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Preface

The discovery of drugs involves an interdisciplinary approach, particularly with
regard to synthetic organic chemistry, without which, by definition, no new synthetic
drugs can be discovered. Collaborations with biologists involved in various aspects,
including those involved in animal experiments, and toxicologists are essential. Drug
discovery is a very complex, time-consuming, and expensive process. However, the
discovery of so many spectacular drugs for curing various diseases over a period of
decades has demonstrated the ingenuity of the human mind, and as one looks into
the future, it is not too risky to speculate that newer medicines will be discovered for
existing diseases and those yet to be encountered.

The discovery of penicillin during the Second World War not only saved many
lives but was also the serious beginning of modern-day drug discovery. Penicillin
was discovered by fermentation of a microorganism isolated from natural sources,
as were the vast majority of anti-infectives, such as erythromycin, vancomycin, and
tetracyclines, used in human medicine. Plants have also been rich sources of drugs,
including Taxol, vincristine, and reserpine. It should also be noted that the origins of
several other drugs can be traced back to compounds obtained from natural sources.
For example, 6-aminopenicillanic acid is the starting material for the preparation
of the well-known beta-lactam antibiotics. Similarly, Taxotere, a potent anticancer
agent, is derived from the natural product 10-deacetylbaccatin III. Lovastatin, a
cholesterol-lowering agent, is likewise derived from a natural product. In all these
instances synthetic organic chemists made very important contributions. Research
in steroids in the 1950s attracted many brilliant chemists of the day, as evidenced by
the number of Nobel Prizes awarded in this area of research. Once again, the starting
point for manufacturing all the steroids was the plant-derived diosgenin. It provided
a cheap starting material with the required rigid ring structure and absolute stereo-
chemistry of steroids. However, the majority of drugs discovered since the 1980s
have been small molecules, thanks to major advancements made in various areas
of biology, computational chemistry, and x-ray crystallography of proteins as well
as continuing advances in synthetic organic chemistry. As many drugs are chiral,
special attention has been paid to developing efficient chiral synthesis.

In the present book we have tried to capture all these areas, albeit not exhaustively.
Our intention, at the end of the day, was to make medicinal chemistry an exciting and
rewarding area of study. After all, what could be more satisfying than discovering a
drug that can cure serious diseases and possibly save some lives?
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’I Introduction to
Drug Discovery

1.1 DRUG DISCOVERY

Drug discovery!-¥ is a complex process and begins with the selection of a bio-
chemical target of the disease, which involves a specific enzyme or receptor, and
the assays are assembled by biologists for screening purposes. With high-throughput
screening in place, chemical compounds obtained from collections—usually in the
millions—in the files of pharmaceutical industries are tested; this is generally the
case, particularly in the discovery of receptor agonists/antagonists. This is because
structural information of receptors is not usually available. However, in the case of
discovery of enzyme inhibitors, several different approaches are possible in addition
to the screening of available compounds in the files. Unlike receptors, the struc-
tures of several enzymes have been determined using x-ray crystallography. It is
particularly useful for optimization of an initial lead if the x-ray structure of the
ligand bound to the enzyme is available. Once a lead structure has been identified,
its selectivity against a panel of enzymes/receptors is determined. With a potent and
selective compound in hand, it undergoes pharmacokinetic studies in several spe-
cies of animals—usually rodents, dogs, and monkeys. The purpose of this study is
to determine whether the active compound can be delivered orally, which is usually
the preferred route of administration in humans, although drugs administered by
intravenous or intramuscular routes are well known, and to determine how well it is
Absorbed, Distributed, Metabolized and Excreted. Thus, these are usually referred
to as ADME studies. The preferred compound with desired potency, selectivity, and
pharmacokinetic properties is progressed to in vivo studies in a disease model, fol-
lowed by three months of toxicity studies in rats and dogs. If the lead compound is
found to have acceptable toxicity, the results are disclosed to the Food and Drug
Administration (FDA) to obtain permission to investigate the drug candidate in the
clinic; this is otherwise known as an IND (Investigational New Drug) application.
The clinical trials are carried out in three phases. In phase 1 the drug is administered
to healthy volunteers to determine a safe dose, then researchers proceed to phase 2
to determine efficacy in sick patients and, finally, to phase 3 to apply the drug to a
broader patient population or compare it with an existing drug for the same disease.
At each step the FDA has the opportunity to review the data, and before the drug
is finally approved for human use, a toxicity study in animals lasting six months or
longer is conducted. The whole process is lengthy, involves scientists of different
disciplines, and is very expensive.

DOI: 10.1201/9781003182573-1 1


http://dx.doi.org/10.1201/9781003182573-1

2 Medicinal Chemistry

1.1.1 CoMPOUND SCREENING AT PHARMACEUTICAL INDUSTRIES

Most drugs are derived by chemical synthesis or obtained from natural sources, and
proteins are obtained by recombinant biotechnology. A few examples from each of
the categories are cited in the following list.

1. Medicinal chemistry involving chemical synthesis: Claritin,™ Zocor,"!
Lipitor,'®! Zetia,” captopril,® enalapril,® Zantac,” Valium,['9 Prozac,!!
Celebrex,[?! Januvia,!'3! posaconazole,'¥ ibuprofen,'>! Tylenol,'! flucon-
azole,!'"”) linezolid.['8!

2. Drugs from natural sources or derived from compounds obtained from nat-

ural sources:
Plants and microbes are sources of approximately half of the medicines used
today. Some of the examples of drugs obtained from plants include Vinca
alkaloids, reserpine, aspirin, and Taxol.'"’l Major anti-infectives used in the
clinic today are either produced by microorganisms obtained from soil sam-
ples or derived from compounds obtained from natural sources. These include
penicillin, cephalosporins, aminoglycosides, erythromycin, amphotericin,
and ivermectin. The discovery of Zocor, the first example of a cholesterol-
lowering agent, can be traced back to natural sources. Steroids are produced
by chemical modification of diosgenin, which is obtained from plants.

3. Biotechnology-derived drugs include introns, interleukins, Remicade,
insulin,” human growth factors and several monoclonal antibodies.
Immunotherapy is, of course, the most exciting development in human med-
icine today. However, a detailed discussion of this aspect of drug discovery
is outside the scope of this book.

4. Structure-based drug discovery is an exciting area of drug discovery that
has led to the discovery of protease inhibitors used in the treatment of
HIVEY and HCV2? infections as well as many other diseases.

5. Combinatorial chemistry?¥! is used to produce libraries of large numbers
of compounds that are then screened in a high-throughput mode. This
approach is widely used in the pharmaceutical industry. Although random
and discovery libraries have been successful in identifying lead compounds,
lead optimization using synthesis of focused libraries has been more suc-
cessful. As this topic has been the subject matter of several books, it will not
be discussed in this presentation.

1.1.2 LiriNsk1’s RULE

For drugs to be orally active, it is recommended that one follow Lipinski’s rule of
five,?* which states that compounds with the following characteristics will have a
better chance of success as orally active drugs:

1. Molecular weight <500

2. Fewer than ten hydrogen bond acceptors
3. Fewer than five hydrogen bond donors
4. CLogP <5 (lipophilicity)
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1.2 DNA TO PROTEIN

Before we start learning about drug discovery, which will involve enzymes and
receptors, it is important to have an appreciation of the structure and function of a
very fundamental chemical in all our lives: DNA.?>! DNA carries genetic informa-
tion of all lives and is a very simple construct, using only four bases: adenine (A),
guanine (G), cytosine (C), and thymine (T). It also involves a sugar residue, deoxy-
ribose, and phosphate linkages. The two strands of DNA containing ATGC bases in
proper sequence are held together in the form of a double helix wherein A and T in
the complementary single strands along with G and C are held together via hydro-
gen bonding (Figures 1.1-1.3). Thus, the hydrophobic ATGC bases are held together
away from water and the phosphate linkages are solvent-exposed. It is to be noted

N

P
Bases : A,G,C, T Sugars
NH, 0 NH, o 5
. . HO o 1
</ | Xy </ | XN | N1 3 OH
/) /K /g OH
ht N N N o N o
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Adenine (A) Guanine (G) Cytosine (C) Thymine (T) (DNA)
(. J
s 1\ Ho 3 0] 1
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" " Basc
Base" NH, NH. OH OH
N N N N Ribose
N
</ | ) ""Phosphate" </ | j (R]\ A)
! pZ
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3 1 60 0 o0 3 1
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FIGURE 1.1 Structures of nucleic acid bases, sugars, nucleoside, nucleotide.
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FIGURE 1.2 Hydrogen bonding between purine and pyrimidine bases.
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FIGURE 1.3 DNA double helix.

that adenine (A) and guanine (G) are purine bases, whereas cytosine (C) and thymine
(T) are pyrimidines. In a double helical structure, two purine bases cannot pair via
hydrogen bonding because they will be too close to each other; in the case of two
pyrimidines, they cannot be complementary because they will be too far apart to
form hydrogen bonding. However, a purine base is perfectly placed to form hydrogen
bonding with a pyrimidine base in a complementary chain in the double helix.

The structures of A, G, C, and T are shown in Figure 1.1, as are those for adenos-
ine, a nucleoside containing a 2-deoxyribose unit attached to adenine, and adenosine
triphosphate (ATP), a nucleotide containing adenine attached to a 2-deoxyribose that
in turn is phosphorylated. In the structure of RNA, the 2-deoxyribose moiety in DNA
is replaced with ribose and thymine (T) is replaced with uracil (U).

Double helical DNA carries the genetic code of all living things, which is tran-
scribed to single-stranded RNA, which in turn is translated to proteins (Figure 1.4).
In the drug discovery process, one needs to be concerned with enzymes and recep-
tors, both of which are proteins. Enzymes are smaller in size and often can be
crystallized, and structures of several of them have been elucidated using x-ray crys-
tallographic analysis. Receptors possess larger molecular weight, and as they are
membrane-bound, it is very difficult to crystallize them.

The majority of drugs are either enzyme inhibitors, such as penicillin, which is
a serine protease inhibitor, or receptor antagonists, such as Claritin, which is a his-
tamine receptor antagonist; some are also receptor agonists. Once an initial lead is
discovered, careful planning requires the optimization of the lead structure to a drug;
for example, one should follow Lipinski’s rule and avoid chemical groups that are
known to be toxic (e.g., a Michael acceptor or alpha halo ketone). There has to always
be a balance of activity and toxicity.
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FIGURE 1.5 Triplet codons in mRNA.

Genes are linear sequences of nucleotides along a segment of DNA, which, when
translated to RNA, carries a specific function. There are 20 naturally occurring
amino acids, the structures of which are shown later, all of which, except glycine,
possess an asymmetric center. Each amino acid is recognized in the RNA by spe-
cific triplet codes of nucleotides called codons. There are 64 codons, representing 20
amino acids, which means that some of the amino acids carry more than one specific
triplet code and also incorporate stop codons (Figures 1.5 & 1.6).

Following are the structures of the 20 naturally occurring amino acids (Figure 1.7).
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V) C A G
UUU Phe UCU Ser UAU Tyr UGU Cys U
U UUC Phe UCCSer UACTyr UGC Cys C
UUA Leu UCA Ser UAAStop UGAStop | A
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CUU Leu CCU Pro CAU His CGU Arg U
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GUG Val GCG Ala GGG Gly G
FIGURE 1.6 Amino acids represented by 64 codons, including stop codons.
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FIGURE 1.8 Transcription and translation to produce amino acid sequence.

DNA ...CGGCGACCA...
RNA ...GCCGCUGGU...
AMINO ACID ... ALANINE—ALANINE—GLYCINE. ..

FIGURE 1.9 Generation of hypothetical amino acid sequence from DNA.

In a hypothetical case the sequence CGG CGA CCA in a DNA strand will be tran-
scribed in RNA as GCC GCU GGU, which in turn will be translated to ALANINE—
ALANINE—GLYCINE. It should be noted that the triplet code for alanine could be
GCC and GCU (Figures 1.8 & 1.9).

1.3 GROWING DNA CHAIN & REVERSE
TRANSCRIPTASE INHIBITORS

During DNA replication, the 3’ end, which has a hydroxyl (-OH) group on the deoxy-
ribose sugar, covalently links to the phosphate at the 5° end of the incoming nucleo-
tide to make phosphodiester bonds. The release of the two outer phosphate groups
provides energy for the formation of the phosphodiester bond (Figure 1.10).

Reverse transcriptase (RT) inhibitors??” are drugs used for the treatment of acquired
immunodeficiency syndrome (AIDS) (Figure 1.11). Human immunodeficiency virus
(HIV) is the causative agent of AIDS. A nucleoside analog, azidothymidine (AZT)?®
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FIGURE 1.11 Examples of reverse transcriptase inhibitors.

works selectively by inhibiting HIV’s RT, an enzyme the virus uses to make DNA
from its RNA. AZT has a 3’ hydroxyl group on the sugar moiety that has been
replaced by an azido group. The kinase enzymes phosphorylate AZT to its active
5-triphosphate metabolite. AZT then gets incorporated into the growing DNA chain
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of the virus following steps similar to those illustrated in Figure 1.10, resulting in
chain termination (Figure 1.12).
The synthesis of AZT from thymidine is shown in Scheme 1.1.

JVIV\ wwn
N
| By I B,
0q o] i "k
o)
5 l o )
| © 0=P—-0 0=p-0°
0=P-0 I B |
| B (0] 2 (0] B
IS o B :o: 0
q ; AZT fo) chain termination 0
o _— | g ————> I ©
RE) 0=P—0 0=P—0
0=P—-0 | B |
I B O_I :0: } o P
O 0 3 o
OH (o) 0
OH 0 o |
0—P=0 NH
" NH , |
N"Yo
o N Yo o 0
- Y 0
| /& el N3
N
) N"S0  KINASE AZT-TP 3

I l()—l O
AZT

N3

FIGURE 1.12 Incorporation of AZT into the growing DNA chain of the HIV virus.
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SCHEME 1.1  Synthesis of AZT.1>*!
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SCHEME 1.2 Synthesis of acyclovir.

Acyclovir, a reverse transcriptase inhibitor, has a mechanism of antiviral activity
similar to AZT. The synthesis of acyclovir is shown in Scheme 1.2.

1.4 SYNTHESIS OF PYRIMIDINES AND PURINES

Methods for the synthesis of pyrimidines, purines, and nucleotides are shown in
Schemes 1.3-1.7.30
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Synthesis of purines
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Synthesis of purines from pyrimidines
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SCHEME 1.5 Synthesis of purines from pyrimidines.
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Synthesis of adenine and guanine from uric acid
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SCHEME 1.6 Synthesis of adenine and guanine from uric acid.

Synthesis of nucleotides
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SCHEME 1.7 Synthesis of nucleotides.
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1.5 PHARMACOKINETICS

Pharmacological responses can be correlated with the concentration of the drug at
the site of action. Pharmacokinetics determine the fate of the drug when adminis-
tered in animals and humans (Figure 1.13). Since it is difficult to measure the con-
centration of drugs in several tissues (i.e., brain, liver, heart, lungs), measuring the
concentration of drugs in blood is a very good alternative.

1.5.1 ORAL ABSORPTION

When a drug is delivered orally, it crosses the intestinal membrane and then enters
the blood supply. The first pass of the drug is through the liver, where metabolism
occurs prior to general circulation. The drug and its metabolites are then distributed
to various tissues. Finally, the residual drug and metabolites are excreted through the
kidneys/bile (Figure 1.14). Ideally, one would like to use drugs orally once or twice a
day, and therefore the drug should have an appropriate half-life that can be measured
in the blood and metabolites that can be detected in the blood/urine. Too short a
half-life will require frequent delivery of the drug, which is not practical, and a long
half-life indicates the drug is likely to be highly protein-bound and show toxicity.
Following the guidelines of Lipinski’s rule and understanding the metabolic profile,
one should be able to address these issues. In addition to oral delivery of drugs, the
parenteral route, which involves intravenous (IV), intramuscular (IM), intranasal or
intrathecal administration, is also commonly used.

A brief summary of the fate of a drug when administered to animals/humans is
presented in Figure 1.14.531

1.5.2 DRUG METABOLISM

When a foreign protein enters the body, the immune system produces antibodies
to neutralize its effect. Small-molecule foreign substances such as drugs are also

Hepatic Clearance

T

— > LIVER ———>

Oral

Dose - ]V
Rest of
the body
Clearance

FIGURE 1.13  Fate of drug in vivo.
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FIGURE 1.14 Routes of drug administration.

metabolized in the liver and eliminated. However, when the foreign substance is a
drug, balance has to be achieved for absorption, metabolism and elimination to opti-
mize activity. An understanding of drug metabolism is essential for optimizing activ-
ity and safety. Nonpolar (fat-soluble) drugs usually have a longer half-life and will
likely show toxicity and therefore are converted to polar and water-soluble metabo-
lites, which are then excreted from the body. Structures of metabolites are determined
using radiolabeled drugs, which are usually labeled with *C or 3H. For safety con-
siderations, incorporation of radioactivity in a drug candidate should be carried out
toward the end of its synthesis. As 3H can get exchanged, '*C-labeled compounds are
preferred for drug metabolism studies. Specific radioactivity is a measure of radioac-
tivity per mole of compound. Radioactivity is measured in urine/feces. Isolation of
metabolites will be done using HPLC, with determination of structures using MS and
NMR; “C and 3H are weak B-emitters. Naturally occurring drugs such as antibiotics
can be radiolabeled by biosynthetic incorporation of radioactive precursors.

Metabolites can be toxic, and their formation can be species-dependent. Very
rarely are racemates used as drugs because it is possible that one of the enantiomers
may get metabolized faster than the other, which could result in buildup of the unde-
sired and toxic enantiomer. There are also examples wherein metabolites may be
more promising as drugs than the original drug; for example, Clarinex is a metabolite
of Claritin and Allegra is a metabolite of Seldane. When metabolism of a drug cre-
ates a new chiral center, its development may be problematic but can also offer new
possibilities. The discovery of the successfully used antifungal agent posaconazole
is a case in point.

A few examples of the incorporation of radioactive isotopes into drugs are
shown in Figure 1.15. Penicillin G labeled with “C can be prepared by biosynthetic
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FIGURE 1.15 Synthesis of radiolabeled compounds.
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FIGURE 1.16 Drug bioavailability.

incorporation of “C-labeled phenylacetic acid, a phenolic group can be converted
to radioactive methyl ether by alkylation using “CH,], and a carbonyl group can be
reduced using NaB*H,, yielding a tritium-labeled drug.

When a drug is administered to an animal and blood samples analyzed over
a period of time, the curves showing the blood level of the drug against time can
appear as shown in Figure 1.16.

One can derive important information from these graphs, including Cmax (high-
est concentration of blood level), tmax (time to reach highest concentration of blood
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FIGURE 1.17  Active site of cytochrome P450 enzyme containing heme iron center.

level), t,, (duration of time to maintain half the concentration of the maximum con-
centration of blood level), and area under the curve (AUC).

Monooxygenation reactions are of major significance in drug metabolism. The
most important member of this class is Cytochrome P450, which represents a large
group of enzymes belonging to heme-coupled monooxygenases. Cytochrome P450
(CYP) enzymes are encoded by the CYP genes. Most important for drug metabolism
are the subfamilies of P450 (e.g., 1A, 2A, 3A, 2B, 3A3, 2C19, 2D6, 3A4). These
enzymes are so named because they contain a heme cofactor, which upon treatment
with carbon monoxide gives a characteristic absorbance at 450 nm. In humans, oxi-
dative metabolism mainly involves CYP 3A4 and CYP 2D6 (Figure 1.17).

Nicotinamide adenine dinucleotide (NAD) is the coenzyme involved in the
oxidation-reduction mechanism. NAD participates in hydrogen transfer reactions.
The reduction is carried out when a substrate binds to the enzyme by the reductase
subunit of the enzyme.

Schemes 1.8-1.10 represent in chemical terms how metabolic oxidation—for
example, conversion of R-H to R-OH—takes place. R represents the structure of the
drug molecule.

1.5.3 ExamprLes oF DRUG METABOLISM

Benzene to Phenol

The same principle can be applied as follows for the conversion of aromatic rings to
phenols.

In the following pathway, the aromatic ring is oxidized to an epoxide, which can
rearrange further to the corresponding phenol. Alternatively, the epoxide ring can be
opened via a nucleophilic attack by DNA or an essential protein, resulting in toxicity.

If the aromatic ring in a drug molecule is substituted with an electron donating
group, the oxidation process will be facilitated in the ortho or para position. This
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SCHEME 1.9 Conversion of benzene to phenol via NIH shift.

outcome, if detrimental to the development of the drug, can be overcome by substitut-
ing the aforementioned positions in the drug molecule with F, Cl, or Br. Many clini-
cally used drugs contain these substituents without losing their biological activities.
The drug probenecid does not undergo aromatic hydroxylation because it has
electron withdrawing groups rather than electron donating groups. The arrows in
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FIGURE 1.18 Structure of probenecid and chlorpromazine.

Figure 1.18 indicate the sites of metabolism of chlorpromazine, which include aro-
matic hydroxylation and oxidative N-demethylation.

If the aromatic ring in chlorpromazine is substituted at the hydroxylation site with
a fluorine atom, the hydroxy metabolism can be overcome and the rate of metabolism
of the N-methyl groups can be modulated by incorporating a piperazine or piperidine
ring in its place (Figure 1.18B).

General oxidative metabolic pathways for hydrocarbons and the mechanisms
involved are shown in Scheme 1.11.

Oxidative demethylation of aromatic methyl ether follows a pathway similar to
that just outlined for the conversion of R-H to R-OH. If one needs to overcome this
problem in the development of a drug, -OCH; can generally be replaced with -OCF;
without loss of activity. Allegra, a metabolite of Seldane, is a more potent antihista-
mine than Seldane (Scheme 1.12).
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Shown in Scheme 1.13A—C are the metabolic products of a few clinically used
drugs.

The general mechanism involved in N-demethylation and oxidation of a sulfur
moiety is shown in Scheme 1.14.

A }
HN~ CH, HN J\CH3
OH

OCH,CH,
Phenacetin Acetaminophen
SO,NHCONHC,H, SO,NHCONHC,H,
/O/ HO\/O/
H,C
Tolbutamide
OH
- . N
H;C* COH H;C™ | "CO,H
Ibuprofen OH H;C COH

SCHEME 1.13A  Mechanisms shown are oxidative dealkylation (Phenacetin), hydroxylation
(Tolbutamide, Ibuprofen).

H OH

e, o Ry, Ny . I .
8 ; . N
=TT =Ty o
HN N “CN HN_ N Noen HN N Og Noen
Cimetidine
hydroxylation
L demethylation
oxidation HO o > /;yl glucuronidation
o COOH
o hydroxylation N /‘ N_cn,
SN ’
demethylation
/
m " N— </ \_/0/\\©\Cl
hydroxylation . | N-deacetylation
Lovastatin Imipramine Indomethacin

SCHEME 1.13B  Mechanisms shown are hydroxylation, N-demethylation, oxidation of sul-
fur (Cimetidine). Arrows shown in the cases of Lovastatin, Imipramine,
Indomethacin) are sites of metabolism.
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SCHEME 1.14 Mechanism of N-demethylation and metabolism of sulfur-containing groups.

Olefins need to be avoided in a drug, if possible, because they will get oxidized to
the corresponding epoxides, which, on principle, could react with DNA or proteins
and show toxicity (Scheme 1.15).

Esterases are responsible for the hydrolysis of esters and carbamates. Claritin, for
example, is metabolized to an active drug, Clarinex (Scheme 1.16).

Glucuronidation is an important pathway for eliminating a drug or its metabolites
(Scheme 1.17). Other pathways for elimination include the transfer of acyl groups
by acyl transferases, formation of amino acid conjugates, and sulfation reactions
(Schemes 1.18 and 1.19).
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SCHEME 1.21 Metabolism of propranolol.

Glutathione is an important scavenging tripeptide responsible for removing toxic
metabolites, and therefore formation of glutathione adducts when a drug is admin-
istered to an animal is a sign of toxicity. Glutathione adduct formation signals the
presence of reactive metabolites such as epoxides (Scheme 1.20).

A case study showing the metabolism of the drug propranolol, including oxida-
tion of hydrocarbon, demethylation, glucuronic acid derivative and sulfation is given
(Scheme 1.21).
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2 Enzyme Inhibitors

Enzymes are macromolecular peptides. In enzyme catalytic processes enzymes (E)
form complexes with substrates (S) and then transform the substrates into products
(P). Enzymes show absolute specificity (i.e., they bind selectively with substrates).
Enzymes also exhibit enantiomeric specificity. Enzyme catalysis proceeds through
a tetrahedral transition state, which is stabilized by the oxyanion hole (Figure 2.1).1

2.1 ENZYME-SUBSTRATE COMPLEX

A substrate binds to the active site of the enzyme to form an enzyme—substrate (E-
S) complex[? using noncovalent electrostatic interactions (i.e., van der Waals forces,
hydrogen bonding, and hydrophobic interactions). Hydrogen bonding and salt linkages
provide the strongest attractive forces. Substances that bind to the enzymes and decrease
their activity are called enzyme inhibitors. Enzyme inhibition can also involve covalent
interactions between enzymes and inhibitors (I), which will likely result in toxicity
(Figure 2.2). A few such examples are the formation of E-I complexes by alkylating
agents, Michael addition, alkyl halides, bromoketones, and epoxides.

% g e
jg) — T

* Hydrolysis products

FIGURE 2.1 Generalized enzyme catalysis showing hydrolysis products.

(I) Non-covalent complexes

E + S

[ES] — > P + E

(II) Covalent complexes (toxicity)

E + 1 [E-I]

FIGURE 2.2 Interaction of enzyme with substrate/inhibitor.
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FIGURE 2.3 Simultaneous acid—base enzyme catalysis.

2.2 ENZYME CATALYSIS

Reactions that do not involve catalysts are slow because they involve the forma-
tion of unstable positive and negative charges in the transition state, resulting in
higher enthalpy. General acid/base catalysis involves the stabilization of these
charges by proton donation or abstraction. In the case of enzyme catalysis,?! the
charges in the transition states are stabilized electrostatically by strategically
placed acids, bases, metal ions, or dipoles that are part of the structure of the
enzyme (Figure 2.3).

2.3 MECHANISM OF ENZYMATIC HYDROLYSIS BY PROTEASES

Proteases are a group of enzymes whose catalytic function is to hydrolyze pep-
tide bonds of proteins.”) They differ in their ability to hydrolyze various peptide
bonds. Serine proteases such as chymotrypsin, trypsin, and elastase perform many
important functions. Serine proteases contain serine in the catalytic domain of the
enzyme. The specificity of enzymatic cleavage is determined by the group at the P1
site (Figure 2.4).

An example of how serine proteases using a catalytic triad work in the catalytic
domain to hydrolyze the amide bonds in proteins is shown in Scheme 2.1.

The catalytic triad, which is located at the active site of the enzyme, consists
of three essential amino acids, aspartic acid (Aspl102), histidine (His57), and serine
(Ser195), which help to convert the serine hydroxyl group into a nucleophile, which
in turn attacks the carbonyl carbon of the scissile peptide bond of the substrate, gen-
erating a tetrahedral transition state. The tetrahedral transition state is additionally
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FIGURE 2.4 Serine protease structure, scissile bond, and nomenclature of peptide side
chains and different serine proteases and their structures.
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stabilized by hydrogen bonding of the carbonyl oxygen anion to the backbone NH
groups of Ser195 and Gly193, forming the oxyanion hole. The next step is the recon-
struction of the carbonyl double bond and the dissociation of the N-terminus of the
substrate peptide, generating an acyl enzyme. The nucleophilic attack of water mol-
ecules on the acyl enzyme in turn facilitates the cleavage of the C-terminus of the
peptide and restores the catalytic triad to its original state. Similarly, aspartic acid
proteases use an aspartate residue for catalysis of their peptide substrates, and this
will be discussed in the context of the discovery of HIV drugs.

2.4 STRUCTURE OF PROTEINS/ENZYMES

2.4.1 PRIMARY STRUCTURE

Intracellular proteins consist of linear polypeptides. Extracellular proteins usually
contain covalent disulfide (-S-S-) cross bridges. This creates loops derived from a
single chain or different chains (Figure 2.5).

2.4.2 SECONDARY STRUCTURES

Secondary structures refer to the local spatial arrangement of the main chain
atoms without reference to the conformation of the side chain. Local folding of
amino acids into stable structures such as a-helices and B-sheets involve hydrogen
bonding (Figure 2.6). An a-helix has 3.6 amino acid residues per turn (i.e., amino
acid side chains that are three or four residues apart are brought together in space).
Each B-sheet is represented by an arrow that defines its direction from N-terminus
to C-terminus. Peptide bonds in the B-sheets are planar due to delocalization of
the electrons. The B-sheet is parallel when strands point in the same direction or
antiparallel when strands point in the opposite direction. A B-hairpin is created
when two antiparallel strands are linked by a short loop of two to five amino acid
residues.

Myoglobin consists of only a-helices and no -sheets. Lysozyme and carboxypep-
tidase consist of both a-helices and -sheets. An example of an enzyme that has only
B-sheets is a- chymotrypsin (Figure 2.7).

FIGURE 2.5 Disulfide cross bridge.
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FIGURE 2.7 Examples of enzymes with a-helices and B-sheets.

2.4.3 TERTIARY STRUCTURES

In the tertiary structures of proteins all the atoms in a single peptide chain are
arranged in a complete 3D folding of amino acids. Tertiary structures are stabilized
by hydrogen bonds, hydrophobic interactions, van der Waals forces, electrostatic
interactions, and disulfide bonds (Figure 2.8).
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FIGURE 2.8 Tertiary structures of enzymes.

2.4.4 QUATERNARY STRUCTURE

The quaternary structure comprises an association of two or more polypeptide
chains to form a complex structure. Thus, many proteins consist of subunits (i.e.,
o and B subunits). The overall organization of the subunits is known as the quater-
nary structure. The quaternary structure of the farnesyl protein transferase (FPT)
enzymel®! shows the large active site cavity formed by the interaction of o and 8
subunits (Figure 2.9). Sarasar fits into this cavity and was advanced up to a phase 2
clinical trial against cancer. However, as an FPT inhibitor, it is now used in the treat-
ment of progeria, a devastating childhood disease.
Enzymes are categorized depending on the type of reaction they catalyze:

. Oxidoreductases
. Transferases

. Hydrolases

. Lyases

. Isomerases

. Ligases

AN AW~

Target-based drug discovery begins with the identification of enzymes or receptors
responsible for the biochemical cause of the disease. Inhibitors are designed to block
the function of enzymes, and the activity of receptors is accentuated with the help
of an agonist or suppressed by an antagonist. For example, angiotensin-converting
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Lonafarnib (Sarasar)

FIGURE 2.9 Active site of the FPT enzyme and structure of Sarasar.
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lisinopril (Prinivil) atorvastatin (Lipitor)
ACE inhibitor HMG-CoA reductase inhibitor

FIGURE 2.10 Examples of enzyme inhibitors.

enzyme (ACE) catalyzes the conversion of angiotensin I to angiotensin II, a potent
vasoconstrictor responsible for causing high blood pressure. ACE inhibitors!”!
(e.g., lisinopril) treat hypertension by blocking the activity of this enzyme in the
renin—-angiotensin pathway. HMG-CoA reductase inhibitors®! (e.g., atorvastatin) are
a class of drugs used to lower cholesterol levels by inhibiting the enzyme HMG-CoA
reductase, which plays a central role in the production of cholesterol in the liver
(Figure 2.10).
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With the advent of biotechnology, it has become possible to produce enzymes on
a larger scale. Several enzymes have been crystallized and their structures deter-
mined using x-ray crystallography. As receptors are, with a few exceptions, generally
membrane-bound, they are difficult to crystallize, and hence structural information
based on x-ray analysis of the receptors is rarely available. However, receptors can be
cloned and assays developed to discover agonists or antagonists.

2.5 ENZYME INHIBITORS

Enzyme inhibitors are discovered via the following sources/pathways:

1. Enzyme inhibitors from natural sources, e.g., antibiotics, antifungals, statins
2. Structure-based enzyme inhibitors, e.g., HIV protease inhibitors

3. Substrate-based enzyme inhibitors, e.g., HCV protease inhibitors

4. Mechanism-based enzyme inhibitors, e.g., FPT inhibitors

2.5.1 ENzYME INHIBITORS FROM NATURAL SOURCES

2.5.1.1 Antibiotics

Prontosil® was the first sulfonamide discovered for the treatment of gram-positive
bacteria (Figure 2.11). It shows no in vitro activity; however, when administered to
an animal it is metabolized in vivo to p-amino benzene sulfonamide, which shows

In vivo (Liver; Reduction)
H,N
[0)

2
. . R S—NH
Prontosil rubrum (inactive in vitro) 2

H;N antibacterial (active)

0, H
S—N

/

/ CH3
O0—
H,N N
Sulfafurazole

FIGURE 2.11 Examples of sulfonamide drugs.
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antimicrobial activity. Many sulfonamide drugs have been discovered and found clin-
ical use. Some of them possess broad-spectrum antimicrobial activity. Sulfafurazole,
for example, is a derivative of p-amino benzene sulfonamide that shows broad-
spectrum antibacterial activity and has found use as a treatment for urinary tract
infection.

Mechanism of Action of Sulfonamides as Antibacterial Agents!’%

Bacteria need tetrahydrofolic acid for purine and pyrimidine synthesis, which in
turn is necessary for nucleic acid synthesis. The compound p-aminobenzoic acid
is needed for the synthesis of dihydrofolic acid, a precursor of tetrahydrofolic acid.
Sulfonamide antibiotics resemble the structure of p-aminobenzoic acid, thus inhibit-
ing the growth of bacteria following the pathway shown in Scheme 2.2.

2.5.1.2 B-Lactam Antibiotics

The discovery of penicillin by Fleming!'l opened an entirely new and perhaps most
important chapter in the discovery of life-saving drugs. Members of this class of
antibiotics contain a B-lactam ring in their core structure. There are several classes
of B-lactam antibiotics, including penicillins, cephalosporins, carbapenems, and pen-
ems. Although clavulanic acid is not an antibacterial, being a -lactamase inhibitor
it is widely used along with ampicillin to cure infections caused by bacteria that have
developed resistance to ampicillin (Figure 2.12).

CO:H Dihydropteroate Synthase o
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HNT NN SO,NH, HN)\\N N
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SCHEME 2.2 Biosynthesis of tetrahydrofolic acid.
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FIGURE 2.13 Bacterial cell wall biosynthesis.

Mechanism of Action of Penicillins and Cephalosporins!’>'3!

Penicillins and cephalosporins bind to penicillin-binding proteins and inhibit bac-
terial cell wall synthesis. Penicillin-binding proteins are involved in cross-linking
of the peptidoglycan layer of the cell wall and are essential for bacterial survival
(Figure 2.13). Cross linkage involves cleavage of the acyl-D-Ala-D-Ala subunit of
peptide 1, and the resulting cleavage intermediate reacts with peptide 2 to form the
bacterial cell wall. Penicillins and cephalosporins with the B-lactam ring mimic the
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FIGURE 2.14 Inhibition of bacterial cell wall biosynthesis by penicillin.

structure of the acyl-D-Ala-D-Ala of peptide 1 and react preferentially with the serine
protease, thus avoiding the cleavage of the acyl -D-Ala-D-Ala residue in the structure
of peptide 1 and preventing the growth of the bacterial cell wall (Figure 2.14).

Production of 6-Aminopenicillanic acid (6-APA)
and Penicillins by Fermentation!'
Fermentation using Penicillium chrysogenum in a medium containing corn steep
liquor is an important source for the preparation of 6-APA, a crucial starting mate-
rial for the synthesis of novel synthetic penicillins. In addition, the side chains in
penicillins can be incorporated by adding the proper precursors to the fermenta-
tion medium, as illustrated in Scheme 2.3 for the preparation of penicillin G and
penicillin V.

The synthesis of methicillin and carbenicillin illustrates the general method for
the preparation of all clinically used penicillins (Scheme 2.4).

The intermediate 7-aminocephalosporanic acid is important for the synthesis of
newer cephalosporins (Scheme 2.5)U4. In addition, penicillin can be converted to
cephalosporin, as shown in Scheme 2.6.

Cephalosporins

Conversion of Penicillin to Cephalosporin!!

The synthesis of cefamandole and cefmenoxime demonstrates the general method of
preparation of clinically used cephalosporins. The structural features responsible for
the spectrum of activity/pharmacokinetics of cefmenoxime are shown in Scheme 2.7
using arrows.



40 Medicinal Chemistry

Enzymatic
H H T H H
H,N 11(1[ - TS hydrolysis H,N TS
M j——()< — ;-—(X Newer penicillins
COOH O N/ o N/
COOH CTOOH
6-aminopenicillanic acid
(6-APA)
Acyltransferase
PhCH,;COSCoA
PhCH,COSCoA
HH
B2
m Oj/:N\2< PhCH,COOH
‘COOH
Penicillin G
(0} COOH g HH
~ -
H H - | ©\ Nl -8
H,Nai S e O/\ﬂ/ J<
o} N,
N (o] P
o 5 COOH
COOH Penicillium chrysogenum -
culture Penicillin V
6-APA
SCHEME 2.3 Synthesis of penicillin antibiotics via 6-APA.
AN OCH;
| u | X ! ql OCH;
HNal S H;Nal S OCH, Nj;'(
F P I TR RS
COOH /7\0,51\— 707N
I o
6-APA
0 H
Et;N Ph 0" Ph

el ~_OCH;
oz
[ nH
S

o g
e 0y, /Orh L;EW T]\‘J/\X
m 1. Hyfeat yHH ocH; 0 /
N — N & /~oH
o >< o
N\v ]
o "

4 "

j~on 2H

Carbenicillin O oS Methicillin
o

SCHEME 2.4 Synthesis of methicillin and carbenicillin.

2.5.1.3 Macrolide Antibiotics

The most widely used antibiotics of this class include erythromycin and azithromycin.
Erythromycin was discovered in 1952 using the fermentation of Saccharopolyspora
erythraea and has been widely used since its discovery for the treatment of respira-
tory and skin infections, among other diseases, caused by gram-positive bacteria.
It is used orally and considered to be safe, though it can cause gastric irritation and
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SCHEME 2.6 Conversion of penicillin to cephalosporin by Morin rearrangement.

is also known to be associated with cardiovascular problems. Erythromycin is an
inhibitor of the P450 enzyme and thus causes drug—drug interactions and has to be
judiciously used when patients are taking other medications. Patients who are aller-
gic to penicillin are recommended to use erythromycin.
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The second generation of antibiotics in this class that is orally active is repre-
sented by azithromycin, which possesses an antibacterial spectrum against gram-
positive organisms that is similar to that seen with erythromycin. In addition, it shows
some gram-negative activity. Overall, the safety profile of azithromycin is superior
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to erythromycin; for example, it does not show any cardiovascular side effects and
has much less drug—drug interactions. In fact, it has become the drug of choice for
treating respiratory infections. Both of these antibiotics have a similar mechanism
of action that involves binding to the 50S subunit of the bacterial RNA complex,
thus inhibiting protein synthesis. Azithromycin is derived from erythromycin using
a Beckmann rearrangement of the oxime, as shown in Scheme 2.8.

2.5.1.4 Antifungals

Azole antifungals!”! are widely used to cure Candida infections and those that are
more serious and caused by opportunistic fungi such as Cryptococcus and Aspergillus.
The latter category is found more commonly in AIDS and cancer patients.

Ergosterol is required for fungi to survive and is biosynthesized from lanos-
terol via demethylation at the C14 position (Scheme 2.9). Azole antifungals inhibit
this biosynthetic step. Some of the more commonly used antifungals are shown in
Figure 2.15, and they all contain either an azole or a triazole ring. Among these,
miconazole is used topically, and ketoconazole, fluconazole, and posaconazole are
used orally.

The synthesis of miconazole, fluconazole, and ketoconazole is shown in
Scheme 2.10.
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SCHEME 2.8 Conversion of erythromycin oxime to azithromycin.
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SCHEME 2.9 Conversion of lanosterol to ergosterol.
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SCH 51048

Ketoconazole contains the acid labile dioxolane moiety, which was replaced in SCH
51048081 (Figure 2.16) by a tetrahydrofuran ring to increase the stability of the com-
pound toward an acidic pH.

All possible stereoisomers of the general structure represented by SCH 51048
were synthesized and evaluated for their antifungal activity. SCH 51048 with R,R
absolute stereochemistry was found to be most active. Based on its activity and
pharmacokinetic properties, including oral absorption, it was advanced further.
It was recognized that in vivo SCH 51048 was converted to a more potent mono-
hydroxylated metabolite, and using mass spectrometry it was determined that the
hydroxylation had occurred at the side chain alkyl group. After synthesizing all the
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SCHEME 2.10  Synthesis of miconazole, fluconazole, and ketoconazole.

possible stereoisomers caused by the hydroxylation of the CH, group in the side
chain, posaconazole was advanced as the clinical candidate. Based on its superior
activity in the clinic, it is now widely used for the treatment of serious fungal diseases
caused by opportunistic fungi in cancer and AIDS patients. The synthesis of SCH
51048 and posaconazole shown in Schemes 2.11 and 2.12 demonstrates the impor-
tance and power of synthetic organic chemistry in drug discovery. Possible sites of
hydroxylation in the structure of the hydroxy metabolite are indicated by arrows in
Scheme 2.11.
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SCHEME 2.11  Synthesis of SCH 51048.

Posaconazole

Posaconazole (Figure 2.17)!"% is a broad-spectrum antifungal that is active against
Aspergillus species, Cryptococcus species, and Histoplasma species. Extensive
clinical trials also showed posaconazole to be safe, and it is used to treat AIDS and
cancer patients. The synthesis of posaconazole is shown in Scheme 2.12.
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SCHEME 2.12 Synthesis of posaconazole.

2.5.1.5 Cholesterol-Lowering Drugs

Coronary artery disease is the leading cause of death in the United States.
Atherosclerosis is caused by the buildup of cholesterol (plaque) on the inner walls
of arteries. The major source of cholesterol in the human body is the biosynthesis of
cholesterol in liver and food. Lipitor, for example, lowers blood cholesterol by inhib-
iting HMG-CoA reductase in the liver, and Zetia inhibits absorption of cholesterol
from food by interfering with cholesterol transporter NPC1L1, which is expressed at
the apical surface of enterocytes.

The rate-determining step in the biosynthesis of cholesterol” is the formation
of mevalonic acid lactone. Statins—that is, lovastatin and atorvastatin (Lipitor)
(Figure 2.18)—inhibit HMG-CoA reductase activity, thus inhibiting biosynthesis
of mevalonic acid lactone (Scheme 2.13). The synthesis of Lipitor?!! is shown in
Scheme 2.14.

The discovery of Zetia®?! began initially as a search for acyl coenzyme
A:cholesterol acyltransferase (ACAT) inhibitors, which were implicated in lower-
ing cholesterol levels in hamsters when they were fed a high-cholesterol diet. After
extensive studies it was found that monocyclic B-lactams showed the most promise
not as ACAT inhibitors but as agents that lowered serum cholesterol in animals fed a
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FIGURE 2.18 Natural and synthetic statins as cholesterol-lowering agents.
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SCHEME 2.13 Mevalonic acid biosynthesis.

high-cholesterol diet. The structure—activity relationship of the analogs synthesized
was followed using in vivo tests, which also afforded important clues as to how they
were metabolized. Based on all this information, ezetimibe (Zetia) was synthesized
and advanced to the clinic, where it was found to be safe and effective in lowering
cholesterol. The synthesis of Zetia is shown in Scheme 2.15.
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SCHEME 2.14 Retrosynthesis of Lipitor and synthesis of Lipitor.
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2.5.2 STRUCTURE-BASED ENZYME INHIBITORS, E.G., HIV PROTEASE INHIBITORS

The discovery of HIV-1 protease inhibitors represents a classic example of structure-
based drug design. Based on the knowledge of the x-ray crystal structure of HIV-1
protease, determined in 1989, many protease inhibitors were designed.?’! Two aspar-
tic acid residues (Asp25 and Asp25’), present in the active site of the HIV-1 protease
enzyme, are essential for the cleavage of the peptide bond. The protease inhibitors fit
the active site of the HIV-1 aspartic protease and were designed to mimic the tran-
sition state of the proteases’ natural substrate. The most promising transition state
mimic was hydroxyethylamine, which led to the discovery of the first protease inhib-
itor, saquinavir. Using this principle other HIV-1 protease inhibitors were developed.

HIV-1 protease belongs to a family of aspartic acid proteases and exists as a homodi-
mer of two 99 amino acid—containing proteins. The folding of the identical proteins
leads to a C2 symmetric tertiary structure. Each monomer contributes an aspartic acid
residue (Asp25 and Asp25°) that is essential for the hydrolysis of the scissile bond.

The HIV-1 protease inhibitors in clinical use have all the structural features neces-
sary for tight binding into the active site of the enzyme. They are designed to include
hydrophobic substituents that are clearly necessary for a tight fit in the hydrophobic
binding pockets. Additionally, a feature common to nearly all the protease inhibitors
is the presence of a free hydroxyl group, which plays an important role in hydrogen
bonding directly with aspartic acid residues 25 and 25’ in the active site. Another set
of hydrogen bond acceptors allow hydrogen bonding to a conserved water molecule
that is, in turn, hydrogen-bonded to isoleucine residues 50 and 50’ of the protease
backbone. Figure 2.19 illustrates these bindings with a pictorial representation of the
drug, indinavir, as it fits into the active site of the HI'V-1 protease.

HIV-1 protease inhibitors were considered a breakthrough in over a decade of
AIDS research. Since HIV-1 protease inhibitors were first introduced in 1995, they
have greatly benefited those infected by HIV-1 by suppressing the virus and reducing
mortality. Examples of HIV-1 protease inhibitors approved by the FDA for clinical
use are shown in Figures 2.20 and 2.21.

First-generation HIV-1 protease inhibitors were peptidomimetics, which displayed
poor pharmacokinetics and gastrointestinal side effects and developed resistance. As
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FIGURE 2.19 X-ray crystal structure of HIV-1 protease bound to the inhibitor (indinavir)
(PDB code: 2avo).
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FIGURE 2.20 First-generation peptidomimetic HIV-1 protease inhibitors on the market.

the search for newer protease inhibitors continued, compounds containing a sulfon-
amide group as the binding moiety in place of an amide group were discovered, which
improved the oral bioavailability. Subsequent modification of the end groups of these
inhibitors resulted in stronger binding interactions with the protease backbone, resulting
in enhanced activity against resistant organisms. Incorporation of end groups such as
3(S)-tetrahydrofuranyl urethane and bicyclic tetrahydrofuran (bis-THF) led to the dis-
covery of the highly potent protease inhibitors amprenavir and darunavir (Figure 2.21).
All clinically available sulfonamide derived HIV-1 protease inhibitors, including
amprenavir, tipranavir and darunavir, incorporate an open-chain, conformationally
flexible sulfonamide group in their structures.?¥ Based on the speculation that con-
formationally restricted cyclic sulfonamide HIV-1 protease inhibitors, represented
by structure 1 (Figure 2.22)2%1 might offer advantages over open-chain analogs by
maximizing binding interactions with the backbone of the protease enzyme, several
cyclic sulfonamides were synthesized. The general structure of cyclic sulfonamide
represented by 1 offered an opportunity to explore biological activity associated with
the lipophilicity and stereochemistry of the crucially important R’ functionality.
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FIGURE 2.22 Design of novel cyclic sulfonamide HIV-1 protease inhibitors (core structure).

Compounds represented by structure 2 were synthesized using a radical cycliza-
tion process.?®! Thus, treatment of compound 3 with tributyltin hydride (TBTH) and
azobisisobutyronitrile (AIBN) in refluxing toluene solution yielded 2 via 4 and 5
(Scheme 2.16).

The aforementioned synthetic scheme has been extended to the synthesis of the cor-
responding N-H compound 9 (Scheme 2.17). Treatment of 2-bromobenzenesulfonyl
chloride (6) with allylamine (7) yielded the sulfonamide 8. Radical reaction of 8
provided 9. Treatment of 9 with the epoxide 10 furnished 11. Compound 11 showed
K; of 470 nM in HIV-1 protease assay. Compound 11 was converted to compound 12
and found to be inactive, thus demonstrating the importance of the presence of the
hydroxyl group and the carbamate in 11 for binding interactions.

Using a similar approach, compounds 9a—e were synthesized from 8a-e, respec-
tively (Scheme 2.18).
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8d R=H, R'=CF3, R"=CH;
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SCHEME 2.18 Synthesis of cyclic sulfonamides 9a—e.

9 R=R'=H, R"=H
9a R=R'=H, R"=CHj

9b R=F, R'=H, R"=CH;

9¢ R=CF3, R'=H, R"=CH;
9d R=H, R'=CF3, R"=CHj;
9¢ R=OCHj, R'=H, R"=CH;
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SCHEME 2.19  Synthesis of C4 methyl analogs.

Molecular modeling suggested that the introduction of a methyl group at C4 on
the sulfonamide ring would enhance activity. Thus, radical cyclization of 8a yielded
racemate 9a. Treatment of 9a with the epoxide 10 yielded 13 as a mixture of diaste-
reoisomers that could not be separated. Removal of the t-Boc group furnished the
amine. At this stage the two diastereoisomers 14 and 15 could be separated. X-ray
crystallographic analysis of 14 established its absolute stereochemistry as 4R, 2'R,
3’S (Figure 2.23), and therefore the absolute configuration of 15 would be 4S5, 2'R,
3’S. Compounds 14 and 15 were then converted to the t-Boc derivatives 16 and 17,
respectively. In HIV-1 protease assay, 17 with K; value of 29 nM was considerably
more potent than 16, which showed a K; value of 1000 nm. This dramatic difference
in protease inhibitory activity of 16 4R,2’R,3’S) and 17 (4S,2°R,3’S) suggested the
importance of the substituent and its stereochemistry at C4, which has to be (S) for
optimum HIV-1 protease inhibitory activity. This demonstrated not only that the
methyl group is important in improving potency but that it must also have the correct
stereochemistry (Scheme 2.19).

For the next series of analogs, modifications at R1, R2, R3 led to synthesis of ana-
logs 18-24 (Table 2.1). The C4(R) diastereoisomers, which are not shown here, were
also analyzed in the protease assay and found to be inactive. Although 21 and 24 had
nearly equal potency, it was preferred to advance 21 because it was likely to be more
metabolically stable, as explained in the previous chapter.

The x-ray crystallographic structure of compound 21 bound to the HIV-1 prote-
ase (Figure 2.24)%51 showed that compound 21 occupied the active site cavity of the
protease and made hydrogen bonding to the catalytic aspartic acid residues Asp25
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FIGURE 2.23 X-ray crystallographic structure of compound 14.

TABLE 2.1
SAR of Novel HIV-1 Protease Inhibitors
Ph\- o
0 _m
OH
(S)
A o Ya \
Compd No. Substitution Ki (nM)

18 R1=R2= H; R3= Allyl 27
19 R1=R2= H; R3= Et 34
20 R;=R,=H; R;=Ph 350
21 R]= F; R2= H; R3= t-butyl 20
22 R;= CF3; R,= H; R3=t-butyl 186
23 R]= H; R2= CF3; R3= t-blltyl 100
24 R1= OCH3; R2= H; R3= t-blltyl 19

55



56 Medicinal Chemistry

Ph

S o)
O @i )<

S\NWE (o]
) OH
F 4

21 Ki =20 nM

FIGURE 2.24 X-ray crystallographic structure of compound 21 bound to HIV-1 protease
enzyme.

FIGURE 2.25 X-ray crystallographic structure of compound 21 showing key interactions
with the HIV-1 protease enzyme.

and Asp25’ through the hydroxyl group. The sulfonamide and carbamate carbonyl
formed hydrogen bonds with a structural water molecule, which in turn hydrogen-
bonded with I1e50 and I1e50° of the protease (Figure 2.25). In addition to these favor-
able hydrogen bonding stabilization effects, the C4-Me group of compound 21 has
extensive hydrophobic interactions with the side chains of Leu23, Val82, and Ile84.

Furthermore, upon analyzing the x-ray crystallographic structure of compound 21
bound with HIV-1 protease, it was found that the C4-Me (S configuration) in com-
pound 21 was 2.9 angstroms away from the carbonyl oxygen of Gly27’ (Figure 2.26).
If the C4-Me configuration was changed to (R) instead of (S), an unfavorable repul-
sion would be created between the C4-Me and the Gly27’ carbonyl group and the
interactions with the hydrophobic pocket would be lost. These results support the
experimental observation that compounds with the C4 methyl group in the (S) con-
figuration possess optimum activity.

The x-ray crystallographic analysis of compound 21 also suggested that the C4-Me
group could be further extended to maximize the interactions with the hydrophobic
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FIGURE 2.26 Molecular docking of compound 21 showing interactions of the C4(S) methyl
group with the hydrophobic pocket and molecular docking of compound
21 with C4(R) methyl group showing no interactions with the hydrophobic
pocket

pocket, thus enhancing potency. Hence, the effect of various alkyl groups at C4 on
the cyclic sulfonamide ring with regard to their activity against HIV-1 protease was
investigated. In addition, the molecular modeling suggested that tetrahydrofuran car-
bamates similar to amprenavir but different from darunavir would provide stronger
binding to the protease backbone through hydrogen bonding of Asp29’ and Asp30’.
Thus, analogs represented by compound 25 and incorporating all the aforementioned
ideas were synthesized (Figure 2.27).

Following multiple steps, the seven-membered cyclic sulfonamides with differ-
ent R groups at C4 (Figure 2.27) were successfully prepared and converted into the
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FIGURE 2.27 Design of novel analogs based on x-ray crystallographic analysis.

desired final products. The structures and their activities against HIV protease are
shown in Table 2.2.

With the introduction of the C4-iPr (R) group in compound 28 there was a nearly
six-fold increase in the potency, with K; of 2.8 nM, when compared with compound
21. The introduction of tetrahydrofuran carbamate helped significantly improve the
activity in compound 29, with a K, of 360 pM. With a C4-t-butyl (R) group in com-
pound 30, there was further increase in activity when compared with compound 29.
Compound 30 was found to be the most potent analog, with a K; of 260 pM.

The aforementioned detailed analysis is presented to demonstrate how the struc-
ture—activity relationship is established and the active analog identified for further
development.

2.5.3 SuBSTRATE-BASED ENZYME INHIBITORS, E.G., HCV PROTEASE INHIBITORS

The discovery of boceprevir, a drug used in the clinic for the treatment of HCV
infection, was based on the concept of substrate-based drug design. The hepatitis C
virus, or HCV, is an RNA virus that encodes a polypeptide that is post-translationally
modified to mature virions. This process is carried out by a trypsin-like serine pro-
tease, thus resulting in the cis cleavage of the NS3-NS4A junction, followed by a
trans cleavage of NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B, thus producing a
functional viral protein. Boceprevir from the Schering-Plough Research Institute and
telaprevir from Vertex were discovered based on the concept of inhibiting the afore-
mentioned serine protease, and they have been used in the clinic. However, better
drugs have recently replaced them.

The starting point for the discovery of boceprevir?”! was the synthesis of com-
pound 33 in which the scissile bond of the viral polypeptide was replaced by an
a-ketoamide group, with the expectation that the ketone function would conjugate
with the viral serine protease (Scheme 2.20). An identical sequence of the amino acid
in the keto amide and the viral protein serves in the recognition process.

Although compound 33 was highly active (K; = 0.0019 uM), its high molecular
weight (MW) of 1265 suggested that it would not be a drug candidate. Lipinski’s rule
of five notes that most successful orally absorbable drugs have a molecular weight
around 500. To achieve that goal, compound 33 had to be truncated on both the P and
P’ sites while maintaining activity. Thus, compound 34 was synthesized such that
P2’ to PS5’ were truncated. Compound 34 had a molecular weight of 796, which was
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TABLE 2.2

Summary of Biological Activity in HIV-1 Protease Assay

Compound

Structure K; (nM)

Darunavir

Amprenavir

26

27

28

29

30

31

32

<0.02

0.08 + 0.02

11x1.1

28+19
3

0.36 + 0.1
0.43*

0.26 = 0.05

34+51

"Replicate of HIV-1 assay at a different time
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SCHEME 2.20 Initial lead modification for the discovery of boceprevir.

much lower than that of compound 33, but it was also much less active (K, = 0.043
uM). At this stage several analogs were designed, synthesized, and tested, leading
to the identification of compounds 35 (K; = 0.066 uM) and 36 (K; = 0.01 uM), both
of which were potent and possessed acceptable molecular weights. Although com-
pound 36 was the most active thus far, it had poor bioavailability in various species
of animals. To optimize bioavailability while maintaining potency, various changes
were made in structure 36, including incorporating different side chain residues at
P1’, P3, and P1 and capping the P3 site. These changes were guided by the availabil-
ity of x-ray crystal structures of a few inhibitors bound to the NS3 protease. Thus,
compound 37 (boceprevir, MW 519, K; = 14 nM) was identified as the clinical can-
didate (Figure 2.28). It had a high degree of selectivity against related enzymes and
acceptable oral bioavailability in various animal species. In rats it had a favorable
distribution ratio of 30-fold in liver compared with plasma, which, if it translates to
humans, will be of great clinical significance. The synthesis of boceprevir is pre-
sented in Scheme 2.21.

The x-ray crystal structure of 37 bound to the NS3 protease is shown in
Figure 2.29.27 The cyclobutyl alanine moiety occupied the S1 pocket and the
dimethyl cyclopropyl proline residue in the bent conformation overlapped Alal56,
His57, and Arg155. The side chain tertiary butyl glycine occupied the S3 pocket, the
two of the methyl group in its structure interacted effectively with the protein, and the
third was exposed to the solvent. The tertiary butyl urea group occupied the S4 pocket
and the terminal NH, bonded to the protein backbone. With compound 37 locked into



Enzyme Inhibitors

(a)
KO'Bu, THF o [
0C - " N
-789C ~RT C“HsYN oo, () 1M aq. HC, THF  BocHN oCsH,
CHX CeHs (ii) Boc0
RT
38 I 4
X . OH
(i) aq. LIOH .
o . () K:CO, Ha00, iy .
THF/H,0/McOH BocHN . (CH3),C(OH)CN BocHN. N DMSO 3 NH,
N 0
(i) BOP or EDCI EtN, CH,Cl (i) 4M HCU/Dioxane
CH3;NHOCH;.HCI
(iii) LiAIH,, THF a ) 43
(b)
(i) BuLi
X (1) KHMDS, PhSeCl [(CH3),CHPPh;]|Br (i) Jones Oxidation
o N\\ -7189C_~RT 78 9CRT acetone, -5°C
=0 .
= (i) H,0;, Pyridine (ii) LiAlHy, THF (ii) TMS-diazomethane
\ toluene/MeOH
7 a4 (iii) Hy/Pd/C, Boc,0
(iii) 4M HCI/Dioxane
H
0o_ N.___COOH
Me\/Mc I :
M A 0 N
[—)\ 'COOMe H l\
<~»NH N
N Ncoome  EPCL HOOBL NMM ~"o
H CH,Cl,/DMF (ii) NCO A
HCI o /S
47 (iii) aq. LiOH 49
THF/H,0/MeOH
Me. Me Me\v/Mc
e — oH g o
\F N NH,  Moffat oxidation %ﬁ P wm,
H H o
EDCI, HOOBt, NMM HN N\/&o o o CLCOOH, EDCI-HCI  HN N\/&O o
CH,Cl,/DMF RT T H DMSO H
- o
o /y\ /'\

SCHEME 2.21

FIGURE 2.28 Structure of boceprevir (compound 37).
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FIGURE 2.29 X-ray structure of boceprevir (37) bound to NS3 protease.

the protease pocket, Ser139 was now well positioned to reversibly bind covalently to
the ketoamide, and the oxygen anion thus created was directed to the oxyanion hole.

2.5.4 MECHANISM-BASED ENZYME INHIBITORS, E.G., FPT INHIBITORS

The discovery of farnesyl protein transferase (FPT) inhibitors?® represents an exam-
ple of the mechanism-based approach to human cancer therapy. Ras proteins play a
crucial role in many cellular signal transduction pathways, leading to cell activation
and proliferation. The unregulated activity of Ras protein is implicated in nearly
30% of all human tumors. FPT catalyzes the attachment of the 15-carbon isoprenoid
unit from farnesyl diphosphate (FPP) to the cysteine side chain of the conserved
CAAX sequence (where C is cysteine; A is an aliphatic amino acid; and variable X
is a methionine, serine, or alanine residue) located at the carboxy terminal of Ras.
However, when X is leucine, the protein becomes geranylgeranylated, which uses
the enzyme geranylgeranyl protein transferase (GGPT). The selectivity of FPT over
GGPT is essential to avoid toxicity. Thus, selective FPT enzyme inhibition emerged
as a promising approach for the treatment of cancer, which led to the discovery of
lonafarnib (Sarasar), an orally active, selective nonpeptidic inhibitor.

Compound I, with a tricyclic ring system (IC5, = 250 nM), was identified by
screening library of compounds, as an initial lead for the discovery of FPT inhibi-
tors. Optimization of substitutions on rings A, B, C, D, and E in compound I was
done using extensive chemical synthesis to bring the potency to the low-nanomolar
range (Figure 2.30). Synthesis of 4-pyridylacetyl N-oxide of I (modification of E
ring) showed greater FPT potency, with improved oral bioavailability and PK profile.
Replacement of the 4-pyridylacetyl N-oxide moiety with a carboxamidopiperidin-
ylacetyl group, as in compound III (IC,, = 49 nM), led to further improvement in
potency, with excellent PK properties. The x-ray crystallographic structure of the
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FIGURE 2.30 Structure of FPT inhibitors (initial lead compounds I, II, III, and lonafarnib).

FIGURE 2.31 X-ray crystal structure of FPT enzyme.

FPT enzyme shows a large active site cavity formed by the interaction of o and B
subunits (Figure 2.31). Once the x-ray crystal structure!?! of the inhibitor bound to
the enzyme is available, it is usually possible to design compounds, for example,
by introducing lipophilic groups at appropriate centers in the molecule so that they
will reach lipophilic sites in the structure of the protein, resulting in stronger bind-
ing, or by facilitating hydrogen bonding with the protein backbone either directly
or with the use of an essential water molecule associated with the protein. Both of
these ideas were incorporated into the structure of the inhibitor to optimize activity.
Incorporation of the -CH, group to connect the amide group of ring D to E allowed
hydrogen bonding of the inhibitor to the enzyme backbone with a structural water
molecule, resulting in improved potency of the inhibitor by an order of magnitude.
The S(-) enantiomer of the piperazine inhibitor (IIB) is more potent than the R(+)
enantiomer (ITA), and their binding to the FPT enzyme is shown in Figure 2.32.
Thus, strategically placed halogen atoms in rings A and C, guided by x-ray crystallo-
graphic analysis, resulted in analogs with stronger binding interactions with the FPT
enzyme. Reduction of the double bond between rings B and D maintained activity
while creating a new chiral center. The stereochemistry of the newly created chiral
center in lonafarnib had a profound effect on FPT inhibitory activity. Among the
trihalogenated tricyclic analogs, the R(+)isomer was found to be more potent than the
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FIGURE 2.32 X-ray crystal structure of inhibitor ITA bound to FPT enzyme and inhibitor
IIB bound to FPT enzyme.
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FIGURE 2.33 Overlay of the x-ray crystal structure of R(+) SCH 66336 (yellow) and S(-)
SCH 66336 (purple) with the FPT enzyme.

S(-)isomer, which is due to the difference in binding mode between the two enantio-
mers (Figure 2.33). All of the aforementioned modifications led to the discovery of
the selective, highly potent, orally active FPT inhibitor lonafarnib. It was advanced
for clinical trials and found to be active against lung cancer; however, its activity in
the clinic was not of sufficient interest to progress it further. More recently, lona-
farnib was approved by the FDA for the treatment of progeria, a rare but devastating
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SCHEME 2.22  Synthesis of lonafarnib.

genetic disorder in children. Like Ras protein, progerin also gets farnesylated and
causes progeria; therefore, Gordon” of Boston Children’s Hospital argued for lona-
farnib’s use in the treatment of progeria.

The synthesis of lonafarnib®!! is shown in Scheme 2.22.
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Receptor Agonists
and Antagonists

Pharmacokinetics involve the study of the absorption, distribution, metabolism, and
excretion (ADME) of a drug substance. Pharmacodynamics is the study of the inter-
action of the drug with its targets, including receptors and enzymes (sites of action).
Receptors!!! are polypeptide macromolecules that can be membrane-bound, such as
the G protein-coupled receptors (GPCRs),”?! and function in a membrane environ-
ment containing cholesterol and phosphatidylcholine or inside cells as intracellu-
lar receptors, such as nuclear receptors (Figure 3.1). Cell membranes perform the
essential function of protecting the cell from water-soluble substances and provid-
ing a surface to which enzymes and proteins can attach to provide localization and
structural organization. As many receptors are membrane-bound, very often they
cannot be crystallized, and hence structural information based on x-ray analysis of
receptors is rarely available. Therefore, characterizations of receptors are based on
their function.

The biological activity of a drug is related to its affinity to the receptor, which is
measured as a dissociation constant (Kp). A smaller K}, indicates higher affinity of
the drug to the receptor (i.e., greater activity).

Kon
Drug + Receptor =—— Drug-receptor complex
off

[Drug] [Receptor]

Kd =
[Drug-receptor complex]

H 0
o 04 .
N R, R = CH,CH,N(CH3);

RO/P\ 0 o R" R',R" =long hydrocarbon chains
00
Cholesterol Phosphatidylcholine

FIGURE 3.1 Drug-receptor interaction and dissociation constant and structure of choles-
terol and phosphatidylcholine.
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3.1 AGONIST AND ANTAGONIST

The binding of a drug or natural ligand to the receptor results in various cel-
lular responses, as described next. Agonists elicit biological activity when they
occupy receptors (e.g., hormones, neurotransmitters). The rates of association
and dissociation of agonists are fast. An antagonist binds to receptors but does
not activate them. It neutralizes the activity associated with the agonist. The
rate of association of antagonists will be fast, and the rate of dissociation will
be slow. A competitive antagonist by itself does not produce any activity; how-
ever, when added in increasing amounts to an agonist, the agonist’s activity is
diminished. Therefore, both the agonist and the antagonist bind to the same site
of the receptor. A noncompetitive antagonist binds to an allosteric site of the
receptor and reduces the magnitude of the maximum response of the agonist
dose—-response curve.

Acetylcholine causes muscle contractions (CNS-mediated) by binding to its
receptor; when an agonist is added, the curve does not change. However, when an
antagonist is added, muscle contractions associated with acetylcholine are neutral-
ized. This also implies that acetylcholine and the agonist bind to the same site of the
receptor (Figure 3.2).

o
HBCJJ—O—CHZ—CHZ—@N/—
\
\ Acetylcholine

% Muscle
Contraction

109 87
-log [acetylcholine]

C I I I
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B 28
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o £ g
3,; g B competitive
s E S0 antagonist
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-log [antagonist] -log [acetylcholine]

FIGURE 3.2 Dose response curve for (A) full agonist; (B) antagonist; (C) I, no antagonist
present; I, ITI, with increasing concentrations of antagonist.
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3.2 FACTORS INVOLVED IN THE FORMATION
OF A DRUG-RECEPTOR COMPLEX

3.2.1 HyproGEN BoONDs

Hydrogen bonds occur both inter- and intramolecularly as long as the hydrogen
bonding element is within approximately 1.9 A (Figure 3.3).

3.2.2 ELecTROSTATIC FORCES

At physiological pH basic amine groups of lysine, arginine, and histidine are proton-
ated and acidic carboxylic groups of aspartic acid and glutamic acid are deproton-
ated. The attractive interactions between the oppositely charged groups will aid in
drug-receptor binding (Figure 3.4).

3.2.3 CHARGE—TRANSFER COMPLEXES

When two molecules, one of which is an electron donor and one of which is an elec-
tron acceptor, come into contact, they form a charge—transfer complex (Figure 3.5).

3.2.4 VAN DER WAALS FORCES

Weak forces occur when molecules or a group of atoms are in close contact with
another (~ 4A). When atoms are too close to each other the electron clouds repel each
other. The balance of attractive and repulsive forces leads to an optimum distance
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Intermolecular hydrogen bonding Methyl salicylate
Intramolecular hydrogen bonding

OCH;

FIGURE 3.3 Hydrogen bonding in molecules.
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FIGURE 3.4 Electrostatic interactions between amino and carboxylic groups.
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FIGURE 3.6 Hydrophobic interactions between receptor and drug.

(i.e., the van der Waals distance) between the atoms. This is the sum of the van der
Waals radii of the atoms concerned. Van der Waals interactions are weaker inter-
actions than hydrogen bonds, and they can become significant when two nonpolar
molecular surfaces are complementary in shape and size.

3.2.5 HyprorHoBIC FORCES

Hydrophobic groups associate with each other and remain buried in the protein ter-
tiary structures and away from water molecules. Thus, when the lipophilic drug mol-
ecule and nonpolar receptor group approach each other, the water molecules between
them become disordered in an attempt to associate with each other, resulting in a
drug-receptor complex (Figure 3.6).

3.3 DRUG-RECEPTOR CHIRALITY

As receptors are macromolecular polypeptides, they are chiral. In a chiral drug it
is usually one enantiomer that is active because it is recognized by chiral receptors.
Enantiomers can have different activities; for example, in the case of thalidomide,
one enantiomer is active and the other is toxic. A couple more examples of this phe-
nomenon are shown in Figure 3.7. It should be noted that a drug does not have to
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FIGURE 3.7 Examples of chiral and achiral drugs.

be chiral to bind to a receptor; for example, Claritin is achiral and is a very potent
histamine H1 receptor antagonist.

3.4 HISTAMINE RECEPTORS

Histamine®! is a potent bronchoconstrictive agent, and when released it initiates an
allergic response. There are three subclasses of histamine receptors (i.e., HI, H2,
and H3), and when they are occupied by histamine, they elicit different biological
responses (Figure 3.8). For example, occupation of the histamine HI1 receptor causes
allergic responses and occupation of the histamine H2 receptor causes ulcers.

3.4.1 H1 REeCEPTOR ANTAGONISTS

The general structural features of more commonly used Hl-antihistamines are
shown in Figure 3.9.

Azatadine is a potent first-generation H1 receptor antagonist in clinical use
(Figure 3.10). It shows inhibition of histamine-induced contraction of guinea pig
ileum (ICy, = 2.5 nM) and activity in response to histamine-induced lethality in
guinea pigs (EDy, = 0.009 mg/kg p.o.). However, azatadine was found to have CNS
activity (electroconvulsive seizures: ED5, >80 mg/kg p.o.; acetic acid—induced writh-
ing: EDy, = 8.9 mg/kg p.o.; physostigmine lethality: EDy, = 6.1 mg/kg p.o.) in mice,
indicating its sedating effect.

With the goal of developing a potent Hl-antihistamine with nonsedative proper-
ties, several structural modifications on the aromatic and piperidine ring of azatadine
were made, which led to the discovery of Claritin (loratadine).”8 The basic nitrogen of
the piperidine ring was converted to amides, sulfonamides, urea, and carbamates. An
ethyl carbamate substitution (Figure 3.10) on the nitrogen resulted in the most potent
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compound (histamine-induced lethality in guinea pigs: EDs, = 0.79 mg/kg p.o.) and
also showed higher EDs, in the CNS activity (electroconvulsive seizures: EDy, >
320 mg/kg p.o.; acetic acid—induced writhing: ED5, = 160 mg/kg p.o.; physostigmine
lethality: EDy, >160 mg/kg p.o. in mice), indicating less potential to cause sedation.
Adding an ethyl carbamate yielded a compound with good efficacy and safety; how-
ever, the compound had a short half-life. To solve this problem, several compounds
were made by substituting the aromatic ring with a halogen group in an effort to
block the aromatic ring metabolism. The compound with chlorine at X, was found to
be the most potent in this series (histamine induced lethality in guinea pigs EDy, =
0.19 mg/kg p.o.) and showed a long half-life and did not produce sedation (electro-
convulsive seizures: EDy, >320 mg/kg p.o.; acetic acid—induced writhing: EDs, >
320 mg/kg p.o.; physostigmine lethality: EDs, >320 mg/kg p.o. in mice). Thus, this
compound, known as Claritin, became the first nonsedative antihistamine.

Claritin and Allegra are widely used in the clinic as nonsedative antihistamines
(Figure 3.11). The synthesis of Claritin is shown in Scheme 3.1. Allegra® is a

O OH O OH
N

N
HO HO
H;C CHj H;C CH,
CH;

COOH

Claritin

Seldane Allegra

FIGURE 3.11  Structure of Claritin, Seldane, and Allegra.
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SCHEME 3.1 Synthesis of Claritin.
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metabolite of Seldane and was observed when Seldane was administered to humans.
It did not show the cardiac arrhythmia side effects associated with Seldane.

The structures of various metabolites of Claritin are shown in Figure 3.12.
Clarinex, the major metabolite of Claritin, is clinically used for the treatment of
allergic rhinitis.

The synthesis of Allegra is shown in Scheme 3.2.

3.4.2 H2 REecepTOR ANTAGONISTS

Histamine bound to H2 receptors in the stomach leads to the release of acid, which
causes gastric ulcers. H2 receptor antagonists are therefore useful in the treatment of
ulcers. The progression toward the discovery of cimetidine,'”! the first example of an
orally active antiulcer agent, is outlined in Figure 3.13 and Scheme 3.3.
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FIGURE 3.13 Structure of metiamide, cimetidine, and ranitidine (Zantac).
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SCHEME 3.3 Discovery of H2 receptor antagonists.

The discovery of cimetidine began with the synthesis of guanylhistamine, which
exhibited partial agonistic activity by mimicking the action of histamine and trigger-
ing acid release in the stomach (Scheme 3.3). Isosteric replacement of a nitrogen with
sulfur yielded the isothiourea derivative, which provided enhanced potency as an H2
antagonist. It was realized that if the side chain acquired an electronic property, as
in the case of histamine, acid-releasing activity would remain. This was avoided by
incorporating a thiourea group, and subsequent derivatization led to the synthesis of
burimamide, which was a pure antagonist; however, it showed no oral absorption in
humans.

By careful consideration of electronic effects influencing the disposition of the
hydrogen atoms in the imidazole ring, metiamide was synthesized and found to be
ten times more potent than burimamide and orally active. However, there were side
effects associated with metiamide attributable to the presence of the thiourea group.
By replacing the thiourea group in metiamide with a different polar group, cimeti-
dine was synthesized and found to be a potent, orally active H2 receptor antagonist.
It competitively inhibited the binding of histamine to H2 receptors and had almost no
effect on H1 receptors. Cimetidine has a half-life of only 2 hours and was succeeded
by the longer acting and more potent H2 receptor antagonist ranitidine (Zantac).
However, ranitidine has recently been withdrawn from the market because commer-
cial batches were found to be contaminated with N-nitrosodimethylamine (NDMA),
a human carcinogen (Figure 3.13).

The synthesis of cimetidine is shown in Scheme 3.4.

Replacing the imidazole ring in cimetidine with its surrogate resulted in the dis-
covery of the more potent drug ranitidine (Zantac).'!l Interactions of Zantac with the
receptor are shown in Figure 3.14, and its synthesis is presented in Scheme 3.5.

3.5 ANGIOTENSIN Il RECEPTOR ANTAGONISTS

The renin-angiotensin-aldosterone (RAS) system plays a key role in regulating
blood pressure in humans. High blood pressure is caused by a sequence of events,
starting from the release of a protein, angiotensinogen, in the liver. Renin cleaves
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angiotensinogen into a decapeptide, angiotensin 1. Angiotensin-converting enzyme
(ACE) converts angiotensin I into angiotensin II (octapeptide), a potent vasoconstric-
tor, which causes an increase in blood pressure. Angiotensin II also helps release
aldosterone, which is responsible for the retention of Na*, K* ions, and water in the
kidneys, leading to high blood pressure.

Two strategies were developed for the treatment of hypertension by inhibiting
the RAS system. The first is the discovery of ACE inhibitors, such as captopril,'?
which are successfully used for the treatment of hypertension. The second strategy
was the development of angiotensin II receptor antagonists, which inhibit the binding
of angiotensin II to its AT1 and AT2 receptors. Losartan (Cozaar) is the first orally
active angiotensin II receptor antagonist. Losartan is currently being investigated for
the treatment of COVID-19.

The discovery of losartan!'3¥ began with the initial lead 1, which was found to
have weak antagonistic activity (Figure 3.15). Since no information on the structure
of the receptor was available, based on computer modeling, it was concluded that a
second carboxylic acid group in the molecule would improve potency. Compound 2
was synthesized, which showed ten-fold improvement in potency compared with ini-
tial lead 1. Further modification of 2 led to compound 3, which showed improvement
in potency; however, it was not orally active. Introduction of a hydroxymethyl group
on the imidazole ring and removal of the amide bond linker resulted in compound
4, which was more lipophilic and orally active. Replacement of the carboxylic acid
group on the aromatic ring with a tetrazole isostere led to the discovery of losartan.
Losartan was 1000 times more potent than the initial lead 1 and was orally active,
with a longer duration of action as an angiotensin I receptor antagonist. Later, it
was found that both losartan (t;,, = 2h) and its active metabolite 5 (t;, = 6h) were
responsible for the long-lasting antihypertensive activity (Figures 3.15 and 3.16).
Subsequent research showed that the binding of angiotensin II to its AT1 receptor
caused vascular constriction, and binding to the AT2 receptor had no effect. Losartan
selectively binds to the AT1 receptor. Losartan’s structure has served as a prototype

c a a
B BEH
A\ o\ NU 0._OH
\/\/<N OH \/\/41\1 OH \/\/QN\ OCH,
H
D K@Y H@N
OH
ca 0
1 2 o 3

Cl Cl

N
\/\/«N‘\&/OH \/\/]JN
X
‘ = OH
o H

T on
| N
=
/N\
4 N
"N“N  Losartan

FIGURE 3.15 Discovery of losartan.
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SCHEME 3.6 Synthesis of losartan.

for the discovery of several newer selective AT1 receptor antagonists for the treat-
ment of hypertension.
The synthesis of losartan is shown in Scheme 3.6.113]

3.6 STEROIDS

Steroids were first isolated from mammalian sources and are produced in the adre-
nal glands, ovaries, and testes. Steroids are represented by tetracyclic rigid struc-
tures with several centers of asymmetry, are optically active, and represent single
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Estrone Testosterone Prednisone
Female sex hormone Male sex hormone Anti-inflammatory agent

Progesterone . Cholesterol
-Secreted during latter half Important structural role in

of the menstrual cycle many cell membranes, i.e., brain
-During pregnancy secretion

continues
-Anti-ovulatory

FIGURE 3.17 Examples of steroids and their biological role.

enantiomers (Figure 3.17). They are classified as sex hormones, such as estrone, tes-
tosterone, and progesterone, and corticosteroids, such as cortisone, prednisone, beta-
methasone, and dexamethasone. Much of the work on steroids was done from 1950 to
1960. Although this is presently not an active area of research, steroids continue to be
used extensively as contraceptives and anti-inflammatory agents and in the treatment
of cancer, autoimmune diseases, and, very recently, COVID-19.

3.6.1 BIOSYNTHESIS OF STEROIDS

Mevalonic acid is the precursor for the biosynthesis of steroids!' and terpenes. It is
derived from acetyl coenzyme A as outlined in Scheme 3.7.

The conversion of mevalonic acid to squalene is shown in Scheme 3.8.

The conversion of squalene to lanosterol is shown in Scheme 3.9.

The conversion of lanosterol to cholesterol represents biosynthetic steps that are
similar to those seen in the conversion to other steroids (Scheme 3.10).

3.6.2 SYNTHESIS OF STEROIDS

Diosgenin is obtained from the tubers of the wild yam (Dioscorea villosa), which
is also known as kokoro. All clinically used steroids can be derived from it using
appropriate chemical conversions. It should be noted that diosgenin possesses
four rings with proper stereochemistry, as found in all steroids, and the rest of
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the molecule is amenable to changes required for the synthesis of different ste-
roids. Although total synthesis of steroids has been achieved, contributing much
knowledge to the chemical literature, however it has not reached commercial
significance. The synthesis of a few clinically important steroids is presented in
Schemes 3.11-3.14.

Testosteronel!®! is synthesized from diosgenin as shown in Scheme 3.13. It is
metabolized in the liver and is not orally active. In the clinic, testosterone esters are
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squalene squalene epoxide

lanosterol

SCHEME 3.9 Biosynthesis of squalene to lanosterol.
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SCHEME 3.10 Biosynthesis of lanosterol to cholesterol.
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used as injectables. An orally active synthetic testosterone derivative, mesterolone,
is also used in the clinic.

Estrone is poorly absorbed orally and is metabolized by cytochrome P450
enzymes into several hydroxyestrones, which are eliminated as conjugates using
sulfotransferases and glucuronidases. Substitution at the 17 position provides
metabolically more stable derivatives, such as ethynylestradiol and mestranol
(Scheme 3.15).

3.6.3 PROGESTERONE RECEPTOR ANTAGONISTS

Progesterone receptor (PR) is an intracellular steroidal receptor. PR antagonists!!”!
are used as contraceptives and for the treatment of tumors, uterine fibroids, and endo-
metriosis. All clinically available PR antagonists (Figure 3.18) are steroids.

Perhaps one of the most well-known contraceptives is mifepristone (RU-486),!!8!
the structure and synthesis of which are shown in Scheme 3.16.
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FIGURE 3.18 Clinically available progesterone receptor antagonists.
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4 Anticancer Drugs

The discovery of anticancer drugs follows largely the pathways described for the dis-
covery of other classes of drugs. For example, the process includes enzyme inhibi-
tors such as farnesyl protein transferase for the treatment of lung cancer and receptor
antagonists such as tamoxifen. Natural products such as Taxol are in use for the
treatment of cancer.

4.1 EXAMPLES OF ANTICANCER DRUGS FROM PLANTS

Vinca alkaloids!'d (Figure 4.1) from Catharanthus roseus, or Vinca rosea
(Madagascar periwinkle), were originally thought to be useful as antidiabetic drugs;
however, in animal experiments they showed no effect in reducing blood sugar. The
purified active components (i.e., vinblastine and vincristine) showed activity as anti-
cancer agents. Treatment of vinblastine with ammonia in methanol yielded the anti-
cancer drug vindesine (Scheme 4.1),"" which is used for the treatment of non-small
cell lung cancer, leukemia, testicular cancer, and non-Hodgkin’s lymphoma.

4.1.1 MECHANISM OF ANTICANCER ACTIVITY OF VINCRISTINE

During cell division (mitosis) the two developing daughter cells are held together
by thin fibers called microtubules. These are polymers based on a protein known
as tubulin. Tubulin is a dimer of the o and B subunits. These associate to from
heteroduplexes, which then join together as a “head to tail” function. The resulting

Vinblastine R = CHj3
Vincristine R = CHO

FIGURE 4.1 Structure of Vinca alkaloids.
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Vinblastine Vindesine

SCHEME 4.1 Chemical conversion of vinblastine to vindesine.
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FIGURE 4.2  Structure of anticancer compounds.

filaments then polymerize to form microtubules. In the presence of Vinca alkaloids,
the existing microtubules break down to produce tubulin subunit pairs. The subunit
pairs bind to the drug, and the complex prevents the formation of microtubules. Cell
division does not occur, immature cells die, and cell proliferation ceases.

Podophyllotoxin® is obtained from the Himalayan plant Podophyllum emodi
(Figure 4.2). Newer analogs i.e., etoposidel® and teniposide!®) are used in the treat-
ment of testicular cancer, Hodgkin’s disease, etc.

Taxolb is extracted from the English yew (Taxus baccata) and Pacific yew (Taxus
brevifolia), and its structure was elucidated using x-ray crystallography (Figure 4.3).
Taxol prevents cell division by stabilizing microtubule assembly, which leads to cell
death.b>4 The development of Taxol as an anticancer agent was challenging because
of the difficulty of isolating it in sufficient quantities from the bark of yew trees. For
example, only 500 mg of Taxol is obtained from 12 kg of yew tree bark. Additionally,
it is rather insoluble, making delivery of the drug very difficult.

A clinical trial of Taxol began in 1983, and in 1989 its efficacy in ovarian cancer
was confirmed. It was approved in 1992 for the treatment of ovarian cancer and
was approved later on for the treatment of metastatic breast cancer and lung cancer.
However, its use was restricted due to the lack of availability of the drug prior to the
discovery of Taxotere.!! The precursor to Taxotere is 10-deacetylbaccatin III, which
is extracted from the needles of yew trees. A total of 1 g of the Taxotere precursor
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SCHEME 4.2 Mechanism of alkylation by mustard reagents.

can be obtained from 3 kg of needles without sacrificing the trees. In addition, the
solubility characteristics of Taxotere are far superior to those of Taxol. With these
developments, Taxotere became a very important addition to anticancer therapy.

4.2 DNA ALKYLATING AGENTS

Several alkylating agents!”! were discovered during the Second World War and are
still in use as chemotherapeutic agents. In the process of killing cancer cells, they
also kill normal cells, thus resulting in toxicity. The general mechanism of activity of
these DNA alkylating agents can be explained using the example of mustard reagents
(Scheme 4.2).

Cisplatin'® is an alkylating agent and is used for the treatment of testicular, lung,
and bladder cancer. Its mechanism of action is similar to that of mustard reagents.
Examples of a few other alkylating agents are shown in Figure 4.4.

Duocarmycins are another class of DNA alkylating agents!”! that are isolated from
the culture broth of Streptomyces bacteria (Figure 4.5). These compounds are very
potent as antitumor agents. Duocarmycins possess a cyclopropane ring in their core
structure, which helps to alkylate adenine at the N3 position.
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FIGURE 4.5 Mechanism of DNA alkylation on duocarmycin.

4.3 ANTIMETABOLITES

The structure of the cytotoxic agent methotrexate!'” bears similarities to that of folic
acid (Figure 4.6), and it found use in the treatment of breast and lung cancer as well
as other forms of cancer. It is also used for the treatment of autoimmune diseases
such as psoriasis and rheumatoid arthritis. Methotrexate is synthesized as shown in
Scheme 4.3.

To avoid the metabolic degradation of methotrexate, edatrexate was synthesized
(Scheme 4.4).
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4.4 ESTROGEN RECEPTOR ANTAGONISTS

Tamoxifen! is commonly used for the treatment of breast cancer. Most breast can-
cers need supplies of estrone to grow. Estrone attaches to the estrogen receptor on
cancer cells and sends signals for cellular proliferation; when it is unregulated, it
causes cancer. ER-positive patients respond very well to tamoxifen, which attaches
to the estrogen receptor but does not cause the cells to divide. It also does not allow
estrone to occupy the receptor. Clomiphene is a close analog of tamoxifen and is also
primarily used for the treatment of breast cancer (Scheme 4.5).

4.5 AROMATASE INHIBITORS

Aromatase is a P450 oxidative enzyme that converts androstenedione to estrone
(Scheme 4.6). Examples of potent aromatase inhibitors!'?! are shown in Figure 4.7.

4.6 KINASE INHIBITORS

Protein kinases!'3 are the largest superfamily of enzymes and play an important
role in cellular functions, such as metabolism, signal transduction, survival, and dif-
ferentiation. Malfunction or overexpression of protein kinases is found in many dis-
eases, mostly tumors. Kinases are the enzymes involved in phosphorylation, which
is an important mechanism for cell regulation. When a protein is phosphorylated,
a gamma phosphate group from adenosine triphosphate (ATP) is transferred to the
amino acid residue—containing -OH group (tyrosine, threonine, serine) on the target
protein (Scheme 4.7).

Several classes of kinases are known based on the amino acid residue being phos-
phorylated, including protein tyrosine kinases, protein tyrosine kinase—like enzymes,
and protein threonine/serine kinases. Currently, there are 52 FDA-approved drugs
that target 20 different protein kinases, which represents a small fraction of the
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SCHEME 4.5 Synthesis of tamoxifen and its analog, clomiphene.
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518-member protein kinase family. A few examples of drugs that target kinases are
discussed in the following sections.

4.6.1 IMATINIB (GLEEVEC)

Chronic myeloid leukemia (CML) is a rare form of cancer in which bone marrow
cells that give rise to white blood cells begin to divide faster than normal. CML is
associated with chromosomal abnormalities wherein chromosome 22 is much shorter
than normal and missing material is transferred to chromosome 9. The truncated 22
is known as the Philadelphia chromosome. The translocation event between 9 and 22
results in fusion of the two broken genes. The BCR gene on 9 and the ABL gene on
22 generate a new gene: BCR-ABL. The product of the BCR-ABL gene is a protein
kinase. In normal cells this controls cell division and growth. The abnormal fusion
protein retains the tyrosine kinase activity of ABL, but the signals are not regulated,;
thus, massive numbers of cells are produced. Gleevec!' is specific to BCR-ABL
tyrosine kinase and blocks the signal the abnormal protein generates (Scheme 4.8).

4.6.2 GEerTINIB (IRESSA)

Overexpression of the epidermal growth factor receptor (EGFR) is common in a
wide variety of solid tumors, including non-small cell lung carcinoma and ovarian,
bladder, and prostate carcinoma. Iressal’™! is an EGFR antagonist (Scheme 4.9). It
blocks growth signals in cancer cells, which are mediated in part by the tyrosine
kinases associated with EGFR.

4.6.3 BARICITINIB (OLUMIANT)

Baricitinib!"®¥ is an orally active selective Janus kinase (i.e., JAK1 and JAK?2) inhibi-
tor that is used for the treatment of rheumatoid arthritis. Janus kinases (i.e., JAKI,
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JAK?2, JAK3, TYK2) play a critical role in the regulation of immune and inflamma-
tory responses. JAKs associate with the intracellular domain of cytokine receptors
type I and IT and are activated upon ligand-induced receptor homo- or heterodimer-
ization, resulting in the phosphorylation of tyrosine residues within the cytoplasmic
domain of the receptors. These phosphorylated receptors serve as docking sites for
signal transducer and activator of transcription (STAT) proteins. The STATSs are then
phosphorylated by the JAKs and translocate to the nucleus, where they act as tran-
scription factors, regulating gene expression. Selective JAK inhibitors such as bar-
icitinib control unwanted or overactive immune pathways. Baricitinib (Scheme 4.10)
in combination with the antiviral drug remdesivir was recently approved by the FDA
for the treatment of COVID-19.116%!
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SCHEME 4.11 Synthesis of ribociclib.

4.6.4 RiBocicuB (KisQAL)

Cyclin-dependent kinases (CDKs) are serine/threonine protein kinases that play a
primary role in the control of cell cycle progression. CDK inhibitors are hormone
receptor—positive (HR+) and human epidermal growth factor receptor 2—negative
(HERZ2-) in advanced breast cancer, and they work by selectively inhibiting CDK4/6
proteins and blocking the transition from the G1 to S phase of the cell cycle. The
CDKs phosphorylate retinoblastoma (Rb) proteins, which are key proteins involved
in regulating cell proliferation. Activation of the CDK-Rb pathway is common in
breast cancer. By blocking this path, CDK4/6 inhibitors such as ribociclib!'"! are able
to block cell cycle progression in the middle of the G1 phase and prevent cancer cell
progression. The synthesis of ribociclib is shown in Scheme 4.11.

4.6.5 ENTRECTINIB (ROZLYTREK)

Entrectinib® is a potent, orally available inhibitor of anaplastic lymphoma kinase
(ALK), which is a receptor tyrosine kinase responsible for the development of var-
ious tumors. It has been prescribed for the treatment of solid tumors that have a
neurotrophic tyrosine receptor kinase (NTRK) gene fusion without a known resis-
tance mutation as well as ROS1-positive non-small cell lung cancer (NSLC). Using
structure-based design, an initial lead compound (I), identified by high-throughput
screening (HTS), was further optimized to yield entrectinib (Figure 4.8). It was
found that an appropriate substitution at the 2’ end of phenyl ring A, such as -NH-R,
resulted in binding to the adenosine triphosphate (ATP) sugar pocket of the ALK
active site while displacing the water molecule. This further resulted in stabilization
of the conformation of the drug via the formation of an intramolecular hydrogen
bond involving the hydrogen of the ortho amino group and the carbonyl of the adja-
cent carboxamide moiety. The synthesis of entrectinib is shown in Scheme 4.12.



Anticancer Drugs

99

F
H
H
N'N N
\ N \
HN f F
\'_O HN
=0,
W, 4
/
()~
AN) N
< (0]
A 1 NJ
/
Entrectinib
FIGURE 4.8 Structure of the initial lead (I) and entrectinib.
F F F
NC Pd(PPh3)4 . NH,NH,.H,0
+ B
F NC F
no Sou B
F
Cl H
= S
N
dNH ) F
N HN
H ¥ C ) Q =0
N N
/ / /H
I (s
F DIPEA @
H,N
o

SCHEME 4.12 Synthesis of entrectinib.

REFERENCES
1.

Entrectinib

(a) Johnson, I. S., Armstrong, J. G., Gorman, M., et al. 1963. The Vinca alkaloids: A new

class of oncolytic agents. Cancer Res. 23:1390-1427. (b) Keglevich, P., Hazai, L., Kalaus,
G., et al. 2012. Modifications on the basic skeletons of vinblastine and vincristine.

Molecules 17:5893-5914. (c) Himes,

R. H,, Kersey, R. N., Heller-Bettinger, L., et al. 1976.

Action of the vinca alkaloids vincristine, vinblastine, and desacety vinblastine amide on
microtubules in vitro. Cancer Res. 36:3798-3802. (d) Himes, R. H. 1991. Interactions
of the catharanthus (Vinca) alkaloids with tubulin and microtubules. Pharmacol

Ther. 51:257-267.



100 Medicinal Chemistry

2. (a) Jackson, D. E., and Dewick, P. M. 1985. Tumor-inhibitory aryltetralin lignans
from Podophyllum pleianthum. Phytochemistry 24:2407-2409. (b) You, Y. 2005.
Podophyllotoxin derivatives: Current synthetic approaches for new anticancer
agents. Curr. Pharm. Des. 11(13):1695-1717.

3. (a) Bromberg, K. D., Burgin, A. B., and Osheroff, N. 2003. A two-drug model for eto-
poside action against human topoisomerase Ila. J. Biol. Chem. 278(9):7406-7412. (b)
Hande, K. R. 1998. Etoposide: Four decades of development of a topoisomerase II inhibi-
tor. Eur J Cancer 34:1514-1521.

4. Long, B. H. 1992. Mechanism of action of teniposide (VM-26) and comparison with
etoposide (VP-16). Semin. Oncol. 19:3-19.

5. (a) Nicolaou, K. C., and Sorensen, E. J. 2014. Classics in Total Synthesis, 6th ed., Wiley-
VCH, Weinheim. (b) Wani, M. C., Taylor, H. L., Wall, M. E., et al. 1971. Plant antitu-
mor agents. VI. Isolation and structure of Taxol, a novel antileukemic and antitumor
agent from Taxus brevifolia. J. Am. Chem. Soc. 93(9):2325-2327. (c) Schiff, P. C., and
Horwitz, S. B. 1980. Taxol stabilizes microtubules in mouse fibroblast cells. Proc. Natl.
Acad. Sci. (USA) 77:1561-1565. (d) Parness, J., and Horwitz, S. B. 1981. Taxol binds
to polymerized tubulin in vitro. J. Cell Biol. 91:479-487. (e) Kanda, Y., Nakamura,
H., Umemiya, S., et al. 2020. Two-phase synthesis of Taxol. J. Am. Chem. Soc.
142(23):10526-10533.

6. Guenard, D., Gueritte-Voegelein, F., and Potier, P. 1993. Taxol and Taxotere: Discovery,
chemistry, and structure-activity relationships. Acc. Chem. Res. 26(4):160—167.

7. Warwick. G. P. 1963. The mechanism of action of alkylating agents. Cancer Res.
23:1315-1333.

8. Wiltshaw, E. 1979. Cisplatin in the treatment of cancer: The first metal antitumor drug.
Platinum Metals Rev. 23(3):90-98.

9. Boger, D. L., and Johnson, D. S. 1995. CC-1065 and the duocarmycins: Unraveling the
keys to a new class of naturally derived DNA alkylating agents. Proc. Natl. Acad. Sci.
92:3642-3649. (b) Yamada, K., Kurokawa, T., Tokuyama, H., et. al. 2003. Total synthesis
of the Duocarmycins. J. Am. Chem. Soc. 125(22):6630-6631.

10. (a) Cronstein, B. N., and Aune, T. M. 2020. Methotrexate and its mechanisms of action in
inflammatory arthritis. Nat Rev Rheumatol 16:145—154. (b) Raimondi, M. V., Randazzo,
0., La Franca, M., et al. 2019. DHFR inhibitors: Reading the past for discovering novel
anticancer agents. Molecules. 24(6):1140.

11. (a) Jordan, V. C. 2006. Tamoxifen (ICI146,474) as a targeted therapy to treat and prevent
breast cancer. Br. J. Pharmacol. 147:S269-S276. (b) Jordan, V. C. 1998. Antiestrogenic
action of raloxifene and tamoxifen: Today and tomorrow. J. Natl. Cancer Inst.
90(13):967-971. (c) Quirke, V. M. 2017. Tamoxifen from failed contraceptive pill to
best-selling breast cancer medicine: A case-study in pharmaceutical innovation. Front.
Pharmacol. 8:620.

12. (a) Wiseman, L. R., and McTavish, D. 1993. Formestane. Drugs 45:66—84. (b) Fabian, C.
J. 2007. The what, why and how of aromatase inhibitors: Hormonal agents for treatment
and prevention of breast cancer. Int. J. Clin. Prac. 61(12):2051-2063.

13. Roskoski Jr., R. 2020. Properties of FDA approved small molecule protein kinase inhibi-
tors: A 2020 update. Pharmcol. Res. 152:104609.

14. Zimmermann, J., Buchdunger, E., Mett, H., et al. 1997. Potent and selective inhibitors of
the ABL-kinase: Phenylaminopyrimidine (PAP) derivatives. Bioorg. Med. Chem. Lett.
7:187-192.

15. Barker, A. J., Gibson, K. H., Grundy, W, et al. 2001. Studies leading to the identifica-
tion of ZD1839 (IRESSA): An orally active, selective epidermal growth factor receptor
tyrosine kinase inhibitor targeted to the treatment of cancer. Bioorg. Med. Chem. Lett.
11(14):1911-1914.



Anticancer Drugs 101

16. (a) Mayence, A. and Vanden Eynde, J. J. 2019. Baricitinib: A 2018 novel FDA-approved
small molecule inhibiting Janus kinases. Pharmaceuticals 12:137. (b) Kalil, A. C.,
Patterson, T., Mehta, A. K., et al. 2020. Baricitinib plus Remdesivir for hospital-
ized adults with Covid-19. N. Engl. J. Med. Dec 11; NEJMo0a2031994. doi: 10.1056/
NEJMoa2031994.

17. Poratti, M., and Marzaro, G. 2019. Third-generation CDK inhibitors: A review on the
synthesis and binding modes of Palbociclib, Ribociclib, and Abemaciclib. Eur. J. Med.
Chem. 172:1243—-153.

18. Menichincheri, M., Ardini, E., Magnaghi, P., et al. 2016. Discovery of entrectinib:
A new 3-aminoindazole as a potent anaplastic lymphoma kinase (ALK), c-ros oncogene
1 kinase (ROS1), and pan-tropomyosin receptor kinases (Pan-TRKSs) inhibitor. J. Med.
Chem. 59:3392-3408.


http://dx.doi.org/10.1056/NEJMoa2031994
http://dx.doi.org/10.1056/NEJMoa2031994

Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Index

Note: Page numbers in italics indicate a figure and page numbers in bold indicate a table on the

corresponding page.

A

absorption, distribution, metabolism, and
excretion (ADME), 69
acetylcholine, 70
achiral drugs, 72
A:cholesterol acyltransferase (ACAT) inhibitors, 47
acid—base enzyme catalysis, 30
acquired immunodeficiency syndrome (AIDS),
7,8, 46, 50
acyclovir, 10
antiviral activity, 10
synthesis of, /0
acyl glucuronides, 24
acyl transferase, 24
adenine (A), 3,3-4, 4
alkylation, 91
synthesis from uric acid, /3
adenosine, 4
adenosine triphosphate (ATP), 4, 94, 98
agonists, 70, 70
AIDS, see acquired immunodeficiency syndrome
(AIDS)
alkylating agents, 29, 92
alkylation by mustard reagents, 9/
alkyl halides, 29
Allegra, 15, 19, 75
metabolism of Seldane to, 20, 75-76
nonsedative antihistamines, 76
structure, 75
synthesis, 75, 75-76
allylamine, 52
alpha halo ketone, 4
amine, 20, 54
amino acids, 5, 6, 30
3D folding of, 34
codons, 5, 6
residues, 32
structures, 6
amino acids sequences, 7
DNA, generation from, 7
transcription and translation, 7
7-aminocephalosporanic acid (7-ACA), 39, 41
6-aminopenicillanic acid (6-APA), 39
ampicillin, 37
amprenavir, 51, 52
anaplastic lymphoma kinase (ALK), 98
androstenedione, 94, 95
angiotensin-converting enzyme (ACE), 34, 79

angiotensin II receptor antagonists, 77—-80
antagonists, 70, 70
antibiotics, 15, 36-37
antibodies, 2, 14
anticancer drugs from plants, 89-91, 90
antifungals, 15, 43-47
posaconazole, 46
SCH 51048, 44-45, 46
antihistamines, 19, 75
antimetabolites, 92—94
antiulcer agent, 76
aromatase, 94
aromatic hydroxylation, 18—19
aromatic rings, 17, 19
aspartic acid, 30, 32, 50
Aspergillus species, 46
atherosclerosis, 47
atorvastatin, 35, 47
azatadine, 73
HI1 receptor antagonist, 73
structure, 74
azidothymidine (AZT), 7-8
DNA chain of HIV virus, 9
kinase enzymes, 8
synthesis, 9
azithromycin, 40, 42-43
azobisisobutyronitrile (AIBN), 52
azole antifungals, 43, 44; see also Candida
infections
AZT, see azidothymidine (AZT)
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farnesyl protein transferase (FPT), 34, 62, 63, 89
hydrolysis by proteases, 30, 32
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enzyme inhibitors, 29, 36
antibiotics, 36-37
antifungals, 43—47
cholesterol-lowering drugs, 47
HIV protease inhibitors, 49-58
B-lactam antibiotics, 37-39
macrolide antibiotics, 40—43
mechanism-based enzyme inhibitors, 62—-65
structure-based, 49-58
substrate-based, 58—62
enzyme-substrate (E-S) complex, 29-30
covalent complexes (toxicity), 29
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epidermal growth factor receptor (EGFR), 96
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ergosterol, 43
erythromycin, 2, 40, 41-43
discovery, 40
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oxime, 43
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estradiol, synthesis of, 84
estrogen receptor antagonists, 94
estrone, 81, 81, 85, 84, 94
ethyl carbamate, 73
ethynylestradiol, synthesis of, 84
extracellular proteins, 32
ezetimibe (Zetia), 48, 50
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farnesyl diphosphate (FPP), 62

farnesyl protein transferase (FPT), 34, 62, 63, 89
first-generation HIV-1 protease inhibitors, 50
fluconazole, 43, 45

folic acid, 93
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gastric ulcers, 76

gefitinib (Iressa), 96

genes, 5

geranylgeranyl protein transferase (GGPT), 62
Gleevec, 96, 96
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glutathione, 25
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guanylhistamine, synthesis, 77
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Hl-antihistamines, 73-75, 74
H2 receptor antagonists, 77
HCYV protease inhibitors, 58—62
hepatitis C virus, 58
high-throughput screening (HTS), 98
histamine, 73
histamine receptors, 73, 74
H1 receptor antagonists, 73-76
H2 receptor antagonists, 76—77
histidine, 30
Histoplasma species, 46
HIV-1 protease, 51, 54
assay, biological activity in, 59
enzyme, 50
X-ray crystallographic structure, 56
HIV-1 protease inhibitors, 22, 50
SAR, 55
sulfonamide derived, 51, 53
synthesis, 53
HMG-CoA reductase, 35, 47
Hodgkin’s disease, 90
hormones, 70
human cancer therapy, 62
human epidermal growth factor receptor 2—
negative (HER2-), 98
human immunodeficiency virus (HIV), 7;
see also acquired immunodeficiency
syndrome (AIDS)
DNA chain of, 9
reverse transcriptase (RT), 8
hydrogen bonding, 29, 33, 50, 71
molecules, 71
purine and pyrimidine bases, 3
hydrogen transfer reactions, 17
hydrolases, 34
hydrophobic interactions, 33, 72
hydroxyestrones, 85
hydroxyethylamine, 50
hydroxylation, 21
hydroxy metabolism, 19
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imatinib (gleevec), 96
imipramine, 2/
immune system, 14
indinavir, 22
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intracellular proteins, 32
intracellular receptors, 69
Iressa, 97
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ketoconazole, 43, 45
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kinase inhibitors, 95-96
baricitinib (Olumiant), 96—98
entrectinib (Rozlytrek), 98—99
gefitinib (Iressa), 96
imatinib (gleevec), 96
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B-lactam antibiotics, 37-39
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lead (I) and entrectinib, 99
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lipitor, 47
retrosynthesis, 49
synthesis, 47, 49
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discovery of, 79
metabolite of, 80
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macrolide antibiotics, 40-43
macromolecular polypeptides, 72
mechanism-based enzyme inhibitors, 62—-65
melphalan, 92
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metabolism, 14

chlorpromazine, 19
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metastatic breast cancer, 90
methicillin, 39, 40
methotrexate, 92, 93
metiamide, 76

Index

mevalonic acid, 81
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nonpolar (fat-soluble) drugs, 15
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nuclear receptors, 69
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nucleophilic attack, 79
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oxidation
process, 17
of sulfur (Cimetidine), 2/
oxidation-reduction mechanism, 17
oxidative dealkylation (Phenacetin), 27
oxidative demethylation
aromatic methyl ether, 19
seldane to allegra, 20
oxidative N-demethylation, 19
oxidoreductases, 34
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P450 enzyme, 41

p-amino benzene sulfonamide, 36
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penicillin, 4, 37-39
antibiotics, synthesis via 6-APA, 40
bacterial cell wall biosynthesis by, 38
conversion to cephalosporin, 39
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conversion to cephalosporin by Morin
rearrangement, 4/
by fermentation, 39
penicillin-binding proteins, 38—-39
synthetic, 39
penicillin G, 15, 39
penicillin V, 39
Penicillium chrysogenum, 39
peptidomimetics, 51
peptidomimetic HIV-1 protease inhibitors, 57
pharmacodynamics, 69
pharmacokinetics, 14
drug metabolism, 14-25
oral absorption, 14
Phenacetin, 2/
phenols, aromatic rings to, 17
phenylacetic acid, 16
phosphate linkages, 3
phosphatidylcholine, 69, 69
phosphodiester bonds, 7, 8
phosphorylate retinoblastoma (Rb) proteins, 98
phosphorylation, 95
podophyllotoxin, 90
Podophyllum emodi, 90
polypeptide macromolecules, 69
posaconazole, 15, 46
structure, 46
synthesis, 47
potent aromatase inhibitors, 94
prednisone, 8/
probenecid, 18-19
progeria, 34
progesterone (marker degradation), 81
receptor antagonists, 85
synthesis, 84
prontosil, 36
propranolol, 25
proteases
enzymatic hydrolysis by, 30, 32
inhibitors containing sulfonamide functional
moiety, 52
protein kinases, 94
proteins/enzymes, 4, 5
primary structures, 32
quaternary structure, 34-36
secondary structures, 32-32, 33
tertiary structures, 22
psoriasis, 92
purines
bases, 4
synthesis, /1
synthesis from pyrimidines, /2
4-pyridylacetyl N-oxide
of I, 62
moiety, 62
pyrimidines, 4
AGCT, 4

purines synthesis from, /2
synthesis, 17/-12

R

radioactive methyl ether, 16
radiolabeled drugs, 15, 16
ranitidine (Zantac), 77, 77
with histamine H2 receptor, 78
synthesis, 78
Ras proteins, 62
receptors, 4, 69
renin-angiotensin-aldosterone (RAS)
system, 77
renin cleaves angiotensinogen, 77, 79
reverse transcriptase (RT) inhibitors, 7, 8
rheumatoid arthritis, 92
R-H to R-OH, conversion of, 18
ribociclib (Kisqali), 98, 98
RNA
ribose, 4
structure, 4, 5
Triplet codons in mRNA, 5
uracil (U), 4
virus, 58

S

Saccharopolyspora erythraea, 40
salt linkages, 29
Sarasar, 34-35, 62
SCH 510438, 44
structure, 46
synthesis, 46
scissile bond, 37
Seldane, 15; see also Allegra
metabolism of, 20, 76
synthesis, 75, 75
serine, 30, 31
hydroxyl group, 30
proteases, 30, 31, 38—-39, 58
sex hormones, 81
single-stranded RNA, 4
squalene
biosynthesis, 83
epoxide, biosynthesis, 83
from mevalonic acid, biosynthesis, 82
statins, 47, 48
steroids, 80
biosynthesis of, 81
examples and biological role, 8/
progesterone receptor antagonists, 85-86
synthesis of, 81-85
Streptomyces bacteria, 91
substrate-based drug design, 58
sugars, 3, 3
sulfafurazole, 36
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sulfonamides, 36, 52, 54

as antibacterial agents, 37

drugs, 36

HIV-1 protease inhibitors, 52
sulfotransferases, 85
sulfur-containing groups, 22
synthetic penicillin, 39
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tamoxifen, 89, 94, 94
taxol, 89-90, 91
taxotere, 90, 91
testicular cancer, 90
testosterone, 81, 81, 82, 84
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synthetic derivative, 85
tetrahydrofolic acid, biosynthesis of, 38
tetrahydrofuran carbamates, 57
3(S)-tetrahydrofuranyl urethane, 51
tetrazole isostere, 79
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tipranavir, 52
Tolbutamide, 27
toxicity, 29
transferases, 34

tri(aziridin-1-yl) phosphine sulfide, 92
tributyltin hydride (TBTH), 52
5-triphosphate metabolite, 8
tritium-labeled drug, 16
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