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PREFACE

Since the discovery of AZT in 1985, soon after the discovery of the human immunode-
ficiency virus (HIV), a number of laboratories of nucleosides and viral pharmacology
intensified their efforts in order to come-up with more safe and potent anti-HIV agents.
From these efforts, scientists further discovered ddl, ddC and d4T as potent and clinically
useful agents, although these agents also possess different profiles of antiviral activity
as well as side-effects. With these agents in hand we opened a new era of combination
chemotherapy of viral diseases. However, retrospectively, the major breakthrough came
when 3TC (lamivudine) was discovered as a potent anti-HIV agent. The discovery of
3TC was almost a shock to conventional nucleoside chemists as 3TC was an oxathiolane
derivative, and furthermore it was an L-nucleoside. L-Nucleosides have previously never
been demonstrated any significant biological activity. Of course, we know now that more
than 70-80 % of AIDS patients are currently taking 3TC as part of combination therapy.
Furthermore, the discovery of 3TC fueled the chemistry of L-nucleosides for the last ten
years. Thanks to 3TC, we are now witnessing at least six L-nucleosides (FTC, L-FMAU,
L-d4FC, L-OddC, L-dT and L-dC) currently undergoing clinical trials. This all happened
in the 90s, thus nucleoside chemists call it the “L-nucleosides decade”

Parts of this book reflect the development of the L-nucleosides chemistry and pharma-
cology, plus other conventional antiviral nucleosides discovered during the last ten years.
This book covers experimental antiviral agents discovered up to the middle of 2002. At
The University of Georgia, I am using the chapters in this book as the text for our gradu-
ate students in medicinal chemistry. It works out well because these chapters not only
cover modern carbohydrate and nucleoside chemistry, but also deal with biology and
chemotherapy of antiviral agents. Thus, these chapters encompass the so called “from
bench to beside.” That is what our aspiring graduate students in medicinal chemistry
need to be exposed to due to the interdisciplinary nature of drug discovery and develop-
ment. I hope this book will be useful to those who are already involved in the field for a
quick review as well as graduate students who are entering the field of antiviral chemistry
and chemotherapy.

Finally, I would like to dedicate this book to scientists who have contributed to the
field of nucleoside chemistry and biology. Some of them participated as part of the
Gordon Conference in New Port, Rhode Island in 1997. Keep-up your good work!

C. K. Chu
Athens, Georgia USA
August, 2002
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CHAPTER 1

RECENT ADVANCES IN ANTIVIRAL NUCLEOSIDES

GIUSEPPE GUMINA, YONGSEOK CHOI and CHUNG K. CHU

1.1. Introduction

During the last two decades, treatment of viral infections has advanced remarkably,
thanks to the heroic efforts of chemists and pharmacologists, the rapid progress of
molecular virology as well as the cumulative knowledge of more detailed mechanism of
action of antiviral agents.! In recent years, we are facing an outburst of new and emerging
viral diseases, such as new strains of hepatitis and herpes viruses, Ebola virus, West-Nile
virus, plus a number of exotic viruses which, although still isolated in small areas of
the world, have the potential for pandemic outbreak. Besides, the threat that viruses and
other microorganisms could be used as biological weapons in warfare or bioterrorism
has become a reality. Although vaccination is a valuable tool to fight viral diseases and
in some cases is available and successful, the difficulty associated with state- or world-
wide vaccination programs makes antiviral chemotherapy a more practical approach in
the fight to epidemic viral infections.

Among the most successful antiviral agents, nucleoside analogs have been the drugs of
choice in the treatment of a number of deseases caused by herpes simplex virus (HSV),
human cytomegalovirus (HCMV), varicella zoster virus (VZV), human immunodeficiency
virus type 1 (HIV-1) and human hepatitis B (HBV) and C (HCV) virus. Since 1980, a variety
of biologically interesting and promising nucleosides have been discovered, some of which
are being used clinically or are undergoing preclinical or clinical development. Currently,
eighteen nucleosides are clinically being used for the treatment of HIV-1, herpes virus, HBV,
RSV and HCV infections (Table 1). Despite these achievements, continued discoveries
of novel nucleoside analogs are needed in order to overcome common problems in antiviral
chemotherapy, such as toxicity, metabolic instability and, above all, the emergence of resistant
viral strains as well as of new and emerging viral diseases. So far, a number of reviews have
been published, regarding specific nucleoside classes,? general aspects of nucleosides® and
their chemistry* as well as their antiviral activity spectrum and target of actions.’ In view
of these reviews, the purpose of this chapter is to give a brief overview on the most recent
advances in antiviral nucleosides focusing on the structure-activity relationships with
particular regard to the biochemical mode of action of the most promising nucleosides.

1
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G. Gumina, Y. Choi and C. K. Chu

Table 1.

Antiviral nucleosides used in clinics

Generic name Acronyms Target viruses Mode of action
Anti-HIV agents
Zidovudine AZT HIV-1 ™
Didanosine ddi HIV-1
Zalcitabine ddC HIV-1
Stavudine 44T HIV-1 >
Reverse transcriptase inhibitor/
Lamivudine 3TC HIV-1 chain terminator
Abacavir 1596U89 HIV-1
Tenofovir disoproxil  PMPA HIV-1 _/
Anti-HBV agent
Lamivudine 3TC HBV Re\{erse trz'mscn‘ ptase inhibitor/
chain terminator
Anti-Herpetic agents
Idoxuridine 1dU HSV-1/2
Trifluridine TFT HSV-1/2
DNA polymerase inhibitor;
Acedurid EdU HSV-172 topical use
Vidarabine araA HSV-1/2
Acyclovir ACV HSV-1/2, yzy  Selective viral DNA
polymerase inhibitor
Valaciclovir val-ACV HSV-1/2, VZV Valine ester prodrug of acyclovir
Penciclovi / Selective viral DNA
enciciovir PCV HSV-172, VZV polymerase inhibitor; topical use
Famciclovir FCV HSV-1/2, VZV Oral prodrug of PCV
Ganciclovir DHPG HCMV Selective viral DNA
Cidofovir (S-HPMPC ~ HCMV polymerase inhibitor
Virazole Ribavirin RSV, HCV Viral RNA polymerase inhibitor
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1.2.  Structural features of nucleosides as antiviral agents

Nucleoside analogs as inhibitors of viral replications usually act by interaction of their
triphosphates with viral polymerases. As structural units of nucleic acids, the nucleoside
triphosphates (NTPs) are the substrates for polymerase enzymes, which catalyze the
polymerization of the NTPs. The biosynthesis of the NTPs is controlled by nucleoside
kinases. The structural requirements of nucleosides to interact with kinases and poly-
merases have important implications in the design of potential antiviral nucleosides
(Figure 1). The 5’-hydroxymethyl group and the base moiety of nucleosides interact
with kinases and their complementary nucleotides on the DNA template. The sugar
moiety of the nucleoside can be considered as a spacer to connect the hydroxymethyl
group and the base moiety.® Therefore, modification of the sugar moiety has provided
opportunities in the design of biologically active nucleosides.

Some viruses, such as herpes viruses, encode their own nucleoside-phosphorylat-
ing enzymes, which offers the potential for a therapeutic target.® Nucleosides, which
are preferably phosphorylated by viral enzymes rather than by the cellular homologue,
are only activated in infected cells and can have high selectivity against these viruses.
This is, for example, the main factor in the success of acyclovir (ACV). However, other
viruses, such as HIV and HBV, do not encode nucleoside kinases. In order to be active
against these viruses, nucleoside analogs have to be phosphorylated by cellular kinases.
Thus, the selectivity between antiviral activity and cellular toxicity depends on the sub-
strate specificity of the NTPs for viral and host polymerases, and often the therapeutic
exploitation of active nucleosides is compromised by the toxicity resulting from inhibi-
tion of the host enzymes or incorporation in the host nucleic acids.

In general, enzymes act on one enantiomer of a chiral substrate, the specificity of which
is related to the unique structure of the enzymes.” However, recent findings have indicated
that there are some exceptions to this rule among enzymes involved in the phosphory-
lation of nucleosides.”®*° For instance, herpes virus thymidine kinases (TKs) phos-
phorylate both D- and L-enantiomeric forms of several uracil analogs as well as acyclic
nucleosides, cellular deoxycytidine (dCyd) kinase phosphorylates both enantiomeric
forms of several dCyd analogs, and some viral DNA polymerases, such as herpes viruses,
HIV-1 RT and HBV DNA polymerase, are inhibited by the triphosphates of a number
of L-nucleosides. These findings offer new opportunities for antiviral chemotherapy,
although, at the molecular level, it is not completely understood how kinases phosphory-
late both D- and L-nucleosides.

In recent years, a growing number of nucleoside analogs have been discovered
which exert their antiviral activity by inhibiting enzymes different from polymerases,
such as inosine monophosphate dehydrogenase, S-adenosylhomocysteine hydrolase,
orotidine 5’-monophosphate decarboxylase and CTP synthetase.!! Such compounds may
prove useful because, by targeting different enzymes, they may offer synergistic action
with classic polymerase inhibitors.
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or creatine kinase, efc.

Figure 1. General mode of action of nucleoside analogs.

1.3.  2’-Deoxy nucleosides and related analogs

2’-Deoxy nucleoside analogs have proved effective against DNA viruses, such as HSV,
VZV, EBV and HBV. Some nucleosides of this class show poor selectivity between
the viral polymerases and the host polymerases due to their structural resemblance to
natural substrates. However, modification of the base moiety or the sugar portion as well
as the use of the unnatural L-enantiomer have been shown to reduce cellular toxicity,
as in the case of 2’-fluoro-5-methyl-B-L-arabinofuranosyluracil (L-FMAU).!?
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Since the discovery of the first antiherpes compound, 5-iodo-2’-deoxyuridine (1,1dU),"
a modifications of the 5-position of the pyrimidine moiety have produced a number of
active antiviral compounds (Figure 2)."® Several 5-substituted 2’-deoxy-uridines, such as
5-trifluoromethyl-2’-deoxyuridine (2, TFT)"* and 5-ethyl-2’-deoxyuridine (3, EdU),*
have been approved for the treatment of herpetic keratitis. IdU and TFT are phosphory-
lated to their triphosphates by the virus-encoded TK. The triphosphates inhibit HSV
DNA polymerase as well as, even though to a lesser extent, cellular polymerases. EdU
has higher affinity for the herpesvirus-induced TK than for the cellular TK, and its tri-
phosphate is incorporated to a large extent into the viral DNA 313

BVdU (4, brivadin) was originally synthesized by Walker and co-workers and shown
to be a potent and selective anti-herpes agent.! It is specifically phosphorylated by virus-
encoded TK and nucleoside diphosphate (NDP) kinase to give BVAUTP, which may act
as either an inhibitor of or a substrate for viral DNA polymerase. However, BVdU is
cleaved by pyrimidine nucleoside phosphorylases to (E)-5-(2-bromovinyl)uracil (BVU),
which is cytotoxic.'® The marked loss of activity of BVdU in thymidine kinase-deficient
(TK") HSV-1 or VZV strains has been bypassed by its incorporation into phosphorami-
date prodrugs (vide infra).'® The inhibitory effects of several 5-alkynyl-2’-deoxyuridine
analogs on virus replication, host cell metabolism and tumor cell proliferation have been
investigated, among which 5-ethynyl-2’-deoxyuridine (5) is the most cytotoxic against
L1210 cells.”” 5-Heteroaryl-substituted 2’-deoxyuridines,'®" i.e. 5-(3-Bromoisoxazol-
5-yD)-2’-deoxyuridine (6), 5-(5-bromothien-2-yl)-2’-deoxyuridine (7) and 5-(5-chloro-
thien-2-yl)-2’-deoxyuridine (8) also share with BVdU a common antiviral spectrum
against various strains of HSV-1 and VZV, but not HSV-2, HCMV or TK- HSV-1.*

(IdU, X =1) 9 (Ldy, X=1)

(TFT, X =CF3) 10 (L-BVdU, X = (E)-bromovinyl)
(EdU, X =EY) 11 (L-dT, X = CHg)

(BVdU, X = (E)-bromovinyl)

(X =C=CH)

(X = 3-Br-isoxazol-5-yl)

(X = 5-Br-thien-2-yl)

(X = 5-Cl-thien-2-yh

ONDD B WA -

Figure 2. 2’-Deoxyuridine analogs.

Focher et al. have demonstrated that L-IdU (9), L-BYDU (10) and L-thymidine (11, L-dT)
(Figure 2) are not recognized by human cytosolic TK in vitro, but function as a substrate
for HSV-1 TK and inhibit HSV-1 proliferation in infected cells.® L-dT is selectively
phosphorylated in vivo to L-dTMP by HSV-1 TK. L-dTMP is further phosphorylated
to the di- and triphosphate forms by non-stereospecific cellular kinases. L-dTTP not
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only inhibits HSV-1 DNA polymerases in vitro, but also human DNA polymerases
o, v, 8 and g, HIV-1 RT, E. coli DNA polymerase I and calf thymus terminal trans-
ferase, although DNA polymerase 3 is resistant. Spadari et al. have also reported that
HSV-1 TK shows no stereoselectivity and phosphorylates both D- and L-dT to their
corresponding monophosphates with identical efficiency, with a K, value of 2 uM,
almost identical to the K,, for the natural substrate thymidine (2.8 uM).* L-IdU and
L-BVdU inhibit HSV-1 TK with activities comparable to those of their corresponding
D-enantiomers. In addition, the L-isomers of IdU and BVdU have no effect on human
thymidylate synthase and are fully resistant to hydrolysis by nucleoside phosphorylase.’
However, Chu and co-workers reported that L-BVdU and 1.-BVaraU show no activity
against herpes viruses.” Furthermore, L-dT and L-2’-deoxycytidine (L-dC) do not
show any inhibitory effect against HIV, HSV-1, HSV-2, EBV, VZV and vaccinia
virus, whereas they show selectively potent anti-HBV activity with an EC,| value of
0.05-0.26 uM in 2.2.15 cells and duck HBV and with an EC_, value of 0.05 uM in
primary duck hepatocytes without any cellular toxicity (CC,, >2000 uM).'%>"?* ..dT
and L-dC do not inhibit the growth of human bone marrow progenitor cells, although
L-dT is a substrate of cytosolic TK and mitochondrial TK, and L-dC is phosphorylated
by dCyd kinase and mitochondrial TK (Figure 3).'%?' L-dC is not a substrate of dCyd
deaminase, but its L-dCMP is deaminated to form L-dUMP, which is further converted to
L-dUTP. L-dTTP and L-dCTP inhibit woodchuck hepatitis virus DNA polymerase with
an IC_ value of 0.34 and 2.0 pM, respectively, whereas none of them is a substrate for
the HIV RT or for human DNA polymerases @, B or € up to 100 uM. Moreover, L-dT
and L-dC do not cause any reduction in mitochondrial DNA content, any lactic acid
accumulation nor the alteration in mitochondrial morphology or function up to 10 puM.'%%
L-dT and L-dC are currently undergoing clinical trials as anti-HBV agents.

cytosolic
TK or
L-dT L-dTMP L-dTDP L-dTTP
mt TK l
inhibition of WHBV polymerase
No inhibition of human DNA
polymerase a, B ore
dCyd T
kinase
L-dC L-dCMP L-dCDP —————  L-dCTP
mt TK
dCyd
deaminase
L-dU L-dUMP L-dUTP

Figure 3. Metabolic pathway of L-dT and L-dC.»!
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During the synthesis of 5-alkynyluridine analogs (12), 3-glycosyl-6-substituted-fu-
rano[2,3-d]pyrimidine-2-one derivatives (13) have been obtained as cyclic by-products
(Scheme 1). These furanopyrimidine derivatives exhibit potent and selective in vitro
inhibition against VZV.> In this series, the 6-octyl derivative is the most potent, followed
by the 6-decyl and 6-nonyl derivatives. Shorter chains (<C,) led to antiviral activity
similar to that of ACV and C,-C,, led to higher antiviral activity. Longer chains (>C,))
reduced the potency against VZV, probably due to low water solubility. Interestingly, the
furanopyrimidine derivatives (13) exhibited only anti-VZV activity. It seems that these
analogs may be phosphorylated by VZV TK, as the complete loss of antiviral activity in
the VZV TK" assays seems to support.

0
R O J o)

R R

(R=CgHyq - Cy2Hzs)
Scheme 1. Synthesis of furanopyrimidine derivatives.

Substitution of the oxygen on the furanose ring by a sulfur or methylene group also
retains comparable antiviral activity with increased stability of the glycosidic bond.
Among 2’-deoxy-4’-thiouridine analogs, 4’-thio BVdU (14, S-BVdU) is the most inter-
esting compound (Figure 4), showing potent activity against HSV-1, HSV-2 and VZV
(EC,, 0.6, 10 and 0.08 uM, respectively) with no cytotoxicity and improved in vivo sta-
bility.** Other 5-substituted analogs in this series also have good activity against HSV-1
and VZV in vitro without any apparent cytotoxicity (e.g. 5-ethyl, 5-vinyl and 5-chloro-
ethyl).® Among them, the 5-ethyl analog has the broadest antiherpetic spectrum, being
active against HSV-1, HSV-2 and VZV. Furthermore, the isopropyl and cyclopropyl
analogs have significant activity in virro against HSV-1 and VZV, whereas no activity is
observed for their oxygen counterparts.?® Among 2’-deoxy-4’-thio-ribo purine analogs,
the 2-amino-6-(cyclopropylamino)purine derivative (15) is the most potent and selective
agent against HCMV and HBV replication in vitro (EC, 0.2 and 0.0072 uM in 2.2.15
cells, respectively), but it is also nephrotoxic in vivo.?” Uenishi et al. have reported the
synthesis and biological activity of D- and L-2’-deoxy-4’-thiouridines and their 5-trifluo-
romethyluridine analogs, D- and L-4’-thiothymidine, and D- and L-2’-deoxy-4’-thiocyti-
dine.”® D-Thymine, D-cytosine and D-5-trifluoromethyluracil derivatives are also potent
inhibitors of the growth of L1210 cells. On the other hand, none of the L-nucleosides
showed any cytotoxicity toward 1.1210 and KB cells except for the L-thymidine analog,
which was slightly toxic toward L1210 cells.
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Figure 4. Biologically active 2’-deoxy-4’-thionucleosides.

The racemic carbocyclic analogs of several 2’-deoxyribofuranosides are also active
against HSV-1 and HSV-2 replication in cell culture. Among them, the carbocyclic
analogs of 1dU (16, C-IdU) and BVdU (17, C-BVdU) show similar selectivity and
potency to their parent compounds (Figure 5).* Racemic C-BVdU and its analogs
as well as C-IdU are equally selective, albeit slightly less potent in their antiherpes
action than their parent compounds. Although resistant to degradation by pyrimidine
nucleoside phosphorylases, C-BVdU is no more effective than BVdU in systemic (oral,
intraperitoneal) or topical treatment of HSV-1 infections in mice. However, both (-)- and
(+)-enantiomers of C-IdU (18) and C-BVdU (19) are active against HSV-1, which indi-
cates that both may act as substrates for HSV-1 TK.*®

0 0
X
X\[U\NH HN/U\/”/
HO N/go 07 >N OH
HO OH
16 (C-IdU, X = 1) 18 (L-C-IdU, X = Iy

17 [C-BVdU, X = (E)-bromovinyl]

19 [L-C-BVdU, X = (E)-bromovinyl]

0 )
N
NH HN/UI
< | L >
HO N N/)\NH2 HZN/k\N N I—OH
HO OH
20 (CdG) 21 (L-CdG)

Figure 5. Biologically active carbocyclic 2’-deoxy nucleosides.
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Among purine analogs, (+)-carbocyclic 2’-deoxyguanine (2°-CdG, 20) shows the most
potent anttherpetic activity.>' Secrist et al. resolved the enantiomers, and reported that
D-2’-CdG is as active and potent as (z)-2’-CdG against HSV-1 and HSV-2, whereas
L-2’-CdG displays only modest activity against HSV-1.2 According to the metabolic
study of (#)-2’-CdG, D-2’-CdG (20) and L-2’-CdG (21, Figure 5), D-2’-CdG seems to
be a good substrate for the virus-encoded kinase and a very poor substrate for cellular
phosphorylating enzymes.** Besides, both D- and L-2’-CdG are phosphorylated by dCyd
kinase from MOLT-4 cells, 5’-nucleotidase from Hep-2 cells, and mitochondrial de-
oxyguanosine (mt-dGua) kinase from human platelets and CEM cells.** For both dCyd
kinase and mt-dGua kinase, L-CdG is a better substrate with K,, values of 0.63 and
4.9 mM, respectively vs. 1.98 and 1.2 mM for D-CdG. In the case of 5’-nucleotidase,
D-CdG is a better substrate witha V_ /K, value of 0.02 for L-CdG and 0.05 for -CdG.*
In addition, D-CdG shows a 50% inhibition of HBV DNA polymerase activity at 5 ng/mL
in 2.2.15 cells, and at 25 ng/mL the complete disappearance of HBV replication has been
observed.® D-CAG is phosphorylated to its triphosphate (although the exact identity of
the enzymes responsible for this phosphorylation is not clear), which can be efficiently
incorporated into HBV DNA. D-CdGTP is a competitive inhibitor of dGTP for both HBV
DNA polymerase and eukaryotic DNA polymerase 6, with a 6-fold lower K, for the viral
enzyme.* Unfortunately, D-CdG is toxic with a 50% inhibition of cell growth (HepG2
2.2.15 cells at 32 pM).%’

Replacement of the oxygen with an ethenyl group produces compounds with potent
and selective anti-HBV activity in 2.2.15 cells.*® Entecavir (BMS-200475, 22), originally
synthesized as an anti-herpesvirus agent, displayed also moderate activity against HSV-1,
HSV-2 and VZV (Figure 6).

O o}

</NfJ\NH HNJEEN\>
HO‘\ H N N/)\NHZ HzN/k\N N |"OH

HO OH
22 (entecavir) 23

Figure 6. BMS-200475 and its L-enantiomer.

Activity was also seen with HCMV, a herpes virus lacking TK, but no activity was
detected against RNA viruses such as HIV or influenza. Further studies have established
that entecavir is one of the most potent anti-HBV nucleosides discovered in vitro as well
as in vivo, (EC,; 3 nM, IC, 30 uM) in 2.2.15 cells. Treatment with entecavir results in
no apparent inhibitory effects on mt-DNA content.>* Furthermore, daily oral treatment
at doses ranging from 0.02 to 0.5 mg/kg of body weight for 1 to 3 months effectively
reduces the level of woodchuck hepatitis virus (WHYV) viremia in chronically infected
woodchucks as measured by reductions in serum WHV DNA levels and endogenous
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hepadnaviral polymerase activity. However, WHV viremia in BMS-200475-treated
WHYV carriers eventually returns to pretreatment levels after therapy is discontinued.®
In vitro biochemical studies indicate that entecavir can be efficiently phosphorylated
by cellular enzymes to its triphosphate, which is a potent inhibitor of HBV DNA poly-
merase, inhibiting both priming and elongation steps of HBV DNA replication.
The enantiomer (23) of entecavir as well as the adenine, thymine and iodouracil analogs,
are much less active against HBV.* Entecavir is currently undergoing clinical trials as
an anti-HBV agent.

9-B-D-Arabinofuranosyl adenine (24, ara-A, vidarabine) has been known to have sig-
nificant antiviral activity in vitro against herpes and vaccinia virus* and is also a potent
inhibitor of HBV DNA polymerase (Figure 7).** Due to its low water solubility, its
5’-monophosphate (ara-AMP) is administered intramuscularly, and ara-AMP has been
extensively studied for treating chronic HBV infections in humans.> Although a 8-week
treatment has been shown to effect the loss of HbeAg and HBV DNA, in many cases
serious neurotoxicity is evident after 4 weeks. Ara-A is phosphorylated by cellular
enzymes to its triphosphate, which interfere with viral nucleic acid replication.
Unfortunately, vidarabine is deaminated rapidly by adenine deaminase to arabinosyl
hypoxanthine, which has weak antiviral activity.> Its carbocyclic analog, cyclaradine
(25), synthesized in efforts to develop deaminase-resistant ara-A derivatives, exhibits
significant anti-HSV-1 and anti-HSV-2 activity.*

Nf Nf
HO NN HO NS HO o N O HO o N0

HO HO HO HO
24 (ara-A) 25 (cyclaradine) 26 (BVaral) 27 (zonavir)

Figure 7. Biologically interesting arabinofuranosyl nucleosides.

Substitution of an arabinofuranose for the ribose moiety of BVdU leads to BVaraU
(26), the most potent anti-VZV agent discovered so far which, for this reason, had been
registered in Japan for the treatment of herpes zoster (shingles).* However, several
patients who had been treated with BVaraU along with 5-fluorouracil (5-FU) died because
of the drugs interaction. In fact, 5-bromovinyluracil, released by phosphorolytic cleavage
of the glycosylic bond, is a potent inhibitor of dihydropyrimidine dehydrogenase, whose
inhibition results in elevating 5-FU to lethal levels.* The L-enantiomer of BVaraU does
not exhibit antiviral activity against any herpes viruses, including VZV.204

Introduction of an alkenyl or alkynyl group at S-position of the uracil base also pro-
duces potent anti-herpetic activity.* B-D-Arabinofuranosyl 5-propynyluracil (27, zonavir)
is a good substrate for viral kinases, particularly for VZV TK, which converts it to
the monophosphate whereas cellular cytosolic thymidine kinase is not effective.’
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The monophosphate is then specifically converted to the diphosphate by the thymidylate
kinase activity of VZV TK. The triphosphate of zonavir is a potent inhibitor of the VZV-
specific DNA polymerase and this inhibition is probably the major mechanism of the
antiviral activity.

4’-Thio derivatives of BVaraU and related analogs have selective antiviral ac-
tivities against HSV-1, HSV-2 and VZV, but not superior to the 4’-oxo nucleosides.®
4’-Thioarabinofuranosyl guanine and diaminopurine have the most potent anti-HCMV
and anti-proliferative activities, whereas arabinosyl guanine and diaminopurine show
only marginal antiviral activity.”®® The L-enantiomer of 4’-thioarabinofuranosyl cytosine
does not exhibit significant antiviral activity.*®

Introduction of a fluorine atom at the 2’-position of nucleoside analogs has produced
a variety of interesting antiviral agents (Figure 8). 2’-Fluoro-B-D-arabinofuranosyl py-
rimidine nucleosides are potent agents against herpes virus.* 1-B-D-Arabinofuranosyl-
5-iodocytosine (FIAC) and 1-P-D-arabinofuranosyl-5-iodouridine (FIAU, 28) are
phosphorylated in HSV-1 infected cells by virus-encoded TKs.*® The 5-alkenyl analogs
were also found to be active against HSV-1, HSV-2 and VZV.** Furthermore, FIAC,
FIAU, FMAU (29) and FEAU (30) have significant anti-HBV activity.® Studies in
HepG2 cells indicate that FIAU is activated by host cell enzymes including cellular TK,
thymidylate kinase and pyrimidine diphosphate kinase.

O O

X CHj
& o
HO N/go Oo” N OH

HO HO
28 (FIAU, X =1) 31 (L-FMAU)
29 (FMAU, X = CHy)
30 (FEAU, X =EY)

Figure 8. 2’-Deoxy-2’-fluoro-arabinofuranosyl nucleosides.

Unfortunately, problems associated with the toxicity of potential therapeutic com-
pounds have been demonstrated by the results of the FMAU%! and FIAU (fialuridine)
clinical trials (Figure 9).%3 Although initial trials in humans showed very good efficacy
in terms of reducing the plasma levels of HBV as measured by viral DNA concentra-
tions or viral polymerase activity, longer trials, in which the duration of drug treat-
ment was extended, had to be curtailed when serious toxic effects became apparent. ®
These included myopathy, lactic acidosis, peripheral neuropathy, pancreatitis and
liver failure, and the severity of the toxic effects was such that several patients died.
The primary cause of this delayed toxicity is due to the incorporation of the drug into
mitochondrial DNA (mt-DNA), which causes damage to the mitochondrial function.”
Studies in HepG2 2.2.15 cells indicate that FIAU is activated by host cell enzymes
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including cellular TK, thymidylate kinase and pyrimidine diphosphate kinase to FIAUTP,
which inhibits the viral DNA polymerase. However, FIAUTP is also efficiently used as
a substrate by DNA polymerase vy, which incorporates it into mt-DNA, causing disrup-
tion in the replication of DNA, resulting in either decreased production of proteins or
the production of defective proteins.>

FIAU mitochondrial DNA

Figure 9. Mitochondrial toxicity caused by FIAU: internalization of FIAU into mt-DNA, which cannot be

repaired by exonucleases.*

Since the broad spectrum of biological activity of 2’-F-arabinofuranosyl nucleosides
was discovered, a number of structural modifications of these analogs have been carried
out. Chu and co-workers have demonstrated that the enantiomer of FMAU, L-FMAU
(clevudine, 31, Figure 8) has potent anti-HBV as well as anti-EBV activity.'” Most im-
portantly, L FMAU has low cytotoxicity in a variety of cell lines, including MT2, CEM,
H1 and 2.2.15 and bone marrow progenitor cells. L.FMAU is phosphorylated stepwise to
L FMAUMP, L. FMAUDP and L-FMAUTP in 2.2.15 cells by cytosolic TK, dCyd kinase
or mt-dPyd kinase, respectively (Figure 10), acting as a potent inhibitor of HBV DNA
polymerase.>* However, it is not utilized as a substrate by human DNA polymerase o, 3, Y
or 6. In addition, L-FMAU exhibits potent anti-EBV activity. The metabolic studies suggest
that EBV-specific TK in H1 cells can phosphorylate L FMAU to its mono, di- and triphos-
phates.>* Interestingly, LFMAUTP is not a substrate for HBV or EBV DNA polymerases
unlike other antiviral nucleosides, which suggests that the anti-HBV and anti-EBV activity
of LLFMAU may not be due to its incorporation into HBV and EBV DNA * Currently un-
dergoing clinical trials against chronic hepatitis B virus infection, L-FMAU has been found
to be one of the most potent anti-HBV agents so far in woodchuck as well as in humans,
since no significant viral rebound was observed in woodchucks or humans.

The 4’-thio substitution of 2’-fluoro nucleosides also retains their antiviral activity
(Figure 11). Machida et al. have reported that 2’-fluoro-4’-thioarabinofuranosyl nucleo-
sides (4’-thio-F-araNs) are active against HSV-1, HSV-2, VZV and HCMV.* 4’-Thio-F-
araG (32) and 4’-thio-F-araDAP (33) have particularly potent activity against all herpes
viruses tested, equipotent to arabinosyl guanine and diaminopurine. These compounds
also have a 6-fold lower EC_ value than ganciclovir against clinical isolates of HCMV.
In addition, 4’-thio-F-araA (34) shows biological activities similar to that of araA. 2’-
Fluoro-5-methyl-4’-thio-f-L-arabinofuranosyluracil (35, L-SFMAU), the enantiomer of
4’-thio-FMAU (36), also has moderate activity against HSV-1 and HSV-2.%
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Figure 10. Proposed metabolism of L. FMAU.>*
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Figure 11. 2’-Deoxy-2’-fluoro-4’-thioarabinofuranosyl nucleosides.

13

Among carbocyclic derivatives of FMAU (Figure 12), C-FMAU (37) showed moderate
anti-HSV-1 activity although it is less active than FMAU.% The 2’-ara-fluoroguanosine
derivative™ is potent against HSV-1 and HSV-2 and poorly active against VZV, but it
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has also showed cytotoxicity. The 2’-fluoro analog of cyclaradine (38) is 10 times more
active than cyclaradine itself against HSV-1 and HSV-2, and more active than ACV
against HSV-2 in mice.*®

37 (C-FMAU) 38 (C-F-araA)
Figure 12. Carbocyclic 2’-deoxy’2’-fluoro-arabinofuranosyl nucleosides.

Introduction of geminal fluorine atoms at the 2’-position has resulted in the discov-
ery of 2’-deoxy-2’,2’-difluorocytidine (39, gemcitabine),”® which has been approved
by the FDA for the treatment of pancreatic cancer (Figure 13). Gemcitabine shows a
complex mechanism of action, inhibiting the synthesis of DNA and RNA as well as
inhibiting ribonucleotide reductase.® Its guanosine analog also shows similar activity.%!
Among the series of L-enantiomers of gemcitabine including L-gemcitabine (40), only the
adenine analog shows marginal anti-HIV-1 activity without cytotoxicity (EC, 3.4 uM
in PBM cells).®2 The 4’-thio analog of gemcitabine (41, 4’-thiogemcitabine)® also shows
moderate antineoplastic activity. However, its enantiomer, L-4’-thiogemcitabine (42),

shows neither antiviral nor antitumor activity against a panel of five different tumor cell
lines.%

T e TR

39 (gemcitabine) 40 (L-gemcitabine) 40 (S-gemcitabine) 42 (L-S-gemcitabine)
Figure 13. 2’-Deoxy-2’-fluorocytidine derivatives.

The methylidene substitution of 2’-deoxycytidine provides 2’-deoxy-2’-methylidene-
cytidine (43, DMDC, Figure 14), endowed with anti-neoplastic activity against several
solid tumor cell lines as well as leukemia. DMDC is resistant to cytidine deaminase®
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and its diphosphate is a potent inhibitor of ribonucleotide reductase.5” DMDC and 2’-
deoxy-2’-methylidene-5-fluorocytidine (DMDFC) (44) are potent inhibitors of HSV-1,
HSV-2, VZV and HCMV with significant anti-proliferative activity.®® The (E)-5-(2-
bromovinyl)uracil analog (BV-DMDU) has moderate antiviral activity against HSV-1,
HSV-2, VZV and HCMV. Among the 2’-deoxy-2’-methylidene pyrimidine nucleoside
analogs, BV-DMDU showed the most potent and selective anti-VZV activity, which was
more potent than ACV, but less active than BVarall.®®

Also the 4’-thio analog of DMDC (45, Figure 14) has potent antineoplastic properties
in vitro with an IC, value of 0.0091 and 0.12 pg/mL in CCRF-HSB-2 and KB cells,
respectively.® Its enantiomer, L-4’-thio-DMDC (S-DMDC, 46), does not show antitumor
activity against different cell lines.** In addition, various 5-substituted 4’-thio-DMDUs
show potent anti-HSV-1 activity (EC, 0.016-0.096 ptg/mL). 5-Ethyl- and S-iodo-4’-thio-
DMDUs are also active against HSV-2 (EC, 0.17 and 0.86 pg/mL, respectively), and
5-bromovinyl-4’-thio-DMDU has efficacy against VZV with an EC, value 0f0.013 pg/mL
without significant cytotoxicity.®

NH, NH, NH; NH,

HO HO HO N O OH
k"_x k_( °
HO HO HO OH
43 (DMDC) 44 (DMDFC) 45 (S-DMDC) 46 (L-S-DMDC)

Figure 14. 2’-Deoxy-2’-methylidenecytidine derivatives.

Introduction of a functional group at the 4’-a-position of 2’-deoxynucleosides elicits
potent antiviral activity. For example, 4’-azido analogs exhibit potent anti-HIV activity
in A3.01 cell cultures with EC, values of 0.003-0.8 uM.” The guanine analog is the
most potent compound, but it is also cytotoxic. Further evaluations of 4’-azidothymidine
(47, ADRT) in H9, PBL and MT-2 cells infected with HIV have demonstrated a similar in-
hibitory profile to that of AZT. Interestingly, ADRT retains its activity against HIV mutants
that are resistant to AZT. In the 4’-methoxy series, adenosine, thymidine and guanosine
analogs are also inhibitors of HIV, but 2-3 orders of magnitude less active than their azido
counterparts.” A metabolic study has revealed that ADRT is not a substrate for thymidine
phosphorylase, but is metabolized by kinases (Figure 15).” Thymidine kinase (TK) phos-
phorylates ADRT to its monophosphate with a K, value of 5.2 uM, and a K, value of
8.3 UM, in comparison to a K, value of 0.7 uM for thymidine. ADRTMP has a low affinity
toward thymidylate kinase and thymidylate synthase, which suggests that ADRT can be
activated effectively by other cellular kinases without significant interference of normal
thymidine metabolism. In cultured human lymphocytes (A3.01, H9 and U937 cells),
ADRT is phosphorylated efficiently to ADRTTP, which is a poor competitive inhibitor



16 G. Gumina, Y. Choi and C. K. Chu

against dTTP toward DNA polymerases o and B with K, values of 62.5 and 150 uM,
respectively. However, ADRTMP is incorporated into cellular DNA, which can lead to
mutations.” Because of these toxicity issues, the development of ADRT as an anti-HIV
agent was discontinued.

)
H3C\[U\NH
|
Ho— NAO K ADRTMP ADRTDP ADRTTP
NG l i
HO

47 (ADRT Incorporation into Chain termination
( ) cellular DNA: of HIV-1 DNA

possible mutation

Figure 15. Metabolism of 4’-azidothymidine (ADRT).”

4’-¢-Substituted 2’-deoxycytidines also exhibit potent anti-HIV-1 activity (Figure 16),
although they are cytotoxic to the host cells (MT-4).” In the series, the cyano derivative
(48) is the most potent against HIV-1 with an EC, value of 1.2 nM in MT-4 cells followed
by ethynyl, ethenyl, ethyl, methyl and chloroetheny! derivatives. The methy! and cyano
derivatives show moderate activity against HSV-1 and HSV-2. 2’-Deoxy-4’-C-methyl
pyrimidine nucleosides show potent anti-HSV-1 and anti-VZV activity in vitro.™
4’-Methyl-BVdU (49, Figure 16) displays more potent activity than BVdU against VZV,
and it is cytotoxic against human T-cell leukemia, CCRF-HSB-2. The arabino analog, 4’-
methyl-BVaraU, shows a weaker antiviral activity than that of 4’-methyl-BVdU without
any cytotoxicity. The 4’-hydroxy C-deoxyguanosine analog (50, 4’-OH-CdG) has an-
tiviral activity equivalent to ACV against HSV-1 and HSV-2, but is inactive against
VZV'3b,75

4’-C-Ethynyl-substituted 2’-deoxyribonucleosides (Figure 16) have shown impres-
sive anti-HIV activity, with EC_, in the nano- or subnanomolar range, but many also
display severe toxicity, with IC_ in the micromolare range.” Thus, the diaminopurine
(51), guanosine (52) and cytosine (53) derivatives show an EC,, of 0.3, 1.4 and 4.8
nM, respectively, and an IC50 of 0.82, 1.5 and 0.92 uM, respectively, in MT-4 cells.
The thymidine (54), 5-bromouridine (55), 5-iodouridine (56), 5-fluorocytidine (57) and
guanidine (58) analogs, although less active, do not show toxicity in MT-4 cells, with the
best therapeutic index found in the cytidine analog 54 (EC_, 0.030 uM, IC, >100 uM,
TI >3333).7



Recent Advances in Antiviral Nucleosides 17

NH O o} HO B

h B,%ﬁw <NfNH CJ;Oj
| %
HO N’go HO N/J*o HO N N/)\NHZ He Ho
0 0 51 (B = 2,6-di-aminopurine)
NC H4C HO 52 (B = guanosine)

53 (B = cytosine)
HO HO Ho 54 (B = thymine)
48 49 50 (4-OH-CdG) §5 (B = 5-Br-uracil)
56 (B = 5-l-uracil)
57 (B = 5-F-cytosine)
58 (B = guanine)

Figure 16. 4’-Substituted-2’-deoxy nucleoside analogs.

Marquez and co-workers have synthesized conformationally locked nucleosides
with bicyclo[3.1.0]hexane templates to investigate the correlation between pucker-
ing of the sugar ring and biological activity (Figure 17).” The antiherpetic activity of
these nucleosides is associated with the northern conformation of the thymidine analog,
(N)-methanocarba-T (59), which is more active than ACV against HSV-1 and HSV-2 with
EC,, values of 0.03 and 0.09 pg/mL, respectively. The cytosine analog has anti-HSV-1
activity (EC,; 0.14 ug/mL) and the adenine analog is active against HCMV. On the
other hand, the southern conformation of the thymidine analog, (S)-methanocarba-T (60)
does not show any antiherpetic activities. Unlike other nucleoside analogs, it seems that
the diphosphorylation of 59 in HSV-1-infected cells is the rate-limiting step in the activa-
tion to the active triphosphate.™

Conformationally restricted nucleosides have also been synthesized by Chu and
co-workers, who reported the complete D- and L-series of 2’,3’-dideoxy-2’,3’-endo-
methylene nucleosides (61 and 62, respectively).” None of the synthesized compounds,
however, showed anti-HIV activity.

0 0
ch\f‘\NH HaC Ao

HO—] N/go HO——‘ N’J*o HO——l 0B 5 . I—OH
HO HO o1 62

59 60
[(N)-methanocarba-T] [(S)-methanocarba-T}]

Figure 17. Conformationally locked carbocyclic thymidine analogs.

Computer-based conformational studies and biological evaluation of cyclohexenyl
nucleosides have demonstrated that a cyclohexene and a furanose ring can be considered
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as bioisosters.®®! Thus, both enantiomers of cyclohexenyl-G (63 and 64, Figure 18)
show potent antiviral activity against HSV-1, HSV-2, VZV, HCMV and HBV. The
antiviral activities of the two isomers are comparable, although the D-isomer is slightly
more potent in all the tested systems. The fact that both isomers show reduced activity
in TK- HSV-1 suggests that intracellular phosphorylation plays an important role in
the bioactivation of these compounds.®*#!

0 o
N NH HN N
</f B
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D-cyclohexenyl-G L-cyclohexenyl-G

HO

Figure 18. D- And L- cyclohexenyl-G.

14. 2’,3’-Dideoxy nucleosides and related analog

The discovery of dideoxynucleosides, such as 2°,3’-dideoxycytidine (ddC),*? 2°,3’-di-
deoxyinosine (ddI)® and 3’-azido-3’-deoxythymidine (AZT)® as potential therapeutic
agents for the treatment of acquired immunodeficiency syndrome (AIDS) has triggered
an extensive development of this class of compounds to identify active anti-HIV agents,
which inhibit the virus-associated RT reaction by terminating DNA chain elongation.
A number of selective HIV-1 inhibitors have now been approved for the treatment of
HIV infections, such as AZT, ddC, ddl, d4T.,** 3TC}? abacavir® and tenofovir diso-
proxil.¥##% Some of these, particularly 3TC, are also active against HBV. Given that
the DNA polymerase of HBV is also a reverse transcriptase, it is not surprising that
such degree of overlap exists as a chain terminator of DNA synthesis. The finding that
(£)-dioxolane-thymine®! and (+)-BCH-189% (see below) are potent anti-HIV agents
and that the L-isomer of BCH-189 is more potent and less toxic than its D-isomer have
opened the new era of L-nucleosides. Since then, a number of L-nucleoside analogs have
been synthesized and biologically evaluated, and the importance of chirality and its
influence on the antiviral activity of the L-nucleosides has been recognized.?*

ddI (65, Figure 19) is a potent and selective anti-HIV agent in ATHS8 cells.® It is
phosphorylated to ddIMP by cytosolic 5’-nucleotidase, then aminated to ddAMP by
adenylosuccinate synthase/lyase enzymes, and converted to ddADP and ddATP by
cellular nucleotide kinases.” ddATP is the active agent against HIV-RT.** Peripheral
neuropathy and pancreatitis are the major side effects of ddl.
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Figure 19. Metabolism of the anti-HIV-1 agent ddI (didanosine).>*

In various cell lines, ddC (66, Figure 20) is phosphorylated to ddCMP, ddCDP and
ddCTP by dCyd kinase, CMP/dCMP kinase and NDP kinase, respectively.’ The affinity
of ddCTP for DNA polymerase o, is poor, and intermediate for DNA polymerase 3 and
high for DNA polymerase v.°* ddC exerts delayed cytotoxicity and reduces the cellular
content of mt-DNA®® and, at higher concentrations, causes a delayed distortion of mito-
chondrial ultrastructure.”® It also exhibits a significant inhibitory effect on the replication
of HBV DNA.

NH,
=N
PN CMP/CMP
HO N ~0O dCyd kinase kinase
:O: | ddCMP ddCDP
66 (ddC) NDP kinase

Inhibition of HIV-1 RT/
HBV/Chain termination ddCTP

Inhibition of DNA
polymerase y
Figure 20. Metabolism of the anti-HIV-1 agent ddC (zalcitabine).

A number of L-2’,3’-dideoxy nucleosides also show moderate to potent anti-HIV
and anti-HBV activities (Figure 21). ***7*® Among these analogs, B-L-2°,3’-dideoxy-5-
fluorocytidine (67, L-FddC) is the most active against HIV-1, approximately 3- to 4-fold
more potent than ddC in vitro.*” In addition, L-FddC and L-ddC (68) are potent anti-HBV
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agents with an EC_ value of 0.01 uM without any toxicity up to 100 UM against host mt-
DNA synthesis. L-ddA shows moderate anti-HIV-1 and anti-HBV activity in PBM and
2.2.15 cells, respectively.® An enzymatic study of D-ddA (69) and L-ddA (70) has been
performed with respect to adenosine kinase, dCyd kinase, adenosine deaminase (ADA)
and purine nucleoside phosphorylase (Figure 22).*®* Adenosine deaminase was strictly
enantioselective and favored D-ddA, whereas adenosine kinase and purine nucleoside
phosphorylase had no apparent preference for the D- or L-enantiomers.”® Human dCyd
kinase showed a remarkable inversion of the expected enantioselectivity, with L-ddA
having better substrate efficiencies than its corresponding D-epantiomer.® 3-2°,3’-L-
Dideoxy-5-azacytidine shows potent anti-HIV activity at approximately the same level
as ddC. However, unlike ddC, it has no antiviral activity against HBV.
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87 (L-FddC) 68 (L-ddC) 69 (ddA) 70 (L-ddA)

Figure 21. 2°,3’-Dideoxy nucleosides with antiviral activity.
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Figure 22. Comparative metabolism of D-ddA and L-ddA.%®

Replacement of a 4’-oxygen atom of both D- and L-2’,3’-dideoxynucleosides with
a methylene group, a sulfur atom or amino groups fails to elicit any significant antiviral
activity except for 2°,3’-dideoxy-4’-thiocytidine (71) (Figure 23), which displays modest
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activity in vitro against HIV (EC,; 1.0 and 38 pg/mL in CEM and MT-2 cells, respec-
tively).”

71 (S-ddC)

Figure 23. 4’-Thio-ddC (S-ddC).

Among the 3’-azido-2’,3’-dideoxy nucleosides, AZT (72, Figure 24), which is the
first anti-HIV-1 agent approved for use against HIV-1, has remained one of the most
potent and selective anti-HIV agents.®* The uracil analog of AZT (73, AZdU)'% and the
5-methylcytosine analog (74, AZdMeC)'® are less potent but also less toxic than AZT.
The guanine (AZdG) and diaminopurine (AZdDAP) analogs of AZT have also been
reported to be more effective against HIV than ddA. 101102
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Figure 24. 3’-Azido-2’.3’-dideoxy nucleosides.

AZT is phosphorylated to its monophosphate (AZTMP), diphosphate (AZTDP)
and triphosphate (AZTTP) by TK, TmdK and NDP kinase, respectively (Figure 25).%
AZTTP acts as a competitive inhibitor or alternate substrate of HIV RT leading to viral
DNA chain termination and has much less affinity to cellular DNA polymerase o..!%%1%4
In the presence of 2 uM AZTTP, the activities of HIV-RT and cellular DNA polymerase
v were inhibited by more than 80 and 90%, respectively.'® However, AZT is associ-
ated with several toxicities, particularly bone marrow suppression including anemia and
leukopenia. The hematopoietic toxicity of AZT is generally due to high intracellular
levels of AZTMP.1% Moreover, a number of AZT-resistant HIV strains have been
isolated from AIDS patients, which stimulated an extensive search for new anti-AIDS
drugs. 3107108
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Among “unnatural” enantiomers of this class of compounds, L-AZT is about 10,000
times less active than its D-counterpart.'” The finding that L-AZTTP inhibits HIV
reverse transcriptase (RT), as well as HBV DNA polymerase, at sub-micromolar con-
centration, suggests that L-AZT is devoid of antiviral activity because it is not efficiently
phosphorylated intracellularly in lymphocytes or hepatocytes.!
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into HIV-1 DNA

TK TmdK NDP kinase
AZTMP AZTDP ————— AZTTP

(rate-fimiting) l
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into cellular DNA

Figure 25. Cellular metabolism of AZT.1%?

AZdU was the first nucleoside analog with a uracil base found to have anti-HIV
activity at submicromolar concentrations. It is phosphorylated to AZdUTP, which acts
as both an HIV-RT inhibitor and a proviral DNA chain terminator.”'11:112 Although its
anti-HIV activity is less potent than that of AZT, its toxicity on bone marrow cells is also
significantly lower than that of AZT.'"* In human PBM cells, AZdUMP is the predomi-
nant intracellular metabolite and levels of AZdUMP are two orders of magnitude greater
than AZdUTP. AZdUMP is also converted to its 5°-O-diphosphohexose and 5°-0O-di-
phospho-N-acetyl-glucosamine. This unique metabolism may explain the lower toxicity
of AZdU."" However, AZdU shows cross-resistance with AZT-resistant HIV virus.®
The clinical trials of AZdU were discontinued due to its extensive metabolism to
5’-glururonide.

AZdMeC shows potent anti-HIV activity in human PBM cells and macrophages
and is less toxic than AZT in human bone marrow cells.”!'* Metabolic studies indicate
that this compound is slowly converted intracellularly to AZT.""* The major metabolite
of AZdMeC is AZTMP with no formation of AZdMeCMP. The low toxicity of this
compound is related to the lack of formation of AZTTP in human bone marrow cells.
AZdMeCTP efficiently inhibits HIV-RT, competing with dCTP while binds to human
DNA polymerase ¢ with much lower affinity (< 6000-fold). AzdMeC is deaminated to
AZT in monkeys, but not in humans.

Additional modifications of the sugar moiety of AZT have failed to produce any
compounds with antiviral activity, including 2’-B-fluoro-AZT,"'® 4’-thio-AZT'"? and
carbocyclic AZT.!®
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Conformationally locked AZT analogs, (N)-methano-carba-AZT (75) and (S)-
methano-carba-AZT (76) (Figure 26) have been reported.!’® The chemically synthesized
5’-triphosphates of the two isomers have been evaluated as RT inhibitors using both
a recombinant enzyme and an enzyme purified from wild-type viruses.'*® Inhibition
of RT occurs only with the conformationally locked ,E (N)-methano-carba-AZT (75)
triphosphate. This inhibition is equipotent to and kinetically indistinguishable from that
produced by AZTTP. On the other hand, the antipodal ,E (S)-methano-carba-AZT (76)
triphosphate does not inhibit RT.

0 o

HOEO Hoi{O

N3 N3

75 76
[(N)-methanocarba-AZT] [(S)-methanocarba-AZT]

Figure 26. Conformationally locked carbocyclic AZT analogs.

Introduction of a fluorine atom at the 3’-o-position of 2°,3’-dideoxy nucleosides
(ddNs) increases their anti-HIV activity (Figure 27), whereas 3’-B-fluoro derivatives do
not show significant anti-HIV activity.® Particularly, in MT-4 and CH3 cells 3’-o.-fluoro-
2’ ,3’-dideoxyuridine (FddU) has significantly increased anti-HIV activity than ddU,'*
and in MT-4 cells 3’-fluoro substitution of ddG has greater anti-HIV activity than the
parent nucleoside. The fluoro-substituted diaminopurine derivative (FddDAP) has higher
anti-HIV activity than ddG."> Analogously, FLT (77) shows potent anti-HIV activity in
various cell lines.?*22 FLT is phosphorylated intracellularly to FLTTP,'* which is one
of the most potent inhibitors of HIV RT in vitro.'* Unfortunately, FLT produces toxic
effects similarly to AZT in cultures of normal human hematopoietic progenitor cells.'?
Thus, despite the promising in vitro anti-HIV profiles of FLT, clinical trials with this
nucleoside analog failed due to its severe hematological toxicity.’12¢

0 0
ch\(lL cl
NH NH
| |
HO N/&O HO N/go
F F
77 (FLT) 78 (FddCIU)

Figure 27. 3’a-F-2°,3’-dideoxy nucleosides.
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FddClU (78) also shows significant antiviral activity against HIV and remarkably low
cytotoxicity in human leukemic cells and bone marrow progenitor cells.>*!?” Furthermore,
FddCl1U induces very little resistance in HIV-1 and is active against strains of HIV which
are resistant to AZT, ddI, ddC and 3TC as well as many non-nucleoside RT inhibitors.!?
FddCIU is metabolized to its mono-, di- and triphosphate in human cells, and the mono-
phosphate is the predominant metabolite. The triphosphate selectively inhibited HIV-RT
and DNA polymerase y while it had little effects on DNA polymerases o and [3.1281%

Among other L-3’-a-fluoro-ddNs, the cytidine analog shows moderate anti-HBV
activity in 2.2.15 cells, but none of them possess anti-HIV activity.'?® Also carba-2’,3’-
dideoxy-3’-fluorothymidine, the carbocyclic analog of FLT,"*® and related carbocyclic
nucleosides'! failed to elicit significant antiviral activity against HIV.

Introduction of a fluorine atom at the 2’-B-position of 2°,3’-dideoxy purine nucleo-
sides retains their anti-HIV activity. Moreover, both 2’-F-ara-ddA (79, Figure 28) and
2’-F-ara-ddl are stable in acidic conditions under which ddA and ddI decompose in-
stantaneously by acid-catalyzed glycosylic bond cleavage.”'*? Both 2’-F-ara-ddA and
2’-F-ara-ddI retain the same anti-HIV activity as their parent drugs in ATHS cells but
seem to be slightly more cytotoxic.'* Phosphorylation of 2’-F-ara-ddA by dCyd kinase
forms 2’-F-ara-ddAMP, which is then sequentially phosphorylated to 2’-F-ara-ddADP
and 2’-F-ara-ddATP. In MT-4 cells, the levels of 2’-F-ara-ddADP and 2’-F-ara-ddATP
are 20- and 5-fold higher than the levels of ddADP and ddATP under the same incubation
conditions.'® As a potent ADA inhibitor, 2’-deoxycoformycin significantly increased
the levels of 2’-F-ara-ddATP when 2’-F-ara-ddA was incubated in ATHS cells.!*

2’,3’-Dideoxy-2’-fluoro-B-D-arabinofuranosyl cytosine (80, 2’-F-ara-ddC) is ef-
fective against several strains of HIV in a number of different cell lines, but the
in vitro therapeutic index of this compound is considerably lower than that of
AZT.116135136 For this reason, initial clinical trials of 2’-F-ara-ddC were discontinued.
On the other hand, the ribo derivatives of 2’-F-ara-ddNs including the cytidine analog
do not retain the antiviral activity of the parent compounds.'”’ Additional introduction of
a fluorine atom at the 3’-position either in the ribo or in the arabino configuration also
abolishes the anti-HIV activity of the parent drug.'¥’

NH, NH, NH,
N N N
< | | |
HO N N/) HO N/&o O)\N OH
Q 0 0
F F. F
79 (2'-F-ara-ddA) 80 (2'-F-ara-ddC) 81 (L-2'-F-ara-ddC)

Figure 28. Biologically active 2°,3’-dideoxy-2’-fluoro nucleosides.

Chu and co-workers have reported synthesis and antiviral activity of L-2’-F-ara-ddNs,
against HIV and HBV."® Among the synthesized compounds, the cytosine analog (81)
shows moderate anti-HIV activity (Figure 28). 2’,3’-Dideoxy-2’,2’-difluoro-B-L-ribofu-
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ranosyl nucleosides have also been reported, but none of them showed significant activity
or toxicity.'*

Fluorination at the 2” or 3’-position of 2°,3’-dideoxy-4’-thionucleosides provides fluo-
rinated nucleosides of four different configurations, of which only the cytidine analog
displays weak activity against HIV in ATHS cells.'®

Substitution of a hydroxymethyl group in ddNs has also produced some anti-HIV
activity. Originally, the 3’-hydroxymethyl branched nucleosides of 2-deoxyribofura-
nose were synthesized as anti-tumor agents.'*! Both o~ and B-thioguanine analogs with
2,3-dideoxy-3-(hydroxymethyl)-D-erythro-pentofuranose show an inhibitory effect on
the growth of WI-L2 human lymphoblastoid cells and are phosphorylated and incorpo-
rated into the DNA to the same extent of Mecca lymphosarcoma in mice, proving more
effective than the parent analog, o-2’-deoxythiognanosine. Since the pandemic of AIDS,
a number of 2°,3’-dideoxy-3’-C-hydroxymethyl nucleosides have been prepared and
evaluated against HIV.1*2 Among them, the adenine derivative (82, Figure 29) appears
to be the most effective in inhibiting viral replication in H9 cells with an activity com-
parable to ddI and AZT. The cytosine derivative is also a potent inhibitor of HIV-1
in vitro and a broad-spectrum antiviral agent. The 4’-thio-'** and carbocyclic'*** analogs
of 2°,3’-dideoxy-3’-C-hydroxymethyl nucleosides are devoid of anti-HIV activity.

NH,
N N
e
N B
HOT o N
HO

82

Figure 29. 2’,3’-Dideoxy-3’-C-hydroxymethyladenosine.

Various C-branched functionalities, such as hydroxymethyl, fluoromethyl, azidomethyl
and aminomethyl, have also been introduced to the 2,3-dideoxy-erythro-pentofuranose,
3-deoxyribofuranose and 3-deoxyarabinofuranose moieties.'** Among the derived nucle-
osides, 2’,3’-dideoxy-3’-C-hydroxymethylthymidine has significant anticancer activity
against 1.1210, P388, S-180 and CCRF-CEM cells with ED,, values of 50, 5, 10 and
1 uM, respectively. However, none of these compounds show any significant antiviral
activity against HSV-1, HSV-2 or HIV. Evaluation of these compounds against thymi-
dine kinases derived from HSV-1 (strain KOS), HSV-2 (strain 333) and mammalian
(K562) cells shows that TK from HSV-1 is inhibited significantly by both 3’-deoxy-3’-
C-(hydroxymethyl) and 3’-deoxy-3’-C-(fluoromethyl)thymidines.

Introduction of a fluorine atom in the 2’-B-position of 2°,3’-dideoxy-3’-C-hydroxy-
methyl nucleosides has also been considered. The thymine, 5-iodouracil and cytosine
analogs showed weak anti-HSV-1 activity.'"¥ Their carbocyclic analogs are inactive
against HIV-1 and HSV-1.146
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1.5. 2’,3’-Unsaturated nucleosides and related analog

Although for nucleoside analogs it has not been possible to elaborate a pharmacophore,
2’,3’-unsaturated sugars are probably the most effective moieties for the inhibition of
HIV and HBV replication. Among compounds with this feature, 2°,3’-didehydro-2°,3’-
dideoxythymidine (83, d4T, stavudine)® and its carbocyclic 2-amino-6-cyclopropyl-
aminopurine analog (84, 1592U89, abacavir)®® have been approved for the treatment of
HIV infection (Figure 30).

83 (d4T) 84 (abacavir)

Figure 30. Anti-HIV-1 agents d4T and abacavir.

The phosphorylation of d4T to its monophosphate is the rate-limiting step of the se-
quential conversion to d4TTP, which inhibits HIV-RT equipotently with AZTTP.>"¢
d4TTP inhibits DNA polymerase y and is incorporated into the viral DNA, thus terminat-
ing DNA synthesis at the incorporation site (Figure 31). The 3°,5’-exonuclease € cannot
remove d4TMP from the 3’-end of DNA once it is incorporated into cellular DNA, where-
as, in the case of AZTTP, the enzyme maintains about 20% of its normal deoxynucleo-
tide excision capability.!*® It has been shown that d4T causes peripheral neuropathy. d4T,
however, shows 10-fold less toxicity to human hematopoietic progenitor cells compared
to AZT.'* After exposure of human bone marrow cells to similar extracellular levels of
parent drugs, steady-state level of d4TMP incorporated into cellular DNA was 10- to
50-fold less than that of AZTMP.'>° In CEM cells, d4T decreased mt-DNA synthesis with
higher potency than that of AZT.!

L-d4FC (85) and L-d4C (86, Figure 32) have also been reported to have potent antiviral
activities."? 1-d4FC showed potent anti-HBV activity (EC,, 2 nM in 2.2.15 cells) and
anti-HIV activity (EC,; 0.09 uM in CEM cells), whereas L-d4C was less potent against
both viruses (8 nM and 1.0 uM for HBV and HIV, respectively). However, both com-
pounds inhibited cell growth at concentrations below 20 UM. Nevertheless, L-d4FC did
not exhibit significant inhibition of mt-DNA at 100 uM.

The fluorinated derivative D-d4FC (87, Figure 32) has potent anti-HIV activity
in vitro with an EC value of 0.05 uM in PBM cell and anti-HBV activity with an EC,;
value of 3 nM in 2.2.15 cells without cytotoxicity up to 100 uM in both cell lines.">!>*
A comparison of the antiviral activity of D-d4FC and L-d4FC shows that the latter is
active against HIV (EC,, 0.034 uM) and HBV replication (EC,, 0.01 uM), but has sig-
nificant cytotoxicity in various cell lines.!® Another comparison of the antiviral activity
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of the two enantiomers has been reported, in which L-d4FC was active against HBV in
2.2.15 cells and HIV in MT-2/IIIB cell line with an EC_) value of 0.008 and 0.2 uM,
respectively, while D-d4FC showed anti-HBV and anti-HIV activity with an EC_, value
of >0.3 and 0.2 uM, respectively.’ These results are different from those previously
published.’” In any case, as reported, L-d4FC appears to be more toxic than D-d4FC.!5
An important feature of D-d4FC is its activity against 3TC- and AZT-resistant viral
strains."*® The combination of its resistance profile, rapid uptake and conversion to
the active triphosphate, and intracellular half-life of 13 to 17 h'*® make D-d4FC a promis-
ing anti-HIV candidate. Both D- and L-d4FC are currently undergoing clinical trials.

chain termination

|

[ Inhibition of HIV-1 RT/]

TK
d4T —— d4TMP d4TDP d4TTP

rate-

limiting J
Incorporation into
cellular DNA or
inhibition of DNA
polymerase y

Figure 31. Cellular metabolism of d4T.'#
NH, NH, NH,

d d =

85 (L-d4FC) 86 (L-d4C) 87 (D-d4FC)

Figure 32. Anti-HIV-1 and anti-HBV agents L-d4FC, L-d4C and D-d4FC.

In a series of purine analogs, L-d4A has shown potent anti-HIV-1 activity with an EC,|
value of 0.38 and 0.54 uM in PBM and CEM cells, respectively, and moderate anti-HBV
activity with an EC, value of 1.2 uM in 2.2.15 cells.'”” L-d4] and L-d4G exhibit moderate
anti-HIV-1 activity with EC, of 5.5 and 14.1 uM in PBM cells, respectively.'’
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Although D-2°,3’-didehydro-2’,3’-dideoxyguanosine d4G (88, Figure 33) was found
to be inactive against HIV-1,"® recent transient kinetic studies with HIV-1 RT showed
that its triphosphate could potentially be an inhibitor of the viral enzyme.'* The reason
for the lack of activity of d4G was found to be its solution instability. In fact, the stable
prodrug cyclo-d4G (89) is active against HIV-1 (EC, 8.6 UM in MT-2 cells), with in-
creased stability, lipophilicity and solubility, as well as decreased toxicity compared to
d4G.'¥

88 (d4G) 89 (cyclo-d4G)

Figure 33. d4G and its prodrug cyclo-d4G.

2’- or 3’-Substituted d4N analogs also retain their antiviral activity. In particular,
introduction of a fluorine atom at the 2’-position produces compounds with anti-HIV
and anti-HBV activity (Figure 34). Among the 2’-fluorinated d4N analogs, cytosine
derivative D-Fd4C (90) shows moderate anti-HIV activity with significant toxicity.'s®
A complete SAR study of the D-series has also shown that the 5-F-cytosine analog (91)
possesses potent anti-HIV and anti-HBV activity.'®*15' Most of the purine analogs have
moderate to potent anti-HIV activity. In addition, the adenosine and inosine derivatives
show no cross-resistance against 3TC/FTC-resistant strains.'!® Chu and co-workers
demonstrated that a series of L-Fd4N has an interesting biological profile.'®> Among these
compounds, cytosine (92) and 5-F-cytosine (93) exhibit potent anti-HIV-1 and anti-HBV
activity. In addition, L-Fd4A is moderately active against HIV and HBV. Further study
of this series revealed that L-Fd4C and L-Fd4FC are among the most potent anti-HBV
agents (EC,, 2 and 4 nM in 2.2.15 cells, respectively).'®’

F F
90 (D-Fd4C, X = H) 92 (L-Fd4C, X = H)
91 (D-F4FC, X = F) 93 (L-Fd4FC, X = F)

Figure 34. D- and L-2’-fluorinated-2’,3’-unsaturated cytidines.
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Among 3’-fluoro-2’,3’-unsaturated D-nucleosides (Figure 35), 3’-Fd4C (94) and
3’-Fd4A (95) show modest anti-HIV activity in H9 cells.’®*!%5 The thymidine analog is
marginally active against HIV in MT-4 cells.!* The 3’-fluoro-2’,3’-unsaturated-L-cyto-
sine (96) is a potent anti-HIV agent, with EC, of 0.03 UM in PBM cells with little or no
significant toxicity.!%

NH, NH, NH,
HO N/&O HO o\ N/) O)\N HO
0 0
F F F
94 (D-3'-F-d4C) 95 (D-3-F-d4A) 96 (L-3-F-d4C)

Figure 35. 3’-Fluorinated d4Ns.

The 4’-thio analogs of d4C also show marked anti-HBV and anti-HIV activity
(Figure 36).°" Particularly, 1.-4’-thio-d4C (97) and L-4’-thio-d4FC (98) exhibit significant
anti-HIV (EC,, 0.8 and 0.4 uM in HeLa CD4 cells, respectively) and anti-HBV (EC_)
0.8 and 3.5 uM in HepG?2 cells, respectively) activity without toxicity. No other antiviral
activity of these compounds has been detected up to 100 uM against HSV-1, HSV-2,
VZV, HCMYV and influenza.*®

NH, NH;
Nﬁ N)T F
O)\N OH O)\N OH
S S
97 (S-d4C) 98 (S-d4FC)

Figure 36. Biologically active L-4’-thio-d4Ns.

The recently reported D- (99) and L- (100) 2’-fluorinated 4’-thio-2’,3’-unsaturated
cytidines (Figure 37) also show potent anti-HIV activity, with EC,, values of 0.37 and
0.47 uM, respectively, and no significant toxicity up to 100 pM.167.168.169
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99 (D-2'-F-S-d4C) 100 (L-2'-F-S-d4FC)
Figure 37. D- And L-2’-fluorinated-4’-thio-2’,3’-unsaturated cytidines.

Replacement of the furanose ring with a cyclopentyl ring yields selective HIV in-
hibitors. Structure-activity relationship studies indicate that the optimal anti-HIV activity
requires a 2-amino-6-substituted purine and a 2°,3’-unsaturated carbocyclic sugar
moiety.”"'”® Racemic carbovir (CBV) was first reported to show anti-HIV activity with
low toxicity in HO cells. (-)-CBV (101) was found to be the biologically active isomer
against HIV, having a 75-fold higher activity than its (+)-counterpart (102, Figure 38),
although HIV-RT is equally sensitive to (-)-CBVTP and (+)-CBVTP.!"! The difference
in the anti-HIV activity of CBV enantiomers appears to result from the preferential
stereoselective phosphorylation of (-)-CBV over its (+)-counterpart. CBV is anabolized
intracellularly to its mono-, di- and tri- phosphates rather inefficiently. The enzyme mediat-
ing the monophosphorylation is cytosolic 5’-nucleotidase, while the diphosphorylation is
catalyzed by GMP kinase (Figure 39).!”2 Both these enzymes show preferential selectivity
for (-)-CBV over (+)-CBV.'” In contrast with AZTTP, CBVTP is an inhibitor of HIV-RT,
but essentially has no effect on DNA polymerase o, B and v.""'" (-)-CBVTP inhibits
HIV-1 RT with an apparent K, similar to that of AZTTP and, in addition, (-)-CBVMP
is also incorporated into the proviral DNA and acts as a chain terminator.””> CBV and
AZT do not affect each other with regard to their intracellular anabolism. The cytotoxic-
ity of CBV may be due to the inhibition of the DNA synthesis, and DNA polymerase o
would be responsible for the majority of the incorporation of CBV into DNA in CEM
cells.’” (-)-CBV has no delayed adverse effect on mt-DNA synthesis,!”” however, its
poor solubility has prevented the development of CBV as a drug. For this reason, abaca-
vir was synthesized to improve its solubility and pharmacokinetic profile.

O

0
N N
ST T
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101 [(-)-CBV] 102 [(+)-CBV]

Figure 38. Carbovir and its (+) isomer.
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Figure 39. Cellular metabolism of (-)- and (+)-CBV.!”?

Abacavir (84, Figure 40), the 6-cyclopropylamino analog of CBV, shows significant
inhibition of HIV in PBL cultures with the potency equivalent to AZT, and has synergis-
tic anti-HIV activity in combination with AZT.* Its cytotoxicity is low in various human
T-cells and bone marrow cells. In addition, toxicity common to other dideoxynucleosides
such as peripheral neuropathy and hematopoietic toxicity has not been detected dur-
ing preclinical studies. The intracellular activation of abacavir sequentially included its
monophosphorylation by adenosine phosphotransferase, deamination to (-)-CBVMP by
cytosolic deaminase, and two further phosphorylation steps to form (-)- CBVDP and (-)-
CBVTP (Figure 40).!'” Therefore, abacavir overcomes the pharmacokinetic and toxico-
logical deficiencies of CBV while maintaining potent and selective anti-HIV activity.'”
For this reason, it has been approved by the FDA for the treatment of HIV infection, and
has also been incorporated in a combination with AZT and 3TC (trizivir®),*-18

HN
N A adenosine
</ | N phospho- cytosqlic
HO N N/)\NH transferase deaminase
b 2 — > abacavir-MP (-)-CBV-MP
84
abacavir (-»-CBV-TP (-)-CBv-DP

Figure 40. Cellular metabolism of abacavir.'”
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Among L-carbocyclic 2°,3’-didehydro-2°,3’-dideoxy nucleosides, only the adenine
analog (-)-BCA (103) has potent in vitro anti-HBV activity (EC,, 0.9 uM in 2.2.15 cells)
as well as moderate anti-HIV activity (EC,; 2.4 uM in PBM cells) without cytotox-
icity up to 100 uM. Its D-counterpart, (+)-BCA (104) is devoid of anti-HIV activity
(Figure 41)'81.182

NH, NH,
Z N N X
CXY o e (T

B HO < N N
103 [(-)-BCA] 104 [(+)-BCA]

Figure 41. 2°,3’-Didehydro-2’,3’-dideoxy-4’-C-hydroxymethyl carbocyclic nucleosides.

In order to obtain more potent antiviral compounds by increasing the bioavailability
of the drug or bypassing critical steps such as the first phosphorylation, a number of
prodrugs of 2’-deoxy and 2’,3’-unsaturated nucleosides have been prepared.” In the at-
tempt of obtaining higher intracellular levels of d4T, a number of prodrugs have been
developed which can deliver d4TMP. Phosphoramidate derivatives of d4TMP (105)'®*
efficiently deliver the monophosphate (106), according to the mechanism showed in
Figure 42. The same approach has proved successful in delivering 3TCMP,'® AZTMP,'®
ddAMP'® and d4 AMP.'86.187
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Figure 42. Phosporamidate prodrugs of d4T and their mechanism of action.
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In the cycloSal-pronucleotide approach, nucleotides are delivered intracellularly
thanks to pH-driven selective chemical hydrolysis of the prodrug (Figure 43).188.182.190.
The tandem cleavage originates with the hydrolysis of a phenyl ester (107) followed
by hydrolysis of a benzyl ester in the resulting phosphotriester (108) with liberation of
the nucleotide (109). This concept is based upon the principle that selection of phenyl,
benzyl and alkyl phosphate esters can influence the hydrolysis steps of the tripartate
approach. The phenyl ester is cleaved first, because of stabilization caused by delocaliza-
tion of the negative charge in the aromatic ring, affording the 2-hydroxybenzylphospho-
diester. This concept has been applied to anti-HIV and antitumor agents such as d4T,
190192193 5 R, 194 AZT,19>19197 2° 3°_dideoxyadenosine (ddA),'*®1%* d4A" and 2’-fluoro-
2’,3’-dideoxyadenosines (F-ara-ddA and F-ribo-ddA).*®°
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Figure 43. Proposed decomposition of cycloSal-pronucleotides

1.6. Nucleosides with a heterocyclic sugar ring moiety

This important class of nucleosides will be extensively discussed in Chapter 3. Since
the discovery of (z)-dioxolanethymine (110)*' and (+)-BCH-189 (111)** as potent
anti-HIV agents as racemic mixtures, all the four possible diastereomers have been
synthesized (Figure 44). From extensive structure-activity relationships studies of these
isomers, a number of compounds have made considerable impact on HIV and HBV
chemotherapy.*"#? Currently, among this series of nucleosides, 3TC (lamivudine) has
been approved by the FDA for the treatment of HIV-1 and chronic HBV infections, and
2’,3’-dideoxy-5-fluoro-3’-thiacytidine (FTC)*! and B-D-2,6-diaminopurine dioxolane
(DAPD)®* are under clinical development as anti-HIV-1 and anti-HBV agents, and
B-L-dioxolane cytosine (1-OddC)* as an anti-cancer agent.

o} NH,

H3c\(1k j': E‘il
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(#)-dioxolane-thymine (+)-BCH-189

Figure 44. Racemic dioxolane-thymine and BCH-189.



34 G. Gumina, Y. Choi and C. K. Chu

Belleau and co-workers originally reported that (+)-BCH-189 exhibited potent in vitro
anti-HIV activity in T-cells as well as human peripheral lymphocytes. (+)-BCH-189 was
found to be less toxic than AZT, inhibited AZT-resistant virus, and was non-toxic at
100 mg/kg given orally over 14 days in rats.** Moreover, it showed potent anti-HBV
activity in 2.2.15 cells.?” Since then, various approaches for the asymmetric synthesis
of optically active compounds have been reported including enzymatic resolution.”**
Of significance was that while both enantiomers have potent anti-HIV activity, cytotoxic-
ity resides mainly with the natural (+)-D-isomer (Table 2).%°

Table 2. Comparison of antiviral activities and cytotoxicities of
DL- and LL-oxathiolane cytosine analogs.”

Anti-HIV-1 Anti-HBV Cytotoxicity
(ECsq, uM) (ECsq, uM) (ICs0, pM)
PBM CEM 2215 PBM CEM
(+)-D-BCH-189 02 0.1 0.5 2.7 >100
(-»-L-BCH-189 0.002 0.007 0.001 >100 >100

(3TC)

The first asymmetric syntheses of enantiomers of (+)-BCH-189 and their frans-iso-
mers were described by Chu and co-workers from D-mannose, D-galactose or L-gulose as
starting materials.?®® An extensive study of structure-activity relationships has made clear
that the unnatural L-2’,3-dideoxy-3’-thiacytidine (112, 3TC, Figure 45) is more potent
against HIV-1 in human PBM cells as well as against hepatitis B virus (HBV) in 2.2.15
cells than its racemate or its D-enantiomer (113). Most importantly, the comprehensive
SAR of the enantiomerically pure D- and L-isomers revealed that most of the nucleosides,
among which the 5-fluoro analogs 114 and 115, exhibited not only good to excellent
anti-HIV-1 activity, but also low toxicity in PBM as well as Vero cells.?

O)\ l\‘l'Co-JOH HOLil\/f‘\l /&O

s S
112 [()-3TC, X = H)] 113 [(+)-BCH189, X = H]
114 [()-FTC, X=F] 115 [(+)-FTC, X = F]

Figure 45. 3TC, FTC and their enantiomers.

Regarding the cellular metabolism of the optically pure isomers of (+)-BCH-189,
3TC is resistant to deamination or enzymatic hydrolysis,”” whereas the D-isomer is de-
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aminated to 2’-deoxy-3’-thiauridine, although no hydrolysis of glycosyl bond is observed
(Figure 46). dCyd kinase is the enzyme responsible for the monophosphorylation of
3TC,”™ which is a better substrate than the D-counterpart,® Further phosphorylation of
3TC or (+)-BCH-189 to its di- and triphosphate is accomplished by deoxycytidylate and
NDP kinase, respectively.

Inhibition of DNA
D-SddU: inactive polymerases 8, v

dCyd
deaminase
(+)-BCH 189 (+)-BCH189MP (+)-BCH189DP ————— (+)-BCH189TP
dCyd deoxycytidylate NDP
kinase kinase kinase
3aTC 3TCMP 3TCOP  — . 3TCTP

dCyd
deaminase

L-SddU: inactive

Competitive with dCTP
against HIV-1 and HBV
DNA polymerase:
Incorporation into viral
DNA chain and chain
termination

Figure 46. Metabolism of (+)-BCH-189 and 3TC.

3TCTP is a competitive inhibitor (with respect to dCTP) of the RNA-dependent DNA
polymerase activity with apparent K, = 10.6 + 1.0 to 12.4 + 5.1 UM, depending on the
template and primer used.?’® DNA-dependent DNA polymerase activity is inhibited by
50% by a 3TCTP concentration of 23.4 + 2.5 pM when dCTP is present at a concen-
tration equal to its K, value. 3TCTP is a rather weak inhibitor of DNA polymerase v,
but (+)-BCH-189 is about 650 times more inhibitory than 3TC, due to the activity of
the D-isomer. This observation might explain why 3TC is more potent and less toxic
than its D-counterpart against HIV-1 in vitro.? Furthermore, 3TCTP is not an inhibitor
of DNA polymerase [, whereas (+)-BCH-189 has a significant inhibitory effect on this
enzyme (Figure 46).21° Chain elongation studies with 3TC show that 3TCTP is incorpo-
rated into newly synthesized DNA and that transcription is terminated in similar fashion
as seen with ddCTP.

As mentioned before, 3TCTP also shows a potent inhibitory effect against HBV-
associated DNA polymerase, and is a better inhibitor of HBV DNA polymerase than its
D-counterpart.?”’

Schinazi et al. have reported the anti-HIV activity of the racemates as well as
the single enantiomers of the 5-fluoro congener of 3TC, FTC (emtricitabine, 114,
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Figure 45).201:211.212213 BT C shows potent in vifro anti-HIV-1, HIV-2, SIV, and FIV activ-
ity in various cell cultures. Like 3TC, FTC exhibits 20-fold more potency against HIV-1
in human PBM cells and less toxicity in myeloid progenitor cells than its D-enantiomer
(115). It also shows anti-HBV activity in hepatoma cell lines (HepG2 cells), whereas
its D-enantiomer is significantly less potent.?’? However, both enantiomers do not show
significant cytotoxicity in human bone marrow progenitor cell assays and any detectable
hepatotoxic effects at concentrations above their antiviral activities. Currently, (-)-FTC
(coviracil) is undergoing phase II clinical trials against HIV and HBV infection and
racemic FTC (racevir) is in phase I clinical trials as an anti-HIV agent.

Enzymatic studies of FTC show a similar profile to 3TC, in which the D-enantiomer
of FTC is a substrate for dCyd deaminase, and FTC is resistant to deamination by the
same enzyme.?'*® dCyd kinase and NDP kinase phosphorylate FTC to its triphosphate,
which functions as chain terminator of viral DNA synthesis, similarly to 3TC. Schinazi
et al. have also reported that highly 3TC/FTC-resistant HIV-1 variants dominate
the replicating virus population after two or more cycles of infection in the presence of
3TC or FTC.?"® These variants are cross-resistant to 3TC and FTC but are susceptible
to ddC, AZT, and ddI. DNA sequence analysis of the RT gene amplified from resistant
viruses consistently identified a mutation at codon 184 from Met (ATG) to Val (GTG or
GTA) or Ile (ATA).

Synthesis of the 3’-deoxy-3’-oxa-thymidine analog (+)-dioxolane-T and other natural
pyrimidine base analogs has given promising leads for the inhibition of HIV-1 as well
as HBV and herpes virus replication. Originally, ()-dioxolane cytosine was reported
by Belleau and co-workers as an anti-HIV agent and subsequently, (+)-dioxolane thy-
midine was also reported as moderately active against HIV-1.21? Extensive studies of
the structure-activity relationships has led to the synthesis of (-L-dioxolane cytosine
(116, L-OddC) and its 5-fluoro congener (117, L-F-OddC), which exhibit potent in vitro
anti-HIV-1 and HBV activities (Figure 47).2 However, L-OddC is quite toxic and stable
to degradation by cytidine deaminase and deoxycytidine deaminase.

NH, NH,

) Y
O '\llC?-JOH O E—JOH
O @)
116 (L-OddC) 117 (L-F-OddC)

Figure 47. B-L-Dioxolane cytosine and 5-fluorocytosine.

L-OddC is metabolized in cells by dCyd kinase to its monophosphate, and sub-
sequently to the di- and triphosphate, which inhibits DNA polymerase «, 3, and v
(Figure 48).2"* L-OddC exhibits potent antitumor activity against various solid tumor
cell lines, including prostate, renal, hepatoma, and colon.?’* Thus, L-OddC is the first
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L-nucleoside analog ever shown to have anticancer activity, and also the first true chain
terminator capable of inhibiting tumor growth.?'> L-OddC is currently undergoing phase
II clinical trials against leukemia and solid tumors.

dCyd
kinase
L-OddC ————— L-OddC-MP

dCyd
deaminase

L-OddU: inactive

L-OddC-DP

L-OddC-TP

Inhibition of DNA

polymerase a, B, v:

antitumor activity against Incorporation into
various solid tumor cell fines HepG2 DNA chain

and chain termination

Figure 48. Metabolism of L-OddC.>"*

Among purine derivatives, 3-2,6-diaminopurine dioxolanes, DAPD (118) and its enan-
tiomer, L-DAPD (119), display potent anti-HIV and anti-HBV activities (Figure 49). 2%
Interestingly, L-DAPD is more potent against HIV-1 (EC,, 0.014 uM) than DAPD
(EC,, 0.7 uM) in human PBM cells, while DAPD shows more potent anti-HBV activity
(EC,, 0.009 uM) than its L-isomer (EC_; 8.3 uM) with a favorable toxicity profile.

NH, NH,

Nf )\/EN

N N

1 >

HO—-l(O N N/)\NHz HZNJ\\N N OJOH
O—‘\ ;O
118 (DAPD) 119 (L-DAPD)

Figure 49. Enantiomers of $-2,6-diaminopurine dioxolane.

Pharmacokinetic studies suggest that DAPD is the prodrug of the corresponding gua-
nine derivative, dioxolane-guanine (120, DXG). DAPD and -D-2-amino-6-chloropurine
dioxolane (121, ACPD) are converted to DXG by ADA, and §-D-2-aminopurine dioxo-
lane (122, APD) is converted to DXG by xanthine oxidase (Figure 50).*'¢ As discussed
extensively in Chapter 3, DAPD and DXG are active against 3TC-resistant HIV and
HBYV strains, which provides DAPD a promising therapeutic potential.
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Figure 50. Pharmacokinetics of DAPD, APD, and ACPD.?'¢

Mansour and co-workers reported synthesis and activity of BVU analogs with a
dioxolane moiety, among which the B-L-dioxolane nucleoside shows significant activ-
ity against HSV-1 (EC,, 0.3 pg/mL) and HCMV (EC,, 5 ug/mL). The B-D-oxathiolane
nucleoside demonstrated potent activity against HSV-2 (EC,, 2.9 ug/mL).*7 In an
extensive SAR study, Chu and co-workers recently reported the activity of a series
of dioxolane and oxathiolane (F)-5-(2-halovinyl)uracil nucleosides (Figure 51) against
a number of viruses.® The B-L-dioxolane nucleosides show potent anti-VZV and
anti-EBV activities, which can be related to the size of the halogen atoms [chlorovinyl
(123) < bromovinyl (124) < iodoviny! (125) against VZV and iodovinyl < bromovinyl
< chlorovinyl against EBV]. B-L-(E)-5-(2-Todovinyljuracil dioxolane (125, L-IV-OddU)
is 60-fold more potent against VZV than ACV. No inhibition of CEM cell growth or
mt-DNA synthesis is observed for any compounds at concentrations up to 200 puM.
This selectivity has been explained, in the case of B-L-(E)-5-(2-bromovinyljuracil
dioxolane (124, L-BV-0OddU), with selective phosphorylation by viral TK, but not
human TK.?'® Unlike other D-configuration BVU analogs, such as BVdU and BVaraU,
L-BV-OddU is metabolized only to its corresponding monophosphate instead of the di-
or triphosphate, which suggests a unique inhibitory mechanism other than DNA chain
termination. As mentioned above, L-dioxolane derivatives with 5-substituted uracil show
potent anti-EBV activities (Figure 51).2" B-L-5-Iodouracil dioxolane (128, L-I-OddU)
is the most potent anti-EBV agent with an EC, value of 0.03 uM without any cyto-
toxicity up to 100 uM. Also in this series, their activities can be related to the size of
the halogens [EC,, Cl (126) 0.15; Br (127) 0.07; I (128) 0.033 uM]. L-1-OddU is an
efficient substrate for EBV TK, but not for human cytoplasmic dThy or mt-dPyd kinases,
with L-1-OddUMP being the major metabolite.”® L-I-OddU and L-Br-OddU are currently
undergoing preclinical studies as potential anti-EBV agents.
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Figure 51. Structure of L-I-OddU, L-BV-OddU and related nucleosides.

Reversed oxathiolane nucleosides, such as 2’-deoxy-3’-oxa-4’-thiocytidine (dOTC,
Figure 52), have also been found active against HSV-1, HSV-2, HBV and HIV-1 in
a panel of cell lines. The BVU analog has demonstrated potent activity against HSV-2
and the cytosine and 5-F-cytosine derivatives have exhibited appreciable antiviral
activity in cord blood mononuclear cells (CBMCs) and U937 (human monocyte) cell
lines 212! (+)-dOTC is moderately active against HBV in 2.2.15 cells. (+)-dOTC (129)
is phosphorylated within cells via the dCyd kinase pathway and approximately 2 to 5%
is converted into the racemic triphosphate derivatives (Figure 52).2 Both 5’-triphos-
phate derivatives (TP) of (+)-dOTC are more potent than 3TCTP at inhibiting HIV-1 RT
in vitro. In cell culture experiments, (+)-dOTC is a potent inhibitor of primary isolates of
HIV-1 with an IC_ for viruses resistant to 3TC and viruses resistant to 3TC and AZT of
2.53 and 2.5 uM, respectively.? After 14 days of continuous culture, at concentrations
up to 10 pM, no measurable toxic effect on HepG2 cells or mitochondrial DNA replica-
tion within these cells has been observed. dOTC is currently undergoing phase I clinical
trials as an anti-HIV agent.

NH,
C
HO N/&O dCyd kinase
S (+)-dOTC-MP (#)-dOTC-DP
o]
129 [(+)-d0TC)
(Inhibition of HIV RT ) ()-dOTC-TP

Figure 52. Metabolism of (+)-dOTC.*2

Prepared as bioisosters of 3TC and FTC, oxaseleno compounds (+)-Se-ddC (130)
and (+)-F-Se-ddC (131, Figure 53), have also been found to exhibit potent anti-HIV-1
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(EC,, 2.7 and 0.73 uM, respectively) and anti-HBV (EC,, 1.2 and 1.2 uM) activities.”
Resolution of the racemic mixtures showed that most of the anti-HIV activity of 130 and
131 resides with the (-)-isomers (EC_, 0.9 uM for 130 and 0.2 uM for 131).%*

Substitution of 3’-sulfur in 3TC with an amino group does not produce antiviral
activity against HIV.2»

NH, NH,

ﬁN F\(gN
HOLO N/&O HO o N/&o
Se—j Sej
130 [(+)-Se-ddC] 131 [(2)-F-Se-ddC]

Figure 53. Oxaselenonucleosides.

Isodideoxynucleosides,?®® in which the base is transposed from the 1’ to the 2 posi-
tion of the sugar, have been reported by Huryn et al.?*" and Nair er al.**® (Figure 54).
The isomeric form of ddA, (R,R)-iso-ddA (132), is as active against HIV-1 as ddA, with
a better hydrolytic stability.?*” The anabolism of (R,R)-iso-ddA has been studied in CEM
cell cultures.?” The formation of (R,R)-iso-ddATP is significant and increases almost
linearly upon incubation for 24 h. In comparison, phosphorylation of ddA yields three
to four times the amount of ddATP as (R,R)-iso-ddATP, but the amount of ddATP does
not increase much after 10 h. (R,R)-iso-ddATP competitively inhibits the incorporation
of dATP into a synthetic polynucleotide primer. Nitrogen or sulfur analogs of iso-ddA
do not show significant antiviral activity.?¢

(S,5)-Iso-ddA (133), which can be viewed as an L-related ddN, also shows significant
antiviral activity against HIV in MT-4 and PBL cell cultures and is also active against
AZT-resistant HIV strains.”® Synergistic effects are observed in combination with
AZT, ddI or FTC. (S,S)-IsoddA has little cytotoxicity in leukemic cell lines and lower
inhibition on human bone marrow cells than AZT. In CEM cells, it is metabolized, al-
though rather inefficiently, to (5,5)-isoddATP, which is a potent inhibitor of HIV-RT.
The metabolism of (S,5)-IsoddA is unique. The nucleoside is neither phosphorylated by
adenosine kinase nor oxidized by adenosine deaminase. Instead, the first step in its meta-
bolic activation seems to be phosphorylation by dCyd Kinase.?? Compared to ddATP,
(8,5)-isoddATP is a weaker inhibitor of DNA polymerase § and v, but a stronger inhibi-
tor of DNA polymerase o.??

Another series of isoddNs is related to the natural sugar, D-apiose, and its enantiomer,
L-apiose, which can be considered as regioisomers of the natural nucleosides through
transposition of the hydroxymethyl group from the normal 4’-position to the 3’-posi-
tion (134 and 135, Figure 54). A comprehensive study of these dideoxynucleosides has
been accomplished by Sells and Nair®** However, these compounds do not show any
antiviral activities, and even further modifications of the apiosyl moiety, with the in-
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troduction of ring substituents such as 4’-hydroxymethyl,?* 3’-fluoro,?* 3’-azido®¢ and
3’-amino,”® have failed to induce significant antiviral activity.
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Figure 54. Enantiomers of iso-ddA and apionucleosides.

A series of branched-chain sugar isonucleosides has been reported to exhibit signifi-
cant antiviral activity against herpes viruses (Figure 55).*7 The hydroxymethylguano-
sine analog (136) displays potent and selective anti-HSV-1 and anti-HSV-2 activity.
Although the antiherpetic activity in vitro of this compound is lower than that of ACV, it
displays superior efficacy in mouse infections. The BVU analog (137) also shows selec-
tive activity against HSV-1 and VZV, with no cytostatic effect on WI-38 cell growth at
>800 uM.

Several other substituted isonucleosides have been prepared, including 3’-hydroxy-
methyl and 3’-azidomethyl derivatives, but none of them has shown any significant
antiviral activity.?*

Figure 55. 3’-C-Hydroxymethylisonucleosides.



42 G. Gumina, Y. Choi and C. K. Chu

1.7.  3- or 4-Membered ring nucleosides

Transformation of the furanose ring to a 3- or 4-membered ring produces compounds with
interesting biological activity. Oxetanocin A, 9-(2-deoxy-2-hydroxymethyl-B-D-erythro-
oxetanosyl)adenine (138) (Figure 56), is an antibiotic produced by Bacillus megate-
rium, which inhibits infection of T cells by HIV-1 in vitro.”® Chemical and enzymatic
modifications of oxetanocin A (OXT-A) have afforded 2,6-diamino (2-amino-OXT-A),
guanine (OXT-G), hypoxanthine (OXT-H) and xanthine (OXT-X) analogs.?® In MT-4
cells, OXT-A markedly reduces the expression of HIV antigens, and 2-amino-OXT-A,
OXT-G and OXT-H also show significant anti-HIV activity. In addition, OXT-G is very
potent and selective in inhibiting the replication of HCMYV in vitro (EC,, 0.1 ug/mL) and
against HSV-2 (EC,; 3.5 ug/mL).>*!

The thymidine analog of oxetanocin, A-73209 (139), is a potent in vitro and in vivo
inhibitor of HSV-1, HSV-2 and VZV.?*? A-73209 is two logs more potent against five
TK* strains of VZV in vitro and one log more potent against TK* HSV-1 strains than
ACV. A-73209 is more effective than ACV against lethal systemic or intracerebral HSV-
1 infections in mice. L-oxetanocin (L-OXT-A, 140) is inactive against HIV.2

Early reports of racemic carbocyclic analogs of OXT-A and OXT-G have described
the protective effect of both carbocyclic analogs on CD4* ATHS cells against the in-
fectivity and cytopathic effect of HIV-1, suppressing proviral DNA synthesis.?*24324
In addition, carbocyclic OXT-G showed excellent activity against HSV and it was sug-
gested that it is phosphorylated by virus-encoded TK prior to exerting its antiviral effect.
In contrast, the adenine congener, carbocyclic OXT-A, is a good inhibitor of HCMV
in vitro and in vivo. However, severe cytotoxicity to host cells has prevented further
development of this compound as an anti-HCMV agent.
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Figure 56. Oxetanocin A (OXT-A), its thymine analog A-73209 and lobucavir (LBV).

The active enantiomer of carbocyclic OXT-G (141, lobucavir, LBV, Figure 56)
displays an impressive broad-spectrum antiviral activity against a wide variety of
herpesviruses and HBV as well as HIV.>” The mechanism of action of LBV against
HSV-1, HSV-2 and VZV consists in the inhibition of the viral polymerases after phos-
phorylation by the virally encoded TK (Figure 57).* However, HCMV, HBV and
HIV do not encode enzymes which are capable of mediating LBV phosphorylation.
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It is known that HCMV has homologs of a herpesvirus-encoded protein kinase (UL97
gene), which mediates the phosphorylation of ganciclovir (GCV). In the case of VZV,
both the herpesvirus TK and protein kinase may independently enable the phosphoryla-
tion of LBV. Furthermore, LBV is phosphorylated to its triphosphate intracellularly in
both HCMV-infected and uninfected cells, with phosphorylated metabolites levels 2- to
30-fold higher in infected cells. These studies®’ suggest that LBVTP can halt HCMV
DNA replication by inhibiting the viral DNA polymerase and that LBV’s phosphory-
lation can occur in the absence of viral factors including the UL97 protein kinase.
In addition, LBV may be effective in the treatment of GCV-resistant HCMV. LBV has
undergone clinical trials as an anti-HBV agent.

viral TK
for HSV-1/2
and VZV

LBV LBV-MP LBV-DP LBV-TP

protein kinase
for HCMV l

Broad spectrum
antiviral activity

Figure 57. Metabolism of lobucavir.

3’-Fluorocarbocyclic oxetanocin A (142, Figure 58) exhibits a broad spectrum of
antiviral activity especially against HCMV with an EC,; of 0.18 pig/mL, which is 4-fold
more potent than that of ganciclovir.*® However, this compound is slightly cytotoxic at
higher concentrations (100 pg/mL) in HEL or MT-4 cells, although this toxicity is minor
compared with that of carbocyclic OXT-A (CC,, for HEL; 8 pg/mL, CC, for MT-4;
12 pg/mlL).>*#®
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Figure 58. Carbocyclic 3’-fluoro-oxetanocin A.

)-9-{[(£)-2-(Hydroxymethyl)cyclopropylJmethyl }guanine (143) (Figure 59) dis-
plays significant antiherpetic activity in vitro, and the (E)-adenine analog has a modest
antiviral activity despite an apparent inability to be enzymatically phosphorylated.?*
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Enzymatic phosphorylation studies indicate that in the (cyclopropyl)methyl derivatives,
both the cis- and trans-(hydroxymethyl) derivatives are reasonably good substrates for
the HSV-1 TK in comparison with ACV and its carba analog. The cis-isomer is con-
verted efficiently to the triphosphate, but it inhibits the HSV-1 DNA polymerase poorly.
The trans-isomer accumulates as the diphosphate with little triphosphate detected, but
the triphosphate appears to be a better inhibitor of HSV-1 DNA polymerase.*
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Figure 59. (2)-9-{[(Z)-2-Hydroxymethyl)-cyclopropyl}methyl}guanine.

Recently, Chu and co-workers also reported the synthesis of enantiomeric 1-[2-(hydr
oxymethyl)cyclopropyl]methyl nucleosides, among which the adenosine and guanosine
analogs show moderate antiviral activity against HIV-1 and HBV in PBM and 2.2.15
cells, respectively, without significant cytotoxicity.?®

9-{[cis-1’,2’-Bis(hydroxymethyl)cycloprop-1’-yllmethyl }guanine (A-5021, 144,
Figure 60) is an extremely potent anti-HSV-1 agent without significant cytotoxicity.?!
Both enantiomers were prepared from chiral epichlorohydrins, and only one A-5021
(1’S,2’R-configuration) exhibits strong antiherpetic activity (EC,; of 0.020 pg/mL
against HSV-1 Tomioka vs 0.81 pg/mL for ACV). A-5021 is more inhibitory than ACV
against HSV-2 and VZV but ineffective against HIV. Its enantiomer (145) has modest
anti-HSV-1 activity. A-5021 is monophosphorylated by viral TKs.?? A-5021 triphos-
phate accumulates more than ACVTP but less than penciclovir (PCV) triphosphate in
MRC-5 cells infected with HSV-1 or VZV, whereas HSV-2 infected MRC-5 cells show
comparable levels of A-5021 and ACV triphosphates. A-5021TP competitively inhibits
HSV DNA polymerases with respect to dGTP (ACVTP > A-5021TP > PCVTP) and is
incorporated into DNA instead of dGTP terminating elongation, although limited chain
extension has been observed. Thus, the stronger antiviral activity of A-5021 appears to
depend on a more rapid and stable accumulation of its triphosphate in infected cells than
that of ACV as well as on stronger inhibition of viral DNA polymerase by its triphos-
phate than that of PCV.

A number of 5-substituted uracil nucleoside derivatives with a 1-(1°S,2°R)-[1°,2’-
bis(thydroxymethyl)cyclopropyllmethyl group have also been reported to exhibit anti-
herpetic activity.?® Among them, the BVU analog (146, Figure 60) is the most potent
(EC,, 0.027 pg/mL), 40 to 60-fold more than ACV (EC_ 3.4 pg/mL) against clinical
isolates of VZV. Catabolism of 146 does not produce BVU, responsible for toxic drug
interactions (vide supra).>*
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Figure 60. Cis-1’,2’-bis(hydroxymethyl)-cyclopropyl]methyl nucleosides.

Other types of cyclopropyl-containing nucleosides (147, 148 and 149), where the base
is directly linked to the cyclopropyl ring, have been prepared, but none of them showed
significant antiviral activity (Figure 61).%

147 148 149

Figure 61. 2-(Hydroxymethyl)cyclopropyl nucleosides.

Nucleoside analogs based on a methylenecyclopropane structure show broad-spec-
trum antiviral activity against HCMV, EBV, human herpes virus type 6 (HHV-6), VZV
and HBV (Figure 62).2* (Z)-2-{[(Hydroxymethyl)cyclopropylidene]-methyl}adenine
(150, synadenol), -2-amino-6-chloropurine (151) and -guanine (152, synguanol) are
the most effective agents against HCMV (EC, 1-2.1, 0.04-2.1 and 0.8-5.6 UM, respec-
tively) and EBV in H-1 cells (EC,, 0.2, 0.3 and 0.7 uM, respectively). Synadenol is
moderately active against HIV, HBV, VZV and HHV-6. It is a substrate for ADA from
calf intestine and is also deaminated by AMP deaminase from Aspergillus sp.
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Figure 62. Methylenecyclopropyl nucleosides.
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Conversion of the modestly active analogs to their methyl phenyl phosphoro-L-alani-
nate esters results in potentiation of their anti-HIV-1 activity.>® Among these prodrugs,
the 2,6-diaminopurine (153) and adenine derivatives (154, Figure 63) are the most
potent against HIV-1 in vitro with EC_; of 0.034 and 0.0026 uM, respectively in MT-
2 cell-based assays. Both compounds are interestingly active against AZT-resistant,
ddI-resistant and multi-dideoxynucleoside-resistant infectious clones in vitro.
Analogously, synguanol phosphoralaninate prodrug QYL-678 (155) inhibits EBV with
EC,, (in the viral capsid antigen expression assay) of 0.05 UM vs 5.6 uM for synguanol
and 6.3 uM for ACV >’
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Figure 63. Phosphoralaninate prodrugs of methylenecyclopropyl and spiropentane nucleosides.

Spirocyclic analogs of 2’-deoxynucleosides have been synthesized and evaluated by
Zemlicka and co-workers. Among these novel derivatives, the phosphoralaninate 156
(Figure 63) is an effective inhibitor of HCMV (EC, 0.38 uM vs 2.9 uM for GCV in
HFF cells). It also shows interesting activity against HSV-1 (EC_, 7.0 uM in BSC-1
and 20 UM in Vero cells), HSV-2 (EC,; 31 uM in Vero cells), VZV (EC, 1.4 uM in
the cytopathic effect inhibition effect assay), EBV (EC,, 8.4 UM in Daudi cells), HIV-1
(EC;, 3.5 uM in CEM-SS cells) and HBV (EC,, 3.1 uM in HepG 2.2.15 cells).
Unfortunately, this compound also shows varying degrees of toxicity in cell lines (e.g.
EC_, 27 uM in Vero cells).?®

1.8. Acyclonucleosides

Acyclonucleosides are characterized by the absence of a cyclic sugar moiety and, thus,
a higher conformational flexibility than other nucleoside analogs. A consequence of
this flexibility is that acyclonucleosides possess biological properties despite their lack of
chirality. Whenever chirality or prochirality (as in ganciclovir and penciclovir) is present,
quite surprisingly the S configuration at the 4’-equivalent position gives the only active
enantiomer.

Acyclovir (ACV, 157, Figure 64) was one of the first antiviral agents that showed
potent and selective viral inhibition and is still one of the most effective anti-herpetic
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drugs,>** although its use is limited by poor oral bioavailability (20-25%).%! This is
much improved in its prodrug valaciclovir (vide infra).

Ganciclovir (GCV, 158) is the drug of choice for the treatment of HCMYV retinitis in
AIDS patients.?622632% [ jke acyclovir, its systemic use is limited by poor oral bioavail-
ability (2-7%).%

Penciclovir (PCV, 159), the carba-analog of GCV, has a broad-spectrum antiviral
activity, being active against HSV-1, HSV-2, VZV, EBV and HBV %2672 1t is currently
approved for the treatment of herpes zoster infections.?® Like its congeners, it has a low
oral bioavailability.

OH
157 (acyclovir) 158 (ganciclovir)

0 o) A N
NjfU\NH PPN <NfN/)\NH2
<AL :

HsC \[(O
OH (0]
159 (penciclovir) 160 (famciclovir)

Figure 64. Acyclovir and related compounds.

Famciclovir (FCV, 160) is a prodrug of PCV which is converted to its parent drug by
three metabolic steps, two hydrolytic and one oxidative.?”® Bioavailability of PCV is 77%
upon oral administration of FCV.?! PCV is used for the treatment of VZV retinitis.

As mentioned above, a common drawback of most acyclonucleosides is their low oral
bioavailability. This is mainly due to the low solubility of these compounds.?”? In order
to overcome this problem, many modifications of the parent structures have been tried to
give prodrugs with favorable absorption/distribution properties.

The conversion of a nucleoside into its phosphonate offers several advantages.
In particular, a phosphonate can mimic a phosphate group and can be converted to the
triphosphate-like analog, thus bypassing the first phosphorylation necessary for the acti-
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vation of the drug. As a result, inactive drugs can be converted into active phosphonates
if their lack of activity is due to a non-efficient initial phosphorylation step. Furthermore,
unlike a phosphate, a phosphonic group is not cleaved by chemical or enzymatical hy-
drolysis, therefore it is metabolically stable.

Adefovir, 9-(2-phosphonylmethoxyethyl)adenine (PMEA, 161, Figure 65) is
a broad-spectrum antiviral agent, active against retroviruses, hepadnaviruses, and
herpesviruses.?”>?742"> However, the possibility of PMEA of becoming an orally ad-
ministered drug is limited by its poor bioavailability,”’® due to the negative charge
of the phosphonate functionality at physiological pH, which limits its gastroenteric
absorption. In order to increase the low bioavailability and decrease the toxicity of
PMEA, a number of prodrugs have been prepared,?”” and the bis-pivaloyloxymethyl
derivative (bis-POM-PMEA, adefovir dipivoxil, 163)*”® has recently been approved as
an anti-HBV agent. In vitro studies show that adefovir dipivoxil is able to increase the
intracellular concentration of PMEA by 2 logs.?” It has comparable antiviral activity in
HIV-1 infected CEM cells and HCMV-infected MRC-5 cells, and it is even more
potent than the parent compound on HSV-1 and HSV-2-infected Vero cells.?”
In clinical trials, oral bioavailability was found to be greater than 40%.””” However,
the bis-POM functionality has been found to confer cytostatic effects, probably due to
the liberation of formaldehyde and pivalic acid.?” In clinical trials, adefovir has shown
modest anti-HIV activity with nephrotoxicity at dose levels of 60-120 mg once daily.?®
However, adefovir does not show cross-resistance with lamivudine,”®' and a combination
of the two drugs has proved effective in the therapy of HBV-HIV-coinfected patients.*°
In this combination, the use of adefovir dipivoxil at a suboptimal concentration for HIV
activity (10 mg once daily) prevents the occurrence of mutations at codons 65 and 70 of
HIV RT, responsible for HIV resistance to adefovir.”

9-[2-(R)-(phosphonomethoxy)propylladenine (PMPA, tenofovir 162)*? is an effec-
tive anti-HIV agent. In a phase I/II clinical study, it showed a 1.1 log reduction in HIV
RNA levels after administration of only eight doses.®®* Tenofovir is less toxic towards
erythroid progenitor cells than AZT, 3TC and d4T.?* Its resistance to phosphorolysis
and nucleotide-dependent chain-terminator removal is greater than AZT or 3TC.* As in
the case of adefovir, also tenofovir displays low bioavailability in animals. This problem
has been overcome with the bis-isopropyloxycarbonyloxymethyl derivative (bis-POC-
PMPA, tenofovir disoproxil, 164),57% the first nucleotide analog approved by the FDA
for the treatment of AIDS.¥* Bis-POC derivatives were designed in order to eliminate
the side effects of the POM group. Tenofovir disoproxil retains the antiviral activity of
the parent drug, showing an oral bioavailability of 30% with minimal toxicity.57:88.89.90.28
Its efficacy on antiretroviral-experienced patients makes it one of the best choices in
salvage therapy.*

Cidofovir (HPMPC, 165) exhibits potent in vitro and in vivo activity against a broad
spectrum of herpes viruses, including HCMV,®" and has been approved for the treat-
ment of HCMYV retinitis in AIDS patients.?® Its adenine congener HPMPA (166) has
anti-HBV activity in both duck hepatocytes and 2.2.15 cells with an EC_ of 1.2 uM.*®
The cyclic prodrug of cidofovir, cHPMPC (167) has antiviral activity similar to
the parent compound with reduced toxicity.”
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Figure 65. Acyclonucleoside phosphonates and their “bis-POM” and “bis-POC” prodrugs.

As discussed above, the major drawback of acyclovir and its phosphonates is their
poor oral bioavailability, due to low water solubility. The valine conjugate valacyclovir
(VCV, 168, Figure 66) has more than twice-greater bioavailability compared to that of
ACV. This is due to the increased water solubility as well as the presence of an amino-
acid moiety, which probably allows VCV to be absorbed in the intestin via the saturable
dipeptide transporter system.?!

The lipophilic prodrug 1-O-hexadecylpropanediol-3-phosphoacyclovir (HDP-P-
ACV, 169) also has improved bioavailability compared to the parent drug. Besides, un-
like ACV, it is active against HBV in 2.2.15 cells.?”? This is due to the fact that, unlike
herpes viruses, HBV does not encode for a TK, which catalyses the conversion of ACV
to ACVMP. HDP-P-ACV delivers ACVMP, which can then be further phosphorylated
to the active triphosphate form.

The ganciclovir prodrug HDP-P-GCV (170) has given promising results in the therapy
of HSV-1 or HCMV retinitis. In the rabbit model, intravitreal injections with resultant
0.2 uM intravitreal concentration of prodrugs allowed a 4 to 6 weeks complete protec-
tion of the retina against HSV-1 with an IC, of 0.6 uM.***** HDP-P-GCV has also been
evaluated in HCMV-infected human lung fibroblasts. Its IC,, was 0.6 UM.
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Figure 66. Prodrugs of acyclovir and ganciclovir.

Recently, the same liphophilic prodrug approach has been applied to the synthesis
of prodrugs of cidofovir and cyclic cidofovir.?® The alkoxyalkyl esters 1-O-hexadecy-
loxypropyl-cidofovir (HDP-CDV, 171, Figure 67) and 1-O-octadecyloxyethyl-cidofovir
(ODE-CDV, 172) and their cyclic analogs HDP-cCDV (173) and ODE-cCDV (174)
were more active against HSV-1, HSV-2, HCMV, VZV, EBV and human herpes virus
type 6 (HHV-6) and 8 (HHV-8) than the parents compounds, with the cidofovir analogs
generally more active than the cyclic ones. 2 All the prodrugs were active against
several ganciclovir- and cidofovir-resistant HCMV strains, particularly.”* An in vifro
study using “C-labeled HDP-CDV and cidofovir showed that the cellular drug content of
HDP-CDV increased progressively to 24 hours, whereas the content of cidofovir reached
a peak after 1-4 hours, remaining stable or slightly declining at 24 hours. The cellular
content of cidofovir after 24 hours was 73-fold higher after incubation with the prodrug,
which may explain the increased activity.?* Cidofovir is an effective inhibitor of variola,
monkeypox, cowpox and vaccina viruses. In a study on the use of cidofovir for the treat-
ment of smallpox, a single intravenous dose fully protected mice against a lethal cowpox
virus aerosol.??>d In the search for orally active anti-smallpox agents, alkoxyalkyl esters
of cidofovir and cCDV proved able to deliver, upon oral administration in mice, plasma
levels of drugs in the low micromolar range, that is 10-fold the EC,,; for smallpox.?*3
Analogous pharmacokinetic studies on HDP-CDV for the treatment of CMV retinitis
showed plasma levels of drug that should allow antiviral activity. %

Recently, 5-(1-azidovinyl)-substituted acyclic pyrimidine nucleosides (175, 176 and
177, Figure 68) have shown potent and selective anti-HBV activity, with EC_ values of
ranging from 0.01 to 0.1 uM in duck hepatitis B virus-infected primary duck hepatocytes,
without significant toxicity.?*

1.9. Ribofuranosyl nucleosides

Because of their close resemblance with natural nucleosides, the class of ribofuranosyl
analogs has not produced many useful antiviral agents. In recent years, however, a num-
ber of carbocyclic analogs have shown promising antiviral activity, particularly against
DNA virus.
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Figure 68. 5-(1-Azidovinyl)-substituted acyclic pyrimidine nucleosides.

The most important analog bearing a ribose sugar moiety is ribavirin (178, Figure 69),
one of the first discovered compounds endowed with anti-respiratory syncytial virus,
which has been shown to be effective as an anti-HBV and anti-HCV agent. It is currently
approved, in combination with interferon-o., for the treatment of chronic hepatitis C.%’
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Figure 69. Ribofuranosyl nucleoside analogs

The unusual ring-expanded (“fat”) ribonucleosides 179-182 (Figure 70) are endowed
with anti-HBV activity in 2.2.15 cells, with EC, in the micromolar range.”® Analog
180 also displayed potent and selective antitumor activity against a number of leukemia,
non-small cell lung cancer, colon cancer, CNS cancer, melanoma, ovarian cancer, renal
cancer, prostate cancer and breast cancer.” Its tribenzoyl ester 181 showed similar
activity profile as 180, but was considerably more active probably because of better cell
permeation.?®®

0 HoN 4 o
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HO </N I RO </N I HO </N/|V]\”/ M
N N NH
) o r:o:
_w 0 k ? NH
OH OH OR OR OH OH
179 180R = H 182
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Figure 70. “Fat” nucleosides.

Neplanocin A (183, Figure 71) is a natural unsaturated nucleoside endowed with
antiviral and antitumor properties.*® Structure-activity relationships of neplanocin A an-
alogs revealed interesting antiviral activity. Particularly, the D-cytosine and 5-F-cytosine
derivatives 184 and 185 show anti-HIV activity (EC, 0.06 and 5.34 uM, respectively)
and are also the first nucleosides active against West Nile virus (EC,, 0.2 and 15 uM,
respectively). However, their severe toxicity will prevent their development as antiviral
agents.>"!
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Aristeromycin (186, Figure 72) is a natural carbocyclic ribonucleoside endowed with
antitumor properties.*? Its 5’-nor analog 187 is active against HCMV *** vaccinia virus
and measles, while its (+)-enantiomer 188 is active against HBV.3%* The guanine ana-

log 189 has anti-EBV activity.*?
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Figure 72. Aristeromycin and its 5’-nor analogs.
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CHAPTER 2

CHIRAL SYNTHESIS OF ANTIVIRAL NUCLEOSIDES
FROM CARBOHYDRATE TEMPLATES

GIUSEPPE GUMINA, SUREYYA OLGEN and CHUNG K. CHU

2.1. Introduction

When organic chemistry meets medicinal chemistry or natural products synthesis,
stereoselectivity becomes a major challenge, because in most cases even simple chiral
organic molecules cannot be prepared without a reasonable control of stereochemistry.
In any case, there is an increasing need for organic synthesis to be stereoselective.
This is particularly important in the field of drug discovery and development, whereas
a racemic drug in a biological system behaves as a mixture of two different compounds
and quite often only one has the desired properties, while the other is at least inactive or
potentially harmful. Stereoselective synthesis can be a simple or difficult task, whether
accomplished through a chiral auxiliary or by using a chiral starting material. Both strate-
gies have advantages and limitations, depending on the starting materials and final target
molecules. Chiral auxiliaries can be used with a number of molecules bearing the same
functionality, but most times their action is only partially stereoselective. Chiral starting
materials, on the other hand, can be available in very high optical purity. The major
limitation of the latter strategy, of course, is that although thousands of optically active
natural compounds are known, it is not always easy to select a starting material that is
naturally abundant and will not require many steps to be converted to the target molecule.

Carbohydrates are among the most common and useful chiral starting materials,
and most of them are commercially available and inexpensive. One drawback in using
carbohydrates is that they tend to be “overfunctionalized” for many purposes, but this
problem is usually solved elegantly by carbohydrate chemists. Furthermore, this “over-
functionalization” is often exploited in highly asymmetric reactions, and for this reason
it provides carbohydrates great potentiality and versatility, particularly in the synthesis
of carbohydrate-modified nucleosides.

Undoubtedly, carbohydrates have their greatest usefulness as synthons for com-
pounds containing carbon chains with contiguous or noncontiguous secondary alcohols.
However, they have been used as starting materials for the syntheses of a wide array
of chiral compounds. As mentioned, one feature that has been taken advantage of,
particularly in natural products synthesis, is the stereo-control that can be achieved in
the manipulation of functionalities in small rings. Because carbohydrates often have
ring structures that can be easily opened at a later stage, a common strategy is to carry
out series of reactions on such rings to obtain, with excellent control of stereochemis-
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try, compounds that sometimes only remotely resemble the parent sugar. Once reached
the desired chirality, the structure can be manipulated by means of ordinary organic reac-
tions to afford the product.

Nucleosides are among the most important carbohydrate-containing natural prod-
ucts, and carbohydrate-modified analogs are currently the cornerstone of antiviral
therapy.! In this chapter, we will summarize a few important classes of nucleosides
the chiralities of which were directly or indirectly originated from carbohydrates as chiral
templates.

2.2. 4-Thiofuranose nucleosides

A wide variety of carbohydrate-modified nucleoside analogs have been prepared and
tested for antiviral activities. The first modification was the isosteric substitution of the
furanose oxygen with a sulfur atom. The first nucleoside analogs containing such sugars
were the adenine derivatives of 4’-thio-D-xylose and 4’-thio-D-arabinose.? 2’-Deoxy-
4’-thionucleosides have shown potent anti-herpes virus activities, and several analogs,
such as 4’-thiothymidine and 2’-deoxy-4’-thiocytidine, have potent cytotoxicity. The
rationale for the synthesis of these classes of nucleosides was that the presence of sulfur
in the sugar ring stabilized the N-glycosidic bond with respect to phosphorolysis.® Thus
4’-thioinosine was known to be resistant to phosphorolytic cleavage, which is a normal
pathway in nucleosides catabolism. This is a major advantage of 4’-thio-nucleosides,
since several “4’-oxy” antivirals have a drawback with regard to their metabolic stability
caused by nucleoside phosphorylases. In addition, the potent antiviral activity and cyto-
toxicity of 4’-thionucleosides suggest that they are well recognized as substrates by both
viral and host cell kinases. In most approaches for the syntheses of 4’-thionucleosides,
the stereochemistry of the final products derives directly from the carbohydrate analogs
by displacement of a leaving group with a sulfur-containing nucleophile, followed by
ring closure or ring contraction,* acetolysis of an v,y-diethoxy episulfide, or ring clo-
sure of dialkyl dithioacetal.>” Triiodoimidazole-triphenylphosphine and chlorodiphe-
nylphosphine-iodine-imidazole have also been reported to effect ring closure of dialkyl
dithioacetals to give the corresponding 4-thio furanoside derivatives.®*!°

Dyson et al. reported the synthesis of (F)-5-(2-bromovinyl)-D-4’-thio-2’-deoxy-
uridine from D-2-deoxyribose using a double inversion strategy (Scheme 1).'%12
D-2-Deoxyribose was kinetically cyclized to the furanose form 1-1 in the presence of a
catalytic amount of HCI gas, and subsequently protected as the dibenzyl ether. Treatment
of 1-2 with benzyl mercaptane in the presence of HCI gave the dithio derivative 1-3.
In order to obtain the desired configuration, the chirality at the C-4 position was inverted
by the Mitsunobu reaction. Debenzoylation of the product 1-4, followed by mesylation
of the resulting alcohol gave compound 1-5, which was cyclized to 1-6 with a second
inversion of configuration and condensed with various pyrimidine bases.

Huang er al® reported an improved method for the synthesis of 4’-thio-2’-deoxy-
pyrimidine nucleosides using the triphenylphosphine/iodine/imidazole reagent system,
which has been generally used for converting alcohols to deoxyiodo compounds.
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Scheme 1

Secrist I et al. also reported the synthesis of 2’-deoxy-4’-thio pyrimidine nucleosides
from the methyl glycoside of 2-deoxy-4-thio-B-D-erythro-pentofuranose (Scheme 2)."*
The starting material 2-1 was prepared in several steps from L-arabinose by the litera-
ture procedure of Fu and Bobek!* with several experimental modifications and was then
converted to the 3,4-di-O-toluoyl derivative 2-2. Direct coupling of 2-2 with pyrimidine
bases failed to provide the desired nucleosides. Attempts to convert 2-2 to the more reac-
tive glycosyl chloride using literature procedures were unsuccessful, apparently due to
the instability of the chlorothiosugar. Experimental modification of conventional acetoly-
sis conditions provided acetyl sugar 2-3 as a ~1:1 mixture of anomers, stable for some
time at room temperature but reactive enough to provide the desired nucleosides.
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Scheme 2

Bellon et al. synthesized 4’-thio-D-ribofuranose nucleosides from L-lyxose (Scheme 3).”
Their strategy was based on the introduction of a sulfur atom at the C-1 position fol-
lowed by a nucleophilic displacement of an activated 4-hydroxylgroup with inversion
of configuration. Thus, lyxose derivative 3-1 was treated with benzyl mercaptane, to
give the dithiobenzyl acetal 3-2. Mesylation of 3-2 gave the intermediate 3-3, in which
the nucleophilic substitution could be directly achieved either by heating the mesylation
reaction in aqueous pyridine or by heating with sodium iodide in acetone or tetrabutyl-
ammonium iodide and barium carbonate in acetone. Treatment of 3-4 with mercuric
acetate in acetic acid and condensation of the resulting intermediate 3-5 with silylated
pyrimidines in the presence of TMSOTf gave the nucleoside derivatives. As expected
when a 2’-non-participating group (-OBn) is present, anomeric mixtures were obtained.
The anomers were separated by silica gel chromatography and deprotected indepen-
dently using boron tribromide.

Leydier et al. synthesized 4’-thio-D-ribonucleosides starting from D-ribose using a
double inversion strategy (Scheme 4).'* The first S_2 process in their synthesis was the
Mitsunobu reaction on the D-ribose dithiobenzylacetal derivative 4-2 with inversion of
the configuration at the C-4 atom, providing, after deprotection, the L-xylose dithiobenzyl
acetal derivative 4-4. This key intermediate has the stereochemistry needed to provide
the 4-thio-D-ribofuranoside derivative 4-5 by means of another iodide-mediated S 2
cyclization. Acetylation of 4-5 provided the 4-thio-D-ribofuranocside derivative 4-6, from
which 4’-thiocytosine and adenine derivatives were synthesized by appropriate glyco-
sylation reactions.'®
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Previously, Bobek er al. had synthesized 4’-thio analogs of the antibiotic toyocamy-
cine!” by condensation of 2,3,5-tri-O-acetyl-4-thio-D-ribofuranosyl chloride 5-2 with the
chloromercury derivative of 4-acetamino-6-bromo-5-cyanopyrrolo-{2,3-d]pyrimidine
5-1 followed by removal of the protecting groups with MeOH-NH, and reductive debro-
mination using H/Pd catalyst (Scheme 5). The key intermediate 5-2 was prepared from
1,2,3,5-tetra-O-acetyl-4-thio-o., B-ribofuranose, analogous to 4-5. As a series, Bobek and
co-workers synthesized 5-substituted 4’-thiouridine derivatives using the same method.'®
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Scheme 5

Tber et al. reported the synthesis of D-3’-azido-2’,3’-dideoxy-4’-thionucleosides
from D-xylose (Scheme 6).!° The starting material for this methodology is 2-deoxy-
4,5-isopropylidene-D-threo-pentose diisobutyl dithioacetal 6-3, prepared from D-xylose
according to the procedure developed by Wong and Gray.” Using a Mitsunobu-type
reaction, 6-3 was converted to the 3-azido-2,3-dideoxy-D-erythro-pentose derivative
6-4, with inversion at the C-3 position. Hydrolysis of the 4,5-O-isopropylidene group
and benzoylation at C-5 gave 6-5, which has only the C-4 hydroxyl group unprotected.
In a double inversion strategy, 6-5 was mesylated and, after deprotection/reprotection of
the aldehyde functionality, converted to epoxide 6-8, with inversion at C-4. The second
inversion was obtained by treatment of 6-8 with thiourea to give the 4,5-epithio deriva-
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tive 6-9. Opening of the episulfide ring under conditions designed to give acyclic acetal
6-10 afforded the desired product in 48% yield, although some cyclization also occurred
to give 33% of an anomeric mixture of methyi-O-acetyl-3-azido-2,3-dideoxy-4-thio-D-
erythro-pentofuranosides 6-11. The glycosyl donor 6-11, obtained also from 6-10 by
acidic hydrolysis with concomitant reacetylation, was condensed with various pyrimi-
dine bases to give, after further elaboration, compounds 6-13~6-25.
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Scheme 6
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Aitsir et al. subsequently devised another convergent synthesis of C3-substituted
sugars via the 2-deoxy-4-thio-D-erythro-pentofuranose derivative 7-4 from L-arabinose
in 10 steps (Scheme 7).2! With an overall yield of 17%, this method may give some flex-
ibility in the choices of protecting groups on the final product and has the advantage of
using an inexpensive starting material.
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Reagents: a) H", EtOH; b) BzCl, Py; ¢) MsCl, TEA, CHchZ; d) TBAF, BaCO,, DMF; e) Hg(OAc),, AcOH.

Scheme 7

Jandu and Selwood reported a specific preparation of the potent broad-spectrum
antiviral agent 5-ethyl-4’-thio-2’-deoxyuridine that avoids the use of large quantities of
thiol reagent and consecutive double inversion of the stereochemistry at C-4 of the sugar
moiety (Scheme 8).%2 The key step uses the observation that 4-thiopyranoses 8-5 and 8-6
can be produced from thionocarbonates by radical-induced rearrangement, thus achieving
the required double inversion in a single step.” The yield of 5-ethyl-4’-thio-2’-deoxyuri-
dine was estimated in about 10% starting from 500 g of 2-deoxy-D-ribose.
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Scheme 8

Rassu et al. reported the synthesis of 2’,3’-dideoxy-4’-thiocytidines from R and
S-2,3-isopropylidene glyceraldehydes (Scheme 9).* The synthesis of the cytidine de-
rivative 9-11 (L-series) started from protected thiophene 9-1 and 2,3-O-isopropylidene
D-glyceraldehyde 9-2. Their diastereoselective addition in the presence of 1 equivalent
of BF, etherate in CH,Cl, resulted in preferential formation of the 4R-adduct 9-3 accom-
panied by less than 10% of 4S5-diasteromer 9-4. Hydrogenation of the major isomer gave
thiolactone 9-5. Selective deblocking of the acetonide protection of 9-5, followed by
exposure of the resulting crude triol to NalO,/SiO, in CH,Cl,, cleanly afforded aldehyde
9-6. Reduction of the formyl functionality and subsequent silylation of the new primary
hydroxyl functionality gave 9-7, the immediate precursor of thiosugar 9-8. Selective
reduction of thiolactone carbonyl to thiolactol was achieved by careful treatment of
9-7 with LiAIH, in THF at -20 [C. The following acetylation of the anomeric hydroxyl
group gave pure L-thiofuranose 9-8 as a 1:1 anomeric mixture in 37% overall yield based
on 9-2. The final coupling of 9-8 with cytosine was successfully conducted by a modi-
fication of the Vorbriiggen protocol. Separation of the individual anomers was carried
out by preparative TLC allowing the synthesis of pure nucleosides 9-10 and 9-11.
For the synthesis of D-series, the same synthetic procedure was applied to protected
L-glyceraldehyde 9-12 to obtain 9-13 and 9-14.
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Scheme 9

2,3-Isopropylidene D-glyceraldehyde 9-2 and its enantiomer 9-12 are important pre-
cursors in many syntheses leading to optically active nucleosides. The D-isomer 9-2
can be conveniently prepared from protected D-mannose 10-1 (Scheme 10) by oxida-
tive cleavage using lead tetraacetate® or sodium periodate;* the L-isomer 9-12 can be
prepared in the same way starting from L-gulonic acid-y-lactone 10-2.7
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Scheme 10

Young et al. reported the enantioselective synthesis of 2’,3’-dideoxy- and 2°,3’-
didehydro-2’,3’-dideoxy-4’-thionucleosides from chiral thiolactones (Scheme 11).%
The chiral key intermediate 11-4 was prepared starting from (S)-(-)-glycidol 11-1.
This was protected as its ferz-butyldiphenylsilyl ether and reacted with thiourea in metha-
nol® to give the (R)-thirane 11-2 with clean inversion of configuration. The conversion
of 11-2 to the (45)-2-methoxycarbonyl thiolactone 11-3 was achieved by reaction with
dimethyl malonate and sodium hexamethyldisilazane in refluxing THF; careful control
of concentration minimized side-products due to thiirane polymerization,” affording an
enantiomeric excess between 82 to 91%. Similarly, (R)-(+)-glycidol 11-7 was converted
to the (R)-lactone 11-8. Each thiolactone was converted to the corresponding thiolactol
acetate (i.e. 11-5 from 11-4) by reduction with diisobutylaluminum hydride in toluene
at -78 °C and subsequent acetylation in 90% yield. Glycosylation was achieved through
standard methods, by reaction of the acetates with the silylated derivatives of a number
of substituted uracils and cytosines in the presence of tin(IV) chloride in acetonitrile
followed by deprotection to give the desired nucleosides. Better yields were obtained
for cytidine glycosylations by using potassium nonaflate, trimethylsilyl chloride and
hexamethyldisilazane.

Thiolactones 11-4 and 11-8 provided a useful entry to 2°,3’-didehydro-2°,3’-dideoxy-
4’-thionucleosides, obtained by using the methodology developed for the corresponding
oxa-series.’’ Thus, O-silyl-(S)-thiolactone 11-4 was phenylselenated at the 2 position
via the TMS-enol ether, with better diastereofacial selectivity than the 4-oxa analog
(Scheme 12). By optimizing the work-up conditions, this selectivity was further im-
proved up to at least 15:1 a- to B-face selectivity.’! Reduction and acetylation of 12-1
gave the desired glycosylating agent 12-2.
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Coupling of 12-2 with silylated uracil in the presence of tin (IV) chloride in ace-
tonitrile provided the glycosylated products 12-3 in 50 to 90% yield with 15:1
or better selectivity for the desired B-anomers. The 2’-selenyl functionality was removed
either reductively with tributyltin hydride or by selective selenium oxidation with
mCPBA. This latter method introduced regiospecifically the olefinic functionality of
the novel 2°,3’-didehydro-2°,3’-dideoxy analogs in > 70% isolated yield. The enantio-
meric compounds were similarly synthesized from the (R)-thiolactone 11-8.%!

Chu and co-workers recently reported the synthesis of L-2’-fluoro unsaturated
4’-thiocytidine starting from protected L-glyceraldehyde 9-12 (Scheme 13).3%* This was
reacted under the Horner-Wadsworth-Emmons conditions with triethylfluorophosphono-
acetate to give (E)-o,B-unsaturated fluoro ethylester 13-1, together with the Z isomer as
a minor product. Both isomers were hydrolyzed and protected as terr-butyldimethylsilyl
ethers. Following the hydrolysis, the E isomer lactonized to give, after protection, lactone
13-2 which could be easily purified. Reduction of the o,B-unsaturated lactone gave only
the 2-“up”-fluoro derivative 13-3, which was converted to iodide 13-4 by saponification,
methylation of the resulting carboxylate, and iodination in Mitsunobu fashion, the latter
proceeding with inversion of configuration. A second inversion was then achieved by
treatment with potassium acetate in dimethyl formamide to give thioacetate 13-5.
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Scheme 12

Treatment with DIBAL-H gave the thiolaldehyde intermediate, which cyclized to a
thiolactol. In situ oxidation of the latter gave a stable thiolactone 13-6. Phenylselenation
proceeded stereoselectively to give almost exclusively o-selenide 13-7, which was
reduced and acetylated to the key intermediate 13-8. Condensation with N*-benzoylated
cytosine gave protected nucleoside 13-9, which was easily oxidized to the unsaturated
analog 13-10 by mCPBA. Two deprotection steps afforded the target compound.
D-Analogs were synthesized in the same way, starting from protected D-glyceraldehyde
9-2.343% Both isomers were endowed with potent anti-HIV activity.

Van Draanen et al.* synthesized various 2’-deoxy-4’-thiopurine nucleosides to study
structure activity relationships by coupling a number of persilylated bases with key inter-
mediate 14-1, prepared from D-2-deoxyribose according to Dyson et al.'>'? (Scheme 14).
This synthetic procedure is an improvement over methods previously used to prepare
purine 4’-thionucleosides. The compounds were tested against hepatitis B virus (HBV),
human cytomegalovirus (HCMV), herpes simplex virus type 1 and 2 (HSV-1 and
HSV-2), varicella zoster virus (VZV), and human immunodeficiency virus (HIV-1).
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Scheme 13

Cytotoxicity was determined in a number of cell lines. Several compounds were
extremely potent against HBV and HCMV and had moderate to severe cytotoxic-
ity in vitro. The lead compound from the series, 2-amino-6-(cyclopropylamino)purine
2’-deoxy-4’-thioribose 14-13, was the most potent and selective agent against HCMV
and HBV replication in vitro; however, this analog was nephrotoxic when tested in vivo.

Rahim ez al. also synthesized various 2’-deoxy-4’-thiopyrimidine nucleosides 15-2
to study the structure activity relationships (Scheme 15).*7 The key intermediates 1-6
and 2-3 were obtained according to the method reported by Dyson ez al.'"'* and Secrist
etal.,Prespectively (Schemes 1 and 2). A series of 5-substituted 2’-deoxy-4’-thiopyrimidine
nucleosides was synthesized and evaluated as potential antiviral agents. A number of
analogs such as 2’-deoxy-5-propyl-4’-thiouridine, 2’-deoxy-5-isopropyl-4’-thiouridine,
5-cyclopropyl-2’-deoxy-4’-thiouridine, 2’-deoxy-4’-thio-5-vinyluridine, and 5-(2-chlo-
roethyl)-2’-deoxy-4’-thiouridine were found to be highly active against HSV-1 and VZV
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Scheme 14

in vitro with no significant cytotoxicity. The compound with the broadest spectrum of
activity was 2’-deoxy-5-ethyl-4’-thiouridine, which showed significant activity against
HSV-1, HSV-2, and VZV.



92 G. Gumina, S. Olgen and C. K. Chu

RO s
o

RO
R = benzyl (1-6) a
R = acetyl O [0}

R = pivaloyl X X
R = p-toluoyl HN HN
R = p-nitrobenzoyl )\ | )\ |

b RO HO
/ 15-1 15-2

and
OAc a-isomer

p-TolO

p-TolO
2.3
X =Et, n-Pr, I-Pr, i-Bu, (E)-vinyl, ethynyl, propynyl, methoxymethyl, 2-methoxyethyl, CF3, 2-chloroethyl,

2-fluoroethyl, CH,CF3, CH=CF,, (E)-CH=CHCI, CF=CCl,, Cl, Br, I, CN, NO,, OMe, acetyl, CH,SMe,
CH(OH)Me, 5,6-[CH,]5

Reagents: a) silyated bases, NBS or NIS, molecular sieve 4A, acetonitrile; b) silyated bases, TBSOTT,
acetonitrile; ¢) R= Bn: BCl,, CH,Cl,, -78 °C; R = acyl: NaOMe, MeOH.

Scheme 15

Birk et al. sythesized (2-deoxy-4-thio-L-threo-pentofuranosyljuracil and -thymine
from 2-deoxy-D-ribose (Scheme 16).%® The unprotected hydroxyl groups of 1-1 were de-
protonated with sodium hydride in dimethylformamide and alkylated with iodomethane
to give the methoxy derivative 16-1. Acid-catalyzed reaction of 16-1 with benzyl mer-
captane gave the open chain thioacetal 16-2. The tosylate 16-3 did not need to be isolated
but could be converted to the desired benzyl 2-deoxy-1,4-dithio-L-threo-pentofuranoside
16-4 without purification by refluxing with barium carbonate and sodium iodide in
acetone. Coupling of 16-4 with 2,4-bis-O-(trimethylsilyl)uracil in the presence of mercuric
bromide and cadmium carbonate according to Dyson et al. was not successful. 2’-Deoxy-
4’-thio-L-threo-uridine could be successfully obtained using N-iodosuccinimide (NIS) in
dry acetonitrile.
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Scheme 16

Yoshimura et al. reported the synthesis of D-2’-modified-4’-thionucleosides from
protected D-glucose 17-1 via anhydrothiosugar intermediate 17-8 using the Pummerer
reaction (Scheme 17).*%0 Hydrolysis of 17-8 and 17-9 followed by borohydride re-
duction gave 1,4-anhydro-4-thioarabitol 17-10. The primary alcohol of 17-10 was
selectively protected as terr-butyldiphenysilyl ether to give the common intermediate
17-11. At first, to synthesize the 4’-thio analog of the antineoplastic agent 2’-deoxy-2’-
methylenecytidine (DMDC), the secondary hydroxyl group of 17-11 was oxidized with
DMSO/Ac,0 to give ketone 17-12, which was treated without purification with methy-
lenetriphenylphophorane to give 17-13. Compound 17-13 was oxidized with mCPBA to
the corresponding sulfoxide, which was treated with Ac,O at 110 °C to give exclusively
sigmatropically rearranged product 17-14. Treatment of 17-14 with trimethylsilylated
N*-acetyleytosine and TMSOTT at O °C gave the 4’-thio-DMDC analog 17-15 along with
its regioisomer 17-16. Interestingly, the formation of the regioisomer was increased with
a prolonged reaction time and an increase in the reaction temperature. Although several
attempts were made to deprotect the benzyl group of 17-15, the debenzylated product
could not be obtained, due to the instability of 17-15 under the reaction conditions.
Thus, it was necessary to remove the benzyl group prior to glycosylation. The reaction
of 17-13 with boron trichloride proceeded smoothly to give the debenzylated product
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and the consequent mCPBA oxidation gave compound 17-17. Compound 17-17 was
treated with silylated N*-acetylcytosine and TMSOTS according to the method of O’Neil
and Hamilton. The following deprotection and separation produced the 4’-thio-DMDC
17-18. The same methodology was applied to the synthesis of 4’-thiogemcitabine®
(vide infra), which, like DMDC, is endowed of prominent antineoplastic activities
against various solid tumors, as well as leukemias, and has shown promising antitumor
activities in clinical trials.*!
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Scheme 17
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In order to prepare 4’-thio-fluoroarabinocytosine 18-5, a fluorine atom was introduced
at the 2-position of 17-11 with retention of stereochemistry via double inversion strategy
(Scheme 18). Marquez and co-workers reported that treatment of 1-(5-O-trityl-3-deoxy-
4-thio-threo-pentofuranosyl)uracil with diethylaminosulfur trifluoride (DAST) gave
the 2’-fluoro- 4’-thionucleoside with “threo” stereochemistry.* The endocyclic sulfur
atom is known to play an important role in reactions of 4-thiosugars, such as the forma-
tion of ring-contracted products.® In this case, the episulfonium intermediate 18-1 was
generated in situ. Attack of fluoride ion from the B-side allowed the formation of product
18-2, having the same configuration of the starting alcohol. A Pummerer-type reaction
was then successfully applied to 18-2 to obtain thioglycosyl donor 18-4. This was treated
with silylated N*-acetylcytosine in the presence of SnCl, to give an anomeric mixture,
which was deprotected and separated to 2°-deoxy-2’-fluoro-4’-thiocytidines 18-5 and
18-6. Reaction of the intermediate 18-11 using diphenylphosphoryl azide (DPPA) ef-
ficiently allowed the introduction of an azido group at the 2-position. Surprisingly, the
results of an NOE experiment of 18-12 revealed that the products had a ribo rather than
arabino configuration, which indicates absence of sulfur participation. Compound 18-12
was further converted to O-acetoxy derivative 18-13 by a Pummerer-type reaction.
The acetate 18-13 was subject in situ to Lewis acid catalyzed glycosylation, followed
by deprotection and separation to give compound 18-14 and 18-15, respectively.
Newly synthesized 4°-thio- and 2°-fluoro-4’-thioarabinofuranosyl purine and pyrimidine
nucleosides were compared with the corresponding 4’-oxo type arabinosyl nucleosides
for anti-herpesvirus and anti-cell proliferative potencies. 4’-Thio- and 2’-fluoro-4’-
thioarabinofuranosyl adenine exhibited biological activities similar to that of arabi-
nofuranosyl adenine. Both 4’-thio-F-araG and 4’-thio-F-ara-2,6-diaminopurine had a
6-fold lower ED_, than ganciclovir against clinical isolates of HCMV. A ganciclovir-
resistant isolate, obtained from a patient who had received long-term ganciclovir-treat-
ment, was susceptible to 4’-thio-F-araG and 4’-thio-F-ara-2,6-diaminopurine.*



96 G. Gumina, S. Olgen and C. K. Chu

o
TBDPSO TBDP ® 9 TBDPSO TBOPSO— &
r:s\o"’ a S0 -s- / st b :sf

BnO BnO BnO BnO
17-11 181 18-2 18-3
NH,
TBDPSO E
~
| /l defg S~ OAc
h a-isomer HO N0 BnO
and s-F
18-6 18-4
HO
18-5
TBDPSOT _OTBDMS TBDMSO—I X TBDMSOTQW
\ Ac
18-10 18-11: X=0OH, Y =H 18-13
i(18-7: R=Bn
!%188 R=B 1812t X=, Y =N,
J18-9: R=Bz

‘m.f,n,g

a-isomer HO
and S
18-15
N
18-14

Reagents: a) DAST, CH,Cl,, -78 °C; b) m-CPBA, CH,Cl,, -78 °C; ¢) Ac,0, 100 °C; d) silylated N*-acetylcytosine,
SNnCly, CHACN; &) BBrg, then MeOH, saturated NaHCO3; f) NH4F.HF, MeOH, CH,Cl,, 60 °C; g) NH,OH,
MeOH, then separation; hy TBSOTF, Py, CH,Cl,; i) BCly, CH,Cl,. -78 °C, then MeOH, Py; j) Bz,0, TEA,
DMAP, CH,CN; k) TBSCI, imidazole, DMF; I) DPPA, DEAD, Ph3P, THF; m) silylated N-acetyleytosine,
TMSOTS, DCE; n) separation.

Scheme 18

DAST treatment of ketone 17-12 gave the 2,2-difluoro derivative 19-1 in 48% yield
(Scheme 19).* A Pummerer-type glycosylation of 19-2 was used with 4’-thio-DMDC,
since the 1-O-acetyl derivative resisted Lewis acid-mediated glycosylation due to the
difluoro substituent at the 2-position. Reaction of 19-2 with silylated N*-acetylcytosine
in the presence of TMSOTT followed by deprotection and separation resulted in the de-
sired 4’-thiogemcitabine 19-3. 4’-Thio-DMDC showed potent antitumor activity in vitro
(CCRF-HSB-2, IC,, = 0.0091 pg/ml; KB cells, IC,, 0.12 ug/ml), whereas 4’-thiogem-
citabine showed only weak activity (CCRF-HSB-2, IC_; 1.5 ug/ml).*



Chiral Synthesis of Antiviral Nucleosides from Carbohydrate Templates 97

NH,
S
RO 0
s ab.c RO s.F d RO é\F efg HO FN O and
% S~ ; o-isomer
BnO 0
n17 12 82019 1F BzO F HO E 19-4
- 19-2 19-3
R =TBDMS

Reagents: a) DAST, benzene; b) BCls, CH,Cl,, -78 °C, then MeOH, Py; ¢) Bz,0, TEA, DMAP,
CHLCN; d) mCPBA, CH,CY,, -78 °C; e) silylated I\f‘-acetylcytosine, TMSOTE, DCE;
f) TBAF, THF; g) NH;.MeOH, MeOH, HPLC separation.

Scheme 19

In order to obtain other 2’-modified- 4’-thionucleosides, the intermediate 17-10 was
fully benzylated to compound 20-1 (Scheme 20). This was subject to the Pummerer re-
arrangement to afford the thio-glycosyl donor 20-2, which was condensed with various
silylated pyrimidine and purine bases, followed by deprotection and HPLC purification
to give the corresponding 4’ -thicarabinonucleosides.”®*” Among these, 5-methyl, -ethyl,
-iodo, -chloro and -bromouridine analogs displayed anti-HSV-1 activity, with ED,
of 0.43 to 3.50 ug/ml.* The guanine and 2,6-diaminopurine derivatives also showed
activity against a number of herpes viruses, particularly against HCMV (ED,, 0.010
and 0.022 mg/ml, respectively).* However, the 2,6-diaminopurine derivative was also
found cytotoxic.*

B
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Reagents: a) BnBr, NaH, DMF; b) DMSO, Ac,Q; ¢) Ac,0; d) silylayed pyrimidine bases, TMSOTT,
DCE, then deprotection.

Scheme 20

In the examples so far reported, the syntheses of 4’-thionucleosides have been carried
out by a Vorbriiggen-type condensation between an appropriate 4-thiosugar and a silylat-
ed nucleobase. However, a major drawback of this method is the lack of B-selectivity.
Thus, in the synthesis of 2’-deoxy-4’-thionucleoside, the undesired o-isomer was ob-
tained as a major product in many cases. Even in the case of 4’-thionucleosides, where
neighboring group participation by an acyloxy group at the 2-position can be expected,
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the B-anomer is formed only in slight excess. Haraguchi et al. reported a highly stereo-
selective synthesis of 2’-deoxy-4’-thio pyrimidine nucleosides from 4-thio furanoid
glycal 1-6.*® The thiosugar was converted to the corresponding O-{t-butyldimethyl-
silyl) derivative 21-1 by debenzylation with BBr, followed by silylation (Scheme 21).
The dithioacetal moiety of 21-1 was subject to acetolysis with Hg(OAc),. Because areagent-
derived byproduct could not be separated by silica gel column chromatography, acetate
21-2 was hydrolyzed to hemiacetal 21-3. This was mesylated in the presence of DMAP.
Under these conditions, the desired elimination reaction occurred in situ to give
3,5-bis-O-(tert-butyldimethyl)-4-thio furanoid glycal 21-4. By following the same reac-
tion sequence, 2,5-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-thio glycal 21-5 was
prepared from 21-3. On the other hand, 2,5-di-O-t-butyl-4-thio furanoid glycal 21-7 could
not be obtained by the same method. Therefore, this derivative was prepared from 21-6
through desilylation/re-silylation with di-rers-butylsilyl-bis(trifluoromethanesulfonate).
In order to examine the electrophilic addition to the thioglycal, PhSeCl was added
to a solution of TBDMS-protected gycal 21-4 in CH,CN in the presence of bis-O-tri-
methylsilyluracil to give a mixture of stereoisomers /o in 4:1 ratio as shown in entry 1
(see table in Scheme 21). In the case of 21-7, the ratio of a-face attack by the electro-
philic reagent increased and the desired B-2’-deoxy-4’-thionucleoside was obtained in
18:1 ratio (entry 2). As shown in entry 3, DTBS-protected glycal 21-5 gave B-isomer as
the sole product in 88% yield. Using 21-5 as a substrate, the B-thymidine analog was also
obtained in 62% yield stereoselectively. Instead of PhSeCl as an electophile, NIS also
worked well to give 2’-deoxy-2’-iodo derivative (B-isomer).

De Valette ef al. synthesized 2’-deoxy-4’-thio-L-nucleosides and their phosphotriester
derivatives starting from D-xylose, in nine steps and 17% overall yield.* This synthesis in-
volves the deoxygenation of the 2-hydroxyl group of protected D-xylofuranose, followed
by a nucleophilic displacement™ of the previously activated 4-hydroxyl group with only
one inversion of configuration (Scheme 22). Deoxygenation®'*? of 22-2 was performed
according to the method of Barton,*® using 1,1 -thiocarbonyldiimidazole in refluxing 1,2-
dichloroethane via the intermediate thiourethane 22-3. A radical reaction initiated with
o, 00’ -azo-isobutyronitrile (AIBN) on 22-3 with tris(trimethylsilyl)silane in refluxing tolu-
ene led to methyl 2-deoxy-3,5-di-O-benzyl-D-xylofuranoside 22-4. Dithioacetalization
of 22-4 was performed with benzyl mercaptane and boron trifluoride etherate to give
2-deoxy-3,5-di-O-benzyl-1,1-dithiobenzyl acetal-D-xylose 22-5. Treatment of the latter
with mesyl chloride in pyridine, foliowed by the addition of barium carbonate and tetra-
butylammonium iodide gave S-benzyl-2-deoxy-3,5-di-O-benzyl-4-thio-L-ribofuranoside
22-7, which was subsequently treated with Hg(OAc), in acetic acid to give acetate 22-8.
Coupling reactions between the thio-sugar 22-8 and various bases were performed by
a modification of the Vorbriiggen method.** The two anomers of protected nucleosides
were separated by flash silica gel column chromatography. The debenzylation of each
anomer was achieved by treatment with boron trichloride in methylene chloride at
-78 °C. No biological activity was detected for either the cytosine and adenine derivatives
22-9,22-11, 22-12 and 22-14 or their bis(sate)phosphotriester prodrugs against a variety
of DNA and RNA viruses.*
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Table. Electrophilc addition to 4-thio furanoid glycals.

Entry glycal electrophile {equiv.) bases Product ratio

1 21-4 PhSeCi (1.5) Uracil 4:1

2 217 PhSeCl (1.5) Uracil 1871

3 215 PhSeCl (1.5) Uracil -

5 21-5 PhSeCl (2.3) Thymine -
NIS(1.5) Uracil

Reagents: a) Hg(OAc),, AcOH; b) NH3/MeOH; c) MsCl, DMAP, CHoCl,; d) TBAF, THF;
e) -Bu,SOSO,CF3), (1.1 equiv.), DMAP (2.2 equiv.), DMF; f) PhSeCl or
NIS, silylated uracil or thymine; g) BuzSnH, Et;B, benzene, O,, rt.

Scheme 21
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BnO— OBn BnO OBB b BnO O/Bcn)
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D-xylose ——=, 0 —_— bOMe e
oX OH o)
221 22.2

1
S=C—Im
22-3

10
OBn ‘ BnO— OBn_ $Bn q BnO 088

0Bn (228 R=H 22-4
227 22-61 R=Ms
|g
B
OBn OH
AcO S N L s and
a-isomer
OBn OH
22-8 22-9: B = cytosine 22-12: B = cytosine
22-10: B = uracil 22-13: B = uracil
22-11: B = adenine 22-14: B = adenine

Reagents: a) CF;COOH/H,0, MeOH/H,S04; by Im,C=S, DCE; c) (Me;Si);SiH, AIBN, Tol; d) BnSH, BF3/Et,0O;
e) MsCl, Py; f) BaCQO,, NBuy!; g) Hg{OAc),, AcOH; h) base condensation and deprotection.

Scheme 22

Secrist et al. reported the synthesis of 4’-thio-D-arabinofuranosylpurine nucleosides
from L-xylose via conversion of L-xylo to D-arabino configuration (Scheme 23).°
Conversion of L-xylose to methyl 2,3,5-tribenzyl-O-benzyl-L-xylofuranoside was first
accomplished. Conversion to dibenzyl dithioacetal 23-3 employing benzyl mercaptane
and stannic chloride proceeded in 57% yield. Cyclization at C-4 involving a single in-
version, thus converting the L-xylo to the D-arabino configuration, was achieved using
triphenylphosphine, iodine and imidazole. The final step, replacement of the benzylthio
group at C-1 by an acetoxy group, was accomplished by treatment of 23-4 with mercuric
acetate in acetic acid at room temperature. A series of purine nucleoside analogs were
prepared through the coupling of 23-5 and 2,6-dichloropurine. A Lewis acid-catalyzed
reaction utilizing SnCl, in acetonitrile was found to be an efficient method to achieve
this coupling. The 2,6-diaminopurine and guanine derivatives 23-14 and 23-15 showed
significant cytotoxicity. However, in the murine colon 36 tumor model, 23-14 did not
show any selectivity.
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Reagents: a) MeOH, HCI, 1t; bg BnBr, NaH, TBAI, THF, rt; ¢) BnSH, SnCl,, CH,Clp, i, d) PhaP, imidazole,
Tol, I, CH3CN, 80 °C; e) Hg(OAc),, AcOH, rt; fgz,ﬁdichloropurine, 8nCly, CHyCN, 1t 2 h;
@) EtOH, NHj3, reflux, 2 h; h) BBry, CH,Cly, -78 °C, nt, 0.5 h; i) NaN3, 85%, EtOH, reflux; j) SnCly,
CHoCly, MeOH, 1t, 0.5 h; k) HF, Py, £-BuONO, -15 °C; I} BCly, CH,Cly, -20 °C, 23 h; m) Py, Ac0,
20 h, tt; n) BCly, CH,Cly, -20 °C, 18 h; 0) ADA, H,0, 17 h.

Scheme 23

Jeong er al. reported the synthesis of L-2’-disubstitued-4’-thionucleoside from
D-xylose as a chiral template (Scheme 24)3¢ D-Carbohydrate chirality was success-
fully used to synthesize L-configuration by conversion of a secondary hydroxyl
group. Commercially available 1,2-isopropylidene-D-xylose 24-1 was dibenzylated.
Deprotection of the isopropylidene group followed by benzoylation of the 2-hydroxyl
gave compound 24-3, which was treated with benzyl mercaptane and BF,-EtO in
CH,CI, at 40 °C to provide acyclic 24-4 in 84% yield. The latter was recyclized to
the corresponding thiosugar via the methanesulfonate ester in the presence of n-Bu NI
and BaCO,."”” Compound 24-5 was converted to the acetate after treatment with
Hg(OAc),/AcOH following the method of Blumberg and co-workers,” and the suc-
cessful removal of the acetate was subsequently achieved with Et,SiH and TMSOTT to
give the L-arabitol derivative 24-6. Oxidation of 24-6 with DMSO/Ac,O afforded
the corresponding ketone, which was converted either to the difluoro (24-7) or to the
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methylene (24-10) derivative by Wittig reaction. The difluoro derivative 24-7 was
oxidized to the sulfoxide with mCPBA, which was condensed with silylated N*-benzo-
ylcytosine and then deprotected to give the desired nucleoside 24-8. Compound 24-11
was obtained by the same procedure. The synthesized compounds were tested against a
number of tumor cell lines but none was found to be active.

BnS._-SBn
HO— 0o BnO— OBn OBn
oo, _a S0 2 PO e S L ons
o o BnO—+—H
oX o 0Bz H——OH
- 24-2 24-3 —OBn
24-4
NH,
NZ e
OBn
/8:1 .
]
a-isomer OB o8B
n 74 OBr
24- OBn
9 24-7 fah an{sqr
24-
08n
24-5
NH, i,n
/
a-isomer ﬁ
1-24-12
2410
2411

Reagents: a) NaH, TBAI, BnBr, THF; b) p-TsOH, MeOH, rt; ¢) BzCl, Py, rt; d) BnSH, BF5 Et,0, 40 °C; e) MsCl,
Py, it, then TBAI, BaCOs, reflux; f) Hg(OAc),, AcOH, rt; g} Et3SiH, TMSOTT, rt; h) NaOMe, MeOH;
i) DMSO, Ac,0; j) DAST, CH,Cl,, it; k) mCPBA, CH,Cl,, 40 °C; i) sitylated N-benzoyleytosine,
TMSOTY, DCE; m) BBr;, CH,Cl,, -40 °C, then NaOMe/MeOH; n) PhsPCH,Br, NaH, tert-amy! alcohol,
t; o) NaOMe, MeOH.

Scheme 24

The key intermediate 24-6 was also used to synthesize the sulfur isoster of LFMAU
(Scheme 25). Reaction of 24-6 with DAST gave the 2-fluoro-4-thiosugar 25-2 with
retention of configuration via intermediate 25-1 without any rearrangement or ring-
contraction side products.”® Compound 25-2 was reacted with mCPBA to give the
corresponding sulfoxide, which was easily converted to the acetate by refluxing with
acetic anhydride. Condensation of thioglycosyl donor 25-3 with silylated thymine in the
presence of TMSOTT as the Lewis acid afforded the anomeric mixture 25-4. To facilitate
the separation of this mixture, the benzyl group was changed to benzoyl to obtain, after
deprotection, L-SFMAU 25-6. This was cvaluated against HIV-1 and HSV types 1 and 2
and HBV, but no significant antiviral activity was found.
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F- OBn
OBn H OB OBn F
HO g a s F.s .C Acow&
OBn OBn OBn OBn
24-6 25.1 252 25-3

o)
CH
HN CHs HN 3
A | 9 PN |
o” N OH
F -isome F -S
S a-isomer and s

OH OBz OBn
256 25-5 254

Reagents: a) DAST; b) m-CPBA; c) Ac,0; d) silylated thymine, TMSOTT; ) BBrj; f) BzCl, then separation;
g) NaOMe, MeCH.

Scheme 25

Tiwari et al. synthesized 1-(2-deoxy-4-thio-o-L-threo-pentofuranosyl)thymine
(Scheme 26). The key intermediate, 3,5-di-O-benzyl-2-deoxy-D-erythro-pentose di-
thiobenzylacetal 26-1, was prepared from 2-deoxy-D-ribose and converted to the 4-thio-
sugar 26-2 by treatment with triphenylphosphine, iodine and imidazole under Mitsunobu
conditions. Further chemical manipulation afforded glycosyl donor 26-3, which was
condensed with silylated thymine and deprotected to give the target molecule 26-5.

CH(SBn),
HO o H—{—H a BnO —OBn pcd TolO —OTol
HO H—08n 26-2 263
2-deoxy-D-ribose 2;408n
e
HO —OH 0 0
:s\l » CH, N CHs
O N )\ | f )\ |
] and N7 0 on o Tol0 —OTol
HN S~ % \?I
CHs <_|7
© 265 264
26-6

Reagents: a) Ph;P, |5, imidazole; b} BBr;, CH,Cl,, -78 °C; ¢) p-Toluoyl chloride, Py; d) Ac,0O, AcOH,; ) silylated
thymine, TMSOTY, fy NaOMe, MeOH, then separation.

Scheme 26
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2.3. Iso- and apionucleosides

The naturally occurring nucleosides and nucleotides are those in which the purine or
pyrimidine bases are attached to the C-1 of ribose or its analogs. This linkage is quite sus-
ceptible to both hydrolytic and enzymatic cleavage. For many years, the design of conge-
ners of these compounds has been based on the assumption that only nucleoside analogs
with their bases attached in the B configuration to C-1 of D-furanoses were likely to fit the
active sites of the anabolic enzymes. The same requirements were assumed to apply also
to the incorporation of analogs into cofactors or macromolecules. Indeed, in the search
for the effective and selective antiviral agents, a variety of strategies have been devised to
design nucleoside analogs that interfere with viral replication without affecting cellular
process. Several classes of nucleoside analogs containing significantly altered structures
proved to be potent antiviral agents, and eventually it was established that, regardless
their chemical nature or stereochemistry, the sugar templates of the modified nucleoside
should allow a spatial orientation of the hydroxyl and nucleobase pharmacophores which
mimics that found in natural nucleosides. An analog with an altered sugar template could
be selectively recognized by the less discriminating viral enzymes, without affecting host
cellular process. For this reason, iso- and apionucleosides (see Chapter 1) can display
biological activity with improved metabolic stability.

Montgomery et al. synthesized purine and pyrimidine derivatives of 1,4-anhydro-
2-deoxy-D-arabinitol from D-xylose (Scheme 27).%* The method of Kjglberg for short-
ening the chain length of glycosides®" followed by sodium borohydride reduction
was used for the synthesis of 1,4-anhydro-D-xylitol 27-1. The 1,4-anhydro-3,5-O-iso-
propylidene-D-xylitol 27-2 was prepared by the reaction of 27-1 with acetone containing
2,2-dimethoxypropane and 60% perchloric acid. Acetylation of 27-2 with pyridine-
acetic anhydride gave 2-O-acetyl-1.,4-anhydro-3,5-O-isopropylidene-D-xylitol 27-3.
Deprotection of 27-3 in 1 N ethanolic HC] gave 2-O-acetyl-1,4-anhydro-D-xylitol 27-4
which was subsequently acylated and activated as a mesylate to afford 1-O-acetyl-1.4-
anhydro-3-0-mesyl-5-O-methoxycarbonyl-D-xylitol 27-5. The latter was then cyclized
to epoxide 27-6 in basic conditions.

D-Xylose — HO% \(/ Q_; e jl/‘q__? Ho—%

OAc
27- 274

ef

0B MeCO3——l oty g MeCOTY g MeCOaT OMs
o HO o OAc
277 278 275

27-8

Reagents: a) HIO,4, Hy0, then NaBH,, H,0; b) acetone, 2,2-dimethoxypropane, perchloric acid; ¢) (Ac),0, Py;
d) 1 N HCI, EtOH; e) methylichloroformate, Py; f) MsCl, Py; g} 1 N NaOH in MeOH; h) NH,OH in steel
bomb; i) build up of various bases and deprotection.

Scheme 27
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The ring-opening reaction of 27-6 with concentrated ammonium hydroxide at 100 °C
took place exclusively at C-2 to give 2-amino-1,4-anhydro-2-deoxy-D-arabinitol 27-7,
from which several nucleosides were prepared.

Bobek et al.* also synthesized another class of isonucleosides, 2’-deoxy-2’-fluoro-2’-
pyrimidinyl-D-arabinopyranosides from methyl 3,4-O-isopropylidene-B-D-erythro-pento-
pyranoside-2-ulose 28-2, obtained by oxidation of protected D-arabinose 28-1 (Scheme 28).
Fluorination of 28-2 with DAST proceeded with isomerization at the anomeric carbon
to produce methyl 2-deoxy-2,2-difluoro-3,4-0-isopropylidene-o/B-D-erythro-pento-py-
ranoside 28-3. The isopropylidene group of 28-3 was deprotected by treatment with 95%
formic acid. Due to the sensitivity of the gem-difluoro group of 28-3 in acid environment,
this hydrolytic step presented some difficulties, because long reaction times and/or higher
temperature caused the elimination of fluorine and produced complex reaction mixtures.
The labile free methyl glycosides 28-4a (R’ = H) were either acetylated to methyl 3,4-
di-O-acetyl-2-deoxy-2,2-difluoro-o/3-D-erythro-pentopyranosides 28-4b (R’ = Ac), or
treated with hexanoyl chloride in pyridine to give 28-4¢ (R’ = hexanoyl). Compounds
28-4 were readily converted to the corresponding 2-bromo-2-fluoro glycosides 28-5 by
treatment with anhydrous HBr. While attempted condensation of 28-5 with silylated
pyrimidines in the presence of SnCl, led to the decomposition of the starting material,
condensation in the presence or HgO-HgBr, provided the protected nucleosides 28-
6a/b~28-7a/b. Alternatively, the 2,2-difluoro methyl glycoside 28-4b was condensed
with silylated pyrimidines in the presence of BF,.Et,O to afford mixtures of nucleosides
28-6a/b~28-9a/b in low yield along with recovered starting material. Acid hydrolysis of
the compound 28-6a/b in mild conditions resulted in the selective removal of the 3’-O-
acetyl group to give 28-10a/b. Similarly, porcine liver esterase (PLE) hydrolysis of the
hexanoyl groups in 28-9a,b gave the 3’-deprotected products 28-11a and 28-11b.

Huryn er al.® also reported the first synthesis of a series of isomeric 2°,3’-dideoxy-
nucleosides containing an isosugar unit (Scheme 29). The required isomeric sugar moiety
29-4 was prepared starting from tosylated D-2-deoxyxylose 29-1 by treatment with acetic
acid in methanol. In these conditions, the methanolysis product 29-2 was in equilibrium
with the open-chain acetal 29-3, which cyclized to the desired structure 29-4. Tosylation
of the latter gave key intermediate 29-5, from which iso-ddA was synthesized by con-
densation and deprotection.

The enantiomer of iso-ddA and its analogs were synthesized by Nair and Nuesca.5
Protected D-xylose 30-1 was deoxygenated in two steps, and then subject to methano-
lysis to give methyl riboside 30-2 (Scheme 30). This was demethoxylated to alcohol
30-3, which was tosylated to give the key intermediate 30-4. Purine nucleosides could
be obtained from 30-4 by direct coupling with silylated bases and further derivatization.
In order to synthesize pyrimidines, intermediate 30-4 was converted to the [3-amine, on
which the pyrimidine ring was built. The nucleosides 30-5 were also used as intermedi-
ates for the synthesis of hydroxymethylated isodideoxynucleosides 30-7, via oxidation
to aldehydes 30-6 followed by hydroxymethylation.®> The enantiomers of 30-7 were
prepared combining this procedure with Huryn’s synthesis of L-isodideoxynucleo-
sides.5
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Scheme 28
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Reagents: a) 1%AcOH, MeOH; b) TsCl, Py; ¢) HsO", then NaBH,, H,0; d) adenine, K,CO3, 18-crown-6.

Scheme 29
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Reagents: a) acetone, H,SOy; b) 0.2 % HCI; ¢) BzCl, Py; d) Im,C(S), DCE; e) AIBN, BuzSnH, Tol; f) HCI, MeOH;
g) HMDS, TMSCI; h) TMSOTY, Et;SiH; i) TsCl, Py; j) ring construction (pyrimidines) or direct coupling
(purines), then deprotection; k) DMSO, DCC, DCAA; 1) 2 N NaOH, 37 % ag. H,C=0, 1,4-dioxane.

Scheme 30
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Tino ez al. reported the synthesis of various isonucleoside analogs from D-xylose
(Scheme 31).%¢7 Using modified literature procedures,® the known alcohol 31-7% was
prepared from commercially available 1,2-isopropylidene-D-xylofuranose. Reaction of
the primary alcohol of 24-1 with tosyl chloride gave 31-1, which was treated with the
sodium salt of benzyl alcohol at 100 [IC to afford 31-3 through the intermediate ox-
etane 31-2. Oxidation of 31-3 with Collin’s reagent followed by Wittig olefination of
the crude ketone gave the exocyclic olefin 31-5. Hydroboration of 31-§ with BH,/THF
afforded alcohol 31-6. Protection of the primary hydroxyl group of 31-6 required harsh
conditions. Treatment of 31-6 with sodium dimsylate followed by the treatment with
benzyl bromide gave 31-7. Removal of the acetonide group with aqueous acetic acid,
followed by acetylation of the crude lactol-alcohol, gave diacetate 31-8 as a mixture
of o~ and B-anomers. Conversion of the anomeric acetates to the corresponding ano-
meric chlorides 31-9 with HCI in toluene and subsequent DIBAL reduction gave 31-10.
The key intermediate 31-11 was prepared by treatment of alcohol 31-10 with TsCl at
low temperature. Tosylate 31-11 was coupled with various purine and pyrimidine bases
to give isonucleosides 31-12.

HO— o Ts0 Ofo: _ b EO/O?' — . QO’HO?
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e} Oj/ 0
241 311 ﬁ/ \Y
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319: X=Cl
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BnO BnO HO
I/_o:r :o: ., FO\ >
BnO OH BnO OTs HO

3110 3111 3112

Reagents: a) TsCl, Py; b) Na, BnOH; ¢} CrO5/Py; d) PhaPCH,, THF, rtto 50 °C; e) (1) BH4/THF, (2) NaOH,
30% H,0,; f) NaOH, DMSO, then BnBr; g) AcOH, H,0; h) Ac,0, Py; i) HCI, toluene; j) DIBAL, Tol;
k) TsCl, Py; |) condensation with various bases.

Scheme 31

Franchetti er al. reported the synthesis of the aza and deaza analogs of isoddA as
racemic mixtures (Scheme 32).7° Nucleophilic substitution of (3S-trans)-tetrahydro-
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5-(dimethoxymethyl)-3-furanol 4-methylbenzenesulfonate 29-5 with the appropriate
heterocyclic bases in DMF in the presence of K,CO, and 18-crown-6 afforded a mixture
of regioisomers which were separated by flash silica chromatography. Hydrolysis of the
dimethyl acetals, followed by reduction with NaBH o afforded the isonucleosides.

Varela et al. reported the synthesis of 3,4-dideoxyhexopyranosyl- and hex-3-eno-
pyranoside-2-ulose-pyrimidine isonucleosides from 2-acyloxygylcals (Scheme 33).”
Reaction of 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-arabino-hex-1-enitol 33-1 with TMS-
uracil in the presence of tin(IV) chloride, followed by heating with methanol at reflux
temperature for 1 h, led to 3-(6-O-acetyl-3,4-dideoxy-o-D-glycero-hex-3-enopyranoside-
2-ulose)uracil 33-5 in 44% yield. The yield of 33-6 was considerably lower than that
obtained with the glycal of lyxo configuration. The condensation of 33-1 or 33-2 with
TMS-thymine led to the thymine ketoisonucleosides 33-7, in 54 or 27% yield, respec-
tively.
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32-5,9,13 32-7,11,15

Reagents : a) K,CO3, 18-crown-6, DMF: b) 1)H;07, 2)NaBH,

Scheme 32

The high regio- and steroselectivities of the condensation and the reason why the N-3
position, being less reactive than N-1, is involved in the glycosidic linkage, may be ex-
plained by considering the sterochemical course of the allylic rearrangement of glycals.
In the case of 2-acyloxyglycals, stabilization of the carbocation by anchimeric participa-
tion of the vicinal acyl substituent would lead to an acyloxonium intermediate I, having
the B configuration, because of the stereoelectronic requirement of a positively charged
anomeric substituent (reverse anomeric effect).”? The more reactive N-1 of the pyrimi-
dine will attack the acyloxonium carbon to give the species II, analogous to the orthoester
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proposed” as an intermediate in the SnCl,-catalysed glycosylation of peracylated sugars
with alcohols. A new allylic rearrangement would lead to the intermediate III, having the
N-3 of the base suitably located for the attack of C-1" from the o face. Reduction of the
o,B-unsaturated carbonyl system will readily produce 3’,4’-dideoxyhexosyl pyrimidines,
and it would also allow the confirmation of the anomeric configuration assigned for the
ketoisonucleosides. Treatment of 33-6 with sodium borohydride, followed by deacety-
lation (sodium methoxide), afforded a single product 33-8, whose *C NMR spectrum
evidences the complete reduction of the enone. The configuration at 2’-C was determined
by characterization of the sugar constituent of 33-8, obtained by acetolysis of this nucleo-
side. As observed for the reduction of glycosuloses, the reduction of unsaturated ketoi-
sonucleosides led to the corresponding nucleoside of a dideoxyhexose, with excellent
diastereofacial selectivity. In both cases, the approach of the hydride ion took place from
the B face of the molecule, opposite to the anomeric substituent. Similarly, Herscovici et
al.’ described that the reduction of 3’-substituted-3’-eno-pyranosid-2’-ulose drivative of
theophilline gave a single product as result of the hydride addition from the less hindered
face of the molecule. anti to the base.
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Hammerschmidt et al. reported the synthesis of apio-B-D-furanosyl- and 2’-deoxy-
apio-B-D-furanosyl nucleosides from D-mannose.”” 2,3-O-Isopropylidene-D-apio-B-D-
furanose 34-1, available in 40% overall yield by modified literature procedures, could
be benzoylated regioselectively to the 3’-O-benzoyl-derivative 34-2 (Scheme 34).
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d) (1) Silylated bases, MeCN, Tol, TMSOT{, 80%; (2) NaHCO3, H,0; e) MeOH, NaOMe;
f) NoHgH20, AcOH, Py, 4 °C; g) CI{C=S)OTol, DMAP, MeCN; h) (Me3Si);SiH, AIBN, Tol,
60 °C; i) 1,2,4-triazole, POCI;, MeCN, 0 °C: j) NH,OH.

Scheme 34
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This was converted to the anomeric triacetate 34-4 by cleavage of the isopropylidene
protecting group followed by peracetylation. Reaction of compound 34-4 with silylated
nucleobases and subsequent deprotection gave the D-apio-B-D-furanosyl nucleosides 34-
8 ~ 34-10 in good yields. Regioselective hydrazinolysis of the protected nucleosides 34-5
and 34-6 afforded the 2’-hydroxy-derivative 34-11 and 34-12, respectively, which were
converted to the 2’-deoxyapio-B3-D-furanosyl nucleosides 34-17 and 34-18 via deoxygen-
ation of the corresponding thiocarbonates 34-13 and 34-14 with tris(trimethylsilyl)silane
and subsequent deprotection. The 2’-deoxyapio-B-D-furanosyl cytosine 34-20 was pre-
pared from the 2’-deoxyapio-B-D-furanosyl uracil derivative 34-16.

Intermediate 34-2 was also used for the synthesis of 3’-deoxy-o-L-and 3’-deoxy--D-
apionucleosides (Scheme 35).7 Cyclic thiocarbonate 35-2, easily available in three steps
from 34-2, was deoxygenated with n-Bu,SnH to yield the 3’-deoxy epimers 35-3 and
35-7. These were separated by chromatography and further elaborated to the 3’-deoxy-
o-L-apionucleosides 35-6, and the 3’-deoxy-[B-D-apionucleosides 35-10.
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e BZO OMe
OM z07
34-2 Bzoq,o: © c ; O?
0
HO OH O
35-p1 S
35.2
B
o OMe o OMe o g o
Bzoj OH Bzoj OAc Bzoj OAc Hoj OH
35-3 354 355 356

35.2
Bzoq/O OMe o Bon/o OMe BzO;]/o B g HOQ/O B

OH OAc OAc OH

35-7 35-8 35-9 3510

Reagents: a) 80% water, TFA, CH,Cl, 30 °C; b) HCI/MeOH; ¢) Im,C=S, CH,Cl,, 40 °C; d) n-BusSnH, AIBN,
Tol, 80 °C; e} Ac,0, Py, DMAP:; f) (1) silylated base, MeCN, TMSOTf, 80 °C; (2) NaHCO3, H,0:
g) NaOMe, MeOH.

Scheme 35
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Purdy et al. synthesized isonucleosides related to AZT and AZDU from D-ribose
(Scheme 36).7 The starting compound for the synthesis of the AZT analog was 14-
anhydro-D-ribitol 36-3.”® Bennek and Gray had reported the synthesis of 36-3 via si-
lylation of the methyl glycoside 36-1 followed by reductive cleavage in the presence of
triethylsilane (TES) and TMSOT{.” Compound 36-6, previously prepared from either
the reduction of the 1-halogenated sugar or deoxygenation of 36-5 in the presence of
pyridine-borane complex, appeared to be an attractive alternative.® High yields of 36-6
could be obtained by treatment of 36-5 with TES and BF, etherate.* Deprotection of
36-6 by catalytic hydrogenation afforded 36-3 in nearly quantitative yield. Selective
protection of the hydroxyl functionalities at C-3 and C-5 was accomplished by treat-
ment of 36-3 with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDSCL,) in pyridine
to afford 36-7 in 70-75% yields. Several attempts at the displacement of the mesylate of
36-8 by the appropriate pyrimidine bases under a variety of conditions led to poor overall
yields of the N-1 alkylated product, accompanied by decomposition and formation of
O-alkylated products. However, the displacement of the mesylate was readily accom-
plished with sodium azide in DMF to afford the protected 2-azido-2-deoxy-D-arabitol
36-9 in 80-85% yields. Construction of the pyrimidine ring was readily accomplished
from the protected 2-amino-2-deoxy-1,4-anhydro-D-arabitol 36-10, derived from 36-9
by catalytic hydrogenation.®? Treatment of 36-10 with 3-methylacryloyl isocyanate,
prepared in situ from 3-methoxy-2-methylacryloyl chloride and silver isocyanate,®
afforded the intermediate acrylourea 36-11. Cyclization of 36-11 with concomitant
deprotection was readily accomplished under acid-catalyzed conditions to afford 36-12
in nearly quantitative yields.% After selective protection of the primary hydroxyl group
and mesylation of the secondary, transformation of 36-14 info the new anhydro lyxitol
analog 36-15 was accomplished by intramolecular cyclization in the presence of DBU
in refluxing THF. Ring opening of protected anhydro nucleoside 36-15 with azide
ions under a variety of conditions was difficult. Unlike the 6-membered ring anhydro
nucleosides, the relatively strain-free tricyclic nucleoside 36-15 displays unexpectedly
remarkable stability toward nucleophilic ring opening. This stability exceeds that
of normal five-membered ring anhydro nucleosides and is comparable to anhydro
C-nucleosides, which are also resistant to nucleophilic opening with azide ions.?%
However, opening of 36-15 was possible by alkaline hydrolysis, which afforded the
deprotected 1,4-anhydro-D-lyxitol derivative 36-16. Mesylation of this derivative gave
intermediate 36-18, which was smoothly converted to the protected azido derivative
36-19 upon treatment with lithium azide in DMF. Deprotection of 36-19 with methanolic
ammonia followed by purification afforded the AZT isonucleoside 36-20.

Kakefuda et al. reported the synthesis of purine and pyrimidine derivatives of
1,4-anhydro-2-deoxy-D-arabitol).” In order to synthesize the target nucleosides, a large
quantity of 37-5 and 37-7 were required. The synthesis of 1,4-anhydro-3,5-di-O-benzyl-D-
ribitol (37-5) from 1,2:5,6-di-O-isopropylidene-a-D-glucose 37-1 was effected by modi-
fications of literature methods.®® After hydrolysis of the isopropylidene group by aqueous
80% AcOH, 37-3 was obtained, which was treated with NaBH ,in MeOH to afford the
triol 37-4 in 74% yield from 37-2. Cyclization was achieved by treatment of 37-4 with
azodicarboxylate and triphenylphosphine in THF. Since this sequence to prepare 37-5
was rather lengthy and gave separation problems, the possibility of selectively reducing
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Scheme 36

the anomeric position in 37-2 was examined. When 37-2 was treated with Et SiH"™
in the presence of TMSOTf in CH,Cl, at 0 OC to room temperature, the desired
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tetrahydro-furan-3-ol 37-5 was obtained in 70% yield. Similarly, 37-7 was prepared
from 37-6, which was obtained from 37-1 according to literature methods®® using
Et,SiH and TMSOTT. Mesylation of 37-5 and 37-7 gave the corresponding derivatives
37-8 and 37-9, which were then treated with nucleobases in the presence of K,CO,
and 18-crown-6 in DMF. Reaction of 37-8 and 37-9 with adenine gave the desired
nucleosides 37-10 in 50% yield and 37-11 in 37% yield, respectively. At lower tem-
perature, the reactions did not proceed well and at higher temperature, the yields of
the desired compounds were reduced. For the synthesis of the guanine derivatives
37-18 and 37-19, attempted substitution reactions of 37-8 and 37-9 with 2-amino-
6-chloropurine were unsuccessful. However, the reaction with 2,6-diaminopurine
afforded 37-12 and 37-13 in 62% and 32% yields, respectively. The dibenzyl groups
in both derivatives were removed similarly and the resulting 37-16 and 37-17 were
treated with adenosine deaminase from calf intestine. Although the reaction catalyzed
by the deaminase proceeded very slowly at 37 UC in phosphate buffer (pH 7.5),
the desired guanine analogs 37-18 and 37-19 were obtained in 76% and 62%, respec-
tively, after 10 days.

Ohrui er al. described the synthesis of an adenine substituted with a 1,4-anhy-
droribitol having a vicinal cis-oriented azide and an O-tosylate (Scheme 38).%° The key
intermediate for the synthesis of these analogs, compound 38-6, was prepared from
D-xylose-derived azide 38-3, and it is noteworthy that the azide group is compatible
under triethylsilane reduction conditions.

Yu et al. synthesized various 4’-hydroxy-5’-hydroxymethyl-tetrahydrofuranyl pu-
rines and pyrimidines from D-xylose (Scheme 39).°' 3-(R)-Hydroxy-4-(S)-tosyl-5-(S)-
dimethoxymethyl-tetrahydrofuran 39-1, prepared from 1,2-O-isopropylidene-a-D-xylose
24-1, was treated with potassium carbonate in methanol at room temperature to give
3,4-epoxy-5-(S, trans)-dimethoxymethyltetrahydrofuran 39-2. The isonucleosides were
obtained by the reaction of the epoxide 39-2 with different nucleobases in the presence
of potassium fert-butoxide and crown ether. The yield of purine analogs was higher
than that of pyrimidines, although guanine gave a particularly low yield due to its poor
solubility. Two regioisomers were obtained and separated with 39-3~39-6 as the main
products. The dimethoxy group in 39-3~39-6 was hydrolyzed in 3% TFA at 80 °C and
reduced by NaBH, at room temperature to give the final nucleosides in good yields.
Halogenated nucleosides 39-14 and 39-16 were prepared from 39-3 and 39-5 by general
procedures. Uridine analog 39-5 was treated with POCI, and triazole followed by conc
NH,OH to give cytidine analog 39-15.

Prévost et al. synthesized various pyranose isonucleosides by Michael additions on
2,5-disubstituted 2H-pyran-3(6H)-ones (Scheme 40).°2%* Optically pure pyran-3-ones
were obtained from commercially available tri-O-acetyl-D-glucal 40-1 via the Ferrier
rearrangement as the key reaction.®* Thus, 40-1 was converted to ethyl (or isopropyl)
pyranoside 40-4~40-6 in four steps involving: a) iodine-catalyzed glycosylation with
ethyl (or i-propyl) alcohol,” b) hydrolysis of the acetyl groups,” c) selective 6-OH
protection with t-butyldimethylsilyl group or as a pivalate, and d) oxidation®” of 4-OH.
When pyranones were allowed to react in the presence of trimethylsilylated nucleo-
bases (prepared in situ with an excess of N,O-bis(trimethylsilyl)acetamide in dry
MeCN),”® the Michael adducts were formed. Crude 40-10~40-16 were used as such
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in the subsequent step. Reduction of the carbonyl group of these adducts with NaBH,

afforded a high diastereomeric excess in favor of the cis-C-4’/C-5" isomer.
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Scheme 37
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Scheme 40

Talekar et al. reported the syntheses of some pyrrolo{2,3-d]pyrimidine and 1,2,3-
triazole isonucleosides (Scheme 41).° 1,2-O-Isopropylidene o-D-xylofuranose!® was
converted to its dimesylate 41-1, which, upon refluxing in methanol containing 1% (v/v) of
trifluoroacetic acid followed by treatment with anhydrous K, CO,, gave the acetal-epoxide
41-3 in high yield. The tetrahydrofuran 41-2 was assumed to be the intermediate after
the acidic treatment, by analogy with other similar cyclization reactions.!®! The epoxide
41-3 could be converted cleanly to one regioisomeric azidoalcohol 41-4 by treatment
with NaN, and NH,Cl in refluxing aqueous ethanol. Catalytic hydrogenation of the latter
gave the aminoalcohol 41-5. The pyrrolopyrimidine ring could be built by reaction of amine
41-5 with the dichloropyrimidine (prepared from the known aldehyde!*? by treatment
with NH,Cl in ethanol at reflux) in the presence of Et,N to give the substitution product
41-6, which, on stirring in THF and aqueous HCI at room temperature, underwent smooth
cyclization to the pyrrolopyrimidine 41-7. The acetal functionality in 41-6 was stable in
these conditions, presumably due to the electron-withdrawing effect of the oxygen of the
tetrahydrofuran ring. Hydrolysis of 41-7 under more vigorous acidic conditions followed
by treatment with NaBH, gave diol 41-8, which could be converted to the adenosine ana-
log 41-9 by treatment with methanolic ammonia at 100 UC. Chloro-derivative 41-8 could
also be used as a precursor for the inosine analog 41-10 and for the thione 41-11. Known
methods were also used for the syntheses of isonucleosides 41-12, 41-13, and 41-14.
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Scheme 41

Yang et al. reported the synthesis of 4-deoxy-4-nucleobase-2,5-anhydro-L-mannitol
derivatives from D-glucose (Scheme 42).'% Fully protected 42-1 or 42-2 were hydro-
lyzed in acidic methanol to give 42-4 and 42-5, respectively. Treatment of 42-4 or 42-5
with potassium carbonate in methanol generated epoxide 42-6 or 42-7. Compound 42-7
reacted with nucleobases in the presence of potassium carbonate and crown ether to give
the regioselective epoxide-opening products 42-11~42-13. In the case of 5-fluorouracil,
the N-3 alkylated side product was predominant.
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Scheme 42

Yu et al. also reported syntheses of various types of isonucleosides from carbohydrate
starting materials (Scheme 43).!% Starting from L-xylose, they synthesized D-3’-hydroxy
isonucleosides. Intermediate epoxide 43-1 was obtained from L-xylose in 91.3% yield
by the same procedures reported for 42-6. Due to the steric effect of the dimethylacetal
group at C-5, the nucleobase preferably attacked the C-2 position of epoxide, and thus
compounds 43-2 and 43-3 were obtained in 26:1 ratio. Deprotection of 43-3 followed by
reduction afforded final isonucleosides 43-4, 43-5, and 43-6.

The same authors reported the synthesis of C-isonucleosides in which the heterocyclic
moiety is linked to the sugar by a C-C bond (Scheme 43). Thus, hydrolysis of epoxide
39-2, followed by selective protection and Jones oxidation, gave ketone 43-8, which was
converted to cyanidrine 43-9, in which the nitrile group is trans to the benzyl. Treatment
with hydroxylamine gave intermediate 43-10, which could be cyclized using different
acyl anhydrides to give isonucleosides 43-11.
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Scheme 43

Chu and co-workers reported the synthesis of enantiomeric 3’-fluoro-apionucleosides
using Claisen rearrangement from 2,3-O-isopropylideneglyceraldhyde chirons (Scheme
44).'% Intermediate 44-1, prepared from protected D-glyceraldehyde 9-2, was reduced
and benzylated to 44-2. The isopropylidene protecting group was then hydrolyzed to
give diol derivative 44-3, which was treated with di-N-butyltin oxide and benzyl bromide
to give the dibenzyl allylic alcohol derivative 44-4 with high regioselectivity (10:1).1%
Alcohol 44-4, suitable for a 1,3-chirality transfer in Claisen rearrangement condi-
tions, was treated with triethyl orthoacetate and a catalytic amount of propionic acid
to give the y,8-unsaturated tertiary fluoro ethyl ester 44-5 probably via a six-membered
transition state in 86% yield with 90.4% ee. The double bond of 44-5 was ozonized
to aldehyde 44-6, which was subject to DIBAL-H reduction to give the lactol 44-7.
The apiose lactol 44-7 was then treated with acetic anhydride to give the intermediate
44-8, which was condensed with silylated N*-benzoyl cytosine and 6-chloropurine fol-
lowed by corresponding treatment to give, after deprotection and derivatizations, the
final apionucleosides 44-9 and 44-10.
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Py, DMAP, 1t, overnight; i} silylated nucieobases, TMSOTY, then deprotection and separation.

Scheme 44

The L-isomers were prepared using a similar approach.! Lactone 13-2, synthesized from
protected L-glyceraldehyde, was reduced in Luche conditions to diol 45-1 (Scheme 45).
This was selectively protected with TBDMSCI to the allylic alcohol 45-2, analog of 44-4.
The remaining steps are similar to the original procedure.

The same 3,3-Claisen rearrangement leading to a quaternary fluorinated carbon
was exploited in the synthesis of 3’-C-methyl-4’-thio apionucleosides (Scheme 46).1%
Thus, 2,3-O-1sopropylidene-D-glyceraldehyde was subject to a Wittig reaction with
ethoxycarbonyl ethylidene triphenylphosphorane to give the trans-o,B-unsaturated ethyl
ester 46-1, which was reduced by DIBAL-H and benzylated to compound 46-3. The iso-
propylidene group was then hydrolyzed to diol 46-4, whose primary hydroxyl group was
selectively protected with TBDMSCI. Subsequently, Claisen rearrangement of compound
46-5 gave chirality-transferred quaternary carbon chiron 46-6 with 98.5 % ec. The double
bond of 46-6 was ozonized to aldehyde 46-7, which was reduced to the apiose lactol 46-8.
This was treated with excess of benzyl mercaptane in the presence of BF,Et,O as
a Lewis acid. The resulting dithiane-protected alcohol was mesylated and cyclized to
give the thio-glycosyl donor 46-10 as a diastereomeric mixture. Compound 46-10 was
condensed with N*-benzoylcytosine in the presence of NIS to give, after deprotection,
the final thio-apionucleoside 46-11.

Intermediate 46-8 was also used in the synthesis of various 3’-C-methyl apionucleo-
sides (Scheme 47).1%°
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B = uracil, thymine, 5-F-uracil, guanine, inosine

Reagents: a) DIBAL-H, CH,Cl,; b) NaBH,, CeCl;.7H,0, MeOH; ¢) TBSCI, imidazole, CH,Cl,; d) HC(OCHj3)s,
CH4CH,CO,H; e) O, then DMS, MeOH; f) DIBAL-H, Tol, -78 °C; g) Ac,0, TEA, DMAP h) silylated
nucleobases, TMSOTT, deprotection, separation.

Scheme 45
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Reagents: a) Dibal-H, CH,Cl,, -78 °C; b) BnBr, Py, THF; c) 2 N HCI; d) TBDMSCI, imidazole, CH,Cl,;
e) HC(OCH,)3, CH3CH,CO,H, 135 °C; f) O3, MeOH, then DMS, -78 °C; g) DIBAL-H, CH,Cl,,
-78 °C; h) BnSH, BF4.Et,0, CH,Cl,; i) MsCl, Py; j) TBAI, BaCOs, Py, reflux; k) nucleobases
condensation, deprotection, and separation.

Scheme 46
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Reagents: a) Ac,0; b) nucleobases condensation, deprotection, and separation.

Scheme 47
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2.4. Oxathiolane and dioxolane nucleosides

Oxathiolane and dioxolane nucleosides are analogs in which the 3’-methylene is substi-
tuted by a sulfur or oxygen atom. This class has been extensively discussed in Chapter 3.
Among them, important derivatives are 3TC, FTC, DAPD, L.-OddC, L-OddFC, D-OddFC,
L-I-OddU and L-BV-OddU (Figure 1).

NH, NH, NH, NH;
F
N = N ’d N ~N N N =
OJ\/Nﬁ OH OJ\N l OH HO ¢ N~ NH N OH
og 05[ _l(o 2 )
— I - <o
3TC FTC DAPD L-OddC

oY oy '4 oy~
o o

N OJOH HO—‘( N N OH N O\[OH

<5 5 5 <5

L-OddFC D-OddFC L-1-CddU L-BV-OddU
Figure 1

The early syntheses of compounds belonging to this category led to racemic mixtures.
Most of the enantiomeric syntheses of oxathiolane and dioxolane nucleosides starting
from carbohydrate templates have been reported by Chu and co-workers. These synthe-
ses are briefly discussed here and described in greater details in Chapter 3.

The synthesis of enantiomerically pure (+)-(2’S,5’R)-1-[2~(hydroxymethyl)-1,3-oxa-
thiolan-5-yl]-cytosine [(+)-BCH-189] was achieved using D-mannose as starting mate-
rial via protected 1,6-thioanhydro-D-mannose 48-1 (Scheme 48).1° This was subject to
oxidative cleavage by lead tetraacetate followed by sodium borohydride reduction to give
oxathiolane 48-2, where the benzoyl group had migrated to the diol’s primary hydroxyl.
Further chemical manipulation afforded key intermediate 48-3, which was condensed
with silylated N*-acetylcytosine to give, after deprotection, nucleosides 48-4 and 48-5.
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HO S OBz
HO OH
@“OH e omiy 22 Lo
HO z0 s
48-1

B

p-Mannose 48-2
‘8 steps
NH,
| \/'l‘i TBDPSO‘-l(O
a  and HO—](O N~ O s OAc
48-5 S 7' 48-3
484

Reagents: a) Pb(OAc),; b) NaBH,; c) silylated M-acercﬁosine, TMSOTH,
then separation and deprotection.

Scheme 48

A more efficient methodology for the synthesis of (+)-BCH-189 starts from 1,6-thio-
anhydro-D-galactose 49-1 (Scheme 49).!11112 Oxidative cleavage of the cis diol in 49-1,
followed by reduction and protection afforded alcohol 49-2, which was converted to
the key intermediate 49-3 in 8 steps.

NH,
s 0 SN
HO X L
o abc ‘0O OH 8steps TBDPSO de.f o
o b, 0 _Ssteps Lo: oA OH— N
S 'S L j
OH 492 493 S
49-1 49.4
and
a
495

Reagents: a) NalO,, MeOH/H,0; b) NaBH,. ¢c) CH;C(OMe),CHj, p-TsOH,; d) silylated N-acetylcytosine,
DCE, TMSOTf; m) NH3, MeOH; n) TBAF, THF.

Scheme 49
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3TC, the L- enantiomer of BCH-189, was synthesized by a similar strategy using
1,6-thioanhydro-L-gulose 50-1 as the starting material (Scheme 50).'* Conversion of 50-1
to oxathiolane 50-2 was achieved in 3 steps, and 5 more steps allowed further manipu-
lation to the key intermediate 50-2, from which 3TC was synthesized by condensation
and deprotection. Interestingly, it was found that the use of stannic chloride instead
of TMSOTY as a Lewis acid during the condensation of 50-3 gave a racemic mixture,
probably by the opening and reclosing of the oxathiolane ring under the reaction conditions.

O:
o Hoﬁ N.__O
SO ab.c _J(O 5 steps ﬁ 7 OAC def ] Y
HOOH HO— S % TBDOPSO — _N
HO o 50-3 NH,
50-1 50-2 50-4
and
o
isomer
50-5

Reagents: a) NalO4, MeOH/H,0; b) NaBH,, MeOH; ¢) CH5C(OMe),CHa, p-TsOH; d) silylated N"—acetylcytosine,
DCE, TMSOTT; h) NH;, MeOH; i) TBAF, THF.

Scheme 50

In order to study the structure activity relationships of various nucleobase derivatives,
the same key intermediate 50-5 was also condensed with a number of pyrimidines and
purines.'** Upon evaluation of the anti-HIV activity of these nucleosides, the 5-fluorocy-
tosine derivative was found to be the most potent.

Chu and co-workers!!>!!¢ also reported the asymmetric synthesis of D-dioxolane
nucleosides using D-mannose as a chiral starting material (Scheme 51). 1,6-Anhydro-D-
mannose 51-1 was converted to protected derivative 51-2 in 3 steps. Oxidative cleavage
followed by reduction in similar fashion as in the synthesis of oxathiolanes afforded
dioxolane 51-3, which was further elaborated to the key intermediate 51-4. From this,
a library of nucleosides was synthesized by coupling with natural and non-natural purine
and pyrimidine bases, derivatization, and deprotection. Many of the synthesized com-
pounds showed promising antiviral and antitumor activity.
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o o 0Bz
3 steps o ab HOLO OH
OHH8 OHHO 0

HO BzO 51-3
511 51-2

J 4 steps

RO\I(O B c TBDPSOLO
j +oisomer ——— 0 JOAc

()
51.5 51-6 51-4

Reagents: a) NalOy; b) NaBHy; c) condensation, derivatization, deprotection.

Scheme 51

L-Isomers of 1,3-dioxolane-pyrimidine nucleosides were synthesized starting
from L-gulose (Scheme 52), which was dehydrated to 1,6-anhydro-L-gulose 52-1.
This was converted to dioxolane 52-2, from which key intermediate 52-3 was derived in
four steps. Also in this case, a comprehensive structure-activity relationships study was
reported.'7'"®

o) o o)
HO, o a o b,c.d ﬁ
HOO HOO HO 0><
HO HO o
52-1

52-2
L-gulose
ef.g,h
0 7MOAc
0 + isomer i ﬁ
e RS o
HO B 525 52-3

52-4
Reagents: a) 0.5 N HCI; b) NalO,, MeOH; c) NaBH,. d) p-TsOH, acetone; e) BzCl, Py, CH,Cl,.

f) p-TsOH, MeOH; g) NalOy4, RuO,, CH3CN/CClyH,0 2:2:3; h) Pb(OAC)4, THF,
i) condensation, derivatization, deprotection.

Scheme 52

Mansour and co-workers reported a divergent synthesis of dioxolanyl nucleosides
using D-mannitol as the starting material (Scheme 53).'""® Condensation of D-mannitol and
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benzyloxymethylacetaldehyde gave the bis-acetal 53-1, which was oxidized to give a 1:
1 mixture of acids 53-2 and 53-3. These could be separated by silica gel chromatography
and their oxidative decarboxylation afforded the key intermediates 53-4 and 53-5, which
were used in the synthesis of D- and L-dioxolanyl nucleosides, respectively.

Bnoxo BnOL_?jCOZH =, BHOLO ~~OAc

b 0 0
D-mannitol 4 HS — 53-2 534
+ _—
BnOCH,CH(OCH,) OH Ny o ot o
2 3 O
K_ o OAc
d —-0Bn 2 fo—r
Bnoﬁ BnO
531 53.3 53-5

Reagents: a) 1.0 eq. SnCly; b) RuCl;, NaOClj; ¢) flash chromatography 2% MeOH in CHoCly;
d) Pb(OAc),, CH,CN, Py; e) Pb(OAG),, CH3CN/CH,Cly, Py.

Scheme 53

Chu and co-workers'?® reported the synthesis of 1,3-dioxolanyl-C-nucleosides
(Scheme 54). The chiralities of D-mannitol and L-y-gulonolactone were exploited in
the synthesis of thiazoles 54-1 and 54-4, on which the sugar moiety was built by treat-
ment with benzoyloxymethylacetaldehyde. Using similar reactions, the same authors
synthesized selenazole and triazole C-nucleosides.'*! More details on the synthesis and
pharmacology of oxathiolane and dioxolane nucleosides are discussed in Chapter 3.

CO,C,oMs H,NOC,
1,2:5,6-O-Isopropylidene-  5steps ¢ _: N ab N _\— s o
D-mannitol I HO and
—I(O 54-3
OH 0
OH
54-1 54-2

HsC,0,C, fo
7——\._ 0 o
b HO and
L-y-gulonolactone M Ny S __a'_.. N 54-6
Hoﬂ/ =
HO H,NOC

544 545

Reagents: a) BzZOCH,CH(OMe),, p-TsOH; b) NH,OH.

Scheme 54
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2.5. Cyclopentyl carbocyclic nucleosides

Although the first reported carbocyclic nucleoside (the racemic adenine analog) was
a synthetic product,'?? the D-(-)-enantiomer of the same compound, aristeromycin'?
(Figure 2) was found to be a microbial product endowed with good antitumor activity.
Other “antitumor antibiotics™, the Neplanocins (of which neplanocin A is the prototype)'*
are cyclopentenyl derivatives which possess a wide range of biological activities.!”

The biological activity of some carbocyclic nucleosides indicates that the isosteric
substitution of the tetrahydrofuran system with a cyclopentyl ring does not prevent
interaction with cellular and/or viral enzymes. On the other hand, the lack of a glyco-
sylic bond makes these analogs resistant to enzymatic degradation by phosphorylases.
Moreover, some derivatives, such as carbocyclic 2’-ara-fluoroguanosine,!**'?’ are more
active than their furanose counterpart. A number of carbocyclic adenosine analogs
appear to exert their antiviral action through the inhibition of the enzyme S-adenosylho-
mocysteine hydrolase.'?® This mechanism might be exploited in combination therapy in
association with nucleosides with different modes of action.

A number of carbocyclic analogs have been synthesized since the first reported
synthesis; the most promising compounds are carbocyclic BVDU,!® the potent anti-
HBYV agent BMS-200475"3° characterized by an exo-double bond, the anti-HIV agents
(-)-BCA,B! carbovir'®? and 1592U89 (abacavir'**3¥). Abacavir is one of the seven
nucleosides/nucleotides approved by the FDA for the treatment of AIDS.

HO NN o N oo ¢ NH, HO No
OH OH OH OH OH OH
aristeromycin neplanocin A 2'-ara-fluoroguanosine carbocyclic BVDU

NH2 NH, o) A

BMS-200475 (-)-BCA carbovir abacavir

Figure 2
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A number of different synthetic methods have proved effective in the syntheses of
cyclopentane and cyclopentene carbocyclic nucleosides.!*>1**7 These methods utilize,
as a precursor, a carbo- or heterocyclic bicyclic system or a functionalized cyclopentane/
ene, and the chirality is introduced via chemical or enzymatic resolution. A smaller but
not less important number of syntheses use carbohydrate templates as chiral starting
materials. These syntheses, which produce enantiomerically pure nucleosides in stere-
oselective fashion, will be considered.

The first total synthesis of (-)-neplanocin A starting from a carbohydrate was reported
by Marquez and co-workers!*!31% (Scheme 55), who obtained the final compound start-
ing from protected D-ribonolactone 55-1 through 13 steps. Thus, 55-1 was coupled with
lithium dimethyl methylphosphonate to afford the hemiketal 55-2, which was transformed
to the acyclic dibenzoate 55-3. Debenzoylation and oxidation afforded diketophospho-
nate 55-5, which was cyclized to 55-6 by treatment with potassium carbonate/18-Crown-
6 in benzene under high dilution. Stereoselective reduction of 55-6 to 55-7 was achieved
using NaBH,/CeCl, 7H,0. Mesylation and azidation with inversion of configuration
followed by reduction afforded amine 55-10, with the desired B-stereochemistry. From
intermediate 55-10, the 6-chloropurine derivative 55-12 was built by standard nucleoside
chemistry. Ammonolysis and deprotection gave neplanocin A 55-14.

Intermediate 55-7 was also used in a synthesis of conformationally constrained car-
bocyclic nucleosides (Scheme 56).'*' Simmons-Smith cyclopropanation afforded 56-1
as a single diastereomer, thanks to the directing effect of the allylic hydroxyl group.
Cyclopentanol 56-1, was subject to tosylation, azidation and reduction steps, to give
intermediate 56-4, on which the thymine moiety was built by conventional methods.

Kitagawa and co-workers reported the synthesis of (-)-aristeromycin from D-glu-
cose in 21 steps (Scheme 57).14214* Configuration at C-3 of protected glucose 57-1 was
inverted by Swern oxidation/NaBH, reduction, followed by benzylation to give fully
protected derivative 57-2. Further chemical manipulation gave ketone 57-4, which was
reacted with nitromethane to give isomeric nitrofuranose derivatives 57-5. Acetylation-
deacetoxyhydrogenation, followed by deprotection of the isopropylidene group gave
diols 57-7, which were oxidized to dialdehydes 57-8. Treatment of 57-8 with potas-
sium fluoride/18-Crown-6 in DMF resulted in an intramolecular condensation to give a
mixture of cyclization products 57-9. Dehydration of 57-9 resulted in only two epimers,
a pseudo-L-lyxofuranose 57-10 and a pseudo-D-ribofuranose 57-11, which were sepa-
rated chromatographically. In the following step, an interesting Michael-type addition
allowed highly stereoselective introduction of the purine moiety to give the B-nucleo-
side analog 57-12. Removal of formyl, nitro and protecting groups afforded the target
compound 57-14.



132 G. Gumina, S. Olgen and C. K. Chu

BnO o BnO OH? BnO o BzO
0 . © POMe), b "~
Y 2. P(OMe),
0 0. _0O 0__0 §
> < Pl
55-1 55-2 55-3
lc
Q\ O\\
BnO P(OMe), P(OMe),
o) B0 o BnO7 on
e o d o
0.__0 - —
Pl 0.__0 0__0
55.6 > >
55.5 554
11‘
cl
8nO BnO R HszN
ﬁ P
o JOR h o L j BnO HIN N
> > Lﬁj
55.7 R=H i 55-9: R=N
9C 558 R=Ms (5870 R=NH, 0><0
55-11
lk,l
NH, NH, cl
N RS N B N N
N N N
¢ ﬁ ¢ ﬁ ¢ 1]
N N7 >N NN
HO n BnO m BnO
HO  OH 0__0 0.0
Pl Pl
55-14 5513 55-12

(neplanocin A)

Reagents: a) LICH,P(O)}(OMe,), THF; b) BzCl, Py; c) NaOMe, MeOH; d) CrO52Py, CH,Cly; e) K,CO4/
18-Crown-6, benzene; fy NaBH4/CeCl; 7H,0, MeOH; g) MsCHEt3N, CH.Clp; h) LiNs, DMSO/
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Scheme 55
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Scheme 56

A shorter way to obtain aristeromycin has been described by Borchardt and co-
workers, #1414 who synthesized the target compound in 9 steps starting from D-ribono-
lactone 58-1 (Scheme 58). Protection of 58-1, followed by oxidation-deformylation and
protection of the resulting L-erythruronolactone derivative 58-2, afforded intermediate
58-3. This was reacted with lithium dimethyl methylphosphonate to give cyclopente-
none 58-4 via a ring opening-closure mechanism (Scheme 59). Conjugated addition of
lithium di-(ters-butoxymethylene)cuprate to 58-4 gave cyclopentanone 58-5, which was
stereoselectively reduced to the corresponding a-alcohol. This was converted to trifiate
58-7, intermediate for the condensation with adenine. Acidic hydrolysis of the protecting

groups afforded aristeromycin 57-15.
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Scheme 57
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Enone 58-4 is an important intermediate which had previously been used in a syn-
thesis of nor-C-3 analogs of neplanocin A 60-5 and 60-6 (Scheme 60).'* In that case,
60-4 had been stereoselectively reduced to alcohol 60-1, which had been tosylated and
coupled to adenine or 3-deazaadenine.

NH,
N ~N NH,
< | N
0] P XN
@: OH N <A J
o. .0 0.0 N>y

60-1 R=H H O
584 b( 60-2 R=Ts ij 060-5 X:{N
60-3 X=N 60-6 X=CH
60-4 X=CH

Reagents: a) NaBH,/CeCl; 7H,0, MeOH; b) TsCI/EtzN, CH,Cly; ¢) adenine
or 3-deazaadenine/NaH, DMF; d) dilute HCI.

Scheme 60

The enantiomer of 58-4 has been prepared starting from D-mannose 61-1 (Scheme 61),'4
which was protected as the bis-cyclohexylidene and oxidized to 61-2. Selective deprotec-
tion and oxidative cleavage of the resulting diol gave 61-3, which, after protection and
ring opening-closure, afforded the enantiomeric enone 61-5.

(ef OR o

HO o C><O Q :?_?w' :@
O o]

@w% ab o < cd f 050

OH e OCH,

61-1

61-2 o 813 R=H 61-5
61-4 R=CH(CHg),

Reagents: a) Cyclohexanone, H,SOy; by Collins reagent; ¢} Dowex 50W, H,O/EtOH; d) NailOy,
NaOH/H,0; e) PPTS, 2-propanol; f) CH3PO(OCH3),/n-Buli, THF.

Scheme 61

Enone 62-5, analog of 61-5, was prepared by Bélanger and Prasit' starting from
D-ribonolactone 58-1 (Scheme 62). This was fully protected to tosylate 62-2, which was
converted to the exo-alkene 62-3 via an intermediate iodide. Treatment with lithium
tri-tert-butoxyaluminum hydride afforded hydroxycyclopentanone 62-4, from which the
target molecule 62-5 was obtained by mesylation/elimination.
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Scheme 62

Enone 62-5 was also synthesized by Borchardt and co-workers through an efficient
3-step synthesis starting from D-ribose. The same procedure was used for the synthesis
of the enantiomer 63-5, analog of 61-5, starting from D-lyxose (Scheme 63).'*® The key
reaction was the unusual pyridinium chlorochromate (PCC) oxidation-deformylation of
63-1 or 63-3 to lactones 63-2 or 63-4. Target compounds were obtained by the ring open-
ing-closure reaction discussed above (Scheme 59).
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O~ OH a O b Y
_’ e
D-lyxose 63-3 634 63-5

Reagents: a) (CH3),C(OCH3),/HCIO,, MeOH; b) PCC, benzene; ¢) (CH30),POCH,Li

Scheme 63

Enone 62-5 was used by Chu and co-workers as starting material in the synthesis
of (+)-L-aristeromycin and its analogs, enantiomers of the natural products (Scheme
64) 14915051152 Conversion of 62-5 to alcohol 64-2 was accomplished by the conjugated
addition of lithium di-(fert-butoxymethylene)cuprate'**+!#* followed by stereoselective re-
duction of the carbonyl group. Compound 64-2 was, then, converted to the triflate, which
was reacted with the sodium salt of adenine to give, after deprotection, L-aristeromycin
64-5. The thymidine analog 64-10 was obtained by the same route. In this case, however,
because of the poor yield of the condensation step, it was found more convenient to build
the heterocyclic ring onto the carbocyclic moiety.
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Reagents: a) (-BuOCH,)CuLi/t-BuOMe, THF; b) DIBAL-H, CH,Cl,; ¢) Tf,0, Py; d) adenine/NaH/18-crown-6,
DMF; e) CF3CO,H, H,0; f) thymine/K,CO4/18-crown-6, DMF; g) MsCI/EtzN, CH,Cly; h) LiNs, DMF;
i) CH3OCH=C(CH3)CONCO, DMF; j) 30% NH,4OH, EtOH.

Scheme 64

Enones 62-5 and 63-5 were used by Chu and co-workers for the synthesis of a com-
plete series of D- and L-neplanocin analogs (Scheme 65)."* The starting enones 63-5 or
62-5 were reacted with fert-butyl methyl ether to give, via 1,2-addition, alcohols 65-1 or
65-7, respectively. These were acetylated and subject to palladium-catalyzed rearrange-
ment to give acetates 65-3 and 65-9. Deprotection of the acetates gave key intermediates
65-4 and 65-10. Intermediate 65-4 could also be obtained from enone 62-5, via 1,4-addi-
tion of fert-butyl methyl ether, selenation of the resulting cyclopentanone 64-1, oxidative

deselenation and Luche reduction of enone 65-6.

Alcohols 65-4 and 65-10 were reacted with protected bases in Mitsunobu fashion to
afford, after derivatization and/or deprotection, L- and D-neplanocin analogs, respectively.
Among the synthesized nucleosides, the cytidine and 5-fluorocytidine analogs displayed

anti-HIV and anti-West Nile Virus activity, but also severe celtular toxicity.'?
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Scheme 65
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Another important intermediate in the synthesis of aristeromycin is cyclopentylamine
67-15. This compound has been synthesized, by Tadano et al.,'*">5%157 through a
24-steps scheme. The key intermediate 66-8 was prepared starting from D-glucose, which
was converted to the D-erythrose derivative 66-2 in 2 steps, according to MacDonald
and co-workers'® (Scheme 66). Full protection of 66-2 afforded intermediate 66-4, from
which the aldehyde group was regenerated in 66-5. Malonic condensation followed by
reduction and deprotection afforded 66-8.
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O CoMe 0 5
66-6
Jg
MeO,C
M
TBDPSO._ CoMe COMe__ Meozm
CO,Me
COMe
66-7

Reagents: a) paraldehyde, conc. H,SO,; b) EtSH, H*; ¢) TBDPSClimidazole, DMF; d) (CH3),C(OCH3),/TsOH,
acetone; e) HgCl,/CaCO3, ChiCN/H,0; f) (CH30,C)CH,/AC,0, Py, g) NaBH4, MeOH; h) TBAF, THF.

Scheme 66

PCC oxidation of 66-8 produced an aldehyde that spontaneously underwent intra-
molecular aldol condensation to give isomeric alcohols 67-1 (Scheme 67). These were
acetylated to 67-2, which were thermally decarbomethoxylated to the o,B-unsaturated
ester 67-3. Reduction, oxidative hydroboration, and acetylation gave diacetate 67-5 along
with a small amount of isomer 67-6 from which 67-5 was purified chromatographycally;
subsequent deprotection, monoprotection as silyl ether, and oxidation gave ketone 67-8,
which was smoothly epimerized to 67-9 by silica gel catalysis. Stereoselective reduction
of the ketone, followed by deprotection-protection and mesylation gave intermediate
67-12, which was reacted with sodium azide in S, 2 fashion to afford, after deprotection
steps and reduction of the azido group, target compound 67-15.
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f) MeONa, MeOH; g) TBDPSCV imidazole, DMF; h) silica gel, CH,Cly; i) NaBH4, MeOH; j) AcOH,
H,0, MeOH 20:4:1; k) (CH2),C(OCH3),/CSA,BMF; 1) MsCl, Py; m) NaN3, DMF; n) TBAF, THF;
0) 80% AcOH; p) H,/Raney Ni, MeOH.

Scheme 67

Vandewalle and co-workers reported a total synthesis of (-)-neplanocin A from
L-ribulose (Scheme 68).'>1% An interesting trans-orthoesterification with concomitant
methylation of the 5-OH produced only the B-epimer 68-2. This was converted to the
versatile intermediate 68-5 through a series of protection-deprotection steps. Olefination
of the crypto-carbonyl function, followed by Swern oxidation of the originated primary
alcohol, led to the key intermediate 68-7. This was treated with benzylhydroxylamine to
produce the intermediate nitrone which, upon heating, cyclized to bicyclic isoxazolidine
68-8 in 1,3-dipolar cycloaddition mode (Scheme 69). Reductive cleavage of the N-O
bond in 68-8 followed by catalytic hydrogenation gave aminoalcohol 68-10, on which
the adenine moiety was built by standard reactions to afford (-)-neplanocin A 55-14.
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Scheme 69

The Dieckmann cyclization is a tool that cannot be neglected in the synthesis of
cyclopentyl rings. In fact, Rapoport and co-workers'®!6? devised a synthesis of carbovir
precursor 70-26 based on the well-known reaction (Scheme 70). Diester 70-14, the in-
termediate for the cyclization step, was synthesized through a 13-step sequence starting
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from D-glucono-8-lactone 70-1. The most notable of this steps is the protection of
amine 70-5, synthesized in four steps from 70-1, with a N-(9-phenylfluoren-9-yl) group
(Pf in Scheme 70), the favorable stereoelectronic characteristics of which drive more
than one step through the desired regio- and stereoselectivity. Thus, derivative 70-6
was deprotected, oxidized and methylated to diester 70-9, which was deoxygenated at
the 4- and 5-hydroxylfunctionalities in four steps to give the key intermediate 70-14.
Upon basic treatment, 70-14 cyclized to cyclopentanone 70-15 with very high regiose-
lectivity (12:1 diastereomeric ratio). Separation of the desired diastereomer was achieved
after stereoselective reduction of the carbonyl group, to give aicohol 70-16. The latter
was deoxygenated through a three-step sequence to ester 70-19, which was converted to
the unsaturated compound 70-24 in four more steps. Final deprotections afforded 70-26
as the trifluoroacetate.
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EtOAC; e) PfBr/Pb{NO3)o/EtsN, CHoCly ; ) HCHEL,O, H,0; g) O,-Pt, i-PrOH/H,0/ELOAC; h) CHl/
KoCO3, DMF; i) HAC/LiI 3H,0, THF; j) KHMDS, THF; k) TBDMSCVimidazole, DMF; I} Hy-6%Pt/C,
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p) LiAlH,, THF; g) MOMCH(-Pr),;NH, CH,Cly; 1) TBAF, THF; s) NaH/CH3O(CH),0H, DMF; t) PPTS,
t-BuOH; u) TFA, CH,Cl,.

Scheme 70
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The arabino analog of aristeromycin, (+)-cyclaradine 71-15 was prepared by Murakami
and co-workers starting from D-arabinose (Scheme 71).'%® Full protection/mono-deprot-
ection of the starting material led to alcohol 71-4, which underwent the Swern oxidation
to ketone 71-5. Nitromethane addition produced the alcohol 71-6, which was acetylated
and reduced to acetal 71-8, the deprotection of which regenerated the aldehyde group.
An aldol-type ring closure catalyzed by cesium fluoride gave an epimeric mixture of
nitrocyclopentanes 71-10. Tosylation and elimination afforded the o,3-unsaturated
nitro-derivative 71-11, with which N°-benzoyladenine reacted in a Michael type addition
to give adduct 71-12. This was denitrohydrogenated with tributyltin hydride and 2,2’-
azobisisobutyronitrile (AIBN), and deprotected in two steps to (+)-cyclaradine. Reaction
of 71-11 with persilylated uracil, followed by analogous reductive and hydrolytic steps,
afforded the synthesis of the uridine analog.
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Scheme 71
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Another interesting scheme leading to (-)-neplanocin A is based on the C-H insertion of
an alkylidenecarbene (Scheme 72).1% Ketone 72-4 was synthesized in three steps from pro-
tected ribose 72-1. Treatment of 72-4 with lithium trimethylsilyldiazomethane generated
the reactive alkylidenecarbene 72-5, which evolved into cyclopentene derivative 72-6.
Further elaboration to 55-14 was accomplished by conventional methods.
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Reagents: a) LiAlH,4, Et,0; b) TBDMSCl/imidazole, DMF; ¢} DMSO/(COC!),, then Et3N; d) TMSC(LiN,, THF;
e) TBAF, THF; f) PDC, CH,Cly; g) LiAlHg, THF; h) adenine/DEAD/Ph3P, THF; i) HCI, MeOH.

Scheme 72

Chu and co-workers described a divergent synthesis of carbocyclic 4’-fluoro-2’,3’-
dideoxynucleosides.'*>'% Intermediate 73-1, prepared in the same way as its enantiomer
45-3, (Scheme 45), was reduced to 73-2, common intermediate of the divergent scheme
(Scheme 73). In the synthesis of D-nucleosides, 73-2 was oxidized to aldehyde 73-3,
which was reacted with vinylmagnesium bromide or vinyllithium to give alcohol 73-4.
This was cyclized via ruthenium-catalyzed ring-closing metathesis, using Grubb’s
catalyst. The unsaturated cyclization product 73-5, obtained as an epimeric mixture,
was hydrogenated to give key intermediate 73-6, which could be separated chromatogra-
phycally from its epimer. Condensation of the key intermediate with several nucleobases
in Mitsunobu conditions, followed by deprotection reactions, afforded D-nucleoside
analogs 73-7.
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In order to obtain L-analogs, the common intermediate 73-2 was benzylated to the
fully protected triol 73-8, which was subject to ozonolysis to give aldehyde 73-9.
This was reacted in Horner-Emmons-Wadsworth fashion to give o,B-unsaturated ester
73-10. Saturation of the double bond and debenzylation were accomplished in one step
by catalytic hydrogenation. The resulting alcohol 73-11 was mesylated to 73-12, whose
treatment with sodium hydride in THF allowed an intramolecular nucleophilic substitu-
tion to give epimeric cyclopentyl carboxylic esters 73-13. Saponification of the latter,
followed by radical oxidative iododecarboxylation, gave iodides 73-15. Surprisingly,
hydrolysis of the epimeric iodides (ratio 1:1) gave only o-cyclopentanol 73-16 in 40%
yield, probably because the a-iodide was not reactive under the hydrolytic conditions.
Alcohol 73-16 was the key intermediate for the synthesis of L-nucleosides. Its reaction
with 6-chloropurine in Mitsunobu conditions, followed by ammonolysis and deprotec-
tion, afforded L-4’-fluoro-2’,3’-dideoxyadenosine 73-17.
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Scheme 73
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2.6. Cyclopropyl carbocyclic nucleosides

Structure-activity relationships studies of acyclic nucleosides showed that, if the side
chain could be frozen into the optimal conformation for enzyme interaction, a supe-
rior biological activity could result. The first asymmetric synthesis of optically pure
(1’S, 2’R)-cyclopropyl carbocyclic nucleosides has been first accomplished by Chu and
co-workers!7168169.170.170172 (Scheme 74). Protected L-glyceraldehyde 9-12 was subject to
Wittig olefination, followed by reduction to an alcohol, which was protected with terz-
butyltrimethylsilyl bromide to give 74-2. Protected derivative 74-2 was treated with
Zn(EY),/ICH,CI at OC to give desired cyclopropyl derivative 74-3. Deprotection of
this cyclopropyl sugar gave the alcohol 74-4, which was treated with RuO./NalO,
to give the acid, whose treatment with chloroethylformate followed by sodium azide
afforded compound 74-5. This was subject to Curtius rearrangement conditions to
give the isocyanate intermediate, which was treated with ammonia to afford the urea
derivative 74-6. The urea derivative was then reacted with B-methoxymethacryloyl
or B-methoxyacryloyl chloride in pyridine to provide an intermediate that was cyclized
to thymine 74-7 or uracil 74-8 derivatives by treatment with ammonium hydroxide
in ethanol. The isopropylidene group was removed by acidic hydrolysis to give the diols
74-9 and 74-10. The diol nucleosides were oxidized to aldehydes, which were directly
reduced to the desired nucleosides 74-11 and 74-12. The synthesis of cytosine deriva-
tive 74-13 was accomplished by treatment of 74-12 with 1,2 4-triazole and chloropheny!
phoshorodichloridate. Subsequent hydrolysis with ammonium hydroxide afforded
the cytidine derivative. L-Cyclopropyl carbocyclic nucleosides 74-14~74-16 were syn-
thesized by following the same procedure starting from protected D-glyceraldehyde 9-2.

The purine nucleosides were synthesized from the key intermediate cyclopropylamine
75-1, obtained by hydrolysis of 74-6. Coupling reaction with 4,6-dichloroformamido-
pyridine in the presence of triethylamine provided 75-2 (Scheme 75). Formation of
the imidazole ring by heating of 75-2 in diethoxymethylacetate gave 6-chloropurine
derivative 75-3. The adenine 75-8 and hypoxanthine 75-9 derivatives were obtained by
known procedures from 6-chloropurine. The guanine derivative 75-13 was prepared by
coupling cyclopropylamine 75-1 with 2-amino-4,6-dichloropyrimidine in the presence of
triethylamine to give 75-10. The amino derivative 75-11 was treated with triethylortho-
formate in the presence of conc HCl to afford the 6-chloropurine derivative, which was
hydrolyzed by 2N HCl to provide guanosine analog 75-12. Cleavage of the diol in 75-12
gave cyclopropyl nucleoside 75-13. Likewise, enantiomers 75-15 to 75-17 were synthe-
sized starting from 75-14, derived from protected D-glyceraldehyde 9-2.

D- and L-2’-hydroxyethylcyclopropylmethyl nucleosides 76-4 to 76-6 and 76-8 to
76-10 were synthesized from intermediates 9-12 and 9-2, respectively (Scheme 76).
In the synthesis of the D-series, deprotection of 74-3 followed by oxidative cleavage
of the resulting diol gave an aldehyde that was treated with methyltriphenyl phospho-
nium bromide to obtain the olefin 76-1. This was readily converted to the hydroxyethyl
group by hydroboration and the resulting primary hydroxylgroup was protected with the
methoxymethyl (MOM) group. Deprotection of the silyl group provided the key inter-
mediate 76-2. Oxidation of the alcohol by sodium periodate utilizing ruthenium oxide as
a catalyst gave an acid which was readily converted to cyclopropylurea 76-3 by Curtius
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rearrangement. The thymine derivative 76-4 was obtained by reacting the urea deriva-
tive 76-3 with B-methoxy-a-methylacryloyl chloride followed by deprotection of the
MOM group with conc HCl in methanol. Treatment of the urea with 3-methoxyacryloyl
chloride gave the protected uracil derivative. Deprotection of the MOM group afforded
the desired uridine analog 76-5. The cytosine derivative 76-6 was obtained from the
protected uracil derivative by treatment with chlorophenyl phoshorodichloridate and
3-nitro-1,2 4-triazole to obtain the 4-(3-nitro)triazolide. This was treated with ammonium
hydroxide followed by the deprotection of the MOM group to give compound 76-6.
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THF; &) (1) RuOy/NalOy, (2) CICO,Et, Et3N, (3) NaNg; f) NH,OH, 100 °C; g) CH3OCH=C(CH,)COC!
or CH;OCH=CHCOCI, Py, then NH OH, MeGH; h) 80% AcOH; i) NalO,, NaBH,, MeOH; j) (1) 1,2,4-
triazole, ClLP(O)OCgH4C!, (2) NH,OH.

Scheme 74
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construction.

Scheme 76

Recently, cyclopropane nucleosides with a methylene spacer between the cyclopro-
pane ring and the heterocyclic moiety were also prepared'” (Scheme 77). Mesylation
of cyclopropyl methyl alcohol 74-4 with methanesulfonylchloride in the presence of
triethylamine afforded the O-mesyl derivative 77-1. This was not stable enough to be
purified, thus it was treated directly with a base in the presence of K,CO, and 18-crown-
6 in DMF at 1100C to give the desired nucleosides in good yield. The final nucleosides
were obtained by deprotection of the isopropylidene group and oxidative cleavage of the
resulting diol followed by reduction of the resulting aldehyde.

X
XN a SR e o S fx Yﬁlo
L v V Ho—\v/

744 771 77-22X=Cl,Y=H 77-5:X=0H,Y=H
77-3: X=0H,Y=H 77-6:X=0H, Y =CH,4
77-4: X =0H, Y =NH, 77-7:X=H,Y =CH,

Reagents: a) MsCl, Et;N; b) purine or pyrimidine base, K,COj3, 18-crown-6, 110°C;
¢) 80% AcOH; d) NalOy; e) NaBH,.

Scheme 77
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2.7. C-Nucleosides

In C-nucleosides, the sugar moiety is attached to a carbon atom of the heterocyclic
moiety, rather than to a nitrogen. This causes significant changes in the geometry of the
molecule, particularly in the spatial relationship between 5’-hydroxyl group and N-1,
which may influence the biological feature of the molecule. Furthermore, the C-C bond
is much resistant to chemical as well as enzymatic degradation than the anomeric bond,
which makes C-nucleosides metabolically stable compared to their natural analogs.
Natural C-nucleosides are shown in Figure 3; they are characterized by antibiotic, anti-
viral or antitumor properties.

o o
N ) 0)k NH
N NH, NH
Ny l \ HO N0
OH HO 0
HO o o o
OH OH OH OH OH OH O!‘i OH )
pyrazofurin showdomycin formycin oxazinomycin
{minimycin)
N NH /\})I\NHZ
\ L S

W
oz =N
HO N HO N" N,
0 o HO7 o

OH OH OH OH OH OH
9-deazaadenosine 9-deazaguanosine tiazofurin
Figure 3

These natural antibiotics are all ribose-derivatives, and so are most synthetic analogs.
It is beyond the scope of this chapter to explore syntheses of C-nucleoside analogs in
which the sugar moiety maintains its identity (i.e. its stereo centers) in the final product,
so we will consider only those examples where the starting carbohydrate is highly modi-
fied with respect to its chirality.

2’, 3’-Dideoxy-D-C-nucleosides have been synthesized!™ starting from chiral y-lactone
78-4, prepared in four steps from protected D-mannitol 10-1 (Scheme 78)."”* Compound
78-4 was converted in two steps to protected lactol 78-6, which was subject to
the Horner-Emmons-Wadsworth type reaction to give intermediate 78-7, on which
the heterocyclic ring was built by a 4-step sequence via the methyl vinyl enolate 78-9.

Chu and co-workers also reported the syntheses of L-4-amino-8-B-ribofuranosylpyr-
azolo[1,5-al-1,3,5-triazine (L-APTR, 79-14), the enantiomer of an antileukemic agent,
and L-9-deazaadenosine 80-7 (Schemes 79 and 80).!7 Due to the limited availability of
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L-ribose, the key intermediate 79-10 was prepared from L-xylose. This was converted
to protected L-ribofuranose 79-4 in five steps, using a procedure previously reported
by the same group.'” After some deprotection/protection steps, the Horner-Emmons-
Wadsworth type reaction similar to the one used in the synthesis of 78-8, and formylation
of the product 79-9 afforded enaminonitrile 79-10. This was converted to L-APTR
following the procedure developed for the synthesis of the D-isomer by Fox and co-
workers.!”17 Thus, 79-10 was converted to the unsaturated idrazine 79-11, on which
the pyrazolo[1,5-al-1,3,5-triazinic system was built in two steps.

><2
0
RO
HO W*/*o HO —‘@:
on e ddx S KPoo dl 0
0 = 78-4 R=H
8.2 X=0 78-3 '
O>< ® (8.2 X=CHCO,Et e C78.5 Re=trityl (Tr)
10-1
1f
)N\Hz NH, OR
z Z TrO
L, A, o o T™ o oo
HOo o NH, o NH, gy e
i 788 R= 78-7 R=CH,CN
78-11 and a 78-10 78-3 R=Me

Reagents: a) Pb(OAC)4/K,CO3, CH,Cly; b) (EtO,)P(Q)CHCO,EL, NaHMDS; ¢) HCI, EtOH ; d) Hp, Pd/C;
e) TrCl, Py; f) DIBAL-H, Tol; g) (E10),P(O)CH,CN/NaH, DME; h) HCO,EUt-BuOK, EtOH/EL,O;
i) Mel, DMF; j) NH=C(NH,),/EtONa, EtOH; k) 10% HCI, MeOH.

Scheme 78

Analogously, by using the procedure described by Lim and Klein'® for the synthesis
of the D-nucleoside, 79-10 was converted to B- and o-1L-9-deazaadenosine (Scheme 80).
In this case, the key intermediate was hydrolyzed to enolnitrile 80-1, which was con-
densed with aminoacetonitrile to give, after protection, enaminodinitrile 80-3. From this
compound, the pyrrolo[3,2-d]pyrimidine system was built in three steps.

Hammerschmidt er al.'®! reported the synthesis of the D-apio analog of showdomycin
from protected D-apio-B-D-furanose 34-1 (Scheme 34) as the starting material. This
(Scheme 81) was converted in two steps to the protected nitrile 81-2, whose ribo analog
is a key synthon in many classical syntheses of ribofuranosyl-C-nucleosides. A number
of hydrolytic and protective steps led to carboxylic acid 81-5 which, activated as the
chloride, was converted to oxonitrile 81-7. This was converted to B-cyanoacrylester 81-8
in Wittig conditions. Treatment of 81-8 with trifluoroacetic anhydride in trifluoroacetic
acid allowed cyclization to protected nucleoside 81-9, whose deprotection afforded
the desired product 81-10.

An alternative approach for the synthesis of 81-10 was based on a radical reaction
(Scheme 82).'82 Here, the epimeric mixture 82-1 was fully protected in two steps to
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1:2 EtOAC/EtCH; f) 856% HCO,H; g) CH3C(OCH;),CH3/MH,80,, acetone; h) NaOH, MeOH,; i) TrCl, Py;
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m) CH,CN (reflux); n) NCNHCHOCH,, benzene; o) 10% HCI, MeOH.

Scheme 79

82-3 which, upon treatment with trimethylsilyl bromide/trimethylsilyl triflate afforded
bromide 82-4 as the sole -anomer. Treatment of 82-4 with E-methyl 3-cyanoacrylate
in the presence of tris-trimetylsylilsilane/AIBN resulted in four diastereomer 82-5, 82-6.
Following Kozikowski’s procedure,'® these were cyclized in oxidative fashion to succin-
imides 82-7, which were oxidized to maleimide 81-9 and, hence, apio-showdomycin.

Chun and Chu'® reported the synthesis of (-)-9-deazaaristeromycin, in which
the structural features of two classes of compounds (carbocyclic and C-nucleosides)
are combined. Intermediate 83-1 was synthesized analogously to its enantiomer 64-1
(Scheme 64).14150.5LIS2153 Cyclopentanone 83-1 was condensed with ethyl cyanoacetate
and, then, selective reduction of the double bond gave derivative 83-3 (Scheme 83).
Different reducing agents led to different ratios of o/f anomers: trybutyltin hydride/
AIBN in refluxing benzene afforded a 7/1 ratio. The carboxylic functionality of 83-3 was
reduced to enolnitrile 83-4, which was reacted with aminoacetonitrile to give dinitrile 83-
5. Protection and cyclization by treatment with DBN followed by deprotection afforded
pyrrole derivative 83-6, from which the purine ring was built by reaction with guanidine.
Deprotection gave the target molecule 83-8.
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2.8. Fluorinated nucleosides

Among “classic” nucleoside analogs, various substitutions have been introduced on
the sugar moiety in the attempt of obtaining more potent or metabolically stable
derivatives. In some cases, an electron-withdrawing substituent such as fluorine has
conferred favorable pharmacological properties. This approach has been rewarded by
the syntheses of interesting molecules, such as the effective and non-toxic anti-HBV
agent L-FMAU, 1818

As before, we will only consider those syntheses where the carbohydrate starting
material has been considerably elaborated. One such example is the synthesis of
2’-deoxy-2’,2”-difluoro-B-L-ribofuranosyl nucleosides from L-2,3-O-isopropylidene
glyceraldehyde 9-12, synthesized in two steps from L-gulonic acid-y-lactone
(Scheme 10)."¥718 The Reformatzkii reaction on compound 9-12 allowed the conversion
to the 1:4 diastereomeric mixture of alcohols 84-1 and 84-2, (Scheme 84), which could
be separated by silica gel chromatography. Deprotection of the latter was followed by
spontaneous lactonization to give 84-3 in 93% yield. Full protection of 84-3, followed by
reduction to epimeric lactols 84-5 and mesylation, afforded the key intermediates 84-6.
Despite the deactivating effect of the strongly electron-withdrawing difluoro substituent
at C-2, 84-6 could be condensed with persilylated thymine or N*-acetylcytosine to give
the corresponding protected nucleosides and their o-epimers. These were separated, and
each component was deprotected to the final product. Adenine derivative 84-12 and its
o-epimer were obtained by Mitsunobu reaction of lactols 84-5 with 6-chloropurine, fol-
lowed by separation of epimers, deprotection and ammonolysis. The B-adenine analog
84-12 showed moderately potent anti-HIV activity.

A similar method was used for the synthesis of the 3’-deoxy analogs.'® In this case,
deoxygenation of the mixture 84-1/84-2 was accomplished via reduction of dithio-
carbonic S-methyl ester 85-1 with tributyltin hydride and 2,2’-bisisobutyronitrile
(Scheme 85). Compound 85-2, deoxy analog of 84-1/84-2, was converted to the corre-
sponding nucleosides by a sequence of reactions similar to the ones used in the synthesis
of the oxygenated analogs.

Chu and co-workers reported the synthesis of 2°,3’-dideoxy-2’-fluoro-B-L-threo-pen-
tofuranosyl starting from L-xylose.” The starting sugar was converted to ketone 79-3
in four steps (Scheme 79). Ketone 79-3 was conveniently deoxygenated via the tosyl
hydrazone 86-1, which was subject to Wolff-Kishner conditions to obtain the intermedi-
ate 86-3 (Scheme 86). This was deprotected to 5’-O-benzoyl-3’-deoxy-L-ribose 86-4,
DAST-fluorination of which gave the difluoro derivative 86-5. Treatment of 86-5 with
hydrobromic acid gave the brominated intermediate 86-6. Bromosugar 86-6 was cou-
pled to persilylated cytosine or with the sodium salt of 6-chloropurine to give protected
nucleosides 86-7 and 86-9. These were elaborated in the usual way to afford the final
products 86-8 and 86-9.
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Scheme 86

Intermediate 79-4, the product of stereoselective reduction of 79-3, was used as
the starting material in the synthesis of 2’-deoxy-2’-fluoro-B-L-arabinofuranosyl
pyrimidine'”” and purine™' nucleosides. A series of protection/deprotection steps afforded
the conversion of 79-4 to 87-2, whose treatment with HCI gas in methanol caused deacet-
ylation with concomitant rearrangement of the benzoyl group to the anomeric position
(Scheme 87). The resulting free hydroxyl group in 87-3 was activated as imidazolyl
sulfonate, which was substituted by fluorine by treatment with potassium hydrofluoride
and 48% hydrofluoric acid solution in 2,3-butanediol. Bromination of 87-5 and coupling
of the intermediate 87-6 with silylated pyrimidines in 1,2-dichloroethane under reflux
conditions gave mainly the protected [3-isomers. The same reaction, conducted in aceto-
nitrile, proceeded faster and in higher yield, but gave a 3:1 mixture of B and o isomers,
the separation of which proved to be difficult. Debenzoylation of these compounds af-
forded pyrimidine derivatives. Purine nucleosides were synthesized by coupling 87-6 with
the sodium salts of the corresponding bases, followed by derivatization/deprotection.
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Scheme 87

Chu and co-workers have reported the synthesis of unsaturated 2’-fluoro-L-nucleo-
sides from protected L-glyceraldehyde 9-12.1071921% T this case, fluorine is introduced
as part of a reagent and not by a substitution reaction, thus avoiding complicated and
low-yielding steps due the use of very reactive fluorinating agents. Thus, lactone 13-2,
obtained from protected L-glyceraldehyde 9-12 (Scheme 88), was reduced to epimeric
lactols 88-1. Acetylation of 88-1 afforded acetates 88-8, which were condensed with
silylated bases under Vorbriiggen conditions to give protected nucleoside analogs 88-3.
These were deprotected or chemically elaborated to give a complete series of deriva-
tives 88-4. Among these compounds, the adenine, cytosine and 5-F-cytosine deriva-
tives show interesting anti-HIV-1 activity'"%2!%® and the cytidine and 5-fluorocytidine
analogs are potent anti-HBV agents."™ In the same way, the synthesis of D-analogs from
protected D-glyceraldehyde 9-2 has been recently reported.!®>'%
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O e A LI . I
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Reagents: CH,Cly; a) DIBAL-H, CH,Cly; b) Ac,0/Py, CH,Cl,; ©) silylated base/TMSOTY, DCE
or CH3CN; d) base modification and/or deprotection.

Scheme 88
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Chu and co-workers have recently described the synthesis of unsaturated L- and
D-3’-fluoro nucleosides as well as 2°,3’-dideoxy-3’,3’-difluoro nucleosides from
L-xylose and protected D-glyceraldehyde, respectively. In the synthesis of L-ana-
logs (Scheme 89),'"7'% I xylose was converted to protected L-ribose 79-4 in 5 steps
(Scheme 79). Methanolysis of this intermediate gave only the B-methyl glycoside,
which was benzylated to alcohol 89-1. Deoxygenation and debenzylation of the latter
provided another alcohol, 89-3, which was oxidized to the corresponding ketone 89-4.
Treatment with DAST afforded the difluorinated methyl glycoside that was converted
to acetate key intermediate 89-6. Condensation with persilylated N*-benzoylcytosine
followed by deprotection produced the 3’,3’-diflucrocytidine analog 89-9, together with
its o-isomer 89-10. The unsaturated derivatives 89-11 and 89-12 were obtained by treat-
ment of each isomer with sodium methoxide in DMF. Compound 89-11 showed potent
anti-HIV activity.’

For the synthesis of D-analogs,'”” protected D-glyceraldehyde 9-2 was reacted with
(1,3-dioxolan-2-ylmethyl)magnesium bromide to give epimeric alcohols 90-1, which
were oxidized to the ketone 90-2 (Scheme 90). Treatment with DAST gave difluo-
ride 90-3, which was deprotected and monobenzoylated to 90-5. Acidic hydrolysis of
the ketal functionality was followed by spontaneous cyclization to lactol, which was
acetylated in situ to key intermediate 90-6, enantiomer of 89-6. The key intermediate
was then converted to the D-3’-difluorinated and 3’-fluoro unsaturated nucleosides in
the same way described for the L-analogs.
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Reagents: a) NaH, THF, 0 °C to rt, 1h, then BnBr, TBAI; b) 1:2 (4.0 M HCl/dioxane)/MeOH; c) PhOC(S)Cl,
DMAP, Tol, then Bu;SnH, AIBN; d) H, (55 psi), 10% Pd/C, EtOH; e) CrO;, Ac,0, Py, CH,Cly;
f) DAST, CH,Cly; @) conc. HySOy4, Ac,O, AcOH; h) silylated N“-Bsz. TMSOTf, CH,CN; i) sat.
NH3/MeOH; j) MeONa, DMF.

Scheme 89
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Scheme 90

2.9. Acyclonucleosides

Acyclonucleosides can be considered as derived from classical nucleosides by “remov-
ing” one or more bonds from the cyclic moiety. This interesting class of compounds has
been subject of a number of reviews,200.201:202.203

Because of their structural flexibility, many acyclonucleosides possess biological
properties despite their lack of chirality. Of course, a number of optically active deriva-
tives are also known, and in most cases their syntheses are accomplished starting from
sugars by cleavage of one or more bonds. As in the case of C-nucleosides, we will only
consider those examples where sugar precursors are modified in a stereocontrolled way.

An early example of this kind is the synthesis of eritadenine 91-5 (Scheme 91),
a natural acidic nucleoside endowed with hypocholesterolemic properties, obtained by
condensation of the sodium salt of adenine with 2(R),3(R)-cyclohexylidenedioxybutyro-
lactone 91-3 followed by acidic hydrolysis.?** Compound 91-3 was obtained by protection
of D-erythronolactone 91-2, prepared in three steps from D-glucose. ™’
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d) [adenine/NaH], DMF; e} 10% HCI

Scheme 91

The adenosine deaminase inhibitor erythro-(2S,3R)-3-(adenin-9-yl)-2-nonanol
(EHNA) 92-12, its enantiomer 92-17 and their threo isomers were synthesized by Baker
and Hawkins®® starting from protected L- and D-rhamnitol 92-2 and 92-16 (Scheme 92),
readily prepared from L-rhamnose?®” and D-mannose®® in two and three steps, respec-
tively. Thus, L-isomer 92-2 was benzylated and deprotected to give the benzyl tetrol
92-4, the oxidative decomposition of which afforded aldehyde 92-5. A Grignard reaction
was used to attach a n-hexyl moiety, giving threo and erythro derivatives 92-6 and 92-7,
in a 1:3 ratio and without any detectable racemization. Each diastereomer, separated
chromatographycally, was mesylated and condensed with the sodium salt of adenine to
give, after debenzylation, compounds 92-12 and 92-13. The same sequence of reactions
was applied to the synthesis of 92-17 and 92-18 from 92-16.

MacCoss et al.*® synthesized all four possible diastereomers of 9-(1,3,4-trihydroxy-
2-butoxymethyl)guanine (Scheme 93). Protected L-xylose 93-1 was converted to the
open-chain dithioacetal 93-2, which was benzoylated at the 4-position and, subsequently,
deprotected to unmask the aldehyde group. Aldehyde 93-4 was then decarbonylated by
Wilkinson’s catalyst and debenzoylated to alcohol 93-6, which was chloromethylated to
give the key intermediate 93-7. Condensation with persilylated 2-amino-6-chloropurine,
followed by hydrolysis of the chloride functionality and debenzylation, afforded the gua-
nine acyclonucleoside 93-10. The other three isomers were synthesized in the same way
starting from D-xylose, L-arabinose and D-arabinose, respectively.
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Scheme 92
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Scheme 93

In an interesting stereocontrolled homologation of chiral a-hydroxyaldehydes using
silylazoles, Dondoni and co-workers?!? described the addition of 2-trimethylsilylthiazole
to 2,3-isopropylidene D-glyceraldehyde 9-2 to afford, after deprotection, the protected
diastereomeric thiazole acyclonucleoside 94-2 and 94-3, in 93% yield with a diastereo-
meric ratio >95:5 (Scheme 94). Partial deprotection of 94-2 gave 94-4.

Aldehyde 9-2 was used by Ashton er al.*"! in the synthesis of (5)-9-[(2,3-dihydroxy-
1-propoxy)methyl]guanine 95-10 (Scheme 95). Periodate oxidation of diisopropylidene
mannitol afforded a mixture of 9-2 and its methyl hemiacetal 95-1. The crude mix-
ture was reduced to 1,2-O-isopropylidene-L-glycerol 95-2 by sodium borohydride in
Wickberg conditions. A series of protection-deprotection steps afforded chloride 95-8,
which was condensed with persilylated guanine to give, after debenzylation, 95-10. The
R enantiomer 95-17 was obtained in the same way via 1,2-di-O-benzyl-L-glycerol 95-13,
prepared by oxidative cleavage of 1,2,5,6-tetra-O-benzyl-D-mannitol 95-11. Intermediate
95-13 was purified as the trityl derivative 95-14.
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Chu and co-workers®? combined acyclonucleoside and C-nucleoside chemistry in
the synthesis of C-acyclonucleosides (Scheme 96). Isopropylidene D-glyceraldehyde 9-2
was reacted with (cyanomethylene)triphenylphosphorane in Wittig conditions to yield
the E/Z mixture of o,f-unsaturated nitriles 96-1, which were regioselectively reduced
to 96-2 with sodium borohydride. Nitrile 96-2 was converted to the a-formyl derivative
96-3, which was condensed with thiosemicarbazide to afford thiosemicarbazone 96-4.
The two latter compounds were reacted without purification. Compound 96-4 was
cyclized to pyrazole 96-5 under basic conditions. Hydrolysis of the latter afforded
the versatile intermediate 96-6 which was reacted with N-cyanoformimidate to give, after
deprotection, the adenosine analog 96-8. Reaction of 96-6 with N-(ethoxycarbonyl)-S-
methylisothiourea, followed by basic hydrolysis and deprotection gave the guanosine
analog 96-10. The 6-mercaptopurine analog 96-11 was synthesized from 96-5 by reac-
tion with triethyl orthoformate, followed by deprotection. Finally, in order to synthesize
the inosine analog 96-15, 96-6 was reacted with ethoxycarbonyl isothiocyanate to give
a mixture of 96-12 and 96-13; the latter was converted into the former by refluxing in
ethanol. 96-12 was readily cyclized in basic conditions to give 96-14, which was depro-
tected, desulfurized, and methylated to give the methlythio analog 96-16.

A similar approach had been used by Buchanan et al.?" in the synthesis of pyrrolo-
and thieno-[3,2-d]pyrimidine C-nucleosides (Scheme 97). o,3-Unsaturated nitrile 96-1
was obtained from protected mannitol 10-1 in a “one-pot” process by treatment with
aqueous sodium periodate and reaction of the resulting aldehyde 9-2 with diethyl cya-
nomethylphosphonate and potassium carbonate in Horner-Wadsworth-Emmons fashion.
The advantage of this procedure was a better yield and optical stability throughout the
whole process. Saturation of 96-1 was accomplished by catalytic hydrogenation; the de-
rived nitrile 96-2 was formylated in its a position to 96-3, which was directly converted
to the enaminodinitrile 97-1 by treatment with aminoacetonitrile. Compound 97-1 was
protected at its secondary amino functionality and cyclized “one pot” to the enami-
nonitrilpyrrole 97-3, which was deprotected and reacted with formamidine acetate to
give, after deisopropylidation, the adenosine analog 97-6. A thiophene system could be
obtained from 96-2, via intermediate 97-7, by in situ mesylation, followed by treatment
with acetylthioacetonitrile and sodium carbonate. The resulting 97-8 was converted to
the thienopyrimidine derivative 97-9 by the same procedure used in the synthesis of 97-6.

Lin er al® reported the synthesis of (R)- and (S)-1-{[2-hydroxy-1-(amino-
methyl)ethoxy]-methyl}-5-benzyluracil (AHPBU) 98-7 and 98-16 (Scheme 98), start-
ing from 1-O-benzyl-D-glycerol 95-4, preparated from D-mannitol according to Howe
and Malkin.?"® In the synthesis of (R)-(AHPBU), alcohol 95-4 was converted to the
azido derivative 98-2 via tosylate 98-1. Compound 98-2 was then chloromethylated
and coupled with persilylated 5-benzyluracil. Reduction of the azido group followed by
debenzylation gave the desired product. Interestingly, the free amine 98-5 produced by
the first hydrogenation was not reactive enough to give the debenzylated derivative under
the reaction conditions. Its hydrochloric salt 98-6, however, could be debenzylated using
the same catalyst and higher hydrogen pressure. In order to synthesize (S)-(AHPBU),
azidoalcohol 98-11, enantiomer of 98-2, was needed. This was elegantly synthesized by
full tosylation of diol 95-4, displacement of the primary tosyl group by sodium benzoate,
hydrolysis of the benzoate with concomitant cyclization to epoxide 98-10, and nucleo-
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philic opening of the epoxide by lithium azide. Compound 98-11 was converted to 98-16
by the same route used in the synthesis of the (R)- isomer.
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Scheme 96
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Acyclic fluorinated nucleosides were synthesized by Herdewijn et al*® starting
from 2-deoxy-2-fluoro-D-arabinose 99-1 (Scheme 99). This was dibenzoylated, then
condensed with silylated bases to give, after debenzoylation, nucleosides 99-4 and 99-6.
Each epimer was converted to the acyclic derivatives 99-7 and 99-8 by oxidative ring
opening with sodium periodate and reduction of the intermediate dialdehyde by sodium
borohydride.
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Reagents: a) BzCl, Py; b) silylated base/TMSOTf, DCE; ¢) NH3, MeOH; d) NalQy, HyO/dioxane, then NaBH,,
EtOH.

Scheme 99

2.10. Miscellaneous nucleosides

Oxetanocin (100-13, Scheme 100) is a microbial nucleoside endowed with antibacte-
rial, antitumor and antiviral activity.*’”*® Due to its unique structure, characterized by
the presence of an oxetane ring, it has been the object of numerous synthetic studies.?'
Wilson et al.?® proposed an interesting stereoselective one-carbon extension at the
C-3 position of diacetone-D-glucose 100-1 (Scheme 100). Thus, 100-1 was converted to
the trimethylsilyl alcohol 100-2 in two steps. Peterson fragmentation of 100-2 and sub-
sequent hydroboration gave the C-3 branched derivative 100-3. Selective deprotection of
the exocyclic isopropylidene group, followed by oxidative cleavage of the resulting diol,
borohydride reduction and benzylation gave the fully protected ribose homologue 100-4.
Deprotection and oxidation of the latter afforded lactone 100-5, which was triflated to
compound 100-6. Methanolysis of this triflate lactone was followed by spontaneous in-
tramolecular cyclization to the oxetane ester 100-7. Hydrolysis of the latter, followed by
treatment with oxalyl chloride and reaction with the sodium salt of 2-mercaptopyridine
N-oxide, afforded the thiohydroxamic ester 100-9 that was subject to a radical decarbox-
ylative chlorination to the unstable epimeric chlorides 100-11, which were trapped in situ
as the corresponding thiophenyl glycosides 100-10. Regeneration of 100-11 was accom-
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plished by treatment with chlorine, and their in situ condensation with N-benzoyladenine
followed by deprotection afforded oxetanocin 100-13 and its o-epimer epioxetanocin.
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Scheme 100

3’-O-methyloxetanocin has been prepared by Saksena er al.?' (Scheme 101). Lactone
101-1 was synthesized following the same route described in the synthesis of 100-6.
Ring contraction was accomplished by a different method via a mesylate instead of a tri-
flate with improved yield. The acids 101-2 were converted to the thiopyridyl glycosides
101-5 in a three steps-one-pot reaction including activation of the acids as isobutyryl
mixed anhydrides, condensation with 2-mercaptopyridine N-oxide, and photolytic de-
carboxylative rearrangements of the resulting thiohydroxamic esters 101-4. Thiopyridyl
glycosides 101-5 were coupled with N®-benzoyladenine in the presence of bromine and
under strictly anhydrous conditions. It is notable that the use of bromine in the combi-
nation with the thiopyridyl! activating group worked as an effective coupling condition,
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whereas the use of a Lewis acid would destroy the ring system. Debenzoylation of
coupling product 101-6 provided the benzyl derivative 101-7, which could be separated
from its o-isomer. Debenzylation of each epimer afforded the final product 101-8 and
its o-isomer.
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THF; d) hv; e) I\F—benzoyladeninelBr2/4A mol. sieves, DMF; f) NaOMe, MeOH; g) H,/Pd biack, EtOH.

Scheme 101

A similar approach has recently allowed the synthesis of I-oxetanocin.??>?
The Wittig olefination of ketone 102-1, enantiomer of 31-4, derived from L-xylose in
five steps, gave intermediate 102-2 (Scheme 102). Hydroboration, benzylation of the
resulting alcohol and hydrolysis of the acetonide protecting group afforded lactol 102-5,
which was oxidized to lactone 102-6 by bromine in barium carbonate buffer. Lactone
102-6 was mesylated to 102-7, which was subject to saponification with concomitant
ring contraction to give the oxetanecarboxylic acids 102-8 as an epimeric mixture.
This was converted to thiopyridil oxetanes 102-9, which were coupled with protected
adenine to give, after two deprotection steps, L-oxetanocin 102-12 and its o-epimer.
The final debenzylation could be accomplished by hydrogenation over palladium black,
but failed when other catalysts were used.

Lactones 78-4 and 78-3 have proved very versatile intermediates, having been
used in the synthesis of a wide variety of nucleoside analogs (Schemes 103 and 104).
For the syntheses of 2°,3’-dideoxy- and 2°,3’-didehydro-2’,3’-dideoxynucleosides,?**>
compound 103-1, obtained by protection of 78-4, was enolized and blocked as silyl enol
ether 103-2 which, without isolation, was treated with phenylselenium bromide to give
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epimeric selenides 103-3 and 103-4 (Scheme 103). The former could be converted to
the latter by base-catalyzed epimerization. Reduction of 103-4 followed by acetylation of
the resulting alcohol 103-5 afforded the key intermediate 103-6, which was coupled with
nucleobases to give B-nucleosides 103-7 with high stereoselectivity due to the orientating
effect of the phenylselenyl group. These nucleosides could be either hydrogenated to
saturated compounds 103-8 or oxidatively deselenated to unsaturated derivatives 103-10.

A

102-5 (R 102-6
aC 10241 C 102-3 R Ms 102-7
X= CH2 102-2 R- Bn 102-4
19
NHR
NG N
k\ | \> XN
N o OR | 0 0Bn OBn
i =
<€F S s<fr v Hozow<?r
OR' OBn OBn
. ~ R=Bz R'=Bn, 102-10 102-9 102-8
J€R=H,R'=Bn. 102-11
kCR=H R=H, 10242
+
a-isomers

Reagents: a) PhyP=CH,, THF; b) BH3.OMS, THF, then 30% H,0,, NaOH; ¢) NaH, THF, then TBAI,
BnBr; d) 10% HCI, 1,4-dioxane; e) Bry, BaCO3, 3:1 H,0/1,4-dioxane; f) MsCl, Py, CH,Cly;
g) TN NaOH, MeOH; h) i-BuOC(O)C!, N-methylmorpholine, THF, then 2-mercaptopyridine-
N-oxide, EtsN, then hv; i) Ns—benzoyladenine, Bry, 4 A mol. sieves, DMF; j) MeONa, MeOH;
k) H,, Pd black, EtOH.

Scheme 102

In a synthesis of AZT and related compounds,? lactone 104-1, product of the si-
lylation of 78-3, was reacted with azide ion in Michael reaction to give the azido lactone
104-2 (Scheme 104). Reduction and acetylation afforded the key intermediate 104-4,
which was used in the syntheses of the series of analogs 104-6.
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RO RO RO RO
SePh

784 R= ) SePh
a (1031 R=TBDPS 103-2 103-3 1034

—— RO
. ~103-8 R=TBDPS ~L ko B o
I{ 1039 R=H ol OR
<3

SePh

RO B 103-5 R'=H
:o: 103-7 (1638 R=Ac

Reagents: a) TBDPSCl/imidazole, DMF; b) LIHMDS, THF, then TMSCI; c) PhSeBr; d) DBU or EtoNH;
e) DIBAL-H, Tol; f) Ac,0/DMAP, Py; g) Silylated base, TMSOTf or SnCly, DCE; h) Bu,;SnHy/
Et3B, benzene; i) 30% H,0,/Py, CH,Cly; |) base modification and/or TBAF, THF.

Scheme 103

C 78-3: R
A R - TBDPS 1o4 2 104-3 R'=
or TBDMS dC 1043 Rohe

le
T e e

104 6 104 5

+ +

o o
anomer anomer

Reagents: a) TBDPSCI or TBDMSCi/imidazole, DMF; b) NaN3, AcOH/H,O/THF; ¢) DIBAL-H,
Hexanes/CH,Cly; d) Ac,0, Py; e) silylated base/SnCly, TMSOTY, or BF3Et,0,
MeCN, DCE, or 1,4-dioxane; f) base modification and/or TBAF, THF.

Scheme 104
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Treatment of intermediate 103-2 with N-bromosuccinimide gave bromide 105-1
and 105-2 in 1:4 epimeric ratio (Scheme 105).22” Basic hydrolysis of these bromides
produced furanoic acids 105-3, products of a silyl migration from the O-5 to the
0-4 position. Decarboxylative oxidation of acids 105-3 gave the acetate intermediates
105-4, which were used to synthesize the novel class of [4-(hydroxy)tetrahydrofuran-
2-yllnucleosides. Of these, the thymidine analog was found to be a good inhibitor of
uridine phosphorylase.

RO RO Br RO
ogoms = %o - TLO?% oo
Br OR

103-2 105-1
105-2 105-3

lc
B B
o o O onc
R=tert-butyldiphenylsilyl . p Q
OH OR OR

105-6 105-5 105-4
+ +
o ol

anomer anomer

Reagents: a) NBS, THF; b) 1 N NaOH, MeOH; ¢) Pb(OAc),/Py, THF; d) Silylated thymine/TMSOTf, DCE
or sylilated 6-Cl-purine/TMSOT{, CH,Cl,; e) TBAF, THF or TBAF, THF, then NH3;, MeOH.

Scheme 105

In the synthesis of 2’-C-o-methyl-2’,3’-dideoxynucleosides,”?® lactone 103-1 was
methylated to give epimers 106-1 and 106-2 in 1:10 ratio (Scheme 106). Reduction of
106-2, acetylation and coupling with nucleobases afforded the target compounds.

Protected D-xylose 24-1 was used in the synthesis of the reversed aminoacyl nucleo-
side 107-8 (Scheme 107).?° Protection of 24-1 as a carbonate, followed by oxidation
and treatment of the resulting ketone 107-2 with hydroxylamine afforded oxime 107-
3. Treatment with lithium aluminum hydride reduced the carbonate functionality and,
by complexing the oxime from the “up” side, promoted its stercoselective reduction
to amine 107-4. This was condensed with benzyloxycarbonyl-L-phenylalanine and to-
sylated to give intermediate 107-6, which could be condensed with the sodium salt of
adenine. Deprotection of the isopropylidene and benzyloxycarbony! groups afforded the
target molecule 107-8, “reversed” analog of the broad-spectrum antibiotic and antitumor
compound puromycin.
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PO cH, PO PO
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(1064 R=Ac

HO B RO B
O e O
P=tert-butyldiphenylsily

CHs GHa
106-6 106-5

+ +

o o
anocmer anomer

Reagents: a) LDA, THF, then CHj!; b) DIBAL-H, CH,Cl,; c) Ac,O/Py/DMAP, CH,Cl,; d) Silylated base,
TMSOTS, DCE; e) base modification and/or TBAF, THF.

Scheme 106

? ? ?
HO— o MeOCO— OH MeOCO MeOCO
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107-8 107-7 £ 1075 R=H 107-4
107.6 R=Ts
A = adenine

Reagents: a) MeOCOCI, Py; b) H3PO4, DCC, DMSO; ¢) NH,OHHCI, Py; d) LAH, THF; e) N-CBZ-Phe, EEDQ;
f) TsCl, Py; g) adenine, NaH; h) HCI, H;0; i) H,, 10% Pd/C.

Scheme 107
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The bicyclic carbohydrate isosorbide 108-1 (Scheme 108) has been used as starting
material for the synthesis of bicyclic nucleosides 108-4 and 108-11, structurally related
to the natural nucleosides griseolic acids, endowed with inhibitory activity against cyclic
nucleotide phosphodiesterase.”®>! In the synthesis of nor-derivatives 108-4, isosorbide
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108-1 was selectively benzoylated, then triflated to compound 108-2. Reductive azida-
tion of the latter afforded the key amine 108-3, upon which different bases were built by
conventional methods.?°
Isosorbide 108-1 was also converted to the protected secondary alcohol 108-7 in
several steps. This was dehydrated to unsaturated compound 108-8, which was condensed
with heterocyclic bases in the presence of NIS to give B-protected nucleosides 108-10.
The B-orienting effect of iodine is shown in transition state 108-9 (Scheme 108).
Deiodination and deprotection afforded the final nucleosides 108-11.7!

o B
HO BZ0 820 ’ NH, H 4
0T 0"~ 0z 0%
H = H H H
H &H M om
108-1 108-2 108-3 108-4
lf—h
BzO 820
0,0
07z
A
108-8

BzO

Reagents: a) Bz,0, PbO, CH,Cly; b) Tf,0, EtsN, CH,Cly; c) LiN;, DMF; d) Hy, Pd/C; e) ring build-up/
deprotection; f) Ac,0, PbO; g) TBDMSCI, imidazole, CH,Cl,; hy KOH, EtOH; i) PDC, CH,Cl,,
M.S., or PCC, CH,Cly; j) TiCly, CH,Bry, Zn, THF, or PhaPCHsl, £-BuOK, PhH; k) BHsy Me,S,
THF; ) H,0,, NaOH; m) BzCl, Py; n) TBAF, THF; o) Tf,0, DMAP, Et3N, CH,Cl,; p) DBU, PhH;
q) silylated bases, NIS, CH,Cl,; r) n-BuzSnH, AiIBN, PhH; s) MeONa, MeOH.

Scheme 108
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CHAPTER 3

OXATHIOLANE AND DIOXOLANE NUCLEOSIDES: SYNTHESIS AND
ANTIVIRAL ACTIVITY

GIUSEPPE GUMINA, JOHN S. COOPERWOOD and CHUNG K. CHU

3.1. Introduction

Before the emergence of AIDS (acquired immunodeficiency syndrome), antiviral
chemotherapy had met with limited success and only a few antiviral drugs had been
available. However, AIDS has created an urgent need for the development of new an-
tiviral agents due the global nature of the epidemic. The study of HIV replication has
offered several viral targets, including the HIV reverse transcriptase (RT) and protease.
Currently seven nucleoside/nucleotide RT inhibitors (NRTIs), three non-nucleoside
RT inhibitors (NNRTIs), and four protease inhibitors have been approved by the FDA.
Since the discovery of 3’-azido-3’-deoxythymidine (AZT, zidovudine or retrovir)' as
an effective anti-HIV agent, 2°,3’-dideoxynucleosides, acting as inhibitors of the viral
reverse transcriptase, have demonstrated the biological importance of nucleosides lacking
a 3’-hydroxy functionality. As mentioned, seven nucleosides [AZT, 2°,3’-dideoxyino-
sine (didanosine, ddI),> 2’,3’-dideoxycytidine (zalcitabine, ddC), 2’°,3’-didehydro-3’-
deoxythymidine (stavudine, D4T),>* 2’ 3’-dideoxy-3’-thiacytidine (3TC, lamivudine),’
1592U89 succinate (abacavir),’ and tenofovir disoproxil®] have been approved by
the FDA for the treatment of HIV infection, along with NNRTIs and protease in-
hibitors. Among NRTIs, 3TC has unique chemical and biological properties, having
a sulfur atom in place of the C-3’ and possessing the unnatural L-sugar configuration.
It is currently included in over 80% of the combinations used in AIDS therapy and is
the drug of choice for the treatment of hepatitis B virus (HBV) infection. Intensive
efforts have been directed towards the synthesis of 3TC analogs during the past ten years.
For this reason, this chapter will focus on the syntheses and biological activities of oxa-
thiolane and dioxolane nucleosides.

3.2. Oxathiolane nucleosides
3.2.1. Synthesis

The first synthesis of an oxathiolane nucleoside, as a racemic mixture, was reported
by Belleau er al® in 1989 (Scheme 1). The oxathiolane 1-3, key intermediate for
the synthesis of nucleosides, was obtained as a 1:1 mixture of anomers from the conden-
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sation of benzoyloxyacetaldehyde 1-1 with 2-mercaptodimethylacetal 1-2. The oxathio-
lane derivative was then coupled with silylated cytosine to give a 1:1 mixture of cis and
trans protected cytosine nucleosides 1-4. After separation by chromatography followed
by deprotection, (+)-BCH-189 was obtained as a racemic mixture 1-5.

NHAC NH;
Bz0” “CHO ‘ N c | SN
1 _c,
* a 807 b BzO N/KO HO N/l\o
~~OMe —~ F](o: Lo:
OMe H S S S
HS 1-3 14
OMe (£)-BCH-189
1-2 15

Reagents: a) p-TsOH, toluene; b) Silylated N*-acetylcytosine, DCE, TiCly; ¢) NHz/MeOH.

Scheme 1

Liotta and co-workers'’ reported the synthesis of 1,3-oxathiolane 1-5 using a highly ste-
reoselective base-coupling reaction which operated via the in situ chelation of a complex
between the oxathiolane intermediates 2-4 and an appropriate Lewis acid (Scheme 2).
The key intermediates 2-4 were synthesized from protected glycolic aldehyde 2-2,
which was obtained from alkene 2-1 by ozonolysis. Aldehyde 2-2 was reacted with 2-
mercaptoacetic acid in toluene under refluxing conditions to obtain the 1,3-oxathiolane
lactone 2-3, which was reduced by diisobutylaluminum hydride (DIBAL-H) in toluene at
-78 °C or by lithium tri-tert -butoxyaluminum hydride in THF at 0 °C followed by acety-
lation with acetic anhydride to obtain 2-4 as a 2:1 mixture of anomers. Condensation
of the anomeric mixture 2-4 with silylated cytosine in the presence of stannic chloride
(2 equiv, CH,CL,) at room temperature gave exclusively the 3-anomer 2-5, probably due
to in situ chelation. The level of selectivity was determined by HPLC to be >300:1 in
favor of the B-isomer.

In efforts to synthesize the optically pure isomer of BCH-189, Chu ez al.!' reported
the synthesis of enantiomerically pure (+)-(2’S,5’R)-1-[2-(hydroxymethyl)-1,3-o0xa-
thiolan-5-yl]-cytosine [(+)-BCH-189] from D-mannose via 1,6-thioanhydro-D-mannose
3-5 (Scheme 3). 2,3,4-Triacetyl-1,6-thioanhydro-D-mannose 3-4 was synthesized from
D-mannose by tosylation of the primary alcohol followed by acetyl protection of
the 1,2,3,4-hydroxyl groups, and bromination of the anomeric acetyl group to give
bromosugar 3-3. Cyclization with 3 equivalents of potassium O-ethylxanthate gave
1,6-thioanhydro-f-mannose derivative 3-4. Without further purification, 3-4 was treated
with ammonia in methanol to give triol 3-5. The cis-2,3-vicinal hydroxyl groups of 3-5
were selectively protected with an isopropylidene group; the following benzoylation
gave fully protected compound 3-6. The isopropylidene group of 3-6 was then selec-
tively removed using 2% aqueous sulfuric acid in dioxane at 70 °C to obtain diol 3-7,
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Scheme 2

which was subjected to oxidative cleavage using lead tetraacetate followed by reduc-
tion with sodium borohydride to give compound 3-8, where the benzoyl group had mi-
grated to diol’s primary hydroxyl group. The primary 5°-hydroxyl group of compound
3-8 was then selectively protected using fert-butyldiphenylsilyl chloride (TBDPSCI);
the following ammonolysis yielded 3-9. Compound 3-9 was subjected to oxidative cleav-
age by lead tetraacetate and oxidation of the resulting aldehyde to the carboxylic acid
using sodium chlorite to afford the acid derivative 3-10 as a mixture of endo and exo sulf-
oxide. Crude 3-10 was esterified using dimethyl sulfate to give methyl ester 3-11, which
was reduced to sulfide 3-12 in 80% yield using dichloroborane and dimethylsulfide in
THF. Compound 3-12 was, then, hydrolyzed by LiOH to give the corresponding car-
boxylic acid, which underwent oxidative decarboxylation by lead tetraacetate/pyridine
in ethyl acetate to afford the key intermediate 3-13. Crude glycosyl donor 3-13 was
condensed with silylated N*-acetylcytosine in 1,2-dichloroethane in the presence of
trimethylsilyl trifluoromethansufonate (TMSOTT) as a Lewis acid to give a f:0. mixture
(2:1) of 3-14 and 3-15. After separation of anomeric mixtures by silica gel column chro-
matography, compounds 3-14 and 3-15 were deacetylated by ammonolysis in methanol
and desilylated with tetrabutylammonium fluoride (TBAF) to give B-(+)-BCH-189 3-16
and o isomer 3-17, respectively.
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In a related work, Chu and co-workers reported a more efficient methodology for
the synthesis of (+)-BCH-189 from 1,6-thioanhydro-D-galactose 4-1 (Scheme 4).'
Oxidative cleavage of cis diol 4-1 was accomplished using NalO,. The resulting unstable
aldehyde was reduced with sodium borohydride to give a vicinal diol, which was protect-
ed by 2,2-dimethoxypropane to afford the 1,3-oxathiolane derivative 4-2. Benzoylation
of the primary hydroxyl group gave compound 4-3 in high yield. Selective deprotection
of the isopropylidene group followed by oxidative cleavage of the resulting diol with
NalO, and reduction with sodium borohydride gave compound 4-4. The hydroxyl group
of this compound was protected by TBDPSCI, and the benzoyl group was removed by
ammonolysis to give silylated compound 4-5. Treatment of 4-5 with pyridinium dichro-
mate (PDC) in DMF afforded the acid derivative 4-6, which was converted to the key
intermediate 3-13 by oxidative decarboxylation.
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then BzCl; f) 2% aq H,SOy4; g) Pb(OACc)s, then NaBH,; h) TBDPSCH, then NHa/MeOH; i} Pb(OAc),,
then NaClO,; j) (CH1),S04, K,CO3, acetone; k) BHCI,, THF, 0-5 °C; I) LiOH, then Pb(OAc),, Py;
m) Silylated l\f—acetylcytosine, TMSOTS; n) NHa/MeOH, then TBAF.

Scheme 3
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Scheme 4

Condensation of 3-13 with silylated N*-acetylcytosine in dichloroethane in the pres-
ence of TMSOT( gave 3-14 and 3-15 as an o/f mixture. After separation and deprotec-
tion, the desired nucleosides, 3-16 and 3-17, respectively, were obtained. Jeong et al.
synthesized various optically pure B-D- and o-D-1,3-oxathiolane-pyrimidine and -purine
nucleosides with natural nucleosides configuration (Scheme 5, 6) to study the structure-
activity relationships as anti-HIV-1 agents (Table 1). The key intermediate 3-13 synthe-
sized from D-mannitol was condensed with various pyrimidine (5-23~5-44) and purine
(6-3~6-22) bases.?
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Table 1. AntiL-HIVL-1 activity (EC,}) and inhibitory (IC, ) concentration of DL-oxathiolanylL-pyrimidine
and purine nucleosides in human peripheral blood mononuclear (PBM) and in Vero cells

Compd Anomer EC,, (LM) IC,, (1M) IC,, (UM)
anti-HIV-1 (PBM) cytotoxicity (PBM) cytotoxicity (Vero)
3-16 +)-B 0.21 > 100 > 100
3-17 - > 100 > 100 > 100
5-23 (+)-B 94.7 > 100 > 100
5-24 (“)-a > 100 > 100 > 100
5-25 +)-B T 11.6 > 100 > 100
5-26 (9)-a > 100 > 100 > 100
5-27 +)-B 6.3 > 100 > 100
5-28 (-)a 2.3 > 100 > 100
5-29 (+)-B 304 > 100 > 100
5-30 (=)o > 100 > 100 > 100
5-31 (+)-B > 100 > 100 > 100
5-32 “)-o > 100 > 100 > 100
5-33 +)-p 29.3 > 100 > 100
5-34 av 112.1 > 100 > 100
5-35 +)-B 0.172 > 100 > 100
5-36 ary > 100 > 100 > 100
5-37 (+)-p 0.38 > 100 > 100
5-38 () 77.5 > 100 > 100
5-39 +)-B 0.28 > 100 > 100
5-40 “)-a > 100 > 100 31.15
5-41 (+)-p 0.012 > 100 > 100
5-42 ) > 100 > 100 > 100
5-43 +)-B 1.9 > 100 > 100
5-44 ) a 0.28 > 100 > 100
6-3 ©)-B 0.48 > 100 46.5
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Table 1. Continued

Compd Anomer EC,, (M) IC,, (WM) IC,, (UM)
anti-HIV-1 (PBM) cytotoxicity (PBM) cytotoxicity (Vero)

6-4 (-)-at 2.7 > 100 86.1

6-5 B 0.28 > 100 > 100
6-7 - 1.1 > 100 > 100
6-9 (-)-B 0.05 > 100 > 100
6-6 (=)o 11.9 > 100 > 100
6-8 (-)-o 11.7 > 100 > 100
6-10 (-0 > 100 > 100 > 100
6-17 -p 2.8 > 100 5.6

6-18 (=)0 61.9 > 100 45.4
6-19 -)-p 0.52 > 100 > 100
6-20 (H)-a 5.6 > 100 > 100
6-21 B 0.83 > 100 > 100
6-22 (+)-0 7.62 > 100 63.6
AZT 0.004 > 100 > 100

By using a similar strategy for the synthesis of (+)-BCH-189 from 1,6-thioanhydro-
D-galactose 4-1, Chu and co-workers developed a synthetic methodology to access
(-)-(2’R,5°S)-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]-cytosine [(-)-BCH-189, 3TC]
(7-8) from 1,6-thioanhydro-L-gulose (7-1) (Scheme 7).!* Conversion of 7-1 to 7-2 and
protection of the primary hydroxyl group, followed by deprotection of the isopropylidene
were accomplished in five steps. In contrast to the synthesis of the (+)-2’S,5’R-isomer,
in which several steps were required to obtain the key intermediate, direct cleavage of
diol 7-3 by lead tetraacetate at room temperature, oxidation with a mild oxidizing agent
(PDC), and oxidative decarboxylation by lead tetraacetate gave 7-5 in only three steps.
Condensation of 7-5 with silylated N*-acetylcytosine in DCE using TMSOTT as a catalyst
gave a 2:1 mixture (B:a) of 7-6 and 7-7. Chromatographic separation and deprotection
afforded the 2°R,5’S-(-)-isomer 7-8 (3TC) and the 2’R,5’R-(+)-isomer 7-9. It was found
that the use of stannic chloride instead of TMSOTY as a Lewis acid during the condensa-
tion gave a racemic mixture, probably by the opening and closing of the oxathiolane ring
under the reaction conditions.
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In order to study the structure-activity relationships of various nucleobases deriva-
tives, acetate 7-5 was condensed with pyrimidines (Scheme 8) and purines (Scheme 9).
Upon evaluation of the anti-HIV aactivity of these nucleosides, 5-fluorocytosine deriva-

tive 8-15 was found to be the most potent (Table 2)."
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Table 2. AntiL-HIVL-1 activity (EC, ) and inhibitory (IC, ) concentration of LL-oxathiolanyll.-pyrimidine
and purine nucleosides in PBM and Vero cells

Compd Anomer EC,, (uM) IC,, (uM) IC,, (uM)
anti-HIV-1 (PBM) cytotoxicity (PBM) cytotoxicity (Vero)

7-8 B 0.0018 > 100 > 100
79 (+)-o 10.1 > 100 > 100
8-1 B 11.7 > 100 > 100
8-2 () 328 > 100 > 100
8-3 - 343 > 100 > 100
8-4 (+)-a 44 > 100 > 100
8-5 -)-p > 100 > 100 > 100
8-6 (+H)-a > 100 > 100 > 100
87 )-p > 100 > 100 > 100
8-8 (+)-0 > 100 > 100 > 100
89 (-)-B > 100 > 100 > 100
8-10 +)-o 121.0 > 100 > 100
8-11 - 92.9 > 100 > 100
8-12 (+)-a 157 > 100 > 100
8-13 -)-B 1.90 > 100 > 100
8-14 (V- 0.45 > 100 > 100
8-15 -)-B 0.0013 > 100 > 100
8-16 (-0 043 > 100 > 100
8-17 B 31.8 > 100 > 100
8-18 (+)-a > 100 > 100 311

8-19 “)-B 2.51 > 100 > 100
8-20 (+)-0. > 100 > 100 > 100
8-21 O-B 0.14 > 100 > 100
8-22 +)-o > 100 > 100 > 100
9-3 (+)-p 1.44 > 100 20.2
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Table 2. Continued

Compd Anomer EC,, (1M) IC,, (uM) IC,, (UM)
anti-HIV-1 (PBM) cytotoxicity (PBM) cytotoxicity {Vero)
9-4 (+)-0. 2.75 > 100 327
9-5 +)-p 1.01 > 100 > 100
9-7 +)-B 15.0 > 100 > 100
9-9 +)-B > 100 > 100 > 100
9-6 (+)-a 78.9 > 100 > 100
9-9 (+)-a 13.0 > 100 > 100
9-11 +)-o > 100 > 100 > 100
9-17 +)-B 16.3 > 100 > 100
9-18 (+)-a 15.8 > 100 <10
9-19 OB 9.8 > 100 48.5
9-20 (+)-a 42.1 > 100 > 100
9-21 +)-B 10.2 > 100 > 100
9-22 ©ra > 100 > 100 > 100
AZT 0.004 > 100 > 100

Humber er al.'® reported a method for the synthesis of 3TC in four steps. Starting from
commercially available (+)-thiolactic acid and 2-benzoylacetaldehyde in the presence of
boron trifluoride/etherate, a 1:2 mixture of diastereomeric oxathiolane acids (10-1 and
10-2) was obtained in high yield (Scheme 10). Subsequent separation of diastereomers
by silica gel column chromatography and treatment with lead tetraacetate furnished the
key intermediate 10-3. Condensation of 10-3 with silylated cytosine in the presence of
iodotrimethylsilane gave a 1.3:1 mixture (B:ar) of 10-4 and 10-5. Separation of the ano-
meric mixture and deprotection using Amberlite IRA400 (OH) afforded 3TC (7-8) and
its o-anomer 7-9.
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Scheme 10

Jin et al.'” synthesized 3TC 7-8 and its enantiomer 3-16 from dithiane-1,4-diol in
five steps (Scheme 11). Reaction of glyoxylic acid monohydrate and dithiane-1,4-diol
11-1 gave the hydroxy acid derivative 11-2. Acetylation of the hydroxy acid derivative
afforded a 1:2 mixture of the cis-acetoxy 11-3 and trans-acetoxy 11-4. The racemic trans-
isomer was isolated and esterified using (—)-L-menthol as a chiral auxiliary. The resulting
diastereomeric mixture was successfully recrystallized to obtain enantiomerically pure
menthyl ester 11-5, which was condensed with persilylated cytosine in dichloromethane

in the presence of TMSI affording the cis (11-6) and trans (11-7) nucleosides.
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Scheme 11

Another method to obtain the enantiomerically pure oxathiolane nucleosides was
described by Liotta and co-workers, who accomplished an enantioselective enzyme-
catalyzed hydrolysis of protected racemic nucleosides (Scheme 12).'® 5’-0-Acyl de-
rivatives of 3’-thiacytidine nucleosides (12-7a-e or 12-8a-e) were prepared either by
5’-0-acylation of the 5’-hydroxyl group or by tin-mediated coupling of the correspond-
ing acetate precursor 12-2~12-6 with silylated cytosine. Several enzymes were used
to evaluate the reactivity and enantioselectivity of the 5’-O-acetyl group hydrolysis.
Using porcine liver esterase (PLE), the butyrate ester of 2°,3’-dideoxy-5-fluoro-3’-thia-
cytidine (12-8d, FTC) was hydrolyzed much faster than the 5’-O-acetate 12-8a, but at
a comparable rate to that of 5’-O-valerate and 5’-O-propionate esters, showing a high
enantioselectivity. O-#-Butyl derivatives were poor substrates for PLE.
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d) silylated cytosine, SnCl,.
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Scheme 12
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Enantioselective enzymatic synthesis of 3TC was also reported by Milton ef al.,”
who used an enzymatic resolution of an acetoxysulfide by a Pseudomonas fluorescens
lipase (Scheme 13). The key intermediate 13-4 was prepared by two routes through the
Pummerer reaction from methyl 2-mercaptoacetate or through condensation from bro-
moacetaldehyde diethylacetate.??! a-Acetoxysulfide 13-4 was resolved using a lipase®
in r~-BuOMe resulting in high enantiomeric excess. Treatment of chiral acetoxysulfide
13-5 with HCl in dry ethanol induced acetate removal by transesterification to give
the hemithioacetal 13-6, which cyclized ir situ to the oxathiolane 13-7 with a minor
racemization. Completion of the synthesis of 3TC was accomplished by the conventional
nucleoside condensation procedure.
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Scheme 13

Cousins et al.®® carried out the enantiomeric enrichment of a (-)-trans-propionate
by enantioselective hydrolysis using Mucor miehei lipase. Racemic trans-propionate
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(2)-14-2 was prepared in good yield from hydroxyoxathiolane (+)-14-1 (Scheme 14).
The enantiomerically enriched oxathiolane propionate, prepared by enzymatic removal
of the opposite isomer, was coupled with silylated cytosine using TMSI as a Lewis acid
with a cis:trans ratio of 1.3:1. After deprotection of nucleosides 10-4 and 10-5 by a basic
resin in methanol, trans-diastereomer 7-9 could not be purified even by chiral HPLC, but
the cis-diastereomer 7-8 (3TC) was purified displaying an ee of 70%.
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HO_ S — = EtCO; < i ——»E N~
OBz OBz tCO;
#)-14-1 (£)-14-2 14-3
l c
NH, NH,

S S
-8 10-4
and and
a-isomer a-isomer
7-9 10-5

Reagents: a) EtCOCI, Py, CH,Cl,, 0 °C; b) Mucor miehei, buffer, 28 °C; c) silylated
cytosine, TMSI, DCE; d) Amberite IRA400 (OH), MeOH, reflux.

Scheme 14

The synthesis of optically pure 3TC by enzymatic resolution was also carried out
by Mahmoudian et al** Cytidine deaminase from Escherichia coli only deaminated
the D-form of 2’-deoxy-3’-thiacytidine, leaving the optically pure L-form (3TC).
Thisenzymatic procedure has beenused for the synthesis of multikilogramquantities of 3TC.

In view of the interesting antiviral activity of ribavirin,® Faury et al.®* synthesized
the tetrazole analogs of 1,3-oxathiolane nucleosides (Scheme 15). Condensation of benzo-
yloxyacetaldehyde 1-1 and mercaptoacetaldehyde di-[2-methoxyethyl]-acetal 15-1 using
p-toluenesulfonic acid as a catalyst gave 2-benzoyloxymethyl-5-[2-methoxyethyloxy]
-1,3-oxathiolane 15-2. Condensation of silylated tetrazoles with 15-2 in the presence of
TMSOTH, followed by silica gel column chromatography and deprotection in methanolic
ammonia gave the final nucleosides 15-7~15-10. Unfortunately, the introduction of a
tetrazole ring on the oxathiolane moiety abolished the anti-HIV-1 activity and signifi-
cantly increased the cytotoxicity.
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Scheme 15

Belleau er al.?’ developed another class of (racemic) 1,3-oxathiolane nucleosides,
where the position of the heteroatoms in the ring of BCH-189 is inverted (Scheme 16).
The 1,3-oxathiolane moiety 16-4, prepared from benzoyloxyacetaldehyde in five steps,
was coupled with various bases. These compounds were evaluated for anti-HIV activity
in the MT-4 cell lines. Among them, cis-5-fluorocytosine 16-7 (BCH-1089) and 16-11
(BCH-371) exhibited an EC, value of 2.5 and 2.1 ug/mL, respectively.

2,4-Disubstituted 1,3-dioxolanes and -1,3-oxathiolane nucleosides containing
(E)-5-(2-bromovinyl)-uracil were synthesized by Bednarski ef al,*® who used acetate
derivatives 17-1 and 17-4 (Scheme 17) as starting materials for the coupling reaction
with persilylated 5-bromovinyluracil.® The usual condensation of the sugar moiety and
silylated base followed by deprotection afforded the diastereomeric nucleosides 17-2/17-3
and 17-5/17-6. These compounds were assayed for antiviral activity against HSV-1,
HSV-2 and HCMV replication in vifro. Among them, the B-D-oxathiolane 17-2 showed
potent activity against HSV-2.
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The synthesis of optically active 2’-deoxy-3’-oxa-4’-thiocytidine (dOTC) and 2’-
deoxy-3’-oxa-4’-thio-5-fluorocytidine (dOTFC) derivatives were reported by Mansour
and co-workers.® The key chiral syntons were optically active oxathiolanes having an
acetoxy group at C-3 (18-5 and 18-19, Scheme 18).*'*? Reductive replacement of the
acetoxy group by hydrogen was achieved by treating 11-5 with TMSOT( in triethylsilane
at rt. The resulting compound 18-1 was further reduced with sodium borohydride to the
alcohol derivative 18-2. Silyl protection of 18-2 gave compound 18-3, which was then
subjected to oxidation with mCPBA to yield a diastereomeric mixture of sulfoxides 18-4.
Pummerer reaction of 18-4 in acetic anhydride in the presence of tert-n-butylammonium
acetate readily afforded the desired oxathiolane 18-5 as a mixture of cis and trans iso-
mers. Condensation of 18-5 with nucleobases afforded B-D and ¢-D-2’,3’-dideoxy-3’-
oxa-4’-thio-ribonucleosides. The same reaction sequence was utilized to transform the
chiral oxathiolane 18-18 to the key intermediate 18-19, which was condensed with vari-
ous bases to afford B-L and o-L series of nucleoside analogs 18-20~18-27.

Anti-HBV and anti-HIV activities of 18-8 [(-)-dOTC], 18-12, 18-22 and 18-26 were
assessed in 2.2.14 and MT4 cells, respectively. In these assays, all nucleosides exhibited
similar antiviral potency (Tables 3 and 4).3!

Table 3. AntiL-HBYV activities (IC, ) and cytotoxicity (CC,)) in 2.2.15 cells

Compound ICso (uM) CCso (UM)
(-) dOTC (18-8) >45 > 45
(-) dOTFC (18-12) >45 >45
(+) dOTC (18-22) 17.5 > 50
(+) dOTFC (18-26) >45 >45
3TC (Lamivudine) 0.02 >45

Table 4. AntiL-HIV activities (IC, ) and cytotoxicity (CC, ) in MTL-4 Cells

Compound IC,, (uM) CC,, (uM) Selective Index
(=) dOTC (18-8) 2.8 > 500 > 178
(=) dOTFC (18-12) 32 > 500 > 156
(+) dOTC (18-22) 0.9 > 500 > 555
(+) dOTFC (18-26) 30 > 500 > 166
AZT 0.005 110 22,000
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The synthesis of a N*-substituted analog of 2’,3’-dideoxy-3’-thiacytosine 19-4 was
described by Camplo et al. (Scheme 19).3* The prodrug was tested as activator of human
polymorphonuclear leukocytes (EC, value of 10° M was determined from the dose-
response curve for superoxide production) as well as an inhibitor of the syncytia forma-
tion caused by HIV-1 in MT-4 cells (IC_, = 8.0 + 0.8 uM). The prodrug was designed for
targeting specific receptors located on leukocytes membranes.
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PhCOCH,CHO + HSCH(OCH,CH,0CHj3), _— —lgo 7 ~OCH,CH,0CH;

- 124 12-2

E
NH,
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| — (k
o isomer d Lo /Ko BZO—I(O N/l\o
192 " s_j Sl
1-5 191

NH, NHR NHR'

S Cr, - X
TBDPSOLO N~ O TBDPSOA‘(0 N° "0 HO o N~ "0
> v 5
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Reagents: a) p-TsOH, toluene; b) silylated cytosine, DCE, TiCly; ¢) Ac,O, Py d) NHy/MeOH; e) TBDPSCI, Py;
f) Boc-Met-Leu-PheOH, DCC/HOBT/CH,C!,, Py; g) EEDQ, CHCI,; h) TBAF, THF.

Scheme 19

Phosphonate analogs of 3’-thia-2’,3’-dideoxycytidine were synthesized by Kraus* in
five steps via cyclocondensation of 2-mercaptoacetaldehyde di-(2-methoxyethyl)acetal
with 3-diethylphosphonoaldehyde, followed by a Lewis acid-coupling with the appropri-
ate nucleobase (Scheme 20). To obtain both o and P isomers for biological testing, TiCl,
was used as a Lewis acid in the cytosine condensation instead of SnCl,."
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Scheme 20

Separation of the mixture of o and B was carried out after N*-acetylation, accom-
plished by using acetic anhydride in DMF. Pure anomers 20-5 and 20-6 were isolated in
80% yield in a 1/1 ratio. Hydrolysis of phosphonic ethyl esters 20-5 and 20-6, followed
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by treatment with methanolic ammonia afforded the phosphonate nucleosides 20-7 and
20-8, respectively. Anti-HIV evaluation of these analogs showed that the a-form 20-8
was inactive while the B-form 20-7 was found to be less potent than the parent compound
(BCH-189), probably because the phosphorylated modified analog 20-7 was not a good
substrate for nucleotide kinases.

Storer et al* reported that enzymatic resolution of the monophosphate derivative
of (£)-cis-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cytosine using the 5’-nucleotid-
ase from Crotalus atrox venom allowed facile access to the individual enantiomers.
This method was applied to the resolution of other carbocyclic nucleoside analogs
(Scheme 21).

Treatment of racemic 1-5 with phosphorous oxychloride in trimethyl phosphate at
0 °C followed by appropriate work-up and sequential chromatography on charcoal and
DEAE Sephadex (HCO, -form) gave the racemic monophosphate of 21-1 as the ammo-
nium salt. A solution of the racemic monophosphate of 21-1 at 37 °C in aqueous buffer
prepared from glycine and magnesium chloride was treated with the 5’-nucleotidase
[EC 3.1.3.5] and the resulting two-component mixture was separated by chromatogra-
phy to give enantiomerically pure (+)-BCH-189 and (-)-BCH-189 monophosphate 21-2.
The latter was dephosphorylated to BCH-189 by means of an alkaline phosphatase.

NH, NH, NH,
SN SN SN
(L 0 ! |
HO-—](O N/KO e *HNO— i'%o—l(o N/ko esolution HO‘\(O N/J\O
o WNO GO R (0
15 214 316
() ()
and
NHZ NH,
)\ o O)\N 0-P-0
: J . :OJ S
S
212

Reagents: a) POCl;, (CH3)3POy; b) 5-nucleotidase [EC 3.1.3.5]; c) alkaline phosphatase.

Scheme 21
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Nokami et al¥ reported the preparation of 1,3-oxathiolane via electrochemical che-
moselective o-acetoxylation of B’-hydroxy sulfides (Scheme 22). The 1,3-oxathiolane 22-
6 was converted to 4-acetoxy-1,3-oxathiolanes 22-7 by Pummerer reaction via sulfoxide.
Ethyl (2,3-dihydroxypropylthio)acetate 22-1 was prepared by treatment of thioglycerol
with ethyl bromoacetate in refluxing acetone in the presence of sodium carbonate.
Further chemical manipulation afforded sulfide 22-4, which underwent electrolysis to
give a-acetoxy-f’-hydroxy sulfide 22-5. These sulfides were converted to 1,3-oxathi-
olanes 22-6 by treatment with boron trifluoride.

Ho Y s cogt _a mSACOZEQ bod | Ho Y oA

OH O OH
221 222 22.3
\e
ACOLS hi ACOLS )C\HZOAC £
i g

O%MOAC ’ o% ~=—Aco” s oA A0 Y 8 oA

OAc OAc OH OH
22.7 226 22.5 224

Reagents: a) DMP, p-TsOH, acetone; b) LAH, Et,0: ¢) Ac,0, TEA, CHyCly; d) 3:1:1 AcOH/M,O/THF: €) Ac,0,
TEA, 0 °C; f) NaOAc, AcOH, electricity; g) BF3/OEty; h) MMPP, CHyClp/H,0; i) AcyO, n-(Bu)sNOAC.

Scheme 22

Chao and Nair reported the synthesis and antiviral evaluation of 4’-hydroxymethyl
oxathiolane nucleosides.* The synthetic approach started with the 1,3-dihydroxyacetone
dimer 23-1 (Scheme 23), which was acetylated to 1,3-diacetoxyacetone 23-2. This was
cyclized to oxathiolane 23-3 by treatment with 2-mercaptoacetaldehyde diethyl acetal
in acid catalysis. Compound 23-3 was condensed directly with persilylated thymine or
acetylated cytosine to give, after deprotection, nucleosides 23-5. These were also con-
verted to the spyrocyclic monophosphates 23-6. None of the synthesized compounds
23-5 and 23-6 showed anti-HIV activity.
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Scheme 23

3.2.2. Antiviral activity

(2)-BCH-189 was found to be effective against HIV-1 in MT-4 cells with an EC, range
of 0.37 to 1.31 uM, whereas AZT had an EC range of 0.0048 to 0.0217 M. Although
it only exhibited moderate activity against HIV-1, the cytotoxicity in MT-4 cells of (+)-
BCH-189 was considerably less than that of AZT with an EC_ of 405 uM, while the
EC, of AZT was 37.6 uM. (+)-BCH-189 is also a potent in vitro anti-HI'V agent in both
T-lymphoid and monocytoid cell lines as well as in human peripheral lymphocytes (EC,
0.06 uM in PBM cells). The anti-HIV and anti-HBV activities and cytotoxicities of the
four isomers of (x)-BCH-189 (3-16, 3-17, 7-8, and 7-9) have been determined and are
summarized in Table 5.53%4

The L-enantiomer 3TC and its D-enantiomer (+)-BCH-189 have comparable antiviral
activities against HIV-2. 3TC shows no or little cytotoxicity, while (+)-BCH-189 has cy-
totoxicity (IC, 2.7 uM) in human PBM cells, indicating that the D-isomer is more toxic.
3TC also shows less cytoxicity than (+)-BCH-189 in bone marrow progenitor cells,
granulocyte macrophage colony-forming units (CFU-GM) and erythroid burst-forming
units (BFU-E).*! 3TC has no effect on mitochondrial DNA synthesis while (+)-BCH-
189 exhibits a dose-dependent effect on mitochondrial DNA synthesis and lactic acid
production.**#

The half-life of 3TC-5’-triphosphate in mock-infected cells is 12 to 15.5 h and in HIV-
1-infected cells 10.5 to 13 h. On the other hand, the 5 -triphosphate of (+)-f-D-1,3-oxa-
thiolanylcytosine [(+)-BCH-189] shows shorter half-lives in mock-infected cells (3.5 h)
and HIV-1-infected cells (5-7 h). 3TC is resistant to deamination or phosphorolysis,
whereas (+)-BCH-189 is deaminated to 2’-deoxy-3’-thiauridine (Scheme 24).4
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Table 5. AntiL-HIV and AntiL-HBV activity and cytotoxicity of the racemic and enantiomers of 3TC

Anti-HIV activity Anti-HBV activity Cytotoxicity
EC,, (WM) EC,, (AM) IC,, (WM)
Compound PBM CEM CEM- 2.2.15 cells PBM CEM Vero
cells cells TK- cells cells cells cells
(+)-B-D (3-16) 0.2 0.1 0.08 0.5 > 100 2.7 > 100
(-) 0-D (3-17) > 100 71.3 >5 > 100 > 100 > 100
(-)-B-L (7-8) (3TC)| 0.0018 0.07 0.02 0.01 > 100 > 50 > 100
(+)-a-L (7-9) 10.1 79.8 >5 > 100 > 100 > 100
(x) (1-5) 0.02-0.06 0.07 0.09 0.05 > 100 20-40 > 100
L-SddU (inactive)
44 dCyd deaminase
oK deoxlilcyﬁdylaie diphosphate Inhibits HIV or HBV
inase kil )
aTc 3TCMP 3TCDP — % o 31CTP —— ::,Ti:.?:?rApoprglt‘érg?r:?fe '
viral DNA
deoxycytidylate diphosphate —
dCK kinase kinase N Inhibits DNA
(+)-BCH- (+)-BCH- (+)-BCH
(+)-BCH-189 189MP 189DP 189TP g“a'ﬁ'gi’ase
dCyd deaminase
D-SddU (inactive)
Scheme 24

3TC is an effective inhibitor of HIV-1 and HIV-2 replication in vitro acting at an early
stage in the virus life cycle. In common with other nucleoside analogs, the 5’-triphos-
phate derivative of 3TC inhibits HIV-1 RT in vitro and also acts as a chain terminator.*
The triphosphate of 3TC has a quite high IC, value of 43.8 + 16.4 mM against human
DNA polymerase 7 at concentrations of dCTP equal to its K, value. In comparison with
the triphosphates of (+)-BCH-189 and D-BCH-189, which have IC_ of 0.067 = 0.030
and 0.049 + 0.005 mM respectively, 3TC weakly inhibits DNA polymerase 7Y.*
This may explain why 3TC is significantly less toxic than either the racemic or the

D-enantiomer.
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2°,3’-Dideoxy-2’,3’-didehydro-f-L-(—)-5-fluoro-cytidine {L-(—)-d4FC] has been
evaluated and compared with 3TC, with particular regard to its behavior toward deoxy-
cytidine kinase and the interaction of L-(-)-d4FC 5’-triphosphate with virion-associated
HBV DNA polymerase.*’ L-(—)-d4FC was found to be at least 10 times more potent
than 3TC. However, its cytotoxicity against HepG2 growth in culture is also greater than
for 3TC. Like 3TC, L-(-)-d4FC can be phosphorylated to mono, di and triphosphates.
The level of formation of phosphorylated metabolites in cells is higher for L-(-)-d4FC
than that of 3TC. It was found that for both B-L-(~) nucleoside analogs, the step of
conversion of the diphosphate metabolite to the triphosphate metabolite is not efficient.

Lisignoli et al.*®® compared the in vitro effect of (x)-BCH-189 and AZT on the im-
mune function of lymphocytes from 10 normal and 12 HIV-1-positive (HIV-1*) patients.
The effect of various doses of (+)-BCH-189 and AZT were determined in vitro by:
a) evaluation of T-cell proliferation after stimulation with concanavalin A or anti-
CD3 MoASR; b) B-cell proliferation and immunoglobulin production after stimulation
with pokeweed mitogen; c) cytokine production (IL-2, IL-6, GM-CSF, tumor necrosis
factor-alpha (TNF-o), interferon-y) from lymphocytes stimulated with anti-CD3 MoAB
or phytohaemagglutinin. (+)-BCH-189 inhibited the proliferation of B and T-lympho-
cytes in HIV-1* subjects less than AZT, and HIV-1* subjects produced higher levels
of IL-6 and TNF-o demonstrating that neither (+)-BCH-189 nor AZT interfered with
cytokine release. Immunoglobulin production from B-lymphocytes was inhibited only
by a high concentration (50 yM) of (+)-BCH-189 or AZT. These results show that
(+)-BCH-189 affects lymphocyte proliferation in vitro less than AZT.

3TC is well absorbed after oral administration, with a mean bioavailability of 82% up
to a dose of 8 mg/kg. 3TC has poor penetration into the cerebrospinal fluid (CSF), with
CSF-to-serum ratios of 0.06 and 0.11 two hours after oral doses of 8 and 20 mg/kg per
day, respectively.* Adverse reactions observed with 3TC include neutropenia (7%), ane-
mia (3%), and thrombocytopenia (2%); CNS effects such as depression (9%), insomnia
(11%), dizziness (10%), neuropathy (12%), headache (35%), and malacia/fatigue (27%);
GI disturbances characterized by nausea (33%), vomiting (12%), and diarrhea (18%);
other side effects (< 5%) including cough, rash, and pruritus.’® Because of some side ef-
fects associated with 3TC, dosing adjustment is needed in the treatment of HIV patients
with renal dysfunction because renal clearance accounts for approximately 70% of the
excretion of unchanged drug during a 24 hour period.>! All of these effects were reported
in patients receiving combination therapy with AZT, and the incidence of these effects in
general was greater than in patients receiving AZT alone. In pediatric trials, pancreatitis
(15%) and peripheral neuropathy (13%) have been reported.*

The woodchuck (Marmota monax) has proven to be a suitable animal model for
studying HBV infection because there are similarities in the course of infection
between woodchuck hepatitis virus (WHV) in woodchucks and HBV in humans.
The percent of 3TC excreted unchanged in the urine in woodchucks (26%) was lower
than that reported for rats (75%), monkeys (32 to 59%), and humans (60 to 80%).
Interspecies scaling of the pharmacokinetics parameters of 3TC showed good correla-
tion between clearance, apparent volume of distribution, steady-state volume of distri-
bution, and species body weight. The allometric relationships for clearance and volume
of distribution at steady state predicted the observed pharmacokinetics parameters in
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humans quite well; however the apparent volume of distribution was underestimated
in humans.>

In pregnant women, 3TC concentrations in maternal serum, amniotic fluid, umbilical
cord and neonatal serum are comparable, indicating that the drug diffuses freely across
the placenta. In postpartum women lamivudine is secreted into breast milk. The concen-
tration of 3TC in cerebrospinal fluid is low to modest, being 4 to 8% of serum concentra-
tions in adults and 9 to 17% in children; about 5% is metabolized to the trans-sulfoxide,
which is pharmacologically inactive.>*

As with HIV inhibition, 3TC-triphosphate acts as a chain terminator in the inhibition of
duck HBV DNA polymerase, which was shown by [*?P] 3TC-triphosphate incorporation
into duck HBV DNA.* Through the use of computer-aided DNA and protein sequence
analyses, it has been shown that HBV DNA polymerase and reverse transcriptase from
retroviruses share homology.*® This suggests that if a compound has anti-HIV activity, it
may also have anti-HBV activity. For example, 2’,3’-dideoxycytidine (ddC), is a potent
inhibitor of HIV replication in cell culture’” and also exhibits potent antiviral activity
against human HBYV in vitro®® and duck HBV in vitro and in vivo.> Unfortunately, ddC
also causes latent peripheral neuropathy in patients.

In search for effective agents against hepadnaviruses with an improved therapeutic
index, 2’,3’-dideoxy-3-thiacytidine analogs were tested against HBV. FTC and 3TC
were found to be the most effective in blocking the production of HBV in 2.2.15 cells
in vitro (Table 6).*% In comparison with other known potent inhibitors of HBV replica-
tion, their mitochondrial toxicity was lower. This indicates that peripheral neuropathy
may not develop after long-term usage.

Table 6. AntiL-HIV and antiL-HBV activity and cytotoxicity of DL- and LL-oxathiolanelL-cytosine

analogs
(+)-D-BCH-189 3TC (+)-D-FTC (-)-L-FTC

Anti-HIV-1 (EC,,, uM)

PBM 0.2 0.002 0.84 0.008

CEM 0.1 0.07 1.4 0.009
Anti-HBV-1 (EC,, uM)

2215 0.5 0.01 0.96 0.01
Cytotoxicity (ID,, uM)

PBM 2.7 > 100 > 100 > 100

CEM > 100 > 100 > 100 > 100
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In vivo studies confirm that 3TC is effective in lowering the HBV DNA baseline.®
In a one-year trial of 3TC for chronic hepatitis B, groups receiving 25 mg and 100 mg of
3TC (P = 0.04 and 0.08, respectively) had reduced necroinflammatory effect (P < 0.001
and P = 0.001 for the 100 mg and 25 mg doses, respectively, in comparison with the
placebo group). After one year of treatment, 13 percent and 16 percent of the population
was HbeAg negative for 25-mg and 100-mg groups respectively, vs. only 4 percent for the
placebo group. The incidence of genotypic mutations in the YMDD motif (leading to resis-
tance, vide infra) was 14 percent for the 25-mg and 100-mg groups. There was no signifi-
cant difference in adverse events between 3TC groups and the placebo. The 100 mg group
had sustained levels of alanine aminotransferase (68 percent of patients) and limited pro-
gression of fibrosis. Because of its effectiveness, 3TC has been recommended for approval
by U.S. FDA Advisory Committee for the treatment of chronic hepatitis B in 1998, and is
now available throughout the world for the treatment of chronically infected HBV patients.

As mentioned above, monotherapy with 3TC leads to the appearance of a drug-
resistant mutant of HIV-1 with a substitution of valine for methionine at position 184
within the highly conserved YMDD motif of HIV-1 RT, which results in the develop-
ment of resistance up to more than 1000-fold.®' Despite this resistance, the treatment for
more than 48 weeks is associated with a lower plasma viral level than that of the baseline,
and mutant strains containing only the M184V substitution do not display heightened
sensitivity neither cross-resistance to AZT, d4T, nevirapine, delavirdine, and saquinavir.
Furthermore, this mutation increases the fidelity of nucleotide insertion by the mutant
compared to the wild-type enzyme.%

The incidence of resistance to 3TC in HBV-infected patients is caused by a point mu-
tation involving the substitution of valine or isoleucine for methionine at the 204 position
of the HBV DNA polymerase rt domain (which shares high homology with the HIV-1
RT), as well as point mutations outside the motif.5* It is worth mentioning that the 204
position (rtM204V/I), corresponding to the M184V/I mutation of HIV RT, has also been
named 552, 550, 539 or 549, depending on different HBV genotypes considered. In this
chapter, we will use the recently proposed genotype-independent nomenclature system.*
It was reported that the efficiency of viral DNA replication was 100 times less than that
of the wild-type with a point mutation rtM2041 within the YMDD motif, but other mu-
tations outside the YMDD motif, such as rtL.180M (previously described as L526M),
seem to enhance viral replication of the rtM204V-mutated HBV DNA polymerase.
This finding indicates that mutations outside the YMDD motif are an essential part in
causing clinical viral resistance.®

Gao and co-workers reported irn vitro HIV-1 variants resistant to cytidine analogs such
as ddC and (x)-BCH-189. The median effective concentrations of ddC and (+)-BCH-189
obtained for the resistant virus ranged between 10 and 50 times above those for parental
wild type strains, and extensive cross-resistance was observed against ddI but not against
AZT.® Other in vitro studies indicate that 3TC may lead to double resistance to AZT and
3TC, but the two-drug combination limit the emergence of resistance to 3TC.5

Another 3TC-resistant variant, which generates by T-C substitution (184Thr, 28%),
has also been observed. The RT enzyme of the 184Thr variant is less than 10% active
compared with the wild-type enzyme, and the replication capacity of this variant is se-
verely reduced.®’
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As in the case of HBV DNA polymerase, 3TC-resistance has also been associated
with the substitution of isoleucine for methionine at position 184 of the YMDD motif
of HIV-1 RT.%® As a result of this substitution, cross-resistance to (-)-FTC was noted to
occur, however, 3TC resistant viruses retain susceptibility to both ddI and ddC. 3TC-
resistant viruses were also susceptible to (+)-enantiomers of 3TC and FTC.% In vitro
assays indicate that there is a possible cross-resistance between AZT and (—)-FTC as well
as with other cytidine analogs such as ddC and 3TC in PBMC cultures.%

Gu et al. have attempted to relate genetic recombination involving human immunode-
ficiency virus type 1(HIV-1) to multiple drug resistance by using PEG to fuse subclones
of U937 cells that carried HIV-1 recombinant strains resistant to either AZT or 3TC.
These studies indicated that viral recombination had occurred, and established a theoreti-
cal basis on which to conclude that the acquisition of multiple drug resistance on the part
of HIV-1 may be related to its ability to promote cell fusion.”

A non-culture-based assay for rapid analysis of phenotype resistance to 3TC of HIV-1
in plasma showed that 5 UM 3TC triphosphate (3TC-TP) inhibited activity of wild-type,
zidovudine-resistant, or nevirapine-resistant HIV-1 but not of HIV-1 carrying either the
M184V mutation or multi-drug (MD) resistance mutations (77L./116Y/151M or 62V/751/
77L/116Y/151M). Mixing experiments showed a detection threshold of 10% for 3TC-
resistant virus (M184V) in a background of WT HIV-1."!

Several liver transplant patients who were undergoing treatment with 3TC for HBV
infection experienced a breakthrough of virus while on 3TC. The predominant virus found
in sera contained either the rtM204V or the 1tM2041 mutation. These studies confirm that
the “Met-total” substitution in the YMDD nucleotide binding site of HBV polymerase is re-
sponsible for sufficient decrease in the sensitivity of HBV to the antiviral effects of 3TC. It
was also found that transiently transfected cells were approximately 330-fold less sensitive
to the antiviral effects of 3TC and produced 7-fold less viral DNA than the wild type.”

It has been reported of two patients with chronic hepatitis B treated with 48- and
52-weeks administration of 3TC whose serum HBV DNA became positive during
therapy.” The amino acid sequence of the polymerase region of HBV from these patients
revealed a YI/VDD mutation of the YMDD motif and a (223) Leu to Met mutation,
which had been reported previously in immune-suppressed patients during long-term
3TC therapy for HBV. After the cessation of therapy, serum HBV-DNA returned to wild-
type level immediately. This is an indication that emergence of mutant virus resistance to
3TC should be monitored during long-term 3TC therapy.”

In a phase Il study of adefovir dipivoxil treatment in HIV-infected patients for
6-12 months, 8 of 29 patients developed RT mutation potentially attributable to adefovir
dipivoxil therapy.” Recombinant viral DNA from pre- and post-treatment plasma samples
from these 8 patients showed no change or minor decrease in adefovir susceptibility,
consistently with the durable antiviral effect observed. Additionally, these patients
developed the M184V RT mutation because of concomitant 3TC use. Recombinant viral
DNA pairs from 4 patients with zidovudine-resistant HIV showed statistically significant
increase in adefovir susceptibility of 3- to 4-fold in comparison with the wild type, and
viral DNA pairs from 2 of 4 patients with zidovudine-sensitive HIV showed a 2- to 3-fold
increase in susceptibility. In growth kinetics studies, expression of the M184V RT muta-
tion resulted in attenuated viral growth in peripheral blood mononuclear cell cultures.
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3.2.3. Combination therapy

As previously mentioned, 3TC is active against AZT-resistant strains. Furthermore,
the combination of 3TC with AZT provide more thorough viral suppression and may
limit the emergence of drug resistance.”>® In the 3TC/AZT combination therapy
(Combivir®)”, a two log decrease in viral burden was observed which was sustained for
nearly one year. Also, this combination treatment was well tolerated and provided greater
and more sustained increase in CD4* cell counts of the HIV-1 infected patients. Adverse
events were no more frequent with the combination therapy than with AZT alone.”®”

Triple combination therapy against HIV is more effective. The combination of 3TC,
AZT and indinavir®?®' reduced plasma levels of HIV-RNA to less than 500 copies per
cubic millimeter for HIV-infected patients for as long as one year while their CD4 counts
increased. The combination of loviride (a NNRTI), 3TC and AZT® had an excellent
safety/tolerability profile and demonstrated a higher level of in vivo efficacy, as measured
by changes in surrogate markers, when compared to the loviride plus AZT combination
arm.® The in vivo efficacy was evident despite the relatively high level of antiretroviral
pretreatment history in the patient population.®

Genotypic and phenotypic resistance to 3TC develops within 12 weeks in most
patients treated with this drug. Nevertheless, there is a significantly greater and more
sustained decrease in plasma HIV-1 RNA level among patients who receive AZT in
combination with 3TC as compared to those who received AZT mono-therapy.* Despite
the rapid emergence of 3TC resistance, 3TC and AZT had similar antiviral activity as
single agents over a reported 240 weeks study period.?* This is a surprising result, since
median susceptibility to 3TC decreased approximately 1000-fold in isolates from the
patients who received 3TC monotherapy, whereas the AZT susceptibility of isolates from
patients treated with AZT monotherapy appeared unchanged. A possible explanation
for the limited activity of AZT is the emergence of the resistance mutation at codon 70
(K70R). This substitution is the first resistance mutation to emerge in isolates of HIV-1
from AZT-treated individuals. In the study, the K70R codon mutation was detected at
week 12 in 44% of HIV-1 isolates taken from patients who received AZT monotherapy.
In contrast to the findings in HIV-1 isolates from patients treated with AZT monotherapy,
the K70R mutation was detected in only 9% of isolates obtained at week 12 from patients
who received the 3TC/AZT combination. The sustained activity of the 3TC/AZT combi-
nation may be explained by prevention of this mutation.®® The mechanism by which the
K70R mutation is prevented by co-administration of AZT plus 3TC is unknown. Possible
explanations include unfavorable interaction between the M184V and K70R substitu-
tions, causing greater fidelity of the M184V mutant RT, or more effective suppression
of virus replication by the combination regimen. An alternative explanation for the sus-
tained activity of the 3TC/AZT combination is that 3TC-resistant variants are attenuated
and thus more susceptible to inhibition by other RT inhibitors.

In a metabolic study of combination of 3TC and other RTIs, 3TC had no effect on
the intracellular phosphorylation of AZT but interacted with ddC phosphorylation.®
3TC significantly inhibited ddC phosphorylation at concentration of 0.6 UM (38% in-
hibition of total ddC phosphates), 6 UM (72% inhibition) and 60 UM (97% inhibition).
Intracellular ddC concentration remained unaltered with increasing concentrations of



Oxathiolane and Dioxolane Nucleosides: Synthesis and Antiviral Activity 223

3TC (0.47 = 0.05 vs. 0.52 = 0.08 pmoles/10° cells at O and 60 uM 3TC, respectively),
thereby indicating that 3TC did not affect ddC transport into the cells. Similar results
were seen in MOLT-4 and U937 cells with 60 and 84% inhibition by ddC phosphates
and, at 3TC concentrations of 6 and 60 UM in MOLT-4 and U937 cells, 82 and 95%
inhibition, respectively, was noted.* This interaction of 3TC with ddC is not surprising
when we consider the structural similarity of the two drugs and the enzyme involved
in their intracellular phosphorylation. The initial steps in the phosphorylation of both
ddC and 3TC are carried out by deoxycytidine kinase. Therefore, when administered
together, the two drugs are in direct competition for the catalytic site of this enzyme in
HIV-infected lymphocytes. As AZT is phosphorylated by thymidine kinase, an enzyme
for which 3TC is not a substrate, 3TC does not exert any inhibitory effects on AZT
intracellular metabolism.

The result of randomized controlled studies was that after 24 weeks of treatment,
d4T/3TC was at least as effective as AZT/3TC in reducing virus load and changing
the CD4* cell count.?”#® Both combinations were well-tolerated and the frequency of
side-effects was comparable in both treatment groups. Although d4T/3TC resulted in
a significantly higher CD4* cell count than AZT/3TC, the absolute difference at week
24 was small (median, 30 x 10%L). From all nucleoside analogs used in antiretroviral
drug regimens, AZT has often been preferred because of its penetration into the CSF.
In a neurological study, it was found that d4T and 3TC also have good CSF penetration,
and that both combination regimens result in significant lower CSF virus load.** Even
patients with relatively low baseline plasma HIV RNA levels (10000-45000 copies/mL)
are at risk of developing 3TC resistance. The chance that viral resistance will develop
can be minimized if plasma HIV RNA levels are reduced to undetectable levels during
the use of double nucleoside therapy in combination with a protease inhibitor or a non-
nucleoside RT inhibitor.”

Passage of wild-type virus with a combination of AZT/FTC appreciably delayed
emergence of FTC-resistance virus. Also in the case of FTC, DNA sequence analysis
of the RT encoding region from FTC-resistant virus revealed changes at codon 184 in
the YMDD region. When the mutation M184V was introduced into the infectious clone
HXB2, this change alone accounted for the resistance (> 1000-fold) seen with both 3TC
and FTC, and for a 5- to 15-fold reduction in sensitivity to their (+) enantiomer, while it
had no effect on susceptibility to AZT or nevirapine and minimal effect on susceptibil-
ity to 2°,3’-dideoxyinosine (ddl) and 2’,3’-dideoxycytidine (ddC). In order to determine
the influence of this mutation and of others conferring resistance to AZT and NNRTISs,
a series of HIV-1 variants were created by site-directed mutagenesis. All mutants with
M184V were cross-resistant to 3TC and FTC. The M184V mutation did not influence
nevirapine resistance, but resistance to AZT was suppressed. Similar suppression of AZT
resistance was seen with Y181C. Interestingly, when both M184V and Y181C substitu-
tions were present, highly resistant virus reverted to complete AZT sensitivity.®'

Nelfinavir, a protease inhibitor, when used in two-drug combination with 3TC and
three-drug combination with 3TC and AZT, resulted in statistically significant synergistic
interaction with lower drug concentrations and reduced cytotoxic effects against HIV-
1 strain RF infection of CEM-SS cells.” The three-drug combination with zidovudine,
lamivudine and indinavir seems to be very effective as HIV post-exposure prophylaxis.
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The proposed regimen consists of zidovudine 200 mg every 8 hours, lamivudine 150 mg
every 12 hours and indinavir 800 mg every 8 hours for 4 to 6 weeks.®” Ritonavir, another
protease inhibitor, in a 3TC/AZT triple combination elicited high antiviral activity in both
plasma and lymphoid tissue of HIV patients. The steep decline in RNA levels (2.87 log de-
cline) coupled with an increase in CD4 count (152 x 10%/L) indicated the clinical benefits
of this particular triple combination.”®

HIV RNA and DNA levels in blood and lymph node biopsies obtained from ten HIV-
infected subjects who received 36-52 weeks of the combination indinavir (IDV)/AZT/3TC,
IDV alone or the combination AZT/3TC confirmed the presence of mutations leading to
resistance. After one year of therapy, viral RNA levels in lymph node of individuals re-
mained detectable but were four log lower than in subjects on the triple drug regimen with
interruption of therapy. When plasma virus suppression was incomplete, lymph node and
PBMC cultures were positive and drug resistance detected. The persistence of even modest
level plasma virus after one-year treatment reflects ongoing viral replication, the emergence
of drug resistance and the maintenance of high burdens of virus in the lymph nodes.**

Mutants of feline immunodeficiency virus (FIV) resistant to 3TC were selected by cul-
turing the virus in the presence of stepwise increasing concentrations of 3TC. Two variants
were isolated from the original mutant population, and both of these mutants were resistant
to 3TC. Surprisingly, these mutants were also phenotypically resistant to AZT and to the
combination of 3TC and AZT. Purified RT from one of these plaque-purified mutants was
resistant to the 5’-triphosphates of 3TC and AZT. DNA sequence analysis of RT-encoding
region of the pol gene amplified from the plaque-purified mutants revealed a Pro-to-Ser
mutation at position 156 of RT. A site-directed mutant of FIV engineered to contain this
Pro-156-Ser mutation was resistant to 3TC, AZT and the combination of 3TC and AZT con-
firming the role of the Pro-156-Ser mutation in the resistance of FIV to these two nucleoside
analogs. This represents the first report of a retroviral mutant resistant to the combination
of AZT and 3TC due to a single unique point mutation.”® Eventually, AZT-3TC resistant
viruses were also found to have a mutation at position 333 of HIV-1 RT. This mutation is
responsible for the reduction in potency of AZT and 3TC in combination therapy.®

Schinazi ez al. reported the anti-HIV activity of racemates (Racevir) and enantiomers
(Coviracil) of FTC.”” (+)-FTC exhibited potent anti-HIV-1 activity (EC,, 0.03 uM in PBM
cells), and it was also active against HIV-2, simian immunodeficiency virus (SIV) and
FIV in various cell cultures. The relative in vitro potency of nine HIV-1 RT inhibitors
was evaluated in a co-culture assay which measured the frequencies of infectious primary
cells from HIV-positive patients by the limiting dilution technique and determined their
apparent reduction under increasing concentrations of drugs. Potency ranking placed
(-)-FTC (EC,, 55nM) before ddC (74 nM), 3TC (300 nM), AZT (530 nM), TIBO R82913
(670 nM) and ddI (6,400 nM). (-)-FTC showed a 20-fold greater potency than (+)-FTC
against HIV-1 in human PBM cells and a 156-fold in CEM cells infected with HIV-1.
(+)-FTC is significantly more toxic than (-)-FTC toward myeloid progenitor cells.
Racemic FTC and each enantiomer were also evaluated against AZT-resistant and suscep-
tible HIV-1.%8 The 5’-triphosphates of the (-)- and (+)- enantiomers equally inhibited the
production of full-length minus-strand DNA in an endogenous RT reaction, each competi-
tively inhibited DNA synthesis, and each was used as a chain-terminating substrate.”
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The two enantiomers of BCH-189 and their 5-fluoro analogs (FTC) were found to be
good substrates for human deoxycytidine kinase with K, values in the 5.7 to 42.1 uM
range.'® The affinity of the (-)-enantiomers was greater than that of the (+)-compounds.
These results may explain the greater in vitro antiviral potency against HIV and HBV of
the (-)-enantiomers when compared to their (+)-counterparts. The (+)- and (-)-enantiomers
of FTC and BCH-189 are the first nucleoside analogs found to have lower apparent
kinetic constants for this enzyme in the presence of ATP compared to UTP.

Neither D- nor L-isomer of FTC showed significant cytotoxicity in human bone mar-
row progenitor cell assays, or any detectable hepatotoxic effects at concentrations above
their antiviral activities.'” (-)-FTC is currently undergoing phase III clinical evaluation
for the treatment of HIV and HBV infection and (+)-FTC is also undergoing phase I
clinical trials on HIV patients.'*

(-)-FTC has a bioavailability of 73% after oral administration, and penetrates the blood-
brain barrier. Pharmacokinetic studies indicate that the renal excretion of the racemic
FTC is the major route of elimination.!®* (+)-FTC is slowly deaminated to the 5-fluoro-
uracil analog (+)-FTU via cellular cytidine-deoxycytidine deaminase, while (-)-FTC is
essentially resistant to this enzyme. Both enantiomers are not metabolized by thymidine
phosphorylase to 5-FU.

As mentioned above, (-)-FTC is also a potent inhibitor of HBV with an apparent
50% inhibitory concentration of 10 nM, but (+)-FTC is significantly less potent.!%
In a murine model developed to investigate the in vivo activity of anti-HBV agents,'®
orally administered (-)-FTC showed reductions in levels of HBV in serum and in intra-
cellular levels of HBV. (-)-FTC also shows strong inhibition to the replication of DHBV
in vivo in chronically infected ducks,'® and both the (+) and (-) enantiomers inhibit
HBYV replication in vitro in HepG2 cells.’®! (-)-FTC and (+)-FTC were anabolized to
5’-monophosphate, 5’-diphosphate and 5’-triphosphate in this cell line. (-)-FTC was
more efficiently phosphorylated to the 5’-triphosphate than (+)-FTC. The intracellular
half-life of (-)-FTC 5’-triphosphate was 2.4 h. The metabolic results are consistent with
the conclusion that (-)-FTC 5’-triphosphate mediates the anti-HBV activity of (-)-FTC
(Scheme 25).

deoxycytidine deoxycytidylate diphosphate
kinase kinase kinase Inhibits HBV
FTC FTCMP FTCDP —————— FTCTP —— | pna polymerase

Scheme 25

(-)-FTC has been assessed for its efficacy in woodchucks with naturally acquired
WHYV infection. Pharmacokinetics and in vitro anabolism were also determined,
showing that (-)-FTC is anabolized to the 5 -triphosphate in a dose-related fashion,
reaching a maximum concentration at about 24 hours in cultured woodchuck hepato-
cytes. Following administration of a dose of 10 mg/kg of body weight intraperitoneally
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(i.p.), the clearance of (-)-FTC from plasma was monoexponential, the terminal half-life
was 3.76 = 1.4 h, and the systemic clearance was 0.12 = 0.06 liters/h/kg. The antiviral
efficacy of (-)-FTC in the woodchuck model was assessed by quantitation of serum WHV
DNA levels and by WHYV particle-associated DNA polymerase activity at two dosages,
30 and 20 mg/kg given i.p. two times a day (b.i.d.), respectively. The level of WHV
DNA in serum was reduced 20- to 150-fold (average, 56-fold) in the 30-mgrkg-b.i.d.
treatment group and 6- to 49-fold (average, 27-fold) in the 20-mg/kg-b.i.d. treatment
group. Viral DNA polymerase levels diminished accordingly. One week after treatment
was discontinued, WHYV levels returned to pretreatment levels in both studies. Liver
biopsies before and following treatment with 30 mg of (-)-FTC per kg showed a mild
increase in cytoplasmic lipid levels, but this change was not associated with altered liver
enzyme levels. Serum chemistry and hematology results were within the normal ranges
for all treated animals.!%’

A recent phase VI clinical study assessed the safety, antiviral activity and pharmaco-
kinetics of FTC therapy administered once daily for 8 weeks to HBV-infected patients.'*®
The drug was well tolerated and all the 49 patients subject to therapy experienced signifi-
cant, dose-dependent decrease in serum HBV DNA. At least 30% of patients receiving
doses of 50 mg/day or more achieved a reduction in HBV DNA below the limit of detection.
This study also suggested that the therapeutic dose does not need to be higher than
200 mg/day, at which dose over 90% of the maximal activity was achieved.'®

A group of enantiomeric nucleosides with B-D or B-L configuration, which represent
potential candidates for the treatment of HBV infection, were incubated in human hepa-
toblastoma HepG2 cells at concentrations between 0.1 and 10 uM for 4-14 days. Then
the effect on mitochondrial DNA (mtDNA) content, lactic acid production, lipid droplet
formation, and mitochondrial morphology were evaluated.'” An effect on lactic acid pro-
duction was not detected in cells treated with 3TC, FTC, D-FTC, (£)-FTC, and 2,4-diami-
no0-7-(2,3-dideoxy-2-fluoro-f-D-arabinofuranosyl) pyrrolo[2°,3’-d]pyrimidine (T70178),
whereas a slight increase was associated with 1-B-D-2,6-diaminopurine dioxolane (DAPD)
and 4-amino-7-(2-deoxy-2-fluoro-f-D-arabinofuranosyl)  pyrrolo{2,3-d]pyrimidine
(T70182) at 10 uM. A concentration-dependent increase in lactic acid was observed
in the case of (+)-BCH-189, (+)-BCH-189, D-FddC, L-FddC, B-D-OddFC, 2,4-diamino-
7-(2-deoxy-2-fluoro-B-D-arabinofuranosyl) pyrrolo[2,3-d]pyrimidine (T70080), and 4-
amino-7-(2-deoxy-2-fluoro-f-p-arabinofuranosyl)pyrrolo [2,3-d]pyrimidine (T70179).
Inhibition of mtDNA content was demonstrated to be concentration-dependent with
(+)-BCH-189, D-FddC, and T70080, whereas 3TC, (x)-BCH-189, L- FIC, D-FTC,
(#)-FTC, L-FddC, D-DAPD, T70178, T70179, and T70182 had no effect. f-D-OddFC
resulted in a marked inhibition of mtDNA synthesis at 10 uM but not at lower con-
centrations. Cells treated with 3TC, ()-BCH-189, L-FTC, p-FTC, ()-FTC, L-FddC,
D-DAPD, T70178, T70179, and T70182 did not show morphological changes compared
with the control. In contrast, increased cytoplasmic lipid droplets associated with a loss
of cristae in mitochondria were detected in cells treated with either D-FDOC, D-FddC,
or T70080. (+)-BCH-189 treatment also resulted in loss of cristae in mitochondria.

Variants of FIV possessing a methionine to threonine mutation within the YMDD
motif of RT were selected by culturing virus in the presence of inhibitory concentra-
tions of (—)-FTC.!” These mutants were resistant to (=)-FTC and 3TC and additionally
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exhibited low-level resistance to ddC. Purified RT from the mutants was also resistant to
the 5’-triphosphate forms of 3TC, (-)-FTC, and ddC. Site-directed mutants of FIV have
been engineered which contain either this methionine to threonine mutation or the me-
thionine to valine mutation seen in oxathiolane nucleoside-resistant HIV-1. Both mutants
displayed resistance to 3TC, thus confirming the role of these mutations in the resistance
of FIV to B-L-3’-thianucleosides.'®

Reversed oxathiolane nucleosides, such as 2’-deoxy-3’-oxa-4’-thiocytidine (dOTC),
have also been found active against HSV-1, HSV-2, HBV and HIV-1. The BVU analog
has demonstrated potent activity against HSV-2 and the cytosine and 5-F-cytosine de-
rivatives have exhibited appreciable antiviral activity in cord blood mononuclear cells
(CBMCs) and human monocyte U937 cell lines.®!"? (+)-dOTC is moderately active
against HBV in 2.2.15 cells. In cell culture experiments, (x)-dOTC is a potent inhibitor
of primary isolates of HIV-1 with an IC, for viruses resistant to 3TC and viruses resis-
tant to 3TC and AZT of 2.53 and 2.5 uM, respectively.!!! The favorable cross-resistance
profile of (-)-dOTC (BCH-10618) makes it a promising candidate as an anti-HIV agent.
It is currently undergoing phase I clinical trials.

(+)-dOTC (16-5) is phosphorylated within cells via the dCyd kinase pathway and
approximately 2 to 5% is converted to the racemic triphosphate derivatives. Both
5’-triphosphate derivatives (TP) of (+)-dOTC are more potent than 3TCTP in inhibiting
HIV-1 reverse transcriptase (RT) in vitro (Scheme 26).!!!

NH,
B
HO N’J“o dCyd kinase
sz (£)-dOTC-MP (£)-d0TC-DP
(o}

16-5 [(+)-dOTC]

Inhibition of HIV RT |

(#)-dOTC-TP

Scheme 26

3.3. Dioxolane nucleosides
3.3.1. Synthesis

Dioxolane nucleosides are 3’-heteroatom-substituted analogs in which the 3’-carbon of the
furanose sugar moiety is replaced by an oxygen. The first synthesis of (+)-dioxolane-cyto-
sine was reported by Belleau and co-workers.® Norbeck and co-workers''? subsequently re-
ported the synthesis of (+)-dioxolane-thymine via condensation of benzyloxyacetaldehyde
dimethyl acetal 27-1 with (z)-methyl glycerate 27-2 affording the ester 27-3 as a mixture
of diastereoisomers (Scheme 27). Saponification with LiOH in aqueous THF followed by
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acidification gave the diastereoisomeric mixture of carboxylic acids 27-4. This underwent
oxidative decarboxylation to the diastereoisomeric mixture of acetates 27-5 as a 1.7:1
mixture of cis and trans isomers, together with anhydride 27-6 as a side product. Acetates
27-5 were condensed with silylated thymine in the presence of TMSOT(, which afforded
the dioxolane nucleosides 27-7 and 27-8 as a 1:1 mixture of diastereomers. The (+)-cis-iso-
mer 27-7 was purified by silica gel column chromatography followed by deprotection and
crystallization to obtain (£)-dioxolane-T 27-9. The racemic mixture of (+)-dioxolane-T was
found to exhibit moderate anti-HIV type I activity in vizro (EC,, 20 uM in ATHS cells).
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Scheme 27

In order to synthesize 1,3-dioxolane nucleosides, Liotta and co-workers used lactone
derivatives 28-3 or 28-9 as key intermediates (Scheme 28).'"* The starting materials in
their synthesis were alkene 2-1 or 28-6, which were converted to aldehyde 3-2 or 28-7
by ozonolysis. The latter were condensed with glycolic acid to afford lactones 28-2 or
28-8 as racemic mixtures. These lactones were then reduced to lactols, the acetylation
of which afforded 28-3 or 28-9. The acetate intermediates were condensed with various
heterocyclic bases in the presence of a Lewis acid to afford 5-substituted uridine (28-5)
and cytidine (28-11) analogs. The Lewis acid rendered the o-face inaccessible, which
led to exclusive B-attack by the base.!” Dioxolanyl cytosine and its 5-fluoro analog were
effective against HIV-1 but display a high degree of cytotoxicity in Vero, CEM and
MT-4 cells.!?
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H RO RO
— b c _I( d
s UL o —S. oo 2~ Lo: oA
-1 R= 2: R= 28-2: R=TBDPS 28-3: R =TBDPS
a(y24: R=TBDPS 25_;: s - ZSDP,S 28-8: R = Butyryl 28-9: R = butyryl
28-6: butyryl : yry:
0 NH,

« X
fL)N:  amame t. fi
HO_I(O N~ O IX=various substituentsl HO-I(OjN ©
- j (o]

28-4: R = TBDPS 28-10: R = butyryl
f(%8s: R=H fCo8a1: Rt

Reagents: (R =TBDPS) a) RCI, TEA, DMAP; b) O3, CH,Cl,, DMS; ¢) HOCH,CO,H, DCE, p-TsOH;
d) Dibal-H, Ac,0; e) silylated pyrimidine, TiCly(O-iPr); f) TBAF, THF.
(R = Butyryl) a) RCI, Py, DMAP; b) O3, CH,Cl,, DMS; ¢) TMSOCH,CO,TMS, DCE, TMSOTf;
d) Dibal-H, Ac,0; e) silylated pyrimidine, TiCl3(O-iPr); f) NaOMe, MeOH.

Scheme 28

Jin et al.'" reported that complexation of strong Lewis acids with the oxygen atom of
the dioxolane ring during condensation may influence ring opening and closing, which
leads to partial racemization of the cis-isomer. Partial racemization was observed when
TiCl, and SnCl, were employed in the condensation step of dioxolanyl nucleosides syn-
thesis. Lewis acids such as TiCl,(Oi-Pr),, TMSOTf and TMSI did not to cause racemiza-
tion, but exhibited lower selectivity, giving 1:1 mixtures of o and 8 anomers (Table 7).

Table 7. Effect of Lewis acids on the diastereoselectivity of formation of 2’L-deoxy 3’L-oxacytidines
H 0 HO
5o al a | e
Lewis acid ° N@{OH HO%OJT ° NH %‘N
(-)-BCH-204 (+)-BCH-204 (+)-BCH-203 (—)-BCH-2023
TiCL,(0-iPr), 50 - 50 -
TiCl, 36.5 36.5 21 6
SnCl, 41.7 11.7 38.5 8.1
TMSOT{ 50 - 50 -
TMSI 50 - 50 -
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BzO (0]
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29-2
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OH
RO_\(O i RO COzH h R OH
OAc| -~ POJ
o 0 0O
29.7 296 29.5
R = TBDPS
TMSO)\)j/
RO
Y Lo
X SN OJ
LA o
RO N” ~o +
—I(o: x>
(o) Y
29-8: X=H, Y =0H, R=TBDPS 29-9: X =H, Y =OH, R = TBDPS
29-40: X = CH,, Y = OH, R = TBDPS 29-11: X =CH,, Y = OH, R = TBDPS
29-12: X =F,Y = OH, R'=TBDPS 29.13: X =F,Y = OH, R = TBDPS
29-14: X =Cl, Y = OH, R = TBDPS 29-15: X =Cl, Y = OH, R = TBDPS
29-16: X =Br, Y = OH, R = TBDPS 29-17: X =Br, Y = OH, R = TBDPS
29-18: X =1, Y = OH, R = TBDPS 29.19: X =1,Y = OH, R = TBDPS
! 29-20: X =H, Y = NHAc, R = TBDPS ! 29-21: X=H, Y = NHAc, R = TBDPS
29-22: X=H,Y=OH,R=H 29-23: X=H,Y=0H,R=H
29-24: X =CHy, Y=0H,R=H 29-25: X =CH,, Y=0OH,R=H
29-26: X=F,Y=OH, R=H 29-27: X=F,Y=OH,R=H
29-28: X=Cl, Y=0H,R=H Kl 29-29: X=Cl, Y=0OH,R=H
29-30: X=Br,Y=0H,R=H , 29-31: X=Br,Y=0OH,R=H
m,n,o.p 29-32: X=1,Y=0H,R=H m,n,0,p 29-33: X=1,Y=0H,R=H
29-34: X=H, Y=NH, R=H 29-35: X=H,Y=NHy,, R=H
29-36: X =CH,, Y=NH, R=H 29-37: X=CH,, Y=NH, R=H

Reagents: a) DMP, H*; b) BzCl; c) H™ d) NalO,, e) NaBH,; f) TBDPSCI; g) NaOMe; h) NalO,,
RuO,; i) Pb(OAC),; j) TMSOTS, DCE, rt; k) TBAF, THF, t; I) NHz, MeOH, rt; m) Ac,0,
Py; n} (4-CI-Ph)CI,POy,, 3-nitrotriazole, Py; o) NH,OH, dioxane (1:3); p) NH;, MeOH.

Scheme 29

Chu and co-workers!"> published the asymmetric synthesis of D-dioxolane-pyrimidine
nucleosides using D-mannose as a chiral starting material (Scheme 29). 1,6-Anhydro-D-
mannose 29-1 was protected as the isopropylidene acetal, whose treatment with benzoyl
chloride afforded the fully protected 1,6-anhydro-D-mannose 29-2. The isopropylidene
group of 29-2 was then selectively removed by dilute sulfuric acid in 60% aqueous di-
oxane to give 1,6-anhydro-4-0O-benzoyl-D-mannose 29-3. Consecutive treatment of 29-3
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with NalO, followed by reduction with sodium borohydride and migration of benzoyl
group gave dioxolane derivative 29-4 without racemization. The primary hydroxyl group
of 29-4 was then selectively protected with ferz-butyldiphenylsilyl (TBDPS) group fol-
lowed by removal of the benzoyl group using NaOMe to give 29-5. Oxidation of the diol
29-5 to the acid 29-6 followed by oxidative decarboxylation afforded the key intermedi-
ate 29-7 for the synthesis of dioxolane nucleosides.

Pyrimidine nucleosides 29-22~29-37 were synthesized by condensation of 29-7 with
the corresponding silylated pyrimidine bases in DCE catalyzed by TMSOTT, followed by
deprotection. Cytosine (o and B isomers), thymine, 5-chlorouracil, 5-bromouracil, and
5-fluorouracil derivatives exhibited anti-HIV potency (Table 8). The (+)-B-cytosine ana-
log 29-34 was found to be the most potent compound. However, its cytotoxicity profile
was not as favorable as the other active compounds.

Table 8. AntiL-HIVL-1 activity (EC_) and inhibitory (IC,) concentration of DL-dioxolaneL- pyrimidine
nucleosides in PBM cells and cytotoxicity in Vero cells

Compd Anomer anti—}ilcls\(}-( {u(\giBM) cytoti():(sioci(tl)l/hz[P)’BM) cytotlg(sioci(glv([\)/ero)
29-22 «)-p > 100 > 100 > 100
29.23 -)-o. > 100 > 100 > 100
29-24 -)-B 0.39 > 100 > 100
29-25 +)-a > 100 > 100 > 100
29-26 -)-p 69.6 > 100 > 100
29-27 =)-o > 100 > 100 > 100
29-28 -)-B 6.8 > 100 > 100
29-29 (=)-o0. > 100 > 100 > 100
29-30 -)-B 9.3 > 100 > 100
29-31 (+)-o > 100 > 100 > 100
29-32 --B > 100 > 100 > 100
29-33 (+H)-o > 100 > 100 > 100
29-34 *)-B 0.016 62.0 83
29-35 )-o 24 > 100 > 100
29-36 +)-p > 100 > 100 > 100
AZT 0.009 > 100 28.0

dioxolane-T (%) 0.09 > 100 > 100
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D-mannitol ~————— 10 steps “( >MOA
29-7
X= Cl Y H
R =TBDPS f
</ /k X= CI Y=F
TMS Yx= Cl Y =Cli

X RO o
- = b
ROLﬁ o <\NIXKN

(o)
30-1: X=ClY=H
30-3: X=ClLY=F 30-2: X=Cl, Y=H
c b(3o-5: X =Cl, Y =NH, 30-4: X=ClLY=F
b 30-7: X=NH, Y=F b{ (30-6: X=Cl,Y=NH, |cC
3090 X=OHY=n )¢ )¢ al 308 X=Np,y=F
30-11: X =OH, Y = NH, 30-10: X=0OH,Y=H
5 E A AR,
- : = 2, = 2 : = , =
30-15: X=Cl Y =Ci b b 30-18: X =NH,, Y = Cl
e(3017: X =NHMe, Y = Cl
30-19: X=NH,, Y=Cl
j f
l f
X
4 HOA\(O
oo "~
- NN
° T
N &
30-20: X =Cl, Y =H
30-22: X=CI, Y =NH, X
§8'§§ §_ Nuz'YYfHF 30-21: X=Cl,Y=H
h el  30.28: X-8H'Y:NH 30-23: X=Cl, Y =NH,
0 X o NML Vol 30-25: X=NH,, Y=F
30-30: X=NH,, Y =H el ol IOy ot
30-32: X = NHZ,Y=NH2>9 3059 XN Yo
30-34: X = NHMe, Y=H YRR VL
30-35: X=SH,Y=H -31: X = LY =
30-36: X=SMe, Y =H 30-33: X=NH,, Y=Cl

30-37: X=0OMe,Y=H
30-38: X = NHMe, Y = Cl
30-39: X =NH,, Y =Cl

Reagents: a) TMSOTS, CH,Cl,; b) NHs, DME; ¢) HSCH,CH,OH, NaOMe, MeOH; d) NH,, EtOH
e) NH,CH,, MeOH; f) TBAF, THF; g) Mel, NaOMe, MeOH; h) NaSH, MeOH.

Scheme 30
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The key intermediate 29-7 was also used for the synthesis of various D-1,3-
dioxolanylpurine nucleosides (Scheme 30).!'¢ Condensation of 29-7 with 6-chloropurine,
6-chloro-2-fluoropurine and 2,6-dichloropurine in the presence of TMSOTY afforded
the initial dioxolanylpurine nucleosides. Transformation of the chloro or fluoro substi-
tuents to amino, N-methlyamino, hydroxy, methoxy, thiol, and methylthio was carried
out under the appropriate reaction conditions.

Of the compounds synthesized, the guanine derivative exhibited the most potent anti-
HIV-1 activity with low degree of cytotoxicity (Table 9). The order of activity for the
B isomer of dioxolanylpurine nucleosides was as follows: guanine > 6-chloro-2-amino-
purine > 2-fluoroadenine Oadenine O02,6-diaminopurine > 2-chloroadenine > hypoxan-
thine > N®-methyladenine O6-chloropurine (06-mercaptopurine O6-(methylthio) purine
(Figure 29 and Table 9).

Table 9. Antil-HIVL-1 activity (EC,) and inhibitory (IC,) concentration of DL-dioxolaneL-purine
nucleosides in PBM cells and cytotoxicity in Vero and CEM cells

Compd Anomer EC,, (uM) IC,, (uM) IC,, (UM)
anti-HIV-1 (PBM) | cytotoxicity (PBM) cytotoxicity (Vero)
30-20 )-B 22.8 > 100 > 100
30-21 (+)-o 11.1 > 100 > 100
30-22 (-)-p 0.09 > 100 > 100
30-23 (+)-o 23.1 > 100 > 100
30-24 O-B 0.3 > 100 933
30-25 (+)-00 2.5 > 100 > 100
30-26 -)-B 5 > 100 > 100
30-27 (+)-0 > 100 > 100 > 100
30-28 )-B 0.03 > 100 > 100
30-29 (+)-a 6.2 > 100 > 100
30-30 -)-B 0.5 > 100 > 100
30-31 (+)-0. 30.3 > 100 > 100
30-32 “)-B 0.7 > 100 > 100
30-33 (+)-a 39.9 > 100 > 100
30-34 -)-B 14.3 > 100 > 100
30-35 -)-B 26.5 > 100 > 100
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Table 9. Continued
Compd Anomer EC,, (UM) IC,, (UM) IC,, (uM)
anti-HIV-1 (PBM) | cytotoxicity (PBM) cytotoxicity (Vero)

30-36 -)-p 25.1 > 100 > 100
30-37 -)-p 58.1 > 100 > 100
30-38 -)-B 40 > 100 > 100
30-39 -B 1.7 > 100 > 100

AZT 0.004 > 100 28.0

In the same fashion as the D-isomers, the L-isomers of 1,3-dioxolane-pyrimidine
nucleosides were synthesized using a chiral synthon (Scheme 31), L-gulose, which was
dehydrated to 1,6-anhydro-L-gulose 31-1.!'!!® The anhydro sugar was converted to
dioxolane 31-2 by selective oxidation of the vicinal dihydroxyl group with cis -relation-
ship with NalO, followed by reduction with sodium borohydride and isopropylidene
protection of the remaining 1,2-diol. Benzoylation of the primary hydroxyl group and
deprotection of the isopropylidene group gave the diol 31-3, which was oxidized with
NalO, to the acid 31-4. Decarboxylative acetylation of 31-4 afforded the key inter-
mediate 31-5, which was coupled to 5-substituted pyrimidines, 6-chloropurine, and
2,6-disubstituted purines to obtain various dioxolanylpyrimidine (Scheme 31) and -purine
(Scheme 32) nucleosides.!'7!18

The anti-HIV activities of the synthesized nucleosides were evaluated in human
peripheral blood mononuclear (PBM) cells (Table 10)."** Among the synthesized com-
pounds, the (-)-B-5-fluorocytosine derivative 31-26 was found to have the most potent
anti-HIV activity (EC, 0.0012 uM) although it showed relevant toxicity (IC,, = 10.0 uM).
Also (-)-B-L-(25,45)-dioxolanylcytosine 31-22 exhibited potent anti-HIV activity, but
also cellular toxicity.
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o OBz h HOL,C o OBz
L e L ST
o) O
31-5 31-4

L-gulose

OBz
oy =7
PN
o N@ JOBZ e .

0 X
31-6: X =OH, Y = CHj 31-7: X=0H, R=CH,
31-8: X=NHAc, Y = H 31-9: X =NHAc,R =
31-10: X = NHBz, Y = CHj 31-11: X =NHBz, Y = CH,
31-12: X=NHBz, Y=F 31-13: X =NHBz, Y =F
31.14: X = NHBz, Y = Cl 31-15: X =NHBz, Y = Ci
31-16: X = NHBz, Y =Br 31-17: X =NHBz, Y =Br
31-18: X =NHBz, Y =| 31-19: X =NHBz, Y = |

o X

31-20: X = OH, Y = CHj, 31-21: X=0H,Y =CH,
31-22: X=NH,, Y =H 31-23: X=NH, Y=H
31-24: X =NHp, Y = CH, 31-25: X =NHy, Y = CHj
3126: X=NH,, Y=F 31-27: X=NH,, Y=F
31-28: X =NHy, Y = Cl 31-29: X =NHy, Y = Cl
31-30: X =NHj, Y = Br 3131: X=NHy, Y = Br
3132: X=NH,, Y =1 31-33: X=NH,, Y =1

Reagents: a) 0.5 N HCI; b) NalO4, MeOH; ¢} NaBH,; d) p-TsOH, acetone; e) BzCi, Py, CH,Cl»,
) p-TsOH, MeOH; g} NalO,4, RuO,, 2:2:3 CH3;CN/CCly/H,0; h) Pb(CAc),, THF,;
i) silylated cytosine or thymine, TMSOT{, DCE; j) NH3, MeOH.

Scheme 31
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3241: X=ClLY=H 32-2: X=ClLY=H
32-3: X=ClLY=F 32-4: X=Cl,Y=F
b{ 325 X=ClLY=Cl b< 32:6: X=Cl, Y=Cl
{32-7: X=ClLY=NH, \c {32-8: X=ClLY=NH, \¢c
32-9: X=NHyp, Y =F 32410: X=NH,, Y=F
d(32-11: X=N;, Y=Ng aC 32-12: X=N;, Y =N,
32-13: X=NH,, Y =NH, 32-14: X=]\IH2, Y = NH;

9 X
e;32415: X=Cl,Y=H e; 32-16: X=Cl, Y =H
f. 3217: X=OCH; Y =H f 32-18: X = OCHs, Y = H
g;32-19: X=NH, Y=H g; 32-20: X=NH,, Y=H
h: 32-21: X=OH,Y = H h: 32-22: X=OH, Y =H
€:32-23: X=Cl,Y = NH, e; 32-24: X =Cl, Y = NH,
€;32-25: X=NH,, Y =F e: 32-26: X=NHy, Y=F 3"
32-27: X=OH, Y = NH, 32-28: X = OH, Y = NH,
32-29: X=NH, Y=Cl ~e 3230: X =NHz, Y =Cl ~ye
32-31: X=NH,, Y =NH, 32.32: X=NH,, Y =NH,
32-33: X=NHCH,, Y =H

Reagents: a) TMSOTf, DCE, reflux; b) NHz, DME, rt; c) NaN;, EtOH, reflux; d) H,, 10% Pd/C, EtOH,
rt; e) NH;, MeOH, rt; f) NaOMe, MeOH, rt; g) NHs, MeOH, steel bomb, 90 °C; h) NaOMe,
HSCH,CH,OH, MeOH, reflux. i) NHCH3, MeOH, 85 °C.

Scheme 32
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Table 10.  AntiLl-HIVL-1 activity (EC_) and inhibitory (IC, ) concentration of LL-dioxolaneL-pyrimidine and

purine nucleosides in PBM and Vero cells

Compd Anomer EC,, (UM) IC,, (uM) IC,, (M)
anti-HIV-1 (PBM) cytotoxicity cytotoxicity
(PBM) (Vero)
31-20 +)-B 4.8 > 100 > 100
31-21 =)o > 100 > 100 > 100
31-22 -)-p 0.002 > 10 0.1
31-23 (H)-a 1.3 > 10 16.8
31-24 )-8 45.9 > 100 > 100
31-25 (+)-o 18.9 > 100 > 100
31-26 )-8 0.0012 10.0 <10
31-27 +H)-a 0.063 > 100 49.1
31-28 B 343 > 100 > 100
31-29 -0 > 100 > 100 > 100
31-30 )-8 1.8 > 100 > 100
31-31 (+)-a > 100 > 100 > 100
31-32 B 0.41 56.4 229
31-33 (+)-o 28.8 > 100 > 100
32-17 +)-B > 100 > 100 > 100
32-19 (+)-B 38 > 100 > 100
32-20 -)-a 29.0 > 100 > 100
32-21 )-8 > 100 > 100 > 100
32-33 +)-B 62.6 > 100 > 100
32-29 )-8 13.4 > 100 > 100
32-30 ~)-a 8.1 > 100 100
32-25 B 1.6 > 100 > 100
32-26 --a 237 > 100 0100
32-27 (+)-B 17.5 > 100 > 100
32-28 ()0 101.9 > 100 > 100
32-23 (+)-B 34.7 n.d. n.d.
32-24 (-0 1.27 n.d. n.d.
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Table 10.  Continued
Compd Anomer EC,, (UM) IC,, (LM) IC,, (uM)
anti-HIV-1 (PBM) cytotoxicity cytotoxicity
(PBM) (Vero)
32-31 (+)-B 0.014 nd. n.d.
32-32 )-a 42.12 n.d. nd.
AZT 0.004 > 100 28.0

Based on the previous work of Abushanab,!'*'% Belleau et al."?'* reported the diver-
gent synthesis of both enantiomerically pure D- and L-dioxolanes, starting from L-ascorbic
acid (Scheme 33). Condensation of L-ascorbic acid with benzyloxyacetaldehyde dimeth-
ylacetal catalyzed by p-TsOH gave a mixture of diasteromers 33-1 and 33-2, which were
separated by fractional crystallization. Oxidative degradation of 33-1 gave acid 33-3, the
oxidative decarboxylation of which afforded the key intermediate 33-5 that was used in
the condensation step for the synthesis of D-dioxolanyl nucleosides. The remaining 1:4
mixture of mother liquor was subjected to oxidative degradation to afford acids 33-4 and
33-3, from which 33-4 was isolated in pure form by silica gel chromatography. Oxidative
decarboxylation of 33-4 gave the key intermediate 33-6, which was used in the synthesis
of the L-series of dioxolanyl nucleosides.

BnO
o
L~Ascq(rjbic ab O o]

acH —_—

O,H

2!
33-3 334 33-4 from other portion
(see text)
l f f
BnO“( 0]
o) f OAc
O_DMOAC B8O (o}
33-5 336

reagents: a) PhCH,OCH,CH(OCHj,),, TsOH, CH3CN; b) fractional recrystaliization; ¢} 30% H,0,, K,CO3, EtOH;
d) RuCl; hydrate, NaOCI, DCE, CH,CN, H,0, BnEt,Cl, pH 8; &) H*; f) Pb(OAC)s, CH5CN, DCM, Py.

Scheme 33
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Another divergent synthesis of dioxolanyl nucleosides was reported by Mansour and
co-workers'” using D-mannitol as the starting material (Scheme 34). D-mannitol and
benzyloxyacetaldehyde dimethyl acetal 27-1 were condensed in the presence of 1.0
equivalent of SnCl, under reflux in DME to yield the bis-acetal mixture 34-1 which was
subjected to oxidation to afford 1:1 mixture of acids 34-2 and 34-3. Acids 34-2 and 34-3
were separated in the pure form by silica gel chromatography. Oxidative decarboxylation
of 34-2 and 34-3 afforded the key intermediates 33-5 and 33-6, which were used in
the synthesis of D- and L-dioxolanyl nucleosides, respectively.

BnO o CO,H c BnOL
BnOWO ‘—l(_j _DW"OAC

0
b-mannitol HO b 34.2 O
+ a HO
COoH
BNOCH,CH(OCH),
OAc
~ OBn ‘Q‘ _IQM
271 BnO
4-1 34-3 336

Reagents: a) 1.0 eq. SnCl,; b) RuCly hydrate, NaOCl,; ¢} Pb{OAc),, CH3CN, Py,
d) Pb(OACc),, CH3CN/CH,CIy, Py.

Scheme 34

Enzymatic resolution of racemic dioxolane purine nucleosides by adenosine deami-
nase was first reported by Siddiqui et al. (Scheme 35).'* Selective deamination of (+)-
2,6-diaminopurine dioxolane nucleoside 35-1 produced the (-)-guanine analog 30-28
having the 2R 4R stereochemistry. The (+)-adenine analog 35-2 gave the 2R,4R-hypo-
xanthine derivative 30-26.

R1 R1 fO
NSy Aenesre NS R N N e
SOE = L LY
HO_](O N"SN"NR, PH7.2,25°C HOLO NTONTR, N~ N

Ry
35-1: Ry, Ry =NH; 30-28: Ry = OH, Ry =NH, 32.31; R1,R2=NH,
35-2: Ry =NH,, Ry =H 30-26: Ry =0H,R;=H 32-19: R1=NHy, Ry=H
(racemic)
Scheme 35

A different class of dioxolane nucleosides in which the base and sugar moiety
are connected by a methylene group was reported by Efimtseva and co-workers
(Scheme 36).'” Bromoacetaldehyde underwent acid-catalyzed transacetylation with
1-O-benzoylglycerol to afford a mixture of diastereoisomers 36-1 and 36-2. Alkylation
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of the of the sodium salt of uracil with the mixture of 36-1 and 36-2 gave N'-alkyl-
ated and N',N 3-bis-alkylated uracil. In similar fashion, alkylation of the sodium salt of
adenine gave N°- and N°-alkylated adenine. Separation of the diastereomeric pairs
36-3/36-4 and 36-5/36-6 was accomplished by reverse phase chromatograpy.
Debenzoylation in NH,/MeOH gave the nucleosides analogs 36-7~36-10.

OBz EtQ —Br Br BzO Br
OH + —_ K 5 +
OH EtC BzO Y

36-1

1-O-Benzoyl- Bromoacetaldehyde 36-2
glycerol diethyl acetal 1 b
B BzO B
< o—J o~
o and o
BzO
36-3: B =adenine 36-4: B = adenine
36-5: B = uracil 36-6: B = uracil

36-7: B =adenine 36-8: B =adenine
36-9: B = uracil 36-10: B = uracil

Reagents: a) p-TsOH,; b) uracil or adenine, NaH, DMF; c) NH3;, MeOH.

Scheme 36

Efimtseva and co-workers'? also used D-tartaric acid as the starting material to obtain
the key intermediate 2-bromomethyl-(4R,5R)-dibenzyloxymethyl-1,3-dioxolane 37-4,
which was condensed with the sodium salts of thymine, adenine, and N>-palmitoylgua-
nine to give, after deprotection, the desired chiral nucleoside analogs (Scheme 37).
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CO,Et CH,0Bn
o s Hodt oo O Lo de  Hodn
D-tartaric acid =~ ——— —don T 0" e, - H——0OH
CO,Et CH,0R CH,0Bn
37-1 37-2 37-3

HO B HO B HO CH,Br
o\(r h OJ g o—J 2
e} O o)
CH,OH CH,0Bn CH,0Bn
37-8: B=Thy 37-5: B=Thy 37-4
37-9: B=Ade 37-6: B=Ade
37-10: B=Gua 37-7: B=Gua

Reagents: a) EtOH, HCI; b) acetone, DMP, HCI; ¢) LAH; d) NaH, BnCl, THF; e) 0.5 HCI, MeOH;
f) BrCH,CH(OEt),, p-TsOH; g) sodium salts of thymine, adenine or NZ-palmitoylguanine,
K2CO3, DMF; hy 10% Pd/C, HCO,NH4, MeOH.

Scheme 37

Later, Efimtseva and co-workers'” also synthesized phosphonates of homologous
of dioxolane nucleosides (Scheme 38). These compounds were inactive against HIV-1,
HSV, HCMV, VZV, and HCMV. Aithough no activity was observed in these com-
pounds, it was found that incorporation of their triphosphate into DNA by both DNA
polymerase and RT occurred.
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38-16: B=Ura 38-17: B=Ura
38-18: B =Thy 38-19: B =Thy
38-20: B =Cyt 38-21: B = Oyt
38-22: B = Ade 38-23: B =Ade
38-24: B=Gua 38-25: B = Gua

Reagents: a) BrCH,CH(OMe),, p-TsOH; b) (-PrO)sP; c) Me;SiBr.

Scheme 38

2,4-Disubstituted 1,3-dioxolanes containing (E)-5-(2-bromovinyl)-uracil were synthe-
sized by Bednarski ef al. 11 with substantial increase in yield (75%) by debenzylation
and acetylation of key intermediates 33-6 and 33-5 (Scheme 39). The usual condensation
of the resulting acetates 39-1 and 39-4 with the silylated base followed by deprotection
afforded the diastereomeric nucleosides 39-2/39-3 and 39-5/39-6. These compounds
were assayed for antiviral activity against HSV-1, HSV-2 and HCMV replication in
vitro. The B-L-dioxolane nucleoside 39-2 displayed significant activity against HSV-1,
whereas B-D-dioxolane 39-5 demonstrated potent activity against HSV-2. The o-L-dioxo-
lane 39-3 was moderately active against HSV-1 and HSV-2.
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Reagents: a) Hp, Pd/C, EtOH, 48h; b) Ac,0, Py, DMAP; c) TMSOTf, CH,Cl,; d) chromatography;
e) K2CO3, MeOH.

Scheme 39

Chu and co-workers'?® synthesized 1,3-dioxolanyl-C-nucleosides (Scheme 40).
1,2:5,6-0 -Diisopropylidene-D-mannitol was used as the starting material to synthesize
the D-isomers 40-4a and 40-5a via the thioamide 40-2, and L-gulonic y-lactone was used
as the starting material to synthesize the L-isomers 40-4b and 40-5b using the same
procedure as the D-counterpart. Using similar reactions, they also synthesized selenazole
(42-9a, 42-9b, 42-10a and 42-10b) and triazole C-nucleosides (42-11a, 42-11b, 42-12a
and 42-12b) (Scheme 41, 42).1%

9]
>° ) (00202H5 CONH,
HO Sso-NH2 —N —
oH _abcd 7 f.g HO S 4N
Q >< OH —l(o and o isomer
O)< OH O 40-5a
40-1 40-2 40-3a 40-4a
H5C,0,C HNOC,
NS
N S
L-gulonic- 3 steps b,c.d, _bede ftg S oH .
y-lactone HO —_— OJ and a isomer
HO ) 40-5b
40-6 40-3b 40-4b

Reagents: a) RuO,, NalO,. b) CICO,EL. ¢) NHa. d) P,Ss. €) BrCH,CO,EL. f) BZOCH,CH(OMe),,
p-TsOH. g) NH5/CH,OH.

Scheme 40
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OH OH OH
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Reagents: a) (1) KMnQO,4, KOH, then 0.5 N H,SO;; b) CICOOEY, EtzN, then

NH,4OH; c) P,Ss5, then BrCH,COCO,Et, EtOH; d) NH,OH, NaCO;,
EtOH; e) (CF30),0, -78 °C; f) Al,Ses, reflux, 2 h; g) BrCH,COCO,Et;
h) amidrazonate, [H,N-N=C(NH,)-CO,Et}; i) xylene, reflux, 4 h; j) BnBr,

NaH, DMF. k) CF,CO,H, THF/H,O (2:1), 50 °C, 8 h.

*m

(yield is given only for "a" compounds).

a" numbers are D-nucleoside related compounds.

"b" numbers are L-nucleoside related compounds.

Scheme 41
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Reagents: a) BzZOCH,CH(OMe),, p-TsOH, benzene, reflux; b) Hy, PdCl;, EtOH, 50 psi, 6 h; ¢) NHz/CH30H,
rt, 24 h;d) NH3/CH;0H, steel bomb, 110 °C, 24 h (for 4211 and 42-12).

Scheme 42

3.3.2. Antiviral activity

Extensive studies of the structure-activity relationships of dioxolane nucleosides led
to the synthesis of B-L-dioxolanylcytosine 31-22 (L-OddC) and its 5-fluoro derivative
31-26 (L-OddFC), which exhibited potent activity against HIV-1 and HBV activities
in vitro. Although L-OddC has an extremely potent anti-HIV (EC, 2 nM in PBM cells)
and anti-HBV activity (EC, 0.5 nM in 2.2.15 cells), it is also rather toxic (IC,; 0.1 uM
and IC ) 0.26 uM in Vero and CEM cells, respectively).'"® For this reason, it is not
considered as a potential antiviral agent. However, in vitro and in vivo data demonstrate
that L-OddC has selective toxicity towards a number of tumor cell lines, which makes it
a potential anticancer candidate.*®!%!

The metabolism of L-OddC in tumor cells has been studied extensively."** L-OddC is
rapidly transported into cells by both equilibrative-sensitive and -insensitive nucleoside
transport systems. Unlike its D-enantiomer and the anticancer agent citarabine, it is not
susceptible to degradation by deoxycytidine deaminase, which strengthens its biological
activity. After entering the cells, L-OddC is metabolized by deoxycytidine kinase to its
monophosphate, and subsequently to the di- and triphosphate. The latter inhibits DNA
polymerase o, 3, and ¥ and can also be incorporated into DNA, which directly correlates
with its cytotoxicity (Scheme 43).
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L-OddC accumulates within the cells as the diphosphate as occurs with 3TC.
The accumulation of L-OddC diphosphate suggests that the nucleotide diphosphate kinases
involved in phosphorylation are more chiral specific than other nucleoside kinases.

HN No deamination N7 N7
)\)‘j )\Jj LKL O)\N ' g

o o o)
p-L-OddCP 31-22 [ (-)-L-B-OddC] B-L-OddCP

l Kinase

NH, NH;
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ey 0 9 o ] 2 3

O N O—P—O—?—O'?_OH e} N O\J—O—'?—'O—P—OH
{0)

o (I)H OH OH OH OH

B-L-OddCTP B-L-OddCDP

|

Inhibition of DNA Polymerase o.,B,y
incoporation into HepG2 DNA
Chain termination

Scheme 43

The first L-nucleoside analog ever found to have antineoplastic activity, L-OddC
(troxacitabine) is currently undergoing Phase II/III clinical trials as an anticancer agent.
Important features of troxacitabine include: 1) it is active in solid tumors that are usually
unresponsive to nucleoside analogs, such as prostatic, renal, hepatic and colon tumors;
2) its stability against deoxycytidine deaminase can prolong its effect as a drug. In fact,
phase I and pharmacokinetic studies have defined protocols in which L-OddC has been
administered as a single 30-minute infusion every 3 weeks.'*

In vitro, L-OddC was also found to be effective in limiting the rate of proliferation of
keratinocytes by 50% at a 50 nM concentration, which indicates that it may have poten-
tial as a therapeutic agent in the treatment of hyperproliferative skin diseases."* D-OddC,
L-OddC, and L-OTC were tested against EBV DNA replication ir vitro in P3HR-1 cells.
The ED,, for EBV DNA were 0.83, 1.5, 8.3 and 14 pM respectively. L-OddC is the first
nucleoside analog with L-configuration exhibiting significant activities against EBV,
HBV and HIV.'®

The structure-activity relationships of various enantiomerically pure dioxolanyl purine
nucleosides have also been reported.'*® The enantiomers of 2,6-diaminopurine-dioxolane
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analogs, L- (32-31) and D-DAPD (30-32) show potent anti-HIV and anti-HBV activities.
Interestingly, L-DAPD exhibits more potent anti-HIV activity (EC,, 0.014 uM) than
D-DAPD (EC,, 0.7 uM) in PBM cell, while D-DAPD has greater anti-HBV activity
(EC50 0.009 UM in 2.2.15 cells) than its L-isomer (EC,, 8.3 uM), with favorable
toxicity profiles. In in vitro studies involving human hepatoblastoma HepG2 cells at
concentration between 0.1 and 10 pM, D-DAPD demonstrated no quantitative alteration
in mtDNA synthesis.!®!

Pharmacokinetic studies suggest that D-DAPD (30-32) is the prodrug of the cor-
responding guanine derivative, dioxolane-guanine (DXG, 30-28).13"13313 p.DAPD, as
well as B-D-2-amino-6-chloropurine dioxolane (ACPD, 30-22), are converted to DXG
by adenosine deaminase (ADA) and B-D-2-aminopurine dioxolane (APD, 44-1) is
converted to DXG by xanthine oxidase (Scheme 44).113 By using calf ADA, DAPD
showed a comparable K, to the natural substrate adenosine, although the k£ for DAPD
was 540-fold slower than the one for adenosine, giving a 360-fold overall substrate
efficiency (k_/K, ) for the natural substrate.”* The anti-HIV activity of DXG is higher
than DAPD in CBM cells (EC,, 0.032 uM vs. 0.05 pM),'* PBM cells (EC,, 4.0 uM vs.
0.25 uM)"® and MT?2 cells (EC,; 12.5 uM vs. 3.4 uM).”* A phase I/Il 14-day DAPD
monotherapy clinical trial showed no change in HIV RT genotypes and good tolerability
in all the 18 treated subjects.'*!

NH,
N SN A SN
HOLi;\IINk/J\NHZ HO\I(Q\J]\/N\/*NHZ

[e; (o]
30-32 (DAPD) 44-1 (APD)
xanthine
ADA j oxidase

S oy
o3 =

30-22 (ACPD) 30-28 (DXG)

Scheme 44

The most important feature of DAPD is its activity against mutants which are resistant
to other anti-HIV'* and anti-HBV'® agents. DXG, the active form of DAPD, is active
against M184V mutants in HIV RT"2 and rtM204V/I in HBV DNA polymerase.!*
Although three RT mutations have been reported which confer resistance to DXG
(namely, L74V, K65R and the multidrug resistance Q151M),!¥2145146 they cause only a
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moderate loss of activity (EC,, 3.5-, 5.6- and 9.6-fold, respectively).'*> More importantly,
the most common of these mutations, K65R, reverses AZT resistance. 1¥>'* Furthermore,
DAPD is active against K103N mutants, fully resistant to the NNRTI efavirenz, and
the combination of K103N and K65R mutations only causes a slight, non-significant
increase in the EC,, for DXG.'? Currently, D-DAPD (amdoxovir) is undergoing phase
II clinical evaluation as a potential anti-HIV for those patients who have developed drug
resistance against AZT and 3TC.

According to recent reports, dioxolane derivatives L-OddT 31-20 and its 5-iodo
analog L-I-OddU show activity against EBV. Particularly, L-1-OddU shows an EC,
value of 0.03 pMand an EC,; value of 0.16 pMagainst EBV and no cytotoxicity up to
100 uM.'¥" The selectivity of L-I-OddU seems to be due to activation by EBV TK.!¥
Subsequent phosphorylations to the active triphosphate may be carried out by human
dTMP kinase and NDP kinase. The triphosphate of L-I-OddU (L-I-OddUTP) may inhibit
EBV DNA polymerase and/or act as a chain terminator. Human DNA polymerases o, 3,
and 1y do not seem to be inhibited by L-I-OddUTP.'*" Structure-activity studies revealed
that the antiviral activity of 5-halo-ddU analogs can be related to the size of the halogens
(EC,, C10.15; Br 0.07; 1 0.033 pM).'¥

Recently, the anti-VZV and anti-EBV activities of 5-halovinyl dioxolane uridine
analogs have been described.'* Also in this series, the antiviral potency can be related
to the size of the halogen atoms (chlorovinyl < bromovinyl < iodovinyl against VZV
and iodovinyl < bromovinyl < chlorovinyl against EBV). B-L-(E)-5-(2-Iodovinyl)uracil
dioxolane is 60-fold more potent against VZV than ACV. No inhibition of CEM cell
growth or mt-DNA synthesis is observed for any compounds at concentrations up to
200 uM. This has been explained, in the case of B-L-(E)-5-(2-bromovinyl)uracil dioxolane
(L-BV-0ddU), in terms of selective phosphorylation by viral TK, but not human TK.'
Unlike other D-configuration BVU analogs, such as BVdU and BVaraU, L-BV-OddU is
metabolized only to its corresponding monophosphate instead of the di- or triphosphate,
which suggests a unique inhibitory mechanism other than DNA chain termination. '3
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