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Reverse transcriptase (RT) is a multifunctional en-
zyme that is essential for the replication of the human
immunodeficiency viruses (HIV-1 and HIV-2), the caus-
ative agents of AIDS. Relevance of RT as a therapeutic
target stems from the fact that no cellular homologue
has been identified to date.! Inhibitors of RT have been
shown to exhibit anti-HIV activities in vitro and in vivo
and are broadly divided into 2’,3’-dideoxynucleoside
analogues and non-nucleoside RT inhibitors (NNRTIs).
The latter class comprises chemically distinct but
mechanistically similar inhibitors acting directly on RT
of HIV-1 and in most cases not HIV-2.2 In clinical trials
NNRTIs have caused a rapid selection of resistant
virus.® Among the HIV-RT inhibitors, 3’-azido-3’-deox-
ythymidine (zidovudine, AZT), 2’,3’-dideoxyinosine
(didanosine, ddI), 2’,3’-dideoxycytidine (zalcitabine, ddC),
and, recently, 2’,3’-didehydro-3’-deoxythymidine (sta-
vudine, d4T) are used clinically for the treatment of
AIDS patients.#® However, significant side effects are
associated with the above drugs during anti-AIDS
chemotherapy coupled with the emergence of drug-
resistant variants of HIV-1 isolated from patients
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Table 1. Anti-HIV-1 Activities, Cytotoxicities, and Selectivity
Indices of Nucleoside Analogues 1—4 in Cord Blood
Mononuclear Cells

ICsoa’b
compd range mean CCsoed SIe
1 0.02-0.6 0.287 + 0.23 105 365
2 0.04-0.6 0.355 £ 0.25 >500 >1408
3 0.1-0.4 0.250 £ 0.18 >500 >2000
4 0.01-0.4 0.200 + 0.20 >500 >2500

AZT 0.03 £+ 0.02 45 1500

@ The supernatant was assayed for RT activity (cpm) 7 days
postinfection. ? Data represent an average of five independent
experiments and are expressed in #M. ¢ Cell growth was deter-
mined by cell counting and viability by trypan blue exclusion 7
days post drug treatment. 2 CCso in uM is expressed as the drug
concentration which inhibits 50% of cell growth. ¢ Ratio of CCs
to IC50.

treated with AZT, ddI, and ddC which limit their
therapeutic use.?® Recently, several members of the
heterosubstituted class of 2’,3’-dideoxynucleoside ana-
logues were discovered to be active against HIV and
hepatitis-B viruses in vitro.6712 In particular (—)-2’-
deoxy-3'-thiacytidine (lamivudine, 3TC) is currently in
advanced stages of clinical trials for AIDS and hepati-
tis-B infections,® and its 5-fluoro analogue (—)-FTCis a
promising candidate for antiviral therapy.}? The chemi-
cal structures of 3TC and (—)-FTC differ from the
clinically approved agents by having a sulfur atom in
place of the 3’-carbon. Furthermore, these antiviral
agents possess the §-L-sugar configuration and carry a
cytosine and 5-fluorocytosine base moieties, respectively.
Intensive efforts are currently directed toward the
synthesis of L-nucleosides as potential antiviral agents.
To date, asymmetric syntheses and antiviral testing of
1,3-dioxolane analogues (base = thymine, cytosine,
adenine, and gaunine),13-15 $.1-ddC, and B-L-5FddC
have been recorded.'8-18 Notwithstanding the impres-
sive contributions emerging from these studies, there
is a need for new drugs with a low toxicity profile for
use in monotherapy or in combination with other agents.
Herein we describe the antiviral activities of both
enantiomeric forms of novel optically active 2’-deoxy-
3’-0xa-4’-thiocytidine (dOTC) and their 5-fluoro ana-
logues (dOTFC). This class of 2,4-disubstituted 1,3-
oxathiolane nucleosides is a hybrid of the 4’-thio and
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Figure 1. Absolute configuration of nucleosides 1
ddcC.
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@ Reagents: (a) Et3SiH, TMSOTY; (b) NaBHy, EtOH; (¢) TMDPSCI, Im, THF; (d) m-CPBA, CHyCly; (e) (n-Bu}sNOAc, Acz0, 120 °C; (f)
persilylated N-acetylcytosine or N-acetyl-5-fluorocytosine, TMSOTY, CICH,CHjCl, reflux; (g) preparative TLC; (h) TBAF, HOAc, THF; (i)

K2COs3, MeOH.

isonucleoside families of compounds, isomeric to the 2,5-
disubstituted 1,3-oxathiolanes by transposition of the
heteroatom in the sugar moiety and can be considered
as the 3-thia analogues of 1,3-dioxolanes, all of which
exhibit antiviral activities. Specific choice of the cy-
tosine analogues is based on precedent established in
the heterosubstituted series®12-1¢ and 2’,3’-dideoxyfura-
nosides where D- and L-enantiomers differ in selectivity
toward the viral target.16-18

The key features of the synthetic strategy include
transposition of the acetoxy group from C-5 in oxathi-
olane 5 with defined absolute stereochemistryl® to the
C-4 center, reduction of the menthyl esters, and Vor-
briiggen coupling with silylated cytosine and 5-fluoro-
cytosine derivatives.2® Transposition of the acetoxy
group was achieved by a two-step reductive sequence
in which the acetoxy group of § was first removed by
reduction (Et3;SiH, TMSOTS) followed by reduction

(NaBHy, EtOH) of the menthyl ester and protection of
the primary alcohol (TBDPCI, Im, THF). Subsequent
oxidation of 6 with m-chloroperbenzoic acid in CHyCly
afforded a diastereomeric mixture of sulfoxides which
underwent Pummerer rearrangement (n-BuyOAc, AcoO)
to afford the transposed oxathiolanes 7 in 42% overall
yield (five steps). In a similar fashion, 10 was obtained
from 8 (Scheme 1).2! The nucleosides 1 and 3 were
synthesized by glycosylation of persilylated N-acetylcy-
tosine or its 5-fluoro analogue with 10 under Vor-
briiggen’s conditions to furnish the cis and ¢trans ana-
logues in 1:1.5 ratio, which were separated and depro-
tected to afford the desired nucleosides free from their
trans isomers. The isomeric purity of the final com-
pounds was determined by chiral HPLC techniques.
Similar transformations on 7 afforded 2 and 4, respec-
tively.

The anti-HIV-1 activity of 1—4 was initially assessed
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Table 2. Anti-HIV-1 Activities, Cytotoxicities, and SI of Nucleoside Analogues 1—4 in Acutely Infected Cell Lines

IC5e2? CCsc? SIe
compd MT-4 Jurkat H9 U937 CEM MT-4 dJurkat H9 U937 CEM MT-4 Jurkat H9 U937 CEM
1 0.9 1.8 0.08 0.3 0.4 >500 11  >500 22 103 >555 6 >6666 73 257
2 2.8 3.0 0.3 0.4 0.2 >500 450 >500 =500 =500 >178 150 >1667 >1250 >2500
3 3.0 3.5 0.1 0.6 0.2 >500 >500 >500 >500 =>500 >166 >143 >5000 >833 >2500
4 3.2 6.0 1.0 0.4 0.3 >500 >500 >500 >500 =>500 >156 >83 >500 >1250 >1667
AZT  0.005 0.01 0.07 0.04 0.01 110 >500 200 110 500 22000 >50000 2857 2750 50000

a Cell lines were infected with HIV-1 IIIg (TCIDso = 200) and then cultured with various concentrations of the drug. ® ICs in M was
determined by measuring p24 antigen levels in the supernatant of cultures at day 6 of infection. Data represents an average of five
independent experiments and are expressed in uM. ¢ Cell growth was determined by cell counting and viability by trypan blue exclusion
7 days post drug treatment. ¢ CCsq in M is expressed as the drug concentration which inhibits 50% of cell growth. ¢ Ratio of CCs to ICs0.

in cord blood mononuclear cells (CBMCs) infected with
HIV-1 strain IIIg (TCIDso = 2000) by using production
of RT as a measure of virus growth. The 50% inhibitory
concentration (ICs;) ranges and mean values, 50%
cytotoxic concentration, and selectivity indices (SI) are
shown in Table 1. In that assay, all nucleosides,
unexpectedly, had similar rank order of antiviral po-
tency, with 4 being only slightly more potent than the
others. In addition, distinction among the four nucleo-
side analogues is evident on the basis of their cytotox-
icity profiles in CBMCs for which 2, 3, and 4 were not
cytotoxic up to 500 uM and were at least 11-fold less
cytotoxic than AZT.

The ability of the nucleosides to inhibit HIV-induced
p24 antigen synthesis in a number of cell lines was
compared with the inhibition ability of AZT. All of the
nucleosides exhibited antiviral activities in the cell lines
studied, most notably in Jurkat (human lymphoma),
U937 (human monocyte), and CEM (human lympho-
blastic leukemia) where AZT was less active (Table 2).
Furthermore, nucleosides 1—4 exhibited well-defined
dose—response curves and inhibited the HIV-induced
syncytium formation in the T-lymphoblastoid cell line
(8166 in the range of 0.35—1.2 uM with no cytotoxicity
up to 200 uM. Among the four nucleosides, the differ-
ence in potency is relatively small with 1 being 3—4-
fold more potent than 2—-4, equipotent to AZT in H9
(human T cells), and 180-fold weaker in MT-4 (human
T helper) and Jurkat cells. The cytotoxicity of 1—4 for
the five cell lines in cell proliferation assays indicated
that 2, 3, and 4 were not cytotoxic up to 500 uM. In
comparison, 1 is notably cytotoxic in Jurkat, U937,
CEM, and CBMCs and is more cytotoxic than AZT in
the former three cell lines (Table 2).

Since hepatitis-B virus encodes for an enzyme which
possesses reverse transcriptase activity, we determined
the anti-HBV activities of 1—4 in the transfected human
hepatoma cell line 2.2.15. Although 1 displayed modest
anti-HBYV activity (ICs0 = 17.5 uM, cytotoxicity >50 uM),
it remains 1000-fold less potent than lamivudine. In
comparison 2, 3, and 4 are not as potent up to 50 xM.

The results presented here demonstrate that 2, 3, and
4 are potent and selective inhibitors of HIV-1 replication
in vitro and that 1 is a potent inhibitor of HIV-1
replication with modest activity against HBV in vitro.
Despite the appreciable potency of 1, it displays rela-
tively low selectivity in four cell lines. The order of
potency and selectivity of the other three nucleosides
are similar.

For most anti-HIV nucleoside analogues, only one
enantiomeric form is active as, for example, the cases
of AZT 2223 dd1,24 d4T,2* d4C,2¢ FLT,2 dioxolane-T,!3 and
2’,3’-dideoxy-3’-C-(hydroxymethyl)cytidine.25 On the

other hand, the enantiomers of 2’-deoxy-3’-thiacytidine
(BCH-189) represent the unique case of equipotency in
anti-HIV activity but not with regard to cytotoxicity
which was seen primarily with the D-enantiomer,26-30
Recently, anti-HIV and anti-HBV activities were re-
ported for B-L-ddC and its 5-fluoro analogue.16-18 The
potency of the enantiomers 1 and 2 and the greater
selectivity of 2 represents the first example of such
behavior in the 4’-thio class of antiviral nucleosides.
Surprisingly, the similarity in potency and lack of
cytotoxicities of the enantiomers 3 and 4 is unprec-
edented, to the best of our knowledge, in the nucleoside
field. The effect of the 5-fluoro substituent- versus
hydrogen in the 2R,4R analogues, 2 and 4, on potency
and cytotoxicity profiles is negligible. However, this
substituent decreased the cytotoxicity profile in vitro of
the 285,4S isomer 3 in comparison to 1.

In conclusion, we report the first examples of enan-
tiomerically pure 4’-thio nucleoside analogues with
potent and selective activity against HIV-1 in a panel
of cell lines and, as well, in lymphocytes of primary
origin. Further details on resistance profiles and cel-
lular metabolism will be reported in forthcoming pub-
lications,31:32

Acknowledgment. We thank Drs. John Gillard,
Gervais Dionne, Leonard, Yuen, Nghe Nguyen-Ba, and
Janet Cameron (GRD) for useful discussions and in-
sightful comments.

Supplementary Material Available: Experimental pro-
cedures, including yields, melting points, combustion data,
protocols for antiviral testing, and dose—response curves (35
pages). Ordering information is given on any current mast-
head page.

References

(1) Reverse transcriptase activity associated with mammalian ret-
roelements has been recently suggested. Mathias, L. S.; Scott,
A, F.; Kazazian, H. H., Jr.; Boeke, J. D.; Gabriel, A. Reverse
Transcriptase Encoded by a Human Transpoable Element.
Science 1991, 254, 1808—1810.

Examples of which include 9-C1-TIBO, nevirapine, L-697,661,
atevirdine mesylate, MKC-442, 0-APA, TSAO, imidazo-
pyridazines, calanolides, and TGG-11-23A. For reviews, see: De
Clercq, E. HIV-1 Specific RT Inhibitors: Highly Selective
Inhibitors of Human Immunodeficiency Virus Type 1 that are
Specifically Targeted at the Viral Reverse Transcriptase. Med.
Res. Rev. 1993, 13, 229—258. Young, S. D. Non-Nucleoside
Inhibitors of HIV-1 Reverse Transcriptase. Perspect. Drug
Discovery Des. 1993, 1, 181—-192.

(3) Richman, D. D. Resistance of Clinical Isolates of Human
Immunodeficiency Virus to Antiretroviral Agents. Antimicrob.
Agents Chemother. 1993, 37, 1207-1213.

Schinazi, R. F.; Mead, J. R.; Feorino, P. M. Insights Into HIV
Chemotherapy. AIDS Res. Hum. Retroviruses 1992, 8, 963—
990

2

~

(4

~

5) Schinazi, R. F. Competitive Inhibitors of Human Immunodefi-
ciency Virus Reverse Transcriptase. Perspect. Drug Discovery
Des. 1993, 1, 151—-180.



4 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 1

(6) Kim, H. O.; Schinazi, R. F.; Nampalli, S.; Shanmuganathan, K.;
Cannon, D. L.; Alves, A, J.; Jeong, L. S,; Beach, J. W.; Chuy, C.
K. 1,3-Dioxolanylpurine Nucleosides (2R,4R) and (2R,4S) With
Selective Anti-HIV-1 Activity in Human Lymphocytes. . Med.
Chem. 1993, 36, 30—31.

(7) Siddiqui, M. A,; Brown, W. L.; Nguyen-Ba, N.; Dixit, D. M.;
Mansour, T. S.; Hooker, E.; Viner, K. C.; Cameron, J. M.
Antiviral Optically Pure Dioxolane Purine Nucleoside Analogues.
Bioorg. Med. Chem. Lett. 1993, 3, 1543—1546.

(8) Cameron, J. M,; Collis, P.; Daniel, M.; Storer, R.; Wilcox, P.
Lamivudine. Drugs Future 1993, 18, 319—323 and references
cited therein.

(9) Jeong, L. S.; Schinazi, R. F.; Beach, J. W.; Kim, H. O.; Nampalli,
S.; Shanmuganathan, K.; Alves, A, J.; McMillan, A.; Chy, C. K;;
Mathis, R. Asymmetric Synthesis and Biological Evaluation of
B-L-(2R,58)- and a-L-(2R,5R)-1,3-oxathiolane-pyrimidine and
-purine Nucleosides as Potential Anti-HIV Agents. J. Med.
Chem. 1993, 36, 181—-195.

(10) Jeong, L. S.; Schinazi, R. F.; Beach, J. W.; Kim, H. O.; Shan-
muganathan, K.; Nampalli, S.; Chun, M. W.; Chung, W.-K.; Choi,
B. G.; Chy, C. K. Structure-Activity Relationships of 8-D-(2S,5R)-
and a-D-(28,58)-1,3-oxathiolanyl Nucleosides as Potential Anti-
HIV Agents. J. Med. Chem. 1993, 36, 2627—2638.

(11) Choi, W.-B.; Yeols, S.; Liotta, D. C.; Schinazi, R. F.; Painter, G.
R.; Davis, M.; St. Clair, M.; Furman, P. A, Synthesis, Anti-
Human Immunodeficiency Virus, and Anti-Hepatitis-B Virus
Activity of Pyrimidine Oxathiolane Nucleosides. Bicorg. Med.
Chem. Lett. 1993, 3, 693—696.

(12) Frick, L. W.; St-John, L.; Taylor, L. C.; Painter, G. R.; Furman,
P. A,; Liotta, D, C.; Furfine, E. S.; Nelson, D. J, Pharmacoki-
netics, Oral Bioavailability, and Metabolic Disposition in Rats
of (—)-cis-5-fluoro-1-{2(hydroxymethyl)-1,3-oxathiolan-5-yl] Cy-
tosine, a Nucleoside Analog Active Against Human Immunode-
ficiency Virus and Hepatitis B Virus. Antimicrob. Agents
Chemother. 1998, 37, 2285—2292.

(13) Kim, H. O.; Shanmuganathan, K.; Alves, A. J.; Jeong, L. S.;
Beach, J. W.; Schinazi, R. F.; Chang, C.-N.; Cheng, Y.-C.; Chu,
C. K. Potent Anti-HIV and Anti-HBV Activities of (—) L-8-
dioxolane-C and (+)-L-8-dioxolane-T and their Asymmetric
Syntheses. Tetrahedron Lett, 1992, 33, 6899—6902.

(14) Belleau, B. R.; Evans, C. A.; Tse, H. L. A,; Jin, H.; Dixit, D. M,;
Mansour, T. S. Oxidative Degradation of L-Ascorbic Acid Acetals
to 2',3’-Dideoxy-3'-oxaribofuranosides. Synthesis of Enantio-
merically Pure 2',3’-Dideoxy-3’-oxacytidine Stereoisomers as
Potential Antiviral Agents. Tetrahedron Lett. 1992, 33, 6949—
6952.

(15) Evans, C. A.; Dixit, D. M.; Siddiqui, M. A.; Jin, H.; Tse, H. L.
A.; Cimpoia, A.; Bednarski, K.; Breining, T.; Mansour, T. S.
Divergent Asymmetric Syntheses of Dioxolane Nucleoside Ana-
logues. Tetrahedron Asymmetry 1993, 4, 2319—2322.

(16) Gosselin, G.; Schinazi, R. F.; Sommadossi, J. P.; Mathé, C.;
Bergogne, M.-C.; Aubertin, A.-M.; Kirn, A.; Imbach, J.-L. Anti-
Human Immunodeficiency Virus Activities of the §-L-Enanti-
omers of 2'-3’-dideoxycytidine and its 5-fluoro Derivative in vitro.
Antimicrob. Agents Chemother. 1994, 38, 1292—1297.

(17 Lin, T.-S.; Luo, M.-Z.; Liu, M.-C. A Stereospecific Synthesis of
2’,3’-Dideoxy-S-L cytidine (8-L-ddC), a Potent Inhibitor Against
Hepatitis B Virus (HBV) and Human Immunodeficiency Virus
(HIV). Tetrahedron Lett. 1994, 35, 3477—3480.

(18) Van Draanen, N. A,; Tisdale, M.; Parry, N. R.; Jansen, R,;
Dornsife, R. E.; Tuttle, J. V.; Averett, D. R.; Koszalka, G. W.
Influence of Stereochemistry on Antiviral Activities and Resis-
tance Profiles of Dideoxycytidine Nucleosides, Antimicrob.
Agents Chemother. 1994, 38, 868—871.

(19) Siddiqui, M. A.; Jin, H.; Evans, C. A,; DiMarco, M. P.; Tse, H.
L. A; Mansour, T. S. (1'R,2'S,5'R)-Menthyl-(5R)-acetoxy-
1,3-oxathiolan-(2R)-carboxylate: Synthesis and Isomeric Purity
Determination by HPLC. Chirality 1994, 6, 156—160.

Communications to the Editor

(20) Belleau, B. R.; Brasili, L.; Chan, L.; DiMarco, M. P.; Zacharie,
B.; Nguyen-Ba, N.; Jenkinson, H. J.; Coates, J. A. V.; Cameron,
J. M. A Novel Class of 1,3-Oxathiolane Nucleoside Analogues
Having Potent Anti-HIV Activity. Bioorg. Med. Chem. Lett.
1993, 3, 1723—1728.

(21) Wang, W.; Jin, H.; Mansour, T. S. Synthesis of Optically Active
2’,3’-Dideoxy-3’-0xa-4’-thio-ribonucleoside Analogues by Trans-
position of a Leaving Group on Chiral Oxathiolanes Via a
Reductive-oxidative Process. Tetrahedron Lett. 1994, 35,4739-
4742.

(22) Wengel, J.; Lau, J.; Pederson, E. B.; Nielsen, C. M. Synthesis of
L-3’-azido-3’-deoxythymidine and its Stereoisomers. J. Org.
Chem. 1991, 56, 3591—-3594.

(23) Génu-Dellac, C.; Gosselin, G.; Aubertin, A, M.; Obert, G.; Kirn,
A,; Imbach, J.-L. 3’-Substituted Thymine a-L-Nucleoside Deriva-
tives as Potential Antiviral Agents: Synthesis and Biological
Evaluation. Antiviral Chem. Chemother. 1991, 2, 83—92.

(24) Mansuri, M. M.; Farina, V.; Starrett, J. E., Jr.; Benigni, D. A,;
Brankovan, V.; Martin, J. C. Preparation of the Geometric
Isomers of ddC, ddA, d4C and d4T as Potential Anti-HIV Agents.
Bioorg. Med. Chem. Lett. 1991, 1, 65—68.

(25) Kvarnstrom, L.; Svansson, L.; Svensson, C.; Svensson, S. C. T.;
Classon, B.; Samuelsson, B. Synthesis of 2’,3’-Dideoxy-3’-C-
hydroxymethyl Nucleosides Having the L-Configuration as
Potential Inhibitors of HIV. Nucleosides Nucleotides 1992, 11,
1367-1370.

(26) Coates, J. A. V.; Cammack, N.; Jenkinson, H. J.; Jowett, A. J.;
Jowett, M. L.; Pearson, B. A.; Penn, C. R.,; Rouse, P. L; Viner,
K. C.; Cameron, J. M. (—)-2"-Deoxy-3'-thiacytidine is a Potent,
Highly Selective Inhibitor of Human Immunodeficiency Virus
Type 1 and Type 2 Replication In Vitro. Antimicrob. Agents
Chemother. 1992, 36, 733—1739.

(27) Chang, C.-N.; Doong, S.-L.; Zhou, J. H.; Beach, J. W.; Jeong, L.
S.; Chu, C. K,; Tsai, C.-H,; Cheng, Y.-C. Deoxycytidine Deami-
nase-Resistant Stereoisomer is the Active Form of (+)-2,3'-
Dideoxy-3’-thiacytidine in the Inhibition of Hepatitis B Virus
Replication. oJ. Biol. Chem. 1992, 267, 13938—13942.

(28) Schinazi, R. F.; Chu, C. K,; Peck, A.; McMillan, A.; Mathis, R.;
Cannon, D.; Jeong, L. S.; Beach, J. W.; Choi, W.-B.; Yeola, S.;
Liotta, D. C. Activities of the Four Optical Isomers of 2',3'-
Dideoxy-3'-thiacytidine (BCH-189) Against Human Immunode-
ficiency Virus Type 1 in Human Lymphocytes. Antimicrob.
Agents Chemother. 1992, 36, 672—676 and references cited
herein.

(29) Coates, J. A, V.; Cammack, N.; Jenkinson, H. J.; Mutton, I. M.;
Pearson, B. A.; Storer, R.; Cameron, J. M.; Penn, C. R. The
Separated Enantiomers of 2’-Deoxy-3'-thiacytidine (BCH-189)
Both Inhibit Human Immunodeficiency Virus Replication In
Vitro. Antimicrob. Agents Chemother. 1992, 36, 202—205.

(30) Soudeyns, H.; Yao, X.-J.; Gao, Q.; Belleau, B.; Kraus, J.-L,;
Nguyen-Ba, N.; Spira, B.; Wainberg, M. A. Anti-Human Immu-
nodeficiency Virus Type 1 Activity and In Vitro Toxicity of 2'-
Deoxy-3'-thiacytidine (BCH-189), A Novel Heterocyclic Nucleo-
side Analog. Antimicrob. Agents Chemother. 1991, 35, 1386—
1390.

(31) Anti-HIV-1 data reported by our colleagues for the racemic form
of doTC are in error. We mixed equal amounts of 1 and 2 and
obtained the expected antiviral activity.

(32) The trans isomers of 1—4 were tested in MT-4 cells and found
to be inactive up to 400 uM and not cytotoxic. These compounds
were also inactive against HBV replication in vitro up to 50 uM.

JM9405046



