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Foreword

Stereochemistry was born in the second half of the 19th century with the publica-
tions of Pasteur in 1860, van’t Hoff in 1874, and Le Bel in 1874, a remarkable
period that followed rather closely the progressive appearance of chemistry as we
understand it now. But chemical compounds are three-dimensional entities,
implying that, in some sense, the whole of chemistry is stereochemistry. The two-
dimensional description of chemical structures necessarily results in a loss of
information, and this is why stereochemistry is of particular relevance when it
comes to designing drugs and other bioactive compounds and investigating their
structure—activity relationships.

The study of stereoselective phenomena in chemistry, biochemistry, and phar-
macology has proven remarkably fruitful in deepening our understanding of chemi-
cal and biological processes. In such investigations, stereoisomeric compounds are
probes of particular efficiency, and to neglect or ignore their avail can only lead to
scientific impoverishment and limited vision (see Fig. F1 below). There is thus a

FIGURE F1. Ignoring chirality? (Cartoon by Patrick Bertholet. Copyright B. Testa.)
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viii FOREWORD

need to confront such ignorance and encourage the study of stereoselective pheno-
mena and the use of stereoisomeric probes, but this must be done without obses-
sion and exclusiveness. Such a reasonable, balanced, and lucid frame of mind
inhabits every chapter of the book you now read. It is indeed the merit of Dr. Alan
F. Casy to bring to these pages a clear and comprehensive view of medicinal stereo-
chemistry, a discipline in which he has been active and successful for many years
both as a teacher and a researcher.

Written for graduate students and research workers in medicinal chemistry and
pharmacology, this book will contribute significantly toward a better education of
scientists by removing the fear of stereochemistry caused by ignorance, moderating
the overconfidence of possible zealots, and outlining a broader context. This is
what education is about.

Bernard Testa
Lausanne, Switzerland



Preface

This book sets out to provide source material on stereochemical influences in medi-
cinal chemistry and pharmacology. While there is much review literature on
individual areas of these disciplines, the absence of a coordinated account which
presents both the biological data and details (together with evidence) of the spatial
characterization of stereoisomeric sets is the prime reason for the present under-
taking. A secondary motivation, which I advance as some jusitification of my role
as author of such a work, is my early introduction to the field and the underlying
stereochemical theme of much of my research career. I was fortunate when still in my
mid-20s to have Arnold H. Beckett as my mentor, a man who was one of the first
to recognize the significance of molecular shape in medicinal chemistry and the fact
that “nature undoubtedly carries out her reactions on a three-dimensional basis.”
In the early 1950s, when I joined AHB at Chelsea, stereochemical studies of this
kind were relatively rare and restricted to a few areas, but they were rapidly to bur-
geon and encompass the entire spectrum of biological activity. Today one has only
to scan a current issue of the Journal of Medicinal Chemistry to appreciate how
many articles carry some aspect of a stereochemical role. Advances in the method-
ology of both pharmacology and organic stereochemistry have been profound over
the past 40 years and have enabled the realization of such a growth of interest.

Clearly, no one book (let alone one with a single author) can present the entire
field of stereochemical medicinal chemistry. Because of my own special interest,
I have chosen to select material that relates to well-investigated neurotransmitter—
receptor systems, namely, ligands of adrenergic, dopaminergic, cholinergic, hista-
minergic, and serotoninergic receptors, and also to opioid receptors. The stereochem-
ical aspects of each type are treated in depth with a literature coverage extending
up to the end of 1990 (with some later additions). The book opens with an intro-
ductory chapter that covers bibliographical sources, the objects of stereochemical
investigations, important concepts, and the pattern of presentation. The second
chapter deals briefly with matters of nomenclature and methodology with emphasis
on modern developments, while the third is devoted to pharmacokinetics. Specific
topics are presented in Chapters 4 through 14. The Appendix and Postscript pro-
vides some concluding remarks and guides the reader to stereochemical studies of
areas not covered in the main text.
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While the book is directed at medicinal chemists and pharmacologists actively
engaged in research, whether in academia or the pharmaceutical industry, it is
hoped that this volume will prove valuable and enlightening to postgraduate and
senior undergraduate students of chemistry, medicinal chemistry, pharmacology,
pharmacy, and biochemistry (and to students of the life sciences in general).

Colleagues who have responded so generously to my many letters of enquiry
and requests are too numerous to be listed here in entirety. I should, however, like
to express special appreciation to Bernard Testa who has kindly provided the Fore-
word, and George Dewar for his contribution to Chapter 10 on neuromuscular
blocking agents. Thanks are also due to Richard Barlow, Robin Ganellin, Arthur
Jacobson and Kenner Rice (of NIH, Bethesda), Hakan Wikstrom, Uli Hacksell,
and Anette Johansson (of the Uppsala group), Gunther Lambrecht, John
Neumeyer, Popat Patil, Robert Ruffolo, Walter Schunack, Jan Tollenaere, and Bill
Trager. Finally I thank my typist, Helen Thame, for her careful and patient work,
and Robert Parfitt for his encouragement and support.

ACKNOWLEDGMENTS. The author is grateful to authors and publishers for permis-
sion to reproduce certain figures, schemes, and other material. Sources are given in
the figure caption and/or text and the full references are included in lists at the end
of each chapter.

Alan F. Casy
Bath
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Introduction

I am addicted to medicinal chemistry. I get high on it.
— SIR JAMES BLACK, Nobel Laureate.
(Observer Profile, London, October 23, 1988)

Examples of stereoisomeric pairs in which the members show pronounced dif-
ferences in their biological effects have long been known. It is fitting that what is
probably the first recorded case should be due to an observation of Louis Pasteur
from whom the study of stereoisomerism itself has arisen. In 1858 Pasteur reported
that the dextro rotatory form of ammonium tartrate was more rapidly destroyed by
the mold Penicillium glaucum than the levo isomer." Over the following century
and beyond numerous similar examples from diverse biological fields have accumu-
lated, particularly noteworthy ones of early vintage being those of the differing
effects of (—)- and (+)-adrenaline (epinephrine) on blood pressure,® and the supe-
rior anticholinergic potency of hyoscyamine over its racemic counterpart atro-
pine.® Between 1920 and 1940 pharmacologists such as Cushny® and Easson and
Stedman® began to speculate on the causes of activity variations among stereoiso-
mers, and by 1959 the subject had attracted sufficient attention to warrant a num-
ber of reviews.®'? The immediate post-World War 2 period saw a burgeoning of
interest in the chiral aspects of pharmacology and medicinal chemistry prompted,
in particular, by individuals such as Arnold Beckett at Chelsea and Everardus
Ariéns at Nijmegen. Today such investigations are regarded as routine and accepted
as an essential element and extension of classical structure-activity analyses.

More recent reviews have been published by Casy (1970, a chapter of Burger’s
Medicinal Chemistry monograph),'® Stenlake (1979, a chapter of a monograph),'¥
Ariéns,">'® Simonyi,"'” and Taylor and Insel (a chapter of a monograph).(®
Ariéns and co-authors also edited a book presenting the proceedings of an interna-
tional meeting held at Noordwijkerhout on the stereochemistry and biological acti-
vity of drugs."® Details of meeting held at Tiibingen (1988)®” and Cambridge
(1990)?” on the same topic are also available in book form. Two handbooks of
CRC Press edited by Donald Smith provide valuable source material in regard to
a wide range of pharmacological areas®**® and many references to these publica-
tions will be found in the present monograph. The 1988 publication of Wainer and
Drayer, Drug Stereochemistry, contains both analytical and pharmacological infor-

1



2 CHAPTER 1

mation,®® as does a 1990 volume edited by Simonyi.® Chirality has featured
in a series of reviews appearing in the 1986 issues of Trends in Pharmacological
Science (TiPS). These include articles by Mason (origin of chirality in nature),®®
Ariéns (chirality in bioactive agents and its pitfalls),*” Lehmann F (stereoisome-
rism and drug action),®® Testa (chiral aspects of drug metabolism),*® Hoyer
(implications of stereoselectivity in radioligand binding studies),*® Walle and
Walle (pharmacokinetic parameters obtained with racemates),®” and Simonyi
and others (chirality of bioactive agents in protein binding, storage and transport
processes), 3

Biological data on sterecoisomers may be found in a vast range of scientific
periodicals but the single most valuable source—certainly in regard to pharmacolo-
gically active compounds—must be Journal of Medicinal Chemistry as has been the
case since its inception in 1957. Review series in medicinal chemistry (Advances in
Drug Research, Progress in Drug Research, and Progress in Medicinal Chemisiry)
often include articles which emphasize stereochemical aspects as does the ACS
publication Annual Reports in Medicinal Chemistry, now in its 25th year.

In response to the ever-increasing interest in molecular geometry, the last few
years have seen the publication of two specialist journals: Chirality (devoted to the
pharmacological, biological, and chemical consequences of molecular asymmetry)
and Tetrahedron: Asymmetry, an offshoot of the well-known Pergamon publica-
tions which included biological data as well as synthetic and other chemical aspects.

1.1. Purpose and Value of Stereochemical Investigations in Medicinal
Chemistry

Primarily stereochemical studies are directed at the search for evidence of the
characterization of bioactive macromolecules at the molecular level. In medicinal
chemistry knowledge of such target molecules relates to receptors which mediate
the pharmacological/physiological effects of endogenous ligands and their exoge-
nous (xenobiotic) analogues, and to enzymes responsible for the biosynthesis of
endogenous ligands and the biotransformation of xenobiotics. Enzymes which are
implicated in the generation of second messengers, such as adenylate cyclase,
should be included in this target category along with G-regulatory proteins.

The very concept of a receptor arises only as a result of the discovery of a mole-
cule which produces a specific biological response, so it is natural that examination
of ligand molecules be a prelude to study of the receptor itself. Such work, gene-
rally referred to as structure—activity relationship (SAR) studies, i.e., analyses of the
relationships between structure and activity, has been in progress for most of this
century. Stereochemical investigations may be regarded as a finely-tuned extension
of this traditional approach to medicinal chemistry in which a complementary rela-
tionship between the pharmacophoric features of the ligand and the active sites of
its receptor is assumed.

Post-World War 2 advances in the isolation and purification of enzymes fol-
lowed more recently by those of many pharmacological receptors themselves**¥
mean that many of the target macromolecules are already available for direct
study, a trend which will continue to develop as we enter the 21st century.

As such macromolecules become available in a viable state, direct study of
their interactions with ligands will be possible and it is at this stage that stereo-
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chemical data accumulated on the affinity and efficacy of such small molecules for
their receptors will achieve its full potential in regard to the identification of active
sites and the consequences of ligand—macromolecule association. Information of
this kind will greatly facilitate drug design in general, in addition to advancing
knowledge of the processes of life.

Apart from the overall aims outlined above, evidence of activity differences
between stereoisomers provides evidence on (1) whether a compound has a general
or specific mode of action, and (2) whether a series of ligands, which may include
both agonists and antagonists, have the same type of association mode with the
receptor. Thus agents with specific pharmacological effects generally display a large
activity difference between their separate stereoisomers, while agents with more
general actions—commonly depressant effects—show isomeric potency difference
of low order which probably relate to pharmacokinetic rather than pharmacodyna-
mic factors (see Chapter 3); a pertinent example is the lack of stereospecificity of
antipodes of the general anesthetic halothane (F,C*CHBrCI) in two model sys-
tems,®” When the more active (eutomeric) forms of a series of chiral ligands of
related pharmacology are shown to have the same absolute configuration, it may
be assumed that all associate with the receptor in a similar manner—when such is
not the case, evidence of differing modes of ligand-receptor binding is provided,
e.g., eutomers of methadone and diampromide (page 517), muscarine and musca-
rone (page 240). The mode of association of formally achiral ligands with their
receptors may also be probed by study of chiral analogues, e.g., studies of the
reversed ester of pethidine (page 484) and acetylcholine (page 231).

It is important from a clinical point of view to study the properties of the sepa-
rate antipodes of a drug administered in racemic mixture form. If the therapeutic
efficacy of the two forms differs significantly, then the question of administration
of the eutomeric rather than the racemic mixture form arises. This matter is cur-
rently of great interest to the pharmaceutical industry in regard to the licensing of
novel agents of chiral structure and is discussed in detail in Chapter 3.

Such investigations also bring to light the influence of one antipode on the
other at pharmacokinetic and/or receptor levels—for example, one form may be an
agonist and the other a competitive antagonist.

1.2. Concepts

A number of proposals to account for differing activity between stereoisomers
were advanced early in the investigations of such phenomena (the terms eutomer
and distomer, derived from the Greek for good and bad, for the more and less
active members of an antipodal pair, respectively, are now in general use, Chap-
ter 2, page 17, and employed throughout this book). The most fundamental,
perhaps, is that of the three-point fit concept applicable to antipodal pairs. If three
functions or structural features attached to a chiral center of a bioactive molecule
are involved in its binding to a receptor of high stereoselectivity, a specific molecu-
lar orientation or configuration of the three groups will be necessary for ligand—
receptor association. Hence, in such cases of three-point fit, a clear-cut difference
in affinity between an object-mirror image pair is to be anticipated because only
one member will be able to present the required stereochemical sequence to the
receptor surface. Figure 1.1 represents an isomer of high affinity (a) which has a
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FIGURE 1.1. Representation of (a) high- and (b) low-affinity members of an antipodal pair, and (c) an
achiral analogue.

configuration of the binding groups X, Y, and Z that is complementary to that of
the corresponding active sites X', Y’ and Z’ of the receptor; in the form of lower
affinity (b) only two of the binding features may be aligned correctly with the
receptor. Isomeric affinity differences are also possible when only two functions of
the ligand contribute to receptor binding (two-point fit), since the third group,
while adding little or nothing to the affinity of the more active isomer, may
seriously impair the close association of the two binding functions to the receptor
in the less active form. One means of assessing the role of a third group in this
context is to compare the activity of the less potent member of an antipodal pair
with that of the analogue in which the group in question is replaced by hydrogen
(c). If the group has binding significance in the eutomer and is without influence
in the distomer, the latter should have an activity similar to that of the more sym-
metrical analogue lacking this function. On the other hand, if the same group
impedes binding when orientated as in the distomer, the potency of this antipode
should be lower than that of the analogue which lacks the third group. This
approach was first applied by Easson and Stedman® in regard to the secondary
hydroxyl linked to the chiral center of sympathomimetic amines, as fully discussed
in Chapter 4.

Another approach is to examine analogues in which one of the substituents
linked to the chiral center is duplicated giving an achiral product. Structure (c) of
Fig. 1.1 represents such an analogue of the eutomer (a), Z being the duplicated
group. This analogue possesses the same configurational arrangement as the active
isomer (a)—its inactivity would indicate that the additional group Z, positioned as
in the distomer (b), prevents effective ligand-receptor association. The case of
antipodes of methadone and the achiral derivative 6-methylmethadone provides
evidence that such is the case for the methyl group attached to the C-6 chiral center
of the distomeric form of methadone (Chapter 14).

This discussion has so far been limited to consideration of the affinity of a
ligand for its receptor. Strictly, such a treatment is valid only when one is dealing
with an agent which, once bound, fails to trigger a pharmacological response. Such
agents effectively block the receptor and act as antagonists. In the case of ligands
which induce a response or cascade of responses, i.e., agonists, aspects of affinity
and intrinsic activity (also known as efficacy) need to be assessed, since both may
be subject to stereochemical control. Pure antagonists are defined as ligands of zero
efficacy (¢f enzyme-substrate investigations in which the Michaelis constant K,
represents affinity while catalytic efficiency is expressed by V.. or the turnover
number k_,,).
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Apart from binding studies, which provide measures of affinity alone, most
other pharmacological data in regard to agonists give a measure of the net
influence of the two factors (pharmacokinetic considerations are disregarded at this
point). Experiments aimed at quantitating both affinity and efficacy are, however,
becoming more common in spite of the greater sophistication of the necessary pro-
cedures. One method of characterizing efficacy, for example, involves determina-
tion of the degree of receptor occupancy needed to elicit a standard response—the
greater the efficacy of a ligand the lower the degree of occupancy required. The
procedure rests on the assumption of spare receptors, i.e., existence of a surplus
over those needed to be occupied at the maximum response level, and employs irre-
versible ligands to reduce (inactivate) their number prior to agonist evalution.®>

In a update of the three-point attachment model of Easson and Stedman,
Testa®” has emphasized the three conceptual steps of penetration, binding, and
activation which bear upon the interaction of a ligand with its receptor. He pro-
poses that the original concept be extended to encompass points of repulsion as
well as attraction, intrinsic activity, and trigger/catalytic (rather than binding) sites.

Further insight into ligand-receptor associations may be gained by deter-
mining the effect of temperature on affinity constants. Free-energy changes, so
derived, lead to evidence of entropy (AS°) and/or enthalpy (AH®) contributions to
the ligand-receptor interaction.®® Different types of interactions contribute to AH®
and AS°. The formation of the ligand-receptor complex increases the order of the
system and hence leads to an unfavorable entropy change (—AS°). Hydrophobic
interactions, which are highly enthalpic (—AH®), are accompanied by dehydration
which increases the disorder, producing a favorable entropic contribution (+ AS°).
Insight into the relative importance of these thermodynamic parameters aids the
characterization of the molar determinants of recognition at a receptor site.
Examples are included in Chapter 4, 9, and 11 which relate to adrenoceptors,
cholinergic and histaminergic receptors, respectively.

1.3. Conformational Effects

The influence of substituents (chiefly methyl and small alkyl groups) on
conformational equilibration is a further factor in analyses of stereochemical SAR,
particularly when insertion of such a group into an achiral bioactive molecule leads
to enhancement of potency. In such cases the activity-raising action of the addi-
tional substituent may be due, not to a secondary binding effect, but to its leading
to an increase in the population of a conformer favorable for receptor binding but
unfavored thermodynamically in the achiral parent. This aspect is of special rele-
vance to bioactive molecules based on small alicyclic rings, as exemplified by opioid
ligands based on 4-phenylpiperidines (Chapter 13, page 465).

1.4. Pfeiffer’s Rule

The magnitude of the isomeric potency or affinity ratio (eudismic ratio) clearly
reflects the degree of stereoselectivity of the receptor for its ligands. Attention to
this aspect of stereochemical SAR was first drawn by Pfeiffer in 1956.¢2 He plot-
ted the average human dose of 14 chirals drugs used in racemic mixture form
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against the corresponding antipodal activity ratios from tests on animals and
animal tissues and obtained a positive correlation between the two parameters. The
conclusion reached was that the greater the difference between the pharmacological
activity of isomers of an antipodal pair, the greater the specificity of the active
isomer for the response of the tissue under test. Agents of high potency as judged
from the dosage of their racemic mixtures should thus display correspondingly high
eudismic ratios.

Pfeiffer’s observations have been extended by Ariéns and his colleague
who showed that stereoselectivity does not occur randomly but is a function of the
potency or affinity of the more potent isomer. Barlow®" has pointed out that the
data used by Pfeiffer are comparatively crude—no allowances for aspects of stereo-
selective transport to the active site were made, nor was evidence of optical purity
available at that time; Pfeiffer’s observation is thus all the more remarkable for
these limitations. Pfeiffer’s rule certainly appears to make sense in the simplest
situation where activity depends only on binding, as with competitive antagonists;
the higher the affinity of a compound, the more it matters how groups are arranged
about a chiral center. Barlow has warned, however, of the danger of accepting
Pfeiffer’s rule as part of established teaching before its implications have been fully
explored. Examples of distomers which, although less effective than their eutomeric
partners, are nevertheless of high potency are not uncommon, notably in field of
muscarinic antagonists (Chapter 9). Thus although the conclusion, drawn from
Pfeiffer’s rule, that the eudismic index (a log term, see below) is approximately
linearly related to the logarithm of the affinity constant (log K) is acceptable, the
corollary that the same parameter determines log K for the weaker enantiomer
seems improbable.

De Miranda and others’*® have attempted to trace the general principle
underlying correlations between the enantiomeric potency ratio and potency.
In methods of so-called eudismic analysis which involve plots of eudismic index
(EI) (the logarithm of the ratio of eutomer and distomer affinities, the eudismic
ratio ER) against the negative logarithm of the molar dissociation constant
of the eutomer (pEu), the slope of the line (eudismic-affinity quotient, EAQ) is a
quantitative measure of the stereoselectivity of a binding site toward a given
series of related antipodal pairs. The positive EAQs usually found imply that the
Els displayed by a given receptor increase as a function of the affinities with
which the eutomers of the antipodal pairs bind to it.“? EAQ values close to unity
imply the situation in which the affinity contribution of a given substituent is pre-
sent in the eutomer and absent in the distomer, as in the Easson-Stedman model.
When the stereoisomers being compared are epimers, i.c., compounds with two or
more chiral centers which differ in configuration at only one of these, a plot of
the epimeric eudismic index (EEI) against pEu gives evidence of how critically a
given center of chirality is to the receptor-ligand interaction (the case of some
1,3-oxathiolane muscarinic ligands is discussed in Chapter 9).

S,(] 5,40)

1.5. Ogston’s Ideas and Prochirality

Proposals that certain biochemical transformations proceeded via symmetrical
intermediates drew criticism on the basis of the results of isotopic labeling studies.
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If, for example, the conversion of '’N, '*C, labeled serine 1 to glycine involved
decarboxylation of aminomalonate 2, the isotopic '*N: '*C ratio should change in
the Gly product because of the equal possibility of CO, loss from either of the two
equivalent carboxylate functions. The fact that the ratio was unchanged was
evidence against a symmetrical intermediate. Similar evidence and arguments
were directed against citrate being intermediary between oxalacetate and
o-ketoglutamate metabolism (fixation of ''CO, or *CO, led to labeling of CO,H
adjacent to carbonyl of a-ketoglutamate only).

3o,
H"/ 15NH,
HO,C
13c0,H 3coH 2
H"/ I5NH, H"/ I5NH,
HOCH, HO,C 1300.H
v
! ? j\
Ser €O, HI‘-‘l SNH,
Gly

This line of reasoning implied the inability of metabolizing enzymes to dis-
tinguish identical groups attached to the same carbon atom. Ogston pointed out
the fallacy of such arguments in a much cited 1948 paper? by proposing his three-
point attachment concept. If the enzyme-substrate interaction concerned solely the
function to be transformed, then non selective changes of a symmetrical ligand such
as aminomalonate (2) would be reasonably anticipated. However, if association
were of the three-point kind—more likely in view of the now-recognized dis-
symetric character of enzyme macromolecules—then only one arrangement (3)
positions one of the pair of identical groups above the catalytically active site of the

€699

receptor (arrangement 4 likewise aligns function “a” with the catalytic site but

c <
b\\y\ a\\}\
S
B: c B[.\ c

A
3 4

binding of the substrate receives no contributions from interaction of the additional
substituent a and/or B). Such a concept leads to the expectation of the specific
transformation of one member of a pair of chemically identical functions, as
observed experimentally by means of isotopic probes. Hanson,“® in addressing the
need of identifying each of two identical groups of this kind, introduced the term
prochirality. Thus the central carbon of an assembly such as 5 becomes chiral when
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one of the pair of “a” substituents is replaced by a fourth group “d” (different for
a, b, or ¢) and is hence described as a prochiral center. The absolute chirality
(R or S) will depend on which of the “a” substituents is replaced by “d.”

Prochirality theory is now accepted as a cornerstone of biochemistry“*® and
is equally relevant to study of the interactions of pharmacological receptors with
their ligands. Prochirality considerations help elucidate, for example, the manner in
which formally symmetrical ligands approach and bind to their receptors. Larson
and Portoghese” were the first to apply such concepts to medicinal chemistry in
work on the reversed esters of pethidine as described in Chapter 13. See also
Chapter 2, page 15 and review by Young.“®

1.6. Pattern of Presentation

This book is intented to serve as a source book of information on stereochemi-
cal influences in medicinal chemistry with a coverage that includes the more exten-
sively investigated classes of pharmacological receptors and their ligands. In all
topics included, details of the pharmacological difference between isomeric sets
are provided together with essential evidence (chemical and/or physical) of
stereochemistry. Chapter 2 provides a review of stereochemical nomenclature and
methodology—the latter includes some of the biological procedures—with special
regard to the appreciation of material included in subsequent chapters. Chapter 3
is devoted to pharmacokinetics and to the influence of stereochemistry on the
various processes that govern the transport of the ligand to its receptor. Considera-
tions of the clinical use of racemic mixtures as opposed to the corresponding
eutomeric (homochiral) isomers also form part of this chapter. The remaining
chapters present stereochemical data relevant to adrenergic, dopaminergic,
cholinergic, histaminergic, serotoninergic, and opioid receptors. In many cases
separate discussions of agonist and antagonist ligands are given. In general each
section includes an account of:

1. the endogenous ligands and aspects of their biosynthesis, storage and
release, and metabolism;

2. exogenous (chiefly synthetic) ligands, including pharmacokinetic investiga-
tions as available;

3. aspects of receptor subtype classification, including the design of selective
ligands;

4. conformational analysis of endogenous and exogenous ligands and
investigations of conformationally restrained analogues;

5. data interpretations and stereochemical correlations in terms of proposals
of receptor molecular features and ligand-receptor interaction modes.

Emphasis is placed throughout on ligand structure and deductions of receptor
events at the molecular level that follow from such knowledge. For an interesting
review of structure-activity relationships from the receptors’ point of view, the
reader is referred to a paper by Hollenberg.“”

Some discussion of literature sources has already been given earlier in this
chapter. Novel data are continually being reported and the need for updating sec-
tions of this book during the several years of its preparation has been a common
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experience of the author. It has been possible, however, to include material pub-
lished up to (and beyond) the end of 1990.

A guide to stereochemical investigations of areas of pharmacological import
not discussed in the text, such as benzodiazepine, excitatory amino acid, and
GABA receptor systems, is provided as a conclusion to this book.

1.7. Notes on References

References are provided at the end of each chapter in the usual Plenum Press
house style except for papers where co-authors exceed six in number when the style
A. F. Brown et al. is employed. In the case of frequently mentioned reference
books, notably Martindale: The Extra Pharmacopoeia, pagination relating to
the most recent edition (29th, 1989) is included in the text, e.g., (Martindale 29,
page 562), for easy reference.
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Nomenclature and Methodology

2.1. Introduction

It is assumed that most readers of this book will already be familiar with
stereochemical principles and will have knowledge of pharmacological concepts and
methods. Nevertheless, a summary of basic principles of these kinds is held to form
an appropriate and useful starting point for the main topic of the book. The pur-
pose of this summary is to serve as an “aide-mémoire,” to update prior knowledge,
and to direct attention to stereochemical aspects which recur throughout the main
text. Material presented relates, on the one hand, to the molecular geometry of
organic structures and, on the other, to pharmacological methodology.

2.2. Stereochemical Nomenclature and Methodology

Many texts on the basic concepts of stereochemistry are available. To mention
one of a few familiar to the author, that of Eliel’¥ remains a comprehensive and
lucid guide in spite of its having being published almost 30 years ago. Eliel’s latest
text, Stereochemistry of Organic Compounds, with co-author S. H. Wilen, will soon
be published by Wiley and will contain a comprehensive glossary of stereochemical
terms. More recent presentations include those of Kagan,® Testa,® and
Nasipuri.** The Wiley-Interscience series Topics in Stereochemistry (19 volumes up
to 1989) includes valuable reviews of relevance to this book.

At the most fundamental level, the three-dimensional shape of an organic com-
pound hinges on the hybridization state of its constituent carbon atoms. Hybridiza-
tion of the sp® type provides the familiar tetrahedral geometry 1 in which the
carbon nucleus is visualized to be at the center of a regular tetrahedron to the cor-
ners of which are directed its four bonding orbitals separated by angles of 109°28’
in the ideal state. The representation 1 shown with two bonds in the plane, one
above (B) and one below (a) the plane of the paper, will be employed throughout

* A stimulating account of the development of Eliel’s interest in stereochemistry is presented in his
recent book, Profiles, Pathways and Dreams: From Cologne to Chapel Hill, ACS, Washington (1990).
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this book together with the Fischer projection 2 in which vertical bonds project

below and horizontal bonds above the plane. The facility to mentally correlate the
two representations (1 and 2) is a useful acquisition. The criterion of molecular

a 109°28”
\ y + == y—%—w

1 2

Ve

N

symmetry is the possibility of superimposition of a molecule upon its mirror image.
When this operation may not be carried out the molecule is revealed as dissym-
metric or chiral (from the Greek “‘cheir” meaning hand). Dissymmetry arises as a
result of the presence of one or more chiral centers in the molecule, the commonest
of which is the asymmetric carbon atom where the nucleus is linked to four different
substituents. In such cases the substituents may be arranged in two possible man-
ners around the central carbon giving rise to a pair of molecules which are related
as object to mirror image, termed enantiomorphs, enantiomers, antimers, or optical
antipodes. As an example, antipodes of alanine 3 are shown depicted in tetrahedral
and Fischer projection manners.

CO.H CO,H COH
H,N “y\ Me Me” N\ NH, = H “yj\ Me
H H HN

Gly

CO,H CO,H
NH, —’— H H NH,

Me Me

L-(#) D-(-)
3

The small capital letters “L” and “D” are used to designate absolute configura-
tion following the convention 1ntroduced by Fischer.!V To use it the main chain of
the molecule is drawn vertically with the most oxygenated carbon at the top. Sub-
stituents linked to the central asymmetric carbon form the horizontal arm of the
cross—these are usually hydrogen and larger grouping. When the larger substituent
falls to the left the designation L is used, and when to the right, D. When the con-
vention was proposed in the 1890s, no means was available of establishing absolute
configuration and Fischer arbitrarily chose L to depict the dextro rotatory antipode
of alanine. Fischer made a choice (actually in regard to dextro glyceraldehyde)
which leads to the symbolism shown for the dextrorotatory antipode of alanine.
Fortunately, modern methods of establishing absolute analysis (page 21) required
no revision of his assignment. The D/L system continues in use for amino acids and
also for glyceraldehyde 4 and related carbohydrates 5 where the chiral center adja-
cent to terminal CH,OH is employed as the label of absolute configuration.
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CHO CHO
H + OH H ——OH
CH,0H HO——H
H——OH
CH,0H
D-(+)-glyceraldehyde D-(+)-glucose
4 5

Designation of the sign of optical rotation of plane polarized light is by
positive and negative symbols enclosed in parentheses: (+) dextrorotatory, (—)
levo (laevo) rotatory. The lower case symbols, d and 1, should not be used because
of possible confusion with capitals which relate to absolute configuration. It is
worth stressing that the sign of rotation (a parameter sensitive to many factors
including wavelength, temperature, solvent, and concentration) bears no rela-
tionship to the absolute geometry of a chiral molecule.

Fischer’s D/L system adequately defines the absolute configuration of many
small biochemical molecules but lacks universal application. For this reason the R/S
system, devised by Cahn, Ingold, and Prelog,” was introduced during the 1950s.

To apply this convention three operations are necessary:

1. rank the substituents attached to a chiral center according to a set of
sequence rules of which atomic number is the first criterion;

2. view the chiral center from a direction remote from the substituent of
lowest rank (often hydrogen);

3. trace the sequence of substituents in order of decreasing rank (1 —3)—if this
is clockwise (left to right) the configurational is R (rectus), if anticlockwise
(right to left), it is S (sinister). The example of antipodal lactic acids 6 is

shown:
2
CO,H ) cozri/ CO,H COH COH
4H+OH1 H“Q\Me HO H HO"y/\Me = Ly ﬂOH
I\;Ie HO Me H Me
R-(-) S-(+)

6

Most applications of the R/S system are trivial but require care when
molecules with many chiral centers are in question—especially for polycyclic
systems. Access to simple molecular models of the Dreiding type is useful in such
cases, or a molecular graphics VDU. A Fischer projection may be used to make an

RS assignment provided the group of lowest rank occupies the lower arm of the
cross (see 7).

CO,H CO,H
HO H = Me—*-OH
LN
Me H
S-(+)
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Misapplications do occur in the literature and the reader should be alert to
such errors and be prepared to confirm assignments made.

An antipode of 3-methylprodine 8 (page 487) provides a case where care is
needed in its R/S assignment.® The chiral C-4 center leads to oxygen
(rank 1) and CH, (rank 4), and to two quaternary carbons (ArCq and C-3)—these
trace back first to three carbons (or three carbon equivalents in the case of Ar C-q);
further extension of the C-3 center leads to nitrogen (and two hydrogens) while
that of ArCq leads to carbons only, hence the C-3 carbon has the higher rank.

4 Me

3 Ph Wg\\//N\ Me
Me
2

Et (¢]
\”/[

(o]
85(-)

When two or more chiral centers are present in a dissymmetric molecule, the
number of optical isomeric forms (N) increases according to the formula N = 2"
where n is the number of chiral sites. Thus when n = 2, four isomers are possible
comprising two sets of antipodal pairs. Isomers among the group which are not
related as object to mirror image are described as diastereoisomers. The tetrose
sugars 9 provide an example:

CHO CHO CHO CHO
2 OH HO OH OH
: OoH HO OH HO——
CH,OH CH,OH CH,0H CH,OH
A B c D

9

A and B (erythrose) and C and D (threose) are the two antipodal pairs while
A and C, A and D, B and C, B and D are diastereoisomers. The terms erythro and
threo are often employed to designate Fischer projections of vicinal (vic, 1,2) diols
or vic amino/hydroxyl derivatives; e.g., the derivative 10 is described as a D-threo
form (chloramphenicol).

H NHCOCHCI,
I

|
Noz©—c-c-CH20H
[l

OH H

10

Diastereoisomers, unlike antipodal pairs, differ in their physical interactions
with media of a symmetric (achiral) nature, and may be separated on the basis, for
example, of differences in their solubilities in common solvents and retentions in
various chromatographic systems. Methods of chiral analysis depend, in fact, upon
the prior conversion of antipodes to diastereoisomers by reaction with an optically
pure chiral reagent (see page 33). Likewise weak (noncovalent) diastereoisomeric
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interactions form the basis of most classical resolution procedures and, indeed, are
involved in all biological phenomena where small chiral molecules (endogenous or
exogenous) interact with dissymmetric macromolecules such as enzymes and
receptors.

Elements of symmetry (planes, centers) are absent in optically active
stereoisomers. When present the stereoisomer has no influence on plane polarized
light and is described as a meso form, such as meso tartaric acid 11.

COH
H—— OH

Many medicinal agents in clinical use are chiral and the majority are marketed
in racemic mixture form—this term is a general one. The term racemate should be
reserved (but is often not!) for cases where antipodes interact to form a racemic
compound as revealed by plots of antipodal composition versus melting point. In
this book the abbreviation rac is employed to denote a racemic mixture; other
designations used in literature are (+), RS, and DL.

Another term often met in biochemistry and medicinal chemistry is prochiral.
This term denotes the center of an achiral substrate which has the potential of
becoming chiral once the molecule is structurally modified. Thus C-5 of phenytoin
12 is a prochiral site since it becomes chiral following metabolic para hydroxylation

o Pn

A
(0]

12

H

of one of the phenyl substituents. The p-hydroxylated metabolite proved to contain
more of the S than the R antipode (5.5-16.3% R), as judged from analysis of urine
samples from epileptic patients after treatment with various types of glucuronidase
(antipodes were resolved on a Cyclobond I column).® The term prochiral harks
back to Ogston” who first drew attention to how enzymes differentiate chemically
alike paired groups of substrates of the Caabc type such as citrate, as discussed
earlier (page 6).

Another example is the antihypertensive agent debrisoquine 13 which is con-
verted to the 4-hydroxy derivative 14 with high enantioselectivity (98% and above)

13 14
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by extensive metabolizers (EM). In poor metabolizers (PM), not only is total
4-hydroxylation reduced, but a loss in product enantioselectivity is also seen
(5-36% of R-14 was isolated).®

When an optically pure (homochiral)* form of an antipodal pair suffers a
change of configuration, it is said to be inverted (unidirectional invertase enzymes
are found in the walls of the GI tract). This process is usually energetically
unfavorable because it requires bond cleavage. However, it may be facilitated by
the presence of a carbonyl function adjacent to the chiral center since formulation
of a symmetrical intermediate is then possible. The intermediate may lead to the
inverted product (invertomer) or revert to the original antipode, and a racemic
mixture results in a process termed racemization if both routes are equally likely.

Pertinent examples are the racemization of the stimulant drug diethylpropion
15 (Ref. 10) and the anticholinergic alkaloid hyoscyamine (atropine) (page 287).

PhﬁCH(Me)NEtz
(0]

15

Optical isomerism sometimes arises as a result of restricted rotation
(atropisomerism). The classic examples are biphenyls of the type 16 the antipodes
of which cannot interconvert at room temperature because of the large barrier to
rotation about the central bond. Racemization takes place at elevated tem-
peratures. A few clinical agents owe their chirality to this phenomenon, as will be
described.

NO: no, No N
HOOC COOH ‘
COOH HOOC

16

The example of hypnotic agent methaqualone 17a is of relevance here. The
100-MHz 'H-NMR spectrum of its 2-benzyl analogue 17b displayed a CH,Ph
signal of the AB type (2 doublets, >/ 14.5 Hz), proof of the presence of a chiral

(a) R = Me; (b) R = CH,Ph
17

* Some authorities maintain that the term homochiral should be reserved for molecules of the same
handedness which are not identical apart from their configurational relationship.” They would use the
term “‘enantiomerically pure” to describe a sample made of identical chiral molecules, such as a sample
of (+)-tartaric acid. The term homochiral is, however, frequently employed to describe such materials.
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center adjacent to the benzyl substituent; the signal collapsed to a singlet on raising
the temperature.'” The NMR spectrum of methaqualone itself run in the presence
of a chiral shift reagent showed a pair of aryl methyl signals—again evidence of the
analyte behaving as a racemic mixture."'? Antipodes judged to be about 70% opti-
cally pure were obtained by chromatography of methaqualone on triacetylcellulose.
These had EDs, values of 35.7 and 26.5 mg/kg for dextro and levo products,
respectively, in the mouse electroshock test for anticonvulsant activity. Products
were optically stable at room temperature.

Before leaving this section, terms relating to differences in the biological
actions of members of an antipodal pair are presented. The situation where one
isomer is active while the other is totally inactive is rare and may even be non-
existent. The description more active and less active antipode (enantiomer, etc.)
may be used, but in this book terms advocated by Ariéns and his colleagues'® will
be generally employed. These are eutomer for the more active and distomer for the
less active isomer. The eudismic ratio, also known as the stereospecific index,'¥
refers to the numerical value obtained by dividing the potency or affinity of the
eutomer by that of the distomer—the greater the value, the higher the degree of
stereoselectivity exhibited by the macromolecule with which the antipodes interact.
The eudismic index is a log term (log affinity of eutomer —log affinity of distomer).

Aspects of conformation must now be introduced. This term refers to the
actual positional relationships in space of the constituent atoms of a molecule at
any given instant in time, and has biological importance in regard to both chiral
and achiral molecules. The study of stereochemical relationships of this kind is
known as conformational analysis.'> The different conformations (conformers) of a
molecule are often legion and these freely interconvert by rotations about single
bonds. At any one instant, however, the populations of certain arrangements may
exceed those of others—such conformers are preferred or favored because of their
minimal energy content or special stabilizing intramolecular interactions.

The conformations of small acyclic units are best represented by Newman
diagrams. These are drawn from the aspect of an observer viewing a molecule along
one of its carbon-carbon bonds, e.g., 18 giving the diagram 19 in which the front
carbon obscures (eclipses) the rear carbon. The conformation shown is one in
which substituent groups are at their maximum distance apart—rotation about the
linking C—C bond converts 19 into the form 20 in which A obscures F, etc. The

= . A A f,A
F E %
F
Cuy B ‘@"'e
B D C B C:? B
D d
D
19 20
18 .
staggered near-eclipsed

two conformers are described as staggered and eclipsed, respectively (20 actually
depicts a near-eclipsed conformer). The torsion or dihedral angle (t) most con-
veniently describes the relationship between a pair of vicinal substituents in the
system X —C—C—Y. It is defined as the angle between two planes, one containing
the C—C and C—X bonds and the other the C—C and C—Y bonds, and is best
depicted by means of a Newman projection (Fig. 2.1). The torsion angle is con-
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FIGURE 2.1. Representation of a dihedral (torsion) angle of 90° in a H,CCHjy fragment: one plane
is defined by the C— C and C— H, bonds and the other by the C — C and C— Hjy bonds (after
Casy).®?

sidered positive or negative according to whether the bond to the front atom X
requires rotation to be right or left, respectively, in order that its direction may
coincide with that of the bond to the rear atom Y. Descriptions of various confor-
mations are shown in Fig. 2.2 with positive dihedral angles depicted (X—Y, L—-R)
(see also IUPAC rules)."”

Conformational studies of small peptides in solution rely heavily on estimates
of N-Ca (¢) and Co-CB (y) torsion angles (see 21) based on 'H-NMR spectral
analysis,'® as further discussed in the opioid chapter of this book (IUPAC
rules).

R,
/
fcH,
o | e Ca—Cp(@)
\ e
\ e S
HN_ /] co
CHR, |
N —Cy(9)
21

2.2.1. Cyclic Systems

When the ends of an acyclic chain composed of sp3-hybridized atoms are
linked, conformational restraint is imposed on the system and conformational
options are reduced. In a six-membered cyclohexane ring the tetrahedral angle of
109° 28" may be maintained, provided the molecule adopts a nonplanar (puckered)

b w A w

T 0° +60° +120° +180°
synplanar synclinal anticlinal antiplanar
(all +30°)

FIGURE 2.2. Conformational descriptions of vicinally related substituents (after Casy).!'®



NOMENCLATURE AND METHODOLOGY 19

conformation of either the chair 22 or boat 23 kind. Only the chair form has a com-
pletely staggered conformation—in contrast four pairs of eclipsed hydrogens plus
a pair at the top of the molecule in specially close proximity exist in the boat, and
the two forms differ in energy content by 5-6 kcal/mole. This barrier is not high

H H
RGN
HH 1

chair 22 boat 23

enough to prevent rapid chair interconversions ( flipping) which proceed via boat
forms. The bonds in a cyclohexane chair 24 fall into two distinct groups. Those at
right angles to the mean plane of the ring are called axial/ (ax) bonds; those point-
ing sideways close to the mean ring plane are called equatorial (eq). The equatorial
conformation is favored for a substituent X since it suffers energy-raising nonbond-
ing interactions with its two 1,3-diaxial hydrogen partners when placed axially.

equatorial (eq) — ——

axial (ax)

24

In half-chair and boat conformation (25) of six-membered saturated rings the
terms pseudoaxial and pseudoequatorial are preferred for substituents at positions
3 and 6.

Anet® has proposed the general use of the terms axial and equatorial for sub-
stituent positions at a tetracoordinated atom in a ring of any size based on the local
environment of the atom alone.

2.2.2. Geometrical Isomers

Isomers which exist as a result of restricted rotation are common among cyclic
molecules since their interconversion requires a bond-breaking and a bond-making
step, and hence is energetically unfavorable (see 26).

energy
input

26
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Terminology derives historically from geometrical isomers which owe their
existence to restricted rotation about a carbon-carbon double bond. Thus the con-
figuration of a 1,2-disubstituted ethene 27 is described as trans and that of its isomer
28 as cis. To avoid the ambiguity of these terms that occurs in more extensively
substituted alkenes, the E (German: entgegen, apart) and Z (German: zusammen,
together) system is employed. Selection of the subsitituents to be employed in the
designation of configuration is based on the sequence rule as usual.

A\C=C/H A\c.__C/B
H/ ~ B H/ ~ H
trans (E) cis (Z)

27 28

The trans description of a 1,4-disubstituted cyclohexane is evident from both
diaxial 29 and diequatorial 30 chair conformations. In the case of the 1,2-isomers

a

“
8

29 30
(preferred)

31 it is formally appropriate only to the diaxial conformer—nevertheless the die-
quatorial form, with X and Y close together (gauche), is likewise described as trans.
Cis conformers have an axial/equatorial or eg/ax relationship, whether substituents

are 1,4 or 1,2.
a a
ﬂ"b
EQ/"
b
b

31

In 1,3-disubstituted cyclohexanes cis isomers 32 carry eg/eq or ax/ax sub-
stituents, while trans are eq/ax or ax/eq forms.

a b
a 2 ; ; _—
\O/ b a
b
32
The E/Z convention is generally restricted to geometrical isomers of the

alkenic type, while R/S designations are employed in the case of most geometrical
isomers of saturated cyclic systems since these, in addition, usually carry the feature
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of chirality. When the need is only to indicate relative configuration, the terms cis
(¢) and trans (1) are employed following the sequence rule with the substituent of
highest rank being designated the reference (r) group, such as 33.

Ph \\OCOEt Ph, OCOEt
f“j wMe Eﬁ’ Me
N N
Me Me

¢ 3-Me, r 4-=COE:t (for each antipode)
3

In bicyclic systems, such as decalin 34, the possibility of trans and cis ring
junctions obtains: only cis-joined bicyclic rings may interconvert.

trans cis

34

Stereochemical principles established for saturated cyclic molecules in which
all ring members are carbon atoms effectively apply when one or more ring mem-
ber is replaced by nitrogen or oxygen as, for example, in the case of piperidine and
tetrahydropyran derivatives.

Chirality is not confined to carbon—chiral agents of biological interest are
occasionally encountered that owe their dissymmetry to nitrogen, phosphorus, or
sulfur. Because nitrogen bases freely invert, chiral nitrogen molecules are only met
in the case of quaternary ammonium derivatives 35, as described in the opioid
ligand chapter of this book. In contrast, inversion of trigonal sulfur derivatives,
e.g., sulfoxides 36, requires a substantial input of energy, and antipodes of this kind
are stable at room temperature. Dissymmetric sulfoxides from part of the
cholinergic and opioid ligand chapters.

x* ®

w'y Ny x“'js\

y o

35 36

2.3. Methods of Establishing Relative and Absolute Stereochemistry"

Originally the only method of elucidating the relative stereochemistry of a pair
of compounds of like dissymmetry was by a sequence of chemical interconversions.
Thus if an optically active molecule X could be converted to an optically active
molecule Y after a series of chemical changes, the two molecules were assumed to
share the same relative configuration. The same conclusion could be made if each
could be converted to the same antipodal form of a third compound Z(X - Z «Y).
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Firm evidence of a stereochemical relationship is only available, however, when the
steps of the sequences can be shown to be without influence on the original chiral
centers. If chiral centers are directly involved in the chemical transformations, then
evidence of steric consequence (retention or inversion of configuration) must be
available. Many sequences of this kind are described in this book, and chemical
procedures continue to be employed. The methods provide evidence of absolute
configuration only when molecules of established absolute geometry form part of
the reaction scheme. Such absolute standards have only been available since the
development of absolute methods in X-ray crystallographic analysis by Bijvoet and
his colleagues in 1951." The methods require the incorporation of a heavy atom
in the crystal and the use of the technique of anomalous dispersion. It was first
applied to the sodium rubidium salt of (+ )-tartaric acid (37) and to (—)-isoleucine
hydrobromide (38).

CO,Rb COH
H—— OH H—— NH,
Br
HO——H H-—— Me
COzNa Et
37 38

Following recent advances in the technology of X-ray crystallography, reports
of absolute configuration determinations are now common, and most problems of
absolute geometry are now solved in this manner on a routine basis. Inclusion of
a heavy atom in the crystal analyte is now no longer necessary. Increasingly X-ray
analyses are reported of complexes (generally salts) which include a component of
known configuration that serves as an internal reference, such as the salt of a chiral
base with L-(+ )-tartaric acid. As an exponent of the chemical sequencing method,
the present author appreciates the simplicity and unambiguity of X-ray methods
but feels that much of the fun and challenge of stereochemical elucidation has been
removed as a result of these advances.

Physical methods based on the optical rotatory properties of chiral molecules
also play a role in configurational investigations. Rotational data are now routinely
available over a range of wavelengths, rather than restricted to that of sodium light
(A = 589 nm) and may thus be recorded with greater accuracy since extents of
rotation often increase with decrease in the wavelength of the polarized light.
Earlier methods of relating the configurations of sets of chemically similar
antipodes by comparing the signs of their specific rotations and the influence of
solvent change upon rotational directions” have been superceded by the advent of
the technique of optical rotatory dispersion (ORD) and circular dichroism (CD).?%?»
In these refinements the signs and appearance of Cotton effect phenomena
(anomalous dispersion curves or CD bands) are compared rather than simple rota-
tions, and offer the means of correlating chiral molecules without resort to more
time-consuming methods.

X-ray methods also provide accurate descriptions of solid-state conformations
and a vast body of data of this kind is available (Cambridge Data collection, see
later). The prime tool for investigating the conformation of molecules in solution
(solute state) is NMR spectroscopy.®® Polar molecules can usually be examined in
deuterium oxide (D,0), a solvent which closely mimics the physiological condition.



NOMENCLATURE AND METHODOLOGY 23

Today, techniques are available that suppress the water signal (which otherwise
restricts the dynamic range of the spectrum and prevents the resolution of solute
signals) enabling studies to be carried out in water or H,0-D,0 mixtures.'® The
polar solvent deuterated dimethylsulfoxide (DMSO-d4) has been employed for
NMR studies of small peptides but is a less appropriate solvent. While an X-ray
analysis gives esentially the complete conformation of a molecule, information from
NMR spectroscopy is usually limited to a few features. The two techniques do not
necessarily provide the same stereochemical answer, e.g., crystalline diprotonated
histamine (as the diphosphate) is exclusively antiplanar with respect to the amino
and imidazole features® while histamine as solute in 0.1 M D,SO, is populated
by about 50% of the antiplanar and 50% of the two synclinal conformations.®®

It is often difficult to divorce relative stereochemistry from conformation in
such NMR studies and information on both often accrues. In noninterconverting
isomers of the alkenic type, configurational problems may be solved from the
comparative *J values of vicinal protons of disubstituted alkenes (*J,<?J,) or by
measurement of nuclear Overhauser enchancement (NOE) in higher substituted
cases. The latter technique, which enables protons closely placed in space to be
identified, may now be carried out efficiently by recording difference spectra under
normal 1D or 2D (NOESY, ROESY) conditions.?” Evidence on the conforma-
tional preferences of saturated acyclic and cyclic molecules rests heavily upon
application of the relationship between the magnitude of coupling between vicinal
protons and their dihedral angle relationship as developed by Karplus‘® (Fig. 2.3).
Many examples are presented in this book. Solution of the stereochemistry of the
diastereoisomeric sec-alcohol precursors of a- and B-eucaine (local anaesthetics) by
'"H NMR is shown in Fig. 2.4.

Second-order treatment of spectral data is sometimes required for the confor-
mational analysis of small molecules such as acetylcholine and histamine but the

=)
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FIGURE 2.3. The Karplus function de-

scribing the magnitude of vicinal proton— ¢
proton J coupling as a function of the

dihedral angle ¢ inthe H—C—C—H H H H
bond system. The Newman projections H "
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e/e coupling (after Casy).@¥ Gauche e/a Trons asa Gauche e/e
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FIGURE 2.4. Part of the 400-MHz 'H-NMR spectrum of a-2,6,6-trimethyl-4-piperidinol in CDCl;. The
sample contains the B-isomer as an impurity as evident from the low-intensity signals near 3.3 and
4.25 ppm. Insert A is an expansion of the B-4-H signal taken from the spectrum of a pure sample of
the B-isomer. The width at half-height (W, ) of the a-4-H signal near 3.85 ppm (B: 22.5 Hz) is three
times as great as that of the B-4-H signal near 4.25 ppm (A: 7.5 Hz), evidence that 4-OH is equatorial
in the a-isomer (whence ax 4-H is coupled to axial protons at C-3 and C-5) and axial in the B-isomer
(eq 4-H suffers no large couplings in consequence).

need for this is now less as a result of the introduction of high-frequency spec-
trometers which operate at 270 MHz and above.

Chemical shift considerations also play a role in solving problems of confor-
mation—especially allowance for the shielding effects of aromatic rings (protons
above the aromatic ring plane are shielded while those in the plane are deshielded).
Differential influences of shift reagents upon 'H chemical shifts are sometimes
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of stereochemical value, such as configurations of psychotropic thioxanthenes
(page 209).

Unpublished high-resolution "H-NMR spectral data recorded at Bath are
included throughout the text of this book.

Although most stereochemical data based on NMR spectroscopy are derived
from proton parameters, the potential of carbon-13 ('*C) magnetic nuclei should
not be overlooked in this regard.®® A much applied principle is that of the
v-shielding influence of methyl substituents. When methyl is equatorial in a
cyclohexane 39 it has little influence on the C-3 chemical shift; however, when axial
it moves the C-3 shift upfield by several ppm as a result of steric polarization.®”

L /,
AAL N
a
I Me
39

The NMR technique is also valuable for the study of slowly interconverting
(NMR-slow) conformers as occurs in the case of certain N-protonated piperidines,
such as pethidine 40, where both epimers are significantly populated as
demonstrated by observation of duplicate NMR signals (page 465).¢"

CO,Et
Me - N* G
!
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Me
C I
Me ’ HoN
N COLEt Ph
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H CO,Et
40

2.4. Computational Methods

By the methods of quantum mechanics it is possible, in principle, to establish
the preferred conformation(s) of any molecule. The techniques involve computer
aided calculations in which various molecular parameters such as bond angles and
bond lengths, and the Coulomb integrals of electrons in specific atomic orbitals are
employed. By these means the energies of a range of molecular conformations may
be derived and conformers of lowest energy identified.

Advances in computer technology have now made it possible to carry out
molecular energy calculations -on a routine basis. Most of the work is directed at
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predicting the more probable conformations (of low energy content) of ligand
molecules. Provided sufficient computer resources are available, quantum chemical
calculations yield the whole conformational domain of a molecule in the isolated
state, the relative stabilities of the various conformers, the energy levels, the charge
distributions, and other quantities that can be derived from the wave function.®% 3
The difficulty with a systematic examination is one of cost, and the approach is
“governed by compromise between the limitations on computational power
available.”® The assumptions of fixed bond angles and bond lengths are usually
made, leaving only torsional variables to specify a conformation.

Calculations are usually guided by X-ray crystallographic information relating
to the ligand itself or closely related molecules, drawn for the extensive data base
presently available, such as that of the Cambridge Crystallographic Data Centre
which began operations in 1965. A serious shortcoming to the application of quan-
tum mechanical methods to pharmacological ligands is that calculations are nearly
always performed as though the molecules existed in vacuo. Methods for the
simulation of the solvent environment are now, however, being developed.C>
Tollenaere et al.®? have emphasized that as conformational data based on com-
puter technology accumulates, a strong need is felt to visualize the results of
analyses, and to be able to manipulate structures in a more sophisticated way than
is possible by use of conventional molecular models. These problems have led
to the development of computer graphics by means of which three-dimensional
structures may be visualized and manipulated on a visual display unit.®®
A bibliography of quantum pharmacological studies is presented in the text of
W. G. Richards®” and accounts of several of its applications are included else-
where in this book.

Holtje et al have recently reviewed the use of quantum chemical methods to
study molecular mechanism of drug action.®®

2.5. Sources of Stereoisomers®

Means of acquiring homochiral forms of dissymmetric molecules fall roughly
into four divisons;

1. Resolution of the racemic mixtures that result from conventional synthetic
procedures.

2. Use of optically active natural products as precursor molecules in synthesis

(chiral building blocks).

Exploitation of the stereoselectivity of enzymes.

4. Use of methods of asymmetric synthesis based on catalysts which control
the introduction of one or more asymmetric center.

w

Most methods ultimately depend upon the existence of a chiral pool produced
by natural metabolic processes, that is continually being regenerated.

Methods (3) and (4) are being applied increasingly to the production of
homochiral products on both economic grounds, and the demands of regulatory
authorities that novel eutomers rather than racemic mixtures be introduced into
clinical practice.
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2.5.1. Resolution®**?

Classical methods involving the recrystallization of diastereoisomers formed
from a racemic mixture by combination with an optically pure molecule are still in
wide use. Tartaric acid [now available in its unnatural p-(—)-form] and its
derivatives (0,0-dibenzoyl, etc.) form the mainstay of the resolution of rac-bases,
while a variety of alkaloids are employed to resolve rac-acids. The isolation of each
member of an enantiomorphic pair of bases is now often achieved by first crys-
tallizing diastereoisomeric salts formed with L-(+)-tartaric acid (or derivative),
yielding one pure salt, then recovering base enriched in the second isomer from
mother liquors and recrystallizing salts formed with D-(—)-tartaric acid. Neutral
racemic mixtures may often be linked to ionizing functions (usually acids) by
derivatizing processes, the products also being separable via diastereoisomeric salts.
The progress of resolution monitored by polarimetry is more readily accomplished
if rotational readings are taken over a range of wavelengths—a facility offered by
modern photoelectric polarimeters (sensitivities of the order of a few hundredths of
a degree are typical of such instruments—these may be greatly enhanced if a laser
light source is employed; see below). Today, however, knowledge of optical purity
may be achieved with great accuracy as a result of the development of methods
of chiral analysis based on the separate quantifications of each antipode (see
page 33). Certain chiral compounds are found to resolve spontaneously upon crys-
tallization and the enantiomers of these conglomerate species may be separated by
direct crystallization when seeded with the pure enantiomers."*® Conglome