantitative)
as a gum: [a]®p = -19.65° (c = 1.735, DMF); UV A, (pH 1)
258.5 nm (e 10853), Ay, (EtOH) 258 nm (10734), Apar (pH 11)
258 nm (8294); '"H NMR (DMSO0-dg) § 3.0-4.88 (m, 8 H; 2 H are
exchangeable), 5.15 (AB q, J = 9.75 Hz, 2 H), 5.54 (dd, J = 7.5
and 1.5 Hz, 1 H, C(5)H; it becomes a doublet, J = 7.5 Hz, on
addition of D,0), 7.64 (d, J = 7.5 Hz, 1 H, C(6)H), 11.17 (s, 1L H,
NH; D,0 exchangeable). Anal. (CgH,;FN,0;) C, H, F, N.
1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy)methyl]thy-
mine (11), Catalytic transfer hydrogenation of 9 (3.17 g, 7.18
mmol) in 40 mL of absolute ethanol was carried out as described
for 10 in the presence of 20% Pd(OH),/C (1.05 g) and cyclohexene
(17 mL) to give 1.72 g (91.4%) of pure 11 as a gum: [a]%p = —0.8°
(¢ = 1.5, EtOH); UV A, (pH 1) 265 nm (¢ 8550), Apay (EtOH)
263 nm (8295), Apay (PH 11) 263 nm (7048); 'H NMR (DMSO-d),
6 1.77 (s, 3 H, CHj), 3.0-4.87 (m, 8 H; 2 H are exchangeable), 5.12
(AB q, J = 9.75 Hz, 2 H, OCH,N), 7.5 (s, 1 H, C(6)H), 11.17 (s,
1 H, NH; D,0 exchangeable). Anal. (C,oH,;;FN,;05) C, H, F, N.
1-[(1,3(R)-Diacetoxy-4-fluoro-2(R)-butoxy) methyl]uracil
(12). Freshly distilled acetic anhydride (10 mL) was added to
1.52 g (4.03 mmol) of compound 10 in 10 mL of dry pyridine. After
stirring for 1 day at room temperature, the excess reagents were
removed under diminished pressure, the resulting residue was
stirred with 10 mL of 0.1 N HCI for 5 min, and the mixture was
taken to dryness in vacuo. The syrupy material was dissolved
in a minimum amount of ethyl acetate and placed on a silica gel
column, and the column was eluted with the same solvent to
provide 12 (1.05 g, 78.1%) as a viscous oil: [a]®p = -24.7° (¢ =
1.215, EtOH); 'H NMR (CDCly) 8 2.05 (s, 3 H, OCOCHS;), 2.08
(s, 3H, OCOCHj;), 3.93-4.53 (m, 3 H), 4.54 (dm, J = 46.5 Hz, 2
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H, CH,F), 4.67-5.07 (m, 1 H), 5.27 (AB q, J = 10.5 Hz, 2 H,
OCH,N), 5.78 (d, J = 7.5 Hz, 1 H, C(5)H), 7.29 (d, J = 7.5 Hz,
1 H, C(6)H), 9.63 (br s, 1 H, NH; exchangeable with D;0). Anal.
(C3H,7FN,0;) H, F, N.

1-[(1,3(R)-Diacetoxy-4-fluoro-2(R)-butoxy)methyl]-5-
iodouracil (18). Iodine monochloride (370 mg, 2.23 mmol) was
added to a solution of 12 (490 mg, 1.48 mmol) in 10 mL of dry
CH,Cl, and stirred at reflux for 3 h. After cooling to room
temperature, the solution was washed with a minimum amount
(ca. 5 mL) of 2% NaHSOj; solution, water, and finally with a
saturated sodium chloride solution. The organic layer was dried
over anhydrous Na,SO,, filtered, and then concentrated under
diminished pressure to give 280 mg (87.5%) of 13, as a gum: [«]®p
= -3.49° (¢ = 1.08, CHCly); 'H NMR (CDCl3) 4 2.0 (s, 3 H,
OCOCHjy), 2.07 (s, 3 H, OCOCHy), 3.88-4.48 (m, 3 H), 4.5 (dm,
J = 48 Hz, CH,F), 4.57-5.37 (m, 1 H), 5. 2 (s, 2 H, OCH,N), 7.7
(s, 1 H, C(6)H), 9.6 (br s, 1 H, NH; exchangeable with D;0). Anal.
(C;3HgFN:O;I) C, H, F, I, N.

1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy)methyl]-5-
iodouracil (14). To a solution of 13 (1.33 g, 2.91 mmol) in
methanol (15 mL) and water (3 mL) was added potassium car-
bonate (0.4 g, 2.87 mmol) and the mixture was stirred at room
temperature for 18 h. The reaction mixture was then neutralized
with Dowex-50 (H*) resin (ca. 2.8 g). The resin was removed by
filtration and washed with methanol (2 X 10 mL). The filtrate
and wash were evaporated in vacuo to a light pink gum. The gum
was dissolved in methanol (10 mL), treated with activated
charcoal, and filtered through a Celite pad, and the filtrate was
taken to dryness. The resulting solid was crystallized from
methanol to provide 14 (1.02 g, 94%): mp 64-67 °C; [«}®p =
-27.2° (¢ = 1.76, EtOH); 'H NMR (DMSO-d) 6 3.15-4.93 (m, 8
H; 2 H are D,0 exchangeable), 5.15 (AB q, 2 H, OCH,N), 8.17
(s,1H, C(6)H), 11.6 (s, 1 H, NH; exchangeable with D,0). Anal.
(CgHsFIN,Of) C, H, F, I, N.

Methyl 1-[[1,3(R)-Bis(benzyloxy)-4-fluoro-2(R)-but-
oxy]methyl]-1,2,4-triazole-3-carboxylate (15). The silylated
triazole ester [obtained from 1.67 g (13 mmol) of methyl 1,2,4-
triazole-3-carboxylate] was treated as described earlier for 8 with
2(R)-(chloromethoxy)-1,3(S)-bis(benzyloxy)-4-fluorobutane (7; 5.78
g, 80% pure, 13 mmol) previously dissolved in dry acetonitrile
(80 mL) which contained 23 mg of TBAI. The mixture was heated
at reflux for 4.5 h and then for 3 days at room temperature. The
acetonitrile was removed in vacuo and the residue was dissolved
in 50 mL of CH,Cl,. This solution was washed with water, 10%
aqueous sodium thiosulfate, water, and a saturated sodium
chloride solution. The organic layer was dried over anhydrous
MgSO, and then concentrated under diminished pressure to
furnish 7.8 g of a viscous oil. This material was column chro-
matographed over silica gel using hexane—ethyl acetate (65:35)
to provide 0.87 g (11%) of methyl 1-[[1,3(S)-bis(benzyloxy)-4-
fluoro-2(R)-butoxylmethyl]-1,2,4-triazole-5-carboxylate and 3.7
g (46.8%) of the title compound 15.

Physical constants of the triazole-5-carboxylate: [a]®p = -13.7°
(¢ = 2.17, EtOH); 'H NMR (CDCl;) 4 3.33-4.27 (m, 4 H), 3.96
(S, 3 H, COgCHa), 4.43 (S, 2 H, OCchGHE), 4.44 (dm, J= 46.5
Hz, 2 H, CH,F), 45 (AB q, 2 H, OCH,CgHy), 5.98 (s, 2 H, OCH,N),
7.22 (s, 5 H, CgHj), 7.28 (s, 5 H, C4Hs), 7.92 (s, 1 H, C(3)H). Anal.
(Cy3HFN;0;) C, H, N, F.

Physical constants of the title compound 15: [«]®p = -18.6°
(c = 1.395, EtOH); 'H NMR (CDCl;) 4 3.37-4.08 (m, 4 H), 3.92
(s, 3H, CO,CHjy), 4.4 (s, 2 H, OCH,C¢H;), 4.43 (dm, J = 46.5 Hz,
2 H, CH,F), 451 (AB q, 2 H, OCH,C¢Hj;), 5.63 (s, 2 H, OCH,N),
7.25 (s, 10, CgHp), 8.25 (s, 1 H, C(5)H). Anal. (Cy3HgFN3O;) C,
H, N, F.

1-[[1,3(R)-Bis(benzyloxy)-4-fluoro-2(R )-butoxy]-
methyl]-1,2,4-triazole-3-carboxamide (16). Cold, saturated
methanolic ammonia (saturated at —10 °C) was added to 15 (3.19
g, 7.21 mmol) and kept in a sealed flask for 68 h at room tem-
perature. At the end of this period, the excess ammonia was
vented off and the solvent was removed under diminished
pressure. The crystalline solid was collected by filtration, washed
with cold methanol (10 mL}), and air-dried to provide a quanti-
tative yield of 16: mp 135-137 °C; [a]®p = -24.3° (¢ = 1.495,
DMF); 'H NMR (DMSO-dg) § 3.4-5.0 (m, 6 H), 4.42 (s, 2 H,
OCH,C¢H;), 4.45 (AB q, 2 H, OCH,C¢Hj), 5.68 (s, 2 H, OCH,N),
7.27 (s, 10 H, C¢Hj), 7.67 (d, 2 H, CONH,), 8.75 (s, 1 H, C(5)H).
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Anal. (ngH25FN404) C, H, F, N.
1-[(1,3(R)-Dihydroxy-4-fluoro-2-butoxy)methyl]-1,2,4-
triazole-3-carboxamide (17). A mixture of 16 (1.52 g, 3.54
mmol), 20% Pd(OH),/C (0.4 g), cyclohexene (7 mL), and absolute
ethanol (35 mL) was stirred and heated at reflux for 15 h. The
hot mixture was filtered through a Celite pad, the pad washed
with hot ethanol (2 X 10 mL), and the filtrate and wash were
concentrated under diminished pressure. The resulting gum was
dissolved in a small amount of ethyl acetate and applied to a silica
gel column. Elution of the column with ethyl acetate provided
1,2,4-triazole-3-carboxamide. Further elution with ethyl ace-
tate—methanol afforded 17. The title compound was dissolved
in water (10 mL) and lyophylized to give 17 (0.39 g, 44.4%) as
a glass: [a]®p = -31.5° (¢ = 1.79 EtOH); 'H NMR (DMSO-dg)
6 3.0-5.5 (m, 8 H; 2 H D,0 exchangeable), 5.17 (AB q, 2 H,
OCH,N), 7.91 (br d, 2 H, CONHj; D,O exchangeable), 8.82 (s, 1
H, C(S)H) Anal. (CgHmFN404'O.75H20)24 C, H, N.
2-Amino-6-(benzyloxy)-9-[[1,3(R)-bis(benzyloxy)-4-
fluoro-2(R)-butoxy]methyl]purine (18). Lithium hydride (320
mg, 40.0 mmol) was added, in one portion, to a stirred solution
of 2-amino-6-(benzyloxy)-9H-purine (6.0 g, 256 mmol) in dry DMF
(130 mL). After the suspension stirred for 2 h at room tem-
perature, chloromethyl ether 7 (10.8 g, 81.5% pure, 25 mmol),
which was dissolved in DMF (35 mL), was added in one portion.
The reaction mixture was stirred at 80 °C for 3 h, cooled to room
temperature, and quenched with water (5 mL). The mixture was
concentrated to ca. 50 mL in vacuo and then 200 mL of water
was added. This mixture was extracted with ethyl acetate (4 X
50 mL) and the separated organic layer was washed with water
(4 X 50 mL) and dried over anhydrous MgSO,. The dried organic
layer was concentrated under diminished pressure to provide a
crude residue which was chromatographed over silica gel with
hexane-ethyl acetate (1:1) as eluent. Chromatography afforded
4,78 g (34.3%) of pure 18 and 0.32 g (2.3%) of the N(7) isomer.
The title compound 18 exhibited the following physical data:
[2]®p = -13.7° (¢ = 1.16, EtOH); 'H NMR (CDCl) § 3.3-4.08
(m, 4 H), 4.40 (s, 2 H, CH,;C¢Hy), 4.44 (dm, J = 46.5 Hz, 2 H,
CH,F), 4.51 (AB q, 2 H, OCH,C¢H;), 5.0 (br s, 2 H, NH,, D,0
exchangeable), 5.5 (s, 4 H, OCH;,N and C(6)OCH,C¢Hj), 7.33-7.53
(m, 15 H, CGHE)’ 7.58 (S, 1 H, C(S)H) Anal. (CﬂlH32FN504) C,
H, F, N.
9-[(1,3(R)-Dihydroxy-4-fluoro-2(R )-butoxy)methyl]-
guanine (19), Catalytic transfer hydrogenation of 18 (1.9 g, 3.41
mmol) in absolute ethanol (100 mL) was carried out, as described
for 17, in the presence of 20% Pd(OH),/C (1.78 g) and cyclohexene
(48 mL). The reaction mixture was stirred and heated at reflux
and monitored by TLC. After 20 h, the reaction was not complete
and additional amounts (one-half the above stated quantities)
of Pd(OH),/C and cyclohexene were added and the reaction
continued. This process was repeated again after 30 h and the
reaction was heated and stirred an additional 12 h. After workup,
19 (0.66 g, 66.4%) was obtained as a solid. An analytical sample
was prepared by recrystallization from 95% ethanol: mp 320 °C
dec; [a]®p = —49.0° (¢ = 1.075, DMF); 'H NMR (DMSO-d;) &
3.0-5.32 (m, 8 H, 2 H are exchangeable), 5.43 (s, 2 H, OCH,N),
6.58 (br s, 2 H, NH,; exchangeable with D,0), 7.78 (s, 1 H, C(8)H),
10.0-11.23 (br s, 1 H, NH; D,0 exchangeable). Anal. (C,oH,F-
N504'H20) C, H, F, N
1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy) methyl]uracil
1/,3’-(Cyclic p-nitrophenyl phosphate) (20). To a stirred
solution of 10 (1.2 g, 4.84 mmol) in dry acetonitrile (20 mL) was
added dry pyridine (5 mL) and p-nitrophenyl phosphorodi-
chloridate (1.86 g, 7.26 mmol). This mixture was stirred at room
temnperature for 24 h with the exclusion of moisture. The excess
solvents were removed in vacuo, the resulting residue was dissolved
in CH,Cl, (100 mL), and the organic layer was washed successively
with water (30 mL), a saturated sodium chloride solution (20 mL),
and water (30 mL). After drying over anhydrous MgSO,, the
organic layer was evaporated under diminished pressure and the
residue was dissolved in a minimal amount of ethyl acetate and
applied to a silica gel column. Elution of the column with ethyl

(24) Water of hydration was observed by 'H NMR spectroscopy.
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acetate provided 20 (1.45 g, 69.5%) as a crystalline solid: mp
147-152 °C dec; 'H NMR (DMSO-dg) 4 4.12-5.4 (m, 8 H), 5.68
(d,J =7Hz, 1 H), 7.4-7.84 (m, 3H), 8.3 (d,J = 9 Hz, 2 H), 114
(br S, 1 H, NH). Anal. (CI5H15FN309P) C, H, N.

1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy)methyl]thy-
mine 1’,3’-(Cyclic p-nitrophenyl phosphate) (21). Similar
experimental conditions as those described for 20 were used to
prepare 21. Thus, 11 (0.814 g, 3.1 mmol), dry pyridine (3 mL),
and p-nitrophenyl phosphorodichloridate (1.2 g, 4.65 mmol) in
dry acetonitrile (25 mL) afforded, after workup, 21 (0.910 g, 66%)
as a white crystalline solid: mp 179181 °C dec; 'H NMR (CDCl,)
8 1.9 (s, 3 H, CHjy), 4.06-5.3 (m, 8 H), 7.1 (s, 1 H), 7.33 (d, J =
9 Hz, 2 H), 8.16 (d, J = 9 Hz, 2 H), 9.56 (br s, 1 H). Anal
(CgH,7FN3;O,P) C, H, F, N.

1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy)methyl]uracil
1,3’-(Cyeclic phosphate) Ammonium Salt (22). Triester 20 (1.18
g, 2.7 mmol) was dissolved in p-dioxane (50 mL) and to this
solution was added concentrated ammonium hydroxide (6.4 mL,
5.5 mmol). After stirring overnight at room temperature, the
excess solvents were removed in vacuo, and the resulting residue
was purified by silica gel column chromatography. The column
was eluted with ethyl acetate-methanol (7:3) to give 22 (0.72 g,
80%) as a white solid: mp 180-186 °C dec; 'H NMR (D,0) &
3.6-5.4 (m), 5.82 (d, J = 8 Hz, 1 H), 7.68 (d, J/ = 8 Hz, 1 H). Anal.
(CoH,sFN3O,P) C, H, N.

1-[(1,3(R)-Dihydroxy-4-fluoro-2(R)-butoxy) methyl]thy-
mine 1’,3’-(Cyclic phosphate) Ammonium Salt (28). Similar
experimental conditions as those described for 22 were used to
prepare 23. A solution of triester 21 (0.665 g, 1.5 mmol) in p-
dioxane (30 mL) was treated with concentrated ammonium hy-
droxide (2.6 mL, 3 mmol) and after workup furnished 23 (0.25
g, 49%) as a white solid: mp 150-155 °C dec; 'H NMR (D,0)
6 1.84 (s, 3 H, CH,), 3.9-5.36 (m), 7.48 (s, 1 H, C(6)H)). Anal.
(C,oH;7FN;0,P) C, H, N.

In Vitro Antiviral Assays.?>2 (a) Inhibition of Cyto-
pathic Effect (CPE). Virus was absorbed for 1 h in 96-well
monolayer cultures of Vero cells (Pt, JBE, SFS, YF), HEp.2
cultures (AD2), or LLC-MK2 cells (PT), after which tissue culture
medium containing various drug concentrations was added. At
the day of maximum CPE in virus control wells, medium was
removed and monolayers were stained with crystal violet for
microscopic CPE determination.

(b) Inhibition of Virus Plaque Formation. RVF plaque
reduction was determined by adding a semisolid agarose overlay
containing various drug concentrations to Vero monolayers after
adsorption with 40-100 plaque-forming units (pfu) of RVF virus.
After 96 h, the overlay was removed and plaques were visualized
by crystal violet staining of the monolayers.
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