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Medicinal chemistry is the discipline concerned with de-
termining the influence of chemical structure on biological
activity. As such, it is therefore necessary for the medicinal
chemist to understand not only the mechanism by which a
drug exerts its effect, but also the physicochemical proper-
tes of the molecule. The term “physicochemical properties”
refers to the influence of the organic functional groups pres-
ent within a molecule on its acid/base properties, water sol-
ubility, partition coefficient, crystal structure, stereochem-
istry etc. All of these properties influence the absorption,
distribution, metabolism and excretion (ADME) of the mol-
ecule. In order to design better medicinal agents the medic-
inal chemist needs to understand the relative contributions
that each functional group makes to the overall physical
chemical properties of the molecule. Studies of this type in-
volve modification of the molecule in a systematic fashion
and determination of how these changes affect biological ac-
tivity. Such studies are referred to as studies of structure-
activity relationships i.e., what structural features of the mol-
ecule contribute to, or take away from, the desired biologi-
cal activity of the molecule of interest.

Because of the fundamental nature of its subject matter,
this chapter includes numerous case studies throughout
(as boxes) and at the end. In addition, a list of study ques-
tions at the end of—and unique to—this chapter provides

‘ further self-study material on the subject of drug design.

INTRODUCTION

. Chemical compounds, usually derived from plants,

have been used by humans for thousands of years to alle-
viate pain, diarrhea, infection and various other maladies.
Until the 19th century these “remedies” were primarily
‘ crude preparations of plant material whose constituents
were unknown and the nature of the active principal (if
| any) was also unknown. The revolution in synthetic or-
* ganic chemistry during the 19th century produced a con-
| certed effort toward identification of the structures of the
' active constituents of these naturally derived medicinals
and synthesis of what were hoped to be more efficacious
agents. By determining the molecular structures of the ac-
tive components of these complex mixtures it was thought
that a better understanding of how these components
Wworked could be elucidated.

Relationship Between Molecular Structure
and Biologic Activity

Early studies of the relationship between chemical
Structure and biologic activity were conducted by Crum-
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2. Drug Design and Relationship of Functional Groups
to Pharmacologlc Actnvnty

Brown and Fraser (1) in 1869. They showed that many
compounds containing tertiary amine groups became
muscle relaxants when converted to quaternary ammo-
nium compounds. Compounds with widely differing phar-
macological properties such as, strychnine (a convulsant),
morphine (an analgesic), nicotine (deterrent, insecti-
cide), and atropine (anticholinergic), all could be con-

" verted to muscle relaxants with properties similar to

tubocurarine when methylated (Fig. 2.1). Crum-Brown
and Fraser therefore concluded that muscle relaxant ac-
tivity required a quaternary ammonium group within the
chemical structure. This initial hypothesis was later dis-
proven by the discovery of the natural neurotransmitter
and activator of muscle contraction, acetylcholine (Fig.
2.2). Even though Crum-Brown and Fraser’s initial hy-
pothesis concerning chemical structure and muscle relax-
ation was proven to be incorrect, it demonstrated the con-
cept that molecular structure does influence the
biological activity of chemical compounds.

With the discovery by Crum-Brown and Fraser that qua-
ternary ammonium groups could produce compounds
with muscle relaxant properties scientists began looking

Morphine

N-Methyl hi
(analgesic) ethylmorphine

(muscle relaxant)

o
CH3

== 13
o HaC CH3

N-Methylnicotine
(muscle relaxant)

CH3
—— Eﬂ
CHgOH CHZOH

O 0

Nicotine
(insecticide)

N-Methylatropine

s b (muscle relaxant)

(mydriatic)

Fig. 2.1. Effects of methylation on biologic activity.
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Fig. 2.2. Acetylcholine, a neurotransmitter and muscle relaxant.

for other organic functional groups that would produce
specific biologic responses. The thinking at this period of
time was that specific chemical groups, or nuclei (rings),
were responsible for specific biologic effects. This lead to

the postulate, which took some time to disprove, that “one

chemical group gives one biological action.” (2) Even af-
ter the discovery of acetylcholine by Loewi and Navrati (3)
which effectively dispensed with Crum-Brown and Fraser’s
concept of all quaternary ammonium compounds being
muscle relaxants, this was still considered dogma and took
a long time to replace.

Selectivity of Drug Action
and Drug Receptors

Though the structures of many drugs or xenobiotics
were known at the turn of the century, or at least the com-
position of functional groups, it was still a mystery as to
how these compounds exerted their effects. Utilizing his
observations regarding the staining behavior of microor-
ganisms, Ehrlich developed the concept of drug receptors
(4). He postulated that certain “side chains” on the sur-
faces of cells were “complementary” to the dyes (or drug),
thereby allowing the two substances to combine. In the
case of antimicrobial compounds, this combining of the
chemical to the “side chains” produced a toxic effect. This
concept effectively was the first description of what later
became know as the receptor hypothesis for explaining
the biological action of chemical compounds. Ehrlich also
discussed selectivity of drug action via the concept of a
“magic bullet” for compounds that would eradicate dis-
ease states without producing undue harm to the organ-
ism being treated (i.e., the patient). This concept was later
modified by Albert (5) and is generally referred to as “se-
lective toxicity.” Utilizing this concept Ehrlich developed
organic arsenicals that were toxic to trypanosomes as a re-
sult of their irreversible reaction with mercapto groups
present on vital proteins within the organism. The forma-
tion of As-S bonds resulted in death to the target organ-
ism. However, it was soon learned that these compounds
were not only toxic to the target organism, but also to the
host once certain blood levels of arsenic were achieved.

The “paradox” that resulted after the discovery of
acetylcholine of how one chemical group can produce two
different biologic effects, i.e., muscle relaxation and mus-
cle contraction, was explained by Ing (6) using the actions
of acetylcholine and tubocurarine as his examples. Ing hy-
pothesized that both acetylcholine and tubocurarine act at
the same receptor but that one molecule fits to the recep-
tor in a more complementary manner and “activates” it,
causing muscle contraction. Just how this activation occurs
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was not elaborated upon. The larger molecule, tubocu-
rarine, simple occupies part of the receptor and prevents
acetylcholine, the smaller molecule, from occupying the
receptor. With both molecules the quaternary ammonium
functional group is a common structural feature and in-
teracts with the same region of the receptor. If one closely
examines the structures of other compounds that have
opposing effects on the same pharmacologic system, this
appears to be a common theme: Molecules that block the
effects of natural neurotransmitters (antagonists) are gen-
erally larger in size than the native compound. Both com-
pounds share common structural features, however, thus
providing support to the concept that the structure of a
molecule, its composition and arrangement of chemical
functional groups, determines the type of pharmacologic
effect that it possesses (i.e., structure-activity relationship).
Thus, compounds that are muscle relaxants acting via the
cholinergic nervous system will possess a quaternary am-
monium or protonated tertiary ammonium group and will
be larger than acetylcholine. Structure-activity relation-
ships (SARs) are the underlying principle of medicinal
chemistry. Similar molecules exert similar biological ac-
tions in a qualitative sense. A corollary to this is that struc-
tural elements (functional groups) within a molecule most
often contribute in an additive manner to the physico-
chemical properties of a molecule and therefore its bio-
logical action. One need only peruse the structures of
drug molecules in a particular pharmacologic class to be-
come convinced of this (e.g., histamine H, antagonists;
histamine H, antagonists; $-adrenergic antagonists; etc.).
The objective of the medicinal chemist in his/her quest
for better medicinal agents (drugs) is to discover what
functional groups within a specific structure are important
for its pharmacologic activity, and how can these groups
be modified to produce more potent, selective and safer
compounds.

An example of how different functional groups can yield
compounds with similar physicochemical properties is
shown with sulfanilamide antibiotics. In Figure 2.3 the
structures of sulfanilamide and p-aminobenzoic acid
(PABA) are shown. In 1940, Woods (7) demonstrated that
PABA was capable of reversing the antibacterial action of
sulfanilamide (and other sulfonamides antibacterials) and
that both PABA and sulfanilamide had similar steric and
electronic properties. Both compounds contain acidic func-

H.-H H.H

6.7A 6.9A
v 0/,0\06 o=z=o
S

p-Aminobenzoic acid Sulfanilamide

Fig. 2.3. lonized forms of PABA and sulfanilamide. Comparison of
distance between amine and ionized acids of each compound. Note
how closely sulfanilamide resembles PABA.
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tional groups with PABA containing an aromatic carboxylic
acid and sulfanilamide an aromatic sulfonamide. When ion-
jzed at physiological pH both compounds have a similar
electronic configuration and the distange between the ion-
ized acid and the weakly basic amino group is also very sim-
{Jar. It should therefore be no surprise that sulfanilamide
acts as an antagonist to PABA metabolism in bacteria.

pHYSICOCHEMICAL PROPERTIES OF DRUGS
Acid/Base Properties

The human body is composed of 70-75% water, which
amounts to approximately 55 liters of water for a 160 Ib (55
kg) individual. For an average drug molecule with a molec-
ular weight of 200 g/mol and a dose of 20 mg this leads to
a concentration of ~2 X 107 M solution. When consider-

ing the solution behavior of a drug within the body we are -

therefore dealing with a dilute solution. For dilute solutions

the Bronsted-Lowry (8) acid/base theory is most appropri-

ate for explaining and predicting acid/base behavior. This
is a very important concept in medicinal chemistry since the
acid/base properties of drug molecules directly affect ab-
sorption, excretion and compatibility with other drugs in
solution. According to the Brénsted-Lowry Theory an acid
is any substance capable of yielding a proton (H') and a
base is any substance capable of accepting a proton. When
an acid gives up a proton to a base it is converted to its con-
jugate base. Similarly, when a base accepts a proton it is con-
verted to its conjugate acid form (Equations 2.1 and 2.2).

Eq.21  CH,COOH + H;0 === CH,c00® + H,0®
Acid Base Conjugate  Conjugate
(acetic acid) (water) base acid
(acetate) (hydronium)
Eq. 2.2 CH,NH, + H,0 === CHNH,® + ©oH
) Base Acid  Conjugate Conjugate
(methylamine) (water) Acid base

(methylammonium) (hydroxide)

Note that when an acid loses its proton it is left with an
extra pair of electrons that are no longer neutralized by the
proton. This is the ionized form of the acid and is now very
water soluble due to the charge. Since the acid has lost its
proton it is often also referred to as having undergone dis-
sociation. There are many different organic functional
groups that behave as acids and these are listed in Table 2.1.
It is important that the student learn to recognize these
functional groups and their relative acid strengths. This will
help the student to predict absorption, distribution, excre-
tion and potential incompatibilities between drugs.

When a base is converted to its conjugate acid form it
too becomes ionized. However, in this instance it becomes
Positively charged due to the presence of the extra proton.
Most basic drugs are usually derived from primary, sec-
ondary and tertiary amines. Other organic. functional
groups that act as bases are shown in Table 2.2. Again the
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student should familiarize himself with these functional
groups and be able to readily recognize them by name and
relative strengths.

Organic functional groups that are neither capable of
giving up a proton, nor accepting a proton are considered
to be neutral (or nonelectrolytes) with respect to their
acid/base properties. Common functional groups of this
type are shown in Table 2.3. In the case of quaternary am-
monium compounds the molecule is not electrically neu-
tral even though it is neither acidic nor basic. Additional
reading on the acid/base behavior of the functional
groups listed in Tables 2.1-2.3 can be found in Remington
(9) and Lemke (10).

A molecule may contain multiple functional groups and
therefore possess both acid and base properties. For exam-
ple, ciprofloxacin (Fig. 2.4) a quinolone antibiotic, con-
tains a secondary alkyl amine and a carboxylic acid. De-
pending upon the pH of the solution (or tissue) this
molecule will either accept a proton, yield a proton or
both. Thus it can be a base, acid or amphoteric (both acid
and base) in its properties. Figure 2.5 shows the acid/base
behavior of ciprofloxacin at two different locations of the
gastro-intestinal tract. Note that at a given pH value (e.g.,
pH of 1.0-3.5) only one of the functional groups (the alkyl-
amine) is ionized. In order to be able to make this predic-
tion one has to understand the relative acid/base strength
of acids and bases. Thus, one needs to be able to know
which acid or base within a molecule containing multiple
functional groups is the strongest and which is the weakest.
The concept of pK, not only indicates the relative
acid/base strength of organic functional groups, but it also
allows one to calculate, for a given pH, exactly how much
of the molecule is in the ionized and unionized form.

Relative Acid Strength (pK,)

Strong acids and bases completely dissociate or accept
a proton in aqueous solution to produce their respective
conjugate bases and acids. For example, mineral acids
such as HCI or bases such as NaOH undergo complete dis-
sociation in water with the equilibrium shifted completely
to the right side as shown in equations 2.3 and 2.4:

Eq. 2.3 BT 4 FLO) c® + n,0%

Eq.24 NaOH + H,0 = N® + OH® + H,0

However, acids and bases of intermediate or weak
strength incompletely dissociate or accept a proton and
the equilibrium lies somewhere in between. The equilib-
rium is such that all possible species may exist. Note that
in equations 2.3 and 2.4 water is acting as a base in one in-
stance and as an acid in the other. Water is amphoteric, it
may act as an acid or a base depending upon the condi-
tions. Because we are always dealing with a dilute aqueous
solution the strongest base that can be present is OH™ and
the strongest acid H,O*. This is known as the leveling ef-

N
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Table 2.1. Common Acidic Organic Functional Groups and Their lonized (Conjugate Base) Forms

Acids pKa Conjugate Base
Phenol 9-11 N OH © Phenolate
A— e
P |
L W
Sulfonamide 9-10 0] o © Sulfonamidate
R=S-NH, R—S-NH
"
o 0
Imide 9-10 O )OJ\ 0] j\ OeO Imidate
R)LN R R/U\N R‘"—R/U\NAR‘
H ©
Alkylthiol 10-11 ) Thiolate
R-—SH R-8
Thiophenol 9-10 %, ~SH S Thiophenolate
i S
R-—(—/ T
B o
N-Arylsulfonamide 6-7 9 9 e N-Arylsulfonamidate
R—§—ﬁ‘© R=8-N— ™
o} b o} N
R A
Sulfonimide 5-6 0] e} Oe Sulfonimidate
8 X A A = 2L A
St il - RN R RN R
H ©
Alkylcarboxylic acid 5-6 o o o Alkylcarboxylate
R-C-OH BR-C-0

Arylcarboxylic acid 4-5 COOH Arylcarboxylate
Ty petl ]
R O/

Sulfonic acid 0-1 o} /,O o 0 Sulfonate
R'S\OH R’S\O

Acid strength usually increases as one moves down the table.
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Base

Conjugate Acid

f‘_—

Arylamine

Aromatic amine

Imine

Alkylamines

Amidine

Guanidine

R-N" “NH,
H

NH,

R—NHs

NH, ®
R” “NH,

NH, @
R=N" “NH,
H

Arylammonium

Aromatic ammonium

Iminium

Alkylammonium

Amidinium

Guanidinium

Table 2.3. Common Organic Functional Groups That Are Considered Neutral Under Physiologic Conditions

R—CH,-OH
Alky! alcohol

o]

X

R™ "NH,

Amide
$I
R—I:[-).O
Rll

Amine oxide

R™ R
Ether
H

e
/Z N
R R
Diarylamine

O
R)LR‘

Ketone & Aldehyde

O

J_r

B O

Ester

R-C=N

Nitrile
~8:

R™ R

Thioether

0420
SR
A==0

Sulfonic acid ester
RO

R—I}l—R"
R

Quaternary ammonium

S o, .0

N

R’S‘R- B R

Sulfoxide Sulfone
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halogen ketone, neutral

neutral

aHJ carboxylic acid

: |
aryl amine Ay acidic

weak base
aryl amine, weak base

alkyl amine
basic

Fig. 2.4. Chemical structure of ciprofloxacin showing the various or-
ganic functional groups.

F. CO,H FI.\‘ co0
i 1
® (NTE N ® (NTF
vl H~-N

N A i A

H

Stomach (pH 1.0 — 3.5) Duodenum (pH ~4)

Fig. 2.5. Predominate forms of ciprofloxacin at two different locations
within the gastrointestinal tract.

fect of water. Thus, some organic functional groups that
are considered acids or bases with respect to their chemi-
cal reactivity do not behave as such under physiological
conditions in aqueous solution. For example, alkyl alco-
hols such as ethyl alcohol, are not sufficiently acidic to un-
dergo ionization to a significant extent in aqueous solu-
tion. Water is not sufficiently basic to remove the proton
from the alcohol to form the ethoxide ion (Equation 2.5).
~——= CHCHO + H,0%

Eq.25 CH,CH,OH + H,O

Absorption/Acid-Base Case

Predicting the Degree of lonization
of a Molecule

From general principles it is possible to predict if a mol-
ecule is going to be ionized or unionized at a given pH
simply by knowing if the functional groups present on the
molecule are acid or basic. However, in order to be able to
quantitatively predict the degree of ionization of a mole-
cule one must know the pK, values of the acid and basic
functional groups present and the pH of the environment
to which the compound will be exposed. The Henderson-
Hassalbach equation (Equation 2.6) can be used to calcu-
late the percent jonization of a compound at a given pH.
This equation was used to calculate the major forms of
ciprofloxacin in Figure 2.5.

[acid form]

Eq. 2.6
4 2 [base form]

pK. = pH + log

The key to understanding the use of the Henderson-
Hassalbach equation for calculating percent ionization is to
realize that this equation relates a constant, pK,, to the ratio
of acid form to base form of the drug. Since pK, is a constant
for any given molecule, then the ratio of acid to base will de-
termine the pH of the solution. Conversely, a given pH de-
termines the ratio of acid to base. A sample calculation is
shown in Figure 2.6 for the sedative hypnotic amobarbital.

When dealing with a base, the student must recognize
that the conjugate acid form is the ionized form of the
drug. Thus, as one should expect, a base behaves in a
manner opposite to that of an acid. Figure 2.7 shows the
calculated percent ionization for the decongestant

¥

A long distance truck driver comes into the pharmacy complaining of seasonal allergies. He asks you to recommend
an agent that will act as an antihistamine, but will not cause drowsiness. He regularly takes TUMs for indigestion be-
cause of the bad food that he eats while he is on the road.

O\/{?\OH Ch,
QS 7 R
O HaCi \/\l:)
, Q

Cetirizine (Zyrtec)

Clemastine (Tavist)

Olopatadine (Patanol)

1. ldentify the functional groups present in Zyrtec and Tavist and evaluate the effect of each functional group on the
ahility of the drug to cross lipophilic membranes (e.g., blood brain barrier). Based on your assessment of each
agent’s ability to cross the blood brain barrier {(and therefore potentially cause drowsiness), provide a rationale for
whether the truck driver should be taking Zyrtec, or Tavist.

2. Patanol is sold as an aqueous solution of the hydrochloride salt. Modify the structure above to show the appropriate
salt form of this agent. This agent is applied to the eye to relieve itching associated with allergies. Describe why this
agent is soluble in water and what properties make it able to be absorbed into the membranes that surround the eye.

3. Consider the structural features of Zyrtec and Tavist. In which compartment will each of these two drugs be best
absorbed? (stomach, pH = 1 or intestine, pH = 7.5).

4. TUMs neutratizes stomach acid {pH of stomach = 3.5). Based on your answer to question #3, determine whether the
truck driver will get the full antihistaminergic effect if he takes his antihistamine at the same time as he takes his
TUMs. Provide a rationale for your answer.
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Acid Base Chemistry/Compatibility Cases

The IV technician in the hospital pharmacy gets an order for a patient that includes the two drugs drawn below. She is un-

sur

n
(LD o

(o]
O e
Hmcm
(6]

COK*

Penicillin V Potassium

o if she can mix the two drugs together in the same |V bag and isn’t sure how water-soluble either of the agents are.

1. Penicillin V potassium is drawn in its salt form, whereas codeine phosphate is not. Modify the structure above to
show the salt form of codeine phosphate. Determine the acid/base character of the functional groups in the two
molecules drawn above, as well as the salt form of codeine phosphate.

2. As originally drawn above, which of these two agents is more water-soluble? Provide a rationale for your selection
that includes appropriate structural properties. Is the salt form of codeine phosphate more or less water soluble
than the free base form of the drug? Provide a rationale for your answer based on the structural properties of the

salt form of codeine phosphate.

3. What is the chemical consequence of mixing aqueous solutions of each drug in the same IV bag? Provide a ration-

ale that includes an acid/base assessment.

o&o 0 ] o 0
HN\n,NH ==
o

HN N © T HN N
4 T
o} %p
Acid form Conjugate base
pK, 8.0
Question: At a pH of 7.4, what is the percent ionization of amobarbital?
. [ acid ]
ANSWer: 8.0 = 7.4 + 109 Thase]
_ [ acid |
0.6 = log Toase]
_[acid] _ 0.25

10°= [base] = 1

% acid form = —%Q—Q = 80%

Fig. 2.6. Calculation of % ionization of amaobarbital. Calculation indi-
cates that 20% of the molecules are in the acid (or protonated) form,
leaving 80% in the conjugate base (ionized) form.

phenylpropanolamine. It is very important to recognize
that for a base, the pK, refers to the conjugate acid or
ionized form of the compound. To thoroughly compre-
hend this relationship, the student should calculate the
percent ionization of an acid and a base at different pH
values.

Water Solubility of Drugs

The solubility of a drug molecule in water greatly af-
fects the routes of administration available and its absorp-
tion, distribution and elimination. Two key concepts to
keep in mind when considering the water (or fat) solubil-
1ty of a molecule are the hydrogen bond forming potential
of the functional groups present in the molecule and the
lonization of functional groups.

Page 10 of 34
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OH OH ®
oy = L J in,
Base form Conjugate acid form

pK, 9.4

Question: What is the percent ionization of phenylpropanolamine

at pH 7.47
9.4=74+log [aed]

Answer: Tbase]

= [acid ]
2.0= Iog W

2_[acid] _ 100
10%="Tpase] = —1

o ach _ 100 =
% acid form = 101 x100 = 99%

Fig. 2.7. Calculation of % ionization of phenylpropanolamine. Calcula-
tion indicates that 99% of the molecules are in the acid form which is
the same as % ionization.

Hydrogen Bonds

Each functional group capable of donating or accepting
a hydrogen bond will contribute to the overall water solu-
bility of the compound. Hence, such functional groups will
increase the hydrophilic (water loving) nature of the mol-
ecule. Conversely, functional groups that cannot form hy-
drogen bonds will not enhance hydrophilicity, and will ac-
tually contribute to the hydrophobicity (water hating) of
the molecule. Hydrogen bonds are a special case of what
are generally referred to as dipole-dipole bonds. Dipoles
result from unequal sharing of electrons between atoms
within a covalent bond. This unequal sharing of electrons
results when two atoms involved in a covalent bond have
significantly different electronegativities. As a result, partial
ionic character develops between the two atoms, produc-
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HioH
. A H\O
"o Oy 1
N, v
) X g
g i
' ]
; R R
o‘ \)\/

H- “H

Fig. 2.8. Examples of hydrogen bonding between water and hypo-
thetical drug molecules.

ing a permanent dipole: One end of the covalent bond has
higher electron density than the other. When two mole-
cules containing dipoles approach one another they align
such that the negative end of one dipole is electrostatically
attracted to the positive end of the other. When the posi-
tive end of the dipole is a hydrogen atom, this interaction
is referred to as a hydrogen bond (or H-bond). Thus, for a hy-
drogen bond to occur at least one dipole must contain an
electropositive hydrogen. The hydrogen atom must be in-
volved in a covalent bond with an electronegative atom
such as oxygen (O), nitrogen (N), sulfur (S) or selenium
(Se). Of these four elements only O and N contribute sig-
nificantly to the dipole and we will therefore only concern
ourselves with the hydrogen bonding capability of OH and
NH groups. This is only in reference to functional groups
that “donate” hydrogen bonds.

Even though the energy involved for each hydrogen
bond is small, 1-10 kcal/mol/bond, it is the additive na-
ture of multiple hydrogen bonds that contributes to water
solubility. We will see in Chapter 4 that this same bonding in-
teraction is also important in drug-receptor interactions. Fig-
ure 2.8 shows several possible hydrogen bond types that may
occur with different organic functional groups and water. As
a general rule, the more hydrogen bonds that are possible,

Table 2.4. Common Organic Functional Groups
and Their Hydrogen-Bonding Potential

Number of Potential

Functional Groups H-bonds
R—OH 3
o 2
o
R—NH, 3
R—K:lH 2
&
R—I:I—R' 1
A
O 4
RJ\O'R
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the greater the water solubility of the molecule. Table 2.4
lists several common organic functional groups and the
number of potential hydrogen bonds for each. This table
does not take into account the possibility of intramolecular hy-
drogen bonds that could form. Each intramolecular hydro-
gen bond would decrease water solubility (and increase lipid
solubility) since one less interaction with solvent occurs.

lonization

In addition to the hydrogen bonding capability of a
molecule, another type of bonding interaction plays an
important role in determining water solubility: Ion-Dipole
bonding. This type of bonding comes into play when one
deals with organic salts. Ion-dipole bonds develop between
either a cation or anion and a formal dipole such as water.
A cation, having a deficiency in electron density, will be at-
tracted to regions of high electron density. When dealing
with water, this would be the two lone pairs of electrons as-
sociated with the oxygen atom. An anion will associate
with regions of low electron density or the positive end of
the dipole. In the case of water as solvent, this would be
the hydrogen atoms (Fig. 2.9).

Not all organic salts are necessarily very water soluble. In
order to associate with enough water molecules to become
soluble, the salt must be highly dissociable; i.e., the cation
and anion must be able to separate and each interact with
water molecules. Highly dissociable salts are those formed
from strong acids with strong bases, weak acids with strong
bases and strong acids with weak bases. Strong acids are hy-
drochloric, sulfuric, nitric, perchloric and phosphoric acid.
All other acids are considered to be weak. Sodium hydrox-
ide and potassium hydroxide are considered to be strong
bases, with all other bases classified as weak. Thus the salt of
a carboxylic acid and alkylamine is a salt of a weak acid and
weak base respectively, and therefore does not dissociate ap-
preciable. This salt would not be very water soluble. Some
examples of common organic salts used in pharmaceutical
preparations are provided in Figure 2.10.

When dealing with the water solubility of ionized
molecules one must also consider the possibility of in-
tramolecular ionic bonding. Compounds with ionizable
functional groups that produce opposite charges have
the potential to interact with each other rather than wa-

" ter molecules. When this occurs such compounds often

become very insoluble in water. A classic example is the
amino acid tyrosine (Fig. 2.11). Tyrosine contains three
very polar functional groups with two of these (the alkyl-
amine and carboxylic acid) being capable of ionization,
depending on the pH of the solution. The phenolic hy-

Fig. 2.9. Examples of ion-dipole bonds.
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Absorption/Binding Interactions Case

A 24-year-old male comes into the pharmacy and asks
you for a recommendation for a treatment for the itching
and burning he has recently noticed on both feet. He in-
dicates that he would prefer a cream rather than a spray
or a powder. Your recommendation to this patient is to
use Lamisil, a very effective topical antifungal agent that
is sold over the counter.

T A T — g i

{ CHs
CHs CHa
i & Z “CHs

Terbinafine (Lamisil)

1. Identify the structural characteristics and the corre-
sponding properties that make terbinafine an agent
that can be utilized topically.

2. The biological target for drug action for terbinafine is
squalene epoxidase. Consider each of the structural
features of this antifungal agent and describe the type
of interactions that the drug will have with the target
for drug action. Which amino acids are likely to be
present in the active site of this enzyme?
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Fig. 2.10. Water solubilities of different salt forms of selective drugs.
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HTE

Fig. 2.11. Functional groups present in tyrosine, their hydrogen-bond-
ing potential, and pK, values.

droxyl is also ionizable, but it doesn’t contribute under
the conditions most often encountered in pharmaceuti-
cal formulations or physiologic conditions. Because of
the presence of three very polar functional groups (two
of them being ionizable) one would therefore expect ty-

rosine to be very soluble in water, yet its solubility is only

0.45 g/1000ml. Since the basic alkylamine (pK, 9.1, for
the conjugate acid) and the carboxylic acid (pKa 2.2)
can react with one another a zwitterionic molecule is
formed. The two charged groups are sufficiently close to
allow a strong ion-ion bond to form, thereby keeping
each of these groups from forming ion-dipole bonds
with the surrounding water molecules. The lack of in-
teraction of the ions with the water dipoles results in a
molecule that is very insoluble (Fig. 2.12). Not all zwit-
terions or multiply charged molecules show this behav-
ior. Only those containing ionized functional groups
that are close enough to interact to form an ion-ion
bond will be poorly soluble. The greater the separation
between charges, the more highly water soluble the mol-
ecule will be.

Predicting Water Solubility: Empiric Approach

Lemke (10) has developed an empirical approach to
predicting water solubility of molecules based upon the
carbon solubilizing potential of several organic functional
groups. If the solubilizing potential of the functional
groups exceeds the total number of carbon atoms pres-
ent, then the molecule is considered to be water soluble.
Otherwise, it is insoluble. Functional groups that can in-
teract either through intramolecular hydrogen bonds or
ion-ion interactions will decrease the solubilizing poten-
tial of each group. It is difficult to quantitate how much
such interactions will take away from water solubility, but
recognizing these interactions will allow one to explain
anomalous results.

Table 2.5 shows the water solubilizing potential for several
organic functional groups common to many drugs. Since
most drug molecules contain more than one functional
group (i.e., are polyfunctional) the second column in the
table will be used most often. A couple examples for pre-
dicting water solubility will be used to demonstrate Lemke’s
method. Anileridine (Fig. 2.13) is a narcotic analgesic con-
taining three organic functional groups that contribute to
water solubility: an aromatic amine (very weak base), a terti-

japel
HO o

Fig. 2.12. Zwitterion form of tyrosine showing ion-ion bond.
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Binding Interactions

Each of these drug molecules interacts with a different biological target and elicits a unique pharmacologic response.
For each of the three molecules, list the types of binding interactions that are possible with a target for drug action. For
each type of binding interaction, provide one example of an amino acid that could participate in that interaction.

O~CHy~CH-CHy~NHCH(CHa),

Q-]\““\\/\/\)'\OCHS i I:' /\/\/©
HC, OH > M AR o
Hy-CHy _O_CH2_<] HO: \,:ﬁ,\vhck%- o _CHy HO~ ™ | = (o]
HO™ ~F
(B’;:izllxt;lc;l Misoprostol (Cytotsc) Salmeterol (Sersvent)
etoplic

Example: Binding Interaction: Van der Waals Amino Acid: leucine

Table 2.5. Water-solubilizing Potential of Organic Functional Groups When Present in a
Mono- or Polyfunctional Molecule

Functional Monofunction Polyfunctional
Group Molecule Molecule

Alcohol 5 to 6 carbons 3 to 4 carbons
Phenol 6 to 7 carbons 3 to 4 carbons
Ether 4 to b carbons 2 carbons
Aldehyde 4 to 5 carbons 2 carbons
Ketone 5 to 6 carbons 2 carbons
Amine 6 to 7 carbons 3 carbons
Carboxylic acid 5 to 6 carbons 3 carbons
Ester 6 carbons 3 carbons
Amide 6 carbons 2 to 3 carbons
Urea, carbonate, carbamate 2 carbons

Water solubility is defined as >1% solubility (9).

ary alkylamine (weak base) and an ester (neutral). There are
a total of 21 carbon atoms in the molecule with a solubiliz-
ing potential from the three functional groups of 9 carbon
atoms. Since the solubilizing potential of the functional
groups is less than the total number of carbons present, the
prediction would be that anileridine is insoluble in water.
This is indeed the case, for its solubility is reported in the

U.S. Pharmacopeia (USP) as>1g/10,000ml or <0.01%. -

However, when the hydrochloride salt of anileridine is con-
sidered, not only do the three functional groups contribute
a solubilizing potential of 9 carbons, but the positive charge
of the alkylammonium also contributes to its ionization.
Lemke estimates that each charge on a molecule (cationic

Tertiary alkylamine, 3 carbons

CO:0HCHs | Ester, 3 carbons

Aromatic or
arylamine,
3 carbons
Anileridine
Fig. 2.13. Identification of functional groups in anileridine.
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or anionic) contributes a solubilizing potential of 20-30 car-
bons. Thus, the solubilizing potential for these groups in
anileridine hydrochloride is 29-39 carbons, which is more
than the total number of carbon atoms in the molecule. The
compound would therefore be soluble in water, and it is to
the extent of 0.2g/ml or 20%. Problem 6 at the end of the
chapter provides more opportunity to utilize this approach
to predict water solubility for several compounds. Solubility
data for these compounds can be found in the USP (USP 24
Approximate Solubilities of USP/NF Articles, pp 2299-2304).
The student should be able to rationalize any discrepancies
between his/her results and the USP data.

Predicting Water Solubility:
Analytical Approach

Another method for predicting water solubility involves
calculating an approximate logP, or log of the partition co-
efficient for a molecule. This approach is based on an ap-
proximation method developed by Cates (11) and dis-
cussed in Lemke (10). In this approach, one sums the
hydrophobic or hydrophilic properties of each functional
group present in the molecule. Before we can calculate
logP values, we must first digress to a brief explanation of
the concept of partition coefficient.
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Wwater/Lipid Solubility Case

when you look at any drug molecule there are a number of functional groups that are present that contribute to the
properties of that drug molecule. Identify the types of functional groups present in each molecule and to which physi-

cal properties (water/lipid solubility) each contributes.

1. Structural Feature

2. Structural Feature

3. Structural Feature

In its simplest form the partition coefficient, P, refers to
the ratio of the concentrations of drug in octanol to that
of water. Octanol is used to mimic the amphiphilic nature
of lipid since it has a polar head group (primary alcohol)
and a long hydrocarbon chain, or tail, such as that of fatty
acids which make up part of a lipid membrane. Since P is
logarithmically related to free energy (12) it is generally
€xpressed as logP, and is therefore the sum of the hy-
drophobic and hydrophilic characteristics of the organic
functional groups making up the structure of the mole-
Cule. Thus, logP is a measure of the solubility characteris-
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Physical Property

Physical Property

Physical Property

sVsae
R

Cl

Meclizine
(Antivert)

9
o) N
U bl
GRS

Fluoxetine
(Prozac)

1, 25-dihydroxy Vit D2

tics of the entire molecule. Because each organic func-
tional group contained within the molecule contributes to
the overall hydrophobic/hydrophilic nature of the mole-
cule, a hydrophobic/hydrophilic value (the hydrophobic

Eq. 2.7 LogP = Z (fragments)

substituent constant, 1) can be assigned to each organic

functional group. Equation 2.7 defines this relationship.
When calculating logP from hydrophobic substituent

constants the sum is usually referred to as logP.,. or



48

PART | / PRINCIPLES OF DRUG DISCOVERY

Binding Interactions/Solubility Case

JK presenis a prescription for her daughter {6 months old) for Donatussin Drops. She wants to know if this medication

will have an effect on her daughter’s aleriness.

Components of Donatussin:
Phenylephrine (decongestant)
Chlorpheniramine (antihistamine)
Guaifenesin (expectorant)

Cle i - 'CHs
/TH l;l - N\CH3 OCH;,
H -~ :

o. ]4’ \IT N fiTOCH;,?HCHpH
= "N | oH
e - s
Phenylephrine Chlorpheniramine Guaifenesin

1. Identify the structural features/functional groups of phenylephrine and guaifenesin that contribute to improved wa-
ter solubility (medication given as drops). List the type(s) of interactions that these groups have with water and
draw an example of these interactions (with appropriate labels) below.

2. Evaluate each of the three molecules and determine if each molecule contains any functional groups that will aliow
the drug to cross the blood brain barrier and have an effect on this child’s alertness (create a list of relevant func-
tional groups. for each molecule). Based on your evaluation, which agent is likely to have the most significant ef-
fect? Identify what property is necessary for these agents to cross this biological membrane.

3. ldentify the binding interactions that chlorpheniramine and guaifenesin could have with their respective targets for
drug action. Be sure to identify which functional groups will participate in each of these binding interactions.

ClogP to distinguish it from an experimentally deter-
mined value (logP,.., or MlogP). Over the years extensive
tables of 7 values have been compiled for organic func-
tional groups and molecular fragments (see references
12-15). Table 2.6 is a highly abbreviated summary of w
values from Lemke (10) based largely upon the manu-
script by Cates (11). Using the values in this table, it is
possible to obtain a fairly reasonable estimate of the water
solubility of many organic compounds. As an example we

Table 2.6. Hydrophilic-lipophilic Values {1 V) for
Organic Fragments (9)

Fragments 7t Value
C (aliphatic) . . . .. .. e AR s oo SEOD
Phenyl. ... ... Sl S e s Gl e w s 7 - 2240
Cl ccesmsmany s+ H0:5
QN & s w2 5 595 7 S S o s W SRl o T SRR +0.2
IMEIB . smsvminimsamenesas +0.65
S% cvpbadmsanissisih e AT S ¢ 010
0i='C~0 (earBoxXyll s «mzmusms wss s 0
O = C—N (amide, imide). . ........... el . =07
O (hydroxyl, phenol, ether) .. ............. S 1)
N {amMiNe) wws s s wermsmenssmins ; caews) i 10
O,N (aliphatic)- « v s wvs v me 4l -0.85
O,N {aromatic). . . . (.28
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will once again use the narcotic analgesic anileridine to
demonstrate the calculation of logP. This compound has
a total of 21 carbon atoms, some aliphatic and some aro-
matic. We therefore need to separate these since aromatic
carbon atoms, due to delocalized p orbitals for the sp? hy-
bridized atoms, are more polar than aliphatic carbons.
The compound also contains one tertiary alkylamine, one
aromatic amine and an ester. Note that when dealing with

- esters and amides the oxygen, nitrogen and ester/amide

carbon are counted in this w value. The remaining
aliphatic carbons are then counted. Figure 2.14 summa-

/©/\/N CO,CH,CH3

HoN

Fragments 7

2 amines =20

9 aliphatic carbons ~ +4.5

2 phenyl rings +4.0

1 ester =0.7

logP +5.8

Fig. 2.14. Calculation of logP for anileridine.
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Fragments L Fragments  n
CHg o) 7 carbons +3.5
6 carbons +3.0 1 sulf 0.0
wCOOH 1 phenyl +2.0 HS’\[/lLN Sl 1§:rt;1<;xyl -0.7
Tcaboxyl 07 CHad 1 amide -0.7
| f logP 4.3
buprofen g + Gaptopri logP +2.1
MlogP +3.5; ClogP +3.68 ClogP +1.16
- CE Fragments n Fragments P
il l)\ 11 carbtlms +g(5) NHg 6 carbons +gg
1 pheny +2. H 1 phenyl +2|
= i 2 IMHB A3 AN S fchioride  +05
x 1 amine =10 @ b X 1 amine -1.0
1 ether -1.0 o ct 1 sulfur 0.0
3 alcohols -3.0 COoOH 2 amides -1.4
HO 1 carboxyl -0.7
OH logP +3.8
Nadolol MiogP +0.71; ClogP +0.23  Coraclor ogF e
MiogP -1.69; ClogP -1.79
b o Fragments T
\G( A 22 Icarﬁo'ns +11-8
1 alcohols =1y
(CHa)e OJH/\CHg 2 carboxyls 1.4
CH3

Lovastatin MlogP +4.26; ClogP +4.08

Fig. 2.15. ClogP calculations for selected compounds.

Questions We Can Now Answer About Any Drug Molecule

Based on your knowledge of acid/base chemistry, from where will this drug primarily be absorbed?
What is the solubility of the drug in the stomach, plasma, or in an aqueous IV?

What are the possible interactions that the drug could have with its respective target for drug action?
What is the compatibility of the drug if mixed with other drugs?

How should this drug be delivered? [s it stable in stomach acid?

rizes the logP calculation for anileridine. The calculation
gives a ClogP value for anileridine of +5.8. Water solubil-
ity as defined by the USP is solubility of greater than
3.3%, which equates to an approximate logP of +0.5. Val-
ues less than +0.5 are therefore considered to be water
soluble, and those greater than +0.5 are water insoluble.
According to our calculation, anileridine would be pre-
dicted to be insoluble in water. This calculation agrees
with the more empiric procedure discussed earlier. Other
sample calculations are shown in Figure 2.15 and several
problems are provided at the end of this chapter. In Fig-
ure 2.15, MlogP values (when available) and ClogP values
obtained from the program MaclogP (16) are included
for comparison purposes. Even though the w values used
from Table 2.6 are not as extensive as those used in the
computer program, there is good general agreement with
most of these compounds with respect to their solubility
(or insolubility) in water.

Predicting the percent ionization or water solubility of
a molecule should not be viewed only as an exercise in
arithmetic, but also as a way to understand the solution be-
havior of molecules, especially when dealing with admix-
tures and differences among molecules in their pharma-
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cokinetics. The ionization state of a molecule not only in-
fluences its water solubility, but also its ability to traverse
membranes and therefore its ability to be absorbed.
Serum protein binding, and therefore the amount of free
drug available for receptor binding, is also greatly influ-
enced by the ionization state and the hydrophilic/hy-
drophobic nature of the molecule.

STEREOCHEMISTRY AND DRUG ACTION

The physicochemical properties of a drug molecule are
not only dependent upon what functional groups are pres-
ent in the molecule, but also the spatial arrangement of
these groups. This becomes an especially important factor
when a molecule is subjected to an asymmetric environ-
ment such as the human body. Since proteins and other bi-
ological macromolecules are asymmetric in nature, how a
particular drug molecule interacts with these macromole-
cules is determined by the three-dimensional orientation of
the organic functional groups present. If crucial functional
groups are not occupying the proper spatial region sur-
rounding the molecule, then productive bonding interac-
tions with the biological macromolecule (or receptor) will
not be possible, thereby potentially negating the desired
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Learning the Lingo: Drug Molecule Evaluation

Analysis of Individual Functional Groups:
Name of Functional Group
Shape of Functional Group
Hydrophobic vs. Hydrophilic Character
Polar vs. Nonpolar Character
Acidic vs. Basic {pKa) Character
Binding Interactions
Chemical/Enzymatic Stability

Analysis of the Whole Drug Molecule:
Looking for Functional Group Balance: Water Solubil-
ity and Absorption
lonization Issues: Effect on Solubility and Absorption
Drug Combinations: Acid/Base Interactions
Drug Interactions with BiologicalTarget: Good Fit or Not?
Stability and Bioavailability: Route of Administration

pharmacologic effect. However, if these functional groups
are in the proper three-dimensional orientation, the drug
can produce a very strong interaction with its receptor. It is
therefore very important for the medicinal chemist respon-
sible for developing a new molecular entity for therapeutic
use to understand not only what functional groups are re-
sponsible for the drug’s activity, but also what three-dimen-
sional orientation of these groups is also needed.

Enantiomers

Approximately one in every four drugs currently on the
market can be considered to be a mixture. That is, these
compounds are combinations of isomers. Yet for many of
these compounds the biological activity may reside in only
one isomer or at least predominate in one isomer. The ma-
jority of these isomeric mixtures are what are referred to as
racemic mixtures (racemates). These are compounds, usu-
ally synthetic, that contain equal amounts of both possible
enantiomers, or optical isomers. Enantiomers are isomers
whose three-dimensional arrangement of atoms results in

nonsuperimposable mirror images. These compounds .

have identical physical chemical properties except for their
ability to rotate the plane of polarized light in opposite di-
rections with equal magnitude. Enantiomers are also re-
ferred to as chiral compounds, antipodes or enan-
tiomorphs. When introduced into an asymmetric, or
chiral, environment, such as the human body, enantiomers
will display different physical chemical properties produc-
ing significant differences in their pharmacokinetic and
pharmacodynamic behavior. Such differences can result in
adverse side effects or toxicity due to one of the isomers or
the isomers may exhibit significant differences in absorp-
tion (especially active transport), serum protein binding
and metabolism. With the latter one isomer may be con-
verted into a toxic substance or may influence the metabo-
lism of another drug. To further discuss the influence of
stereochemistry on drug action, some of the basic concepts
of stereochemistry need to be reviewed.

Page 17 of 34

Stereochemical Definitions

Organic compounds can exist as isomers, compounds
with the same number and kinds of atoms, but with different
bonding arrangements. The arrangement of bonds within a
molecule that provides it with a particular three-dimensional
shape is referred to as the configuration of the molecule. Dif-
ferences in configuration result in compounds with differ-
ing physicochemical properties such as solubility, melting
point, or boiling point, just to name a few. For example, the
empirical formula C,H;O can describe at least two different
compounds: dimethyl ether (CH;OCHj;) or ethyl alcohol
(CHy;CH,OH). The former has a boiling point of —23.6°C
(i.e, it is a gas), whereas the latter has a boiling point of
78.5°C. Numerous other examples of isomers exist in which
the empirical formula can describe two or more compounds
with different physical and chemical properties (see prob-
lem 8 at the end of the chapter).

Diastereomers

Stereoisomers are compounds containing the same
number and kinds of atoms, the same arrangement of
bonds, but different three-dimensional structures i.e., they
only differ in the three-dimensional arrangements of atoms
in space. Stereoisomers are subdivided into two types: enan-
tiomers and diastereoisomers. As indicated earlier, enan-
tiomers are compounds whose three-dimensional arrange-
ment of atoms is such that they are nonsuperimposable
mirror images. Diastereoisomers are all stereoisomeric
compounds that are not enantiomers. Thus, the term di-
astereoisomer includes compounds containing double
bonds as well as ring systems. Unlike enantiomers, di-
astereoisomers exhibit different physical and chemical
properties, including melting point, boiling point, solubility
and chromatographic behavior. These differences in physi-
cal chemical properties allow for the separation of di-
astereoisomers from mixtures utilizing standard chemical
separation techniques such as column chromatography or
crystallization. Enantiomers cannot be separated using such
techniques unless a chiral environment is provided or they
are converted to diastereoisomers (e.g., salt formation with
another enantiomer). Examples of enantiomers and di-
astercoisomers are provided in Figure 2.16.

Designation of Stereoisomers
and Nomenclature

At first enantiomers were distinguished by their ability
to rotate the plane of polarized light. Isomers rotating
light to the right, or clockwise direction, were designated
as dextrorotatory and this was indicated by a (+)-sign be-
fore the chemical name (e.g., (+)-amphetamine or dex-
troamphetamine). The opposite designation, levorotatory
or (—)-, was given to compounds which rotated the plane
of polarized light to the left or counterclockwise. The
letters d- and 1- were formerly used to indicate (+)- and
(—)- respectively. A racemate (racemic mixture), i.e.,a 1:1
mixture of enantiomers, is indicated by ( * )-before the
compound name. The student should be made aware that
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ENANTIOMERS It wasn’t until the 1950s that the absolute configurations were
OHa o determined and it was found that Fisher had fortuitously
mxcoo N mcooe 2 guessed correctly. Assignments of configuration to other mol-
CHaO OHgC ecules were done based upon their relationship to - or I-
] ) glyceraldehyde via synthesis irrespective of the observed di-
(S)-(+)-naproxen sodium TRl rection of rotation of plane polarized light. Thus, via
., C‘ " chemical degradation, it was possible to determine that (+)-
3

;j, N~GH,

Dextrorphan (antitussive)

&

Levorphanol (anagesic)

DIASTEREOISOMERS

HO, H
NHCH3 {_NHCHg
W “oHs

(—)-Ephedrine (—)-Pseudoephedrine

HaC HaC

(Z)-triprolidine (inactive) (E)-triprolidine (active)

Fig. 2.16. Examples of stereoisomers.

this method of nomenclature is based upon a physical
property of the molecule and does not provide any infor-
mation concerning the absolute configuration or three-
dimensional arrangement of atoms around the chiral cen-
ter. Since the rotation of plane polarized light is a physical
property, both the magnitude and direction of rotation
can vary depending upon the conditions used. Thus, tem-
perature, solvent and concentration of the substance are
only three factors that need to be considered. A good ex-
ample of this is the antibiotic chloramphenicol. There are

HO  H -
{__CH,0H
H NHCOCHGI,
0N
Chloramphenicol

two chiral centers in this molecule resulting in four possi-
ble stereoisomers. The isomer shown is dextrorotatory
when its optical rotation is measured in ethanol, but lev-
Orotatory in ethyl acetate. It is obvious that the simple
Measurement of a physical property such as rotation of the
Plane of polarized light is not sufficient for the assignment
of the absolute configuration of a molecule.

Fisher and Rosanoff in the late 19th century developed a
System of nomenclature based upon the structure of glycer-
aldehyde (Fig. 2.17). Since there were no known methods for

€termining the absolute three dimensional arrangement of
atoms in space at that time, the two isomers of glyceraldehyde
Were arbitrarily assigned the designation of D-(+)-and 1-(—).

Page 18 of 34

glucose, (—)-2—deoxyribose and (—)-fructose had the same
terminal configuration as D-(+)-glyceraldehyde and were
therefore given the D-absolute configuration. Amino acids
were assigned based upon their relationship to p-(+)- and 1-
(—)=erine (Fig. 2.17). Unfortunately, this system becomes
very cumbersome with molecules containing more than one
chiral center.

In 1956 Cahn, Ingold and Prelog devised a system of
nomenclature for stereoisomers referred to as the Se-
quence Rule System (or CIP system). With this system,
atoms attached to a chiral center are ranked according to
their atomic number. Highest priority is given to the atom
with highest atomic number and subsequent atoms are
ranked accordingly from highest to lowest. When a deci-
sion cannot be made regarding priority, e.g., two atoms
with the same atomic number attached to the chiral cen-
ter, the process continues to the next atom until a decision
can be made. The molecule is then viewed from the side
opposite the lowest priority atom and the priority se-
quence from highest to lowest is determined. If the se-
quence is to the right, or clockwise, the chiral center is
designated as the R absolute configuration. When the pri-
ority sequence is to the left, or counterclockwise, the des-
ignation is S. An example of this is seen in the neuro-
transmitter norepinephrine.

1
H, OH OH\\
K H
HO HO -
3
Norepinephrine

Degradation studies demonstrated that (—)-norepi-
nephrine is related to D-(—)-mandelic acid and was there-
fore given the D-designation using the Fisher system. With
the CIP system norepinephrine is assigned the R absolute
configuration.

CHO CHO
Hm==OH HOw==H
CHLOH CH,0H

p-(+)-Glyceraldehyde L-(—)-Glyceraldehyde

COOH COOH
Hom=aNH, HaN e
CH,OH CH,OH
D-{+)-Serine L-(~)-Serine

Fig. 2.17. Relationship of optical isomers of serine to 0 and L glycer-
aldehyde.
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Compound 6

Compound 7

Fig. 2.18. Optical isomers. Only in compound 6 do the functional
groups A, B, and C align with the corresponding sites of binding on
the asymmetric surface.

The student should note that the CIP system of
nomenclature uses a set of arbitrary rules and therefore
should be viewed as a system that keeps track of absolute
configuration only. There are many instances where two
molecules may have different absolute configurations as
designated by the CIP system, but the same relative ori-
entation of the functional groups relevant for biological
activity. A case in point is the absolute configuration of
the nonselective alpha-adrenogenic antagonist propra-
nolol as compared to norepinephrine. Because of the
ether oxygen, the priority sequence of the functional
groups about the chiral center results in the assignment
of the (S)-absolute configuration for the more active
enantiomer of propranolol. However, close inspection of
both (R)-norepinephrine and (S)-propranolol shows
that the hydroxy group, basic amine and aromatic rings
of both compounds occupy the same regions in 3D
space.

CHa

PN
H OH 0”7 3 N7 TCHy
Hoj : A NH, : :Q:mH
HO
(R)-Norepinephrine (S)-Propranolol

Stereochemistry and Biologic Activity
Easson-Stedman Hypothesis

In 1886 Piutti (17) reported different physiologic ac-
tions for the enantiomers of asparagine, with (+)-as-
paragine having a sweet taste and (—)-asparagine bland.

Page 19 of 34

(8)-(+)-Epinephrine

(R)-(—)-Epinephrine N-Methyldopamine

Fig. 2.19. Drug receptor interation of (R)- (—}-epinephrine, (S)-(+)-ep-
inephrine, and N-methyldopamine.

This was one of the earliest observations that enantiomers
can exhibit differences in biological action. In 1933, Eas-
son and Stedman (18) reasoned that differences in bio-
logical activity between enantiomers resulted from selec-
tive reactivity of one enantiomer with its receptor. They
postulated that such interactions require a minimum of a
three-point fit to the receptor. This is demonstrated in Fig-
ure 2.18 for two hypothetical enantiomers. In Figure 2.18,
A, B, and C represent hypothetical functional groups that
can interact with complementary sites on the hypothetical
receptor surface, represented by A’, B’ and C'. Only one
enantiomer is capable of attaining the correct orientation
enabling all three functional groups to fit their respective
sites on the receptor surface. The lack of achieving the
same interactions with the other enantiomer explains its
reduced biological activity since it is unable to properly fit
the receptor and therefore cannot “trigger” the appropri-
ate change in the receptor conformation. The Easson-
Stedman Hypothesis states that the more potent enan-
tiomer must be involved in a minimum of three
intermolecular interactions with the receptor surface and
the less potent enantiomer only interacts with two sites.
This can be illustrated by looking at the differences in va-
sopressor activity of (R)-(—)-epinephrine, (S)-(+)-epi-

nephrine and the achiral N-methyldopamine (Fig. 2.19).

With (R)-(—)-epinephrine, the three points of interaction
with the receptor site are the substituted aromatic ring, -
hydroxyl group and the protonated secondary ammonium
group. All three functional groups interact with their com-

Drug Membrane » Selective
dose I*"‘> selectivity I metabolism

Nonspecific
receptors.
Site of loss

Desired Drug
response

receptor

Fig. 2.20. Selective phases to which opitcal isomers may be sub-
jected before biologic response.
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Fig. 2.21. Relationship between the diastereomers of ephedrine and
pseudoephedrine.

plementary binding sites on the receptor surface produc-
ing the necessary interactions that stimulate the receptor.
With (S)-(+)-epinephrine only two interactions are possi-
ble (the protonated secondary ammonium and the substi-
tuted aromatic ring). The B-hydroxyl group occupies the
wrong region of space and therefore cannot interact prop-
erly with the receptor. N-methyldopamine can achieve the
same interactions with the receptor as (S)-(+)-epineph-
rine and it is therefore not suprising that its vasopressor re-
sponse is the same as (S)-(+)-epinephrine and less than
(R)-(—)-epinephrine.

Not all stereoselectivity seen with enantiomers can be at-
tributed to differences in reactivity at the receptor site. Dif-
ferences in biological activity can also be due to differences
in the ability of each enantiomer to reach the receptor site.
Since the biological system encountered by the drug is asym-
metric, each enantiomer may experience selective penetra-
tion of membranes, metabolism, absorption at sites of loss
(e.g., adipose tissue) or excretion. Figure 2.20 shows the se-
lective phases enantiomers may encounter prior to reaching
the receptor. Not all of these processes may be encountered
by a particular enantiomer, but such processes may provide
enough of an influence to cause one enantiomer to produce
a significantly better pharmacologic effect than the other.
Conversely, such processes may also contribute to untoward
effects of a particular enantiomer. The student must contin-
ually keep in mind that not all pharmacologic effects of a
fir“g are necessarily beneficial to the patient and differences
I pharmacologic action among stereoisomers provide ex-
cellent examples of this concept.

Diastereomers
As mentioned earlier, diastereoisomers are compounds
tshat are non-superimposable, non-mirror image isomers.
&111:: cOmpo‘unds can r‘esult from the presence of more
sitg :ne chiral cent(?r in the molec1.11e, double b.onds or
- emi};stems. Th<?se isomers ha}ve dlffere.nt phys1c'al and
al properties and thus differences in biological ac-
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tivity between such isomers can often be attributed to
these properties.

Compounds containing more than one chiral center
are probably the most common type of diastereoisomer
used as drugs. The classic example of compounds of this
type is the diastereoisomers ephedrine and pseu-
doephedrine (see Fig. 2.21). When a molecule contains
two chiral centers there can be up to four possible
stereoisomers consisting of two sets of enantiomeric pairs.
For each enantiomeric pair there is inversion of both chi-
ral centers, while the difference between diastereomers is
inversion of only one chiral center (problem 9 at the end
of the chapter helps illustrate this point). Figure 2.22
shows several examples of other compounds that contain
two or more chiral centers and therefore are diastereoiso-
meric (problem 10 at the end of the chapter).

Restricted bond rotation due to carbon-carbon double
bonds (alkenes or olefins) and similar systems such as
C=N (imines) can produce stereoisomers. These are also
referred to as geometric isomers, although they are more
properly diastereoisomers. In compounds of this type sub-
stituents can be oriented on the same side or opposite
sides of the double bond. The alkene 2-butene is a simple
example of this.

H - H HeC H
H30>_<CH3 HHCH;,

cis or Z isomer trans or E isomer

With 2-butene it is readily apparent that the methyl
groups may be on the same side or opposite sides of the
double bond. When they are on the same side the mole-
cule is defined as the cis- or Z-isomer (from the German
zusammen or “together”); when they are on opposite sides
the designation is trans- or E- (from the German entgegen
or “opposite”). With simple compounds such as 2-butene
it is easy to determine which groups in the molecule are cis
or trans to one another. However, this becomes more dif-
ficult to determine with more complex structures where it
is less obvious which substituents should be referred to

H H
CHs i OH
(CHa)oN HeC" =" “OH @/‘\rCHon
o |
HO N NHCOCHCI,
HaC OH

Isomethadol Morphine Chloramphenicol
0 OH H E CoHs0. =0 CHa
HZN)b/k/ N)YN >
HO Chy H 5 cooH
Labetalol Enalapril

Fig. 2.22. Examples of chiral drugs with two or more asymmetric
centers.



54

CH40

Fig. 2.23. Geometric isomers of triprolidine.

when naming the compound. In 1968 Blackwood et al.
(19) proposed a system for the assignment of “absolute”
configuration with respect to double bonds. Using the CIP
sequence rules, each of the two substituents attached to
the carbon atoms comprising the double bond are as-
signed a priority of 1 or 2 depending upon the atomic
number of the atom attached to the double bond. When
two substituents of higher priority are on the same side of
the double bond, this isomer is given the designation of cis
or Z. When the substituents are on opposite sides, the des-
ignation is trans or E. The histamine Hj-receptor antago-
nist, triprolidine, (Fig. 2.23) is a good example for demon-
strating how this nomenclature system works. The
E-isomer of triprolidine is more active both in vitro and in
vivo, indicating that the distance between the pyridine and
pyrrolidine rings is critical for binding to the receptor.

Diastercoisomers (as well as enantiomers) can also be
found in cyclic compounds. For example, the cyclic alkane
1,2-dimethylcyclohexane can exist as cis/trans diastereoiso-
mers and the trans isomer can also exist as an enantiomeric
pair. In Figure 2.24 each of the trans-enantiomorphs are de-
picted in the two possible chair conformations for the cyclo-
hexane ring. Cyclohexane rings can exhibit significant con-
formational freedom that allows for the possibility of
conformational isomers. Isomers of this type will be dis-
cussed in the next section. When two or more rings share a
common bond (e.g., decalin) rotation around the bonds is
even more restricted, preventing even ring “flipping” (con-
formationally rigid) from occurring thereby producing di-
astereoisomers and enantiomers.

In the case of the two-ring system of decalin, the rings can
join together at the common bond either in the trans or cis
configuration as shown. Steroids, a class of medicinally im-
portant compounds consisting of four fused rings (three cy-

HsG CHa

CH

= ° CHs
cis
CHa s CHg o

== = & 3
& = =X

CHs
trans i
CH3 CHy g
= chw = :
CHg

trans

Fig. 2.24. Diastereomers of 1,2-dimethylcyclohexane.
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Q0O

Decalin
H H

trans-decalin

I

H

cis-decalin

clohexane, 1 cyclopentane), exhibit significantly different
biological activity when the first two cyclohexane rings are
fused into different configurations referred to as the ba or
5B-isomers (Fig. 2.25). The a-designation indicates that the
substituent in the 5-position is below the “plane” of the ring
system while the B-designation refers to the substituent be-
ing above this plane. What appears to be a very minor
change in orientaton for the substituent results in a very
drastic change in the three-dimensional shape of the mole-
cule and in its biological activity. Figure 2.25 shows the di-
astereoisomers ba-cholestane and 5B-cholestane as exam-
ples. The chemistry and pharmacology of steroids will be
discussed in more detail in Chapters 28 and 29.

Conformational Isomerism

With conformational isomerism we are dealing with a dy-
namic process, that is, isomerization takes place via rotation
about one or more single bonds. Such bond rotation results
in non-identical spatial arrangement of atoms in a molecule.
Changes in spatial orientation of atoms due to bond rotation
results in different conformations (or rotameters) whereas con-
version of one enantiomer into another (or diastereoisomer)
requires the breaking of bonds which has a much higher en-
ergy requirement than single bond rotation.

The neurotransmitter acetylcholine can be used to
demonstrate the concept of conformational isomers.

Each single bond within this molecule is capable of un-
dergoing rotation, and at room temperature such rotations

"

5a-Cholestane

H

5B-Cholestane

Fig. 2.25. The 5a and 5B conformations of the steriod nucleus
cholestane.
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Acstylcholine
dily occur. Even though rotation around single bonds
rea

was shown by Kemp and P.itzer i.n 193§ (29) not tf) be free,
but to have a energy barrier, this bmxer is -suﬂ?aently l?w
that at room temperature acetylcholine exists in many in-
terconvertible conformauops‘ (see Chapter 10). Close ob-
servation reveals that rotation ?.round the central C2-C3
pond produces the greatest spatial rearrangement of atoms
than rotation around any other bond within the molecule.
In fact, several rotatable bonds in acetylcholine produce re-
dundant structures because all of the atoms attached to
one end of some bonds are identical, resulting in no
change in spatial arrangement of atoms (e.g., methyl
groups). When viewed along the C2-C3 bond, acetyl-
choline can be depicted in the sawhorse or Newman pro-
jections as shown in Figure 2.26. When the ester and
trimethylammonium group are 180° apart the molecule is
said to be in the anti or staggered conformation (or anti or
staggered rotamer). This conformation allows for maxi-
mum separation of the functional groups and is therefore
considered to be the energetically most stable conforma-
tion. Other conformations are possibly more stable if fac-
tors other than steric interactions come into play; e.g., in-
tramolecular hydrogen bonds. Rotation of one end of the
(C2-C3 bond by 120° or 240° results in the two gauche or
skew conformations shown in Figure 2.26. These are con-
sidered to be less stable than the anti-conformer, although
some studies suggest that an electrostatic attraction bet
tween the electron poor trimethylammonium and electron
rich ester oxygen stabilizes this conformation. Rotation by
60°, 180° and 240° produce conformations where all of the
atoms overlap or what are referred to as eclipsed confor-
mations. These are the least stable conformers. :
An interesting observation can be made with the two
gauche conformers shown in Figure 2.26. These conform-
ers are not distinct molecules and only exist for a transient
period of time at room temperature. However, if these
could be “frozen” into the conformations shown, they
would be nonsuperimposable mirror images or enan-
tiomers. Thus, a compound that is achiral, such as acetyl-
Fholine, can exhibit prochirality if certain conformational
'somers can be formed. It is quite possible that such a sit-
uation could exist when acetylcholine binds to one of its

OAc OAc OAc® ® OAc
H\?\H H/G:IH H’@mcwa (Hac)aNﬁH
H
H H H H H H
— g(cm)a et H H

anti or staggered gauche or skew conformers

conformer

Fig. 2.26. Anti and gauche conformations of acetylcholine.
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receptors. Studies have suggested that the gauche confor-
mation is the form that binds to the nicotinic receptor
while the anti form (which is achiral) binds to the mus-
carinic receptor.

DRUG DESIGN: DISCOVERY AND
STRUCTURAL MODIFICATION
OF LEAD COMPOUNDS
Natural Product Screening

Perhaps the most difficult aspect of drug discovery for
the medicinal chemist is that of lead discovery. Until the

~late 19th century the development of new chemical entities

for medicinal purposes was primarily achieved through the
use of natural products derived primarily from plant
sources. As the colonial powers of Europe discovered new
lands in the Western Hemisphere and colonized Asia, the
Europeans learned of remedies derived from herbs for
many ailments from the indigenous peoples of the newly
discovered lands. Salicylic acid was isolated from the bark
of willow trees after learning that Native Americans brewed
the bark to treat inflammatory ailments. Further develop-
ment of this lead compound by the Bayer Corporation of
Germany resulted in acetylsalicylic acid or aspirin, the first
non-steroidal anti-inflammatory agent. Teas obtained by
brewing Cinchona bark were used by South American na-
tives to treat chills and fever. Further study in Europe led to
the isolation of quinine and quinidine, which were subse-
quently used to treat malaria and arrhythmias respectively.
Following leads such as these chemists of the late 19th and
early 20th centuries began to seek new medicinals from
plant sources and to assay them for many types of pharma-
cologic actions. This approach to drug discovery is often re-
ferred to as natural product screening. With this approach
compounds were isolated from natural sources based upon
information obtained from indigenous peoples in many
parts of the world. Until the mid-1970s this was one of the
major approaches to obtaining new chemical entities as
leads for new drugs. Unfortunately, this approach declined
in favor of more rational approaches to drug design that
developed during that period (see below). Recently, due to
heightened awareness of the fragility of ecosystems on this
planet, especially the rainforests, there has been a resur-
gence of screening products from plants before they be-
come extinct. A new field of pharmacology, called
ethnopharmacology, has emerged as a result. Ethnophar-
macology is the term used to for the discipline of identify-
ing potential natural product sources with medicinal prod-
ucts based upon native lore.

Compounds isolated from natural sources are usually
tested in bioassays for the ailment that the plant material
has been described to treat. Sometimes this may require
several bioassays because the plant has been reported to be
effective against several ailments. Often the treatment of
different ailments requires different methods of prepara-
tion (e.g., brewing, chewing, direct application to wounds,
etc.) or different parts of the same plant (e.g., roots, stem,



56

v

PART | / PRINCIPLES OF DRUG DISCOVERY

leaves, flowers, sap etc.). Each method of administration or
part of the plant may involve different chemical com-
pounds to produce the desired outcome. One can readily
see that isolation of active constituents from plants that
may be useful as medicinals is not a simple process and a
number of variables are involved that may influence the
amount of active compound or compounds that may influ-
ence the pharmacologic activity of the extract.

Random Screening of Synthetic
Organic Compounds

This approach to discovering new chemical structures
for a particular biological action began in the 1930s after
the discovery of the sulfonamide class of antibacterials.
Thousands of compounds and their synthetic intermedi-
ates were assayed in search of new structures that pos-
sessed antibacterial activity. All compounds available to the
investigator (natural products, synthetic compounds), re-
gardless of structure, were tested in the assays available at
the time. This approach was also applied in the 1960s and
1970s in an effort to find agents that were effective against
cancer. Some groups did not limit themselves to a particu-
lar biological activity, but tested compounds in a wide va-
riety of assays. This approach was a precursor to what is
now referred to as high throughput screening assays. This
involves the bioassay of thousands of compounds in hun-
dreds to thousands of bioassays simultaneously. This only
became possible with the advent of computer controlled
robotic systems for the assays and combinatorial chemistry
techniques. These will be discussed further below.

What is crucial for random screening to be successful is
a good bioassay system for the pharmacologic action of in-
terest. Unfortunately, this means of lead discovery is very
inefficient because no rational approach is taken to what
compounds are to be tested to find new lead structures.
Random screening eventually gave way to dedicated
screening and rational design techniques.

Targeted Dedicated Screening and Rational
Drug Design

This approach is more or less random in nature and in-
volves greater knowledge of the therapeutic targets and
some actual design based on physicochemical properties.
Testing is usually with one or two models (e.g., specific re-
ceptor systems or enzymes) based on the therapeutic target.
The design aspect often involves molecular modeling and
the use of quantitative structure-activity relationships
(QSAR) to better define the physicochemical properties
that are crucial for biological activity. The drawback of these

NH,

approaches is that they are better for developing a lead
compound rather than discovery of the lead compound.

New Drug Discovery via Drug
Metabolism Studies

New compounds have been “discovered” by investigat-
ing the metabolism of compounds that already are clinical
candidates or, in rare instances, compounds that are al-
ready on the market. Metabolites of known compounds
are isolated and then assayed for biological effects either
on the same target system or a broader screen of several
other target systems. The latter will be more useful if the
metabolite being studied is a chemical structure that has
been radically altered from the parent molecule through
some unusual rearrangement reaction. More often the
metabolite is not radically different from the parent mole-
cule and therefore would be expected to have similar
pharmacologic effects. The advantage is that a metabolite
may possess better pharmacokinetic properties such as a

longer duration of action, better absorption orally, or less '

toxicity with fewer side effects (e.g., terfenadine and its an-
tithistaminic metabolite, fexofenadine). The sulfonamide
antibacterial agents were discovered in this way. The azo
dye prontosil was found to have antibacterial action in
vitro only. It was soon discovered that this compound
required reduction of the diazo group to produce
4-aminobenzene sulfonamide (Fig. 2.27) which was found
to act as an antagonist to p-aminobenzoic acid, a crucial
component in microbial metabolism.

New Drug Discovery via Observation
of Side Effects

An astute clinician or pharmacologist may detect a side
effect in a patient or animal model that could lead, upon
further development, to a new therapeutic use for a par-
ticular chemical structure. Further development may even
lead to an entirely new chemical class. This discovery of
new lead compounds has occurred several times and will
be discussed below.

One of the more interesting cases of drug development is

that of the phenothiazine antipsychotics. These compounds

can be traced back to the first histamine H;-receptor antag-
onists developed in the 1930s. Bovet in 1937 (21) was the
first to recognize that it should be possible to antagonize the
effects of histamine and thereby treat allergic reactions. He
tested compounds that were known to act on the autonomic
nervous system and eventually discovered that benzodiox-
anes (Fig. 2.28) were capable of significant antagonism of
the effects of histamine. In attempts to improve the antihist-

LN

NH,
o e 2 B e
=N=—f, J—S-NH, ————= HoN ~S—NH
/@’ g reductase | el iR
0
HoN

4-aminobenzenesulfonamide

Fig. 2.27. Metabolic conversion of prontosil to 4-aminobenzenesulfonamide.
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Fig. 2.28. Develpoment of phenothiazine-type antipsychotic drugs.

aminic action of the benzodioxanes it was discovered that
ethanolamines also provided significant antihistaminic activ-
ity. Further development of this class ended up going in two
directions. One approach led to the development of the
diphenhydramine class of antihistamines and is represented
by the first clinically useful H-receptor antagonist devel-
oped in the United States, diphenhydramine (Fig. 2.28).
The other approach led to the ethylenediamine class repre-
sented by tripelennamine (Fig. 2.28).

Incorporation of the aromatic‘rings of the ethylenedi-
amines into the tricyclic phenothiazine structure pro-
duced compounds (e.g;, promethazine) with good anti-
histaminic action and relatively strong sedative properties.
At first these compounds were found to not only be useful
as antihistamines, but their very strong sedative properties
lead to their use as potentiating agents for anesthesia (22).
Further development to increase the sedative properties
of the phenothiazines resulted in the development of
chlorpromazine in 1950 (23).

Chlorpromazine was found to produce a tendency for
sleep, but unlike the prior. phenothiazines it also pro-
duc'ed a disinterest in surroundings in patients and, with
Patients suffering psychiatric disorders, an ameliorative ef-
fffCt on the psychosis as well as relief of anxiety and agita-
tion. These observations suggested that chlorpromazine
had potential for the treatment of psychiatric disorders.
Tt_lu's, what started out as attempts to improve antihista-
Minic activity, ultimately resulted in an entirely new class
of chemical entity useful in an unrelated disorder (24).

“.\HOther example of how new chemical entities can be

€rived from compounds with unrelated biological effects
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is that of the development of the K* channel agonist dia-
zoxide (Fig. 2.29). This compound was developed as the
result of the observation that the thiazide diuretics such as
chlorothiazide not only had a diuretic component due to
inhibition of sodium absorption in the distal convoluted
tubule but also a direct effect on the renal vasculature.
Structural modification to enhance this direct effect led to
the development of diazoxide and related K* channel ag-
onists for the treatment of hypertension.

REFINEMENT OF THE LEAD STRUCTURE
Determination of the Pharmacophore

Once a lead compound has been discovered for a par-
ticular therapeutic use, the next step is to determine the
pharmacophore for this compound. The pharmacophore
of a drug molecule is that portion of the molecule con-
taining the essential organic functional groups that di-
rectly interact with the receptor active site and therefore
confers upon the molecule the biologic activity of interest.
Since drug receptor interactions are very specific, the
pharmacophore may constitute a small portion of the
molecule. It has been found on several occasions that what
seem to be very complex molecules can often be reduced
to simpler structures with retention of the desired biolog-
ical action. A well known example of this is the narcotic
analgesic morphine. Morphine is a tetracyclic compound’
with five chiral centers. Not only would simplification of
the structure possibly provide molecules with fewer side ef-
fects, but a reduction in the number of chiral centers
would also greatly simplify the synthesis of morphine de-
rivatives and thereby decrease cost. Figure 2.30 shows
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Fig. 2.29. Structural similarity of chlorothiazide, a diuretic, and diazox-
ide an antihypertensive that acts via opening of K* channels.

how the morphine structure has been simplified in the
search for compounds with fewer deleterious side effects
such as respiratory depression and addiction potential.
Within each class there are analogs that are less potent,
equipotent and with potencies many times that of mor-
phine. It can be readily seen from the figure that the phar-
macophore of morphine must consist of a tertiary alkyl-
amine that is at least four atoms away from an aromatic
ring. A more detailed discussion of the chemistry and
pharmacology of morphine can be found in Chapter 19.

Alterations in Alkyl Chains: Chain Length,
Branching, Rings

Alterations in alkyl chains such as increasing or de-
creasing chain length, branching and changing ring size
can have profound effects on the potency and pharmaco-
logic activity of the molecule. Simply changing the length
of an alkyl chain by one CH, unit or branching the chain
will alter the lipophilic character of the molecule and
therefore its absorption, distribution and excretion prop-
erties. If the alkyl chain is directly involved in the receptor
interaction, then chain length and branching can alter the
binding characteristics. Molecules that are conformation-
ally flexible may become less flexible if branching is intro-

H H
M
HgC'N OH HC
o] —+
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£Hs
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4-Phenylpiperidines

OH

o]

Methadones

Fig. 2.30. Morphine pharmacophore and its relationship to analgesic
derivatives.
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duced at a key position of an alkyl chain. Changes in con-
formation will affect the spatial relationship of functional
groups in the molecule, thereby influencing receptor
binding. Changes as small as one CH, unit may seem triv-
ial at first, but in many instances such small changes are
important aspects in the design of analogs.

An example where simply increasing hydrocarbon chain
length has significant effects not only on potency but also
the agonist or antagonist action of a molecule is seen with
a series of N-alkyl morphine analogs (Fig. 2.31). In this se-
ries, going from R = CH; (morphine) to R = CH;CH,CH,4
(N-propylnormorphine) produces a pronounced decrease
in agonist activity and an increase in antagonist activity.
When R = CH,CH,CH,CH; (N-butylnormorphine) the
compound is totally devoid of agonist or antagonist ac-
tivity: i.e., the compound is inactive. However, further in-
creases in chain length (R = CH,CH,CH,CH,CH, and
R = CH,CH,CH,CH,CH,CH;) produce compounds with
increasing potency as agonists. When R is B-phenylethyl
the compound is a full agonist with a potency approxi-
mately 14X that of morphine (25,26).

Branching of alkyl chains can also produce drastic
changes in potency and pharmacologic activity. If the
mechanism of action is closely related to the lipophilicity
of the molecule, then branching of a hydrocarbon chain
will result in a less lipophilic compound and significantly
altered biological effect. This decrease in lipophilicity as
the result of hydrocarbon chain branching results from
the chain becoming more compact and therefore pro-
duces less disruption of the H-bonding network of water.
If the hydrocarbon chain is directly involved in receptor
interactions, then branching can produce major changes
in pharmacologic activity. For example, consider the phe-
nothiazines promethazine and promazine:

S NCHzCHN(CHa), 5 NCH,CH,CH,N(CHa)

CHg

Promethazine Promazine

The primary pharmacologic activity of promethazine is
that of an antihistamine, whereas promazine is an antipsy-
chotic. The only difference between the two is the alkyl-
amine side chain. In the case of promethazine it contains
a isopropylamine side chain while promazine has a n-
propylamine. In this case the small change of one carbon
atom from a branched to a linear hydrocarbon radically al-
ters the pharmacologic activity.

Position isomers of substituents on aromatic rings may
also possess different pharmacologic properties. Sub-
stituents on aromatic rings can alter the electron distribu-
tion throughout the ring which in turn can affect how the
ring interacts with the receptor. Ring substituents may also
influence the conformation of a flexible molecule, espe-
cially if they are located ortho to flexible side chains and
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CHAPTER 2 ——
paas H H Table 2.7. Comparison of Physical Properties of N,O
a" OH and CO,
o}
Property N.O co,
OH
Viscosity at 20°C 148 X 10-¢ 148 X 10-¢
Pharmacologic activity Density of liquid at +10°C 0.856 0.858
_‘_j___,_,.a—-——— Refractive index of liquid, D line 16°C 1.193 1.190
H Analigesic (morphine) Dielectric constant of liquid at 0°C 1.593 1.682
=25 - ; - Solubility in alcohol at 15°C 3.250 3.130
—CHLCHs Opioid agonist activity decreased
—CHsCHzCHs Opioid antagonist activity increased
—oH,CHiCHCHS Inaclive-as oploid agonist or antagonist n'ate tI_lese undesirable features without losing the desired
biological activity. Replacement or modification of func-
—CH,CHzCHCH2CHa } T TR A e tional groups with other groups having similar properties
——CH,CHoCHzCH2CH2CHy is known as isosteric or bioisosteric replacement.

14X potency of morphine

—CH20H2-®

Fig. 2.31. Effect of alkyl chain length on activity of morphine.

can participate in steric or electronic intramolecular in-
teractions (e.g., hydrogen, ion-dipole or ion-ion bonds).
Ring substituents influence the conformations of adjacent
substituents via steric interactions and may significantly af-
fect receptor interactions. The observation that aromatic
methoxy groups ortho to two other substituents take on a
conformation perpendicular to the plane of the aromatic
ring in hallucinogenic phenylalkylamines was used to ex-
plain the lack of hallucinogenic activity in these com-
pounds (Fig. 2.32) by Knittel and Makriyannis (27).

FUNCTIONAL GROUP MODIFICATION:
ISOSTERISM AND BIOISOSTERISM
Isosterism

When a lead compound is first discovered for a partic-
ular disease state, it often lacks the required potency and
pharmacokinetic properties suitable for making it a viable
clinical candidate. These may include undesirable side ef-
fects, physicochemical properties that limit bioavailability
and adverse metabolic or excretion properties. These un-
desirable properties could be due to specific functional
g8roups present in the molecule. The medicinal chemist
therefore must modify the compound to reduce or elimi-

H.
C. &
NH, NH,
H
SC\O HsC. om
O\CHa H

I
3c’° CHs
Potent hallucinogen Inactive
CH. CHy
U4 3
o) NH,
o Hh, \'“T -
H,c” HaC~=g a
»° 0
HaC 1
= CHj,
Fig. 2
'9.2.32, Effect of positional isomers on structural conformation and

bmlogic acitivity.
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In 1919, Langmuir first developed the concept of
chemical isosterism to describe the similarities in physical
properties among atoms, functional groups, radicals, and
molecules (28,29). The similarities among atoms de-
scribed by Langmuir primarily resulted from the fact that
these atoms contained the same number of valence elec-
trons and came from the same columns within the peri-
odic table. This concept was limited to elements in adja-
cent rows and columns, inorganic molecules, ions and
small organic molecules such as diazomethane and
ketene. Table 2.7 shows a comparison of the physical prop-
erties of N,O and COs to illustrate Langmuir’s concept.

To account for similarities between groups with the
same number of valence electrons but different numbers
of atoms, Grimm (30) developed his hydride displacement
law. However, this is not a “law” in the strict sense, but
more of an illustration of similar physical properties
among closely related functional groups. Table 2.8 pres-
ents an example of hydride displacement. Descending di-
agonally from left to right in the table H atoms are pro-
gressively added to maintain the same number of valence
electrons for each group of atoms within a column. Within
each column the groups are considered to be
“pseudoatoms” with respect to one another. Thus, NH; is
considered to be isosteric to OH, etc. This early view of
isosterism did not consider the actual location, motion,
and resonance of electrons within the orbitals of these
functional group replacements. Careful observation of
this table reveals that some groups do share similar physi-
cal and chemical properties, but others have very different
properties despite having the same number of valence
electrons. For example, OH and NH, do share similar hy-
drogen bonding properties and should therefore be inter-
changeable if that is the only criterion necessary. But, the
NH, group is basic whereas the OH is neutral. Hence, at

Table 2.8. Grimm'’s Hydride Displacement “Law”

(¢ N 0 F Ne
CH NH OH FH

CH, NH, OH,

CH, NH,
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physiological pH the NH, group would impart a positive
charge to the molecule. If OH is being substituted by NH,
the additional positive charge could have a significant ef-
fect on the overall physico-chemical properties of the mol-
ecule in which it is being introduced. The difference in
physical chemical properties of the CHj group relative to
the OH and NH, groups is even greater. In addition to ba-
sicity and acidity, this “law” fails to take into account other
important physical chemical parameters such as elec-
tronegativity, polarizability, bond angles, size, shape of mo-
lecular orbitals, electron density, and partition coefficients
which all contribute significantly to the overall physico-
chemical properties of a molecule.

Instead of considering only partial structures Hinsberg
(31) applied the concept of isosterism to entire mole-
cules. He developed the concept of “ring equivalents”;
groups that can be exchanged for one another in aro-
matic ring systems without drastic changes in physical
chemical properties relative to the parent structure. Ben-
zene, thiophene and pyridine illustrate this concept (Fig.
2.33). A —CH=CH- group in benzene is replaced by the
divalent sulfur, -S-, in thiophene and a —CH= is replaced
by the trivalent —N= to give pyridine. The physical prop-
erties of benzene and thiophene are very similar. For ex-
ample, the boiling point of benzene is 81.1°C and that of
thiophene is 84.4°C (at 760 mmHg). Pyridine, however,
deviates with a boiling point of 115-116°C. Hinsberg
therefore concluded that divalent sulfur (-S- or thioether)
must resemble —C=C- in shape and these groups were
considered to be isosteric. Note that hydrogen atoms are
ignored in this comparison. Today this isosteric relation-
ship is seen in many drugs, e.g., Hy-receptor antagonists
(Fig. 2.33).

Bioisosterism

It is difficult to relate biological properties to physico-
chemical properties of individual atoms, functional
groups or entire molecules because many physical and
chemical parameters are involved simultaneously and
are therefore difficult to quantitate. Simple relation-
ships as described above often do not hold up across the
many types of biological systems seen with medicinal
agents. That is, what may work as an isosteric replace-
ment in one biological system (or a given drug receptor)
may not in another. Because of this it was necessary to in-

H
QN/\,N(CHa)z @\N/\/N(CHs)z
S

Tripelennamine Methaphenilene

Fig. 2.33. Isosteric substitution of thiophene for benzene and ben-
zene for pyridine.
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troduce the term “bioisosterism” to describe functional
groups related in structure and having similar biological
effects. Friedman introduced the term bioisosterism and
defined it as: “Bioisosteres are (functional) groups or
molecules that have chemical and physical similarities
producing broadly similar biological properties.” (32)
Recently Burger expanded this definition to take into
account biochemical views of biological activity: “Bio-
isosteres are compounds or groups that possess near
equal molecular shapes and volumes, approximately the
same distribution of electrons, and which exhibit similar
physical properties such as hydrophobicity. Bioisosteric
compounds affect the same biochemically associated sys-
tems as agonist or antagonists and thereby produce bio-
logical properties that are related to each other.” (33)
The key point is that the same pharmacologic target is
influenced by bioisoteres as agonists or antagonists.
What may work as a bioisosteric group in one biological
system (or receptor) may not have similar effects on an-
other.

Classical and Nonclassical Bioisosteres

Bioisosteric groups can be subdivided into two cate-
gories: Classical and nonclassical bioisosteres. Functional
groups that satisfy the original conditions of Langmuir
and Grimm are referred to as classical bioisosteres. Non-
classical bioisosteres do not obey steric and electronic def-
initions of classical bioisoteres and do not necessarily have
the same number of atoms as the substituent they replace.
A wider set of compounds and functional groups are en-
compassed by nonclassical bioisoteres which produce, at
the molecular level, qualitatively similar agonist or antag-
onist responses. In animals, many hormones, neurotrans-
mitters etc. with very similar structures and biological ac-
tions can be classified as bioisosteres. An example would
be the insulins isolated from various mammalian species.
Even though these insulins may differ by several amino
acid residues, they still produce the same biological ef-
fects. If this did not occur, the use of insulin to treat dia-
betes would have had to wait another 60 years for recom-
binant DNA technology to allow production of human
insulin.

What may be a successful bioisosteric replacement for a
given molecule interacting with a particular receptor in
one instance, quite often has no effect or abolishes bio-
logical activity in another system. Thus, the use of bioisos-
teric replacement (classical or nonclassical) in drug de-
sign is highly dependent upon the biological system being
investigated. No hard and fast rules exist to determine
what bioisosteric replacement is going to work with a given
molecule, although as the following tables and examples
demonstrate, some generalizations have been possible.
However, the medicinal chemist still must rely on experi-
ence and intuition in order to decide the best approach to
be used when applying this strategy.
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o 2.9 Classical Bioisosteres (Groups Within the Row R N‘j
Table 2.9 can Replace Each Other) _— OGS;(;‘H
Monovalent pioisosteres

i R= cl Br  CFs

OH. NH for H

F'HOT)'HNH B (< +0.23 +0.23 +0.54

SH,
. B, CFe T 4071 +0.86 +0.88

i bioisosteres

Trivalent atoms or groups

—C=,

H
_p=, —As=

Tetrasubstituted atoms
! |®
| ® | I¥c

= —~C=
i 1 1 r

Ring equivalents

5 0 0 0

Each category of bioisostere can be further subdivided
as shown below, and examples are provided in Table 2.9:

1. Classical Bioisosteres
A. Monovalent atoms and groups
B. Divalent atoms and groups
C. Trivalent atoms and groups
D. Tetrasubstituted atoms
E. Ring equivalents
II. Nonclassical Bioisoteres
A. Exchangeable groups
B. Rings versus noncyclic structure

Classical Bioisoteres

Substitution of hydrogen by fluorine is one of the most
common monovalent isosteric replacements. Sterically hy-
drogen and fluorine are quite similar with their van der
Waal‘s radii being 1.2 and 1.35 A, respectively. Since fluo-
nine is the most electronegative element in the periodic
table, any differences in biological activity resulting from
replacement of hydrogen with fluorine can be attributed
to this property. A classical example of hydrogen replace-
ment by fluorine is development of the antineoplastic
agent 5-fluorouracil from uracil.

0 o}
i F
HN)‘j’ =3
O)\N l OAN
H H

Another

chl example is shown in Figure 2.34 where the

Orine  of chlorothiazide has been replaced with
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= -0.97 -1.16 -240

Fig. 2.34. Isosteric replacement of Cl in thiazide diuretics. Compari-
son of physical chemical properties of the substituents.

bromine and a trifluoromethyl group. For each of the sub-
stitutions the electronic (o, where o' is electron with-
drawing; o~ electron donating) and hydrophobic (1) prop-
erties of each group are maintained relatively constant
while the size of each group varies significantly as indi-
cated by the Taft steric parameter (E,).

Figure 2.35 shows an example of classical isosteric sub-
stitution of an amino for hydroxyl group in folic acid. The
amino group is capable of mimicking the tautomeric
forms of folic acid and providing the appropriate hydro-
gen bonds to the enzyme active site.

A tetravalent bioisosteric replacement study was done
by Grisar et al. (33) with a series of a-tocopherol ana-
logues (Fig. 2.36). a-Tocopherol has been shown to scav-
enge lipoperoxyl and superoxide radicals and to accumu-
late in heart tissue. This is thought to be part of its
mechanism of action for reducing cardiac damage due to
myocardial infarction. All of the bioisosteric analogues
were found to produce similar biological activity.

Nonclassical Bioisoteres

As mentioned earlier, nonclassical bioisosteres are re-
placements of functional groups not defined by classical
definitions. Some of these groups though mimic spatial
arrangements, electronic properties or some other physico-
chemical property of the molecule or functional group crit-

HN_N._N
R 3\’H e COOH
Ny N'Q—C‘NH‘(\’ Folic acid X = OH
X

COOH Aminopterin X = NH,

N

H
Ha N AN Ha N N Han RN
Nﬁj[ /:L — HN\“)L /l = \N'r L /l
N“ R N“ R NP R
OH o 3

HoN

H
HgN\r/N N\j\ \r/Nl N\]\ HZNYN N
Nagdn 2 === HN e ;L
N“R N“ R NP R
NH, NH B

Fig. 2.35. Isosteric replacement of OH by NH, in folic acid and possi-
ble tautomers of folic acid and aminopterin.
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X = N(CHg)

HO.
x  X=P(CH)®

X= S(CH;,)S9
o-Tocopherol X = Cy4Hog

Fig. 2.36. Tetravalent bioisoseres of a-tocopherol.

ical for biological activity. One example is the use of a dou-
ble bond to position essential functional groups into a par-
ticular spatial configuration critical for activity. This is
shown with the naturally occurring hormone estradiol and
the synthetic analog diethylstilbestrol in Figure 2.37. The
trans isomer of diethylstilbestrol has approximately the
same potency as estradiol while the cis isomer is only one-
fourteenth as active. In the trans configuration the pheno-
lic hydroxy groups mimic the correct orientation of the
phenol and alcohol in estradiol (34,35). This is not possible
with the cis isomer and more flexible analogs (Fig. 2.37)
have little or no activity (36,37).

Another example of a nonclassical replacement is that
of a sulfonamide group for a phenol in catecholamines
(Fig. 2.38). With this example steric factors appear to have
less influence on receptor binding than acidity and hydro-
gen bonding potential of the functional group on the aro-
matic ring. Both the phenolic hydroxyl of isoproterenol
and the acidic proton of the arylsulfonamide have nearly
the same pK, values of approximately 10 (38). Both groups
are weakly acidic and capable of losing a proton and inter-
acting with the receptor as anions or participating as hy-
drogen bond donors at the receptor as shown in Figure
2.38). Since the replacement is not susceptible to metabo-
lism by catechol O-methyltransferase, this replacement also
has the added advantage of increasing the duration of ac-
tion and making the compound orally active. Other exam-
ples of successful bioisosteric replacements are shown in
Table 2.10 and a more detailed description of the role of
biosisosterism can be found in the review by Patani and
LaVoie (39).

Estradiol

Diethylstilbestrol (cis)

PART | / PRINCIPLES OF DRUG DISCOVERY

Isoproterenotl Soterenol
OH OH H
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Fig. 2.38. Bioisosteric replacement of m-OH of isoproterenol with a
sulfonamido group and similar hydrogen bonding capacity to a possi-
ble drug receptor.

SUMMARY

Medicinal chemistry involves the discovery of new
chemical entities for the treatment of disease and the sys-
tematic study of the structure activity relationships of
these compounds. Such studies provide the basis for de-
velopment of better medicinal agents from lead com-
pounds found via random screening, systematic screen-
ing and rational design. The role of the medicinal
chemist is that of increasing the potency and duration of
action of newly discovered compounds as well as de-
creasing adverse side effects. Without a thorough under-
standing of the physical chemical properties of the or-
ganic functional groups that comprise any given
structure the task would be impossible.

For the pharmacist it is also important to understand
the physical and chemical properties of the medicinal
agents that he/she is dispensing. Not only will such
knowledge help the practicing pharmacist to better un-
derstand the clinical properties of these compounds,
but also to anticipate the properties of new agents that
appear on the market. An understanding of the chemi-
cal properties of the molecule will allow the pharmacist
to anticipate formulation problems (especially IV ad-
mixtures) as well as potential adverse interactions with
other drugs as the result of serum protein binding and
metabolism.

OH OH

HO
1,2-bis-(2-ethyl-4-hydroxyphenyl)

ethane
@ OH
P il

1,6-bis-(p-hydroxyphenyi)hexane

Fig. 2.37. Noncyclic analogs of estradiol.
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Problems ,
The following problems are provided for additional study:

1.

2.

Calculate the percent ionization of amobarbital at pH
2.0, 5.5 and 8.0. What trend is seen?

Calculate the percent ionization of phenyl-
propanolamine at pH 2.0, 5.5 and 8.0. Compare these
results with those obtained in Problem 1.

. Calculate the percent ionization of sulfacetamide in the

stomach, duodenum and ileum. Draw the structure of
the predominate form of the drug in each tissue.

. Referring to Figure 2.15, redraw each compound in its

ionized form.

. For the organic functional groups listed in Table 2.4,

name each functional group and redraw them show-
ing all potential hydrogen bonds with water.

. Using the empiric method of Lemke, predict the wa-

ter solubility for each of the following molecules.
Note: Water solubility is defined as >1% solubility.

Aspirin Carphenazine Maleate
Chlordiazepoxide = Codeine

Codeine Phosphate  Cyproheptadine Hydrochloride
Haloperidol Phenytoin

. Calculate the logP value for each of the following:

Aspirin, Carphenazine, Codeine, Cyproheptadine,
Haloperidol, Chlordiazepoxide, Phenytoin.
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10.

1,

12,

13.

. Using the Merck Index, find the chemical structures for

the following empirical formulae. List as many physical
chemical properties as possible for each compound
and compare them within each group of isomers.
CH;,0, GO
C:H,,0, CH;NO,
Gy2H;/NOs
CaoHsO:

CgHO,

. Using the Cahn-Ingold-Prelog rules, assign the ab-

solute configuration to each chiral center of

ephedrine and pseudoephedrine (Figure 2.21).

For the compounds shown in Figure 2.22 indicate, us-

ing an *, where the chiral centers are in each molecule.

Draw each possible stereoisomer for chloramphenicol

and enalapril. Assign the absolute stereochemistry to

each chiral center.

I. Draw the Newman projection along the CHyN
bond of acetylcholine in the staggered conforma-
tion. Rotate the bond 120° and 240°. Are these ro-
tameters conformational isomers? Explain why or
why not.

II. Repeat the above exercise with the N1-C2 bond of
acetylcholine.

Draw the three most stable rotameters of norepineph-

rine. Of these rotameters, is there the possibility of an

intramolecular interaction that would stabilize what

would normally be considered to be an unstable ro-

tameter? Explain.



CASE STUDY

Victoria F. Roche and S. William Zito

JO, 2 57-year-old male executive, arrives at the pharmacy from his annual physical with refills for his
blood pressure medications (Enalapril and Amlopidine) and a new prescription for Pepcid. He
wants to know if he can take all three medications at the same time.

1. Complete the table below considering all three of the drug molecules.

Oa OCH,CHg
N-SO2NH; 0o Cl
{ NH)J\ CHOL COLHLH3
NH, N—f\s NH, 7 N U
& AL CH N CHOCHCHNH
HzN)\N/LS . HEG™ N CHOCHLCHAH,
Famotidine Enalapril Amlopidine
(Pepcid) (Vasotec) (Norvasc)

Amine/Guanidine Ketone | Carboxylic Acid | Amide

Which drug(s) contain
this functional group?

Hydrophobic or hy-
drophilic in character?

Acidic, basic, or neutral
as drawn

Types of interactions pos-
sible with target for drug
action

Is this group a H-bond
donor, H-bond acceptor,
both or neither?

2. Pepcid (famotidine; pKa = 10.5) is sold as a hydrochloride salt. Is N"SOZNHZ
the molecule as drawn acidic, basic or neutral? Given that Pepcid de- NH N«;\S/\)\NHZ
creases the secretion of acid into the lumen of the stomach (stomach H ;N"l"\'N@ { S\

PH = 3.5 in presence of Pepcid), will Pepcid be ionized or unionized H o

in the stomach? Famotidine hydrochloride

3. Considering the structural features of enalapril and amlodipine, determine the ionization state of each of these
agents in the stomach (pH = 1) in the absence of Pepcid and in the presence of Pepcid (pH = 3.5). Use
pKa= 9 for all aliphatic amines and pKa = 3 for all carboxylic acids.

4. Would you recommend that this patient take all three of these medications at the same time? Provide a brief
rationale for your recommendation.

3. Enalapril is not administered as the active drug. It is readily hydrolyzed in the stomach to the active drug.
Draw all of the products of hydrolysis.

v R S A e R e A —————————
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CASE STUDY
Acid/Base Chemistry, Solubility and Absorption Case

Timoptic and Xalatan are agents that are used in the treatment of glaucoma. They are both dis-
pensed as aqueous eye drops and the target for drug action for both drugs is a receptor in the eye.

0™ OH H 5
‘\/N o} \ CHs SN O_ _CHg

O CH
~g” 5 R T *
HO
Timolol | "] Latanoprost
(Timoptic) s (Xalatan)

1. What is the acid/base character of Lantanoprost as drawn?
Circle One: ACID BASE NEUTRAL
2. What is the acid/base character of Timolol as drawn?
Circle One: ACID BASE NEUTRAL

3. Timolol is actually formulated as a water-soluble salt of maleic acid. Modify the structure below to show the
salt form (ionized form) of timolol. Clearly identify the acid/base character of the salt form of this drug.

N N CHs (0]
7/,_\(0\)\/ y j\j/
N N HO =

HeC CHg
Timolol Maleic Acid
(Timoptic)
4. Which of the functional groups in each of these drug molecules enhance the water solubility of these drugs?

5. Which of these two agents would you expect to be more hydrophobic and therefore more readily absorbed into
the eye? Provide a structural rationale for your answer.

6. One of these agents is readily hydrolyzed and cannot be delivered orally. Which agent is unstable? Draw the
products of hydrolysis.

66
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