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in view of ongoing research, changes in government regulations, and the constant flow of information relating to
drug therapy and drug reactions, the reader is urged to check the package insert for each drug for any change in
indications and dosage and for added warnings and precautions. This is particularly important when the recom-
mended agent is a new or infrequently employed drug.

Some drugs and medical devices presented in this publication have Food and Drug Administration (FDA)
clearance for limited use in restricted research settings. It is the responsibility of the healthcare provider to ascer-
tain the FDA status of each drug or device planned for use in their clinical practice.
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The 12th Edition of Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical
Chemistry is dedicated to the memory of Robert F. Doerge.

Robert F. Doerge
1915-2006

Robert Doerge—pharmacist, medicinal chemist, and educator—experienced the Depression and
served in the Civilian Conservation Corp in Sheridan, AR. Dr. Doerge received his B.S. in phar-
macy in 1943 and his PhD in pharmaceutical chemistry, both from the University of Minnesota in 1949.
The latter was under the direction of Dr. Charles O. Wilson, who, with Dr. Ole Gisvold, started this
well-respected medicinal chemistry textbook. Dr. Doerge began his professional career as an assistant
professor in the University of Texas-Austin School of Pharmacy before becoming a research chemist
with the former Smith Kline and French Laboratories in Philadelphia. Beginning in 1960, he returned
to academia as professor and chair of the pharmaceutical chemistry department in Oregon State
University’s College of Pharmacy. Prior to his retirement as professor emeritus in 1981, he was the
assistant dean.
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sity with several teaching awards.

We certainly miss this fine gentleman who put the students first and advanced the teaching of me-
dicinal chemistry as a chapter author, coeditor, and editor of the Wilson and Gisvold textbook series.

John H. Block
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PREFACE

iv

For 6 decades, Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry has
been a standard in the literature of medicinal chemistry. Generations of students and faculty have de-
pended on this textbook not only for undergraduate courses in medicinal chemistry but also as a supple-
ment for graduate studies. Moreover, students in other health sciences have found certain chapters use-
ful. The current editors and authors worked on the 12th edition with the objective of continuing the
tradition of a modern textbook for undergraduate students and also for graduate students who need a
general review of medicinal chemistry. Because the chapters include a blend of chemical and pharma-
cological principles necessary for understanding structure—activity relationships and molecular mecha-
nisms of drug action, the book should be useful in supporting courses in medicinal chemistry and in
complementing pharmacology courses.

€© ABOUT THE 12TH EDITION

The 12th edition follows in the footsteps of the 11th edition by reflecting the dynamic changes oc-
curring in medicinal chemistry. With increased knowledge of the disease process and the identi-
fication of the key steps in the biochemical process, the chapters have been updated, expanded,
and reorganized. At the same time, to streamline the presentation of the content, some topics were
combined into existing chapters. For example, Chapter 2, “Drug Design Strategies,” incorporates
material from 11th edition Chapters 2, 3, and 28, and Chapter 3, “Metabolic Changes of Drugs and
Related Organic Compounds,” includes the content from 11th edition Chapter 5, “Prodrugs and
Drug Latentiation.” In addition, with the newer drugs that have entered the pharmaceutical arma-
mentarium since publication of the 11th edition, coverage of the following topics has been ex-
panded in the 12th edition: Central Dopaminergic Signaling Agents (Chapter 13), Anticonvulsants
(Chapter 14), Hormone-Related Disorders: Nonsteroidal Therapies (Chapter 20), Agents Treating
Bone Disorders (Chapter 21), and Anesthetics (Chapter 22).

New features of the 12th edition include a chapter overview at the beginning of each chapter to in-
troduce material to be covered in the chapter and review questions at the end of each chapter to rein-
force concepts learned in the chapter (answers to these questions are available to students on the book’s
companion Web site; see next section).

© ADDITIONAL RESOURCES

Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry, 12th Edition, in-
cludes additional resources for both instructors and students that are available on the book’s companion
Web site at http://www.thePoint.Iww.com/Bealel2e.

Instructors
Approved adopting instructors will be given access to the following additional resources:

 Image bank of all the figures and tables in the book

Students

Students who have purchased Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical
Chemistry, 12th Edition, have access to the following additional resources:

* The answers to the review questions found in the book

In addition, purchasers of the text can access the searchable Full Text On-line by going to the Wilson
and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry, 12th Edition, Web site
at http://www.thePoint.Iww.com/Bealel12e. See the inside front cover of this text for more details,
including the passcode you will need to gain access to the Web site.


http://www.thePoint.lww.com/Beale12e
http://www.thePoint.lww.com/Beale12e

Preface v
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The editors welcome the new contributors to the 12th edition: Jeffrey J. Christoff, A. Michael Crider,
Carolyn J. Friel, Ronald A. Hill, Shengquan Liu, Matthias C. Lu, Marcello J. Nieto, and Kenneth A.
Witt. The editors extend thanks to all of the authors who have cooperated in the preparation of the cur-
rent edition. Collectively, the authors represent many years of teaching and research experience in me-
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cHAPTER1

Introduction

JOHN M. BEALE, JR. AND JOHN H. BLOCK

The discipline of medicinal chemistry is devoted to the
discovery and development of new agents for treating dis-
eases. Most of this activity is directed to new natural or
synthetic organic compounds. Paralleling the development
of medicinal agents has come a better understanding of the
chemistry of the receptor. The latter has been greatly facil-
itated by low-cost computers running software that calcu-
lates molecular properties and structure and pictures it
using high-resolution graphics. Development of organic
compounds has grown beyond traditional synthetic meth-
ods. It now includes the exciting field of biotechnology
using the cell’s biochemistry to synthesize new com-
pounds. Techniques ranging from recombinant DNA and
site-directed mutagenesis to fusion of cell lines have
greatly broadened the possibilities for new entities that
treat disease. The pharmacist now dispenses modified
human insulins that provide more convenient dosing
schedules, cell-stimulating factors that have changed the
dosing regimens for chemotherapy, humanized monoclonal
antibodies that target specific tissues, and fused receptors
that intercept immune cell-generated cytokines.

This 12th edition of Wilson and Gisvold’s Textbook of
Organic Medicinal and Pharmaceutical Chemistry contin-
ues the philosophy of presenting the scientific basis of me-
dicinal chemistry originally established by Professors
Charles Wilson and Ole Gisvold, describing the many as-
pects of organic medicinals: how they are discovered, how
they act, and how they developed into clinical agents. The
process of establishing a new pharmaceutical is exceedingly
complex and involves the talents of people from various
disciplines, including chemistry, biochemistry, molecular
biology, physiology, pharmacology, pharmaceutics, and
medicine. Medicinal chemistry, itself, is concerned mainly
with the organic, analytical, and biochemical aspects of this
process, but the chemist must interact productively with
those in other disciplines. Thus, medicinal chemistry occu-
pies a strategic position at the interface of chemistry and
biology. All of the principles discussed in this book are
based on fundamental organic chemistry, physical chem-
istry, and biochemistry. To provide an understanding of the
principles of medicinal chemistry, it is necessary to consider
the physicochemical properties used to develop new phar-
macologically active compounds and their mechanisms of
action, the drug’s metabolism, including possible biological
activities of the metabolites, the importance of stereochem-
istry in drug design, and the methods used to determine what
“space” a drug occupies.

The earliest drug discoveries were made by random sam-
pling of higher plants. Some of this sampling, although

based on anecdotal evidence, led to the use of such crude
plant drugs as opium, belladonna, and ephedrine that have
been important for centuries. With the accidental discovery
of penicillin came the screening of microorganisms and the
large number of antibiotics from bacterial and fungal
sources. Many of these antibiotics provided the prototypi-
cal structure that the medicinal chemist modified to obtain
antibacterial drugs with better therapeutic profiles. With
the changes in federal legislation reducing the efficacy re-
quirement for “nutriceutical,” the public increasingly is
using so-called nontraditional or alternative medicinals
that are sold over the counter, many outside of traditional
pharmacy distribution channels. It is important for the
pharmacist and the public to understand the rigor that is
required for prescription-only and Food and Drug
Administration (FDA)-approved nonprescription products
to be approved relative to the nontraditional products. It is
also important for all people in the healthcare field and the
public to realize that whether these nontraditional products
are effective as claimed or not, many of the alternate medi-
cines contain pharmacologically active agents that can po-
tentiate or interfere with physician-prescribed therapy.

Hundreds of thousands of new organic chemicals are pre-
pared annually throughout the world, and many of them are
entered into pharmacological screens to determine whether
they have useful biological activity. This process of random
screening has been considered inefficient, but it has resulted
in the identification of new lead compounds whose struc-
tures have been optimized to produce clinical agents.
Sometimes, a lead develops by careful observation of the
pharmacological behavior of an existing drug. The discov-
ery that amantadine protects and treats early influenza A
came from a general screen for antiviral agents. The use of
amantadine in long-term care facilities showed that it also
could be used to treat parkinsonian disorders. More recently,
automated high-throughput screening systems utilizing cell
culture systems with linked enzyme assays and receptor
molecules derived from gene cloning have greatly increased
the efficiency of random screening. It is now practical to
screen enormous libraries of peptides and nucleic acids ob-
tained from combinatorial chemistry procedures.

Rational design, the opposite approach to high-volume
screening, is also flourishing. Statistical methods based on
the correlation of physicochemical properties with biological
potency are used to explain and optimize biological activity.
Significant advances in x-ray crystallography and nuclear
magnetic resonance have made it possible to obtain detailed
representations of enzymes and other drug receptors.
The techniques of molecular graphics and computational
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chemistry have provided novel chemical structures that
have led to new drugs with potent medicinal activities.
Development of human immunodeficiency virus (HIV) pro-
tease inhibitors and angiotensin-converting enzyme (ACE)
inhibitors came from an understanding of the geometry and
chemical character of the respective enzyme’s active site.
Even if the receptor structure is not known in detail, rational
approaches based on the physicochemical properties of lead
compounds can provide new drugs. For example, the devel-
opment of cimetidine involved a careful study of the changes

in antagonism of H,-histamine receptors induced by varying
the physical properties of structures based on histamine.

As you proceed through the chapters, think of what prob-
lem the medicinal chemist is trying to solve. Why were cer-
tain structures selected? What modifications were made to
produce more focused activity or reduce adverse reactions or
produce better pharmaceutical properties? Was the prototypi-
cal molecule discovered from random screens, or did the me-
dicinal chemist have a structural concept of the receptor or an
understanding of the disease process that must be interrupted?
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CHAPTER OVERVIEW

Modern drug design as compared with the classical
approach—Iet’s make a change on an existing compound or
synthesize a new structure and see what happens—
continues to evolve rapidly as an approach to solving a drug
design problem. The combination of increasing power and
decreasing cost of desktop computing has had a major im-
pact on solving drug design problems. Although drug design
increasingly is based on modern computational chemical
techniques, it also uses sophisticated knowledge of disease
mechanisms and receptor properties. A good understanding
of how the drug is transported into the body, distributed
throughout the body compartments, metabolically altered by
the liver and other organs, and excreted from the patient is
required, along with the structural characteristics of the
receptor. Acid—base chemistry is used to aid in formulation
and biodistribution. Structural attributes and substituent pat-
terns responsible for optimum pharmacological activity can
often be predicted by statistical techniques such as re-
gression analysis. Computerized conformational analysis
permits the medicinal chemist to predict the drug’s three-
dimensional (3D) shape that is seen by the receptor. With
the isolation and structural determination of specific recep-
tors and the availability of computer software that can esti-
mate the 3D shape of the receptor, it is possible to design
molecules that will show an optimum fit to the receptor.

© DRUG DISTRIBUTION

A drug is a chemical molecule. Following introduction into
the body, a drug must pass through many barriers, survive al-
ternate sites of attachment and storage, and avoid significant
metabolic destruction before it reaches the site of action,
usually a receptor on or in a cell (Fig. 2.1). At the receptor,
the following equilibrium (Rx. 2.1) usually holds:

Drug + Receptor === Drug-Receptor Complex

Pharmacologic Response
(Rx. 2.1)

The ideal drug molecule will show favorable binding
characteristics to the receptor, and the equilibrium will lie

to the right. At the same time, the drug will be expected to
dissociate from the receptor and reenter the systemic circu-
lation to be excreted. Major exceptions include the alkylat-
ing agents used in cancer chemotherapy (see Chapter 10),
a few inhibitors of the enzyme acetylcholinesterase (see
Chapter 17), suicide inhibitors of monoamine oxidase
(see Chapter 16), and the aromatase inhibitors 4-hydrox-
yandrostenedione and exemestane (see Chapter 25). These
pharmacological agents form covalent bonds with the re-
ceptor, usually an enzyme’s active site. In these cases, the
cell must destroy the receptor or enzyme, or, in the case of
the alkylating agents, the cell would be replaced, ideally
with a normal cell. In other words, the usual use of drugs
in medical treatment calls for the drug’s effect to last for a
finite period of time. Then, if it is to be repeated, the drug
will be administered again. If the patient does not tolerate
the drug well, it is even more important that the agent dis-
sociate from the receptor and be excreted from the body.

Oral Administration

An examination of the obstacle course (Fig. 2.1) faced by
the drug will give a better understanding of what is involved
in developing a commercially feasible product. Assume that
the drug is administered orally. The drug must go into solu-
tion to pass through the gastrointestinal mucosa. Even drugs
administered as true solutions may not remain in solution as
they enter the acidic stomach and then pass into the alkaline
intestinal tract. (This is explained further in the discussion
on acid—base chemistry.) The ability of the drug to dissolve
is governed by several factors, including its chemical struc-
ture, variation in particle size and particle surface area, na-
ture of the crystal form, type of tablet coating, and type of
tablet matrix. By varying the dosage form and physical char-
acteristics of the drug, it is possible to have a drug dissolve
quickly or slowly, with the latter being the situation for
many of the sustained-action products. An example is orally
administered sodium phenytoin, with which variation of
both the crystal form and tablet adjuvants can significantly
alter the bioavailability of this drug widely used in the treat-
ment of epilepsy.

Chemical modification is also used to a limited extent to
facilitate a drug reaching its desired target (see Chapter 3).
An example is olsalazine, used in the treatment of ulcera-
tive colitis. This drug is a dimer of the pharmacologically
active mesalamine (5-aminosalicylic acid). The latter is
not effective orally because it is metabolized to inactive
forms before reaching the colon. The dimeric form passes
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Figure 2.1 ® Summary of drug distribution.

through a significant portion of the intestinal tract before
being cleaved by the intestinal bacteria to two equivalents
of mesalamine.

HOOC COOH
HO N=N H
Olsalazine

HOOC
HO NH,

Mesalamine

As illustrated by olsalazine, any compound passing
through the gastrointestinal tract will encounter a large num-
ber and variety of digestive and bacterial enzymes, which, in
theory, can degrade the drug molecule. In practice, a new
drug entity under investigation will likely be dropped from
further consideration if it cannot survive in the intestinal
tract or its oral bioavailability is low, necessitating par-
enteral dosage forms only. An exception would be a drug for
which there is no effective alternative or which is more ef-
fective than existing products and can be administered by an
alternate route, including parenteral, buccal, or transdermal.

In contrast, these same digestive enzymes can be used
to advantage. Chloramphenicol is water soluble enough

(2.5 mg/mL) to come in contact with the taste receptors on
the tongue, producing an unpalatable bitterness. To mask
this intense bitter taste, the palmitic acid moiety is added as
an ester of chloramphenicol’s primary alcohol. This reduces
the parent drug’s water solubility (1.05 mg/mL), enough so
that it can be formulated as a suspension that passes over the
bitter taste receptors on the tongue. Once in the intestinal
tract, the ester linkage is hydrolyzed by the digestive es-
terases to the active antibiotic chloramphenicol and the very
common dietary fatty acid palmitic acid.

o
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Chloramphenicol: R =H

Chloramphenicol Palmitate: R = CO(CH;)4CH3

Olsalazine and chloramphenicol palmitate are examples
of prodrugs. Most prodrugs are compounds that are inactive
in their native form but are easily metabolized to the active
agent. Olsalazine and chloramphenicol palmitate are exam-
ples of prodrugs that are cleaved to smaller compounds, one
of which is the active drug. Others are metabolic precursors
to the active form. An example of this type of prodrug is
menadione, a simple naphthoquinone that is converted in the
liver to phytonadione (vitamin Kj0)).
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Occasionally, the prodrug approach is used to enhance
the absorption of a drug that is poorly absorbed from the
gastrointestinal tract. Enalapril is the ethyl ester of
enalaprilic acid, an active inhibitor of angiotensin-
converting enzyme (ACE). The ester prodrug is much
more readily absorbed orally than the pharmacologically
active carboxylic acid.

Enalapril: R = CyHjg

Enalaprilic Acid: R =H

Unless the drug is intended to act locally in the gas-
trointestinal tract, it will have to pass through the gastroin-
testinal mucosal barrier into venous circulation to reach
the site of the receptor. The drug’s route involves distribu-
tion or partitioning between the aqueous environment of
the gastrointestinal tract, the lipid bilayer cell membrane of
the mucosal cells, possibly the aqueous interior of the mu-
cosal cells, the lipid bilayer membranes on the venous side
of the gastrointestinal tract, and the aqueous environment
of venous circulation. Some very lipid-soluble drugs may
follow the route of dietary lipids by becoming part of the
mixed micelles, incorporating into the chylomicrons in the
mucosal cells into the lymph ducts, servicing the intes-
tines, and finally entering venous circulation via the tho-
racic duct.

The drug’s passage through the mucosal cells can be
passive or active. As is discussed later in this chapter,
the lipid membranes are very complex with a highly or-
dered structure. Part of this membrane is a series of chan-
nels or tunnels that form, disappear, and reform. There
are receptors that move compounds into the cell by a
process called pinocytosis. Drugs that resemble a normal
metabolic precursor or intermediate may be actively trans-
ported into the cell by the same system that transports the
endogenous compound. On the other hand, most drug
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molecules are too large to enter the cell by an active
transport mechanism through the passages. The latter,
many times, pass into the patient’s circulatory system by
passive diffusion.

Parenteral Administration

Many times, there will be therapeutic advantages in bypass-
ing the intestinal barrier by using parenteral (injectable)
dosage forms. This is common in patients who, because of
illness, cannot tolerate or are incapable of accepting drugs
orally. Some drugs are so rapidly and completely metabo-
lized to inactive products in the liver (first-pass effect) that
oral administration is precluded. But that does not mean
that the drug administered by injection is not confronted by
obstacles (Fig. 2.1). Intravenous administration places the
drug directly into the circulatory system, where it will be
rapidly distributed throughout the body, including tissue
depots and the liver, where most biotransformations occur
(see later in this chapter), in addition to the receptors.
Subcutaneous and intramuscular injections slow distribu-
tion of the drug, because it must diffuse from the site of in-
jection into systemic circulation.

It is possible to inject the drug directly into specific or-
gans or areas of the body. Intraspinal and intracerebral
routes will place the drug directly into the spinal fluid or
brain, respectively. This bypasses a specialized epithelial
tissue, the blood-brain barrier, which protects the brain from
exposure to a large number of metabolites and chemicals.
The blood-brain barrier is composed of membranes of
tightly joined epithelial cells lining the cerebral capillaries.
The net result is that the brain is not exposed to the same va-
riety of compounds that other organs are. Local anesthetics
are examples of administration of a drug directly onto the
desired nerve. A spinal block is a form of anesthesia per-
formed by injecting a local anesthetic directly into the spinal
cord at a specific location to block transmission along spe-
cific neurons.

Most of the injections a patient will experience in a life-
time will be subcutaneous or intramuscular. These par-
enteral routes produce a depot in the tissues (Fig. 2.1), from
which the drug must reach the blood or lymph. Once in sys-
temic circulation, the drug will undergo the same distribu-
tive phenomena as orally and intravenously administered
agents before reaching the target receptor. In general, the
same factors that control the drug’s passage through the gas-
trointestinal mucosa will also determine the rate of move-
ment out of the tissue depot.

The prodrug approach described previously can also be
used to alter the solubility characteristics, which, in turn,
can increase the flexibility in formulating dosage forms.
The solubility of methylprednisolone can be altered from
essentially water-insoluble methylprednisolone acetate to
slightly water-insoluble methylprednisolone to water-soluble
methylprednisolone sodium succinate. The water-soluble
sodium hemisuccinate salt is used in oral, intravenous, and
intramuscular dosage forms. Methylprednisolone itself is
normally found in tablets. The acetate ester is found in topi-
cal ointments and sterile aqueous suspensions for intramus-
cular injection. Both the succinate and acetate esters are
hydrolyzed to the active methylprednisolone by the patient’s
own systemic hydrolytic enzymes (esterases).



6  Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry

o /CH2 ~OR
§C
CH3

..u\\\\\OH

Tl

Methylprednisolone: R =H
Methylprednisolone Acetate: R = C(=O)CHj;
Methylprednisolone Sodium Succinate: R = C(=0)CH,CH,COO" Na*

Another example of how prodrug design can significantly
alter biodistribution and biological half-life is illustrated by
two drugs based on the retinoic acid structure used systemi-
cally to treat psoriasis, a nonmalignant hyperplasia. Etretinate
has a 120-day terminal half-life after 6 months of therapy. In
contrast, the active metabolite, acitretin, has a 33- to 96-hour
terminal half-life. Both drugs are potentially teratogenic.
Women of childbearing age must sign statements that they
are aware of the risks and usually are administered a preg-
nancy test before a prescription is issued. Acitretin, with its
shorter half-life, is recommended for a woman who would
like to become pregnant, because it can clear her body within
a reasonable time frame. When effective, etretinate can keep
a patient clear of psoriasis lesions for several months.

Protein Binding

Once the drug enters the systemic circulation (Fig. 2.1), it
can undergo several events. It may stay in solution, but
many drugs will be bound to the serum proteins, usually al-
bumin (Rx. 2.2). Thus, a new equilibrium must be consid-
ered. Depending on the equilibrium constant, the drug can
remain in systemic circulation bound to albumin for a con-
siderable period and not be available to the sites of biotrans-
formation, the pharmacological receptors, and excretion.

Drug + Albumin === Drug-Albumin Complex (Rx. 2.2)

Protein binding can have a profound effect on the drug’s
effective solubility, biodistribution, half-life in the body,
and interaction with other drugs. A drug with such poor
water solubility that therapeutic concentrations of the un-
bound (active) drug normally cannot be maintained still can
be a very effective agent. The albumin—drug complex acts as
a reservoir by providing large enough concentrations of free
drug to cause a pharmacological response at the receptor.

Protein binding may also limit access to certain body
compartments. The placenta is able to block passage of pro-
teins from maternal to fetal circulation. Thus, drugs that nor-
mally would be expected to cross the placental barrier and
possibly harm the fetus are retained in the maternal circula-
tion, bound to the mother’s serum proteins.

Protein binding also can prolong the drug’s duration of ac-
tion. The drug—protein complex is too large to pass through
the renal glomerular membranes, preventing rapid excretion
of the drug. Protein binding limits the amount of drug avail-
able for biotransformation (see later in this chapter and
Chapter 3) and for interaction with specific receptor sites. For
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example, the large, polar trypanocide suramin remains in the
body in the protein-bound form for as long as 3 months (¢,
= 50 days). The maintenance dose for this drug is based on
weekly administration. At first, this might seem to be an ad-
vantage to the patient. It can be, but it also means that, should
the patient have serious adverse reactions, a significant length
of time will be required before the concentration of drug falls
below toxic levels.

The drug—protein binding phenomenon can lead to some
clinically significant drug—drug interactions that result when
one drug displaces another from the binding site on albumin.
A large number of drugs can displace the anticoagulant war-
farin from its albumin-binding sites. This increases the ef-
fective concentration of warfarin at the receptor, leading to
an increased prothrombin time (increased time for clot for-
mation) and potential hemorrhage.

Tissue Depots

The drug can also be stored in tissue depots. Neutral fat con-
stitutes some 20% to 50% of body weight and constitutes a
depot of considerable importance. The more lipophilic the
drug, the more likely it will concentrate in these pharmaco-
logically inert depots. The ultra—short-acting, lipophilic bar-
biturate thiopental’s concentration rapidly decreases below
its effective concentration following administration. It dis-
appears into tissue protein, redistributes into body fat, and
then slowly diffuses back out of the tissue depots but in con-
centrations too low for a pharmacological response. Thus,
only the initially administered thiopental is present in high
enough concentrations to combine with its receptors. The re-
maining thiopental diffuses out of the tissue depots into sys-
temic circulation in concentrations too small to be effective
(Fig. 2.1), is metabolized in the liver, and is excreted.

In general, structural changes in the barbiturate series
(see Chapter 12) that favor partitioning into the lipid tissue
stores decrease duration of action but increase central ner-
vous system (CNS) depression. Conversely, the barbiturates
with the slowest onset of action and longest duration of ac-
tion contain the more polar side chains. This latter group of
barbiturates both enters and leaves the CNS more slowly
than the more lipophilic thiopental.

Drug Metabolism

All substances in the circulatory system, including drugs,
metabolites, and nutrients, will pass through the liver.
Most molecules absorbed from the gastrointestinal tract
enter the portal vein and are initially transported to the
liver. A significant proportion of a drug will partition or be

transported into the hepatocyte, where it may be metabo-
lized by hepatic enzymes to inactive chemicals during the
initial trip through the liver, by what is known as the first-
pass effect (see Chapter 3).

Lidocaine is a classic example of the significance of the
first-pass effect. Over 60% of this local anesthetic antiar-
rhythmic agent is metabolized during its initial passage
through the liver, resulting in it being impractical to admin-
ister orally. When used for cardiac arrhythmias, it is admin-
istered intravenously. This rapid metabolism of lidocaine is
used to advantage when stabilizing a patient with cardiac
arrhythmias. Should too much lidocaine be administered
intravenously, toxic responses will tend to decrease be-
cause of rapid biotransformation to inactive metabolites.
An understanding of the metabolic labile site on lidocaine
led to the development of the primary amine analog
tocainide. In contrast to lidocaine’s half-life of less than
2 hours, tocainide’s half-life is approximately 15 hours,
with 40% of the drug excreted unchanged. The develop-
ment of orally active antiarrhythmic agents is discussed in
more detail in Chapter 19.
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A study of the metabolic fate of a drug is required for all
new drug products. Often it is found that the metabolites are
also active. Sometimes the metabolite is the pharmaco-
logically active molecule. These drug metabolites can pro-
vide leads for additional investigations of potentially new
products. Examples of an inactive parent drug that is con-
verted to an active metabolite include the nonsteroidal anti-
inflammatory agent sulindac being reduced to the active
sulfide metabolite, the immunosuppressant azathioprine
being cleaved to the purine antimetabolite 6-mercaptopurine,
and purine and pyrimidine antimetabolites and antiviral
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agents being conjugated to their nucleotide form (acyclovir
phosphorylated to acyclovir triphosphate). Often both the
parent drug and its metabolite are active, which has led to ad-
ditional commercial products, instead of just one being mar-
keted. About 75% to 80% of phenacetin (now withdrawn
from the U.S. market) is converted to acetaminophen. In the
tricyclic antidepressant series (see Chapter 12), imipramine
and amitriptyline are N-demethylated to desipramine and
nortriptyline, respectively. All four compounds have been
marketed in the United States. Drug metabolism is discussed
more fully in Chapter 3.
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Although a drug’s metabolism can be a source of frustra-
tion for the medicinal chemist, pharmacist, and physician
and lead to inconvenience and compliance problems with
the patient, it is fortunate that the body has the ability to me-
tabolize foreign molecules (xenobiotics). Otherwise, many
of these substances could remain in the body for years. This
has been the complaint against certain lipophilic chemical
pollutants, including the once very popular insecticide
dichlorodiphenyltrichloroethane (DDT). After entering the
body, these chemicals reside in body tissues, slowly diffus-
ing out of the depots and potentially harming the individual
on a chronic basis for several years. They can also reside in
tissues of commercial food animals that have been slaugh-
tered before the drug has washed out of the body.

Excretion

The main route of excretion of a drug and its metabolites is
through the kidney. For some drugs, enterohepatic circula-
tion (Fig. 2.1), in which the drug reenters the intestinal tract
from the liver through the bile duct, can be an important part
of the agent’s distribution in the body and route of excretion.
Either the drug or drug metabolite can reenter systemic cir-
culation by passing once again through the intestinal mu-
cosa. A portion of either also may be excreted in the feces.
Nursing mothers must be concerned, because drugs and
their metabolites can be excreted in human milk and be in-
gested by the nursing infant.

One should keep a sense of perspective when learning
about drug metabolism. As explained in Chapter 3, drug me-
tabolism can be conceptualized as occurring in two stages or
phases. Intermediate metabolites that are pharmacologically
active usually are produced by phase I reactions. The prod-
ucts from the phase I chemistry are converted into inactive,
usually water-soluble end products by phase II reactions.
The latter, commonly called conjugation reactions, can be
thought of as synthetic reactions that involve addition of
water-soluble substituents. In human drug metabolism, the
main conjugation reactions add glucuronic acid, sulfate, or
glutathione. Obviously, drugs that are bound to serum pro-
tein or show favorable partitioning into tissue depots are
going to be metabolized and excreted more slowly for the
reasons discussed previously.

This does not mean that drugs that remain in the body for
longer periods of time can be administered in lower doses or
be taken fewer times per day by the patient. Several vari-
ables determine dosing regimens, of which the affinity of
the drug for the receptor is crucial. Reexamine Reaction 2.1
and Figure 2.1. If the equilibrium does not favor formation
of the drug—receptor complex, higher and usually more fre-
quent doses must be administered. Further, if partitioning
into tissue stores or metabolic degradation and/or excretion
is favored, it will take more of the drug and usually more
frequent administration to maintain therapeutic concentra-
tions at the receptor.

The Receptor

With the possible exception of general anesthetics (see
Chapter 22), the working model for a pharmacological re-
sponse consists of a drug binding to a specific receptor.
Many drug receptors are the same as those used by endoge-
nously produced ligands. Cholinergic agents interact with
the same receptors as the neurotransmitter acetylcholine.



Synthetic corticosteroids bind to the same receptors as cor-
tisone and hydrocortisone. Often, receptors for the same li-
gand are found in various tissues throughout the body. The
nonsteroidal anti-inflammatory agents (see Chapter 26) in-
hibit the prostaglandin-forming enzyme cyclooxygenase,
which is found in nearly every tissue. This class of drugs has
a long list of side effects with many patient complaints. Note
in Figure 2.1 that, depending on which receptors contain
bound drug, there may be desired or undesired effects. This
is because various receptors with similar structural require-
ments are found in several organs and tissues. Thus, the
nonsteroidal anti-inflammatory drugs combine with the
desired cyclooxygenase receptors at the site of the inflam-
mation and the undesired cyclooxygenase receptors in the
gastrointestinal mucosa, causing severe discomfort and
sometimes ulceration. One of the second-generation antihis-
tamines, fexofenadine, is claimed to cause less sedation be-
cause it does not readily penetrate the blood-brain barrier.
The rationale is that less of this antihistamine is available for
the receptors in the CNS, which are responsible for the se-
dation response characteristic of antihistamines. In contrast,
some antihistamines are used for their CNS depressant ac-
tivity because a significant proportion of the administered
dose is crossing the blood-brain barrier relative to binding to
the histamine H; receptors in the periphery.

Although it is normal to think of side effects as undesir-
able, they sometimes can be beneficial and lead to new
products. The successful development of oral hypoglycemic
agents used in the treatment of diabetes began when it was
found that certain sulfonamides had a hypoglycemic effect.
Nevertheless, a real problem in drug therapy is patient com-
pliance in taking the drug as directed. Drugs that cause seri-
ous problems and discomfort tend to be avoided by patients.

At this point, let us assume that the drug has entered the
systemic circulation (Fig. 2.1), passed through the lipid bar-
riers, and is now going to make contact with the receptor. As
illustrated in Reaction 2.1, this is an equilibrium process. A
good ability to fit the receptor favors binding and the desired
pharmacological response. In contrast, a poor fit favors the
reverse reaction. With only a small amount of drug bound to
the receptor, there will be a much smaller pharmacological
effect. If the amount of drug bound to the receptor is too
small, there may be no discernible response. Many variables
contribute to a drug’s binding to the receptor. These include
the structural class, the 3D shape of the molecule, and the
types of chemical bonding involved in the binding of the
drug to the receptor.

Most drugs that belong to the same pharmacological
class have certain structural features in common. The bar-
biturates act on specific CNS receptors, causing depressant
effects; hydantoins act on CNS receptors, producing an
anticonvulsant response; benzodiazepines combine with the
y-aminobutyric acid (GABA) receptors, with resulting
anxiolytic activity; steroids can be divided into such classes
as corticosteroids, anabolic steroids, progestogens, and es-
trogens, each acting on specific receptors; nonsteroidal anti-
inflammatory agents inhibit enzymes required for the
prostaglandin cascade; penicillins and cephalosporins in-
hibit enzymes required to construct the bacterial cell wall;
and tetracyclines act on bacterial ribosomes.

With the isolation and characterization of receptors be-
coming a common occurrence, it is hard to realize that the
concept of receptors began as a postulate. It had been realized
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early that molecules with certain structural features would
elucidate a specific biological response. Very slight changes
in structure could cause significant changes in biological ac-
tivity. These structural variations could increase or decrease
activity or change an agonist into an antagonist. This early
and fundamentally correct interpretation called for the drug
(ligand) to fit onto some surface (the receptor) that had fairly
strict structural requirements for proper binding of the drug.
The initial receptor model was based on a rigid lock-and-key
concept, with the drug (key) fitting into a receptor (lock). It
has been used to explain why certain structural attributes pro-
duce a predictable pharmacological action. This model still is
useful, although one must realize that both the drug and the
receptor can have considerable flexibility. Molecular graph-
ics, using programs that calculate the preferred conformations
of drug and receptor, show that the receptor can undergo an
adjustment in 3D structure when the drug makes contact.
Using space-age language, the drug docks with the receptor.

More complex receptors now are being isolated, char-
acterized, and cloned. The first receptors to be isolated and
characterized were the reactive and regulatory sites on
enzymes. Acetylcholinesterase, dihydrofolate reductase, an-
giotensin, and human immunodeficiency virus (HIV)
protease-converting enzyme are examples of enzymes whose
active sites (the receptors) have been modeled. Most drug re-
ceptors probably are receptors for natural ligands used to reg-
ulate cellular biochemistry and function and to communicate
between cells. Receptors include a relatively small region of
a macromolecule, which may be an isolatable enzyme, a
structural and functional component of a cell membrane, or a
specific intracellular substance such as a protein or nucleic
acid. Specific regions of these macromolecules are visual-
ized as being oriented in space in a manner that permits their
functional groups to interact with the complementary func-
tional groups of the drug. This interaction initiates changes in
structure and function of the macromolecule, which lead ul-
timately to the observable biological response. The concept
of spatially oriented functional areas forming a receptor leads
directly to specific structural requirements for functional
groups of a drug, which must complement the receptor.

It now is possible to isolate membrane-bound receptors,
although it still is difficult to elucidate their structural chem-
istry, because once separated from the cell membranes,
these receptors may lose their native shape. This is because
the membrane is required to hold the receptor in its correct
tertiary structure. One method of receptor isolation is affin-
ity chromatography. In this technique, a ligand, often an al-
tered drug molecule known to combine with the receptor, is
attached to a chromatographic support phase. A solution
containing the desired receptor is passed over this column.
The receptor will combine with the ligand. It is common to
add a chemically reactive grouping to the drug, resulting in
the receptor and drug covalently binding with each other.
The drug-receptor complex is washed from the column and
then characterized further.

A more recent technique uses recombinant DNA. The
gene for the receptor is located and cloned. It is transferred
into a bacterium, yeast, or animal, which then produces the
receptor in large enough quantities to permit further study.
Sometimes it is possible to determine the DNA sequence of
the cloned gene. By using the genetic code for amino acids,
the amino acid sequence of the protein component of the
receptor can be determined, and the receptor then modeled,
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producing an estimated 3D shape. The model for the recep-
tor becomes the template for designing new ligands.
Genome mapping has greatly increased the information on
receptors. Besides the human genome, the genetic composi-
tion of viruses, bacteria, fungi, and parasites has increased
the possible sites for drugs to act. The new field of pro-
teomics studies the proteins produced by structural genes.

The earlier discussion in this chapter emphasizes that the
cell membrane is a highly organized, dynamic structure that
interacts with small molecules in specific ways; its focus is
on the lipid bilayer component of this complex structure.
The receptor components of the membranes appear to be
mainly protein. They constitute a highly organized, inter-
twined region of the cell membrane. The same type of mo-
lecular specificity seen in such proteins as enzymes and
antibodies is also a property of drug receptors. The nature of
the amide link in proteins provides a unique opportunity for
the formation of multiple internal hydrogen bonds, as well
as internal formation of hydrophobic, van der Waals, and
ionic bonds by side chain groups, leading to such organized
structures as the a-helix, which contains about four amino
acid residues for each turn of the helix. An organized pro-
tein structure would hold the amino acid side chains at rel-
atively fixed positions in space and available for specific
interactions with a small molecule.

Proteins can potentially adopt many different conforma-
tions in space without breaking their covalent amide
linkages. They may shift from highly coiled structures to par-
tially disorganized structures, with parts of the molecule ex-
isting in random chain or folded sheet structures, contingent
on the environment. In the monolayer of a cell membrane,
the interaction of a small foreign molecule with an organized
protein may lead to a significant change in the structural and
physical properties of the membrane. Such changes could
well be the initiating events in the tissue or organ response to
a drug, such as the ion-translocation effects produced by in-
teraction of acetylcholine and the cholinergic receptor.

The large body of information now available on relation-
ships between chemical structure and biological activity
strongly supports the concept of flexible receptors. The fit of
drugs onto or into macromolecules is rarely an all-or-none

N
/
CH,
\CH
/
O,

2

OH

HO

Raloxifene

process as pictured by the earlier lock-and-key concept of a
receptor. Rather, the binding or partial insertion of groups of
moderate size onto or into a macromolecular pouch appears
to be a continuous process, at least over a limited range, as
indicated by the frequently occurring regular increase and
decrease in biological activity as one ascends a homologous
series of drugs. A range of productive associations between
drug and receptor may be pictured, which leads to agonist
responses, such as those produced by cholinergic and adren-
ergic drugs. Similarly, strong associations may lead to
unproductive changes in the configuration of the macromol-
ecule, leading to an antagonistic or blocking response, such
as that produced by anticholinergic agents and HIV protease
inhibitors. Although the fundamental structural unit of the
drug receptor is generally considered to be protein, it may be
supplemented by its associations with other units, such as
mucopolysaccharides and nucleic acids.

Humans (and mammals in general) are very complex or-
ganisms that have developed specialized organ systems. It is
not surprising that receptors are not distributed equally
throughout the body. It now is realized that, depending on the
organ in which it is located, the same receptor class may be-
have differently. This can be advantageous by focusing drug
therapy on a specific organ system, but it can also cause
adverse drug responses because the drug is exerting two dif-
ferent responses based on the location of the receptors. An ex-
ample is the selective estrogen receptor modulators (SERMs).
They cannot be classified simply as agonists or antagonists.
Rather, they can be considered variable agonists and antago-
nists. Their selectivity is very complex because it depends on
the organ in which the receptor is located.

This complexity can be illustrated with tamoxifen and
raloxifene (Fig. 2.2). Tamoxifen is used for estrogen-sensitive
breast cancer and for reducing bone loss from osteoporosis.
Unfortunately, prolonged treatment increases the risk of en-
dometrial cancer because of the response from the uterine es-
trogen receptors. Thus, tamoxifen is an estrogen antagonist in
the mammary gland and an agonist in the uterus and bone. In
contrast, raloxifene does not appear to have much agonist
property in the uterus but, like tamoxifen, is an antagonist in
the breast and agonist in the bone.

C
\C

CH,
CHs

Tamoxifen Figure 2.2 ® Selective SERMs.
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Figure 2.3 ® Examples of phosphodiesterase
type 5 inhibitors.

There are a wide variety of phosphodiesterases through-
out the body. These enzymes hydrolyze the cyclic phosphate
esters of adenosine monophosphate (cAMP) and guanosine
monophosphate (cGMP). Although the substrates for this
family of enzymes are cAMP and cGMP, there are differ-
ences in the active sites. Figure 2.3 illustrates three drugs
used to treat erectile dysfunction (sildenafil, tadalafil, and
vardenafil). These three take advantage of the differences in
active site structural requirements between phosphodi-
esterase type 5 and the other phosphodiesterases. They have
an important role in maintaining a desired lifestyle: treatment
of erectile dysfunction caused by various medical conditions.
The drugs approved for this indication were discovered by
accident. The goal was to develop a newer treatment of
angina. The approach was to develop phosphodiesterase in-
hibitors that would prolong the activity of cGMP. The end
result was drugs that were not effective inhibitors of the
phosphodiesterase that would treat angina, but were effective
inhibitors of the one found in the corpus cavernosum. The
vasodilation in this organ results in penile erection.

Summary

One of the goals is to design drugs that will interact with re-
ceptors at specific tissues. There are several ways to do this,
including (a) altering the molecule, which, in turn, can change
the biodistribution; (b) searching for structures that show in-

Tadalafil

creased specificity for the target receptor that will produce the
desired pharmacological response while decreasing the affin-
ity for undesired receptors that produce adverse responses;
and (c) the still experimental approach of attaching the drug
to a monoclonal antibody (see Chapter 5) that will bind to a
specific tissue antigenic for the antibody. Biodistribution can
be altered by changing the drug’s solubility, enhancing its
ability to resist being metabolized (usually in the liver), alter-
ing the formulation or physical characteristics of the drug, and
changing the route of administration. If a drug molecule can
be designed so that its binding to the desired receptor is en-
hanced relative to the undesired receptor and biodistribution
remains favorable, smaller doses of the drug can be adminis-
tered. This, in turn, reduces the amount of drug available for
binding to those receptors responsible for its adverse effects.

The medicinal chemist is confronted with several chal-
lenges in designing a bioactive molecule. A good fit to a
specific receptor is desirable, but the drug would normally
be expected to dissociate from the receptor eventually. The
specificity for the receptor would minimize side effects. The
drug would be expected to clear the body within a reason-
able time. Its rate of metabolic degradation should allow
reasonable dosing schedules and, ideally, oral administra-
tion. Many times, the drug chosen for commercial sales has
been selected from hundreds of compounds that have been
screened. It usually is a compromise product that meets a
medical need while demonstrating good patient acceptance.
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© ACID-BASE PROPERTIES

Most drugs used today can be classified as acids or bases.
As is noted shortly, a large number of drugs can behave
as either acids or bases as they begin their journey into
the patient in different dosage forms and end up in systemic
circulation. A drug’s acid—base properties can greatly influ-
ence its biodistribution and partitioning characteristics.

Over the years, at least four major definitions of acids
and bases have been developed. The model commonly used
in pharmacy and biochemistry was developed independently
by Lowry and Brgnsted. In their definition, an acid is
defined as a proton donor and a base is defined as a proton
acceptor. Notice that for a base, there is no mention of the
hydroxide ion. In the Brgnsted-Lowry model, the acid plus
base reaction can be expressed as:

Acid + Base === Conjuate Acid + Conjugate Base

(Rx. 2.3)

Acid/Base-Conjugate Acid/Conjugate
Base Pairs

Representative pairings of acids with their conjugate
bases and bases with their conjugate acids are shown in
Table 2.1. Careful study of this table shows water func-
tioning as a proton acceptor (base) in reactions 4, c, e, g,
i, k, and m and a proton donor (base) in reactions b, d, f,
h, j, I, and n. Hence, water is known as an amphoteric
substance. Water can be either a weak base accepting a
proton to form the strongly acidic hydrated proton or hy-
dronium ion H;0™ (reactions a, c, e, g, I, k, and m), or a
weak acid donating a proton to form the strongly basic
(proton accepting) hydroxide anion OH™ (reactions b, d,
f. h, j, [, and n).

Also note the shift between un-ionized and ionized forms
in Table 2.1. Examples of un-ionized acids donating their
protons forming ionized conjugate bases are acetic acid-
acetate (reaction g), phenobarbital-phenobarbiturate (reac-
tion i), and saccharin-saccharate (reaction k). In contrast,
examples of ionized acids yielding un-ionized conjugate
bases are ammonium chloride-ammonia (reaction ¢) and
ephedrine hydrochloride (reaction m). A similar shift be-
tween un-ionized and ionized forms is seen with bases and
their conjugate acids. Examples of un-ionized bases yield-
ing their ionized conjugate acids include ammonia and
ammonium (reaction f) and ephedrine and protonated
ephedrine (reaction n). Whereas examples of ionized bases
yielding un-ionized conjugate acids are acetate forming
acetic acid (reaction /), phenobarbiturate yielding pheno-
barbital (reaction j), and saccharate yielding saccharin (reac-
tion /). Complicated as it may seem at first, conjugate acids
and conjugate bases are nothing more than the products of
an acid-base reaction. In other words, they appear to the
right of the reaction arrows.

Representative examples of pharmaceutically important
acidic drugs are listed in Table 2.1. Each acid, or proton
donor, yields a conjugate base. The latter is the product after
the proton is lost from the acid. Conjugate bases range from
the chloride ion (reaction a), which does not accept a proton
in aqueous media, to ephedrine (reaction /), which is an ex-
cellent proton acceptor.

Acid Strength

While any acid-base reaction can be written as an equilib-
rium reaction, an attempt has been made in Table 2.1 to
indicate which sequences are unidirectional or show only a
small reversal. For hydrochloric acid (reaction a), the conju-
gate base, C17, is such a weak base that it essentially does
not function as a proton acceptor. In a similar manner, water
is such a weak conjugate acid that there is little reverse re-
action involving water donating a proton to the hydroxide
anion of sodium hydroxide (reaction b).

Two logical questions to ask at this point are how one
predicts in which direction an acid—base reaction lies and to
what extent the reaction goes to completion. The common
physical chemical measurement that contains this informa-
tion is known as the pK,. The pK, is the negative logarithm
of the modified equilibrium constant, K, (Eq. 2.1), for an
acid-base reaction written so that water is the base or proton
acceptor (reactions a, c, e, g, i, k, m, Table 2.1).

_ [conj. acid][conj. base]

Ka acid

(Eq. 2.1)

Equation 2.1 is based on Rx. 2.3. The square brackets
indicate molar concentrations. Because the molar concentra-
tion of water (the base in these acid-base reactions) is consid-
ered constant in the dilute solutions used in pharmacy and
medicine, it is incorporated into the K,. Rewriting Equation
2.1 by taking the negative logarithm of the K,, results in the
familiar Henderson-Hasselbalch equation (Eq. 2.2).

[conj. base]

pH = pK, + log [acid]

(Eq. 2.2)

Warning! It is important to recognize that a pK, for a
base is in reality the pK, of the conjugate acid (acid donor
or protonated form, BH™) of the base. The pK, is listed in
the Appendix as 9.6 for ephedrine and as 9.3 for ammonia.
In reality, this is the pK, of the protonated form, such as
ephedrine hydrochloride (reaction m in Table 2.1) and am-
monium chloride (reaction e in Table 2.1), respectively.
This is confusing to students, pharmacists, clinicians, and
experienced scientists. It is crucial that the chemistry of the
drug be understood when interpreting a pK, value. When
reading tables of pK, values, such as those found in the
Appendix, one must realize that the listed value is for the
proton donor form of the molecule, no matter what form is
indicated by the name. See Table 2.2 for several worked ex-
amples of how the pK, is used to calculate pHs of solutions,
required ratios of [conjugate base]/[acid], and percent ion-
ization (discussed later) at specific pHs.

Just how strong or weak are the acids whose reactions in
water are illustrated in Table 2.1? Remember that the K,s or
pK.’s are modified equilibrium constants that indicate the
extent to which the acid (proton donor) reacts with water to
form conjugate acid and conjugate base. The equilibrium for
a strong acid (low pK,) in water lies to the right, favoring
the formation of products (conjugate acid and conjugate
base). The equilibrium for a weak acid (high pK,) in water
lies to the left, meaning that the conjugate acid is a better
proton donor than the parent acid is or that the conjugate
base is a good proton acceptor.

Refer back to Equation 2.1 and, using the K, values in
Table 2.3, substitute the K, term for each of the acids. For



Chapter 2 @ Drug Design Strategies

13

TABLE 2.1 Examples of Acid-Base Reactions (with the Exception of Hydrochloric Acid, Whose Conjugate Base [CI™]
Has No Basic Properties in Water, and Sodium Hydroxide, which Generates Hydroxide, the Reaction of the

Conjugate Base in Water Is Shown for Each Acid)

Acid + Base —— Conjugate Acid + Conjugate Base
Hydrochloric acid

(a) HCI + H,0 —> H;0* + CI-

Sodium hydroxide

(b) H,O + NaOH —> H,0 + OH (Na™)?

Sodium dihydrogen phosphate and its conjugate base, sodium monohydrogen phosphate

(c) H,PO, (Na™)? + HyO

(d) H,0 + HPO,2 (2Na*)®

Ammonium chloride and its conjugate base, ammonia

(e) NH4+(CI7)a aF H20

(f) H0 +  NHs

Acetic acid and its conjugate base, sodium acetate

(g) CH;COOH + HyO

(h) H,O +  CH3COO (Na*)®

Indomethacin and its conjugate base, indomethacin sodium, show the i

acetate, respectively.

Phenobarbital and its conjugate base, phenobarbital sodium

H,C N
, Y—o0H
(i) NH + H,O
)
H3C|3 0
() H>0 +  HC N
Y—0- (Na*y
/ NH
()
Saccharin and its conjugate base, saccharin sodium
//O
C\
(k) NH +  H0
A
O O
O]
Vi
C\
() H,O + N~ (Na*)?
S
VAN
o O
Ephedrine HCl and its conjugate base, ephedrine
/CH3
H,N* (CI)2
(m) CH, + H0
OH
CHj
HN

(n) H>0

OH

—— H;0* + HPO,2 (Na*)?
—— H,PO,2 (Na*)? + OH (Na*)?
—— Hz0"(Cl)? + NH3

——— NH," + OH™

—— H;0" + CH3COO~
Z—— (H5COOH + OH (Na*)?

dentical acid—base chemistry as acetic acid and sodium

[
H,C N
_ +
— H0 + ) NG
0
[
— HC N + OH (Na®)?
»—o0H
NH
o)
//o
— C\
<~ H30+ aF /N_
S
7\
o O
0
/
C\
— NH + OH (Na*)®
S
A\
o O
CH
— P HN
—=— H;0%(cl) + ? CH,
OH
CH,
= HoN* + OH-

o
OH

2The chloride anion and sodium cation are present only to maintain charge balance. These anions play no

other acid-base role.
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TABLE 2.2 Examples of Calculations Requiring the pK,

1. What is the ratio of ephedrine to ephedrine HCl (pK, 9.6)

in the intestinal tract at pH 8.0? Use Equation 2.2.

_ [ephedrine]
8.0 = 9.6 + log fephedrine ACl ~ ~ 16

[ephedrine]
[ephedrine HCI] — 0.025
The number whose log is —1.6 is 0.025, meaning that
there are 25 parts ephedrine for every 1,000 parts
ephedrine HCl in the intestinal tract whose environment
is pH 8.0.
. What is the pH of a buffer containing 0.1-M acetic acid
(pK; 4.8) and 0.08-M sodium acetate? Use Equation 2.2.

pH = 4.8 + Iog% —47

. What is the pH of a 0.1-M acetic acid solution? Use the
following equation for calculating the pH of a solution
containing either an HA or BH™ acid.

_ PKs — log[acid] _

H
P 2

2.9

. What is the pH of a 0.08-M sodium acetate solution?
Remember, even though this is the conjugate base of
acetic acid, the pK; is still used. The pK,, term in the
following equation corrects for the fact that a proton
acceptor (acetate anion) is present in the solution. The
equation for calculating the pH of a solution containing
either an A~ or B base is

pKy + pKs + log[base] _

pH = 3

8.9

. What is the pH of an ammonium acetate solution? The
pK, of the ammonium (NH;") cation is 9.3. Always bear
in mind that the pKj, refers to the ability of the proton
donor form to release the proton into water to form
H30™. Since this is the salt of a weak acid (NH,*) and
the conjugate base of a weak acid (acetate anion), the
following equation is used. Note that molar
concentration is not a variable in this calculation.

_PKg, + pK,,

3 =71

pH

. What is the percentage ionization of ephedrine HCl (pK,
9.6) in an intestinal tract buffered at pH 8.0 (see example
1)? Use Equation 2.4 because this is a BH" acid.

100

—_— A 0,
1 + 10©0-9.6) 97.6%

% ionization =

Only 2.4% of ephedrine is present as the un-ionized
conjugate base.

. What is the percentage ionization of indomethacin
(pKa 4.5) in an intestinal tract buffered at pH 8.0? Use
Equation 2.3 because this is an HA acid.

100

T ges e ~ 9997%

% ionization =

For all practical purposes, indomethacin is present only as
the anionic conjugate base in that region of the intestine
buffered at pH 8.0.

TABLE 2.3 Representative K, and pK, Values from the
Reactions Listed in Table 2.1 (See the Appendix)

Hydrochloric acid 1.26 x 10° —6.1
Dihydrogen phosphate 6.31 X 1078 7.2
Ammonia (ammonium) 5.01 x 10~ 9.3
Acetic acid 1.58 X 10> 4.8
Phenobarbital 3.16 X 1078 7.5
Saccharin 2.51 X 1072 1.6
Indomethacin 3.16 X 10°° 4.5
Ephedrine (as the HCl salt) 251 x 107" 9.6

hydrochloric acid, a K, of 1.26 X 10° means that the product
of the molar concentrations of the conjugate acid, [H;0"],
and the conjugate base, [Cl™], is huge relative to the denomi-
nator term, [HCI]. In other words, there essentially is no un-
reacted HCI left in an aqueous solution of hydrochloric acid.
At the other extreme is ephedrine HCI with a pK, of 9.6 or a
K, of 2.51 X 107!, Here, the denominator representing the
concentration of ephedrine HCIl greatly predominates over
that of the products, which, in this example, is ephedrine
(conjugate base) and H;O™ (conjugate acid). In other words,
the protonated form of ephedrine is a very poor proton donor.
It holds onto the proton. Free ephedrine (the conjugate base in
this reaction) is an excellent proton acceptor.

A general rule for determining whether a chemical is
strong or weak acid or base is

* pK, <2: strong acid; conjugate base has no meaningful
basic properties in water

* pK, 4 to 6: weak acid; weak conjugate base

* pK, 8 to 10: very weak acid; conjugate base getting stronger

* pK, >12: essentially no acidic properties in water; strong
conjugate base

This delineation is only approximate. Other properties
also become important when considering cautions in
handling acids and bases. Phenol has a pK, of 9.9, slightly
less than that of ephedrine HCI. Why is phenol considered
corrosive to the skin, whereas ephedrine HCI or free
ephedrine is considered innocuous when applied to the skin?
Phenol has the ability to partition through the normally pro-
tective lipid layers of the skin. Because of this property, this
extremely weak acid has carried the name carbolic acid.
Thus, the pK, simply tells a person the acid properties of the
protonated form of the chemical. It does not represent any-
thing else concerning other potential toxicities.

Percent lonization

Using the drug’s pK,, the formulation or compounding
pharmacist can adjust the pH to ensure maximum water
solubility (ionic form of the drug) or maximum solubility in
nonpolar media (un-ionic form). This is where understand-
ing the drug’s acid-base chemistry becomes important.
Note Reactions 2.4 and 2.5:

Conj. Conj.

Acid Base Acid Base

HAun-ionizeay + H2O = H30" + A Gionized) (Rx. 2.4)
Conj. Conj.

Acid Base Acid Base

BH+(ionized) + H2O = H3O+ + B(un-ionized) (RX 25)



Acids can be divided into two types, HA and BH™, on the
basis of the ionic form of the acid (or conjugate base). HA
acids go from un-ionized acids to ionized conjugate bases
(Rx. 2.4). In contrast, BH" acids go from ionized (polar)
acids to un-ionized (nonpolar) conjugate bases (Rx. 2.5). In
general, pharmaceutically important HA acids include the
inorganic acids (e.g., HCL, H,SQO,), enols (e.g., barbiturates,
hydantoins), carboxylic acids (e.g., low—molecular-weight
organic acids, arylacetic acids, N-aryl anthranilic acids,
salicylic acids), and amides and imides (e.g., sulfonamides
and saccharin, respectively). The chemistry is simpler for
the pharmaceutically important BH™ acids: They are all pro-
tonated amines. A polyfunctional drug can have several
pK.’s (e.g., amoxicillin). The latter’s ionic state is based on
amoxicillin’s ionic state at physiological pH 7.4.

pKa3 = 9.6

0
X )

H0—©7(|3H-C—NH‘?H-(I:H S\C/CHs
+

—_ N
NH3 CTN~c{} “CH,
o) \
K 7.4 o/’C\Ov-\
PRa2 = 1.
pKa1 = 2.4
Amoxicillin

The percent ionization of a drug is calculated by using
Equation 2.3 for HA acids and Equation 2.4 for BH" acids.

100

% 1onization = W

(Eq. 2.3)

100

% ionization = 1+ 10PH KD

(Eq. 2.4)

A plot of percent ionization versus pH illustrates how the
degree of ionization can be shifted significantly with small
changes in pH. The curves for an HA acid (indomethacin)
and BH" (protonated ephedrine, Table 2.1, reaction m) are
shown in Figure 2.4. First, note that when pH = pK,, the
compound is 50% ionized (or 50% un-ionized). In other
words, when the pK, is equal to the pH, the molar concen-
tration of the acid equals the molar concentration of its
conjugate base. In the Henderson-Hasselbalch equation,
pK. = pH when log [conjugate base]/[acid] = 1. An in-
crease of 1 pH unit from the pK, (increase in alkalinity)
causes an HA acid (indomethacin) to become 90.9% in the

Indomethacin
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Figure 2.4 ® Percent ionized versus pH for
indomethacin (pK, 4.5) and ephedrine (pK, 9.6).

ionized conjugate base form but results in a BH" acid
(ephedrine HCI) decreasing its percent ionization to only
9.1%. An increase of 2 pH units essentially shifts an HA
acid to complete ionization (99%) and a BH™ acid to the
nonionic conjugate base form (0.99%).

Just the opposite is seen when the medium is made more
acidic relative to the drug’s pK, value. Increasing the hydro-
gen ion concentration (decreasing the pH) will shift the
equilibrium to the left, thereby increasing the concentration
of the acid and decreasing the concentration of conjugate
base. In the case of indomethacin, a decrease of 1 pH unit
below the pK, will increase the concentration of un-ionized
(protonated) indomethacin to 9.1%. Similarly, a decrease of
2 pH units results in only 0.99% of the indomethacin being
present in the ionized conjugate base form. The opposite is
seen for the BH™ acids. The percentage of ephedrine pres-
ent as the ionized (protonated) acid is 90.9% at 1 pH unit
below the pK, and is 99.0% at 2 pH units below the pK,.
These results are summarized in Table 2.4.

With this knowledge in mind, return to the drawing of
amoxicillin. At physiological pH, the carboxylic acid (HA
acid; pK,; 2.4) will be in the ionized carboxylate form, the
primary amine (BH" acid; pK,, 7.4) will be 50% protonated
and 50% in the free amine form, and the phenol (HA acid;
pKaz 9.6) will be in the un-ionized protonated form.
Knowledge of percent ionization makes it easier to explain
and predict why the use of some preparations can cause

Conj. Conj. 0
Acid Base
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TABLE 2.4 Percentage lonization Relative to the pK,

lonization (%)

HA Acids BH Acids
pKa — 2 pH units 0.99 99.0
pKs — 1 pH unit 9.1 90.9
pK, = pH 50.0 50.0
pKs + 1 pH unit 90.9 9.1
pKas + 2 pH units 99.0 0.99

problems and discomfort as a result of pH extremes.
Phenytoin (HA acid; pK, 8.3) injection must be adjusted to
pH 12 with sodium hydroxide to ensure complete ionization
and maximize water solubility. In theory, a pH of 10.3 will
result in 99.0% of the drug being an anionic water-soluble
conjugate base. To lower the concentration of phenytoin in
the insoluble acid form even further and maintain excess al-
kalinity, the pH is raised to 12 to obtain 99.98% of the drug
in the ionized form. Even then, a cosolvent system of 40%
propylene glycol, 10% ethyl alcohol, and 50% water for
injection is used to ensure complete solution. This highly al-
kaline solution is irritating to the patient and generally can-
not be administered as an admixture with other intravenous
fluids that are buffered more closely at physiological pH
7.4. This decrease in pH would result in the parent un-
ionized phenytoin precipitating out of solution.

0" Na’
Phenytoin Sodium

Tropicamide is an anticholinergic drug administered as
eye drops for its mydriatic response during eye examina-
tions. With a pK, of 5.2, the drug has to be buffered near
pH 4 to obtain more than 90% ionization. The acidic eye
drops can sting. Some optometrists and ophthalmologists
use local anesthetic eye drops to minimize the patient’s
discomfort. The only atom with a meaningful pK, is the
pyridine nitrogen. The amide nitrogen has no acid-base
properties in aqueous media.

I
C CH
v X
PN
HOH,C H | |
H,C N
“NeH, =
Tropicamide

Adjustments in pH to maintain water solubility can
sometimes lead to chemical stability problems. An example
is indomethacin (HA acid; pK, 4.5), which is unstable in al-
kaline media. Therefore, the preferred oral liquid dosage
form is a suspension buffered at pH 4 to 5. Because this is

near the drug’s pK,, only 50% will be in the water-soluble
form. There is a medical indication requiring intravenous
administration of indomethacin to premature infants. The
intravenous dosage form is the lyophilized (freeze-dried)
sodium salt, which is reconstituted just prior to use.

Drug Distribution and pK,

The pK, can have a pronounced effect on the pharmacoki-
netics of the drug. As discussed previously, drugs are trans-
ported in the aqueous environment of the blood. Those
drugs in an ionized form will tend to distribute throughout
the body more rapidly than will un-ionized (nonpolar) mol-
ecules. With few exceptions, the drug must leave the polar
environment of the plasma to reach the site of action. In gen-
eral, drugs pass through the nonpolar membranes of capil-
lary walls, cell membranes, and the blood-brain barrier in
the un-ionized (nonpolar) form. For HA acids, it is the par-
ent acid that will readily cross these membranes (Fig. 2.5).
The situation is just the opposite for the BH* acids. The un-
ionized conjugate base (free amine) is the species most read-
ily crossing the nonpolar membranes (Fig. 2.6).

Consider the changing pH environment experienced by
the drug molecule orally administered. The drug first en-
counters the acidic stomach, where the pH can range from 2
to 6 depending on the presence of food. HA acids with pK,’s
of 4 to 5 will tend to be nonionic and be absorbed partially
through the gastric mucosa. (The main reason most acidic
drugs are absorbed from the intestinal tract rather than the
stomach is that the microvilli of the intestinal mucosa pro-
vide a large surface area relative to that found in the gastric
mucosa of the stomach.) In contrast, amines (pK, 9-10) will
be protonated (BH™ acids) in the acidic stomach and usually
will not be absorbed until reaching the mildly alkaline intes-
tinal tract (pH 8). Even here, only a portion of the amine-
containing drugs will be in their nonpolar conjugate base
form (Fig. 2.4). Remember that the reactions shown in
Figures 2.3 and 2.4 are equilibrium reactions with K, values.
Therefore, whenever the nonpolar form of either an HA acid
(as the acid) or a B base (the conjugate base of the BH™
acid) passes the lipid barrier, the ratio of conjugate base to
acid (percent ionization) will be maintained. Based on
Equations 2.3 and 2.4, this ratio depends on the pK, (a con-
stant) and the pH of the medium.

For example, once in systemic circulation, the plasma
pH of 7.4 will be one of the determinants of whether the
drug will tend to remain in the aqueous environment of
the blood or partition across lipid membranes into hepatic
tissue to be metabolized, into the kidney for excretion, into
tissue depots, or to the receptor tissue. A useful exercise is
to calculate either the [conjugate base]/[acid] ratio using
the Henderson-Hasselbalch equation (Eq. 2.2) or percent

HA + H,0 == H,0 "+ A~

] ‘ Lipid
| [ Barrier

HA + H,0 &= H,0"+ A~
Figure 2.5 ® Passage of HA acids through lipid barriers.




BH* + H,O &= H,0" +B

Lipid ]

Barrier

BH* + H,0 &= H,0" + B
Figure 2.6 ® Passage of BH" acids through lipid barriers.

ionization for ephedrine (pK, 9.6; Eq. 2.4) and in-
domethacin (pK, 4.5; Eq. 2.3) at pH 3.5 (stomach), pH 8.0
(intestine), and pH 7.4 (plasma) (see examples 1, 6, and 7 in
Table 2.2). Of course, the effect of protein binding, dis-
cussed previously, can greatly alter any prediction of biodis-
tribution based solely on pK,.

€© COMPUTER-AIDED DRUG DESIGN:
EARLY METHODS

Initially, the design of new drugs was based on starting with
a prototypical molecule, usually a natural product and mak-
ing structural modifications. Examples include steroidal
hormones based on naturally occurring cortisone, testos-
terone, progesterone and estrogen; adrenergic drugs based
on epinephrine; local anesthetics based on cocaine; opiate
analgesics based on morphine; antibiotics based on peni-
cillin, cephalosporin and tetracycline. Examples of proto-
typical molecules that were not natural in origin include the
antipsychotic phenothiazines, bisphosphonates for osteo-
porosis, benzodiazepines indicated for various CNS treat-
ments. Although prototypical molecules have produced
significant advancements in treating diseases, this approach
to drug development is limited to the initial discovery of the
prototypical molecule. Today, it is more common to take a
holistic approach that, where possible, involves understand-
ing the etiology of the disease and the structure of the recep-
tor where the ligand (drug) will bind. Increasing computer
power coupled with applicable software, both at reasonable
cost, has lead to more focused approaches for the develop-
ment of new drugs. Computational methodologies include
mathematical equations correlating structure with biological
activity, searching chemical databases for leads and rapid
docking of ligand to the receptor. The latter requires 3D
structure information of the receptor. Originally crystallized
enzymes were the common receptors, and their spatial
arrangements determined by x-ray crystallography. Today’s
software can calculate possible 3D structures of protein
starting with the amino acid sequence.

Statistical Prediction of
Pharmacological Activity

Just as mathematical modeling is used to explain and model
many chemical processes, it has been the goal of medicinal
chemists to quantify the effect of a structural change on a de-
fined pharmacological response. This would meet three goals
in drug design: (a) to predict biological activity in untested
compounds, (b) to define the structural requirements required
for a good fit between the drug molecule and the receptor, and
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(c) to design a test set of compounds to maximize the amount
of information concerning structural requirements for activity
from a minimum number of compounds tested. This aspect of
medicinal chemistry is commonly referred to as quantitative
structure—activity relationships (QSAR).

The goals of QSAR studies were first proposed about
1865 to 1870 by Crum-Brown and Fraser, who showed that
the gradual chemical modification in the molecular structure
of a series of poisons produced some important differences
in their action.! They postulated that the physiological ac-
tion, ¢, of a molecule is a function of its chemical constitu-
tion, C. This can be expressed in Equation 2.5:

¢ = flC) (Eq. 2.5)

Equation 2.5 states that a defined change in chemical
structure results in a predictable change in physiological ac-
tion. The problem now becomes one of numerically defining
chemical structure. It still is a fertile area of research. What
has been found is that biological response can be predicted
from physical chemical properties such as vapor pressure,
water solubility, electronic parameters, steric descriptors,
and partition coefficients (Eq. 2.6). Today, the partition coef-
ficient has become the single most important physical chem-
ical measurement for QSAR studies. Note that Equation 2.6
is the equation for a straight line (Y = mx + b).

log BR = a(physical chemical property) + ¢ (Eq. 2.6)

where

BR = a defined pharmacological response usually ex-

pressed in millimoles such as the inhibitory constant
K;, the effective dose in 50% of the subjects (EDs),
the lethal dose in 50% of the subjects (LDs), or the
minimum inhibitory concentration (MIC). It is com-
mon to express the biological response as a recipro-
cal, 1/BR or 1/C

a = the regression coefficient or slope of the straight line

¢ = the intercept term on the y axis (when the physical
chemical property equals zero)

To understand the concepts in the next few paragraphs, it
is necessary to know how to interpret defined pharmacolog-
ical concepts such as the EDso, which is the amount of the
drug needed to obtain the defined pharmacological response
in 50% of the test subjects. Let us assume that drug A’s
EDsq is 1 mmol and drug B’s EDs, is 2 mmol. Drug A is
twice as potent as drug B. In other words, the smaller the
EDsq (or EDg, LDsg, MIC, etc.), the more potent is the sub-
stance being tested.

The logarithmic value of the dependent variable (concen-
tration necessary to obtain a defined biological response) is
used to linearize the data. As shown later in this chapter,
QSARs are not always linear. Nevertheless, using logarithms
is an acceptable statistical technique (taking reciprocals ob-
tained from a Michaelis-Menton study produces the linear
Lineweaver-Burke plots found in any biochemistry textbook).

Now, why is the biological response usually expressed as
a reciprocal? Sometimes, one obtains a statistically more
valid relationship. More importantly, expressing the biolog-
ical response as a reciprocal usually produces a positive
slope (Fig. 2.7). Let us examine the following published
example (Table 2.5). The BR is the LD;qo (lethal dose in
100% of the subjects). The mechanism of death is general
depression of the CNS.
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Figure 2.7 ® Plot of (BR X 1,000) versus (PC X 0.01).

The most lethal compound in this assay was chlorprom-
azine, with a BR (LDqg) of only 0.00000631 mmol; and the
least active was ethanol, with a BR of 0.087096 mmol. In
other words, it takes about 13,800 times as many millimoles
of ethanol than of chlorpromazine to kill 100% of the test
subjects in this particular assay.

Plotting BR versus PC (partition coefficient) produces
the nonlinear scatter shown in Figure 2.7. Note that com-
pounds 1 and 11 lie at a considerable distance from the re-
maining nine compounds. In addition to the 13,800 times
difference in activity, there is a 33,900 times difference in
the octanol/water partition coefficient. An attempt at obtain-
ing a linear regression equation produces the meaningless
Equation. 2.7 whose equation is:

BR = —0.0000 PC + 0.0117 (Eq. 2.7)

It is meaningless statistically. The slope is 0, meaning
that the partition coefficient has no effect on biological ac-
tivity, and yet from the plot and Table 2.5, it is obvious that
the higher the octanol/water partition coefficient, the more
toxic the compound. The correlation coefficient (%) is 0.05,
meaning that there is no significant statistical relationship
between activity and partition coefficient.

Now, let us see if the data can be linearized by using the
logarithms of the biological activity and partition coef-
ficient. Notice the logarithmic terms. The difference be-
tween the LD of chlorpromazine and ethanol is only 4.14

Log BR

-1 0 1 2 3 4 5
Log PC
Figure 2.8 ® Plot of log BR versus log PC.

logarithmic units. Similarly, the difference between chlor-
promazine’s partition coefficient and that of ethanol is 4.53
logarithmic units. Figure 2.8 shows the plot and regression
line for log BR versus log PC. It is an inverse relationship
(Eq. 2.8) between physicochemical property and biological
response. Otherwise, the regression equation is excellent
with a correlation coefficient of 0.9191.

log BR = —1.1517 log PC — 1.4888 (Eq. 2.8)

Although there is no statistical advantage to using the log
of the reciprocal of the biological response, the positive rela-
tionship is consistent with common observation that the bio-
logical activity increases as the partition coefficient (or other
physicochemical parameter) increases. In interpreting plots
such as that in Figure 2.9, remember that biological activity is
increasing as the amount of compound required to obtain the
defined biological response is decreasing. The equation for
the line in Figure 2.9 is identical to Equation 2.8, except for
the change to positive slope and sign of the intercept. The cor-
relation coefficient also remains the same at 0.9191.

log 1/BR = 1.517 log PC + 1.4888  (Eq.2.9)
Partition Coefficient

The most common physicochemical descriptor is the mole-
cule’s partition coefficient in an octanol/water system. As

TABLE 2.5 Data Used for a Quantitative Structure—Activity Relationship Study

Compound Log 1/BR 1/BR BR BR X 1,000 Log BR Log PC PC x 0.01
1. Chlorpromazine 5.20 158,489.32 0.000006 0.006310 —5.2000 4.22 165.95869
2. Propoxyphene 5.08 120,226.44 0.000008 0.008318 —5.0800 2.36 2.2908677
3. Amitriptyline 4.92 83,176.38 0.000012 0.012023 —4.9200 2.50 3.1622777
4. Dothiepin 4.75 56,234.13 0.000018 0.017783 —4.7500 2.76 5.7543994
5. Secobarbital 4.19 15,488.17 0.000065 0.064565 —4.1900 1.97 0.9332543
6. Phenobarbital 3.71 5,128.61 0.000195 0.194984 —3.7100 1.14 0.1380384
7. Chloroform 3.60 3,981.07 0.000251 0.251189 —3.6000 1.97 0.9332543
8. Chlormethiazole 3.51 3,235.94 0.000309 0.309030 -3.5100 2.12 1.3182567
9. Paraldehyde 2.88 758.58 0.001318 1.318257 —2.8800 0.67 0.0467735

10. Ether 2.17 147.91 0.006761 6.760830 —2.1700 0.89 0.0776247

11. Ethanol 1.06 11.48 0.087096 87.096359 —1.0600 —0.31 0.0048978

Source: Hansch, C., Bjoérkroth, J. P., and Leo, A.: J. Pharm. Sci. 76:663, 1987.
BR is defined as the LDqqo, and PC is the octanol/water partition coefficient.



Log 1/BR

T T T

-1 0 1 2 3 4 5

Log PC
Figure 2.9 @ Plot of log 1/BR versus log PC.

emphasized previously, the drug will go through a series of
partitioning steps: (a) leaving the aqueous extracellular flu-
ids, (b) passing through lipid membranes, and (c) entering
other aqueous environments before reaching the receptor
(Fig. 2.1). In this sense, a drug is undergoing the same par-
titioning phenomenon that happens to any chemical in a sep-
aratory funnel containing water and a nonpolar solvent such
as hexane, chloroform, or ether. The partition coefficient (P)
is the ratio of the molar concentration of chemical in the
nonaqueous phase (usually 1-octanol) versus that in the
aqueous phase (Eq. 2.10). For reasons already discussed, it
is more common to use the logarithmic expression (Eq.
2.11). The difference between the separatory funnel model
and what actually occurs in the body is that the partitioning
in the funnel will reach an equilibrium at which the rate of
chemical leaving the aqueous phase and entering the organic
phase will equal the rate of the chemical moving from the
organic phase to the aqueous phase. This is not the physio-
logical situation. Refer to Figure 2.1 and note that dynamic
changes are occurring to the drug, such as it being metabo-
lized, bound to serum albumin, excreted from the body, and
bound to receptors. The environment for the drug is not
static. Upon administration, the drug will be pushed through
the membranes because of the high concentration of drug in
the extracellular fluids relative to the concentration in the
intracellular compartments. In an attempt to maintain equi-
librium ratios, the flow of the drug will be from systemic
circulation through the membranes onto the receptors. As
the drug is metabolized and excreted from the body, it will
be pulled back across the membranes, and the concentration
of drug at the receptors will decrease.

_ [chemicallo
"~ [chemical],q (Eq. 2.10)
— oo (1SOluteoct

log P= log ( [SOlute]aq) (Eq 2.1 1)

Equations 2.10 and 2.11 assume that the drug is in the non-
polar state. A large percentage of drugs are amines whose pK,
is such that at physiological pH 7.4, a significant percentage
of the drug will be in its protonated, ionized form. A similar
statement can be made for the HA acids (carboxyl, sulfon-
amide, imide) in that at physiological pH, a significant
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percentage will be in their anionic forms. An assumption is
made that the ionic form is water-soluble and will remain in
the water phase of an octanol/water system. This reality has
led to the use of log D, which is defined as the equilibrium
ratio of both the ionized and un-ionized species of the mole-
cule in an octanol/water system (Eq. 2.12). The percent ion-
ization of ionized HA acids and BH protonated amines and
acids can be estimated from Equations 2.3 and 2.4 and the log
D from Equations 2.13 and 2.14, respectively.

[solute] et
loeD =1 — — Eq. 2.12
0g Og([solute];(élmzed + [solute]ggmomzed) ( q )
_ _ 1
log D,.igs = log P = log —(1 10w (Eq. 2.13)
log D =logP =1 S Eq. 2.14
08 DPoases = 10g ¥ = 102 (1 + 10®Ka=pH) (Eq. 2.14)

Because much of the time the drug’s movement across
membranes is a partitioning process, the partition coef-
ficient has become the most common physicochemical
property. The question that now must be asked is what
immiscible nonpolar solvent system best mimics the
water/lipid membrane barriers found in the body? It is now
realized that the n-octanol/water system is an excellent esti-
mator of drug partitioning in biological systems. One could
argue that it was fortuitous that n-octanol was available in
reasonable purity for the early partition coefficient determi-
nations. To appreciate why this is so, one must understand
the chemical nature of the lipid membranes.

These membranes are not exclusively anhydrous fatty or
oily structures. As a first approximation, they can be consid-
ered bilayers composed of lipids consisting of a polar cap
and large hydrophobic tail. Phosphoglycerides are major
components of lipid bilayers (Fig. 2.10). Other groups of bi-
functional lipids include the sphingomyelins, galactocere-
brosides, and plasmalogens. The hydrophobic portion is
composed largely of unsaturated fatty acids, mostly with cis
double bonds. In addition, there are considerable amounts of
cholesterol esters, protein, and charged mucopolysaccha-
rides in the lipid membranes. The final result is that these
membranes are highly organized structures composed of
channels for transport of important molecules such as
metabolites, chemical regulators (hormones), amino acids,
glucose, and fatty acids into the cell and removal of waste
products and biochemically produced products out of the

Hydrophobic Tail

1
O CHO—C(CH,) CHs
CHg (CH) C—O—CH O
CHO—P—0—R <—— Hydrophilic Head
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Lecithin: R = OCH,CH,N*(CH3)3
Cephalin: R = OCH,CH,NHz"
Figure 2.10 ® General structure of a bifunctional

phospholipid. Many of the fatty acid esters will be cis
unsaturated.
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Figure 2.11 ® Schematic representatlon of the cell
membrane.

cell. The cellular membranes are dynamic, with the channels
forming and disappearing depending on the cell’s and
body’s needs (Fig. 2.11). So complex is this system that it is
not uncommon to have situations where there is poor corre-
lation between the partition coefficient of a series of mole-
cules and the biological response.”

In addition, the membranes on the surface of nucleated
cells have specific antigenic markers, major histocompatibil-
ity complex (MHC), by which the immune system monitors
the cell’s status. There are receptors on the cell surface where
hormones such as epinephrine and insulin bind, setting off a
series of biochemical events within the cell. Some of these re-
ceptors are used by viruses to gain entrance into the cells,
where the virus reproduces. As newer instrumental tech-
niques are developed, and genetic cloning permits isolation of
the genetic material responsible for forming and regulating
the structures on the cell surface, the image of a passive lipid
membrane has disappeared to be replaced by a very complex,
highly organized, dynamically functioning structure.

For purposes of the partitioning phenomenon, picture the
cellular membranes as two layers of lipids (Fig. 2.9). The two
outer layers, one facing the interior and the other facing the
exterior of the cell, consist of the polar ends of the bifunc-
tional lipids. Keep in mind that these surfaces are exposed to
an aqueous polar environment. The polar ends of the charged
phospholipids and other bifunctional lipids are solvated by
the water molecules. There are also considerable amounts of
charged proteins and mucopolysaccharides present on the sur-
face. In contrast, the interior of the membrane is populated by
the hydrophobic aliphatic chains from the fatty acid esters.

With this representation in mind, a partial explanation can
be presented as to why the n-octanol/water partitioning
system seems to mimic the lipid membranes/water systems
found in the body. It turns out that n-octanol is not as non-
polar as initially might be predicted. Water-saturated octanol
contains 2.3 M water because the small water molecule
easily clusters around octanol’s hydroxy moiety. n-
Octanol-saturated water contains little of the organic phase
because of the large hydrophobic 8-carbon chain of octanol.
The water in the n-octanol phase apparently approximates
the polar properties of the lipid bilayer, whereas the lack of
octanol in the water phase mimics the physiological aqueous
compartments, which are relatively free of nonpolar compo-
nents. In contrast, partitioning systems such as hexane/water
and chloroform/water contain so little water in the organic
phase that they are poor models for the lipid bilayer/water
system found in the body. At the same time, remember that
the n-octanol/water system is only an approximation of the
actual environment found in the interface between the cel-
lular membranes and the extracellular/intracellular fluids.

Experimental determination of octanol/water partition coef-
ficients is tedious and time consuming. Today, most are
calculated. The accuracy of these calculations is only as good
as the assumptions made by the writers of the software.
These include atomic fragment values, correction factors,
spatial properties, effects of resonance and induction, inter-
nal secondary bonding forces, etc. There are over 30 differ-
ent software packages for calculating a molecules partition
coefficient, and their accuracy varies widely.>*

Other Physicochemical and
Descriptor Parameters

There is a series of other descriptors that measure the contri-
bution by substituents to the molecule’s total physicochemi-
cal properties. These include Hammett’s ¢ constant; Taft’s
steric parameter, E;; Charton’s steric parameter, v; Verloop’s
multidimensional steric parameters, L, By, Bs; and molar re-
fractivity, MR, number of hydrogen bond donors and accep-
tors, pK,, polar surface area, number of rotatable bonds,
connectivity indices, and the list goes into the thousands.
Although directories of these have been published, it is com-
mon to calculate them. Table 2.6 lists a very small set and
illustrates several items that must be kept in mind when se-
lecting substituents to be evaluated in terms of the type of
factors that influence a biological response. For electronic pa-
rameters such as ¢, the location on an aromatic ring is impor-
tant because of resonance versus inductive effects. Notice the
twofold differences seen between ¢mera and ¢pqr, for the three
aliphatic substituents and iodo, and severalfold difference for
methoxy, amino, fluoro, and phenolic hydroxyl.

Selection of substituents from a certain chemical class
may not really test the influence of a parameter on biological
activity. There is little numerical difference among the ¢pea
Or Ppara values for the four aliphatic groups or the four halo-
gens. It is not uncommon to go to the tables and find missing
parameters such as the E; values for acetyl and N-acyl.

TABLE 2.6 Sampling of Physicochemical Parameters
Used in Quantitative Structure-Activity Relationships
Investigations

Substituent

Group T O meta Opara Es MR
—H 0.00 0.00 0.00 0.00 1.03
—CHs 0.56 -0.07 -0.17 —-1.24 5.65
—CH,CH3 1.02 —-0.07 -0.15 —1.31 10.30
—CH,CH,CH3 1.55 -0.07 -0.13 -1.60 14.96
—C(CHs), 1.53 —-0.07 -0.15 —-1.71 14.96
—OCHs -0.02 0.12 -0.27 —0.55 7.87
—NH, —1.23 —-0.16 —0.66 —-0.61 5.42
—F 0.14 0.34 0.06 —0.46 0.92
—Cl 0.71 0.37 0.23 -0.97 6.03
—Br 0.86 0.39 0.23 -1.16 8.88
—I 1.12 0.35 0.18 —-1.40 13.94
—CFs 0.88 0.43 0.54 —-2.40 5.02
—OH —0.67 0.12 -0.37 —0.55 2.85
—COCH;3 —0.55 0.38 0.50 11.18
—NHCOCH; -0.97 0.21 0.00 14.93
—NO, -0.8 0.71 0.78 —2.52 7.36
—CN —-0.57 0.56 0.66 —0.51 6.33

Reprinted with permission from Hansch, C., and Leo, A. J.: Substituent
Constants for Correlation Analysis in Chemistry and Biology. New York,
John Wiley & Sons, 1979.



Nevertheless, medicinal chemists can use information
from extensive tables of physicochemical parameters to min-
imize the number of substituents required to find out if the
biological response is sensitive to electronic, steric, and/or
partitioning effects.’ This is done by selecting substituents in
each of the numerical ranges for the different parameters. In
Table 2.6, there are three ranges of B values (—1.23 to
—0.55, —0.28 t0 0.56, and 0.71 to 1.55); three ranges of MR
values (0.92-2.85, 5.02-8.88, and 10.30-14.96); and two
main clusters of ¢ values, one for the aliphatic substituents
and the other for the halogens. In the ideal situation, sub-
stituents are selected from each of the clusters to determine
the dependence of the biological response over the largest
possible variable space. Depending on the biological re-
sponses obtained from testing the new compounds, it is pos-
sible to determine if lipophilicity (partitioning), steric bulk
(molar refraction), or electron-withdrawing/donating prop-
erties are important determinants of the desired biological
response.

With this background in mind, two examples of QSAR
equations taken from the medicinal chemistry literature are
presented. A study of a group of griseofulvin analogs
showed a linear relationship (Eq. 2.15) between the biolog-
ical response and both lipophilicity (log P) and electronic
character (0).% It was suggested that the antibiotic activity
may depend on the enone system facilitating the addition of
griseofulvin to a nucleophilic group such as the SH moiety
in a fungal enzyme.

R
O/R, OO/ 2 «
|
JULXT)
Rs CHg,
Griseofulvin: R =Ry = Ry = OCHg;, Ry =Cl; X =H
log BR = (0.56)log P + (2.19)0« — 1.32  (Eq. 2.15)

A parabolic relationship (Eq. 2.16) was reported for a
series of substituted acetylated salicylates (substituted
aspirins) tested for anti-inflammatory activity.” A nonlin-
ear relationship exists between the biological response
and lipophilicity, and a significant detrimental steric effect
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is seen with substituents at position 4. The two sterimol
parameters used in this equation were L, defined as the
length of the substituent along the axis of the bond between
the first atom of the substituent and the parent molecule, and
B,, defined as a width parameter. Steric effects were not
considered statistically significant at position 3, as shown by
the sterimol parameters for substituents at position 3 not
being part of Equation 2.16. The optimal partition coeffi-
cient (log P,) for the substituted aspirins in this assay was
2.6. At the same time, increasing bulk, as measured by the
sterimol parameters, decreases activity.

~ C/CH3

X

(0]

Y
Aspirin:

X =Y=H

log 1/EDs = 1.03 log P — 0.20(log P)?

At this point, it is appropriate to ask the question, “are
all the determinations of partition coefficients and compi-
lation of physical chemical parameters useful only when a
statistically valid QSAR model is obtained?” The answer
is a firm no. One of the most useful spinoffs from the field
of QSAR has been the application of experimental design
to the selection of new compounds to be synthesized and
tested. Let us assume that a new series of drug molecules
is to be synthesized based on the following structure. The
goal is to test the effect of the 16-substituents in Table 2.6
at each of the three positions on our new series. The num-
ber of possible analogs is equal to 16, or 4,096, com-
pounds, assuming that all three positions will always be
substituted with one of the substituents from Table 2.7. If
hydrogen is included when a position is not substituted,
there are 173, or 4,913, different combinations. The prob-
lem is to select a small number of substituents that repre-
sent the different ranges or clusters of values for
lipophilicity, electronic influence, and bulk. An initial de-
sign set could include the methyl and propyl from the

TABLE 2.7 Connectivity Table for Hydrogen-Suppressed Phenylalanine

Atom 0-1 C-2 0-3 C-4 N-5

C-6

Cc-7 Cc-8 Cc-9 c-10 c-11 C-12

O-1 X

C-2

0O-3

c-4

N-5

C-6

Cc-7

Cc-8

C-9

C-10

C-11

C-12
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aliphatic cluster, fluorine and chlorine from the halogen
cluster, N-acetyl and phenol from the substituents showing
hydrophilicity, and a range of electronic and bulk values.
Including hydrogen, there will be 7°, or 343, different
combinations. Obviously, that is too many for an initial
evaluation. Instead, certain rules have been devised to
maximize the information obtained from a minimum num-
ber of compounds. These include the following:

R3
R4
\
CH
(0]

R2

1. Each substituent must occur more than once at each posi-
tion on which it is found.

2. The number of times that each substituent at a particular
position appears should be approximately equal.

3. No two substituents should be present in a constant
combination.

4. When combinations of substituents are a necessity, they
should not occur more frequently than any other
combination.

Following these guidelines, the initial test set can be re-
duced to 24 to 26 compounds. Depending on the precision
of the biological tests, it will be possible to see if the data
will fit a QSAR model. Even an approximate model usually
will indicate the types of substituents to test further and
what positions on the molecules are sensitive to substitution
and, if sensitive, to what degree variation in lipophilic, elec-
tronic, or bulk character is important. Just to ensure that the
model is valid, it is a good idea to synthesize a couple of
compounds that the model predicts would be inactive. As
each group of new compounds is tested, the QSAR model is
refined until the investigators have a pretty good idea what
substituent patterns are important for the desired activity.
These same techniques used to develop potent compounds
with desired activity also can be used to evaluate the influ-
ence of substituent patterns on undesired toxic effects and
pharmacokinetic properties.

Topological Descriptors

An alternate method of describing molecular structure is
based on graph theory, in which the bonds connecting the
atoms is considered a path that is traversed from one atom to
another. Consider Figure 2.12 containing D-phenylalanine

C__.

H\C_C/H MNP e 0,8

H C/——\C—('J—!—IC!—O——H wd N\
AN N\
/ \ H H 11 Ci2

All-atoms graph

D-Phenylalanine

and its hydrogen-suppressed graph representation. The
numbering is arbitrary and not based on International Union
of Pure and Applied Chemistry (IUPAC) or Chemical
Abstracts nomenclature rules. A connectivity table, Table
2.7, is constructed.

Table 2.7 is a two-dimensional connectivity table for the
hydrogen-suppressed phenylalanine molecule. No 3D repre-
sentation is implied. Further, this type of connectivity table
will be the same for molecules with asymmetric atoms (D
vs. L) or for those that can exist in more than one conforma-
tion (i.e., chair vs. boat conformation, anti vs. gauche vs.
eclipsed).

Graph theory is not limited to the paths followed by
chemical bonds. In its purest form, the atoms in the phenyl
ring of phenylalanine would have paths connecting atom 7
with atoms 9, 10, 11, and 12; atom 8 with atoms 10, 11, and
12; atom 9 with atoms 11 and 12; and atom 10 with atom 12.
Also, the graph itself might differentiate neither single, dou-
ble, and triple bonds nor the type of atom (C, O, and N in the
phenylalanine example). Connectivity tables can be coded
to indicate the type of bond.

The most common application of graph theory used by
medicinal chemistry is called molecular connectivity. It lim-
its the paths to the molecule’s actual chemical bonds. Table
2.8 shows several possible paths for phenylalanine, includ-
ing linear paths and clusters or branching. Numerical values
for each path or path-cluster are based on the number of
nonhydrogen bonds to each atom. Let us examine oxygen
atom 1. There is only one nonhydrogen bond, and it con-
nects oxygen atom 1 to carbon atom 2. The formula is the
reciprocal square root of the number of bonds. For oxygen
1, the connectivity value is 1. For carbonyl oxygen 2, it is
2712 or 0.707. Note that there is no difference between
oxygen 1 and nitrogen 5. Both have only one nonhydrogen
bond and a connectivity value of 1. Similarly, there is no dif-
ference in values for a carbonyl oxygen and a methylene
carbon, each having two nonhydrogen bonds. The final con-
nectivity values for a path are the reciprocal square roots of
the products of each path. For the second-order path 2C-4C-
6C, the reciprocal square root (3 X 3 X 2)~ 2 is 4.243. The
values for each path order are calculated and summed.

As noted previously, the method as described so far
cannot distinguish between atoms that have the same num-
ber of nonhydrogen bonds. A method to distinguish het-
eroatoms from each other and carbon atoms is based on the
difference between the number of valence electrons and
possible hydrogen atoms (which are suppressed in the
graph). The valence connectivity term for an alcoholic
oxygen would be 6 valence electrons minus 1 hydrogen,
or 5. The valence connectivity term for a primary amine

5 3
N (e}
I
C—C—oO0
4 2 1

H-suppressed graph

Figure 2.12 ® Hydrogen-suppressed
graphic representation of phenylalanine.
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TABLE 2.8 Examples of Paths Found in the Phenylalanine Molecule

1st Order Path 2nd Order Path 3rd Order Path

4th Order Path

5th Order Path

Path-Cluster

10-2C 10-2C-30 10-2C-4C-6C
2C-30 10-2C-4C 30-2C-4C-5N
2C-4C 30-2C-4C 30-2C-4C-6C
4C-5N 2C-4C-5N 10-2C-4C-5N
4C-6C 2C-4C-6C 2C-4C-6C-7C
6C-7C 5N-4C-6C 5N-4C-6C-7C
7C-8C 4C-6C-7C 4C-6C-7C-8C
8C-9C 6C-7C-8C 4C-6C-7C-12C
7C-12C 6C-7C-12C 6C-7C-8C-9C
9C-10C 7C-8C-9C 6C-7C-12C-11C
10C-11C 7C-12C-11C 7C-8C-9C-10C
11C-12C 8C-9C-10C 7C-12C-11C-10C
9C-10C-11C 8C-9C-10C-11C
10C-11C-12C 9C-10C-11C-12C

10-2C-4C-6C-7C
30-2C-4C-6C-7C
2C-4C-6C-7C-8C
2C-4C-6C-7C-12C
4C-6C-7C-8C-9C
4C-6C-7C-12C-11C
5N-4C-6C-7C-8C
5N-4C-6C-7C-12C
6C-7C-8C-9C-10C
6C-7C-12C-11C-10C
7C-8C-9C-10C-11C
7C-12C-11C-10C-9C
8C-9C-10C-11C-12C

10-2C-4C-6C-7C-8C
10-2C-40-6C-7C-12C
2C-4C-6C-7C-8C-9C
2C-4C-6C-7C-12C-11C
30-2C-4C-6C-7C-8C
30-2C-4C-6C-7C-12C
4C-6C-7C-8C-9C-10C
4C-6C-7C-12C-11C-10C
5N-4C-6C-7C-8C-9C
5N-4C-6C-7C-12C-11C
6C-7C-8C-9C-10C-11C
6C-7C-12C-11C-10C
7C-8C-9C-10C-11C-12C

10-2C-30-4C
2C-4C-5N-6C
6C-7C-8C-12C

7C-12C-11C-10C-9C-8C

nitrogen would be 5 valence electrons minus 2 hydrogens,
or 3. There are various additional modifications that are
done to further differentiate atoms and define their envi-
ronments within the molecule.

Excellent regression equations using topological indices
have been obtained. A problem is interpreting what they
mean. Is it lipophilicity, steric bulk, or electronic terms that
define activity? The topological indices can be correlated
with all of these common physicochemical descriptors.
Another problem is that it is difficult to use the equation to
decide what molecular modifications can be made to en-
hance activity further, again because of ambiguities in
physicochemical interpretation. Should the medicinal
chemist increase or decrease lipophilicity at a particular lo-
cation on the molecule? Should specific substituents be in-
creased or decreased? On the other hand, topological indices
can be very valuable in classification schemes that are de-
scribed later in this chapter. They do describe the structure
in terms of rings, branching, flexibility, etc.

Classification Methods

Besides regression analysis, there are other statistical tech-
niques used in drug design. These fit under the classification
of multivariate statistics and include discriminant analysis,
principal component analysis, and pattern recognition. The
latter can consist of a mixture of statistical and nonstatistical
methodologies. The goal usually is to try to ascertain what
physicochemical parameters and structural attributes con-
tribute to a class or type of biological activity. Then, the
chemicals are classified into groupings such as carcino-
genic/noncarcinogenic, sweet/bitter, active/inactive, and de-
pressant/stimulant.

The term multivariate is used because of the wide variety
and number of independent or descriptor variables that may
be used. The same physicochemical parameters seen in
QSAR analyses are used, but in addition, the software in the
computer programs breaks the molecule down into sub-
structures. These structural fragments also become vari-
ables. Examples of the typical substructures used include
carbonyls, enones, conjugation, rings of different sizes and
types, N-substitution patterns, and aliphatic substitution pat-
terns such as 1,3- or 1,2-disubstituted. The end result is that
for even a moderate-size molecule typical of most drugs,
there can be 50 to 100 variables.

The technique is to develop a large set of chemicals well
characterized in terms of the biological activity that is going
to be predicted. This is known as the training set. Ideally, it
should contain hundreds, if not thousands, of compounds,
divided into active and inactive types. In reality, sets smaller
than 100 are studied. Most of these investigations are retro-
spective ones in which the investigator locates large data
sets from several sources. This means that the biological
testing likely followed different protocols. That is why
classification techniques tend to avoid using continuous
variables such as EDsq, LDso, and MIC. Instead, arbitrary
end points such as active or inactive, stimulant or depres-
sant, sweet or sour, are used.

Once the training set is established, the multivariate tech-
nique is carried out. The algorithms are designed to group the
underlying commonalities and select the variables that have
the greatest influence on biological activity. The predictive
ability is then tested with a test set of compounds that have
been put through the same biological tests used for the train-
ing set. For the classification model to be valid, the
investigator must select data sets whose results are not
intuitively obvious and could not be classified by a trained
medicinal chemist. Properly done, classification methods can
identify structural and physicochemical descriptors that can be
powerful predictors and determinants of biological activity.

There are several examples of successful applications of
this technique.® One study consisted of a diverse group of
140 tranquilizers and 79 sedatives subjected to a two-way
classification study (tranquilizers vs. sedatives). The ring
types included phenothiazines, indoles, benzodiazepines,
barbiturates, diphenylmethanes, and various heterocyclics.
Sixty-nine descriptors were used initially to characterize
the molecules. Eleven of these descriptors were crucial to the
classification, 54 had intermediate use and depended on the
composition of the training set, and 4 were of little use.
The overall range of prediction accuracy was 88% to 92%.
The results with the 54 descriptors indicate an important lim-
itation when large numbers of descriptors are used. The
inclusion or exclusion of descriptors and parameters can de-
pend on the composition of the training set. The training set
must be representative of the population of chemicals that are
going to be evaluated. Repeating the study on different ran-
domly selected training sets is important.

Classification techniques lend themselves to studies lack-
ing quantitative data. An interesting classification problem
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involved olfactory stimulants, in which the goal was to se-
lect chemicals that had a musk odor. A group of 300 unique
compounds was selected from a group of odorants that in-
cluded 60 musk odorants plus 49 camphor, 44 floral, 32
ethereal, 41 mint, 51 pungent, and 23 putrid odorants.
Initially, 68 descriptors were evaluated. Depending on the
approach, the number of descriptors was reduced to 11 to
16, consisting mostly of bond types. Using this small num-
ber, the 60 musk odorants could be selected from the re-
maining 240 compounds, with an accuracy of 95% to 97%.

The use of classification techniques in medicinal chem-
istry has matured over years of general use. The types of de-
scriptors have expanded to spatial measurements in 3D
space similar to those used in 3D-QSAR (see discussion that
follows). Increasingly, databases of existing compounds are
scanned for molecules that possess what appear to be the de-
sired parameters. If the scan is successful, compounds that
are predicted to be active provide the starting point for syn-
thesizing new compounds for testing. One can see parallels
between the search of chemical databases and screening
plant, animal, and microbial sources for new compounds.
Although the statistical and pattern recognition methodolo-
gies have been in use for a very long time, there still needs
to be considerable research into their proper use, and further
testing of their predictive power is needed. The goal of scan-
ning databases of already synthesized compounds to select
compounds for pharmacological evaluation will require
considerable additional development of the various multi-
variate techniques.

This chapter is limited to fairly simple computational tech-
niques using readily available, low-cost software. The QSAR
approach, including classification methods has at its disposal
literally thousands of different descriptors, each with its advo-
cates, and many computational approaches starting with the
previously discussed linear regression to neural networks, de-
cision trees and support vector machines. Thus, it is fair to ask
if drug discoveries have been made with these computational
techniques. The answer is in the ambiguous yes-and-no cate-
gory depending on who is asked. There is general agreement

ﬁ CHs
CHj
C CH, Nt
e
H30/ o7 “CH, \CH3
Acetylcholine
HO CHZ\ _NH,
CH,
HO
Dopamine

that QSAR provided the foundation to better understand the
relationship between chemical space and pharmacological
space. Consider these two pairs of active molecules. For clas-
sification purposes, acetylcholine and nicotine are nicotinic
agonists, and dopamine and pergolide are dopaminergic ago-
nists. Using the various measures of similarity and their de-
scriptors, fingerprints, and fragments, these two pairs come
up as dissimilar. It is true that the pharmacological profiles of
acetylcholine—nicotine and dopamine—pergolide vary so
much that nicotine is not used as a nicotinic agonist and
pergolide is falling into disuse.”'” Without being trite, com-
putational drug design techniques are not going to replace the
medicinal chemist who has an open, inquiring mind.

Has QSAR Been Successful?

The answer to this question depends on what are the expec-
tations.'! In their original development, it was hoped that
QSAR equations would lead to commercially successful
drugs. This has not occurred. Over the years, methodologies
to develop these equations have changed. In the early devel-
opment of QSAR equations, all of the compounds in a data
set were used followed by random holding out of com-
pounds to see if the equation changed. If there are enough
compounds, it is now more common to begin with a train-
ing set and evaluate its validity with a fest set. This has led
to recommendations on the most reliable statistical measure-
ments of validity.!>~!*

Paralleling the evolution in the use of different statistical
measures of validity, deriving these equations has lead to the
development of a wide variety of descriptors ranging from
descriptive, physicochemical and topological. What can be
frustrating is that the quality of predictions is dependent on
the descriptor set.'> It must be remembered that most of de-
scriptors are only as good as the algorithms used to calculate
them. Further, it can be difficult to interpret exactly what the
descriptors are measuring in chemical space. QSAR equa-
tions must explain physical reality if predictions for future
compounds are to be made.'®
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© COMPUTER-AIDED DRUG DESIGN:
NEWER METHODS

Because powerful computing power, high-resolution com-
puter graphics, and applicable software has reached the
desktop, computational drug design methods are widely
used in both industrial and academic environments.
Through the use of computer graphics, structures of or-
ganic molecules can be entered into a computer and manip-
ulated in many ways. Computational chemistry methods
are used to calculate molecular properties and generate
pharmacophore hypotheses. Once a pharmacophore hy-
pothesis has been developed, structural databases (com-
mercial, corporate, and/or public) of 3D structures can be
searched rapidly for hits (i.e., existing compounds that are
available with the required functional groups and permissi-
ble spatial orientations as defined by the search query). It
has become popular to carry out in silico (computer as op-
posed to biological) screening of drug—receptor candidate
interactions, known as virtual high-throughput screening
(vHTS), for future development. The realistic goal of vHTS
is to identify potential lead compounds. The drug-receptor
fit and predicted physicochemical properties are used to
score and rank compounds according to penalty functions
and information filters (molecular weight, number of hy-
drogen bonds, hydrophobicity, etc.). Although medicinal
chemists have always been aware of absorption, distribu-
tion, metabolism, elimination, and toxicity (ADMET or
ADME/Tox), in recent years, a much more focused ap-
proach addresses these issues in the early design stages.
Increased efforts to develop computer-based absorption,
distribution, metabolism, and elimination (ADME) models
are being pursued aggressively. Many of the predictive
ADME models use QSAR methods described earlier in
this chapter. In general, understanding what chemical
space descriptors are critical for druglike molecules helps
provide insight into the design of chemical libraries for
biological evaluation.

Today’s computers and software give the medicinal
chemist the ability to design the molecule on the basis of an
estimated fit onto a receptor or have similar spatial charac-
teristics found in the prototypical lead compound. Of
course, this assumes that the molecular structure of the re-
ceptor is known in enough detail for a reasonable estimation
of its 3D shape. When a good understanding of the geome-
try of the active site is known, databases containing the 3D
coordinates of the chemicals in the database can be searched
rapidly by computer programs that select candidates likely
to fit in the active site. As shown later, there have been some
dramatic successes with use of this approach, but first one
must have an understanding of ligand (drug)-receptor inter-
actions and conformational analysis.

Forces Involved with Drug-Receptor
Interactions

Keep in mind that a biological response is produced by the
interaction of a drug with a functional or organized group of
molecules. This interaction would be expected to take place
by using the same bonding forces as are involved when sim-
ple molecules interact. These, together with typical exam-
ples, are collected in Table 2.9.

TABLE 2.9 Types of Chemical Bonds

Bond
Strength
Bond Type (kcal/mol) Example
Covalent 40-140 CH;—OH
|
Reinforced ionic 10 R—N—H""-O%
| 6o _ C—R
lonic 5 R,N®--©|
—OH-~0=
\C/
Hydrogen 1-7 — OH~— ||
C
/\
lon—dipole 1-7 R4N® - NRg
|
Dipole-dipole 1-7 0=C-- NRj
55+ |
der Waal 0.5-1 \Cll 7
van der Waals 5- A N
Hydrophobic 1 See text

Source: Albert, A.: Selective Toxicity. New York, John Wiley & Sons,
1986, p. 183.

Most drugs do not possess functional groups of a type
that would lead to ready formation of strong and essentially
irreversible covalent bonds between drug and biological re-
ceptors. In most cases, it is desirable to have the drug leave
the receptor site when the concentration decreases in the ex-
tracellular fluids. Therefore, most useful drugs are held to
their receptors by ionic or weaker bonds. When relatively
long-lasting or irreversible effects are desired (e.g., antibac-
terial, anticancer), drugs that form covalent bonds with the
receptor are effective and useful. The alkylating agents,
such as the nitrogen mustards used in cancer chemotherapy,
furnish an example of drugs that act by formation of cova-
lent bonds (see Chapter 10).

Covalent bond formation between drug and receptor is
the basis of Baker’s concept of active-site-directed irre-
versible inhibition."” Considerable experimental evidence
on the nature of enzyme inhibitors supports this concept.
Compounds studied possess appropriate structural features
for reversible and highly selective association with an en-
zyme. If, in addition, the compounds carry reactive groups
capable of forming covalent bonds, the substrate may be ir-
reversibly bound to the drug—receptor complex by covalent
bond formation with reactive groups adjacent to the active
site. The diuretic drug ethacrynic acid (see Chapter 19) is
an a,(3-unsaturated ketone, thought to act by covalent bond
formation with sulfhydryl groups of ion transport systems
in the renal tubules. Another example of a drug that cova-
lently binds to the receptor is selegiline (see Chapter 13), an
inhibitor of monoamine oxidase-B. Other examples of co-
valent bond formation between drug and biological recep-
tor site include the reaction of arsenicals and mercurials
with cysteine sulthydryl groups, the acylation of bacterial
cell wall constituents by penicillin, and the phosphorylation
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of the serine hydroxyl moiety at the active site of
cholinesterase by organic phosphates.
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Keep in mind that it is desirable to have most drug effects
reversible. For this to occur, relatively weak forces must be
involved in the drug—receptor complex yet be strong enough
that other binding sites will not competitively deplete the
site of action. Compounds with high structural specificity
may orient several weakly binding groups so that the sum-
mation of their interactions with specifically oriented com-
plementary groups on the receptor provides total bond
strength sufficient for a stable combination. Consequently,
most drugs acting by virtue of their structural specificity
will bind to the receptor site by hydrogen bonds, ionic
bonds, ion—dipole and dipole—dipole interactions, and van
der Waals and hydrophobic forces.

Considering the wide variety of functional groups found
on a drug molecule and receptor, there will be a variety of sec-
ondary bonding forces. Ionization at physiological pH would
normally occur with the carboxyl, sulfonamido, and aliphatic
amino groups, as well as the quaternary ammonium group at
any pH. These sources of potential ionic bonds are frequently
found in active drugs. Differences in electronegativity be-
tween carbon and other atoms, such as oxygen and nitrogen,
lead to an asymmetric distribution of electrons (dipoles) that
are also capable of forming weak bonds with regions of high
or low electron density, such as ions or other dipoles.
Carbonyl, ester, amide, ether, nitrile, and related groups that
contain such dipolar functions are frequently found in equiv-
alent locations in structurally specific drugs.

The relative importance of the hydrogen bond in the for-
mation of a drug-receptor complex is difficult to assess.
Many drugs possess groups such as carbonyl, hydroxyl,
amino, and imino, with the structural capabilities of acting as
acceptors or donors in the formation of hydrogen bonds.
However, such groups would usually be solvated by water,
as would the corresponding groups on a biological receptor.
Relatively little net change in free energy would be expected
in exchanging a hydrogen bond with a water molecule for
one between drug and receptor. However, in a drug-receptor
combination, several forces could be involved, including the
hydrogen bond, which would contribute to the stability of
the interaction. Where multiple hydrogen bonds may be
formed, the total effect may be sizable, such as that demon-
strated by the stability of the protein a-helix and by the sta-
bilizing influence of hydrogen bonds between specific base
pairs in the double-helical structure of DNA.

Van der Waals forces are attractive forces created by the
polarizability of molecules and are exerted when any two un-
charged atoms approach each other very closely. Their
strength is inversely proportional to the seventh power of the
distance. Although individually weak, the summation of their
forces provides a significant bonding factor in higher—
molecular-weight compounds. For example, it is not possible
to distill normal alkanes with more than 80 carbon atoms, be-
cause the energy of 80 kcal/mol required to separate the mol-
ecules is approximately equal to the energy required to break
a carbon—carbon covalent bond. Flat structures, such as aro-
matic rings, permit close approach of atoms. The aromatic ring
is frequently found in active drugs, and a reasonable explana-
tion for its requirement for many types of biological activity
may be derived from the contributions of this flat surface to
van der Waals binding to a correspondingly flat receptor area.

The hydrophobic bond is a concept used to explain attrac-
tive interactions between nonpolar regions of the receptor and
the drug. Explanations such as the isopropyl moiety of the
drug fits into a hydrophobic cleft on the receptor composed of
the hydrocarbon side chains of the amino acids valine,
isoleucine, and leucine are commonly used to explain why a
nonpolar substituent at a particular position on the drug mol-
ecule is important for activity. Over the years, the concept of
hydrophobic bonds has developed. There has been consider-
able controversy over whether the bond actually exists.
Thermodynamic arguments on the gain in entropy (decrease
in ordered state) when hydrophobic groups cause a partial
collapse of the ordered water structure on the surface of the
receptor have been proposed to validate a hydrophobic bond-
ing model. There are two problems with this concept. First,
the term hydrophobic implies repulsion. The term for attrac-
tion is hydrophilicity. Second, and perhaps more important,
there is no truly water-free region on the receptor. This is true
even in the areas populated by the nonpolar amino acid side
chains. An alternate approach is to consider only the concept
of hydrophilicity and lipophilicity. The predominating water
molecules solvate polar moieties, effectively squeezing the
nonpolar residues toward each other.

STERIC FEATURES OF DRUGS

Regardless of the ultimate mechanism by which the drug and
the receptor interact, the drug must approach the receptor and
fit closely to its surface. Steric factors determined by the
stereochemistry of the receptor site surface and that of the
drug molecules are, therefore, of primary importance in de-
termining the nature and the efficiency of the drug—receptor
interaction. With the possible exception of the general anes-
thetics, such drugs must possess a high structural specificity
to initiate a response at a particular receptor.

Some structural features contribute a high structural
rigidity to the molecule. For example, aromatic rings are
planar, and the atoms attached directly to these rings are
held in the plane of the aromatic ring. Hence, the quaternary
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nitrogen and carbamate oxygen attached directly to the ben-
zene ring in the cholinesterase inhibitor neostigmine are re-
stricted to the plane of the ring, and consequently, the spa-
tial arrangement of at least these atoms is established.

The relative positions of atoms attached directly to mul-
tiple bonds are also fixed. For the double bond, cis- and
trans-isomers result. For example, diethylstilbestrol exists
in two fixed stereoisomeric forms: trans-diethylstilbestrol is
estrogenic, whereas the cis-isomer is only 7% as active. In
trans-diethylstilbestrol, resonance interactions and minimal
steric interference tend to hold the two aromatic rings and
connecting ethylene carbon atoms in the same plane.

trans-Diethylstilbestrol

HO, OH
;
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Geometric isomers, such as the cis- and the frans-isomers,
hold structural features at different relative positions in space.
These isomers also have significantly different physical and
chemical properties. Therefore, their distributions in the bio-
logical medium are different, as are their capabilities for inter-
acting with a biological receptor in a structurally specific
manner. The United States Pharmacopeia recognizes that
there are drugs with vinyl groups whose commercial form
contains both their E- and Z-isomers. Figure 2.13 provides
four examples of these mixtures.

More subtle differences exist for conformational iso-
mers. Like geometric isomers, these exist as different
arrangements in space for the atoms or groups in a single
classic structure. Rotation about bonds allows interconver-
sion of conformational isomers. However, an energy barrier
between isomers is often high enough for their independent
existence and reaction. Differences in reactivity of func-
tional groups or interaction with biological receptors may
be caused by differences in steric requirements of the re-
ceptors. In certain semirigid ring systems, conformational
isomers show significant differences in biological activi-
ties. Methods for calculating these energy barriers are de-
scribed next.

Open chains of atoms, which form an important part of
many drug molecules, are not equally free to assume all pos-
sible conformations; some are sterically preferred. Energy
barriers to free rotation of the chains are present because of
interactions of nonbonded atoms. For example, the atoms
tend to position themselves in space so that they occupy
staggered positions, with no two atoms directly facing each
other (eclipsed). Nonbonded interactions in polymethylene
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Figure 2.13 ® Examples of E- and Z-isomers.
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cule’s configuration.

chains tend to favor the most extended anti conformations,
although some of the partially extended gauche conforma-
tions also exist. Intramolecular bonding between substituent
groups can make what might first appear to be an unfavor-
able conformation favorable.
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The introduction of atoms other than carbon into a chain
strongly influences the conformation of the chain (Fig.
2.14). Because of resonance contributions of forms in
which a double bond occupies the central bonds of esters
and amides, a planar configuration is favored in which
minimal steric interference of bulky substituents occurs.
Hence, an ester may exist mainly in the anti, rather than
the gauche, form. For the same reason, the amide linkage
is essentially planar, with the more bulky substituents oc-
cupying the anti position. Therefore, ester and amide link-
ages in a chain tend to hold bulky groups in a plane and to
separate them as far as possible. As components of the side
chains of drugs, ester and amide groups favor fully ex-
tended chains and also add polar character to that segment
of the chain.

In some cases, dipole—dipole interactions appear to influ-
ence structure in solution. Methadone may exist partially in
a cyclic form in solution because of dipolar attractive forces
between the basic nitrogen and carbonyl group or because of
hydrogen bonding between the hydrogen on the nitrogen
and the carbonyl oxygen (Fig. 2.15). In either conformation,
methadone may resemble the conformationally more rigid
potent analgesics including morphine, meperidine, and their
analogs (see Chapter 24), and it may be this form that inter-
acts with the analgesic receptor. Once the interaction
between the drug and its receptor begins, a flexible drug
molecule may assume a different conformation than that
predicted from solution chemistry.

An intramolecular hydrogen bond usually formed be-
tween donor hydroxy and amino groups and acceptor oxy-
gen and nitrogen atoms, might be expected to add stability
to a particular conformation of a drug in solution.
However, in aqueous solution, donor and acceptor groups
tend to be bonded to water, and little gain in free energy
would be achieved by the formation of an intramolecular
hydrogen bond, particularly if unfavorable steric factors
involving nonbonded interactions were introduced in the

Figure 2.15 @ Stabilization of conforma-
tions by secondary bonding forces.



process. Therefore, internal hydrogen bonds likely play
only a secondary role to steric factors in determining the
conformational distribution of flexible drug molecules.

R2

T

Hydrogen-bonding donor groups

R4

\ R R
c=o: ’/lv 2
R2 R;

Hydrogen-bonding acceptor groups

Conformational Flexibility and
Multiple Modes of Action

It has been proposed that the conformational flexibility of
most open-chain neurohormones, such as acetylcholine,
epinephrine, serotonin, histamine, and related physiologi-
cally active biomolecules, permits multiple biological
effects to be produced by each molecule, by virtue of their
ability to interact in a different and unique conformation
with different biological receptors. Thus, it has been sug-
gested that acetylcholine may interact with the muscarinic
receptor of postganglionic parasympathetic nerves and
with acetylcholinesterase in the fully extended conforma-
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tion and, in a different, more folded structure, with the
nicotinic receptors at ganglia and at neuromuscular junc-
tions (Fig. 2.16).

Conformationally rigid acetylcholine-like molecules
have been used to study the relationships between these var-
ious possible conformations of acetylcholine and their bio-
logical effects (Fig. 2.16). (+)-trans-2-Acetoxycyclopropyl
trimethylammonium iodide, in which the quaternary nitro-
gen atom and acetoxyl groups are held apart in a conforma-
tion approximating that of the extended conformation of
acetylcholine, was about five times more active than acetyl-
choline in its muscarinic effect on dog blood pressure and
was as active as acetylcholine in its muscarinic effect on the
guinea pig ileum.'® The (+)-trans-isomer was hydrolyzed
by acetylcholinesterase at a rate equal to the rate of hydrol-
ysis of acetylcholine. It was inactive as a nicotinic agonist.
In contrast, the (—)-trans-isomer and the mixed (=)-cis-iso-
mers were, respectively, 1/500 and 1/10,000 as active as
acetylcholine in muscarinic tests on guinea pig ileum and
were inactive as nicotinic agonists. Similarly, the trans diax-
ial relationship between the quaternary nitrogen and ace-
toxyl group led to maximal muscarinic response and rate of
hydrolysis by true acetylcholinesterase in a series of iso-
meric 3-trimethylammonium-2-acetoxydecalins.'® These re-
sults could be interpreted as either that acetylcholine was
acting in a trans conformation at the muscarinic receptor
and not acting in a cisoid conformation at the nicotinic
receptor or that the nicotinic response is highly sensitive
to steric effects of substituents being used to orient the
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molecule. This approach in studying the cholinergic recep-
tor is covered in more detail in Chapter 17.

Optical Isomerism and
Biological Activity

The widespread occurrence of differences in biological ac-
tivities for optical activities has been of particular impor-
tance in the development of theories on the nature of
drug-receptor interactions. Most commercial drugs are
asymmetric, meaning that they cannot be divided into
symmetrical halves. Although D- and L-isomers have the
same physical properties, a large number of drugs are
diastereomeric, meaning that they have two or more asym-
metric centers. Diastereomers have different physical prop-
erties. Examples are the diastereomers ephedrine and
pseudoephedrine. The former has a melting point of 79° and
is soluble in water, whereas pseudoephedrine’s melting

Ephedrine Pseudoephedrine

(Erythro configuration) (Threo configuration)

CH, CH3
H —— OH HO i e H
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NHCH; NHCH,
..CHs CHg
w aw
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H K //C H //C
 d v
H HO

Anionic
Site

Receptor
(—)-Epinephrine — more active

point is 118°, and it is only sparingly soluble in water. Keep
in mind that receptors will be asymmetric because they are
mostly protein, meaning that they are constructed from L-
amino acids. A ligand fitting the hypothetical receptor
shown in Figure 2.18 will have to have a positively charged
moiety in the upper left corner and a hydrophobic region in
the upper right. Therefore, one would predict that optical
isomers will also have different biological properties. Well-
known examples of this phenomenon include (—)-
hyoscyamine, which exhibits 15 to 20 times more mydriatic
activity than (+)-hyoscyamine, and (—)-ephedrine, which
shows three times more pressor activity than (+)-ephedrine,
five times more pressor activity than (+)-pseudoephedrine,
and 36 times more pressor activity than (—)-pseu-
doephedrine. All of ascorbic acid’s antiscorbutic properties
reside in the (+) isomer. A postulated fit to epinephrine’s
receptor can explain why (—)-epinephrine exhibits 12 to 15
times more vasoconstrictor activity than (+)-epinephrine.
This is the classical three-point attachment model. For epi-
nephrine, the benzene ring, benzylic hydroxyl, and proto-
nated amine must have the stereochemistry seen with the
(—) isomer to match up with the hydrophobic or aromatic
region, anionic site, and a hydrogen-bonding center on the
receptor. The (+) isomer (the mirror image) will not align
properly on the receptor.

Frequently, the generic name indicates a specific
stereoisomer. Examples include levodopa, dextroampheta-
mine, dextromethorphan, levamisole, dexmethylphenidate,
levobupivacaine, dexlansoprazole, and levothyroxine.
Sometimes, the difference in pharmacological activity be-
tween stereoisomers is dramatic. The dextrorotatory isomers
in the morphine series are cough suppressants with less risk
of substance abuse, whereas the levorotatory isomers (Fig.
2.19) contain the analgesic activity and significant risk of
substance abuse. Although the direction of optical rotation is
opposite to that of the morphine series, dextropropoxyphene
contains the analgesic activity, and the levo-isomer contains
antitussive activity. More recently drugs originally mar-
keted as racemic mixtures are reintroduced using the active
isomer. The generic name of the latter does not readily indi-
cate that the new product is a specific stereoisomer of a
product already in use. Examples include racemic citalo-
pram and its S-enantiomer escitalopram; racemic omepra-
zole and its S-enantiomer esomeprazole; and racemic
modafinil and its R-enantiomer armodafinil.

Figure 2.17 contains examples of drugs with asymmetric
carbons. Some were originally approved as racemic mix-
tures, and later a specific isomer was marketed with claims
of having fewer adverse reactions in patients. An example of
the latter is the local anesthetic levobupivacaine, which is
the S-isomer of bupivacaine. Both the R- and S-isomers have
good local anesthetic activity, but the R-isomer may cause
depression of the myocardium leading to decreased cardiac
output, heart block hypotension, bradycardia, and ventricu-
lar arrhythmias. In contrast, the S-isomer shows less
cardiotoxic responses but still good local anesthetic activity.
Escitalopram is the S-isomer of the antidepressant citalo-
pram. There is some evidence that the R-isomer, which
contains little of the desired selective serotonin reuptake in-
hibition, contributes more to the adverse reactions than does
the S-isomer.

As dramatic as the previous examples of stereoselectivity
may be, sometimes it may not be cost-effective to resolve
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the drug into its stereoisomers. An example is the calcium
channel antagonist verapamil, which illustrates why it is dif-
ficult to conclude that one isomer is superior to the other. S-
Verapamil is a more active pharmacological stereoisomer
than R-verapamil, but the former is more rapidly metabo-
lized by the first-pass effect. First-pass refers to orally ad-
ministered drugs that are extensively metabolized as they
pass through the liver (see Chapter 3). S- and R-warfarin are
metabolized by two different cytochrome P450 isozymes.
Drugs that either inhibit or induce these enzymes can signif-
icantly affect warfarin’s anticoagulation activity.

Because of biotransformations after the drug is adminis-
tered, it sometimes makes little difference whether a
racemic mixture or one isomer is administered. The popular
nonsteroidal anti-inflammatory drug (NSAID) ibuprofen is
sold as the racemic mixture. The S-enantiomer contains the

anti-inflammatory activity by inhibiting cyclooxygenase.
The R-isomer does have centrally acting analgesic activity,
but it is converted to the S form in vivo (Fig. 2.18).

In addition to the fact that most receptors are asymmet-
ric, there are other reasons why stereoisomers show differ-
ent biological responses. Active transport mechanisms
involve asymmetric carrier molecules, which means that
there will be preferential binding of one stereoisomer over
others. When differences in physical properties exist, the
distribution of isomers between body fluids and tissues
where the receptors are located will differ. The enzymes re-
sponsible for drug metabolism are asymmetric, which
means that biological half-lives will differ among possible
stereoisomers of the same molecule. The latter may be a
very important variable because the metabolite may actually
be the active molecule.
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Calculated Conformations

It should now be obvious that medicinal chemists must ob-
tain an accurate understanding of the active conformation of
the drug molecule. Originally, molecular models were con-
structed from kits containing various atoms of different va-
lence and oxidation states. Thus, there would be carbons
suitable for carbon—carbon single, double, and triple bonds;
carbon—oxygen bonds for alcohols or ethers and the car-
bonyl moiety; carbon—nitrogen bonds for amines, amides,
imines, and nitrites; and carbons for three-, four-, five-, and
larger-member rings. More complete sets include various
heteroatoms including nitrogen, oxygen, and sulfur in vari-
ous oxidation states. These kits might be ball and stick, stick
or wire only, or space filling. The latter contained attempts
at realistically visualizing the effect of a larger atom such as
sulfur relative to the smaller oxygen. The diameters of the
atoms in these kits are proportional to the van der Waals
radii, usually corrected for overlap effects. In contrast, the
wire models usually depict accurate intra-atomic distances
between atoms. A skilled chemist using these kits usually
can obtain a reasonably accurate 3D representation. This is
particularly true if it is a moderately simple molecule with
considerable rigidity. An extreme example is a steroid with
the relatively inflexible fused-ring system. In contrast, mol-
ecules with chains consisting of several atoms can assume
many shapes. Yet, there will be a best shape or conforma-
tion that can be expected to fit onto the receptor. The num-
ber of conformers can be estimated from Equation 2.17.
Calculating the global minimum, the lowest-energy confor-
mation, can be a difficult computational problem. Assume
that there are three carbon—carbon freely rotatable single
bonds that are rotated in 10-degree increments. Equation
2.17 states that there are 46,656 different conformations.

360 No. rotatable bonds
Number of conformers = (———————
angle increment

(Eq. 2.17)

There are three common quantitative ways to obtain esti-
mations of preferred molecular shapes required for a good

fit at the receptor. The first, which is the oldest and consid-
ered the most accurate, is x-ray crystallography. When prop-
erly done, resolution down to a few angstrom units can be
obtained. This permits an accurate mathematical description
of the molecule, providing atomic coordinates in 3D space
that can be drawn by using a chemical graphics program. A
serious limitation of this technique is the requirement for a
carefully grown crystal. Some chemicals will not form crys-
tals. Others form crystals with mixed symmetries.
Nevertheless, with the newer computational techniques, in-
cluding high-speed computers, large databases of x-ray
crystallographic data are now available. These databases
can be searched for structures, including substructures, sim-
ilar to the molecule of interest. Depending on how close is
the match, it is possible to obtain a pretty good idea of the
low-energy conformation of the drug molecule. This is a
common procedure for proteins and nucleic acids after
obtaining the amino acid and nucleotide sequences, respec-
tively. Obtaining these sequences is now largely an auto-
mated process.

There also is the debate that asks if the conformation
found in the crystal represents the conformation seen by the
receptor. For rigid molecules, it probably is. The question is
very difficult to answer for flexible molecules. A common
technique is to determine the crystal structure of a protein
accurately and then soak the crystal in a nonaqueous solu-
tion of the drug. This allows the drug molecules to diffuse
into the active site. The resulting crystal is reanalyzed using
different techniques, and the bound conformation of the
drug can be determined rapidly without redoing the entire
protein. Often, the structure of a bound drug can be deter-
mined in a day or less.

Because of the drawbacks to x-ray crystallography, two
purely computational methods that require only a knowl-
edge of the molecular structure are used. The two ap-
proaches are known as quantum mechanics and molecular
mechanics. Both are based on assumptions that (a) a mole-
cule’s 3D geometry is a function of the forces acting on the
molecule and (b) these forces can be expressed by a set of
equations that pertain to all molecules. For the most part,
both computational techniques assume that the molecule is
in an isolated system. Solvation effects from water, which
are common to any biological system, tend to be ignored, al-
though this is changing with increased computational
power. Calculations now can include limited numbers of
water molecules, where the number depends on the amount
of available computer time. Interestingly, many crystals
grown for x-ray analysis can contain water in the crystal lat-
tice. High-resolution nuclear magnetic resonance (NMR)
provides another means of obtaining the structures of
macromolecules and drugs in solution.

There are fundamental differences between the quantum
and molecular mechanics approaches, and they illustrate the
dilemma that can confront the medicinal chemist. Quantum
mechanics is derived from basic theoretical principles at the
atomic level. The model itself is exact, but the equations
used in the technique are only approximate. The molecular
properties are derived from the electronic structure of the
molecule. The assumption is made that the distribution of
electrons within a molecule can be described by a linear sum
of functions that represent an atomic orbital. (For carbon,
this would be s, p, py, etc.) Quantum mechanics is compu-



tation intensive, with the calculation time for obtaining an
approximate solution increasing by approximately N* times,
where N is the number of such functions. Until the advent of
the high-speed supercomputers, quantum mechanics in its
pure form was restricted to small molecules. In other words,
it was not practical to conduct a quantum mechanical analy-
sis of a drug molecule.

To make this technique more practical, simplifying tech-
niques have been developed. Whereas the computing time is
decreased, the accuracy of the outcome is also lessened. In
general, use of calculations of the quantum mechanics type
in medicinal chemistry is a method that is still waiting to
happen. It is being used by laboratories with access to large-
scale computing, but there is considerable debate about its
utility, because so many simplifying approximations must
be made for larger molecules.

To overcome the limitation of quantum mechanics, there
has been motivation to develop alternative approaches to
calculation conformations of flexible molecules. The rea-
son is that manipulation of computer models is much supe-
rior to the use of traditional physical models. Mathematical
models using quantum mechanics or the more common
force field methods (see later) better account for the inher-
ent flexibility of molecules than do hard sphere physical
models. In addition, it is easy to superimpose one or more
molecular models on a computer and to color each structure
separately for ease of viewing. Medicinal chemists use the
superimposed structures to identify the necessary structural
features and the 3D orientation (pharmacophore) responsi-
ble for the observed biological activity. The display of the
multiple conformations available to a single molecule can
provide valuable information about the conformational
space available to druglike molecules. Rather than measur-
ing bond distances with a ruler, as was done years ago with
handheld models, it is relatively easy to query a computer-
generated molecular display. Because the coordinates for
each atom are stored in computer memory, rapid data re-
trieval is achieved. Moreover, the shape and size of a mo-
lecular system can be visualized and quantified, unlike the
situation with handheld models, when only visual inspec-
tions are possible. Exactly how much energy does it cost to
rotate torsion angles from one position to the next?
Understanding drug volumes and molecular shapes is criti-
cally important when defining the complementary (nega-
tive volume image) receptor sites needed to accommodate
the drug molecule.

High-resolution computer graphics that accompany the
conformation calculations have revolutionized the way
drug design is carried out. Once a molecular structure has
been entered into a molecular modeling software program,
the structure can be viewed from any desired perspective.
The dihedral angles can be rotated to generate new confor-
mations, and functional groups can be eliminated or
modified almost effortlessly. As indicated previously, the
molecular features (bond lengths, bond angles, nonbonded
distances, etc.) can be calculated readily from the stored 3D
coordinates.

Because of ease of calculations relative to quantum me-
chanics, medicinal chemists are embracing molecular me-
chanics. Force field calculations rest on the fundamental
concept that a ball-and-spring model may be used to approx-
imate a molecule.?®! That is, the stable relative positions of
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the atoms in a molecule are a function of through-bond and
through-space interactions, which may be described by
relatively simple mathematical relationships. The complex-
ity of the mathematical equations used to describe the ball-
and-spring model is a function of the nature, size, and shape
of the structures. Moreover, the fundamental equations used
in force fields are much less complicated than those found
in quantum mechanics. For example, small strained organic
molecules require greater detail than less strained systems
such as peptides and proteins. Furthermore, it is assumed
that the total energy of the molecule is a summation of the
individual energy components, as outlined in Equation 2.18.
In other words, the total energy (Eoy) is divided into energy
components, which are attributed to bond stretching
(Esuretching)» angle bending (Epending), Nonbonded interactions
(Enonbonded)> torsion interactions (Eiysion), and coupled
energy terms (Ecrossterms)- Lhe cross-terms combine two
interrelated motions (bend-stretch, stretch—stretch, tor-
sion—stretch, etc.). The division of the total energy into
terms associated with distortions from equilibrium values is
the way most chemists and biological scientists tend to think
about molecules.

Etotal = 2bondsEslrclching + 2anglesEbending
+ 2nonbonded(EVDW + Eelectrostatics)

+ 2fdihedralsE‘torsion + EEcross»terms (Eq 218)

Each atom is defined (parameterized) in terms of these
energy terms. What this means is that the validity of molec-
ular mechanics depends on the accuracy of the parameteri-
zation process. Historically, saturated hydrocarbons have
proved easy to parameterize, followed by selective het-
eroatoms such as ether oxygens and amines. Unsaturated
systems, including aromaticity, caused problems because of
the delocalization of the electrons, but this seems to have
been solved. Charged atoms such as the carboxylate anion
and protonated amine can prove to be a real problem, par-
ticularly if the charge is delocalized. Nevertheless, molecu-
lar mechanics is being used increasingly by medicinal
chemists to gain a better understanding of the preferred
conformation of drug molecules and the macromolecules
that compose a receptor. The computer programs are read-
ily available and run on relatively inexpensive, but power-
ful, desktop computers.

The only way to test the validity of the outcome from
either quantum or molecular mechanics calculations is to
compare the calculated structure or property with actual
experimental data. Obviously, crystallographic data provide
a reliable measure of the accuracy of at least one of the low-
energy conformers. Because that is not always feasible,
other physical chemical measurements are used for compar-
ison. These include comparing calculated vibrational ener-
gies, heats of formation, dipole moments, and relative
conformational energies with measured values. When re-
sults are inconsistent, the parameter values are adjusted.
This readjustment of the parameters is analogous to the frag-
ment approach for calculating octanol/water partition coef-
ficients. The values for the fragments and the accompanying
correction factors are determined by comparing calculated
partition coefficients with a large population of experimen-
tally determined partition coefficients.
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Figure 2.19 ® Potential energy for butane. The energy
(kcal/mol) is plotted on the y-axis versus the torsion
angle Cgp3-Cop3-Cop3-Csp3, Which is plotted on the x-axis.
There are three minima. The two gauche conformers are
higher in energy that the anti conformer by approxi-
mately 0.9 kcal/mol.

A simplified energy diagram for the hydrocarbon bu-
tane is shown in Figure 2.19. It illustrates that the energy
rises and falls during rotation around the central Cgp3—Cqp3
bond as a function of the relative positions of the methyl
groups. The peaks on the curve correspond to energy
maxima, whereas the valleys correspond to energy min-
ima. For butane, there are two different types of minima:
one is for the anti butane conformation and the other two
correspond to the gauche butane conformations. The anti
conformation is the global minimum, meaning it has the
absolute lowest energy of the three possible low-energy
conformations. The differences in the conformational en-
ergies cannot be attributed to steric interactions alone.
Structures with more than one rotatable bond have multi-
ple minima available. Knowing the permissible conforma-
tions available to druglike molecules is important for
design purposes.

A more typical energy diagram is shown in Figure 2.20.
Notice that some of the minima are nearly equivalent, and it
is easy to move from one minimum to another. From energy
diagrams alone, it is difficult to answer the question, which
of the ligand’s low or moderately low conformations fits
onto the receptor? This question can be answered partially
by assuming that lower-energy conformations are more
highly populated and thus more likely to interact with the re-
ceptor. Nevertheless, specific interactions such as hydrogen
bond formation and dipole—dipole interactions can affect the
energy levels of different conformations. Therefore, the
bound conformation of a drug is seldom its lowest-energy
conformation.

Because looking solely at the molecule can lead to am-
biguous conclusions regarding the conformation when
docking at the receptor, this has lead to calculating confor-
mations of the macromolecule that is the receptor and
visualizing the results. A capability that today’s graphics
software is representing molecular structures in many
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Figure 2.20 ® Diagram showing the energy maxima and
minima as two substituted carbons connected by a single
bond are rotated 360 degrees relative to each other.

different ways, depending on the properties one decides to
highlight. Dorzolamide is a good example of a drug that
involved computer-aided drug design (CADD) methods in
its development.?? Figure 2.21 shows a standard represen-
tation of dorzolamide from a molecular modeling software
package. The atoms can be color coded in various ways
according to the different properties that one might want
to highlight. As noted previously, however, it is important
to know the size and shape of the molecule. Various
representations are possible. A convenient visualization
technique is to have the atoms and bonds displayed simul-
taneously with the van der Waals surface represented by
an even distribution of dots. These dot surfaces are con-
venient, in that the atomic connectivity is shown along
with the appropriate size and shape of the molecular
surface. As computer graphics technology has improved,
it has become possible to represent the surface as a
translucent volume, shown in Figure 2.22, in which the

Figure 2.21 ® A computer-generated representation of
dorzolamide. The structure has been energy minimized
using Spartan ‘08.



Figure 2.22 ® The ball-and-stick minimized model is
displayed with superimposed translucent van der Waals
surface showing both atomic connectivity of the
molecular structure and its 3D shape and size.

molecular structure appears to be embedded in a clear gel-
atin material.
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Finally, computer graphics images of drug-receptor in-
teractions, whether taken from x-ray crystal data or in silico
generated, provide insight into the binding interactions, as
shown in Figure 2.23. A full display of all the atomic cen-
ters in a protein structure gives too much detail. Most com-
monly, as shown in Figure 2.23, a ribbon structure traces the
backbone of the protein main chain.?® The Richardson
approach is another commonly used display to highlight
secondary structural features, in which cylinders denote -
helices, arrows denote B-sheets, and tubes are used for coils
and turns.?*

Because drug molecules make contact with solvents and
receptor sites through surface contacts, it is paramount to
have accurate methods to represent molecular surfaces cor-
rectly. Algorithms have been developed for such purposes,
and they continue to be improved. The most straightforward
way to represent a molecular shape is by the so-called van
der Waals surface (Fig. 2.22), in which each constituent
atom contributes its exposed surface to the overall molecu-
lar surface. Each atom is assigned a volume corresponding
to its van der Waals radius, and only the union of atomic
spheres contributes. These van der Waals surfaces have
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Figure 2.23 ® A computer-generated representation of
a thienothipyran-2-sulfonamide bound to the active site
of carbonic anhydrase. Note that the ribbon has been
traced through the protein backbone. Proteins are com-
monly displayed this way.

small crevices and pockets that cannot make contact with
solvent molecules. Another surface, known as the solvent
accessible or Connolly surface, can be generated.25 The al-
gorithm takes the van der Waals surface and rolls a sphere,
having the volume of a water molecule with a radius of 1.4
A, across it. Wherever the sphere makes contact with the
original surface, a new surface is created. This expanded
surface is a more realistic representation of what water mol-
ecules contact. Another similar solvent-accessible surface is
known as the Lee and Richards surface.?® This surface is
constructed in an analogous way, with a sphere rolled over
the van der Waals surface, but the boundary is taken as a
line connecting the center of mass of the sphere from point
to point. Also, it is possible to calculate the solvent excluded
surface. The polar and nonpolar surface areas can be used as
QSAR descriptors, and many computer models for solvation
use solvent-accessible surface areas (SASA). Commonly,
the electrostatic density may be displayed on the surface of
a molecular structure, providing an easily recognized color
coded grid that may be used to infer the complementary
binding functional groups of the putative receptor.

A goal of docking programs is to screen large dataset to
locate compounds that appear to have the atomic structure
and conformation to dock readily at the receptor. Although
there are several software programs available, their ability to
differentiate between known ligands and decoys has not
reached a level that this approach to searching databases has
become standard. In other words, the programs will selected
valid ligands and show them docking accordingly with the
receptor, but they also docked the decoys and also usually
do a poor job of predicting ligand binding affinity.?”*® So
challenging is this problem that a database of docking de-
coys has been created.”®
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Three-Dimensional Quantitative
Structure-Activity Relationships

With molecular modeling becoming more common, the
QSAR paradigm that traditionally used physicochemical de-
scriptors on a two-dimensional molecule can be adapted to
3D space. Essentially, the method requires knowledge of the
3D shape of the molecule. Accurate modeling of the mole-
cule is crucial. A reference (possibly the prototype molecule)
or shape is selected against which all other molecules are
compared. The original method called for overlapping the
test molecules with the reference molecule and minimizing
the differences in overlap. Then, distances were calculated
between arbitrary locations on the molecule. These distances
were used as variables in QSAR regression equations.
Although overlapping rigid ring systems such as tetracy-
clines, steroids, and penicillins are relatively easy, flexible
molecules can prove challenging. Examine the following hy-
pothetical molecule. Depending on the size of the various R
groups and the type of atom represented by X, a family of
compounds represented by this molecule could have various
conformations. Even when the conformations might be
known with reasonable certainty, the reference points crucial
for activity must be identified. Is the overlap involving the
tetrahedral carbon important for activity? Or should the five-
membered ring provide the reference points? And which way
should it be rotated? Assuming that Ry, is an important part of
the pharmacophore, should the five-membered ring be ro-
tated so that Ry, is pointed down or up? These are not trivial
questions, and successful 3D-QSAR studies have depended
on just how the investigator positions the molecules relative
to each other. There are several instances in which appar-
ently very similar structures have been shown to bind to a
given receptor in different orientations.

R
~ /€
cl R, O=¢
ne\ e
/
CH, X\
Rb/Q
Rqg

There are various algorithms for measuring the degree of
conformational and shape similarities, including molecular
shape analysis (MSA),*” distance geometry,®' and molecu-
lar similarity matrices.>>** Many of the algorithms use
graph theory, in which the bonds that connect the atoms of
a molecule can be thought of as paths between specific
points on the molecule. Molecular connectivity is a com-
monly used application of graph theory.*-¢

Besides comparing how well a family of molecules
overlaps with a reference molecule, there are sophisticated
software packages that determine the physicochemical pa-
rameters located at specific distances from the surface of the
molecule. An example of this approach is comparative mo-
lecular field analysis (CoMFA).*”*® The hypothetical mole-
cule is placed in a grid (Fig. 2.24) and its surface sampled at
a specified distance. The parameter types include steric,
Lennard-Jones potentials and other quantum chemical pa-
rameters, electrostatic and steric parameters, and partition
coefficients. The result is thousands of independent vari-
ables. Standard regression analysis requires that the dimen-
sionality be reduced and rigorous tests of validity be used.
Partial least squares (PLS) has been the most common
statistical method used. Elegant as the CoMFA algorithm
is for explaining ligand—-receptor interactions for a set of
molecules, the method alone does not readily point the

Figure 2.24 ® Molecule situated in a
CoMFA grid.




investigator toward the next molecule that should be synthe-
sized. To get around the problem of strict alignment of one
particular conformation with another, there are methods that
sample several possible conformations of a set of possible
ligands. This is called 4D-QSAR.*

The CoMFA methodology is used in similarity analyses
comparing molecular conformers’ ability to bind to a recep-
tor. This is called comparative molecular similarity indices
analysis or CoOMSIA.*° It is similar to CoMFA in that the
molecules are aligned in a grid, but differs in the type of in-
dices or descriptors with Gaussian functions producing de-
scriptors that describe binding to the receptor being the
most useful.

Database Searching and Mining

As pointed out previously, receptors can be isolated and
cloned. This means that it is possible to determine their
structures. Most are proteins and that means having to deter-
mine their amino acid sequence. This can be done either by
degrading the protein or by obtaining the nucleotide se-
quence of the structural gene coding for the receptor and
using the triplet genetic code to determine the amino acid
sequence. The parts of the receptor that bind the drug (lig-
and) can be determined by site-directed mutagenesis. This
alters the nucleotide sequence at specific points on the gene
and, therefore, changes specific amino acids. Also, keep in
mind that many enzymes become receptors when the goal is
to alter their activity. Examples of the latter include acetyl-
cholinesterase, monoamine oxidase, HIV protease, rennin,
ACE, and tetrahydrofolate reductase.

The starting point is a database of chemical structures.
They may belong to large pharmaceutical or agrochemical
firms that literally have synthesized the compounds in the
database and have them sitting on the shelf. Alternatively,
the database may be constructed so that several different
chemical classes and substituent patterns are represented.
(See discussion of isosterism in the next section.) The first
step is to convert the traditional or historical two-
dimensional molecules into 3D structures whose intramole-
cular distances are known. Keeping in mind the problems of
finding the “correct” conformation for flexible molecule,
false hits and misses might result from the search. Next, the
dimensions of the active site must be determined. Ideally,
the receptor has been crystallized, and from the coordinates,
the intramolecular distances between what are assumed to
be key locations are obtained. If the receptor cannot be
crystallized, there are methods for estimating the 3D shape
based on searching crystallographic databases and matching
amino acid sequences of proteins whose tertiary structure
has been determined.

Fortunately, the crystal structures of literally thousands
of proteins have been determined, and their structures have
been stored in the Brookhaven Protein Databank. It is now
known that proteins with similar functions have similar
amino acid sequences in various regions of the protein.
These sequences tend to show the same shapes in terms of
a-helix, parallel and antiparallel B-pleated forms, turns in
the chain, etc. Using this information plus molecular
mechanics parameters, the shape of the protein and the di-
mensions of the active site can be estimated. Figure 2.25
contains the significant components of a hypothetical ac-
tive site. Notice that four amino acid residues at positions
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Phe
/147

Lys
102

Figure 2.25 ® Diagram of a hypothetical receptor site,
showing distances between functional groups.

25,73, 102, and 147 have been identified as important ei-
ther for binding the ligand to the site or for the receptor’s
intrinsic activity. Keep in mind that Figure 2.25 is a two-
dimensional representation of a 3D image. Therefore, the
distances between amino acid residues must take into ac-
count the fact that each residue is above or below the
planes of the other three residues. For an artificial ligand to
“dock,” or fit into the site, six distances must be consid-
ered: (a) Lys—Glu, (b) Glu-Phe, (c) Phe—Ser, (d) Ser—Lys,
(e) Glu—Phe, and (f) Lys—Phe. In reality, not all six dis-
tances may be important. In selecting potential ligands,
candidates might include a positively charged residue
(protonated amine), aromatic ring, hydrogen bond donor or
acceptor (hydroxy, phenol, amine, nitro), and hydrogen
bond acceptor or a negatively charged residue (carboxyl-
ate) that will interact with the aspartate, phenylalanine,
serine, and lysine residues, respectively. A template is con-
structed containing the appropriate residues at the proper
distances with correct geometries, and the chemical data-
base is searched for molecules that fit the template. A de-
gree of fit or match is obtained for each “hit.” Their bio-
logical responses are obtained, and the model for the
receptor is further refined. New, better-defined ligands
may be synthesized.

In addition to the interatomic distances, the chemical
databases will contain important physicochemical values in-
cluding partition coefficients, electronic terms, molar refrac-
tivity, pK,’s, solubilities, and steric values. Arrangements of
atoms may be coded by molecular connectivity or other
topological descriptors. The result is a “flood of data” that
requires interpretation, large amounts of data storage, and
rapid means of analysis. Compounds usually must fit within
defined limits that estimate ADME.

Chemical databases can contain hundreds of thousands
of molecules that could be suitable ligands for a receptor.
But, no matter how good the fit is to the receptor, the candi-
date molecule is of no use if the absorption is poor or if the
drug is excreted too slowly from the body. An analysis of
2,245 drugs has led to a set of “rules” called the Lipinski
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Rule of Five.**** A candidate molecule is more likely to
have poor absorption or permeability if:

1. The molecular weight exceeds 500.

2. The calculated octanol/water partition coefficient ex-
ceeds 5.

3. There are more than 5 H-bond donors expressed as the
sum of O—H and N-H groups.

4. There are more than 10 H-bond acceptors expressed as
the sum of N and O atoms.

Because of misses when searching or mining databases,
there have been two suggested changes. The first of these is
to take into account the fact that many compounds will be
significantly ionized at physiological pH and, therefore, use
the distribution coefficient log D with an upper limit of 5.5
rather than a log P of 5.** Similar results have been found
when evaluating herbicides and pesticides.** A second sug-
gested modification of the Rule of Five gives specific ranges
for log P, molar refractivity, molecular weight and number
of atoms (Table 2.10).*

The rapid evaluation of large numbers of molecules is
sometimes called high-throughput screening (Fig. 2.26).
The screening can be in vitro, often measuring how well the
tested molecules bind to cloned receptors or enzyme active
sites. Robotic devices are available for this testing. Based on
the results, the search for viable structures is narrowed, and
new compounds are synthesized. The criteria for activity
will be based on structure and physicochemical values.
QSAR, including 3D-QSAR, models can be developed to
aid in designing new active ligands.

Alternatively, the search may be virtual. Again starting
with the same type of database and the dimensions of the
active site, the ability of the compounds in the database to fit
or bind is estimated. The virtual receptor will include both its
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TABLE 2.10 Suggested Modifications to the Lipinski
Rule of Five

Druglike Preferred

Range Range Mean
Log P —0.4-5.6 1.3-4.1 2.3
Molar Refractivity 40-130 70-110 97
Molecular Weight 160-480 230-390 360
No. of Atom 20-70 30-55 48

Source: Ghose, A. K., Viswanadhan, V. N., and Wendoloski, J. J.: J. Comb.
Chem. 1:55, 1999.

dimensions and physicochemical characteristic. Keeping in
mind that the receptor is a protein, there will be hydrogen
bond acceptors and donors (serine, threonine, tyrosine), posi-
tively and negatively charged side chains (lysine, histidine,
glutamic acid, aspartic acid), nonpolar or hydrophobic side
chains (leucine, isoleucine, valine, alanine), and induced
dipoles (phenylalanine, tyrosine). The type of groups that will
be attracted or repulsed by the type of amino acid side chain
is coded into the chemical database. The virtual screening will
lead to development of a refined model for good binding, and
the search is repeated. When the model is considered valid, it
must be tested by actual screening in biological test systems
and by synthesizing new compounds to test its validity.

Another approach to searching a database of compounds
is the use of the chemical fragments described earlier.
There is ongoing debate regarding what type of fragments
will result in the most Aits. Nevertheless, there now are
fragment libraries constructed around the range of the frag-
ments’ physicochemical properties, solubilities, molecular
diversity, and drug likeness based on their presence in ex-
isting compounds.*®

Chemical tested
in an in vitro or
biological system

Target Receptor

Enzyme Active Site

Evaluation done
entirely by computer

Chemical Structure
Database
(includes descriptors)

Chemical Structure
Database
(includes descriptors)

N

Refine Model

j/

High-Throughput
Screening

Virtual Screening

Assay

(in vitro or virtual)

Results

Figure 2.26 ® High-throughput screening.



Isosterism

In the process of designing new pharmacologically active
compounds or searching databases, it is important to not re-
strict the definition of the structures to specific atoms. An im-
portant concept is isosterism, a term that has been used widely
to describe the selection of structural components—the steric,
electronic, and solubility characteristics that make them inter-
changeable in drugs of the same pharmacological class. The
concept of isosterism has evolved and changed significantly
in the years since its introduction by Langmuir in 1919.%’
Langmuir, while seeking a correlation that would explain
similarities in physical properties for nonisomeric molecules,
defined isosteres as compounds or groups of atoms having the
same number and arrangement of electrons. Isosteres that
were isoelectric (i.e., with the same total charge as well as the
same number of electrons) would possess similar physical
properties. For example, the molecules N, and CO both pos-
sess 14 total electrons and no charge and show similar physi-
cal properties. Related examples described by Langmuir were
CO,, N,O, N; 7, and NCO™ (Table 2.11).

With increased understanding of the structures of mole-
cules, less emphasis has been placed on the number of elec-
trons involved, because variations in hybridization during
bond formation may lead to considerable differences in the
angles, lengths, and polarities of bonds formed by atoms with
the same number of peripheral electrons. Even the same atom
may vary widely in its structural and electronic characteristics
when it forms part of a different functional group. Thus, ni-
trogen is part of a planar structure in the nitro group but forms
the apex of a pyramidal structure in ammonia and amines.

Groups of atoms that impart similar physical or chemical
properties to a molecule because of similarities in size, elec-
tronegativity, or stereochemistry are now frequently referred
to by the general term of isostere. The early recognition that
benzene and thiophene were alike in many of their properties
(Fig. 2.27) led to the term ring equivalents for the vinylene
group (—CH=—=CH—) and divalent sulfur (—S—). This con-
cept has led to replacement of the sulfur atom in the phenothi-
azine ring system of tranquilizing agents with the vinylene

benzene
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TABLE 2.11 Commonly Used Alicyclic Chemical Isosteres

A. Univalent atoms and groups

(1) —CHs —NH, —OH —F —l
2) —dl —SH
(3) —Br —i—Pr
B. Bivalent atoms and groups
(1) —CH— —NH— —O0— —S5—
(2) —COCH,R —CONHR
(3) —CO;R —COSR
C. Trivalent atoms and groups
(1) —CH= —N=

Source: Silverman, R. B.: The Organic Chemistry of Drug Design and Drug
Action. New York, Academic Press, 1992.

group to produce the dibenzodiazepine class of antidepres-
sant drugs. The vinylene group in an aromatic ring system
may be replaced by other atoms isosteric to sulfur, such as
oxygen (furan) or NH (pyrrole); however, in such cases, aro-
matic character is significantly decreased (Fig. 2.27).

Examples of isosteric pairs that possess similar steric and
electronic configurations are the carboxylate (COO™) and
sulfonamide (SO,NR™) ions; ketone (C=0) and sulfone
(O=S=0); chloride (Cl") and trifluoromethyl (CF3); hy-
drogen (—H) and fluorine (—F); hydroxy (—OH) and amine
(—NH,); hydroxy (—OH) and thiol (—SH). Divalent ether
(—0—), sulfide (—S—), amine (—NH—), and methylene
(—CH,—) groups, although dissimilar electronically, are
sufficiently alike in their steric nature to be frequently inter-
changeable in designing new drugs.*®

Compounds may be altered by isosteric replacements of
atoms or groups, to develop analogs with select biological
effects or to act as antagonists to normal metabolites. Each
series of compounds showing a specific biological effect
must be considered separately, because there are no general
rules that predict whether biological activity will be in-
creased or decreased. Some examples of this type follow.

When a group is present in a part of a molecule in which it
may be involved in an essential interaction or may influence

ofsXsls

pyridine thiophene furan pyrrole

00 QO

cyclopentane

CLC

phenothiazine

Figure 2.27 ® Examples of isosteric ring
systems.

tetrahydrothiophene

tetrahydrofuran pyrrolidine

N—
b
H

dibenzodiazepine
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Figure 2.28 ® Examples of how isosterism produces drugs that inhibit the activity of

the native metabolite.

the reactions of neighboring groups, isosteric replacement
sometimes produces analogs that act as antagonists. The 6-
NH, and 6-OH groups appear to play essential roles in the hy-
drogen-bonding interactions of base pairs during nucleic acid
replication in cells (Fig. 2.28). Adenine, hypoxanthine and the
antineoplastic 6-mercaptopurine illustrate how substitution of
the significantly weaker hydrogen-bonding isosteric
sulfhydryl groups results in a partial blockage of this interac-
tion and a decrease in the rate of cellular synthesis. Similarly,
replacement of the hydroxyl group of pteroylglutamic
acid (folic acid) by the isosteric amino group and addition of
the methyl group to the p-aminobenzoate leads to the widely
used methotrexate, a folate antimetabolite. Replacement of
the hydrogen at the 5-position of uracil with the isosteric flu-
orine producing 5-fluorouracil blocks the methylation step
leading to thymine.

As a better understanding of the nature of the interac-
tions between drug-metabolizing enzymes and biological
receptors develops, selection of isosteric groups with
particular electronic, solubility, and steric properties
should permit the rational preparation of drugs that act
more selectively. At the same time, results obtained by the
systematic application of the principles of isosteric re-
placement are aiding in the understanding of the nature of
these receptors.

Are There Drugs Developed Using the
Newer Computer-Aided Drug Design
Methods?

The same question asked in the discussion of QSAR must be
asked regarding the newer CADD methods. Are their com-
mercial products that were discovered using these techniques?

Here, the answer is yes. The example of dorzolamide is one.
Others include the ACE-inhibitor captopril and HIV protease
inhibitors nelfinavir and amprenavir. In reality, modern
CADD is used in combination with structure-based drug de-
sign and QSAR. These methods permit the medicinal chemist
to focus more quickly on the structural components that en-
hance activity and provide receptor specificity.**->°

) SELECTED WEB PAGES

The field of drug design, particularly those aspects that are
computer intensive, is increasingly being featured on Web
pages. Faculty and students might find it instructive to
search the Web at regular intervals. Many university chem-
istry departments have organized Web pages that provide
excellent linkages. Listed are a small number of representa-
tive sites that feature drug design linkages. Some have ex-
cellent illustrations. These listings should not be considered
any type of endorsement by the author, editors, or publisher.
Indeed, some of these sites may disappear.

http://www.nih.gov/

(Search terms: QSAR; molecular modeling)
http://www.cooper.edu/engineering/chemechem/monte.html
http://www.clunet.edu/BioDev/omm/gallery.htm
http://www.netsci.org/Science/Compchem/feature19.html
http://www.pomona.edu/

(Search terms: QSAR; medicinal chemistry)
http://www.umass.edu/microbio/rasmol/index2.htm
http://www.webmo.net/
http://www.molinspiration.com/cgi-bin/properties
http://www.pharma-algorithms.com/webboxes/


http://www.nih.gov/
http://www.cooper.edu/engineering/chemechem/monte.html
http://www.clunet.edu/BioDev/omm/gallery.htm
http://www.netsci.org/Science/Compchem/feature19.html
http://www.pomona.edu/
http://www.umass.edu/microbio/rasmol/index2.htm
http://www.webmo.net/
http://www.molinspiration.com/cgi-bin/properties
http://www.pharma-algorithms.com/webboxes/
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® REVIE W Q UESTI ONS @&

. Name at least two ways that a drug’s pharmacological

half-life may be shortened following administration.

. Define conjugate acid and conjugate base.

. Estimate the percent ionization of acetic acid (pK, 4.8) at

pH 3.8 and at pH 5.8.

. Would you expect selegiline to be more water soluble or

insoluble at physiological pH. (Look up selegiline’s pK,
in the Appendix.)

5. What does each of the following acronyms represent?
QSAR, CADD, CoMFA, CoMSIA, Log P, Log D, HTS

6. Rank order the following bond types from weakest to
strongest: van der Waals, covalent, hydrogen, ionic,
dipole—dipole.

7. What is Lipinski Rule of Five? Give one application
where it can be applied.
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CHAPTER 3

Metabolic Changes of Drugs and
Related Organic Compounds

STEPHEN J. CUTLER AND JOHN H. BLOCK

CHAPTER OVERVIEW
Metabolic Changes of Drugs and Related Organic
Compounds describes the human metabolic processes of
various functional groups found in therapeutic agents. The
importance of a chapter on metabolism lies in the fact that
drug interactions are based on these processes. For phar-
macists to be good practitioners, it is necessary for them to
understand why certain drugs are contraindicated with
other drugs. This chapter attempts to describe the various
phases of drug metabolism, the sites where these biotrans-
formations will occur, the role of specific enzymes, metab-
olism of specific functional groups, and several examples
of the metabolism of currently used therapeutic agents.

Metabolism plays a central role in the elimination of
drugs and other foreign compounds (xenobiotics) from the
body. A solid understanding of drug metabolic pathways is
an essential tool for pharmacists in their role of selecting
and monitoring appropriate drug therapy for their patients.
Most organic compounds entering the body are relatively
lipid soluble (lipophilic). To be absorbed, they must tra-
verse the lipoprotein membranes of the lumen walls of the
gastrointestinal (GI) tract. Then, once in the bloodstream,
these molecules can diffuse passively through other mem-
branes and be distributed effectively to reach various tar-
get organs to exert their pharmacological actions. Because
of reabsorption in the renal tubules, lipophilic compounds
are not excreted to any substantial extent in the urine.
Xenobiotics then meet their metabolic fate through various
enzyme systems that change the parent compound to ren-
der it more water soluble (hydrophilic). Once the metabo-
lite is sufficiently water soluble, it may be excreted from
the body. The previous statements show that a working
knowledge of the ADME (absorption, distribution, metab-
olism, and excretion) principles is vital for successful de-
termination of drug regimens.

If lipophilic drugs, or xenobiotics, were not metabolized
to polar, readily excretable water-soluble products, they
would remain indefinitely in the body, eliciting their biolog-
ical effects. Thus, the formation of water-soluble metabo-
lites not only enhances drug elimination, but also leads to
compounds that are generally pharmacologically inactive
and relatively nontoxic. Consequently, drug metabolism re-
actions have traditionally been regarded as detoxication (or
detoxification) processes.! Unfortunately, it is incorrect to
assume that drug metabolism reactions are always detoxify-
ing. Many drugs are biotransformed to pharmacologically
active metabolites. These metabolites may have significant

activity that contributes substantially to the pharmacologi-
cal or toxicological effect(s) ascribed to the parent drug.
Occasionally, the parent compound is inactive when admin-
istered and must be metabolically converted to a biologi-
cally active drug (metabolite).>> These types of compounds
are referred to as prodrugs. In addition, it is becoming
increasingly clear that not all metabolites are nontoxic.
Indeed, many adverse effects (e.g., tissue necrosis, carcino-
genicity, teratogenicity) of drugs and environmental con-
taminants can be attributed directly to the formation of
chemically reactive metabolites that are highly detrimental
to the body.*® This concept is more important when the
patient has a disease state that inhibits or expedites xenobi-
otic metabolism. Also, more and more drug metabolites are
being found in our sewage systems. These compounds may
be nontoxic to humans but harmful to other animals or the
environment.

© GENERAL PATHWAYS OF DRUG
METABOLISM

Drug metabolism reactions have been divided into two
categories: phase I (functionalization) and phase II
(conjugation) reactions.'” Phase I, or functionalization
reactions, include oxidative, reductive, and hydrolytic
biotransformations (Table 3.1).> The purpose of these
reactions is to introduce a functional polar group(s) (e.g.,
OH, COOH, NH,, SH) into the xenobiotic molecule to pro-
duce a more water-soluble compound. This can be achieved
by direct introduction of the functional group (e.g., aro-
matic and aliphatic hydroxylation) or by modifying or “un-
masking” existing functionalities (e.g., reduction of ketones
and aldehydes to alcohols; oxidation of alcohols to acids;
hydrolysis of ester and amides to yield COOH, NH,, and
OH groups; reduction of azo and nitro compounds to give
NH, moieties; oxidative N-, O-, and S-dealkylation to give
NH,, OH, and SH groups). Although phase I reactions may
not produce sufficiently hydrophilic or inactive metabo-
lites, they generally tend to provide a functional group or
“handle” on the molecule that can undergo subsequent
phase II reactions.

The purpose of phase II reactions is to attach small,
polar, and ionizable endogenous compounds such as gluc-
uronic acid, sulfate, glycine, and other amino acids to the
functional handles of phase I metabolites or parent com-
pounds that already have suitable existing functional
groups to form water-soluble conjugated products.
Conjugated metabolites are readily excreted in the urine

43
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TABLE 3.1 General Summary of Phase | and Phase Il
Metabolic Pathways

Phase | or Functionalization Reactions

Oxidative Reactions
Oxidation of aromatic moieties
Oxidation of olefins
Oxidation at benzylic, allylic carbon atoms, and carbon
atoms a to carbonyl and imines
Oxidation at aliphatic and alicyclic carbon atoms
Oxidation involving carbon-heteroatom systems:
Carbon-nitrogen systems (aliphatic and aromatic amines;
includes N-dealkylation, oxidative deamination, N-oxide
formation, N-hydroxylation)
Carbon-oxygen systems (O-dealkylation)
Carbon-sulfur systems (S-dealkylation, S-oxidation, and
desulfuration)
Oxidation of alcohols and aldehydes
Other miscellaneous oxidative reactions

Reductive Reactions

Reduction of aldehydes and ketones
Reduction of nitro and azo compounds
Miscellaneous reductive reactions

Hydrolytic Reactions
Hydrolysis of esters and amides
Hydration of epoxides and arene oxides by epoxide hydrase

Phase Il or Conjugation Reactions

Glucuronic acid conjugation

Sulfate conjugation

Conjugation with glycine, glutamine, and other amino acids
Glutathione or mercapturic acid conjugation

Acetylation

Methylation

and are generally devoid of pharmacological activity and
toxicity in humans. Other phase II pathways, such as
methylation and acetylation, terminate or attenuate biolog-
ical activity, whereas glutathione (GSH) conjugation pro-
tects the body against chemically reactive compounds or
metabolites. Thus, phase I and phase II reactions comple-

H,Cj
3\10\'_'0
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H3C\i\O
CH

7-Hydroxy-A'-THC

ment one another in detoxifying, and facilitating the elim-
ination of, drugs and xenobiotics.

To illustrate, consider the principal psychoactive con-
stituent of marijuana, A°-tetrahydrocannabinol (A°-THC, also
known as A'-THC, depending on the numbering system
being used). This lipophilic molecule (octanol/water partition
coefficient ~6,000)? undergoes allylic hydroxylation to give
11-hydroxy-A°-THC in humans.'®!" More polar than its par-
ent compound, the 11-hydroxy metabolite is further oxidized
to the corresponding carboxylic acid derivative A°>-THC-11-
oic acid, which is ionized (pK, COOH ~5) at physiological
pH. Subsequent conjugation of this metabolite (either at the
COOH or phenolic OH) with glucuronic acid leads to water-
soluble products that are readily eliminated in the urine.'?

In the series of biotransformations, the parent A°>-THC
molecule is made increasingly polar, ionizable, and hy-
drophilic. The attachment of the glucuronyl moiety (with its
ionized carboxylate group and three polar hydroxyl groups;
see structure) to the A’-THC metabolites notably favors par-
titioning of the conjugated metabolites into an aqueous
medium. This is an important point in using urinalysis to
identify illegal drugs.

The purpose of this chapter is to provide students with a
broad overview of drug metabolism. Various phase I and
phase II biotransformation pathways (see Table 3.1) are out-
lined, and representative drug examples for each pathway
are presented. Drug metabolism examples in humans are
emphasized, although discussion of metabolism in other
mammalian systems is necessary. The central role of the cy-
tochrome P450 (CYP) monooxygenase system in oxidative
drug biotransformation is elaborated. Discussion of other
enzyme systems involved in phase I and phase II reactions
is presented in their respective sections. In addition to
stereochemical factors that may affect drug metabolism, bi-
ological factors such as age, sex, heredity, disease state, and
species variation are considered. The effects of enzyme in-
duction and inhibition on drug metabolism and a section on
pharmacologically active metabolites are included.

COOH
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Where R = OH
OH
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© SITES OF DRUG BIOTRANSFORMATION

Although biotransformation reactions may occur in many
tissues, the liver is, by far, the most important organ in drug
metabolism and detoxification of endogenous and exoge-
nous compounds.'® Another important site, especially for
orally administered drugs, is the intestinal mucosa. The
latter contains the CYP3A4 isozyme (see discussion on
cytochrome nomenclature) and P-glycoprotein that can cap-
ture the drug and secrete it back into the intestinal tract. In
contrast, the liver, a well-perfused organ, is particularly rich
in almost all of the drug-metabolizing enzymes discussed in
this chapter. Orally administered drugs that are absorbed
into the bloodstream through the GI tract must pass through
the liver before being further distributed into body compart-
ments. Therefore, they are susceptible to hepatic metabo-
lism known as the first-pass effect before reaching the sys-
temic circulation. Depending on the drug, this metabolism
can sometimes be quite significant and results in decreased
oral bioavailability. For example, in humans, several drugs
are metabolized extensively by the first-pass effect.'* The
following list includes some of those drugs:

Isoproterenol Morphine Propoxyphene
Lidocaine Nitroglycerin Propranolol
Meperidine Pentazocine Salicylamide

Some drugs (e.g., lidocaine) are removed so effectively
by first-pass metabolism that they are ineffective when
given orally."> Nitroglycerin is administered buccally to
bypass the liver.

Because most drugs are administered orally, the intestine
appears to play an important role in the extrahepatic metab-
olism of xenobiotics. For example, in humans, orally admin-
istered isoproterenol undergoes considerable sulfate conju-
gation in the intestinal wall.'® Several other drugs (e.g.,
levodopa, chlorpromazine, and diethylstilbestrol)!” are also
reportedly metabolized in the GI tract. Esterases and lipases
present in the intestine may be particularly'® important in
carrying out hydrolysis of many ester prodrugs (see
“Hydrolytic Reactions”). Bacterial flora present in the intes-
tine and colon appear to play an important role in the reduc-
tion of many aromatic azo and nitro drugs (e.g., sul-
fasalazine).'”?® Intestinal B-glucuronidase enzymes can
hydrolyze glucuronide conjugates excreted in the bile,
thereby liberating the free drug or its metabolite for possible
reabsorption (enterohepatic circulation or recycling).?!

Although other tissues, such as kidney, lungs, adrenal
glands, placenta, brain, and skin, have some drug-
metabolizing capability, the biotransformations that they
carry out are often more substrate selective and more
limited to particular types of reaction (e.g., oxidation, glu-
curonidation).?? In many instances, the full metabolic ca-
pabilities of these tissues have not been explored fully.

© ROLE OF CYTOCHROME P450
MONOOXYGENASES IN OXIDATIVE
BIOTRANSFORMATIONS

Of the various phase I reactions that are considered in this
chapter, oxidative biotransformation processes are, by far,
the most common and important in drug metabolism. The

TABLE 3.2 Cytochrome P450 Enzymes Nomenclature

CYP-Arabic Number-Capital Letter-Arabic Number

1. CYP: Cytochrome P450 enzymes
2. Arabic number: Family (CYP1, CYP2, CYP3, etc.)

Must have more than 40% identical amino acid sequence
3. Capital letter: Subfamily (CYP1A, CYP2C, CYP3A, etc.)
Must have more than 55% identical amino acid sequence

4. Arabic number: Individual enzyme in a subfamily
(CYP1A2, CYP2C9, CYP2D6, CYP2E1, CYP3A4, etc.)

Identity of amino acid sequences can exceed 90%

general stoichiometry that describes the oxidation of many
xenobiotics (R-H) to their corresponding oxidized metabo-
lites (R-OH) is given by the following equation:**

RH + NADPH + O, + H" ROH + NADP* + H,0

The enzyme systems carrying out this biotransformation
are referred to as mixed-function oxidases or monooxygen-
ases.>** There is a large family that carry out the same
basic chemical reactions. Their nomenclature is based on
amino acid homology and is summarized in Table 3.2.
There are four components to the name. CYP refers to the
cytochrome system. This is followed by the Arabic number
that specifies the cytochrome family (CYP1, CYP2, CYP3,
etc.). Next is a capital letter that represents the subfamily
(CYPIA, CYPI1B, CYP2A, CYP2B, CYP3A, CYP3B, etc.).
Finally, the cytochrome name ends with another Arabic
number that specifies the specific enzyme responsible for a
particular reaction (CYP1A2, CYP2C9, CYP2CI9,
CYP3A4, etc.).

The reaction requires both molecular oxygen and the re-
ducing agent NADPH (reduced form of nicotinamide adeno-
sine dinucleotide phosphate). During this oxidative process,
one atom of molecular oxygen (O5) is introduced into the sub-
strate R-H to form R-OH and the other oxygen atom is incor-
porated into water. The mixed-function oxidase system?® is
actually made up of several components, the most important
being the superfamily of CYP enzymes (currently at 57 genes
[http://drnelson.utmem.edu/CytochromeP450.html]), which
are responsible for transferring an oxygen atom to the sub-
strate R-H. Other important components of this system
include the NADPH-dependent CYP reductase and the
NADH-linked cytochrome bs. The latter two components,
along with the cofactors NADPH and NADH, supply the
reducing equivalents (electrons) needed in the overall
metabolic oxidation of foreign compounds. The proposed
mechanistic scheme by which the CYP monooxygenase
system catalyzes the conversion of molecular oxygen to an
“activated oxygen” species is elaborated below.

The CYP enzymes are heme proteins.?’” The heme por-
tion is an iron-containing porphyrin called protoporphyrin
IX, and the protein portion is called the apoprotein. CYP is
found in high concentrations in the liver, the major organ in-
volved in the metabolism of xenobiotics. The presence of
this enzyme in many other tissues (e.g., lung, kidney, intes-
tine, skin, placenta, adrenal cortex) shows that these tissues
have drug-oxidizing capability too. The name cyfochrome
P450 is derived from the fact that the reduced (Fe®™)
form of this enzyme binds with carbon monoxide to form a
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complex that has a distinguishing spectroscopic absorption
maximum at 450 nm.?8

One important feature of the hepatic CYP mixed-
function oxidase system is its ability to metabolize an al-
most unlimited number of diverse substrates by various
oxidative transformations.?® This versatility is believed to
be a result of the substrate nonspecificity of CYP as well
as the presence of multiple forms of the enzyme.*® Some
of these P450 enzymes are selectively inducible by various
chemicals (e.g., phenobarbital, benzo[a]pyrene, 3-methyl-
cholanthrene).>! One of these inducible forms of the en-
zyme (cytochrome P448)3? is of particular interest and is
discussed later in this section.

The CYP monooxygenases are located in the endoplas-
mic reticulum, a highly organized and complex network
of intracellular membranes that is particularly abundant in
tissues such as the liver.>®> When these tissues are dis-
rupted by homogenization, the endoplasmic reticulum
loses its structure and is converted into small vesicular
bodies known as microsomes. Mitochondria house many
of the cytochrome enzymes that are responsible for the
biosynthesis of steroidal hormones and metabolism of cer-
tain vitamins.

Microsomes isolated from hepatic tissue appear to re-
tain all of the mixed-function oxidase capabilities of intact
hepatocytes; because of this, microsomal preparations
(with the necessary cofactors, e.g., NADPH, Mg”) are
used frequently for in vitro drug metabolism studies.
Because of its membrane-bound nature, the CYP
monooxygenase system appears to be housed in a lipoidal
environment. This may explain, in part, why lipophilic

Oxidized Product

R-OH [P-450 (Fet?)]

[P-450 (Fe*3)] [RH]

l

[0}
Proposed ““Activated Oxygen'’ Species

H, 0

2Ht

[P-450 (Fe*?)] [R-H]

02=

xenobiotics are generally good substrates for the
monooxygenase system.>*

The catalytic role that the CYP monooxygenase system
plays in the oxidation of xenobiotics is summarized in the
cycle shown in Figure 3.1.>737 The initial step of this
catalytic reaction cycle starts with the binding of the
substrate to the oxidized (Fe*") resting state of CYP to form
a P450-substrate complex. The next step involves the
transfer of one electron from NADPH-dependent CYP re-
ductase to the P450-substrate complex. This one-electron
transfer reduces Fe®' to Fe?". It is this reduced (Fe?™)
P450-substrate complex that is capable of binding dioxygen
(O,). The dioxygen—P450-substrate complex that is formed
then undergoes another one-electron reduction (by CYP
reductase-NADPH and/or cytochrome bs reductase-NADH)
to yield what is believed to be a peroxide dianion—P450
(Fe’*)-substrate complex. Water (containing one of the
oxygen atoms from the original dioxygen molecule) is
released from the latter intermediate to form an activated
oxygen—P450-substrate complex (Fig. 3.2). The activated
oxygen [FeO]*" in this complex is highly electron deficient
and a potent oxidizing agent. The activated oxygen is trans-
ferred to the substrate (R-H), and the oxidized substrate
product (R-OH) is released from the enzyme complex to re-
generate the oxidized form of CYP.

The key sequence of events appears to center around the
alteration of a dioxygen—P450-substrate complex to an acti-
vated oxygen—P450-substrate complex, which can then ef-
fect the critical transfer of oxygen from P450 to the sub-
strate.>’>® In view of the potent oxidizing nature of the
activated oxygen being transferred, it is not surprising CYP

Substrate
R-H

[P-450 (Fe*3)] [RH]

e~ (NADPH)
Cytochrome P-450 Reductase

co
[P-450 (Fe*?)] [RH] ————> [P-450 (Fe*?)] [RH]

co

chromophore
0, absorbs at
450 nm

[P-450 (Fe*?)] [RH]

0,

e” (NADPH or NADH)
Cytochrome P-450 Reductase
or Cytochrome bs Reductase

Figure 3.1 ® Proposed catalytic reaction cycle involving cytochrome P450 in the

oxidation of xenobiotics.
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] Simplified
apoprotein portion

Figure 3.2 ® Simplified depiction of the
proposed activated oxygen-cytochrome
P450-substrate complex. Note the
simplified apoprotein portion and the
heme (protoporphyrin IX) portion or

Heme (protoporphyrin I X) portion
with “Activated Oxygen’’

(0]

4,_H—_R_/—

cytochrome P450 and the proximity of
the substrate R-H undergoing oxidation.

Substrate binding site

can oxidize numerous substrates. The mechanistic details of
oxygen activation and transfer in CYP-catalyzed reactions
continue to be an active area of research in drug metabo-
lism.** The many types of oxidative reaction carried out by
CYP are enumerated in the sections below. Many of these
oxidative pathways are summarized schematically in
Figure 3.3 (see also Table 3.1).%

The versatility of CYP in carrying out various oxida-
tion reactions on a multitude of substrates may be attrib-
uted to the multiple forms of the enzyme. Consequently,
students must realize that the biotransformation of a par-
ent xenobiotic to several oxidized metabolites is carried
out not just by one form of P450 but, more likely, by sev-
eral different forms. Extensive studies indicate that the
apoprotein portions of various CYPs differ from one an-
other in their tertiary structure (because of differences in
amino acid sequence or the makeup of the polypeptide
chain).?”3%-39-4! Because the apoprotein portion is impor-
tant in substrate binding and catalytic transfer of activated

Arenols Arene Oxides

aliphatic, etc.)

OH 0
- Epoxides |
@ /O\ —C—OH
Cc—C |

oxygen, these structural differences may account for some
substrates being preferentially or more efficiently oxi-
dized by one particular form of CYP. Finally, because of
the enormous number of uncommon reactions that are cat-
alyzed by P450, the reader is directed to other articles of
interest.*?

© OXIDATIVE REACTIONS

Oxidation of Aromatic Moieties

Aromatic hydroxylation refers to the mixed-function oxida-
tion of aromatic compounds (arenes) to their corresponding
phenolic metabolites (arenols).*> Almost all aromatic hydrox-
ylation reactions are believed to proceed initially through an
epoxide intermediate called an “arene oxide,” which re-
arranges rapidly and spontaneously to the arenol product in
most instances. The importance of arene oxides in the forma-
tion of arenols and in other metabolic and toxicologic

Carbon Hydroxylation
(includes benzylic, allylic

OH
R—N—H —R—N"
| | -
- “Activated Oxygen” /
Miscellaneous N - _
Oxidations %[ (FeO]** ] R ITI CH,R —R ITJH + O——C\
s=c | | H
S=P R—O—CHj R—N—R—N—0
—S—CH, | |
0=C 0 R—OH N-Hydroxylation
— . N-Dealkylation and
O=P — SH—S—CH O-Dealkylation Oxidative Deamination
Desulfuration ’ 3 N-Oxide Formation

S-Dealkylation
and S-Oxidation

Figure 3.3 ® Schematic summary of cytochrome P450-catalyzed oxidation reactions.
(Adapted from Ullrich, V.: Top. Curr. Chem. 83:68, 1979.)
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reactions is discussed below.***> Our attention now focuses on
the aromatic hydroxylation of several drugs and xenobiotics.

° OH

Arene Arene Oxide Arenol

Most foreign compounds containing aromatic moieties
are susceptible to aromatic oxidation. In humans, aromatic
hydroxylation is a major route of metabolism for many
drugs containing phenyl groups. Important therapeutic
agents such as propranolol,*®*’ phenobarbital,*® phenyt-
0in,*-3%  phenylbutazone,’'>>  atorvastatin,>®> 17a-
ethinylestradiol,**>> and (S)(—)-warfarin,’® among others,
undergo extensive aromatic oxidation (Fig. 3.4 shows
structure and site of hydroxylation). In most of the drugs
just mentioned, hydroxylation occurs at the para posi-
tion.”” Most phenolic metabolites formed from aromatic
oxidation undergo further conversion to polar and water-
soluble glucuronide or sulfate conjugates, which are read-

ily excreted in the urine. For example, the major urinary

Propranolol Phenobarbital
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C.Hg

Phenylbutazone

0
||

oy CH,
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Warfarin Amphetaminge
S( - )-Enantiomer

in Humans

\©\ HO™ 3

Atorvastatin

is the
49,50

metabolite of phenytoin found in humans
O-glucuronide conjugate of p-hydroxyphenytoin.
Interestingly, the para-hydroxylated metabolite of phenyl-
butazone, oxyphenbutazone, is pharmacologically active
and has been marketed itself as an anti-inflammatory agent
(Tandearil, Oxalid).”">? Of the two enantiomeric forms of
the oral anticoagulant warfarin (Coumadin), only the more
active S(—) enantiomer has been shown to undergo sub-
stantial aromatic hydroxylation to 7-hydroxywarfarin in
humans.>® In contrast, the (R)(+) enantiomer is metabo-
lized by keto reduction®® (see “Stereochemical Aspects of
Drug Metabolism”).

Often, the substituents attached to the aromatic ring
may influence the ease of hydroxylation.’” As a general
rule, microsomal aromatic hydroxylation reactions appear
to proceed most readily in activated (electron-rich) rings,
whereas deactivated aromatic rings (e.g., those containing
electron-withdrawing groups Cl, -N*R;, COOH,
SO,NHR) are generally slow or resistant to hydroxyl-
ation. The deactivating groups (Cl, -N"H==C) present in
the antihypertensive clonidine (Catapres) may explain
why this drug undergoes little aromatic hydroxylation in
humans.*®>° The uricosuric agent probenecid (Benemid),
with its electron-withdrawing carboxy and sulfamido
groups, has not been reported to undergo any aromatic hy-
droxylation.%®

Phenytoin

OH

2

17a-Ethinylestradiol

Figure 3.4 ® Examples of drugs and xenobiotics that undergo aromatic hydroxylation
in humans. Arrow indicates site of aromatic hydroxylation.
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In compounds with two aromatic rings, hydroxylation
occurs preferentially in the more electron-rich ring. For
example, aromatic hydroxylation of diazepam (Valium)
occurs primarily in the more activated ring to yield
4'-hydroxydiazepam.®' A similar situation is seen in the
7-hydroxylation of the antipsychotic agent chlorpromazine
(Thorazine)®> and in the para-hydroxylation of
p-chlorobiphenyl to p-chloro-p’-hydroxybiphenyl.®®

Cl-
cl H COOH
. N
N=( ]
H N
cl H
SO,N(CH,CH,CHy,),

Clonidine Hydrochloride Probenecid

Recent environmental pollutants, such as polychlorinated
biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), have attracted considerable public concern over
their toxicity and health hazards. These compounds appear
to be resistant to aromatic oxidation because of the numer-
ous electronegative chlorine atoms in their aromatic rings.
The metabolic stability coupled to the lipophilicity of these
environmental contaminants probably explains their long
persistence in the body once absorbed.®*6°

4 Hﬂo e DL
Cl CH CH CH N(CH )

O Chlorpromazine
g
OO

Diazepam p-Chlorobipheny!

Arene oxide intermediates are formed when a double
bond in aromatic moieties is epoxidized. Arene oxides are
of significant toxicologic concern because these intermedi-
ates are electrophilic and chemically reactive (because of
the strained three-membered epoxide ring). Arene oxides
are mainly detoxified by spontaneous rearrangement to
arenols, but enzymatic hydration to trans-dihydrodiols and
enzymatic conjugation with GSH also play very important
roles (Fig. 3.5).%>** If not effectively detoxified by the first
three pathways in Figure 3.5, arene oxides will bind cova-
lently with nucleophilic groups present on proteins, de-
oxyribonucleic acid (DNA), and ribonucleic acid (RNA),
thereby leading to serious cellular damage.>*® This, in
part, helps explain why benzene can be so toxic to mam-

malian systems.
cl, 7 0 3 Cl

cl,, Cl

2.3.7.8-Tetrachlorodibenzo-p-dioxin
(TCDD)

Polychlorinated
Biphenyl Mixtures

The number of chlorine
atoms (m.n) present in
two aromatic rings varies
considerably

Quantitatively, the most important detoxification reac-
tion for arene oxides is the spontaneous rearrangement to
corresponding arenols. Often, this rearrangement is ac-
companied by a novel intramolecular hydride (deuteride)
migration called the “NIH shift.”®” It was named after the
National Institutes of Health (NIH) laboratory in Bethesda,
Maryland, where this process was discovered. The general
features of the NIH shift are illustrated with the mixed-
function aromatic oxidation of 4-deuterioanisole to 3-
deuterio-4-hydroxyanisole in Figure 3.6.°

After its metabolic formation, the arene oxide ring opens
in the direction that generates the most resonance-stabilized
carbocation (positive charge on C-3 carbon is resonance sta-
bilized by the OCHj; group). The zwitterionic species (posi-
tive charge on the C-3 carbon atom and negative charge on
the oxygen atom) then undergoes a 1,2-deuteride shift (NIH
shift) to form the dienone. Final transformation of the
dienone to 3-deuterio-4-hydroxyanisole occurs with the
preferential loss of a proton because of the weaker bond en-
ergy of the C—H bond (compared with the C-D bond). Thus,
the deuterium is retained in the molecule by undergoing this
intramolecular NIH shift. The experimental observation of
an NIH shift for aromatic hydroxylation of a drug or xeno-
biotic is taken as indirect evidence for the involvement of an
arene oxide.

In addition to the NIH shift, the zwitterionic species may
undergo direct loss of D™ to generate 4-hydroxyanisole, in
which there is no retention of deuterium (Fig. 3.6). The alter-
native pathway (direct loss of D*) may be more favorable
than the NIH shift in some aromatic oxidation reactions.
Therefore, depending on the substituent group on the arene,
some aromatic hydroxylation reactions do not display any
NIH shift.

Two extremely important enzymatic reactions also aid in
neutralizing the reactivity of arene oxides. The first of these
involves the hydration (i.e., nucleophilic attack of water on the
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Figure 3.5 ® Possible reaction pathways for arene oxides. (Data are from Daly, J. W.,
et al.: Experientia 28:1129, 1972; Jerina, D. M., and Daly, J. W.: Science 185:573, 1974;
and Kaminsky, L. S.: In Anders, M. W. [ed.]. Bioactivation of Foreign Compounds. New
York, Academic Press, 1985, p. 157.)
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epoxide) of arene oxides to yield inactive trans-dihydrodiol
metabolites (Fig. 3.5). This reaction is catalyzed by microso-
mal enzymes called epoxide hydrases.®’° Often, epoxide
hydrase inhibitors, such as cyclohexene oxide and 1,1,1-
trichloropropene-2,3-oxide, have been used to demonstrate
the detoxification role of these enzymes. Addition of these in-
hibitors is accompanied frequently by increased toxicity of the
arene oxide being tested, because formation of nontoxic dihy-
drodiols is blocked. For example, the mutagenicity of
benzo[a]pyrene-4,5-oxide, as measured by the Ames
Salmonella typhimurium test system, is potentiated when cy-
clohexene oxide is added.”’ Dihydrodiol metabolites have
been reported in the metabolism of several aromatic hydrocar-
bons (e.g., naphthalene, benzo[a]pyrene, and other related
polycyclic aromatic hydrocarbons).** A few drugs (e.g.,
phenytoin,”? phenobarbital,”® glutethimide’) also yield
dihydrodiol products as minor metabolites in humans.
Dihydrodiol products are susceptible to conjugation with
glucuronic acid, as well as enzymatic dehydrogenation to the
corresponding catechol metabolite, as exemplified by the me-
tabolism of phenytoin.”?

J oy

Cyclohexane
oxide

1,1,1-Trichloropropene
2,3-oxide

Benzo[a]pyrene
4,5-oxide

Phenytoin

p-Hydroxyphenytoin
(conjugated as glucuronide)

Q=0 -0,

Arene Oxide
Glutathione

Adduct

A second enzymatic reaction involves nucleophilic ring
opening of the arene oxide by the sulthydryl (SH) group
present in GSH to yield the corresponding trans-1,2-
dihydro-1-S-glutathionyl-2-hydroxy adduct, or GSH
adduct (Fig. 3.5).** The reaction is catalyzed by various
GSH S-transferases.’”” Because GSH is found in practically
all mammalian tissues, it plays an important role in the
detoxification not only of arene oxides but also of other
various chemically reactive and potentially toxic interme-
diates. Initially, GSH adducts formed from arene oxides
are modified in a series of reactions to yield “premercap-
turic acid” or mercapturic acid metabolites.”® Because it is
classified as a phase II pathway, GSH conjugation is cov-
ered in greater detail later in this chapter.

Because of their electrophilic and reactive nature,
arene oxides also may undergo spontaneous reactions
with nucleophilic functionalities present on biomacromol-
ecules.*** Such reactions lead to modified protein, DNA,
and RNA structures and often cause dramatic alterations
in how these macromolecules function. Much of the cyto-
toxicity and irreversible lesions caused by arene oxides
are presumed to result from their covalent binding to cel-
lular components. Several well-established examples of
reactive arene oxides that cause serious toxicity are pre-
sented below.

Administration of bromobenzene to rats causes severe
liver necrosis.”” Extensive in vivo and in vitro studies in-
dicate that the liver damage results from the interaction of
a chemically reactive metabolite, 4-bromobenzene oxide,
with hepatocytes.”® Extensive covalent binding to hepatic

HsCs
i OH
Minor HN
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(conjugated)
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Enzymatic
Oxidation

Catechol Metabolite

-H,0
—_—
f\‘lHCOCH3
NHCOCH, S &
| | ~CH, >CooH
S CH ic Aci
Mercapturic Acid
CH2 COOH Derivative

"“Premercapturic Acid”

Derivative



52 Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry

tissue was confirmed by use of radiolabeled bromoben-
zene. The severity of necrosis correlated well with the
amount of covalent binding to hepatic tissue. Use of di-
ethyl maleate or large doses of bromobenzene in rats
showed that the depletion of hepatic GSH led to more se-
vere liver necrosis.

Br Br Br

GSH
 —

o \ OH
SG

4-Bromobenzene Covalent Binding
Oxide (liver necrosis)

Bromobenzene

Polycyclic aromatic hydrocarbons are ubiquitous envi-
ronmental contaminants that are formed from auto emis-
sion, refuse burning, industrial processes, cigarette smoke,
and other combustion processes. Benzo[a/]pyrene, a potent
carcinogenic agent, is perhaps the most extensively studied
of the polycyclic aromatic hydrocarbons.” Inspection of
its structure reveals that aromatic hydroxylation of
benzo[a]pyrene can occur at several positions. The identi-
fication of several dihydrodiol metabolites is viewed as
indirect evidence for the formation and involvement of
arene oxides in the metabolism of benzo[a]pyrene.
Although certain arene oxides of benzo[a]pyrene (e.g., 4,5-
oxide, 7,8-oxide, 9,10-oxide) appear to display some
mutagenic and tumorigenic activity, it does not appear
that they represent the ultimate reactive species responsible
for benzo[a]pyrene’s carcinogenicity. In recent years,
extensive studies have led to the characterization of a
specific sequence of metabolic reactions (Fig. 3.7) that ge-
nerate a highly reactive intermediate that covalently binds
to DNA. Metabolic activation of benzo[a]pyrene to the

ultimate carcinogenic species involves an initial epoxida-
tion reaction to form the 7,8-oxide, which is then converted
by epoxide hydrase to (—)-7(R),8(R)-dihydroxy-7,8-
dihydrobenzo[a]pyrene.®® The two-step enzymatic for-
mation of this frans-dihydrodiol is stereospecific.
Subsequent epoxidation at the 9,10-double bond of the lat-
ter metabolite generates predominantly (+)-7(R),8(S)-dihy-
droxy-9(R),10(R)-oxy-7,8,9,10-tetrahydrobenzo[« ]pyrene
or (+)7,8-diol-9,10-epoxide. It is this key electrophilic diol
epoxide metabolite that readily reacts with DNA to form
many covalently bound adducts.®'~® Careful degradation
studies have shown that the principal adduct involves attack
of the C-2 amino group of deoxyguanosine at C-10 of the
diol epoxide. Clearly, these reactions are responsible for
genetic code alterations that ultimately lead to the malig-
nant transformations. Covalent binding of the diol epoxide
metabolite to deoxyadenosine and to deoxycytidine also
has been established.®*

Another carcinogenic polycyclic aromatic hydrocarbon,
7,12-dimethylbenz[a]anthracene, also forms covalent
adducts with nucleic acids (RNA).® The ultimate carcino-
genic reactive species apparently is the 5,6-oxide that results
from epoxidation of the 5,6-double bond in this aromatic hy-
drocarbon. The arene oxide intermediate binds covalently to
guanosine residues of RNA to yield the two adducts.

Oxidation of Olefins

The metabolic oxidation of olefinic carbon—carbon double
bonds leads to the corresponding epoxide (or oxirane).
Epoxides derived from olefins generally tend to be some-
what more stable than the arene oxides formed from aro-
matic compounds. A few epoxides are stable enough to be
directly measurable in biological fluids (e.g., plasma, urine).
Like their arene oxide counterparts, epoxides are susceptible
to enzymatic hydration by epoxide hydrase to form trans-
1,2-dihydrodiols (also called 1,2-diols or 1,2-dihydroxy

10 “ ‘OO
9 O
8 8 =
HO®
7 7
© OH

Benzo[a]pyrene
@)

N

CT %

N™>N7

H
| NH
deoxyribose  HO,,, l1 0 l -

HO”
OH

Covalently Bound Deoxyguanosine
Benzo[a]pyrene Adduct

7,8-Oxide

7 8-trans-Dihydrodiol

(+)-7,8-Diol-9,10-epoxide

Figure 3.7 ® Metabolic sequence leading to the formation of the ultimate carcino-
genic species of benzo[a]pyrene: (+)-7R, 85-dihydroxy-9R, 10-oxy-7,8,9,10-tetrahy-
drobenzo[alpyrene or (+)-7,8-diol-9,10-epoxide.
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7,12-Dimethylbenz[ a]anthracene 5,6-Oxide

compounds).®’° In addition, several epoxides undergo
GSH conjugation.®¢

A well-known example of olefinic epoxidation is the
metabolism, in humans, of the anticonvulsant drug carba-
mazepine (Tegretol) to carbamazepine-10,11-epoxide.®’
The epoxide is reasonably stable and can be measured quan-
titatively in the plasma of patients receiving the parent drug.
The epoxide metabolite may have marked anticonvulsant
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Where R =

activity and, therefore, may contribute substantially to the
therapeutic effect of the parent drug.®® Subsequent hydra-
tion of the epoxide produces 10,11-dihydroxycarba-
mazepine, an important urinary metabolite (10%—-30%) in
humans.®’

Epoxidation of the olefinic 10,11-double bond in
the antipsychotic agent protriptyline (Vivactil)®® and in
the H,-histamine antagonist cyproheptadine (Periactin)’®

trans-10,11-Dihydroxy-
carbamazepine
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also occurs. Frequently, the epoxides formed from the
biotransformation of an olefinic compound are minor
products, because of their further conversion to the corre-
sponding 1,2-diols. For instance, dihydroxyalcofenac is a
major human urinary metabolite of the once clinically use-
ful anti-inflammatory agent alclofenac.”’ The epoxide
metabolite from which it is derived, however, is present in
minute amounts. The presence of the dihydroxy metabolite
(secodiol) of secobarbital, but not the epoxide product, has
been reported in humans.”>

Indirect evidence for the formation of epoxides comes
also from the isolation of GSH or mercapturic acid metabo-
lites. After administration of styrene to rats, two urinary
metabolites were identified as the isomeric mercapturic acid
derivatives resulting from nucleophilic attack of GSH on the
intermediate epoxide.”® In addition, styrene oxide cova-
lently binds to rat liver microsomal proteins and nucleic
acids.”* These results indicate that styrene oxide is relatively
reactive toward nucleophiles (e.g., GSH and nucleophilic
groups on protein and nucleic acids).

@)
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There are, apparently, diverse metabolically generated
epoxides that display similar chemical reactivity toward
nucleophilic functionalities. Accordingly, the toxicity of
some olefinic compounds may result from their metabolic
conversion to chemically reactive epoxides.”> One example
that clearly links metabolic epoxidation as a biotoxification
pathway involves aflatoxin B;. This naturally occurring car-
cinogenic agent contains an olefinic (C2—C3) double bond
adjacent to a cyclic ether oxygen. The hepatocarcinogenic-
ity of aflatoxin B; has been clearly linked to its metabolic
oxidation to the corresponding 2,3-oxide, which is ex-
tremely reactive.”®®” Extensive in vitro and in vivo meta-
bolic studies indicate that this 2,3-oxide binds covalently to
DNA, RNA, and proteins. A major DNA adduct has been
isolated and characterized as 2,3-dihydro-2-(N’-guanyl)-3-
hydroxyaflatoxin B,.”%%

Other olefinic compounds, such as vinyl chloride,'%°
stilbene,'®! and the carcinogenic estrogenic agent diethyl-
stilbestrol (DES),'°>1%% undergo metabolic epoxidation.
The corresponding epoxide metabolites may be the reactive
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species responsible for the cellular toxicity seen with these
compounds.

An interesting group of olefin-containing compounds
causes the destruction of CYP.'**!%> Compounds belonging
to this group include allylisopropylacetamide,'*®!%7 seco-
barbital,'*®!% and the volatile anesthetic agent fluroxene.''°
It is believed that the olefinic moiety present in these com-
pounds is activated metabolically by CYP to form a very re-
active intermediate that covalently binds to the heme portion
of CYP.'"""!'3 The abnormal heme derivatives, or “green
pigments,” that result from this covalent interaction have
been characterized as N-alkylated protoporphyrins in which
the N-alkyl moiety is derived directly from the olefin admin-
istered.!0+105-111-113 1 5no_term administration of the above-
mentioned three agents is expected to lead to inhibition of
oxidative drug metabolism, potential drug interactions, and
prolonged pharmacological effects.

Oxidation at Benzylic Carbon Atoms

Carbon atoms attached to aromatic rings (benzylic position)
are susceptible to oxidation, thereby forming the correspon-
ding alcohol (or carbinol) metabolite."'*!'> Primary alcohol
metabolites are often oxidized further to aldehydes and car-
boxylic acids (CH,OH — CHO — COOH), and secondary
alcohols are converted to ketones by soluble alcohol and alde-
hyde dehydrogenases.''® Alternatively, the alcohol may be
conjugated directly with glucuronic acid.''” The benzylic car-
bon atom present in the oral hypoglycemic agent tolbutamide
(Orinase) is oxidized extensively to the corresponding alcohol
and carboxylic acid. Both metabolites have been isolated
from human urine.''® Similarly, the “benzylic” methyl group
in the anti-inflammatory agent tolmetin (Tolectin) undergoes
oxidation to yield the dicarboxylic acid product as the major
metabolite in humans.!'*!?° The selective cyclooxygenase 2
(COX-2) anti-inflammatory agent celecoxib undergoes ben-
zylic oxidation at its C-5 methyl group to give hydroxycele-
coxib as a major metabolite.'*! Significant benzylic hydroxy-

lation occurs in the metabolism of the B-adrenergic blocker
metoprolol (Lopressor) to yield a-hydroxymetoprolol.!?*123
Additional examples of drugs and xenobiotics undergoing
benzylic oxidation are shown in Figure 3.8.

Oxidation at Allylic Carbon Atoms

Microsomal hydroxylation at allylic carbon atoms is com-
monly observed in drug metabolism. An illustrative example
of allylic oxidation is given by the psychoactive component
of marijuana, A'-tetrahydrocannabinol A'-THC. This
molecule contains three allylic carbon centers (C-7, C-6, and
C-3). Allylic hydroxylation occurs extensively at C-7 to yield
7-hydroxy- A'-THC as the major plasma metabolite in hu-
mans.'®!" Pharmacological studies show that this 7-hydroxy
metabolite is as active as, or even more active than, A'-THC
per se and may contribute significantly to the overall central
nervous system (CNS) psychotomimetic effects of the parent
compound.'>*!?> Hydroxylation also occurs to a minor ex-
tent at the allylic C-6 position to give both the epimeric 6a-
and 6B3-hydroxy metabolites.'>!! Metabolism does not occur
at C-3, presumably because of steric hindrance.

The antiarrhythmic agent quinidine is metabolized by
allylic hydroxylation to 3-hydroxyquinidine, the principal
plasma metabolite found in humans."?®'?” This metabolite
shows significant antiarrhythmic activity in animals and
possibly in humans.'*®

Other examples of allylic oxidation include the
sedative—hypnotic hexobarbital (Sombulex) and the analgesic
pentazocine (Talwin). The 3’-hydroxylated metabolite
formed from hexobarbital is susceptible to glucuronide conju-
gation as well as further oxidation to the 3'-oxo com-
pound.'?*'3% Hexobarbital is a chiral barbiturate derivative
that exists in two enantiomeric forms. Studies in humans
indicate that the pharmacologically less active (R)(—) enan-
tiomer is metabolized more rapidly than its (S)(+)-isomer.'*!
Pentazocine undergoes allylic hydroxylation at the two

(text continues on page 58)
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Figure 3.8 ® Examples of drugs and xenobiotics undergoing benzylic hydroxylation.

Arrow indicates site of hydroxylation.



56

Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry

Aflatoxin B, 2,3-Expoxide 2,3-Dihydro-2-(N7-guanyl)-
3-hydroxyaflatoxin B4
i |
c': H N
P S A
d \C’J ©/ 7
H H
Vinyl Chloride
Stilbene
C|)HZCH3 OH
C L ]
LT
HO CH,CH,
Diethylstilbestrol
(DES)
CH
e
(Izﬁ
Q CH
| | ?H _CH, CH
ho” & H.C HN cNeh,
2 H,C—C NH, )\ | 2
‘c 07 >N"Xp CH
PN
CH3H CH,
Allylisopropylacetamide Secobarbital
H
/C\
CF4CH,0 CH,
Fluroxene
COOH
CH, CH,OH
—_ _—
O
(ﬁ | SOZNHC”)NHC4H9
SO,NHCNHC ,H, SO,NHCNHC,H,q ek
) . Carboxylic Acid
Tolbutamide Alcohol Metabolite

Metabolite



Chapter 3 @ Metabolic Changes of Drugs and Related Organic Compounds

0 0
[/ L/
H3C‘QC_@\CH2COOH — HOOC‘@‘C‘@\CHZCOOH
CH

, CH,

Tolmetin Dicarboxylic Acid Metabolite

FaC. . o FsC. . o CH2
=\ < > | =\ < > | 0
N S——NH, N S—NH,
A Il ~ | '
o —— o N
CHj CH,0H
f N/I\CHS

Celecoxib
4-(5-Methyl-3-trifluoromethyl-pyrazol-1-yl)-benzenesulfonamide 2'-Hydroxymethylmethaqualone

g o

O CH O CH
/O/ CHz\Cl:H2 /O/ CHZ\(}:Hz

CH,OCH,CH, HN\C ﬁCH3 CHSOCH2C|)H HN o«
| OH |
CH, CH,

Metroprolol a-Hydroxymetroprolol

6a-Hydroxy-A'-THC

68-Hydroxy-A'-THC

57



58

Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry

c/ OH

3
2
|
N —
HO T C 1 HO [T «6

CH,Z0 { CH,O
N7 N7
Quinidine 3-Hydroxyquinidine

HN
o)\N ~0

CH,

O
I CHj,

3'-Hydroxyhexobarbital

O-Glucuronide Conjugate

/ O| CHs
HN
e d 3
3™ 0OH o)\lr 0 ~0
CH,

3'-Oxohexobarbital

cis-Alcohol Metabolite

Nu
-~
CH, 0 H,C
I MDA, l
_CH RNA o CﬁCH

Covalently Bound Adduct
to DNA, RNA

1'-Hydroxysafrole, R = H
O-Sulfate Ester, R = SOz

terminal methyl groups of its N-butenyl side chain to yield
either the cis or trans alcohol metabolites shown in the dia-
grams. In humans, more of the trans alcohol is formed.'3>133

For the hepatocarcinogenic agent safrole, allylic hydrox-
ylation is involved in a bioactivation pathway leading to the
formation of chemically reactive metabolites.'** This
process involves initial hydroxylation at the C-1' carbon of
safrole, which is both allylic and benzylic. The hydroxyl-
ated metabolite then undergoes further conjugation to form
a sulfate ester. This chemically reactive ester intermediate
presumably undergoes nucleophilic displacement reactions
with DNA or RNA in vitro to form covalently bound
adducts."®> As shown in the scheme, nucleophilic attack by
DNA, RNA, or other nucleophiles is facilitated by a good
leaving group (e.g., SO4>7) at the C-1 position. The leaving
group tendency of the alcohol OH group itself is not

enough to facilitate displacement reactions. Importantly,
allylic hydroxylation generally does not lead to the genera-
tion of reactive intermediates. Its involvement in the
biotoxification of safrole appears to be an exception.

Oxidation at Carbon Atoms « to
Carbonyls and Imines

The mixed-function oxidase system also oxidizes carbon
atoms adjacent (i.e., ) to carbonyl and imino (C==N) func-
tionalities. An important class of drugs undergoing this type
of oxidation is the benzodiazepines. For example, diazepam
(Valium), flurazepam (Dalmane), and nimetazepam are ox-
idized to their corresponding 3-hydroxy metabolites.!3¢138
The C-3 carbon atom undergoing hydroxylation is « to both
a lactam carbonyl and an imino functionality.
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For diazepam, the hydroxylation reaction proceeds with
remarkable stereoselectivity to form primarily (90%)
3-hydroxydiazepam (also called N-methyloxazepam), with
the (S) absolute configuration at C-3.'*° Further N-demethy-
lation of the latter metabolite gives rise to the pharmacolog-
ically active 3(S)(+)-oxazepam.

CH,CH, HO CH,CH,
N CeHs N 4 CeHs
Z J Z
N N7
@) o O O H @)
Glutethimide 4-Hydroxyglutethimide

‘ R/C@ __CH,OH

CH,  Oxidation
/Cgé ﬁCHs e
2
7 \ CHCHCH
w-—1 I

OH

Hydroxylation of the carbon atom « to carbonyl func-
tionalities generally occurs only to a limited extent in drug
metabolism. An illustrative example involves the hydroxyl-
ation of the sedative-hypnotic glutethimide (Doriden) to
4-hydroxyglutethimide.'#*-!4!

o — 1 Oxidation

Oxidation at Aliphatic and Alicyclic
Carbon Atoms

Alkyl or aliphatic carbon centers are subject to mixed-
function oxidation. Metabolic oxidation at the terminal
methyl group often is referred to as w-oxidation, and oxida-
tion of the penultimate carbon atom (i.e., next-to-the-last
carbon) is called w—I oxidation.''*''> The initial alcohol
metabolites formed from these enzymatic w and w—1 oxida-
tions are susceptible to further oxidation to yield aldehyde,
ketones, or carboxylic acids. Alternatively, the alcohol
metabolites may undergo glucuronide conjugation.

Aliphatic w and w—1 hydroxylations commonly take place
in drug molecules with straight or branched alkyl chains.
Thus, the antiepileptic agent valproic acid (Depakene) un-
dergoes both w and w-1 oxidation to the 5-hydroxy and
4-hydroxy metabolites, respectively.'**'*? Further oxidation
of the 5-hydroxy metabolite yields 2-n-propylglutaric acid.

Numerous barbiturates and oral hypoglycemic sulfonyl-
ureas also have aliphatic side chains that are susceptible to
oxidation. Note that the sedative—hypnotic amobarbital
(Amytal) undergoes extensive w—1 oxidation to the corre-
sponding 3'-hydroxylated metabolite.'** Other barbitu-
rates, such as pentobarbital,'*>!* thiamylal,'*’ and
secobarbital,’ reportedly are metabolized by way of w and
w-1 oxidation. The n-propyl side chain attached to the oral
hypoglycemic agent chlorpropamide (Diabinese) under-
goes extensive w—1 hydroxylation to yield the secondary
alcohol 2’-hydroxychlorpropamide as a major urinary
metabolite in humans.'*®

Omega and w—-1 oxidation of the isobutyl moiety present
in the anti-inflammatory agent ibuprofen (Motrin) yields
the corresponding carboxylic acid and tertiary alcohol
metabolites.'*” Additional examples of drugs reported to un-
dergo aliphatic hydroxylation include meprobamate,'>®
glutethimide,'**1*! ethosuximide,'>' and phenylbutazone.'>

The cyclohexyl group is commonly found in many me-
dicinal agents, and is also susceptible to mixed-function
oxidation (alicyclic hydroxylation).!'*!'> Enzymatic intro-
duction of a hydroxyl group into a monosubstituted cyclo-
hexane ring generally occurs at C-3 or C-4 and can lead to
cis and trans conformational stereoisomers, as shown in the
diagrammed scheme.

An example of this hydroxylation pathway is seen in the
metabolism of the oral hypoglycemic agent acetohexamide
(Dymelor). In humans, the trans-4-hydroxycyclohexyl prod-
uct is reportedly a major metabolite.'** Small amounts of the
other possible stereoisomers (namely, the cis-4-, cis-3-, and
trans-3-hydroxycyclohexyl derivatives) also have been de-
tected. Another related oral hypoglycemic agent, glipizide,
is oxidized in humans to the trans-4- and cis-3-
hydroxylcyclohexyl metabolites in about a 6:1 ratio.'>*
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Two human urinary metabolites of phencyclidine (PCP)
have been identified as the 4-hydroxypiperidyl and 4-
hydroxycyclohexyl derivatives of the parent compound.!>-1%6
Thus, from these results, it appears that “alicyclic” hydroxy-
lation of the six-membered piperidyl moiety may parallel
closely the hydroxylation pattern of the cyclohexyl moiety.
The stereochemistry of the hydroxylated centers in the two
metabolites has not been clearly established. Biotrans-
formation of the antihypertensive agent minoxidil (Loniten)
yields the 4’-hydroxypiperidyl metabolite. In dogs, this prod-
uct is a major urinary metabolite (29%—47%), whereas in hu-
mans it is detected in small amounts (~3%).!37-158

Oxidation Involving
Carbon-Heteroatom Systems

Nitrogen and oxygen functionalities are commonly found
in most drugs and foreign compounds; sulfur function-
alities occur only occasionally. Metabolic oxidation of
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carbon—nitrogen, carbon—-oxygen, and carbon—sulfur sys-
tems principally involves two basic types of biotransfor-
mation processes:

1. Hydroxylation of the a-carbon atom attached directly to
the heteroatom (N, O, S). The resulting intermediate is
often unstable and decomposes with the cleavage of the
carbon-heteroatom bond:

H
H oj 0
| |

R—X—C|3“—~—+ R—x-—|cr — R—XH+/C—

Where X =N,0.S Usually Unstable

Oxidative N-, O-, and S-dealkylation as well as oxidative
deamination reactions fall under this mechanistic pathway.

o CH,—CH=CH,
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2. Hydroxylation or oxidation of the heteroatom (N, S only,
e.g., N-hydroxylation, N-oxide formation, sulfoxide, and
sulfone formation).

Several structural features frequently determine which
pathway will predominate, especially in carbon—nitrogen
systems. Metabolism of some nitrogen-containing com-
pounds is complicated by the fact that carbon- or nitrogen-

trans-4-Hydroxyacetohexamide

hydroxylated products may undergo secondary reactions to
form other, more complex metabolic products (e.g., oxime,
nitrone, nitroso, imino). Other oxidative processes that do
not fall under these two basic categories are discussed indi-
vidually in the appropriate carbon—heteroatom section. The
metabolism of carbon—nitrogen systems will be discussed
first, followed by the metabolism of carbon—oxygen and
carbon—sulfur systems.
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OXIDATION INVOLVING CARBON-NITROGEN SYSTEMS

Metabolism of nitrogen functionalities (e.g., amines, amides)
is important because such functional groups are found in
many natural products (e.g., morphine, cocaine, nicotine)
and in numerous important drugs (e.g., phenothiazines,
antihistamines, tricyclic antidepressants, 3-adrenergic agents,
sympathomimetic phenylethylamines, benzodiazepines).'>
The following discussion divides nitrogen-containing com-
pounds into three basic classes:

1. Aliphatic (primary, secondary, and tertiary) and alicyclic
(secondary and tertiary) amines

2. Aromatic and heterocyclic nitrogen compounds

3. Amides

The susceptibility of each class of these nitrogen com-
pounds to either a-carbon hydroxylation or N-oxidation and
the metabolic products that are formed are discussed.

The hepatic enzymes responsible for carrying out a-car-
bon hydroxylation reactions are the CYP mixed-function
oxidases. The N-hydroxylation or N-oxidation reactions,
however, appear to be catalyzed not only by CYP but also
by a second class of hepatic mixed-function oxidases called

g

4-Hydroxycyclohexyl

Metabolite
N/
HO
H
4-Hydroxypiperidyl
Metabolite
NH,
A
Nj//_< N—O
o N/ N
NH,

4’-Hydroxyminoxidil

amine oxidases (sometimes called N-oxidases).'®® These
enzymes are NADPH-dependent flavoproteins and do not
contain CYP.'®1%2 They require NADPH and molecular
oxygen to carry out N-oxidation.

Tertiary Aliphatic and Alicyclic Amines. The oxida-
tive removal of alkyl groups (particularly methyl groups)
from tertiary aliphatic and alicyclic amines is carried out by
hepatic CYP mixed-function oxidase enzymes. This reac-
tion is commonly referred to as oxidative N-dealkylation.'®?
The initial step involves a-carbon hydroxylation to form a
carbinolamine intermediate, which is unstable and under-
goes spontaneous heterolytic cleavage of the C—N bond to
give a secondary amine and a carbonyl moiety (aldehyde or
ketone).'*1%5 In general, small alkyl groups, such as
methyl, ethyl, and isopropyl, are removed rapidly.'®
N-dealkylation of the #-butyl group is not possible by the
carbinolamine pathway because a-carbon hydroxylation
cannot occur. The first alkyl group from a tertiary amine is
removed more rapidly than the second alkyl group. In some
instances, bisdealkylation of the tertiary aliphatic amine to
the corresponding primary aliphatic amine occurs very
slowly.'®® For example, the tertiary amine imipramine
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(Tofranil) is monodemethylated to desmethylimipramine
(desipramine).'®®!67 This major plasma metabolite is phar-
macologically active in humans and contributes substan-
tially to the antidepressant activity of the parent drug.'®®
Very little of the bisdemethylated metabolite of imipramine
is detected. In contrast, the local anesthetic and antiarrhyth-
mic agent lidocaine is metabolized extensively by N-deethy-
lation to both monoethylglycylxylidine and glycyl-2,6-xyli-
dine in humans.'%%170

Numerous other tertiary aliphatic amine drugs are metab-
olized principally by oxidative N-dealkylation. Some of these
include the antiarrhythmic disopyramide (Norpace),'”!!”2 the
antiestrogenic agent tamoxifen (Nolvadex),'”® diphenhy-
dramine (Benadryl), 174,175 chlorpromazine (Thorazine), 176,177
and (+)-a-propoxyphene (Darvon).'’”® When the tertiary
amine contains several different substituents capable of un-
dergoing dealkylation, the smaller alkyl group is removed
preferentially and more rapidly. For example, in benzpheta-
mine (Didrex), the methyl group is removed much more rap-
idly than the benzyl moiety.'”

An interesting cyclization reaction occurs with methadone
on N-demethylation. The demethylated metabolite
normethadone undergoes spontaneous cyclization to form the
enamine metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenyl-
pyrrolidine (EDDP).'®" Subsequent N-demethylation of
EDDP and isomerization of the double bond leads to 2-ethyl-
5-methyl-3,3-diphenyl-1-pyrroline (EMDP).

Many times, bisdealkylation of a tertiary amine leads to
the corresponding primary aliphatic amine metabolite,
which is susceptible to further oxidation. For example, the

ketone)

bisdesmethyl metabolite of the H;-histamine antagonist
brompheniramine (Dimetane) undergoes oxidative deami-
nation and further oxidation to the corresponding propionic
acid metabolite.'®! Oxidative deamination is discussed in
greater detail when we examine the metabolic reactions of
secondary and primary amines.

Like their aliphatic counterparts, alicyclic tertiary amines
are susceptible to oxidative N-dealkylation reactions. For
example, the analgesic meperidine (Demerol) is metabo-
lized principally by this pathway to yield normeperidine as
a major plasma metabolite in humans.'®? Morphine, N-eth-
ylnormorphine, and dextromethorphan also undergo some
N-dealkylation. '8

Direct N-dealkylation of #-butyl groups, as discussed
below, is not possible by the a-carbon hydroxylation path-
way. In vitro studies indicate, however, that N-z-butyl-
norchlorocyclizine is, indeed, metabolized to significant
amounts of norchlorocyclizine, whereby the #-butyl group is
lost.'®* Careful studies showed that the #-butyl group is re-
moved by initial hydroxylation of one of the methyl groups
of the #-butyl moiety to the carbinol or alcohol product.'®
Further oxidation generates the corresponding carboxylic
acid that, on decarboxylation, forms the N-isopropyl deriv-
ative. The N-isopropyl intermediate is dealkylated by the
normal a-carbon hydroxylation (i.e., carbinolamine) path-
way to give norchlorocyclizine and acetone. Whether this is
a general method for the loss of #-butyl groups from amines
is still unclear. Indirect N-dealkylation of #-butyl groups is
not observed significantly. The N-z-butyl group present in
many [3-adrenergic antagonists, such as terbutaline and

o]
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salbutamol, remains intact and does not appear to undergo
any significant metabolism.!'#¢

Alicyclic tertiary amines often generate lactam metabo-
lites by a-carbon hydroxylation reactions. For example, the
tobacco alkaloid nicotine is hydroxylated initially at the ring
carbon atom « to the nitrogen to yield a carbinolamine inter-
mediate. Furthermore, enzymatic oxidation of this cyclic
carbinolamine generates the lactam metabolite cotinine.'*7-188

Formation of lactam metabolites also has been reported
to occur to a minor extent for the antihistamine cyprohep-

(+ )-a-Propoxyphene

Benzphetamine
(N-demethylation
and N-debenzylation)

tadine (Periactin)'®>'° and the antiemetic diphenidol
(Vontrol).'!

N-oxidation of tertiary amines occurs with several
drugs.'? The true extent of N-oxide formation often is com-
plicated by the susceptibility of N-oxides to undergo in vivo
reduction back to the parent tertiary amine. Tertiary amines
such as H;-histamine antagonists (e.g., orphenadrine, tripel-
ennamine), phenothiazines (e.g., chlorpromazine), tricyclic
antidepressants (e.g., imipramine), and narcotic analgesics
(e.g., morphine, codeine, and meperidine) reportedly form
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N-oxide products. In some instances, N-oxides possess
pharmacological activity.'”®> A comparison of imipramine
N-oxide with imipramine indicates that the N-oxide itself
possesses antidepressant and cardiovascular activity similar
to that of the parent drug.'?*!%3

Secondary and Primary Amines. Secondary amines
(either parent compounds or metabolites) are susceptible to
oxidative N-dealkylation, oxidative deamination, and
N-oxidation reactions.'®>!°® As in tertiary amines,
N-dealkylation of secondary amines proceeds by the
carbinolamine pathway. Dealkylation of secondary amines
gives rise to the corresponding primary amine metabolite.
For example, the a-adrenergic blockers propranolol*®*” and

65

oxprenolol'”” undergo N-deisopropylation to the correspon-

ding primary amines. N-dealkylation appears to be a signif-
icant biotransformation pathway for the secondary amine
drugs methamphetamine'?®'%? and ketamine,?***°! yielding
amphetamine and norketamine, respectively.

The primary amine metabolites formed from oxidative
dealkylation are susceptible to oxidative deamination. This
process is similar to N-dealkylation, in that it involves an
initial a-carbon hydroxylation reaction to form a carbino-
lamine intermediate, which then undergoes subsequent
carbon—nitrogen cleavage to the carbonyl metabolite and am-
monia. If a-carbon hydroxylation cannot occur, then oxida-
tive deamination is not possible. For example, deamination
does not occur for norketamine because a-carbon hydroxyla-
tion cannot take place.?**?°! With methamphetamine, oxida-
tive deamination of primary amine metabolite amphetamine
produces phenylacetone.'?1%?

In general, dealkylation of secondary amines is believed
to occur before oxidative deamination. Some evidence indi-
cates, however, that this may not always be true. Direct
deamination of the secondary amine also has occurred. For
example, in addition to undergoing deamination through its
desisopropyl primary amine metabolite, propranolol can
undergo a direct oxidative deamination reaction (also by
a-carbon hydroxylation) to yield the aldehyde metabolite
and isopropylamine (Fig. 3.9).?° How much direct oxida-
tive deamination contributes to the metabolism of secondary
amines remains unclear.

Some secondary alicyclic amines, like their tertiary
amine analogs, are metabolized to their corresponding lac-
tam derivatives. For example, the anorectic agent phen-
metrazine (Preludin) is metabolized principally to the lactam
product 3-oxophenmetrazine.?> In humans, this lactam
metabolite is a major urinary product. Methylphenidate
(Ritalin) also reportedly yields a lactam metabolite, 6-oxori-
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Figure 3.9 ® Metabolism of propranolol to its aldehyde metabolite by direct deami-
nation of the parent compound and by deamination of its primary amine metabolite,

desisopropy! propranolol.
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talinic acid, by oxidation of its hydrolyzed metabolite, rital-
inic acid, in humans.?**

Metabolic N-oxidation of secondary aliphatic and
alicyclic amines leads to several N-oxygenated products.'®®
N-hydroxylation of secondary amines generates the cor-
responding N-hydroxylamine metabolites. Often, these

Propranolol

Methamphetamine
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hydroxylamine products are susceptible to further oxidation
(either spontaneous or enzymatic) to the corresponding ni-
trone derivatives. N-benzylamphetamine undergoes metabo-
lism to both the corresponding N-hydroxylamine and the
nitrone metabolites.??> In humans, the nitrone metabolite of
phenmetrazine (Preludin), found in the urine, is believed to
be formed by further oxidation of the N-hydroxylamine in-
termediate N-hydroxyphenmetrazine.?®® Importantly, much
less N-oxidation occurs for secondary amines than oxidative
dealkylation and deamination.

Primary aliphatic amines (whether parent drugs or metabo-
lites) are biotransformed by oxidative deamination (through
the carbinolamine pathway) or by N-oxidation. In general, ox-
idative deamination of most exogenous primary amines is
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carried out by the mixed-function oxidases discussed previ-
ously. Endogenous primary amines (e.g., dopamine, norepi-
nephrine, tryptamine, and serotonin) and xenobiotics based on
the structures of these endogenous neurotransmitters are me-
tabolized, however, via oxidative deamination by a specialized
family of enzymes called monoamine oxidases (MAQs).2%
MAO is a flavin (FAD)-dependent enzyme found in two
isozyme forms, MAO-A and MAO-B, and widely distributed
in both the CNS and peripheral organs. In contrast, CYP ex-
ists in a wide variety of isozyme forms and is an NADP-
dependent system. Also the greatest variety of CYP
isozymes, at least the ones associated with the metabolism of
xenobiotics, are found mostly in the liver and intestinal mu-
cosa. MAO-A and MAO-B are coded by two genes, both on
the X-chromosome and have about 70% amino acid sequence
homology. Another difference between the CYP and MAO

GH, CH, CH,_CHj
~O% -0
N NG
5 —O/

families is cellular location. CYP enzymes are found on the
endoplasmic reticulum of the cell’s cytosol, whereas the
MAO enzymes are on the outer mitochondrial membrane. In
addition to the xenobiotics illustrated in the reaction schemes,
other drugs metabolized by the MAO system include
phenylephrine, propranolol, timolol and other B-adrenergic
agonists and antagonists, and various phenylethylamines.?%

Structural features, especially the a-substituents of the
primary amine, often determine whether carbon or nitrogen
oxidation will occur. For example, compare amphetamine
with its a-methyl homologue phentermine. In amphetamine,
a-carbon hydroxylation can occur to form the carbinolamine
intermediate, which is converted to the oxidatively deami-
nated product phenylacetone.%” With phentermine, a-carbon
hydroxylation is not possible and precludes oxidative deam-
ination for this drug. Consequently, phentermine would
be expected to undergo N-oxidation readily. In humans,
p-hydroxylation and N-oxidation are the main pathways for
biotransformation of phentermine.’”

Indeed, N-hydroxyphentermine is an important (5%)
urinary metabolite in humans.?®’ As discussed below,
N-hydroxylamine metabolites are susceptible to further oxi-
dation to yield other N-oxygenated products.
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Xenobiotics, such as the hallucinogenic agents mesca-
1ine?%2% and 1-(2,5-dimethoxy-4-methylphenyl)-2-amino-
propane (DOM or “STP”),?'*2!! are oxidatively deaminated.
Primary amine metabolites arising from N-dealkylation or
decarboxylation reactions also undergo deamination. The ex-
ample of the bisdesmethyl primary amine metabolite derived
from bromopheniramine is discussed previously in this chap-
ter (see section on tertiary aliphatic and alicyclic amines).'®!
In addition, many tertiary aliphatic amines (e.g., antihista-
mines) and secondary aliphatic amines (e.g., propranolol) are
dealkylated to their corresponding primary amine metabo-
lites, which are amenable to oxidative deamination. (S)(+)-
a-Methyldopamine resulting from decarboxylation of the an-
tihypertensive agent (S)(—)-a-methyldopa (Aldomet) is
deaminated to the corresponding ketone metabolite 3,4-dihy-
droxyphenylacetone.?'? In humans, this ketone is a major
urinary metabolite.

The N-hydroxylation reaction is not restricted to a-substi-
tuted primary amines such as phentermine. Amphetamine has
been observed to undergo some N-hydroxylation in vitro to
N-hydroxyamphetamine.*'*'* N-Hydroxyamphetamine is,
however, susceptible to further conversion to the imine or ox-
idation to the oxime intermediate. Note that the oxime inter-
mediate arising from this N-oxidation pathway can undergo
hydrolytic cleavage to yield phenylacetone, the same product
obtained by the a-carbon hydroxylation (carbinolamine)

Amphetamine

Cbzc/CHfi
I
O

Phenylacetone

S( + )-a-Methyldopamine

CH, H20 CH CH
2 3 2
\(ljﬁ ’L ©/ \ﬁ/ 3

N-Hydroxyamphetamine

\

NH,OH

NH,
3,4-Dihydroxyphenylacetone

pathway.?'>2!¢ Thus, amphetamine may be converted to
phenylacetone through either the a-carbon hydroxylation or
the N-oxidation pathway. The debate concerning the relative
importance of the two pathways is ongoing.?!’*'" The con-
sensus, however, is that both metabolic pathways (carbon and
nitrogen oxidation) are probably operative. Whether a-carbon
or nitrogen oxidation predominates in the metabolism of am-
phetamine appears to be species dependent.

In primary aliphatic amines, such as phentermine,?®’
chlorphentermine (p-chlorphentermine),?’” and amanta-
dine,*?® N-oxidation appears to be the major biotransforma-
tion pathway because a-carbon hydroxylation cannot
occur. In humans, chlorphentermine is N-hydroxylated ex-
tensively. About 30% of a dose of chlorphentermine is
found in the urine (48 hours) as N-hydroxychlorphenter-
mine (free and conjugated) and an additional 18% as other
products of N-oxidation (presumably the nitroso and nitro
metabolites).?'® In general, N-hydroxylamines are chemi-
cally unstable and susceptible to spontaneous or enzymatic
oxidation to the nitroso and nitro derivatives. For example,
the N-hydroxylamine metabolite of phentermine undergoes
further oxidation to the nitroso and nitro products.?’’
The antiviral and antiparkinsonian agent amantadine
(Symmetrel) reportedly undergoes N-oxidation to yield the
corresponding N-hydroxy and nitroso metabolites in
vitro.>*°

OH
Aaﬁon
CH: _CH,

OH

Oxime
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Aromatic Amines and Heterocyclic Nitrogen
Compounds. The biotransformation of aromatic amines
parallels the carbon and nitrogen oxidation reactions seen
for aliphatic amines.?'~>?>3 For tertiary aromatic amines,
such as N,N-dimethylaniline, oxidative N-dealkylation as
well as N-oxide formation take place.*** Secondary aro-
matic amines may undergo N-dealkylation or N-hydroxyl-
ation to give the corresponding N-hydroxylamines. Further
oxidation of the N-hydroxylamine leads to nitrone prod-
ucts, which in turn may be hydrolyzed to primary hydrox-
ylamines.??> Tertiary and secondary aromatic amines are
encountered rarely in medicinal agents. In contrast, pri-
mary aromatic amines are found in many drugs and are
often generated from enzymatic reduction of aromatic
nitro compounds, reductive cleavage of azo compounds,
and hydrolysis of aromatic amides.

N-oxidation of primary aromatic amines generates the
N-hydroxylamine metabolite. One such case is aniline,
which is metabolized to the corresponding N-hydroxy prod-
uct.?** Oxidation of the hydroxylamine derivative to the ni-
troso derivative also can occur. When one considers primary
aromatic amine drugs or metabolites, N-oxidation cons-
titutes only a minor pathway in comparison with other
biotransformation pathways, such as N-acetylation and aro-
matic hydroxylation, in humans. Some N-oxygenated
metabolites have been reported, however. For example, the
antileprotic agent dapsone and its N-acetylated metabolite
are metabolized significantly to their corresponding N-
hydroxylamine derivatives.??® The N-hydroxy metabolites
are further conjugated with glucuronic acid.

Methemoglobinemia toxicity is caused by several aro-
matic amines, including aniline and dapsone, and is a result of
the bioconversion of the aromatic amine to its N-hydroxy de—
rivative. Apparently, the N-hydroxylamine oxidizes the Fe*"
form of hemoglobin to its Fe* form. This oxidized (Fe*™)
state of hemoglobin (called methemoglobin or ferrihemoglo-
bin) can no longer transport oxygen, which leads to serious
hypoxia or anemia, a unique type of chemical suffocation.?*’

Diverse aromatic amines (especially azoamino dyes) are
known to be carcinogenic. N-oxidation plays an important

role in bioactivating these aromatic amines to potentially re-
active electrophilic species that covalently bind to cellular
protein, DNA, or RNA. A well-studied example is the
carcinogenic agent N-methyl-4-aminoazobenzene.??%:*%°
N-oxidation of this compound leads to the corresponding
hydroxylamine, which undergoes sulfate conjugation.
Because of the good leaving-group ability of the sulfate
(SO4*7) anion, this conjugate can ionize spontaneously to
form a highly reactive, resonance-stabilized nitrenium
species. Covalent adducts between this species and DNA,
RNA, and proteins have been characterized. %! The sulfate
ester is believed to be the ultimate carcinogenic species. Thus,
the example indicates that certain aromatic amines can be
bioactivated to reactive intermediates by N-hydroxylation and
O-sulfate conjugation. Whether primary hydroxylamines can
be bioactivated similarly is unclear. In addition, it is not
known if this biotoxification pathway plays any substantial
role in the toxicity of aromatic amine drugs.

N-oxidation of the nitrogen atoms present in aromatic
heterocyclic moieties of many drugs occurs to a minor ex-
tent. Clearly, in humans, N-oxidation of the folic acid antag-
onist trimethoprim (Proloprim, Trimpex) has yielded
approximately equal amounts of the isomeric 1-N-oxide and
3-N-oxide as minor metabolites.”*> The pyridinyl nitrogen
atom present in nicotinine (the major metabolite of nicotine)
undergoes oxidation to yield the corresponding N-oxide
metabolite.>*> Another therapeutic agent that has been ob-
served to undergo formation of an N-oxide metabolite is
metronidazole.**

Amides. Amide functionalities are susceptible to ox-
idative carbon-nitrogen bond cleavage (via a-carbon hy-
droxylation) and N-hydroxylation reactions. Oxidative
dealkylation of many N-substituted amide drugs and
xenobiotics has been reported. Mechanistically, oxidative
dealkylation proceeds via an initially formed car-
binolamide, which is unstable and fragments to form the
N-dealkylated product. For example, diazepam undergoes
extensive N-demethylation to the pharmacologically active
metabolite desmethyldiazepam.?*>
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Q Various other N-alkyl substituents present in benzodi-
Z | N~ 0 azepines (e.g., flurazepam)'3*~13® and in barbiturates (e.g.,
< | hexobarbital and mephobarbital)!?® are similarly oxidatively
N CH, N-dealkylated. Alkyl groups attached to the amide moiety of
]\ some sulfonylureas, such as the oral hypoglycemic chlor-
ot propamide,>*® also are subject to dealkylation to a minor
otinine

extent.
In the cyclic amides or lactams, hydroxylation of the ali-
cyclic carbon « to the nitrogen atom also leads to carbino-

N/ lamides. An example of this pathway is the conversion of
/@\ cotinine to 5-hydroxycotinine. Interestingly, the latter

carbinolamide intermediate is in tautomeric equilibrium

ON N CH with the ring-opened metabolite <y-(3-pyridyl)-y-oxo-N-
methylbutyramide.?*’
CH,CH,0H Metabolism of the important cancer chemotherapeutic

agent cyclophosphamide (Cytoxan) follows a hydroxylation

Metronidazole pathway similar to that just described for cyclic amides. This

2-(2-Methyl-5-nitro-imidazol-1-yl)-ethanol
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drug is a cyclic phosphoramide derivative and, for the most
part, is the phosphorous counterpart of a cyclic amide.
Because cyclophosphamide itself is pharmacologically inac-
tive,>*® metabolic bioactivation is required for the drug to
mediate its antitumorigenic or cytotoxic effects. The key
biotransformation pathway leading to the active metabolite
involves an initial carbon hydroxylation reaction at C-4 to
form the carbinolamide 4-hydroxycyclophosphamide.?3%-*4°

Hydroxylamine
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4-Hydroxycyclophosphamide is in equilibrium with the
ring-opened dealkylated metabolite aldophosphamide.
Although it has potent cytotoxic properties, aldophos-
phamide undergoes a further elimination reaction (reverse
Michael reaction) to generate acrolein and the phospho-
ramide mustard N,N-bis(2-chloro-ethyl)phosphorodiamidic
acid. The latter is the principal species responsible for
cyclophosphamide’s antitumorigenic properties and
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chemotherapeutic effect. Enzymatic oxidation of 4-hydroxy-
cyclophosphamide and aldophosphamide leads to the rela-
tively nontoxic metabolites 4-ketocyclophosphamide and
carboxycyclophosphamide, respectively.

N-hydroxylation of aromatic amides, which occurs to a
minor extent, is of some toxicological interest, because this
biotransformation pathway may lead to the formation of
chemically reactive intermediates. Several examples of
cytotoxicity or carcinogenicity associated with metabolic
N-hydroxylation of the parent aromatic amide have been
reported. For example, the well-known hepatocarcinogenic
2-acetylaminofluorene (AAF) undergoes an N-hydroxyl-
ation reaction catalyzed by CYP to form the corresponding
N-hydroxy metabolite (also called a hydroxamic acid).**!
Further conjugation of this hydroxamic acid produces the
corresponding O-sulfate ester, which ionizes to generate the
electrophilic nitrenium species. Covalent binding of this re-
active intermediate to DNA is known to occur and is likely
to be the initial event that ultimately leads to malignant
tumor formation.?*> Sulfate conjugation plays an important
role in this biotoxification pathway (see “Sulfate
Conjugation,” for further discussion).

Acetaminophen is a relatively safe and nontoxic analgesic
agent if used at therapeutic doses. Its metabolism illustrates
the fact that a xenobiotic commonly produces more than one
metabolite. Its metabolism also illustrates the effect of age,
because infants and young children carry out sulfation rather
than glucuronidation (see discussion at the end of this chap-
ter). New pharmacists must realize that at one time acetanilide
and phenacetin were more widely used than acetaminophen,
even though both are considered more toxic because they pro-

N oH R
4 \ CH,CH,CI \
O\P | —
| CH,CH,CI
0
Cyclophosphamide

I

5-Hydroxycotinine

4-Hydroxycyclophosphamide

v-(3-Pyridyl)-y-oxo-N-
methylbutyramide

duce aniline derivatives. Besides producing toxic aniline and
p-phenetidin, these two analgesics also produce acetamino-
phen. When large doses of the latter drug are ingested, exten-
sive liver necrosis is produced in humans and animals.?*3>**
Considerable evidence argues that this hepatotoxicity de-
pends on the formation of a metabolically generated reactive
intermediate.?*> Until recently,?**?¥ the accepted bioactiva-
tion pathway was believed to involve an initial N-hydroxyla-
tion reaction to form N-hydroxyacetaminophen.?*®

Spontaneous dehydration of this N-hydroxyamide pro-
duces N-acetylimidoquinone, the proposed reactive metabo-
lite. Usually, the GSH present in the liver combines with
this reactive metabolite to form the corresponding GSH con-
jugate. If GSH levels are sufficiently depleted by large doses
of acetaminophen, covalent binding of the reactive interme-
diate occurs with macromolecules present in the liver,
thereby leading to cellular necrosis. Studies indicate, how-
ever, that the reactive N-acetylimidoquinone intermediate is
not formed from N-hydroxyacetaminophen.?*>~>*" It proba-
bly arises through some other oxidative process. Therefore,
the mechanistic formation of the reactive metabolite of acet-
aminophen remains unclear.

OXIDATION INVOLVING CARBON-OXYGEN
SYSTEMS

Oxidative O-dealkylation of carbon—oxygen systems (princi-
pally ethers) is catalyzed by microsomal mixed function oxi-
dases.'® Mechanistically, the biotransformation involves an
initial a-carbon hydroxylation to form either a hemiacetal or
a hemiketal, which undergoes spontaneous carbon—oxygen

|
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bond cleavage to yield the dealkylated oxygen species (phe-
nol or alcohol) and a carbon moiety (aldehyde or ketone).
Small alkyl groups (e.g., methyl or ethyl) attached to oxygen
are O-dealkylated rapidly. For example, morphine is the
metabolic product of O-demethylation of codeine.?** The an-
tipyretic and analgesic activities of phenacetin (see drawing
of acetaminophen metabolism) in humans appear to be a con-
sequence of O-deethylation to the active metabolite acetamin-
ophen.?° Several other drugs containing ether groups, such
as indomethacin (Indocin),>"*>? prazosin (Minipress),>>>>>*
and metoprolol (Lopressor),'**!'?* have reportedly undergone
significant O-demethylation to their corresponding phenolic
or alcoholic metabolites, which are further conjugated. In
many drugs that have several nonequivalent methoxy groups,
one particular methoxy group often appears to be O-demethy-
lated selectively or preferentially. For example, the 3,4,5-
trimethoxyphenyl moiety in both mescaline?> and trimetho-
prim**? undergoes O-demethylation to yield predominantly
the corresponding 3-O-demethylated metabolites. 4-O-
demethylation also occurs to a minor extent for both drugs.
The phenolic and alcoholic metabolites formed from oxida-
tive O-demethylation are susceptible to conjugation, particu-
larly glucuronidation.

OXIDATION INVOLVING CARBON-SULFUR
SYSTEMS

Carbon—sulfur functional groups are susceptible to me-
tabolic S-dealkylation, desulfuration, and S-oxidation
reactions. The first two processes involve oxidative

75

carbon—sulfur bond cleavage. S-dealkylation is analogous
to O- and N-dealkylation mechanistically (i.e., it involves
a-carbon hydroxylation) and has been observed for
various sulfur xenobiotics.'®*?*® For example, 6-
(methylthio)purine is demethylated oxidatively in rats to
6-mercaptopurine.?>’-*>® S-demethylation of methitural®>®
and S-debenzylation of 2-benzylthio-5-trifluoromethyl-
benzoic acid also have been reported. In contrast to O- and
N-dealkylation, examples of drugs undergoing S-dealkyla-
tion in humans are limited because of the small number of
sulfur-containing medicinals and the competing metabolic
S-oxidation processes (see diagram).

Oxidative conversion of carbon—sulfur double bonds
(C=S) (thiono) to the corresponding carbon—oxygen double
bond (C=0) is called desulfuration. A well-known drug ex-
ample of this metabolic process is the biotransformation of
thiopental to its corresponding oxygen analog pentobarbi-
tal. 2! An analogous desulfuration reaction also occurs
with the P=S moiety present in several organophosphate
insecticides, such as parathion.?¢*2%* Desulfuration of
parathion leads to the formation of paraoxon, which is the
active metabolite responsible for the anticholinesterase
activity of the parent drug. The mechanistic details of desul-
furation are poorly understood, but it appears to involve mi-
crosomal oxidation of the C=S or P=S double bond.***

Organosulfur xenobiotics commonly undergo S-oxida-
tion to yield sulfoxide derivatives. Several phenothiazine
derivatives are metabolized by this pathway. For example,
both sulfur atoms present in thioridazine (Mellaril)?*32¢ are
susceptible to S-oxidation. Oxidation of the 2-methylthio
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group yields the active sulfoxide metabolite mesoridazine.
Interestingly, mesoridazine is twice as potent an antipsy-
chotic agent as thioridazine in humans and has been intro-
duced into clinical use as Serentil.*¢”

S-oxidation constitutes an important pathway in the me-
tabolism of the H,-histamine antagonists cimetidine
(Tagamet)*®® and metiamide.?® The corresponding sulfox-
ide derivatives are the major human urinary metabolites.

Sulfoxide drugs and metabolites may be further oxidized
to sulfones (-SO,-). The sulfoxide group present in the im-
munosuppressive agent oxisuran is metabolized to a sulfone
moiety.?’ In humans, dimethylsulfoxide (DMSO) is found
primarily in the urine as the oxidized product dimethylsul-
fone. Sulfoxide metabolites, such as those of thioridazine,
reportedly undergo further oxidation to their sulfone -SO,-
derivatives,?63-2¢

Oxidation of Alcohols and Aldehydes

Many oxidative processes (e.g., benzylic, allylic, alicyclic,
or aliphatic hydroxylation) generate alcohol or carbinol
metabolites as intermediate products. If not conjugated,
these alcohol products are further oxidized to aldehydes (if
primary alcohols) or to ketones (if secondary alcohols).
Aldehyde metabolites resulting from oxidation of primary
alcohols or from oxidative deamination of primary aliphatic

[ _CH,—

SH 5
Nék/i[N\> + HgH
Sy N

6-Mercaptopurine

amines often undergo facile oxidation to generate polar car-
boxylic acid derivatives.!'® As a general rule, primary alco-
holic groups and aldehyde functionalities are quite vulnera-
ble to oxidation. Several drug examples in which primary
alcohol metabolites and aldehyde metabolites are oxidized
to carboxylic acid products are cited in previous sections.

Although secondary alcohols are susceptible to oxida-
tion, this reaction is not often important because the reverse
reaction, namely, reduction of the ketone back to the sec-
ondary alcohol, occurs quite readily. In addition, the second-
ary alcohol group, being polar and functionalized, is more
likely to be conjugated than the ketone moiety.

NAD* NADH NAD* NADH
RCH,OH &=—=—=—— RCHO ~ 7 RCOOH
Primary Aldehyde Acid
Alcohol

The bioconversion of alcohols to aldehydes and ketones
is catalyzed by soluble alcohol dehydrogenases present in
the liver and other tissues. NAD™ is required as a coenzyme,
although NADP™ also may serve as a coenzyme. The
reaction catalyzed by alcohol dehydrogenase is reversible
but often proceeds to the right because the aldehyde formed
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is further oxidized to the acid. Several aldehyde dehydroge-
nases, including aldehyde oxidase and xanthine oxidase,
carry out the oxidation of aldehydes to their corresponding
acids.l 16,271-273

Metabolism of cyclic amines to their lactam metabolites
has been observed for various drugs (e.g., nicotine, phen-
metrazine, and methylphenidate). It appears that soluble or
microsomal dehydrogenase and oxidases are involved in
oxidizing the carbinol group of the intermediate carbino-
lamine to a carbonyl moiety.?”* For example, in the metab-
olism of medazepam to diazepam, the intermediate
carbinolamine (2-hydroxymedazepam) undergoes oxida-
tion of its 2-hydroxy group to a carbonyl moiety. A micro-
somal dehydrogenase carries out this oxidation.?”*

Other Oxidative Biotransformation
Pathways

In addition to the many oxidative biotransformations dis-
cussed previously in this chapter, oxidative aromatization or
dehydrogenation and oxidative dehalogenation reactions also
occur. Metabolic aromatization has been reported for
norgestrel. Aromatization or dehydrogenation of the A ring
present in this steroid leads to the corresponding phenolic
product 17a-ethinyl-18-homoestradiol as a minor metabolite
in women.?’> In mice, the terpene ring of A'-THC or A'-
THC undergoes aromatization to give cannabinol.?’%7’
Many halogen-containing drugs and xenobiotics are
metabolized by oxidative dehalogenation. For example,
the volatile anesthetic agent halothane is metabolized
principally to trifluoroacetic acid in humans.?’®2" It has
been postulated that this metabolite arises from CYP-
mediated hydroxylation of halothane to form an initial
carbinol intermediate that spontaneously eliminates hy-
drogen bromide (dehalogenation) to yield trifluoroacetyl

65 65

Diazepam

chloride. The latter acyl chloride is chemically reactive
and reacts rapidly with water to form trifluoroacetic acid.
Alternatively, it can acylate tissue nucleophiles. Indeed,
in vitro studies indicate that halothane is metabolized to a
reactive intermediate (presumably trifluoroacetyl chlo-
ride), which covalently binds to liver microsomal pro-
teins.?8%28! Chloroform also appears to be metabolized
oxidatively by a similar dehalogenation pathway to yield
the chemically reactive species phosgene. Phosgene may
be responsible for the hepatotoxicity and nephrotoxicity
associated with chloroform.?*?

A final example of oxidative dehalogenation concerns
the antibiotic chloramphenicol. In vitro studies have
shown that the dichloroacetamide portion of the molecule
undergoes oxidative dechlorination to yield a chemically
reactive oxamyl chloride intermediate that can react with
water to form the corresponding oxamic acid metabolite
or can acylate microsomal proteins.?83284 Thus, it appears
that in several instances, oxidative dehalogenation can
lead to the formation of toxic and reactive acyl halide
intermediates.

© REDUCTIVE REACTIONS

Reductive processes play an important role in the metabo-
lism of many compounds containing carbonyl, nitro, and
azo groups. Bioreduction of carbonyl compounds generates
alcohol derivatives,''®?%> whereas nitro and azo reductions
lead to amino derivatives.?®® The hydroxyl and amino moi-
eties of the metabolites are much more susceptible to con-
jugation than the functional groups of the parent com-
pounds. Hence, reductive processes, as such, facilitate drug
elimination.
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Reductive pathways that are encountered less frequently
in drug metabolism include reduction of N-oxides to their
corresponding tertiary amines and reduction of sulfoxides to
sulfides. Reductive cleavage of disulfide linkages and re-
duction of carbon—carbon double bonds also occur, but con-
stitute only minor pathways in drug metabolism.

Reduction of Aldehyde and
Ketone Carbonyls

The carbonyl moiety, particularly the ketone group, is en-
countered frequently in many drugs. In addition, metabolites
containing ketone and aldehyde functionalities often arise
from oxidative deamination of xenobiotics (e.g., propranolol,
chlorpheniramine, amphetamine). Because of their ease of
oxidation, aldehydes are metabolized mainly to carboxylic
acids. Occasionally, aldehydes are reduced to primary alco-
hols. Ketones, however, are generally resistant to oxidation
and are reduced mainly to secondary alcohols. Alcohol
metabolites arising from reduction of carbonyl compounds
generally undergo further conjugation (e.g., glucuronidation).

OH

L L
PN PN
R H R H
Aldehyde Primary Alcohols

H

C
R - C\ R, e R/ ~ Rr
Secondary Alcohols
(stereoisomeric products possible)

Diverse soluble enzymes, called aldo-keto reductases,
carry out bioreduction of aldehydes and ketones.''®?%” They
are found in the liver and other tissues (e.g., kidney). As a
general class, these soluble enzymes have similar physio-
chemical properties and broad substrate specificities and
require NADPH as a cofactor. Oxidoreductase enzymes that
carry out both oxidation and reduction reactions also can
reduce aldehydes and ketones.?®” For example, the impor-
tant liver alcohol dehydrogenase is an NAD"-dependent—
oxidoreductase that oxidizes ethanol and other aliphatic al-
cohols to aldehydes and ketones. In the presence of NADH
or NADPH, however, the same enzyme system can reduce
carbonyl derivatives to their corresponding alcohols.''®

Few aldehydes undergo bioreduction because of the rel-
ative ease of oxidation of aldehydes to carboxylic acids.
However, one frequently cited example of a parent aldehyde
drug undergoing extensive enzymatic reduction is the seda-
tive—hypnotic chloral hydrate. Bioreduction of this hydrated
aldehyde yields trichloroethanol as the major metabolite in
humans.?®® Interestingly, this alcohol metabolite is pharma-
cologically active. Further glucuronidation of the alcohol
leads to an inactive conjugated product that is readily ex-
creted in the urine.

OH
| H,0 I
Cl3C—G—OH = Cl,C—CH — Cl,C—CH,OH
Chloral

Chloral Hydrate Trichloroethanol

Aldehyde metabolites resulting from oxidative deamina-
tion of drugs also undergo reduction to a minor extent. For
example, in humans the B-adrenergic blocker propranolol is
converted to an intermediate aldehyde by N-dealkylation
and oxidative deamination. Although the aldehyde is
oxidized primarily to the corresponding carboxylic acid
(naphthoxylactic acid), a small fraction is also reduced to
the alcohol derivative (propranolol glycol).?*’

Two major polar urinary metabolites of the histamine H;-
antagonist chlorpheniramine have been identified in dogs as
the alcohol and carboxylic acid products (conjugated)
derived, respectively, by reduction and oxidation of an
aldehyde metabolite. The aldehyde precursor arises
from bis-N-demethylation and oxidative deamination of
chlorpheniramine.

Bioreduction of ketones often leads to the creation of an
asymmetric center and, thereby, two possible stereoisomeric
alcohols.''®?°! For example, reduction of acetophenone by
a soluble rabbit kidney reductase leads to the enantiomeric
alcohols (S)(—)- and (R)(+)-methylphenylcarbinol, with
the (S)(—)-isomer predominating (3:1 ratio).?*> The prefer-
ential formation of one stereoisomer over the other is
termed product stereoselectivity in drug metabolism.?*!
Mechanistically, ketone reduction involves a “hydride”
transfer from the reduced nicotinamide moiety of the cofac-
tor NADPH or NADH to the carbonyl carbon atom of the
ketone. It is generally agreed that this step proceeds with
considerable stereoselectivity.''®*°! Consequently, it is not
surprising to find many reports of xenobiotic ketones that
are reduced preferentially to a predominant stereoisomer.
Often, ketone reduction yields alcohol metabolites that are
pharmacologically active.

Although many ketone-containing drugs undergo sig-
nificant reduction, only a few selected examples are pre-
sented in detail here. The xenobiotics that are not dis-
cussed in the text have been structurally tabulated in
Figure 3.10. The keto group undergoing reduction is des-
ignated with an arrow.

Ketones lacking asymmetric centers in their molecules,
such as acetophenone or the oral hypoglycemic acetohex-
amide, usually give rise to predominantly one enantiomer on
reduction. In humans, acetohexamide is metabolized rapidly
in the liver to give principally (S)(—)-hydroxyhexam-
ide.?32%* This metabolite is as active a hypoglycemic agent
as its parent compound and is eliminated through the
kidneys.?>> Acetohexamide usually is not recommended in
diabetic patients with renal failure, because of the possible
accumulation of its active metabolite, hydroxyhexamide.

When chiral ketones are reduced, they yield two possible
diastereomeric or epimeric alcohols. For example, the
(R)(+) enantiomer of the oral anticoagulant warfarin under-
goes extensive reduction of its side chain keto group to gen-
erate the (R,S)(+) alcohol as the major plasma metabolite in
humans.’®?°¢ Small amounts of the (R,R)(+) diastereomer
are also formed. In contrast, the (S)(—) enantiomer under-
goes little ketone reduction and is primarily 7-hydroxylated
(i.e., aromatic hydroxylation) in humans.

Reduction of the 6-keto functionality in the narcotic
antagonist naltrexone can lead to either the epimeric 6a-
or 6B-hydroxy metabolites, depending on the animal
species.”””?°® In humans and rabbits, bioreduction of
naltrexone is highly stereoselective and generates only 683-
naltrexol, whereas in chickens, reduction yields only 6a-
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naltrexol.>*’~2°° In monkeys and guinea pigs, however, both
epimeric alcohols are formed (predominantly 6f3-
naltrexol).>**3°! Apparently, in the latter two species, reduc-
tion of naltrexone to the epimeric 6a- and 683-alcohols is
carried out by two distinctly different reductases found in
the liver.???=3%!

Reduction of oxisuran appears not to be an important
pathway by which the parent drug mediates its immunosup-
pressive effects. Studies indicate that oxisuran has its great-
est immunosuppressive effects in those species that form
alcohols as their major metabolic products (e.g., human,
rat).3>3% In species in which reduction is a minor pathway
(e.g., dog), oxisuran shows little immunosuppressive activ-
ity 39439 These findings indicate that the oxisuran alcohols
(oxisuranols) are pharmacologically active and contribute
substantially to the overall immunosuppressive effect of the
parent drug. The sulfoxide group in oxisuran is chiral, by
virtue of the lone pair of electrons on sulfur. Therefore,
reduction of oxisuran leads to diastereomeric alcohols.

O
Cﬁ \\/) " \\O

C
@/\Cﬁ\H——"(j/\CH CH,

N
Oxisuranols
(diastereomeric mixture)

Oxisuran

Reduction of «,B-unsaturated ketones results in reduc-
tion not only of the ketone group but of the carbon—carbon
double bond as well. Steroidal drugs often fall into this
class, including norethindrone, a synthetic progestin found
in many oral contraceptive drug combinations. In women,
the major plasma and urinary metabolite of norethindrone is
the 38,58-tetrahydro derivative.>*’

Norethindrone
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Ketones resulting from metabolic oxidative deamination
processes are also susceptible to reduction. For instance,
rabbit liver microsomal preparations metabolize amphet-
amine to phenylacetone, which is reduced subsequently to
1-phenyl-2-propanol.*®® In humans, a minor urinary
metabolite of (—)-ephedrine has been identified as the diol
derivative formed from keto reduction of the oxidatively
deaminated product 1-hydroxy-1-phenylpropan-2-one.>*

Reduction of Nitro and
Azo Compounds

The reduction of aromatic nitro and azo xenobiotics leads to
aromatic primary amine metabolites.”*® Aromatic nitro com-
pounds are reduced initially to the nitroso and hydroxylamine
intermediates, as shown in the following metabolic sequence:

o

Ar—NZ  — Ar—N=0 — Ar—NHOH — Ar—NH,

/\

Nitro Nitroso Hydroxylamine Amine

Azo reduction, however, is believed to proceed via a
hydrazo intermediate (-NH-NH-) that subsequently is cleaved
reductively to yield the corresponding aromatic amines:

Ar—N=N—Ar — Ar—NH—NH—Ar' —
Azo Hydrazo
Ar—NH, + H,N—Ar'
Amines
Bioreduction of nitro compounds is carried out by

NADPH-dependent microsomal and soluble nitro reductases
present in the liver. A multicomponent hepatic microsomal

38,5B-Tetrahydronorethindrone

OH
1-Phenyl-2-propanol

OH OH
| oH

1-Phenyl-1,2-propanediol
(as glucuronide conjugate)



84 Wilson and Gisvold’s Textbook of Organic Medicinal and Pharmaceutical Chemistry

H

1
N

O,N ‘ /N

Clonazepam, R =Cl
Nitrazepam, R=H

O

[ —{

O2N O~ “CH=N—N_ NH

Dantrolene

reductase system requiring NADPH appears to be responsi-
ble for azo reduction.®'%!? In addition, bacterial reductases
present in the intestine can reduce nitro and azo compounds,
especially those that are absorbed poorly or excreted mainly
in the bile 13314

Various aromatic nitro drugs undergo enzymatic reduc-
tion to the corresponding aromatic amines. For example,
the 7-nitro benzodiazepine derivatives clonazepam and
nitrazepam are metabolized extensively to their respective
7-amino metabolites in humans.*'>>'® The skeletal muscle
relaxant dantrolene (Dantrium) also reportedly undergoes
reduction to aminodantrolene in humans.3'7-318

For some nitro xenobiotics, bioreduction appears to be
a minor metabolic pathway in vivo, because of competing
oxidative and conjugative reactions. Under artificial anaer-
obic in vitro incubation conditions, however, these same
nitro xenobiotics are enzymatically reduced rapidly. For
example, most of the urinary metabolites of metronidazole
found in humans are either oxidation or conjugation prod-
ucts. Reduced metabolites of metronidazole have not been
detected.?'” When incubated anaerobically with guinea pig
liver preparations, however, metronidazole undergoes
considerable nitro reduction.?2°

N
N/C\IXCH

|
CH,CH,OH

Metronidazole

OH

» 1
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Bacterial reductase present in the intestine also tends to
complicate in vivo interpretations of nitro reduction. For
example, in rats, the antibiotic chloramphenicol is not re-
duced in vivo by the liver but is excreted in the bile and,
subsequently, reduced by intestinal flora to form the amino
metabolite.?*!+3%2

The enzymatic reduction of azo compounds is best exem-
plified by the conversion of sulfamidochrysoidine
(Prontosil) to the active sulfanilamide metabolite in the
liver.*?? This reaction has historical significance, for it led to

— H,N

Qﬁ

7-Amino Metabolite

/ \ /

0" "CH=N—N

Aminodantrolene

the discovery of sulfanilamide as an antibiotic and eventu-
ally to the development of many of the therapeutic sulfon-
amide drugs. Bacterial reductases present in the intestine
play a significant role in reducing azo xenobiotics, particu-
larly those that are absorbed poorly.?!*31* Accordingly, the
two azo dyes tartrazine®***?> and amaranth®?® have poor
oral absorption because of the many polar and ionized
zsulfonic acid groups present in their structures.

Therefore, these two azo compounds are metabolized
primarily by bacterial reductases present in the intestine.
The importance of intestinal reduction is further revealed in
the metabolism of sulfasalazine (formerly salicylazosul-
fapyridine, Azulfidine), a drug used in the treatment of ul-
cerative colitis. The drug is absorbed poorly and undergoes
reductive cleavage of the azo linkage to yield sulfapyridine
and 5-aminosalicylic acid.**’>?® The reaction occurs prima-
rily in the colon and is carried out principally by intestinal
bacteria. Studies in germfree rats, lacking intestinal flora,
have demonstrated that sulfasalazine is not reduced to any
appreciable extent.??’

Miscellaneous Reductions

Several minor reductive reactions also occur. Reduction of
N-oxides to the corresponding tertiary amine occurs to some
extent. This reductive pathway is of interest because several
tertiary amines are oxidized to form polar and water-soluble
N-oxide metabolites. If reduction of N-oxide metabolites
occurs to a significant extent, drug elimination of the parent
tertiary amine is impeded. N-Oxide reduction often is
assessed by administering the pure synthetic N-oxide in
vitro or in vivo and then attempting to detect the formation
of the tertiary amine. For example, imipramine N-oxide
undergoes reduction in rat liver preparations.**’

Reduction of sulfur-containing functional groups, such
as the disulfide and sulfoxide moieties, also constitutes
a minor reductive pathway. Reductive cleavage of the
disulfide bond in disulfiram (Antabuse) yields N,N-
diethyldithiocarbamic acid (free or glucuronidated) as a
major metabolite in humans.**'*3? Although sulfoxide
functionalities are oxidized mainly to sulfones (-SO;-),
they sometimes undergo reduction to sulfides. The
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importance of this reductive pathway is seen in the metab-
olism of the anti-inflammatory agent sulindac (Clinoril).
Studies in humans show that sulindac undergoes reduction
to an active sulfide that is responsible for the overall anti-
inflammatory effect of the parent drug.***33* Sulindac or
its sulfone metabolite exhibits little anti-inflammatory ac-
tivity. Another example of sulfide formation involves the
reduction of DMSO to dimethyl sulfide. In humans,
DMSO is metabolized to a minor extent by this pathway.
The characteristic unpleasant odor of dimethyl sulfide is
evident on the breath of patients who use this agent.*

I
CH;—S—CHy — CH,SCH,
Dimethyl Dimethyl
Sulfoxide Sulfide

€© HYDROLYTIC REACTIONS
Hydrolysis of Esters and Amides

The metabolism of ester and amide linkages in many drugs
is catalyzed by hydrolytic enzymes present in various tis-
sues and in plasma. The metabolic products formed (car-
boxylic acids, alcohols, phenols, and amines) generally are
polar and functionally more susceptible to conjugation and
excretion than the parent ester or amide drugs. The enzymes
carrying out ester hydrolysis include several nonspecific
esterases found in the liver, kidney, and intestine as well as
the pseudocholinesterases present in plasma.**®¥7 Amide
hydrolysis appears to be mediated by liver microsomal
amidases, esterases, and deacylases.337

Hydrolysis is a major biotransformation pathway for
drugs containing an ester functionality. This is because of
the relative ease of hydrolyzing the ester linkage. A classic
example of ester hydrolysis is the metabolic conversion of
aspirin (acetylsalicylic acid) to salicylic acid.>*® Of the two
ester moieties present in cocaine, it appears that, in gen-
eral, the methyl group is hydrolyzed preferentially to yield
benzoylecgonine as the major human urinary metabo-
lite.3° The hydrolysis of cocaine to methyl ecgonine, how-
ever, also occurs in plasma and, to a minor extent,
blood.?#3*! Methylphenidate (Ritalin) is biotransformed
rapidly by hydrolysis to yield ritalinic acid as the major
urinary metabolite in humans.>*? Often, ester hydrolysis of
the parent drug leads to pharmacologically active metabo-
lites. For example, hydrolysis of diphenoxylate in humans
leads to diphenoxylic acid (difenoxin), which is, appar-
ently, 5 times more potent an antidiarrheal agent than the
parent ester.>*> The rapid metabolism of clofibrate

Benzoylecgonine Methylecgonine

acid
344

(Atromid-S) yields p-chlorophenoxyisobutyric
(CPIB) as the major plasma metabolite in humans.
Studies in rats indicate that the free acid CPIB is responsi-

ble for clofibrate’s hypolipidemic effect.*3
O
COOH I COOH
O—C—CH, OH C”)
— + HO—C—CH 3
Aspirin Salicylic Acid Acetic Acid

(Acetylsalicylic acid)

Many parent drugs have been chemically modified or de-
rivatized to generate so-called prodrugs to overcome some
undesirable property (e.g., bitter taste, poor absorption, poor
solubility, irritation at site of injection). The rationale be-
hind the prodrug concept was to develop an agent that, once
inside the biological system, would be biotransformed to the
active parent drug.'® The presence of esterases in many tis-
sues and plasma makes ester derivatives logical prodrug
candidates, because hydrolysis would cause the ester
prodrug to revert to the parent compound. Accordingly,
antibiotics such as chloramphenicol and clindamycin have
been derivatized as their palmitate esters to minimize their
bitter taste and to improve their palatability in pediatric lig-
uid suspensions.**®347 After oral administration, intestinal
esterases and lipases hydrolyze the palmitate esters to the
free antibiotics. To improve the poor oral absorption of car-
benicillin, a lipophilic indanyl ester has been formulated
(Geocillin).**® Once orally absorbed, the ester is hydrolyzed
rapidly to the parent drug. A final example involves deriva-
tization of prednisolone to its C-21 hemisuccinate sodium
salt. This water-soluble derivative is extremely useful for
parenteral administration and is metabolized to the parent
steroid drug by plasma and tissue esterases.**’

Amides are hydrolyzed slowly in comparison to es-
ters.>*” Consequently, hydrolysis of the amide bond of
procainamide is relatively slow compared with hydrolysis of
the ester linkage in procaine.**®3°° Drugs in which amide
cleavage has been reported to occur, to some extent, include
lidocaine,>! carbamazepine,87 indomethacin,?*!"?3? and
prazosin (Minipress).?>**>* Amide linkages present in bar-
biturates (e.g., hexobarbital)*>*3> as well as in hydantoins
(e.g., 5-phenylhydantoin)*>*35> and succinimides (phensux-
imide)*>*3%3 are also susceptible to hydrolysis.

Miscellaneous Hydrolytic Reactions

Hydrolysis of recombinant human peptide drugs and hor-
mones at the N- or C-terminal amino acids by carboxypep-
tidase and aminopeptidase and proteases in blood and other
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tissues is a well-recognized hydrolytic reaction.?>¢3%7

Examples of peptides or protein hormones undergoing
hydrolysis include human insulin, growth hormone (GH),
prolactin, parathyroid hormone (PTH), and atrial natriuretic
factor (ANF).3>8

In addition to hydrolysis of amides and esters, hydrolytic
cleavage of other moieties occurs to a minor extent in drug
metabolism,® including the hydrolysis of phosphate esters
(e.g., diethylstilbestrol diphosphate), sulfonylureas, cardiac
glycosides, carbamate esters, and organophosphate com-
pounds. Glucuronide and sulfate conjugates also can un-
dergo hydrolytic cleavage by B-glucuronidase and sulfatase
enzymes. These hydrolytic reactions are discussed in the
following section. Finally, the hydration or hydrolytic cleav-
age of epoxides and arene oxides by epoxide hydrase is con-
sidered a hydrolytic reaction.

Miscellaneous Bioactivation
of Prodrugs

Throughout this chapter, the metabolism of produgs to an ac-
tive form is presented. However, in the cases presented ear-
lier, there was a chemical functional group that was subject
to phase I metabolism to release the active drug molecule.
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The metabolic reactions included oxidative activation, reduc-
tive activation, hydrolytic activation, etc. One reaction that is
of particular interest involves chemical activation as seen
with the proton pump inhibitors, which are clinically used to
treat gastric ulceration. When administered to a patient, the
drug is dosed orally, allowing for systemic distribution.
When the proton pump inhibitor arrives at an acidic region of
the body, such as the parietal cells of the stomach, chemical
activation occurs. The highly acidic environment in and
around the parietal cell allows for protonation of nitrogen on
the benzimidazole ring, followed by attachment of the pyri-
dine nitrogen. Ring opening of the intermediate then yields
the sulfenic acid that subsequently cyclizes with the loss of
water. This intermediate is highly susceptible to nucleophilic
attack by the SH moieties of the cysteine residues associated
with proteins, including the proton pump of the parietal cells.
This pump is responsible for exchange of K+ with H+ from
parietal cell into gastric lumen, and through this inhibition,
there is regulation of the acidic environment of stomach.

© PHASE 1l OR CONJUGATION
REACTIONS

Phase I or functionalization reactions do not always pro-
duce hydrophilic or pharmacologically inactive metabo-
lites. Various phase II or conjugation reactions, however,

5-F’henylhydantom
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gy
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can convert these metabolites to more polar and water-
soluble products. Many conjugative enzymes accomplish
this objective by attaching small, polar, and ionizable en-
dogenous molecules, such as glucuronic acid, sulfate,
glycine, and glutamine, to the phase I metabolite or parent
xenobiotic. The resulting conjugated products are rela-
tively water soluble and readily excretable. In addition,
they generally are biologically inactive and nontoxic.
Other phase II reactions, such as methylation and acetyla-
tion, do not generally increase water solubility but mainly
serve to terminate or attenuate pharmacological activity.
The role of GSH is to combine with chemically reactive
compounds to prevent damage to important biomacromol-
ecules, such as DNA, RNA, and proteins. Thus, phase II
reactions can be regarded as truly detoxifying pathways in
drug metabolism, with a few exceptions.

A distinguishing feature of most phase II reactions is that
the conjugating group (glucuronic acid, sulfate, methyl, and
acetyl) is activated initially in the form of a coenzyme be-
fore transfer or attachment of the group to the accepting sub-
strate by the appropriate transferase enzyme. In other cases,
such as glycine and glutamine conjugation, the substrate is
activated initially. Many endogenous compounds, such as
bilirubin, steroids, catecholamines, and histamine, also un-
dergo conjugation reactions and use the same coenzymes,
although they appear to be mediated by more specific
transferase enzymes. The phase II conjugative pathways
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discussed include those previously listed in this chapter.
Although other conjugative pathways exist (e.g., conjuga-
tion with glycosides, phosphate, and other amino acids and
conversion of cyanide to thiocyanate), they are of minor im-
portance in drug metabolism and are not covered in this
chapter.

Glucuronic Acid Conjugation

Glucuronidation is the most common conjugative pathway
in drug metabolism for several reasons: (a) a readily avail-
able supply of D-glucuronic acid (derived from D-glucose),
(b) numerous functional groups that can combine enzymat-
ically with glucuronic acid, and (c) the glucuronyl moiety
(with its ionized carboxylate [pK, 3.2] and polar hydroxyl
groups), which, when attached to xenobiotic substrates,
greatly increases the water solubility of the conjugated
product.!'733973¢1 Eormation of B-glucuronides involves
two steps: synthesis of an activated coenzyme, uridine-5'-
diphospho-a-D-glucuronic acid (UDPGA), and subsequent
transfer of the glucuronyl group from UDPGA to an appro-
priate substrate.!!7%%3%! The transfer step is catalyzed by
microsomal enzymes called UDP-glucuronyltransferases.
They are found primarily in the liver but also occur in
many other tissues, including kidney, intestine, skin, lung,
and brain.*®*3¢! The sequence of events involved in
glucuronidation is summarized in Figure 3.11.!!7:360:36!
The synthesis of the coenzyme UDPGA uses a-D-glucose-
1-phosphate as its initial precursor. Note that all glu-
curonide conjugates have the 3-configuration or B-linkage
at C-1 (hence, the term B-glucuronides). In contrast, the
coenzyme UDPGA has an a-linkage. In the enzymatic
transfer step, it appears that nucleophilic displacement of
the a-linked UDP moiety from UDPGA by the substrate
RXH proceeds with complete inversion of configuration at
C-1 to give the B-glucuronide. Glucuronidation of one
functional group usually suffices to effect excretion of the
conjugated metabolite; diglucuronide conjugates do not
usually occur.

The diversity of functional groups undergoing glu-
curonidation is illustrated in Table 3.3 and Figure 3.12.

(microsomal)

utp PP Uridine-5'-diphospho-a-
D-glucose
Phosphorylase (UDPG)
2NAD*
UDPG Dehydrogenase
(soluble)
2 NADH+2 H
COOH 0
Acceptor HO > H
1
1 _XR UDP  HXR
HO—%  HO
H UDP-Glucuronyl- O—ubDP
transferase Uridine-5'-diphospho-a-

p-glucuronic Acid (UDPGA)

(a-linkage at C-1)

Metabolic products are classified as oxygen—, nitrogen—,
sulfur—, or carbon-glucuronide, according to the het-
eroatom attached to the C-1 atom of the glucuronyl group.
Two important functionalities, the hydroxy and carboxy,
form O-glucuronides. Phenolic and alcoholic hydroxyls
are the most common functional groups undergoing
glucuronidation in drug metabolism. As we have seen,
phenolic and alcoholic hydroxyl groups are present in
many parent compounds and arise through various phase I
metabolic pathways. Morphine,*®>3%3 acetaminophen,®*
and p-hydroxyphenytoin (the major metabolite of
phenytoin)*®->° are a few examples of phenolic compounds
that undergo considerable glucuronidation. Alcoholic

TABLE 3.3 Types of Compounds Forming Oxygen,
Nitrogen, Sulfur, and Carbon Glucuronides?

Oxygen Glucuronides

Hydroxyl compounds

Phenols: morphine, acetaminophen, p-hydroxyphenytoin
Alcohols: tricholoroethanol, chloramphenicol, propranolol
Enols: 4-hydroxycoumarin

N-Hydroxyamines: N-hydroxydapsone

N-Hydroxyamides: N-hydroxy-2-acetylaminofluorene
Carboxyl compounds

Aryl acids: benzoic acid, salicylic acid

Arylalkyl acids: naproxen, fenoprofen

Nitrogen Glucuronides

Arylamines: 7-amino-5-nitroindazole
Alkylamines: desipramine

Amides: meprobamate

Sulfonamides: sulfisoxazole

Tertiary amines: cyproheptadine, tripelennamine

Sulfur Glucuronides
Sulfhydryl groups: methimazole, propylthiouracil,
diethylthiocarbamic acid
Carbon Glucuronides
3,5-Pyrazolidinedione: phenylbutazone, sulfinpyrazone

For structures and site of B-glucuronide attachment, see Figure 4.12.
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sites of B-glucuronide attachment.
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hydroxyls, such as those present in trichloroethanol (major
metabolite of chloral hydrate),?®® chloramphenicol,*® and
propranolol,**®3%7 are also commonly glucuronidated.
Less frequent is glucuronidation of other hydroxyl groups,
such as enols,*® N-hydroxylamines,”*® and N-hydroxyl-
amides.?*' For examples, refer to the list of glucuronides
in Table 3.3.

The carboxy group is also subject to conjugation with
glucuronic acid. For example, arylaliphatic acids, such as
the anti-inflammatory agents naproxen* and fenopro-
fen,>’%37! are excreted primarily as their O-glucuronide de-
rivatives in humans. Carboxylic acid metabolites such as
those arising from chlorpheniramine®® and propranolol*’
(see “Reduction of Aldehyde and Ketone Carbonyls,”) form
O-glucuronide conjugates. Aryl acids (e.g., benzoic acid,*”?
salicylic acid®’*2"*) also undergo conjugation with gluc-
uronic acid, but conjugation with glycine appears to be a
more important pathway for these compounds.

Occasionally, N-glucuronides are formed with aromatic
amines, aliphatic amines, amides, and sulfonamides.
Representative examples are found in the list of gluc-
uronides in Table 3.3. Glucuronidation of aromatic and
aliphatic amines is generally a minor pathway in compari-
son with N-acetylation or oxidative processes (e.g., oXi-
dative deamination). Tertiary amines, such as the anti-
histaminic agents cyproheptadine (Periactin)*’> and
tripelennamine,?’® form interesting quaternary ammonium
glucuronide metabolites.

Because the thiol group (SH) does not commonly occur
in xenobiotics, S-glucuronide products have been reported
for only a few drugs. For instance, the thiol groups present
in methimazole (Tapazole),*”” propylthiouracil,®’®*"° and
N,N-diethyldithiocarbamic acid (major reduced metabolite
of disulfiram, Antabuse)**° undergo conjugation with gluc-
uronic acid.

The formation of glucuronides attached directly to a car-
bon atom is relatively novel in drug metabolism. Studies in
humans have shown that conjugation of phenylbutazone
(Butazolidin)*8!3# and sulfinpyrazone (Anturane)>®3 yield
the corresponding C-glucuronide metabolites:

CgH C.H CeHs CeH
{N_N/ 6"'s NN 675
— Z X
o//S(&o HOOC 0
H R

HO
HO

C-Glucuronide Metabolite
Phenylbutazone, R = CH,CH,CH,CH;
Sulfinpyrazone, R = CH,CH,SC¢Hs
I

o

Besides xenobiotics, several endogenous substrates,
notably bilirubin*®* and steroids,*®> are eliminated as gluc-

uronide conjugates, which are excreted primarily in the
urine. As the relative molecular mass of the conjugate
exceeds 300 Da, however, biliary excretion may become
an important route of elimination.*®® Glucuronides that
are excreted in the bile are susceptible to hydrolysis by
B-glucuronidase enzymes present in the intestine. The
hydrolyzed product may be reabsorbed in the intestine, thus
leading to enterohepatic recycling.”* 8-Glucuronidases are
also present in many other tissues, including the liver, the
endocrine system, and the reproductive organs. Although
the function of these hydrolytic enzymes in drug metabo-
lism is unclear, it appears that, in terms of hormonal and
ccendocrine regulation, B-glucuronidases may liberate
active hormones (e.g., steroids) from their inactive gluc-
uronide conjugates.**

In neonates and children, glucuronidating processes are
often not developed fully. In such subjects, drugs and
endogenous compounds (e.g., bilirubin) that are metabo-
lized normally by glucuronidation may accumulate and
cause serious toxicity. For example, neonatal hyperbiliru-
binemia may be attributable to the inability of newborns
to conjugate bilirubin with glucuronic acid.*®’ Similarly,
the inability of infants to glucuronidate chloramphenicol
has been suggested to be responsible for the gray baby
syndrome, which results from accumulation of toxic levels
of the free antibiotic.*®®

Sulfate Conjugation

Conjugation of xenobiotics with sulfate occurs primarily
with phenols and, occasionally, with alcohols, aromatic
amines, and N-hydroxy compounds.*®*—=°! In contrast to
glucuronic acid, the amount of available sulfate is rather
limited. The body uses a significant portion of the sulfate
pool to conjugate numerous endogenous compounds such
as steroids, heparin, chondroitin, catecholamines, and thy-
roxine. The sulfate conjugation process involves activation
of inorganic sulfate to the coenzyme 3’-phosphoadenosine-
5'-phosphosulfate (PAPS). Subsequent transfer of the sul-
fate group from PAPS to the accepting substrate is cat-
alyzed by various soluble sulfotransferases present in the
liver and other tissues (e.g., kidney, intestine).>*> The se-
quence of events involved in sulfoconjugation is depicted
in Figure 3.13. Sulfate conjugation generally leads to
water-soluble and inactive metabolites. It appears, how-
ever, that the O-sulfate conjugates of some N-hydroxy
compounds give rise to chemically reactive intermediates
that are toxic.?*!

Phenols compose the main group of substrates under-
going sulfate conjugation. Thus, drugs containing pheno-
lic moieties are often susceptible to sulfate formation. For
example, the antihypertensive agent «-methyldopa
(Aldomet) is metabolized extensively to its 3-O-sulfate
ester in humans.>**3* The B-adrenergic bronchodilators
salbutamol (albuterol)*>®> and terbutaline (Brethine,
Bricanyl)**® also undergo sulfate conjugation as their
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principal route of metabolism in humans. For many phe-
nols, however, sulfoconjugation may represent only a
minor pathway. Glucuronidation of phenols is frequently a
competing reaction and may predominate as the conjuga-
tive route for some phenolic drugs. In adults, the major
urinary metabolite of the analgesic acetaminophen is the
O-glucuronide conjugate, with the concomitant O-sulfate
conjugate being formed in small amounts.>** Interestingly,
infants and young children (ages 3-9 years) exhibit a dif-
ferent urinary excretion pattern: the O-sulfate conjugate is
the main urinary product.>*”-3°® The explanation for this
reversal stems from the fact that neonates and young chil-
dren have a decreased glucuronidating capacity because of
undeveloped glucuronyltransferases or low levels of these
enzymes. Sulfate conjugation, however, is well developed
and becomes the main route of acetaminophen conjugation
in this pediatric group.

CHs

— > HO.3 CH
:O/ E—=coon
HO 4 [|\||-|2

a-Methyldopa

Terbutaline

Figure 3.13 ® Formation of PAPS and
sulfate conjugates.
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Other functionalities, such as alcohols (e.g., aliphatic C,
to Cs alcohols, diethylene glycol)****%° and aromatic amines
(e.g., aniline, 2-naphthylamine),**'*%> can also form sulfate
conjugates. These reactions, however, have only minor

importance in drug metabolism. The sulfate conjugation of
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N-hydroxylamines and N-hydroxylamides takes place as
well, occasionally. O-Sulfate ester conjugates of N-hydroxy
compounds are of considerable toxicological concern be-
cause they can lead to reactive intermediates that are respon-
sible for cellular toxicity. The carcinogenic agents N-methyl-
4-aminoazobenzene and 2-AAF are believed to mediate their
toxicity through N-hydroxylation to the corresponding N-hy-
droxy compounds (see earlier section on N-hydroxylation of
amines and amides). Sulfoconjugation of the N-hydroxy
metabolites yields O-sulfate esters, which presumably are the
ultimate carcinogenic species. Loss of SO4>~ from the fore-
going sulfate conjugates generates electrophilic nitrenium
species, which may react with nucleophilic groups (e.g.,
NH,, OH, SH) present in proteins, DNA, and RNA to form
covalent linkages that lead to structural and functional alter-
ation of these crucial biomacromolecules.*”® The conse-
quences of this are cellular toxicity (tissue necrosis) or alter-
ation of the genetic code, eventually leading to cancer. Some
evidence supporting the role of sulfate conjugation in the
metabolic activation of N-hydroxy compounds to reactive in-
termediates comes from the observation that the degree of
hepatotoxicity and hepatocarcinogenicity of N-hydroxy-2-
acetylaminofluorene depends markedly on the level of sulfo-
transferase activity in the liver.*%+40

The discontinued analgesic phenacetin is metabolized
to N-hydroxyphenacetin and subsequently conjugated with
sulfate.*®® The O-sulfate conjugate of N-hydroxy-
phenacetin binds covalently to microsomal proteins.*?’
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ATP  PPi
1
e
CH

N-Hydroxyphenacetin

This pathway may represent one route leading to reactive
intermediates that are responsible for the hepatotoxicity
and nephrotoxicity associated with phenacetin. Other path-
ways (e.g., arene oxides) leading to reactive electrophilic
intermediates are also possible.®

Conjugation with Glycine, Glutamine,
and Other Amino Acids

The amino acids glycine and glutamine are used by mam-
malian systems to conjugate carboxylic acids, particularly
aromatic acids and arylalkyl acids.**®*% Glycine conjugation
is common to most mammals, whereas glutamine conjugation
appears to be confined mainly to humans and other primates.
The quantity of amino acid conjugates formed from xenobi-
otics is minute because of the limited availability of amino
acids in the body and competition with glucuronidation for
carboxylic acid substrates. In contrast with glucuronic acid
and sulfate, glycine and glutamine are not converted to acti-
vated coenzymes. Instead, the carboxylic acid substrate is ac-
tivated with adenosine triphosphate (ATP) and coenzyme A
(CoA) to form an acyl-CoA complex. The latter intermediate,
in turn, acylates glycine or glutamine under the influence of
specific glycine or glutamine N-acyltransferase enzymes. The
activation and acylation steps take place in the mitochondria
of liver and kidney cells. The sequence of metabolic events
associated with glycine and glutamine conjugation of phenyl-
acetic acid is summarized in Figure 3.14. Amino acid conju-

O 0
I CoASH AMP I
C — C
PN
, AMP CH, SCoA

Phenylacetic Acid An Acyl - CoA Intermediate
Glycine or COOH
Glutamine C|3 R Glycine or
N-Acyltransferase P i
H2N \ Glutamine
H
?}) ?OOH
O\ PASN /C{"R
CH, N

Glycine Conjugate R = H

Glutamine Conjugate R = CH,CH,CONH,

Figure 3.14 ® Formation of glycine and glutamine conjugates of phenylacetic acid.
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Aromatic acids and arylalkyl acids are the major substrates
undergoing glycine conjugation. The conversion of benzoic
acid to its glycine conjugate, hippuric acid, is a well-known
metabolic reaction in many mammalian systems.*'” The ex-
tensive metabolism of salicylic acid (75% of dose) to salicyl-
uric acid in humans is another illustrative example.*'!#!2
Carboxylic acid metabolites resulting from oxidation or hy-
drolysis of many drugs are also susceptible to glycine conju-
gation. For example, the H;-histamine antagonist bromphen-
iramine is oxidized to a propionic acid metabolite that is
conjugated with glycine in both human and dog.'®! Similarly,
p-fluorophenylacetic acid, derived from the metabolism of the
antipsychotic agent haloperidol (Haldol), is found as the
glycine conjugate in the urine of rats.*'* Phenylacetic acid and
isonicotinic acid, resulting from the hydrolysis of, respec-
tively, the anticonvulsant phenacemide (Phenurone)*'* and the
antituberculosis agent isoniazid,**> also are conjugated with
glycine to some extent.

Glutamine conjugation occurs mainly with arylacetic acids,
including endogenous phenylacetic*'® and 3-indolylacetic
acid.*!” A few glutamine conjugates of drug metabolites have
been reported. For example, in humans, the 3,4-dihydroxy-5-
methoxyphenylacetic acid metabolite of mescaline is found as
a conjugate of glutamine.*'® Diphenylmethoxyacetic acid, a
metabolite of the antihistamine diphenhydramine (Benadryl),
is biotransformed further to the corresponding glutamine de-
rivative in the rhesus monkey.*"”

Several other amino acids are involved in the conjugation
of carboxylic acids, but these reactions occur only occasion-
ally and appear to be highly substrate and species depen-
dent.****?Y Ornithine (in birds), aspartic acid and serine
(in rats), alanine (in mouse and hamster), taurine
(H,NCH,CH,SO3H) (in mammals and pigeons), and histi-
dine (in African bats) are among these amino acids.**°

GSH or Mercapturic Acid Conjugates

GSH conjugation is an important pathway for detoxifying
chemically reactive electrophilic compounds.**'?® It is now

generally accepted that reactive electrophilic species manifest
their toxicity (e.g., tissue necrosis, carcinogenicity, muta-
genicity, teratogenicity) by combining covalently with nucleo-
philic groups present in vital cellular proteins and nucleic
acids.*** Many serious drug toxicities may be explained also
in terms of covalent interaction of metabolically generated
electrophilic intermediates with cellular nucleophiles.”® GSH
protects vital cellular constituents against chemically reactive
species by virtue of its nucleophilic SH group. The SH group
reacts with electron-deficient compounds to form S-substi-
tuted GSH adducts (Fig. 3.15).4217428

GSH is a tripeptide (y-glutamyl-cysteinylglycine) found in
most tissues. Xenobiotics conjugated with GSH usually are
not excreted as such, but undergo further biotransformation to
give S-substituted N-acetylcysteine products called mercap-
turic acids.”®8¢42%428 This process involves enzymatic cleav-
age of two amino acids (namely, glutamic acid and glycine)
from the initially formed GSH adduct and subsequent
N-acetylation of the remaining S-substituted cysteine residue.
The formation of GSH conjugates and their conversion to
mercapturic acid derivatives are outlined in Figure 3.15.

Conjugation of a wide spectrum of substrates with GSH
is catalyzed by a family of cytoplasmic enzymes known as
GSH S-transferases.”” These enzymes are found in most tis-
sues, particularly the liver and kidney. Degradation of GSH
conjugates to mercapturic acids is carried out principally by
renal and hepatic microsomal enzymes (Fig. 3.15).”® Unlike
other conjugative phase II reactions, GSH conjugation does
not require the initial formation of an activated coenzyme or
substrate. The inherent reactivity of the nucleophilic GSH
toward an electrophilic substrate usually provides sufficient
driving force. The substrates susceptible to GSH conjuga-
tion are quite varied and encompass many chemically differ-
ent classes of compounds. A major prerequisite is that the
substrate be sufficiently electrophilic. Compounds that react
with GSH do so by two general mechanisms: (a) nucleo-
philic displacement at an electron-deficient carbon or het-
eroatom or (b) nucleophilic addition to an electron-deficient
double bond.**!~*?

Many aliphatic and arylalkyl halides (Cl, Br, I), sulfates
(OSO537), sulfonates (OSO,R), nitrates (NO,), and
organophosphates (O-P[OR],) possess electron-deficient
carbon atoms that react with GSH (by aliphatic nucleophilic
displacement) to form GSH conjugates, as shown:

+6 —d
GSH/“*(,)HQ—¥X]——> G.S—C|3H2 + HX
R R

R = Alkyl, Aryl, Benzylic, Allylic
X =Br, Cl, 1,0805~, OSO,R, OPO(OR),
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Figure 3.15 ® Formation of GSH conjugates of electrophilic xenobiotics or metabolites

(E) and their conversion to mercapturic acids.

The carbon center is rendered electrophilic as a result of
the electron-withdrawing group (e.g., halide, sulfate, phos-
phate) attached to it. Nucleophilic displacement often is
facilitated when the carbon atom is benzylic or allylic or
when X is a good leaving group (e.g., halide, sulfate). Many
industrial chemicals, such as benzyl chloride (C¢HsCH,Cl),
allyl chloride (CH,=—CHCH,Cl), and methyl iodide, are

GSH

No2
CH,—0"

Cl

Cl NO, = |l

2,4-Dichloronitrobenzene

known to be toxic and carcinogenic. The reactivity of these
three halides toward GSH conjugation in mammalian sys-
tems is demonstrated by the formation of the corresponding
mercapturic acid derivatives.*>***® Organophosphate in-
secticides, such as methyl parathion, are detoxified by two
different GSH pathways.***#*! Pathway “a” involves
aliphatic nucleophilic substitution and yields S-methylglu-
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tathione. Pathway “b” involves aromatic nucleophilic sub-
stitution and produces S-p-nitrophenylglutathione.
Aromatic or heteroaromatic nucleophilic substitution reac-
tions with GSH occur only when the ring is rendered suffi-
ciently electrondeficient by the presence of one or more
strongly electron-withdrawing substituents (e.g., NO,, CI).
For example, 2,4-dichloronitrobenzene is susceptible to
nucleophilic substitution by GSH, whereas chlorobenzene
is not.*3

The metabolism of the immunosuppressive drug azathio-
prine (Imuran) to 1-methyl-4-nitro-5-(S-glutathionyl)imi-
dazole and 6-mercaptopurine is an example of hetero-
aromatic nucleophilic substitution involving GSH.*3¥43%
Interestingly, 6-mercaptopurine formed in this reaction ap-
pears to be responsible for azathioprine’s immunosuppres-
sive activity.*3¢

NO, NO,
N
<N\ S GSH 4 ‘g\ \
| - ‘ sG *
z N
HaC Nk | \> CH,4 K
X N 1-Methyl-4-nitro-5-
N H (S-glutathionyl) 6- Mercaptopunne
Azathioprine imidazole

Arene oxides and aliphatic epoxides (or oxiranes) repre-
sent a very important class of substrates that are conjugated
and detoxified by GSH.**” The three-membered oxygen-
containing ring in these compounds is highly strained and,
therefore, reactive toward ring cleavage by nucleophiles
(e.g., GSH, H,O0, or nucleophilic groups present on cellular
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macromolecules). As discussed previously, arene oxides
and epoxides are intermediary products formed from CYP
oxidation of aromatic compounds (arenes) and olefins, re-
spectively. If reactive arene oxides (e.g., benzo[a]pyrene-
4,5-oxide, 4-bromobenzene oxide) and aliphatic epoxides
(e.g., styrene oxide) are not “neutralized” or detoxified by
GSH S-transferase, epoxide hydrase, or other pathways,
they ultimately covalently bind to cellular macromolecules
and cause serious cytotoxicity and carcinogenicity. The
isolation of GSH or mercapturic acid adducts from
benzo[a]pyrene, bromobenzene, and styrene clearly demon-
strates the importance of GSH in reacting with the reactive
epoxide metabolites generated from these compounds.

GSH conjugation involving substitution at heteroatoms,
such as oxygen, is seen often with organic nitrates. For
example, nitroglycerin (Nitrostat) and isosorbide dinitrate
(Isordil) are metabolized by a pathway involving an initial
GSH conjugation reaction. The GSH conjugate products,
however, are not metabolized to mercapturic acids but
instead are converted enzymatically to the corresponding
alcohol derivatives and glutathione disulfide (GSSG).**®

The nucleophilic addition of GSH to electron-deficient
carbon—carbon double bonds occurs mainly in compounds
with «,B-unsaturated double bonds. In most instances, the
double bond is rendered electron deficient by resonance or
conjugation with a carbonyl group (ketone or aldehyde),
ester, nitrile, or other. Such «,B-unsaturated systems un-
dergo so-called Michael addition reactions with GSH to
yield the corresponding GSH adduct.**'*?8 For example, in
rats and dogs, the diuretic agent ethacrynic acid (Edecrin)
reacts with GSH to form the corresponding GSH or mercap-
turic acid derivatives.**® Not all «,B-unsaturated com-
pounds are conjugated with GSH. Many steroidal agents
with «,B-unsaturated carbonyl moieties, such as prednisone
and digitoxigenin, have evinced no significant conjugation
with GSH. Steric factors, decreased reactivity of the double
bond, and other factors (e.g., susceptibility to metabolic re-
duction of the ketone or the C=C double bond) may ac-
count for these observations.

Occasionally, metabolic oxidative biotransformation re-
actions may generate chemically reactive «,3-unsaturated
systems that react with GSH. For example, metabolic oxida-
tion of acetaminophen presumably generates the chemically
reactive intermediate N-acetylimidoquinone. Michael addi-
tion of GSH to the imidoquinone leads to the corresponding
mercapturic acid derivative in both animals and hu-
mans.”*>?*® 2_Hydroxyestrogens, such as 2-hydroxy-178-
estradiol, undergo conjugation with GSH to yield the two
isomeric mercapturic acid or GSH derivatives. Although the
exact mechanism is unclear, it appears that 2-hydroxyestro-
gen is oxidized to a chemically reactive orthoquinone or
semiquinone intermediate that reacts with GSH at either the
electrophilic C-1 or C-4 position,*40441

In most instances, GSH conjugation is regarded as a detox-
ifying pathway that protects cellular macromolecules such as
protein and DNA against harmful electrophiles. In a few
cases, GSH conjugation has been implicated in causing toxic-
ity. Often, this is because the GSH conjugates are themselves
electrophilic (e.g., vicinal dihaloethanes) or give rise to meta-
bolic intermediates (e.g., cysteine metabolites of haloalkenes)
that are electrophilic.****?® 1,2-Dichloroethane, for example,
reacts with GSH to produce S-(2-chloroethyl)glutathione; the
nucleophilic sulfur group in this conjugate can internally dis-

place the chlorine group to give rise to an electrophilic three-
membered ring episulfonium ion. The covalent interaction of
the episulfonium intermediate with the guanosine moiety of
DNA may contribute to the mutagenic and carcinogenic ef-
fects observed for 1,2-dichloroethane.*>>*?” The metabolic
conversion of GSH conjugates to reactive cysteine metabo-
lites is responsible for the nephrotoxicity associated with
some halogenated alkanes and alkenes.*”® The activation
pathway appears to involve y-glutamyl transpeptidase and
cysteine conjugate 3-lyase, two enzymes that apparently tar-
get the conjugates to the kidney.

Acetylation

Acetylation constitutes an important metabolic route for
drugs containing primary amino groups.**®#42443 This en-
compasses primary aromatic amines (ArNH,), sulfonamides
(H,NCgH4SO,NHR), hydrazines (—NHNH,), hydrazides
(—CONHNH;), and primary aliphatic amines. The
amide derivatives formed from acetylation of these amino
functionalities are generally inactive and nontoxic. Because
water solubility is not enhanced greatly by N-acetylation, it
appears that the primary function of acetylation is to termi-
nate pharmacological activity and detoxification. A few re-
ports indicate, however, that acetylated metabolites may be
as active as (e.g., N-acetylprocainamide),*****> or more
toxic than (e.g., N-acetylisoniazid),*****” their correspon-
ding parent compounds.

The acetyl group used in N-acetylation of xenobiotics is
supplied by acetyl-CoA.**® Transfer of the acetyl group from
this cofactor to the accepting amino substrate is carried out by
soluble N-acetyltransferases present in hepatic reticuloen-
dothelial cells. Other extrahepatic tissues, such as the lung,
spleen, gastric mucosa, red blood cells, and lymphocytes, also
show acetylation capability. N-Acetyltransferase enzymes
display broad substrate specificity and catalyze the acetyla-
tion of several drugs and xenobiotics (Fig. 3.16).44%443
Aromatic compounds with a primary amino group, such as
aniline,**® p-aminobenzoic acid,***** p-aminosalicylic
acid,'® procainamide (Pronestyl),**+#43448449 and dapsone
(Avlosulfon),*° are especially susceptible to N-acetylation.
Aromatic amine metabolites resulting from the reduction of
aryl nitro compounds also are N-acetylated. For example, the
anticonvulsant clonazepam (Klonopin) undergoes nitro
reduction to its 7-amino metabolite, which in turn is N-
acetylated.®'> Another related benzodiazepam analog, ni-
trazepam, follows a similar pathway.?'¢

The metabolism of several sulfonamides, such as sulfanil-
amide,*! sulfamethoxazole (Gantanol),*? sulfisoxazole
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