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Chapter 34

Antiviral Drugs

Viruses are major pathogenic agents causing a variety of serious diseases in
humans, other animals, and plants.

Viruses are one of the most widespread of all organisms and are capable of
infecting every species of animal from mammals down to insects, plants, and
even bacteria. It seems there are more species of viruses in the world than of all
other creatures put together.

The most common viral infections are respiratory (infections of the nose,
throat, upper airways, and lungs); gastrointestinal (gastroenteritis); liver (hepa-
titis); and skin (warts or other blemishes, rashes).

Viral diseases include influenza (causing fever, severe aching, and catarrh,
often occurring in epidemics); severe acute respiratory syndrome (a form of
pneumonia); chickenpox (disease caused by the herpes zoster virus, which man-
ifests in a mild fever and a rash of itchy inflamed blisters); herpes (herpes sim-
plex or herpes zoster, causing the eruption of small blister-like vesicles on the
skin or mucous membranes); hepatitis (a disease characterized by inflammation
of the liver); cold sores (diseases affecting mouth or genitals); measles (dis-
ease causing fever and a red rash on the skin, typically occurring in childhood);
shingles (painful inflammation of the nerve ganglia, with a skin eruption often
forming a girdle around the middle of the body); poliomyelitis (disease that
affects the central nervous system that can cause temporary or permanent paral-
ysis); acquired immunodeficiency syndrome (AIDS) caused by human immu-
nodeficiency virus (HIV) (disease includes dry cough or shortness of breath,
difficult or painful swallowing, diarrhea, white spots or unusual blemishes in
and around the mouth, pneumonia-like symptoms, fever, vision loss, nausea,
abdominal cramps, and vomiting); smallpox (disease started from fever, overall
discomfort, headache, severe fatigue, severe back pain, vomiting. A few days
later, flat, red spots appear on whole trunk, which become lesions. Occur first in
the mouth and spread to the face, then to entire body); rabies (a contagious and
fatal viral disease that causes madness and convulsions); dengue (jungle fever)
causing sudden fever and acute pains in the joints); Ebola (fatal disease marked
by fever and severe internal bleeding); and Lassa (fever with headaches, mouth
ulcers, muscle aches, hemorrhages under the skin, heart and kidney failure, and
a high mortality rate).

Viruses are transmitted in various ways. Some are swallowed, some are
inhaled, some are spread sexually, and some are spread by the bites of insects,
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such as mosquitoes, certain biting flies, ticks or animals, or during transfusion
with contaminated blood.

The deadliest, most horrifying diseases the world has ever seen have been
initiated by viruses. A smallpox epidemic disaster is described in ancient
Sanskrit medical texts, dating to about 1500 BC. In Europe, smallpox likely
appeared by about 300 AD.

Rabies has a history dating back to 2300 Bc, as described by Babylonians,
who went mad and died after being bitten by dogs.

The bubonic plague arrived in Europe in 1347 when 12 Genoese trading
ships docked at the Sicilian port. The ships carried goods that brought bubonic
plague, which caused the Black Death, killing more than 20 million people in
Europe—almost one-third of the continent’s population.

It is very believable that plague virus is very similar to the Ebola virus, the
recent deadly virus named after the Ebola River in the Democratic Republic of
the Congo, which is classified as one of the most dangerous pathogens on the
planet.

There are still more than 100 million cases of dengue fever each year. Mar-
burg and Ebola hemorrhagic fever have 90% fatality rates.

In 1847-1848, influenza swept through the Mediterranean to Western
Europe.

In 1878, a disease causing high mortality in poultry became known as the
“fowl plague.” Fowl plague is now called highly pathogenic avian influenza A.

In 1918-1919, the most famous disaster generated by viruses occurred:
Spanish flu (influenza), which infected 20 to 40% of the world’s population and
killed from 20 million to 100 million people. This pandemic happened in 1918
and is considered to be one of the worst in human history. Probably, no virus
can claim credit for more worldwide pandemics and scares than the constantly
mutating thousands of strains of influenza.

In 1957-1958, the “Asian flu” caused the second pandemic of the 20th cen-
tury. It began in China and killed one million people worldwide.

In 1968-1969, the “Hong Kong flu” caused the last flu pandemic.

In 2009, a swine flu outbreak hit, originating in Mexico City and quickly
spreading to more than 10 nations.

The first case of HIV infection in a human was identified in 1959. The first
cases of HIV in the United States date back to 1981.

In 1984, the HIV, which causes HIV infection and AIDS, was discovered.
The HIV infection is distinct from AIDS, the full-blown syndrome that, along
with the consequences of a damaged immune system, is most often fatal. More
than 78 million people have been infected with HIV since the start of the epi-
demic in the 1980s. AIDS-related illness are the sixth leading cause of death.

Viruses are small particles, much smaller than fungi or bacteria. These
strange substances are something straddling between living and nonliving par-
ticles. Viruses are basically a pack of genetic material—either DNA or RNA—
carried in a shell made up of protein. Some viruses have an additional layer
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called an envelope. Viruses vary in size and complexity, but common features
for species of viruses are: nucleic acid, protein coat, lipid membrane (enve-
lope). (Viruses can be divided into two major categories: enveloped and non-
enveloped.) A virus particle, consisting of an outer protein shell called a capsid
and an inner core of nucleic acid (either ribonucleic or deoxyribonucleic), is
called a virion. Viruses are classified as DNA viruses or RNA viruses, depend-
ing on whether they use DNA or RNA to replicate. Further classification can be
based on the nature of the genetic material that is packaged by the virus (single-
stranded and double-stranded RNA viruses, analogue DNA viruses, and others).
Viruses can’t even be considered cells. They can’t metabolize nutrients, produce
and excrete wastes, move around on their own, or even reproduce unless they
are inside another organism’s cells.

Coming into contact with host cells, they fuse themselves to the host cell
and insert their genetic material into that cell, taking over its machinery to rep-
licate themselves. Consequently, there is controversy regarding whether viruses
should really be considered as living organisms.

The virus has to enter the cell to start it’s activity. As a first step, they must
attach to a receptor on the cell surface. Each virus has its specific receptor and it
is a vital component of the cell surface. The selectivity of the viruses determines
the cell preference.

For instance, rhinoviruses have a preference for airways cells; HIV infects
mainly T lymphocytes and macrophages with the clusters such as CD4, CCRS5,
and CXCR4 on the surface of immune cells; Epstein—Barr virus and rabies virus
infect B lymphocytes carrying complement receptor type CR2. It is believed
that influenza viruses infect cells in a multi-step process. The main targets of
the influenza virus are the columnar epithelial cells of the trachea, bronchi and
bronchioles. On the first step viruses are internalized via receptor-mediated
endocytosis and then are trafficked along the endocytic pathway to endosomes.
After that HA protein — hemagglutinin catalyzed fusion between the viral and
endosomal membranes takes place, releasing viral ribonucleoproteins which are
imported into the nucleus for viral gene expression and replication.

When a virus enters the body, it triggers the body’s immune defenses, such as
lymphocytes and monocytes, which destroy the virus or the cells it has infected.
If the body survives the virus attack, it becomes able to respond to a subsequent
infection by the same virus (immunity, which can also be produced by vaccina-
tion). Vaccination is possible to prevent infections with some viruses, such as
hepatitis B, varicella-zoster, influenzas A and B, Yellow fever, and poliovirus
viruses; but not infections caused by HIV, hepatitis C, herpes simplex, cytomeg-
alovirus, and most hemorrhagic fever viruses (except for Yellow fever virus).

One classification of viruses is based on pathogenic property and mode of
transmission.

Respiratory viruses—influenza, rhinovirus, adenovirus—are usually acquired
by inhalation of droplets and replicate in the respiratory tract. The polioviruses,
rotaviruses, reoviruses, and some adenoviruses are enteric viruses. These are
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viruses that replicate in the gut and cause gastric infections. The most serious com-
plications include meningitis, encephalitis, poliomyelitis, and myocarditis. Arbo-
viruses infect insects that ingest vertebrate blood, replicate in tissue of the insect,
and then are transmitted to the vertebrate host. Such viruses include flaviviruses,
bunyaviruses, and some rhabdoviruses. Sexually transmitted viruses include HIV,
herpes simplex, and papilloma viruses. Hepatitis viruses cause disease of the liver.

More than 30,000 different viruses have been isolated and studied to date.
Historically, their classification was disease related. Now they are grouped at
different hierarchical levels of order, family, subfamily, genus, and species on
the basis of their properties.

Viral infections that cause persistent infections are viruses that belong to the
Retroviridae family (HIV, which causes AIDS, and human T-cell lymphotrophic
virus [HTLV], which causes leukemia); to the Flaviviridae family (hepatitis C
[HCV] and to the Hepadnaviridae family (hepatitis B [HBV]), which cause
chronic hepatitis and hepatocellular carcinoma; and to the Herpesviridae family
(herpes simplex viruses 1 and 2 [HSV-1 and HSV-2]), which cause recurrent
mucocutaneous infections and encephalitis. In addition, varicella zoster virus
(VZV) causes recurrent neurological lesions; cytomegalovirus (CMV) causes
retinitis, pneumonia, encephalitis; Epstein-Barr virus (EBV) causes lymphop-
roliferative disorders; and viruses that belong to the Papovaviridae family cause
cervical carcinoma and warts.

Human viral infections associated with loss of work hours include rhinovi-
ruses (influenza A virus causing influenza) and Caliciviruses, Norwalk viruses,
and Astra diarrhea-causing viruses.

Viruses are also classified on the basis of morphology, chemical composi-
tion, and mode of replication, which reflects only a small part of the spectrum
of the multitude of different viruses.

Viral diseases are not treatable with antibiotics, which can only cure bacte-
rial diseases and infections.

Drugs that combat viral infections are called antiviral drugs. There are no
effective antiviral drugs for many viral infections. However, there are several
drugs for influenza, a couple of drugs for herpesviruses, and some new antiviral
drugs for treatment of HIV and hepatitis C infections.

The arsenal of antivirals is complex. As of March 2014, it consists of
approximately 50 drugs approved by the FDA, approximately half of which are
directed against HIV. Antiviral drug creation strategies is focused on two differ-
ent approaches: targeting the viruses themselves or targeting host cell factors.
These approaches are widely reviewed [1-60].

34.1 DIRECT VIRUS-TARGETING ANTIVIRAL DRUGS
Attachment Inhibitors

The first event in viral infection of the host cell is binding of the virus to the cell
surface, which involves numerous interactions between the virion surface and
the receptor. Some viruses have specific attachment sites widely distributed all
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over the host cell membrane that recognize molecules on the surface of virus
particle. Many viruses use as an attachment site heparan sulphate proteoglycans
found at the cell surface.

To block initial aspecific binding of virus to cells, polyanionic compounds
(polysulfates, i.e., dextran sulfate, polysulfonates, polycarboxylates, polyoxo-
metalates, and negatively charged albumins) have been suggested. A series of
them were potent and selective inhibitors of respiratory viruses under experi-
mental conditions.

Some pyrrolopyridine (6-azaindole) compounds, such as BMS-488043
(34.1.1) [61,62] and BMS-663068 (34.1.2) [63], which block interactions
between a virus and its receptor, thereby significantly reducing HIV-1 prolifera-
tion, have been proposed as anti-HIV therapeutics (Fig. 34.1.).
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FIG. 34.1 Compounds that block the interactions between a virus and its receptor.

Another example of compounds blocking initial binding of virus to cells are
hydrolytic enzyme neuraminidase inhibitors.

The influenza neuraminidase is a surface glycoprotein that cleaves the cell-
receptor sialic acid residues, thereby allowing the release of the virus to infect
new cells [64]. Neuraminidase inhibitors are commonly used in both the pre-
vention and the treatment of influenza.

Several neuraminidase inhibitors have been developed, including oseltami-
vir (Tamiflu) (34.1.3) and zanamivir (34.1.4), which were first used clinically
as antiflu therapies [65]. Laninamivir (34.1.5) and peramivir (34.1.6) were also
approved in northeast Asia (China, Japan and South Korea) recently. These
agents are proven to be safe and effective alone or in combination for the treat-
ment of uncomplicated influenzas [66] (Fig. 34.2.).
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FIG. 34.2 Neuraminidase inhibitors.

Another way of preventing binding of the virus to the host cell is by vac-
cination immunization using antibodies (specific immunoglobulins) against the
infecting agent.
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Entry Inhibitors

After attaching to host cells, the second step in the viral replication cycle is pen-
etration. Enveloped viruses penetrate by fusion of the viral membrane with the
cell membrane, while “naked” viruses penetrate the cell by phagocytosis of the
virion and releasing viral genome into the host cytoplasm. For this reason entry
inhibitors became one of the major concepts in the development of new antiviral
drugs and play a very big role for antiviral therapies.

Fusion inhibitors are designed to block the conformational changes that are
required for membrane fusion. Enfuvirtide (34.1.7), is the first and the only
clinically approved fusion inhibitor that can inhibit a broad range of enveloped
virus, particularly HIV strains. Enfuvirtide (Ac-Tyr-Thr-Ser-Leu-Ile-His-Ser-
Leu-Ile-Glu-Glu-Ser-GIn-Asn-GIn-GIn-Glu-Lys-Asn-Glu-Gln-Glu-Leu-Leu-
Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-Trp-Asn-Trp-Phe-NH,) is the first of a
novel class of peptide fusion inhibitors considered to be active against HIV-1 by
disrupting the HIV-1 molecular machinery at the final stage of fusion with the
target cell [67]. A series of modified peptides, including peptide fusion inhibi-
tors possessing potent anti-HIV activity, namely, CP32M [68], sifuvirtide [69],
and T2635 [70], have been synthesized and modified by pegylation, glycosyl-
ation, and other processes.

A plethora of small molecule fusion inhibitors have been synthesized,
but because of the difficulty of their production and delivery, none has been
approved for clinical use. Pleconaril (34.1.8), an entry inhibitor for nonenvel-
oped viruses, prevents the virus from attaching itself to the host cell. It is the
prime example of a human rhinovirus inhibitor [71,72] to have been proposed.
Other capsid-targeting molecules, namely, BTA-798 (34.1.9) [73,74] and V-073
(34.1.10) [74,75], are in clinical development.

Ac-Tyr-Thr-Ser-Leu-lle-His-Ser-Leu-lle-Glu-Glu-Ser-GIn-Asn-GIn-GIn-Glu-Lys-Asn-
Glu-GIn-Glu-Leu-Leu-Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-Trp-Asn-Trp-Phe-NH,

Enfuvirtide 34.1.7

Pleconaril 34.1.8 BTA-798 34.1.9 V-073 34.1.10
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FIG. 34.3 Entry inhibitors.
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The entry inhibitors primarily target the HIV-1 envelope glycoproteins or
the cellular receptors, CD4, and the chemokine receptors involved in a number
of biological processes. HIV-1 enters CD4-expressing cells via one or both of
the chemokine receptors CCR5 and CXCR4. The CC-chemokine receptor 5
(CCRS5) antagonist maraviroc (34.1.11) is the only approved drug of the novel
class of “antiretroviral agents” that prevents the entry of HIV-1 into host cells
by blocking the CCRS5 coreceptor [74,75] (Fig. 34.3.).

Uncoating Inhibitors

Another antiviral drug target is the uncoating step during viral infection, which
is the process of capsid disintegration, retaining the virus in the encapsulated
state, and not allowing the virus to release its genomic material into the host
cell to interrupt the virus replicative cycle before it proceeds to the reverse tran-
scriptase step. It is believed that such drugs work by blocking ion channels in
the virus. Amantadine (34.1.12) [76-79] and rimantadine (34.1.13) [78-80] are
representatives of uncoating inhibitors specifically prevent release of influenza
A virus in the cells, but to date no compounds have been shown to act at the
uncoating of HIV or retroviruses (Fig. 34.4.).

ﬁz EHZ
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FIG. 34.4 Uncoating inhibitors.

Protease Inhibitors

Proteases are essential enzymes that regulate number of processes such as infec-
tion, fertilization, allergic reactions, inflammation, blood clotting, cell growth
and death, and bone remodeling. They have become a remarkable target for
promising therapeutic agents.

Protease inhibitors are enzymes that are critical for diverse biological pro-
cesses involved in the life cycle of viruses and their replication processes. Prote-
ase inhibitors have became very important constituents of the antiretroviral drugs
armada. In particular, they prevent viral replication by blocking proteolytic cleav-
age of protein precursors that are necessary for the production of infectious par-
ticles. It should be noted that most viruses also encode proteases, which protect
viral proteins by modulating host cell. Protease inhibitors were a major thera-
peutic breakthrough in the mid-1990s for the treatment of HIV infection, usher-
ing in the era of highly active antiretroviral therapy. Among the anti-HIV drugs
developed over the past two decades, inhibitors of HIV-1 protease and reverse
transcriptase have found a very prominent clinical use; creation of a series of
protease inhibitors is one of the great successes of antiviral drug design. Early
research involved in a quest among suitable peptides. But finally it was concluded
to decrease peptide-like features, minimize the size of molecules.
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Currently approved protease inhibitors, which have been mainly created
on principles of structure- and fragment-based drug design, include: nelfinavir
(34.1.14), amprenavir (34.1.15), fosamprenavir (34.1.16), darunavir (34.1.17),
saquinavir (34.1.18), atazanavir (34.1.19), indinavir (34.1.20), lopinavir
(34.1.21), ritonavir (34.1.22), tipranavir (34.1.23), simeprevir (34.1.24). They
share relative similarity in chemical structures and are recognized by suffix—
navir and have become the most potent types of antiviral drugs (Fig. 34.5.).
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FIG. 34.5 Protease inhibitors that act as antivirals.

Darunavir (34.1.17), atazanavir (34.1.19), and ritonavir (34.1.22) are drugs
included in the list of Top 200 Drugs by sales for the 2010s.

Darunavir-Prezista

The synthesis of darunavir (34.1.17) [81,82] was carried out via coupling mixed
carbonate (34.1.27) with a benzene sulfonamide derivative of 1,3-diamino-
4-phenylbutan-2-ol (34.1.34).
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For this purpose, optically active bis-THF-ol (34.1.25) [83] was converted
to mixed carbonate (34.1.27) by reaction with N,N’-disuccinimidyl carbonate
(34.1.25) in the presence of triethylamine in methylene chloride.

For the synthesis of sulfonamide (34.1.34), commercially available (S)-1-((S)-
oxiran-2-yl)-2-phenylethan-1-amine (34.1.29) was reacted with isobutylamine
(34.1.28) in refluxing iso-propanol to give amino alcohol (34.1.30). Reaction of
the resulting amino alcohol with p-nitrobenzenesulfonyl chloride (34.1.31) in the
presence of aqueous NaHCOj; furnished the sulfonamide derivative (34.1.32). Cata-
lytic hydrogenation of obtained product over 10% Pd-C in ethyl acetate effected
reduction of the nitro group to the corresponding amine (34.1.33). The BOC group
of the amine (34.1.33) was removed with the use of trifluoroacetic acid to produce
diamine (34.1.34). Reaction of the diamine with the mixed carbonate (34.1.27) in
the presence of triethylamine provided darunavir (34.1.17) in high yield (Scheme
34.1.). Slight modifications of this Scheme have been proposed [84-86].
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SCHEME 34.1 The synthesis of darunavir.

A series of darunavir analogues have displayed impressive enzymatic and antivi-
ral properties and represent promising lead compounds for further optimization [87].

Darunavir is a unique and the most recent extremely potent protease inhibi-
tor drug used to treat HIV infection. Darunavir usually is used in combination
with ritonavir and other medicines. It maintains antiretroviral activity against a
variety of multidrug-resistant HIV strains [88-97].

Darunavir can cause serious, life-threatening side effects, including liver
problems and severe skin reactions or rash.



696 Synthesis of Best-Seller Drugs

Atazanavir-Reyataz

The original synthesis of atazanavir (34.1.19) [98,99] was carried out through
the reaction of the Boc-(pyridin-2-yl)benzyl)hydrazine (34.1.39) with the epox-
ide (34.1.40) prepared according to known procedures [100,101] followed after
deprotection by coupling with N-methoxycarbonyl-L-tert-leucine (34.1.42) to
produce the desired atazanavir (34.1.19) (Scheme 34.2.).

The required benzylhydrazine (34.1.39) was prepared by the coupling of
4-bromobenzaldehyde dimethyl acetal (34.1.36) to 2-bromopyridine catalyzed
by the presence of 1,3-bis(diphenylphosphino)propane nickel (II) chloride and
diisobutylaluminium hydride (current understanding of the coupling mecha-
nism is limited) followed by acidic hydrolysis.

Obtained 4-(pyridin-2-yl)benzaldehyde (34.1.38) easily produced hydrazone
with Boc-hydrazine in ethanol, which on hydrogenation on Pd-C catalyst or reduc-
tion with sodium cyanoborohydride provided the hydrazine building block (34.1.39).

Opening of the N-Boc—protected epoxide (34.1.40) with the Boc-protected
benzylhydrazine (34.1.38) led to the symmetrically N-Boc—protected aza-dipep-
tide mimetic. Both of the Boc-protected groups were simultaneously cleaved off
by acidic treatment (HCI in water/THF) and the obtained product (34.1.41) was
coupled with N-methoxycarbonyl-L-tert-leucine (34.1.42) according to standard
peptide synthesis procedures (carboxylic acid activator-carbodiimide-EDCI,
racemization suppressor hydroxybenzotriazole [HOBt] base-triethylamine) to
produce the target compound, atazanavir (34.1.19) (Scheme 34.2.) The improved
approach of the same strategy was published [102].
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SCHEME 34.2 The original synthesis of atazanavir.
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Another efficient and practical synthesis of atazanavir was developed by
employing the diastereoselective reduction of ketomethylene aza-dipeptide
(34.1.47) as the key and final step [103]. It was assembled from two key inter-
mediates: hydrazide (34.1.44) and 1-amino-3-chloropropan-2-one derivative
(34.1.40).

Hydrazide (34.1.44) was synthesized from the already known 4-(pyridin-
2-yl)benzaldehyde (34.1.38), which in this special case was prepared by
Kumada coupling of the Grignard reagent to 2-bromopyridine. The condensa-
tion of the aldehyde (34.1.38) with N-(methoxycarbonyl)-L-tert-leucinyl hydra-
zine (34.1.43) was carried out in ethanol. The resulting mixture was subjected
to the next reaction without further purification. The quantitative hydrogenation
with the use of Pd(OH),/C in ethanol proceeded in high yield and high purity to
produce the desired hydrazide (34.1.44).

The second key reagent, chloromethyl ketone (34.1.46), is prepared
by reaction of (S)-3-amino-1-chloro-4-phenylbutan-2-one (34.1.45) with
mixed anhydride, which in turn, was prepared from N-(methoxycarbonyl)-
L-tert-leucine and isobutyl chloroformate. The coupling of the obtained
chloromethyl ketone (34.1.46) with hydrazide (34.1.44) smoothly takes
place in acetonitrile in presence of Nal and NaHCOj; to produce the ketone
(34.1.47).

For the key and final step—reduction of obtained amino ketone (34.1.47)—a
new reagent—solvent combination LiAIH(O-tBu); in Et,O was employed, which
allowed synthesis of the desired syn-1,2-amino alcohol atazanavir (34.1.19)
exclusively (Scheme 34.3.) Other minor modifications of the presented two
approaches have been proposed [104-106].
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SCHEME 34.3 The synthesis of atazanavir.
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Atazanavir is a novel, potent, safe, and generally well-tolerated inhibitor
of the HIV protease. It was the first, and to date the only, protease inhibitor
designed to be applied once daily. Atazanavir is expected to overcome the prob-
lems of earlier agents of this class of drugs, such as unfavorable adverse events
like hyperlipidemia, diarrhea, and lipodystrophy. In combination with nucle-
oside reverse transcriptase inhibitors and boosted with ritonavir, it has been
established as the preferred initial regimen in published guidelines [107-119].

Ritonavir-Norvir

The first publications [120,121] describing the synthesis of ritonavir
(34.1.22) started from methyl N-(benzyloxycarbonyl)-L-phenylalanine
methyl ester (34.1.48), which on reduction with LiAlH, was transformed
to N-(benzyloxycarbonyl)-L-phenylalaninol (34.1.49). Oxidation of the
N-(benzyloxycarbonyl)-L-phenylalaninol (34.1.49) with oxalyl chloride
in DMSO at —60°C produced the corresponding aldehyde (34.1.50). The
obtained aldehyde was dimerized with Zn dust in dichloromethane, in
presence of vanadium trichloride, which catalyzes the pinacol coupling
reaction, yielding (2S,3R,4R,5S)-2,5-bis(benzyloxy-carbonylamino)-
1,6-diphenylhexane-3,4-diol (34.1.51) [along with the (2S,3S,4S,55)-
isomer]. The reaction of the diol (34.1.51) with a-acetoxyisobutyryl
bromide (34.1.52) in hexane/dichloromethane produces (2S,3R,4R,5S)-
2,5-bis(benzyloxycarbonylamino)-4-bromo-1,6-diphenylhexan-3-ol acetate
ester (34.1.53), which was converted into the corresponding epoxide
(34.1.54) with NaOH in dioxane/water. The reduction of the epoxide
(34.1.54) with NaBH, in THF followed by deprotection with CF;COOH
produces (2S,3S,5S)-2,5-diamino-1,6-diphenylhexan-3-ol (34.1.55).

The obtained product was condensed with (5-thiazolylmethyl)(4-nitrophenyl)
carbonate (34.1.56) in THF to produce (2S,3S,5S)-5-amino-1,6-diphenyl-2-(5-
thiazolylmethoxycarbonylamino) hexan-3-ol (34.1.57). Finally, this compound was
condensed with N-[N-(2-isopropylthiazol-4-ylmethyl)-N-methylaminocarbonyl]-
L-valine (34.1.58) (EDCI, HOBt) in THF to produce the desired ritonavir (34.1.22)
(Scheme 34.4.).

(5-Thiazolylmethyl)(4-nitrophenyl)carbonate (34.1.56), used in Scheme
34.4., was synthesized from 5-thiazolylmethanol (34.1.65), which, in turn,
was prepared via cyclization on heating of thioformamide (34.1.60) with
2-chloro-3-oxopropionic acid ethyl ester (34.1.61). The synthesis of thio-
formamide (34.1.60) was accomplished with P,Ss in ethyl ether from for-
mamide (34.1.59). The starting p-aldehydoester (34.1.63) was obtained by
condensation of ethyl chloroacetate (34.1.61) with ethyl formate (34.1.62)
in the presence of t-BuOK in THF. The reduction of (34.1.64) with LiAlH,
in THF affords the 5-thiazolylmethanol (34.1.65), which was then esteri-
fied with 4-nitrophenyl chloroformate (34.1.66) in dichloromethane in the
presence of 4-methylmorpholine to produce the desired product (34.1.56)
(Scheme 34.5.).
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SCHEME 34.5 The synthesis of ritonavir (5-thiazolylmethyl)(4-nitrophenyl)carbonate.

The second thiazoly moiety-N-[N-(2-isopropylthiazol-4-ylmethyl)-N-
methylaminocarbonyl]-L-valine (34.1.58) was synthesized by an analogues
scheme.

The reaction of isobutyramide (34.1.67) with P,Ss in ethyl ether pro-
duced the corresponding thioamide (34.1.68), which was cyclized with
1,3-dichloroacetone (34.1.69) by means of MgSO, in refluxing acetone,
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yielding 4-(chloromethyl)-2-isopropylthiazole (34.1.70). The reaction of the
4-(chloromethyl)-2-isopropylthiazole (34.1.70) with methylamine in water
produced N-(2-isopropylthiazol-4-ylmethyl)-N-methylamine (34.1.71), which
was condensed with N-(4-nitrophenoxycarbonyl)-L-valine methyl ester
(34.1.73), which was synthesized by reaction of chloroformate (34.1.66) with
L-valine methyl ester (34.1.72) in the presence of 4-methylmorpholine in
dichloromethane.

Finally, this compound was converted into the corresponding free acid
(34.1.58) with LiOH in dioxane/water mixture (Scheme 34.6.).

o
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34.1.70 34.1.73 34.1.58

SCHEME 34.6 The synthesis of N-[N-(2-isopropylthiazol-4-ylmethyl)-N-methylaminocarbonyl]-
L-valine.

A slightly different approach was demonstrated in patents [122,123], which
describe a new method for the preparation of a key diaminoalcohol intermediate
(34.1.55) in the synthesis of ritonavir, has been described: The reaction of L-
phenylalanine (34.1.74) with benzyl chloride using K,CO; and KOH in hot water
produced L-phenylalanine benzyl ester (34.1.75), which was condensed first
with acetonitrile in presence of NaNH, and then reacted with benzylmagnesium
chloride, in methyl tert-butyl ether, yielding 5-amino-2-(dibenzylamino)-1,6-
diphenylhex-4-en-3-one (34.1.76). The reduction of the obtained product with
NaBH, resulted in an enhanced enantioselectivity toward the desired (S,S,S)-
enantiomer of 5-amino-2-(dibenzylamino)-1,6-diphenyl-3-hexanol (34.1.77).
Finally, this compound was debenzylated by hydrogenation with ammonium
formate over Pd/C in methanol/water to provide the target chiral diaminoalco-
hol (34.1.55) transformed to ritonavir (34.1.22) (Scheme 34.7.).

Different variations of these approaches have been published [124-127].

Ritonavir is a potent inhibitor of the protease encoded by the HIV-1 and
is clinically applied to suppress HIV-1 replication in AIDS patients. Ritonavir
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does not cure HIV or AIDS, but it may slow the progress of the disease. It
reduces the amount of virus in the body, has good oral bioavailability, and may
increase the bioavailability of other protease inhibitors, including saquinavir,
nelfinavir, and indinavir [128-133]. Ritonavir, can cause clinically significant
increases in serum levels of other protease inhibitors such as darunavir, fosam-
prenavir, lopinavir, and saquinavir, and is often used in combination with them.

Lopinavir-Kaletra

The first report of a new protease inhibitor candidate lopinavir (34.1.21) seems
to be Abbott’s patent [134].

The core of lopinavir is identical to that of ritonavir. The 5-thiazolyl end
group in ritonavir was replaced by the phenoxyacetyl group, and the 2-isopro-
pylthiazolyl group in ritonavir was replaced by a modified valine in which the
amino terminus had a six-membered cyclic urea attached.

Synthetic strategy employed for the synthesis of multikilogram quantities of
lopinavir is very similar to that implemented for ritonavir (34.1.22), but using
the protected version (34.1.79) of the “core” diamino alcohol (34.1.55), which
was sequentially acylated with the acid chlorides of (S)-3-methyl-2-(2-oxotetra-
hydropyrimidin-1(2H)-yl)butanoic acid (34.1.89) and 2-(2,6-dimethylphenoxy)
acetic acid (34.1.94) [135,136].

The bulk synthesis of protected diamino alcohol (34.1.79) was proposed
[137,138] by a method closely related to the method [122,123] for ritonavir.
For that purpose L-phenylalanine (34.1.74) was sequentially trialkylated with
benzyl chloride using a K,COj/water system at reflux to produce a triben-
zylated product (34.1.75). A solution with generated acetonitrile anion in THF
was added to the benzylated product (34.1.75) at less than —40°C to yield the
cyanomethylketone (34.1.76), which was exposed to Grignard reagent—benzyl
magnesium chloride to produce an enaminone (34.1.77). No racemization was
observed in these two steps. The addition of the obtained enaminone (34.1.77)
in THF/PrOH to a solution of NaBH, and MsOH in THF at 5°C produced an
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intermediate aminoketone (34.1.78). No further reduction of the keto group
occurs under these conditions. Reduction of the keto group could proceed by
addition of a preformed solution of sodium tris(trifluoroacetoxy)borohydride
in tetrahydrofuran [NaBH3(OTFA)], which produces a mixture of amino alco-
hols composed of 93% of the desired (2S5)-5-amino-2-(dibenzylamino)-1,6-
diphenylhexan-3-ol (34.1.79) along with 7% of the three undesired diastereo-
mers. The crude mixture was debenzylated (Pd-C, HCONH,), and the prod-
uct was purified by precipitation from iPrOH/HCI (aq) to produce (34.1.55) in
greater than 99% purity and in high yield (Scheme 34.8.).
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SCHEME 34.8 The synthesis of (2S)-5-amino-2-(dibenzylamino)-1,6-diphenylhexan-3-ol.

An efficient synthesis of each of the side chain moieties and their cou-
pling with the “core” diamino alcohol derivatives was developed as follows:
(S)-3-methyl-2-(2-oxotetrahydropyrimidin-1(2H)-yl)butanoic acid (34.1.85)
was prepared starting from L-valine (34.1.80), which was first converted to
N-phenoxycarbonyl-L-valine (34.1.82) with phenylchloroformate (34.1.81).
Accurate pH monitoring (pH 9.5 to 10.2) was necessary and LiOH was found
to be a superior base. Control of pH was essential as the valine dimer and its
derivatives were formed as reaction byproducts outside of this pH margin. LiCl
was added to provide a lower freezing point to the aqueous solution and neu-
tral Al,O; was added to prevent gumming and emulsion formation during the
course of the reaction.

Treatment of N-phenoxycarbonyl-L-valine (34.1.82) with 3-chloro-
propylamine hydrochloride (34.1.3) and solid NaOH in THF produced
the unisolated salt of chloropropylurea (34.1.84), which was then treated
with t-BuOK, effecting cyclization to produce the desired acid (34.1.85)
in 75 to 85% yield and in greater than 99% enantiomeric excess. Acyla-
tion of (34.1.79) with synthesized acid (34.1.85) was initially achieved by
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well-known peptide coupling methods. Optimization of this transformation
allowed the discovery of a more cost-effective method for implementing
acyl chloride (34.1.86), which was easily prepared using thionyl chloride in
THF at room temperature.

The reaction of dibenzylamino alcohols (34.1.79) with acyl chloride
(34.1.86) in the presence of 3.0 equivalents of imidazole in EtOAc and DMF
produced acylated intermediate (34.1.87) as a mixture of diastereomers, which,
without any further purification, was subjected to debenzylation with Pd/C and
HCO,NH, in MeOH at 50°C, which proceeded without significant complica-
tions to produce (34.1.88).

Exposure of crude (34.1.88) to L-pyroglutamic acid (34.1.89) in dioxane
at 50°C followed by cooling, allowed for the isolation of (S)-N-((2S,4S,55)-
5-amino-4-hydroxy-1,6-diphenylhexan-2-yl)-3-methyl-2-(2-oxotetrahydropy-
rimidin-1(2H)-yl)butanamide (34.1.90) pyroglutamic salt as virtually a single
diastereomer in high yield (Scheme 34.9.).
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SCHEME 34.9 The synthesis of (S)-N-((2S,4S,5S)-5-amino-4-hydroxy-1,6-diphenylhexan-2-yl)-
3-methyl-2-(2-oxotetrahydropyrimidin-1(2H)-yl)butanamide.

Acyl chloride (34.1.92) was prepared by the reaction of 2-(2,6-dimethyl-
phenoxy)acetic acid (34.1.91) with thionyl chloride in EtOAc, at room tem-
perature adding a single drop of DMF, and warming the slurry to 50°C, which
produced a clear solution of (34.1.92) that was used in the subsequent acylation
of amine (34.1.90). Reaction of pyroglutamate salt (34.1.90) with acyl chloride
(34.1.95) in ethyl acetate under Schotten-Baumann reaction conditions (use of
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a two-phase solvent system) in the presence of a water solution of NaHCOj; for
liberation of free amine, produced the desired lopinavir (34.1.21) in high yield
and purity (Scheme 34.10.).
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SCHEME 34.10 The synthesis of lopinavir.

Lopinavir is a novel and strong protease inhibitor developed from ritonavir
with high specificity for HIV-1 protease [139-141]. It is indicated, in combi-
nation with other antiretroviral agents, for the treatment of HIV-1 infection.
Numerous clinical trials have shown that lopinavir/ritonavir (Kaletra) is highly
effective as a component of highly active antiretroviral therapy [142,143].

Polymerase Inhibitors

The polymerases are enzymes essentially required for the replication of viruses.
Viral DNA and RNA polymerases are responsible for copying the genetic mate-
rials of viruses, their transcription and replication, and therefore are central
components in the life cycles of viruses.

Polymerase inhibitors block enzymatic function, thus preventing virus from
multiplying. This group of antiviral medications consist of two classes: nucleo-
side inhibitors and nonnucleoside inhibitors. In contrast to the nucleoside inhib-
itors that bind to the active site of the polymerase, the nonnucleoside inhibitors
bind to allosteric binding sites within the polymerase, thus blocking its action.

Along with nucleoside and nonnucleoside polymerase inhibitors there exist
a class of nucleotide and nonnucleotide polymerase inhibitors.

Polymerase inhibitors are classified also as DNA or RNA polymerase
inhibitors.

Nucleoside viral DNA polymerases are the specific target of a number of
antiviral drugs currently used to inhibit viral replication. Most antiviral approved
drugs which inhibit a DNA polymerase are nucleoside analogues. They repre-
sent the most productive source of antiviral agents. These agents need to be
phosphorylated to their active form. Active forms inhibit polymerases by com-
peting with natural substrates incorporation into the growing DNA chain, and in
this way terminating viral DNA elongation.

The DNA polymerase inhibitors are acyclovir (34.1.93), valacyclovir
(34.1.94), penciclovir (34.1.95), famciclovir (34.1.96), ganciclovir (34.1.97),
and valganciclovir (34.1.98) (Fig. 34.6.).
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FIG. 34.6 Structure of DNA polymerase inhibitors.

A special place among viral DNA polymerases inhibitors is occupied by
foscarnet (Foscavir) (34.1.99), which selectively inhibits the pyrophosphate
binding site on viral DNA polymerases, blocking the release of pyrophosphate
from the terminal nucleoside, and does not affect human DNA polymerases
(Fig. 34.7.).
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FIG. 34.7 Structure of Foscavir.

Nucleoside and nucleotide DNA polymerase inhibitors are drugs identified
by the suffix -ovir.

Viral RNA polymerase inhibitors are represented by the single drug ribavirin
(34.1.100) (Fig. 34.8.).
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Ribavirin 34.1.100
FIG. 34.8 Structure of ribavirin.

Ribavirin (34.1.100) inhibits guanosine triphosphate formation, prevents
capping of viral mRNA, and blocks derivative that resembles viral RNA-
dependent RNA polymerase activity.
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In recent years, antiviral drug discovery platforms utilizing high-throughput
screening technology (HTS) have enabled discovery of many initial lead series
of nonnucleoside viral RNA polymerase inhibitors.

The viral DNA polymerase inhibitors acyclovir, valacyclovir, valganciclovir,
and tenofovir are included in the list of Top 200 Drugs by sales for the 2010s.

Acyclovir-Zovirax

The synthesis of the forerunner to polymerase inhibitors—acyclovir (34.1.93),
as an antiherpes drug—was first described [144] and then disclosed in detail
later [145].

The synthesis started with benzonitrile (34.1.101), which was heated at
reflux in ethylene glycol for 72 hours to produce ethylene glycol monobenzoate
(34.1.102). A cold mixture of the obtained ethylene glycol monobenzoate and
paraformaldehyde in dry dichloroethane was saturated with dry HCI, producing
1-benzoyloxy-2-chloromethoxyethane (34.1.103). The last was added to a
solution of 2,6-chloropurine (34.1.104) and triethylamine in dimethylformamide,
and after the exothermic reaction the product—2,6-chloro-9-(2-benzoyloxye-
thoxymethyl)purine (34.1.105)—was separated. A solution of the 2,6-chloro-9-
(2-benzoyloxyethoxymethyl)purine (34.1.105) in ammonia methanol solution
was heated in autoclave at 95°C. As a result of the differences in the chemical
reactivity in the 2- and 6- positions in the pyrimidine ring, selective substitution
of the 6-chloro group takes place with simultaneous deprotection of the side
chain to produce 2-chloro-9-(hydroxyethoxymethyl)adenine (34.1.106). Treatment
of the last with nitrous acid, followed by reaction of deaminated intermediate
with methanolic ammonia to displace the 2-chloro group, produces a moderate
yield of acyclovir (34.1.93) (Scheme 34.11.).
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SCHEME 34.11 The synthesis of acyclovir.

A more efficient method to prepare acyclovir, which consists of alkylation
of 2-chloro-6-iodopurine (34.1.109) with iodomethyl[(trimethylsilyl)oxy]ethyl
ether (34.1.108), has been performed. The synthesis of (34.1.108) involved the
reaction of 1,3-dioxolane (34.1.107) with trimethylsilyl iodide in cyclohexene
to produce the desired side-chain moiety (34.1.108). Treatment of the anion
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of 2-chloro-6-iodo-purine (34.1.109) generated with NaH in dry DMF with
prepared (34.1.108) at —63°C followed by hydrolysis and ammonolysis reac-
tions, yielded the desired acyclovir (34.1.93). Hydrolysis was accomplished
by adding aqueous solution of K,COj; at room temperature to the solution of
synthesized 2-chloro-9-[(2-hydroxyethoxy)methyl]-6-iodopurine (34.1.110) in
dioxane. Ammonolysis occurred by heating of product of hydrolysis with NH;
in methanol in a sealed tube that was heated to 110°C to produce acyclovir
(34.1.93) [146,147] (Scheme 34.12.).
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SCHEME 34.12 The synthesis of acyclovir.

A more convenient and economical synthesis of acyclovir has been
reported [148]. The synthesis started from the easily available mixture of
N,N’-diacetylguanines (34.1.112), which was prepared by acylation of gua-
nine (34.1.111) with acetic anhydride/acetic acid mixture [149]. The obtained
commixture of compounds was condensed with 2-oxabutane-1,4-diol diacetate
(34.1.113) in the presence of p-toluenesulfonic acid or without solvent [149] or
in DMSO [148], which produced a satisfactory yield of the desired separable
crystalline intermediate (34.1.114), without the necessity for column purifica-
tion. Deprotection of the compound (34.1.114) with 40% aqueous MeNH, for
20 minutes at 100°C produced the acyclovir (34.1.96) for an overall yield of
33%. Effective hydrolysis of both acetyl protective groups is possible also by
using ammonia in MeOH, 5% aqueous NaOH at room temperature, pyrrolidine
at room temperature, via refluxing in glycol, whatever etc. Variations of this
method have been reported [148-150] and reviewed [151,152] (Scheme 34.13.).
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SCHEME 34.13 The synthesis of acyclovir.
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Another approach [153] for the synthesis of acyclovir (34.1.93) was dem-
onstrated; it started from the available 7-formamidofurazanopyrimidine
(34.1.115) [154], which was alkylated with 2-(benzoyloxy)ethoxymethyl chlo-
ride (34.1.103) in dimethylformamide in the presence of triethylamine to pro-
duce a mixture of the desired compound (34.1.116) and some deformylated
product. The mixture was reformylated with acetic-formic anhydride to pro-
duce crude (34.1.116). Reductive cleavage of the furazan ring in the obtained
product with zinc dust in acetic acid followed by heating facilitated cycliza-
tion to produce 2-(methy 1thio)adenine (34.1.117), the protective benzoyl group
of which was cleaved with aqueous methylamine by heating on a steam bath
to produce (34.1.118). The 2-methylthio group of (34.1.118) failed to react in
liquid ammonia at 90°C. For this reason, the 6-amino group of the mentioned
compound (34.1.118) was transformed to a hydroxyl group with sodium nitrite
in acetic acid, which yielded (34.1.119). Subsequent amination with ammo-
nia saturated ethanol at 140°C in an autoclave produced the desired acyclovir
(34.1.93) (Scheme 34.14.).
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SCHEME 34.14 The synthesis of acyclovir.

Other approaches, which differ in details from described above, have been
reviewed [151,152].

Acyclovir is closely related to the natural component of DNA, guanine
deoxyriboside, and acts to prevent the DNA replication of a DNA virus at con-
centrations far below those that affect cellular DNA.

The discovery of acyclovir, a nucleoside analogue, more than 30 years ago,
represents a milestone. Acyclovir is the drug of choice for the prophylactic and
curative treatment of herpes simplex (genital herpes) virus and varicella-zoster
(shingles) virus infection, which remain a challenge in the 21st century. Acyclo-
vir does not cure herpes, but may prevent a breakout of herpes sores or blisters.
The viruses continue to live in the body even between outbreaks. But acyclovir
decreases the severity and length of these outbreaks. It helps the sores heal
faster, keeps new sores from forming, and decreases pain and itching. Acyclovir
formulations include injection, oral and topical forms [153-156].
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Valacyclovir-Valtrex

Valacyclovir is a prodrug derived by esterifying acyclovir with L-valine. It is
quickly absorbed and well tolerated. Upon administration, valacyclovir is rap-
idly and completely converted to acyclovir by enzymatic hydrolysis, which
increases the oral bioavailability three- to fivefold.

In the first synthesis of valacyclovir (34.1.94) [157,158], acyclovir (34.1.93)
was condensed with N-carbobenzyloxy-L-valine (34.1.120) in DMF and in the
presence of dicyclohexylcarbodiimide, providing N-carbobenzyloxy—protected
valacyclovir (34.1.121), which was subjected to palladium catalyzed deprot-
ection (Pd/Al,O3 in DMF) to furnish valacyclovir (34.1.94). An efficient and
scaleable process according to this Scheme 34.15 was developed later [159].

The same approach was implemented with another protecting group on an
amino acid moiety and, valacyclovir was prepared by reaction of N-(Boc)-L-
valine with acyclovir using 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) as coupling agent and HCI in the deprotection step [160].
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SCHEME 34.15 The synthesis of valacyclovir.

NH,

Valacyclovir is used for the treatment of herpes, varicella zoster, and cyto-
megaloviruses. A discussion on the clinical pharmacology, antiviral activity,
clinical efficacy, and other therapeutic issues is presented in reviews [161-166].

Valganciclovir-Valcyte

Valganciclovir (34.1.98) is a mono-L-valyl ester prodrug of the antiviral com-
pound ganciclovir. Most of the known literature on the synthesis of valganci-
clovir involves the coupling of the protected form of ganciclovir (34.1.97) with
N-protected L-valine derivatives followed by deprotection.

The synthesis of ganciclovir for the synthesis of valganciclovir started
from epichlorohydrin (34.1.122), which on reaction with benzyl alcohol in
presence of 50% aqueous NaOH (at room temperature) produced 1,3-di-O-
benzylglycerol (34.1.123) in good yield. Chloromethylation of (34.1.123)
with HCI and paraformaldehyde in methylene chloride gave the chloromethyl
ether (34.1.124), reaction of which with potassium acetate in acetone yielded
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2-O-(acetoxymethyl)-1,3-di-O-benzylglycerol (34.1.125). Condensation of
the obtained product with a mixture of N,N’-diacetylguanines (34.1.112) in the
presence of a catalytic amount of p-TsOH in sulfolane or DMF, produced a
3:2 mixture of NZ2-acetyl-9-[[1,3-bis(benzyloxy)-2-propoxy]methyl]guanine
(34.1.126) and its corresponding N7 isomer. The desired isomer (34.1.126) was
separated by crystallization from toluene. Debenzylation of the obtained product
(34.1.126) using palladium hydroxide on carbon (cyclohexene, ethanol) produced
compound (34.1.127), which was deacetylated with a concentrated NH,OH/
methanol solution to produce ganciclovir (34.1.97) [167,168] (Scheme 34.16.).
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SCHEME 34.16 The synthesis of ganciclovir.

Other synthetic approaches of ganciclovir (34.1.100) have been reported
[169-172].

Valganciclovir was synthesized by method presented on the Scheme 34.17,
which is closely related to presented above for ganciclovir.

For this purpose, epichlorohydrin (34.1.122) was reacted with benzyl
alcohol in the presence of powdered KOH in toluene at room temperature to
produce benzyloxymethyloxirane (34.1.128). Gaseous HCl was bubbled into
a stirred mixture of the obtained oxirane (34.1.132) and paraformaldehyde in
dichloromethane to produce (1-chloro-2-chloromethoxy-3-benzyloxy)propane
(34.1.129). This chloromethyl ether was reacted with potassium acetate in ace-
tone to produce (1-chloro-2-acetoxymethoxy-3-benzyloxy)propane (34.1.130).
A solution of diacetylguanine (34.1.112), (1-chloro-2-chloromethoxy-3-ben-
zyloxy)propane (34.1.130), and p-TsOH in DMF was heated at 100°C for 6
hours to produce, after flash chromatography purification, a chloro derivative
(34.1.131). The product from the previous step, and a large excess of potassium
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acetate in DMF, were heated to reflux for 5 hours to produce 2-(2-amino-1,6-di-
hydro-6-oxo-purin-9-yl)methoxy-1-acetoxy-3-benzyloxy-propane (34.1.132).
Stirring of the last in 30% ammonia/methanol at ambient temperature pro-
duced the deprotected compound (34.1.133). N-Benzyloxycarbonyl-L-valine
(34.1.120)/dicyclohexylcarbodiimide complex prepared in dichloromethane
was added to the suspension of (34.1.133) in DMF followed by 4-dimethyl-
aminopyridine. The workup of the mixture after 18 hours produced valinate
(34.1.134). The obtained product was deprotected by hydrogenation over pal-
ladium hydroxide in refluxing ethanol to produce the desired valganciclovir
(34.1.98) [173,174] (Scheme 34.17.).
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SCHEME 34.17 The synthesis of valganciclovir.

Valganciclovir (34.1. 98) has traditionally been synthesized by employing
protection—deprotection strategies of either of the two hydroxy groups of option-
ally amino-protected ganciclovir and treating the monohydroxy-protected gan-
ciclovir with protected L-valine (34.1.120). Most of the syntheses involve the
use of key starting material ganciclovir (34.1.97).

In one approach, ganciclovir reacted with trimethyl orthoformate (or
any other orthoformate) to produce cyclic orthoester (34.1.135), which was
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treated with formic acid in DMF/H,0 to yield ganciclovir O-monoformate
(34.1.136). The condensation of the ganciclovir O-monoformate (34.1.136)
with N-benzyloxycarbonyl-L-valine- (34.1.120) produced the monovalinate
(34.1.137), which upon deformylation with HCI in dichloromethane/methanol
mixture of solvents gave rise to compound (34.1.138), which was deprotected
by hydrogenation with Pd/C catalyst [175] to produce the desired valganciclo-
vir (34.1.98) (Scheme 34.18.).
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SCHEME 34.18 The synthesis of valganciclovir.

In another strategy, ganciclovir (34.1.97) was protected with tritylchloride or its
derivatives in DMF in the presence of triethylamine and DMAP to produce the cor-
responding N,O-bis(trityl)—protected compound (34.1.139), which was condensed
with N-(benzyloxycarbonyl)-L-valine (34.1.120) or N-(tert-butoxycarbonyl)-
L-valine to yield the corresponding valine ester (34.1.140). Thereafter, the trityl-
protecting group was removed using hot aqueous hydrochloric, acetic acid or
trifluoroacetic acid, producing (34.1.141) followed by benzyloxycarbonyl removal
by hydrogenation with Pd/C to obtain valganciclovir (34.1.98) [173,176-178]
(Scheme 34.19.).

Many other closely related approaches also have been published [179-184].

Valganciclovir is effective for the treatment of AIDS-related CMV retinitis,
and for the prophylaxis of cytomegalovirus infection and disease in high-risk
solid organ transplant recipients. The drug is generally well tolerated and has a
similar tolerability profile. It is devoid of adverse events related to intravenous
or indwelling catheter access associated with the use of intravenous ganciclovir
[185-192].
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SCHEME 34.19 The synthesis of valganciclovir.

Nucleoside and Nucleotide Reverse Transcriptase Inhibitors

This group includes antiviral agents that are mainly recognized for the treatment
of HIV, usually in combination with other retroviral drugs.

By 1980, HIV had spread to all continents. Identification of HIV as the
causative agent of AIDS started a novel era in medicinal chemistry. As a result,
the first antiretroviral agent, azidothymidine (Zidovudine, AZT) (34.1.146),
was developed, which targeted the very nature of this class of viruses, reverse
transcriptase, an enzyme that controls the replication of the genetic material of
HIV. This enzyme is essential for HIV, but is not present in eukaryotic cells.
These discoveries established the first class of antiretroviral agents: nucleoside
and nucleotide reverse transcriptase inhibitors.

Nucleoside and nucleotide reverse transcriptase inhibitors are analogues of
endogenous nucleosides and nucleotides. From the chemical point they can be
represented as cytidine, guanosine, thymidine, and adenosine derivatives. They all
are inactive in their parent forms and require phosphorylation steps by host cell
kinases and phosphotransferases to form triphosphate derivatives capable of viral
inhibition. In triphosphate forms, they compete with their corresponding endog-
enous deoxynucleoside triphosphates for incorporation by HIV reverse transcrip-
tase. Once incorporated, they serve as chain-terminators of viral reverse transcripts,
thus, acting on the viral replication cycle by inhibiting a critical step of proviral
DNA synthesis prior to integration into the host cell genome [193-199].

The use of nucleoside and nucleotide reverse transcriptase inhibitors has rev-
olutionized the treatment of infection by HIV and hepatitis-B virus. Nucleoside
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and nucleotide reverse transcriptase inhibitors became essential components in
first-line therapy for HIV infection.

A variety of nucleoside reverse transcriptase inhibitors was synthesized,
starting with azidothymidine (34.1.142), zalcitabine (34.1.143), stavudine
(34.1.144), lamivudine (34.1.145), emtricitabine (34.1.146), didanosine
(34.1.147), and abacavir (34.1.148), and, later, some nucleotide reverse tran-
scriptase inhibitors, namely, cidofovir (34.1.149), adefovir (34.1.150), and teno-
fovir (34.1.151) appeared on the pharmaceutical market. Tenofovir (34.1.151)
is used as tenofovir disoproxil fumarate, a prodrug for oral delivery, and is
included in the list of Top 200 Drugs by sales for the 2010s (Fig. 34.9.).
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FIG. 34.9 Nucleoside reverse transcriptase inhibitors.

Tenofovir-Viread

Two approaches for the synthesis of tenofovir (34.1.151) have been reported,
both of which employ readily available reagents.

One is based on alkylation of adenine (34.1.152) in DMF in the presence
of CsCO; with chiral p-toluenesulfonyloxymethanephosphonate (34.1.153),
which, in turn, was prepared in seven steps from D-(+)-isobutyl lactate [200].
Deprotection of the side chain of the obtained (34.1.154) using a standard
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deprotection/cleavage procedure with trimethylsilyl bromide to reflux acetoni-
trile produces tenofovir (34.1.151) [201] (Scheme 34.20.).
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SCHEME 34.20 The synthesis of tenofovir.

In the second approach [202], adenine (34.1.152) was transformed to (R)-
9-(2-hydroxypropyl)-adenine (34.1.156) by reaction with (R)-2-O-tetrahydropy-
ranyl-1-O-p-toluenesulfonylpropane-1,2-diol (34.1.155) followed by deprotection
with 0.25M sulfuric acid to produce the desired compound (34.1.156). After
selective protection of N6 in (34.1.156) with benzoyl group, which was achieved
by selective silylation with chlorotrimethylsilane in pyridine, followed by reaction
with benzoyl chloride, the obtained 9-(R)-(2-hydroxypropyl)-N6-benzoyladenine
(34.1.157) was alkylated with diisopropyl p-toluenesulfonyloxymethanephos-
phonate in DMF in the presence of sodium hydride to produce the compound
(34.1.158). Debenzoylation of the N6 amino group was achieved using an
ammonium hydroxide solution that produced (34.1.158), whose side chain was
deprotected using trimethylsilyl bromide in reflux acetonitrile, which produced
tenofovir (34.1.151) (Scheme 34.21.)
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SCHEME 34.21 The synthesis of tenofovir.

The third approach was based on condensation of adenine (34.1.152) with
propylene carbonate (34.1.160) to produce the (R)-9-(2-hydroxypropyl)-
adenine (34.1.161). Coupling of the prepared adenine (34.1.161) with tosylated
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hydroxymethylphosphonate diester (34.1.162) using lithium tert-butoxide in THF,
and after quenching obtained product with acetic acid and in dichloromethane/
water mixture, the diethylphosphonate ester (34.1.163), which was subjected to
excess bromotrimethylsilane in refluxing acetonitrile produced the desired tenofovir
(34.1.151) [203] (Scheme 34.22.).

This method was improved by converting it to a manufacturing process for
the large-scale synthesis of tenofovir disoproxil fumarate [204,205].
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SCHEME 34.22 The synthesis of tenofovir.

Tenofovir became available in 2001 and today it is an effective and widely
used treatment for both HIV and hepatitis B virus infection.

Tenofovir is a component of the preferred first-line combination antiretrovi-
ral therapy. The efficacy, tolerability, prolonged half-life allowing for once-daily
administration, and availability as a component of several fixed-dose formula-
tions make tenofovir an attractive choice for treatment-naive and treatment-
experienced HIV-infected patients. It can be used in combination with other
anti-HIV drugs [206-219]. Since its approval in 2001, tenofovir has become
one of the most frequently prescribed agents against HIV infection [206-219].

Nonnucleoside Reverse-Transcriptase Inhibitors

Nonnucleoside reverse-transcriptase inhibitors represent one of the most signif-
icant classes of drugs for the treatment of AIDS/HIV infection and are a crucial
component of current antiretroviral therapy [220-224].

These drugs are not competitive with nucleoside reverse transcriptase inhibi-
tors. They are not incorporated into the viral DNA and work at a different site of
the enzyme, preventing the enzyme’s action.

After the initial discovery of 1-(2-hydroxyethoxymethyl)-6-(phenylthio)
thymine (HEPT) (34.1.164) followed by the synthesis of emivirine (34.1.165)
and compounds of the IQP-0410 (34.1.166) series [225], several other chemi-
cal classes of compounds with nonnucleoside reverse transcriptase inhibitors
properties were discovered. These include derivatives of a-anilinophenyl-
acetamides (a-APA) such as loviride (34.1.167) and iminothioureas such as ITP
(34.1.168) with activity against a wide variety of HIV-1 mutant strains [226],
diaryltriazines such as R-106168 (34.1.169) [227], tetrahydroimidazo[4,5,1-
jkj] [1,4] benzodiazepin-2(1H)-one and -thione derivatives (TIBO) such as
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tivirapine (34.1.170) [228] and various other compounds. The hallmark of non-
nucleoside reverse-transcriptase inhibitors has been their ability to interact with
a specific site (“pocket”) of HIV-1 reverse-transcriptase (Fig. 34.10.).
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FIG. 34.10 Nonnucleoside reverse-transcriptase inhibitors.

These findings followed with the discovery of the first drugs of this series,
known as the first generation of nonnucleoside reverse-transcriptase inhibitors,
which include efavirenz (34.1.171), the first nonnucleoside reverse transcrip-
tase inhibitor (approved in 1998) [229-232], delavirdine (34.1.172) [233-235],
which is rarely used nowadays, and nevirapine (34.1.173) [236-239]; all were
commercialized as anti-HIV drugs (Fig. 34.11.).
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FIG. 34.11 Commercialized nonnucleoside reverse-transcriptase inhibitors.

Sustained efforts in this area that were based on molecular modeling studies
led to the identification of many promising hits, leads, and candidates, yield-
ing the second-generation of nonnucleoside reverse-transcriptase inhibitors:
etravirine (34.1.174), which was approved in 2008 [240,241], and rilpivirine
(34.1.175) [242-249], which was approved in 2011 (Fig. 34.12.).
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FIG. 34.12 Second generation of nonnucleoside reverse-transcriptase inhibitors.
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The nonnucleoside reverse-transcriptase inhibitors in clinical use today are
efavirenz (34.1.171), delavirdine (34.1.172), nevirapine (34.1.173), etravirine
(34.1.174), and rilpivirine (34.1.175).

Lersivirine (34.1.176) is a novel second-generation nonnucleoside reverse
transcriptase inhibitor. Its development was recently stopped in Phase IIb clini-
cal trials [250].

Capravirine (34.1.177) [251], is another second-generation nonnucleoside
reverse-transcriptase inhibitor. Studies showed that it had no specific advan-
tages over currently used drugs and, consequently, clinical trials were discon-
tinued after Phase IIb trials (Fig. 34.13.).

P N o NS cl
HO-/ "\= >\‘O/‘<\N§/\©/
1l HN Cl
N

Lersivirine 34.1.176 Capravirine 34.1.177

FIG. 34.13 Novel second-generation nonnucleoside reverse-transcriptase inhibitors.

Human immunodeficiency virus infections are typically treated with drug
combinations consisting of at least three different antiretroviral drugs; nonnu-
cleoside reverse-transcriptase inhibitors are an essential component of antiret-
roviral therapy [252].

Integrase Inhibitors

Integrase inhibitors are a promising group of novel antiretroviral drugs that suppress
the integrase-enzyme that facilitates the incorporation of HIV’s proviral DNA into
the host cell genome and catalyzes a function vital to viral replication, via inhibit-
ing the “integration” of the viral DNA into the hosts’ DNA genome [253-257].

Inhibitors of this enzyme represent the newest class of antiretroviral drugs in
our armamentarium to treat viral infection.

Early integrase inhibitors included polyhydroxylated aromatic compounds,
peptides, nucleotides, and DNA complexes, none of which were able to be
developed into an effective drug.

The first major breakthrough was the discovery of the pyrrolo-diketo acids
[258] as integrase inhibitors flowed by indole-diketo acids [259], naphthyri-
dines [260-262], and dihydroxypyrimidine carboxamides [263], which finally
led to discovery of raltegravir (34.1.178) [264,265].

Raltegravir (34.1.178) was the first integrase inhibitor (it was approved in
2007) for the treatment of HIV infections [266-281]. Raltegravir is included in
the list of Top 200 Drugs by sales for the 2010s.

Elvitegravir (34.1.179), approved in late 2012, is another potent inhibitor
of viral integrase [282-284]. Both raltegravir and elvitegravir are considered
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first-generation integrase inhibitors and are highly efficacious as first-line anti-
retroviral therapy.

Dolutegravir (34.1.180) is a second-generation integrase inhibitor that is cur-
rently under review by the FDA for marketing approval [285-289] (Fig. 34.14.).
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FIG. 34.14 Integrase inhibitors.

Raltegravir-Isentress

The general synthetic route starts from the transformation of acetone cyanohydrin
(34.1.181) to aminonitrile (34.1.182) under Strecker reaction conditions. Obtained
aminonitrile (34.1.182) was converted to the N-Cbz—protected intermediate
(34.1.183) using benzyl chloroformate in sodium carbonate water solution. For the
preparation of amidoxime (34.1.184), hydroxylamine hydrochloride was added to
a solution of (34.1.183) and potassium hydroxide in methanol. The amidoxime
(34.1.184) was treated with dimethylacetylenedicarboxylate (34.1.185) in chloro-
form to produce (34.1.186), which was taken into xylene and heated at 145°C
for 48 hours to be cyclized to pyrimidine-4-carboxylate (34.1.187). The obtained
compound was benzoylated with benzoic acid chloride in pyridine to produce
(34.1.188), which was purified by flash column chromatography and then N-meth-
ylated with dimethyl sulfate in dioxane using lithium hydride as a base, which
provided the compound (34.1.189). The prepared (34.1.189) was hydrogenated in
the presence of 10% Pd/C to produce the N-deprotected product (34.1.190), which
was acylated with freshly prepared 5-methyl-1,3,4- oxadiazole-2-carbonyl chloride
(34.1.191) in the presence of triethylamine in dichloromethane. Finally, refluxing
prepared (34.1.192) overnight with p-fluorobenzylamine in methanol produced
the desired raltegravir (34.1.178) [265,267,290] (Scheme 34.23.). Further develop-
ments for efficient manufacturing of raltegravir are published [291-295].

Raltegravir is used along with other medications to treat HIV infection. It
can cause serious, life-threatening side effects such as allergic reactions, skin
reactions, and liver problems.

A number of other classes of compounds as potential antiviral drugs
have attracted researcher’s attention in the last few years. Among them are
methyltransferase inhibitors [296] (methyltransferase catalyzes the transfer
of a methyl group from S-adenosyl-methionine to viral RNA, and is essen-
tial for the life cycle of many significant human pathogen viruses); helicase
inhibitors [297-299] (helicases catalytically unwind duplex DNA or RNA
and are required to displace the single-stranded genome after replication);
neuraminidase inhibitors [300,301] (neuraminidase inhibitors interfere with
the release of virus from infected host cells); replication and transcription
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complex blockers [302,303] (reagents that can efficiently block assembling
of viral replication and transcription complex responsible for the production
of the viral genome); and ribonucleoprotein complex inhibitors [304] (these
inhibitors are thought to act as “molecule staples” that stabilize interactions
between viral nucleoprotein monomers, promoting the formation of nonfunc-
tional aggregates).

34.2 INDIRECT VIRUS-TARGETING ANTIVIRALS

While the antivirals currently in use exclusively target viral factors, several
approaches now focus on cellular factors or pathways that indirectly interact
with virus replication [305-307].

Among them are inhibitors of intracellular signaling cascades that are essen-
tial for virus replication.

Replication and transcription complex blockers block the formation of
the viral replication and transcription complex, responsible for the produc-
tion of the viral genome or other nucleic acids and ribonucleoprotein com-
plex inhibitors which triggers the aggregation of and inhibits the nuclear
accumulation of virally encoded nucleoprotein thereby inhibiting the repli-
cation of virus.
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Among them a new compound — nucleozin (34.2.1) which inhibits the repli-

cation of various influenza A virus strains [308] (Fig. 34.15.).

Nucleozin 34.2.1

FIG. 34.15 Structure of nucleozin.
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