7 ERN ¥ST L ELIEE
SAMUEL H. WILEN
™~ | /. DOYLE




BASIC ORGANIC
STEREOCHEMISTRY

ERNEST L. ELIEL
The University of North Carolina at Chapel Hill
Chapel Hill, North Carolina

SAMUEL H. WILEN

(deceased) formerly of

The City College of the City University of New York
New York, New York

MICHAEL P. DOYLE
University of Arizona
Tucson, Arizona

Wl LEY-
INTERSCIENCE

WILEY-INTERSCIENCE
A JOHN WILEY & SONS, INC., PUBLICATION
New York e Chichester © Weinheim e Brisbane ® Singapore ® Toronto



This book is printed on acid-free paper. @
Copyright © 2001 by John Wiley & Sons, Inc. All rights reserved.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or
by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except as
permitted under Sections 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee to
the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978)
750-4744. Requests to the Publisher for permission should be addressed to the Permissions Department,
John Wiley & Sons, Inc., 605 Third Avenue, New York, NY 10158-0012, (212) 850-6011, fax (212)
850-6008, E-Mail: PERMREQ@WILEY.COM.

For ordering and customer service, call 1-800-CALL-WILEY.
Library of Congress Cataloging-in-Publication Data is available.

Eliel, Ernest Ludwig, 1921-
Basic organic stereochemistry / Ernest L. Eliel, Samuel H. Wilen, Michael P. Doyle.
p. cm.
Includes bibliographical references and index.
ISBN 0-471-37499-7 (pbk.)
1. Stereochemistry. I. Wilen, Samuel H. II. Doyle, Michael P. III. Title.

QD481.E515 2001
547'.1223—dc21 2001017847

Printed in the United States of America.

10987654321



PREFACE

In 1994 John Wiley & Sons, Inc. published Stereochemistry of Organic
Compounds co-authored by one of us (E.L.E) with the late Samuel H. Wilen, with
a chapter on stereoselective synthesis by Lewis N. Mander. This comprehensive
volume was well received in spite its length of 1267 pages. The book serves well
as a reference text and a refresher resource for established chemical scientists, and
also as a reliable source of stereochemical information for graduate students, but
seems too extensive to be used in a semester course. Yet stereochemical thinking
is increasing in importance not only in the core area of chemistry, but also in the
more recently developed areas of molecular science, such as in materials chemical
science and chemical biology. Thus a systematic training in the often-perplexing
area of stereochemistry is more than ever necessary, both at the advanced
undergraduate and the at the beginning graduate level.

The present volume represents a substantially abbreviated version of the 1994
book, to nearly half of its original length, making it more suitable for teaching the
subject at the college level. To achieve the reduction, we have had to omit the
chapter on stereoselective synthesis by Professor Mander, not only because of its
original size, but also because that particular area of stereochemistry has so grown
in the last six years that an adequate chapter would no longer fit into the confines
of a general stereochemistry text. (A number of books in this area have appeared
since 1994, including a three-volume series dating from 1999.) We have also
omitted the glossary since a glossary has now been issued by IUPAC (see Ref. 1
in Chapter 2); moreover, pertinent terms can be traced through the index. We have
also omitted most of the original text that was set in smaller font, and we have
substantially condensed all other material. We hope and trust, however, that the
essential tenets of stereochemistry have been preserved.

xiii



xiv  PREFACE

Most of the citations have been taken from the 1994 book, although in a few areas
of rapid development they have been supplemented with more recent references. We
acknowledge that with the availability of such a large body of references, we have
succumbed to the temptation to include more citations than is usual in a textbook; in
doing so we have given preference to review articles and books. The references may
be of use when the teacher wishes to assign a detailed study of a particular area to
individual students, or when the topic forms the basis of a separate seminar.

If, when using this book in the classroom, a choice of topics has to be made, we
recommend Chapters 1-6, 8—10, and selective material from Chapter 11. The students
can read Chapter 7 independently and Chapters 12 and 13 are of a more advanced
nature. This book may serve a specific course on stereochemistry or may assist in the
development of major components in an even broader subject sequence. The text will
be a valued resource in enabling students to understand critical elements in
stereochemical concepts, ideas, analysis, techniques, terminology, and history.

ErNEsT L. ELIEL

MicHAEL P. DoYLE



CONTENTS

Preface xiii
1 Introduction 1
1-1. Scope, 1

1-2. History, 1
1-3. Polarimetry and Optical Rotation, 5
References, 7

2 Structure 8

2-1. Meaning, Factorization, Internal Coordinates, Isomers, 8
2-2. Constitution, 11
2-3. Configuration, 13
2-4. Conformation, 15
2-5. Determination of Structure, 17
2-6. A Priori Calculation of Structure, 20
2-7. Molecular Models, 25
References, 26

3 Stereoisomers 30

3-1. Nature of Stereoisomers, 30

a. General, 30

b. Barriers Between Stereoisomers and Residual Stereoisomers, 34
3-2. Enantiomers, 36
3-3. Diastereomers, 39

a. General Cases, 39



vi CONTENTS

b. Degenerate Cases, 42
References, 44

4 Symmetry 45

4-1. Introduction, 45
4-2. Symmetry Elements, 45
4-3. Symmetry Operators and Symmetry Point Groups, 48
a. Point Groups Containing Chiral Molecules, 49
b. Point Groups Containing Only Achiral Molecules, 51
4-4. Averaged Symmetry, 58
4-5. Symmetry and Molecular Properties, 59
a. Rotation of Polarized Light, 59
b. Dipole Moment, 61
c. Symmetry Number, 62
References, 63

5 Configuration 65

5-1. Definitions: Relative and Absolute Configuration, 65
5-2. Absolute Configuration and Notation, 67
5-3. Determination of Absolute Configuration, 75
a. Bijvoet Method, 75
b. Theoretical Approaches, 77
c. Moadification of Crystal Morphology in the Presence of Additives, 77
5-4. Relative Configuration and Notation, 79
5-5. Determination of Relative Configuration of Saturated Aliphatic
Compounds, 84
a. X-Ray Structure Analysis, 85
b. Chemical Interconversion Not Affecting Bonds to the Stereogenic
Atom, 86
Methods Based on Symmetry Considerations, 86
Correlation Via Compounds with Chiral Centers of Two Types, 89
The Method of Quasi-Racemates, 90
Chemical Correlations Affecting Bonds to a Chiral Atom in a
“Known” Way (For an overview, see ref. 32.), 90
g. Correlation by Stereoselective Synthesis of “Known” Stereochemical
Course, 95
h. Chiroptical, Spectroscopic, and Other Physical Methods, 98
5-6. Conclusion: Network Arguments, 98
References, 98

o oo

6 Properties of Stereoisomers and Stereoisomer Discrimination 102

6-1. Introduction, 102
6-2. Stereoisomer Discrimination, 102
6-3. The Nature of Racemates, 106



6-4.

CONTENTS

Properties of Racemates and of Their Enantiomer Components, 108
Introduction, 108
Optical Activity, 109
Crystal Shape, 109
Density and Racemate Type, 110
Melting Point, 111
Solubility, 115
Vapor Pressure, 119
Infrared Spectra, 120
Electronic Spectra, 121
Nuclear Magnetic Resonance Spectra, 122
X-Ray Spectra, 123
Liquid State and Interfacial Properties, 124
. Chromatography, 128
Mass Spectrometry, 129
Interaction with Other Chiral Substances, 130
Biological Properties, 132
Origins of Enantiomeric Homogeneity in Nature, 138
etermination of Enantiomer and Diastereomer Composition, 142
Introduction, 142
Chiroptical Methods, 145
NMR Methods Based on Diastereotopicity, 147
Chromatographic and Related Separation Methods Based on
Diastereomeric Interactions, 160
e. Kinetic Methods, 176
f. Miscellaneous Methods, 178
References, 180

PO TPORTOBE - FTIER MO AL TP

7 Separation of Stereoisomers, Resolution, and Racemization

7-1.
7-2.

7-4.

Introduction, 197

Separation of Enantiomers by Crystallization, 198

a. Crystal Picking and Triage, 198

b. Conglomerates, 198

c. Preferential Crystallization, 201

d. Asymmetric Transformation of Racemates and Total Spontaneous
Resolution, 204

Chemical Separation of Enantiomers via Diastereomers, 209

Resolution Principles and Practice, 227

Separation Via Complexes and Inclusion Compounds, 231
Chromatographic Resolution, 236

Asymmetric Transformations of Diastereomers, 240

f. General Methods for the Separation of Diastereomers, 246
Enantiomeric Enrichment and Resolution Strategy, 253

oeo o

vii

197

Formation and Separation of Diastereomers; Resolving Agents, 209



viii ~ CONTENTS

7-5. Kinetic Resolution, 257
a. Theory and Stoichiometric and Abiotic Catalytic Kinetic
Resolution, 258
b. Enzymatic Resolution, 268
7-6. Miscellaneous Separation Methods, 274
7-7. Racemization, 277
a. Racemization Processes, 278
b. Racemization of Amino Acids, 284
References, 287

8 Heterotopic Ligands and Faces: Prostereoisomerism and
Prochirality 303

8-1. Introduction and Terminology, 303
8-2. Significance and History, 305
8-3. Homotopic and Heterotopic Ligands and Faces, 307
a. Homotopic Ligands and Faces, 307
b. Enantiotopic Ligands and Faces, 310
c. Diastereotopic Ligands and Faces, 312
d. Concepts and Nomenclature, 315
8-4. Heterotopicity and Nuclear Magnetic Resonance, 318
a. General Principles. Anisochrony, 318
b. NMR in Assignment of Configuration and of Descriptors of
Prostereoisomerism, 320
c. Origin of Anisochrony, 323
d. Conformationally Mobile Systems, 325
8-5. Heterotopic Ligands and Faces in Enzyme-Catalyzed Reactions, 329
a. Heterotopicity and Stereoelective Synthesis, 329
b. Heterotopicity and Enzyme-Catalyzed Reactions, 330
References, 335

9 Stereochemistry of Alkenes 339

9-1. Structure of Alkenes and Nature of cis—trans Isomerism, 339
General, 339
Nomenclature, 340
Cumulenes, 342
Alkenes with Low Rotational Barriers and Nonplanar Alkenes, 342
The C=N and N=N Double Bonds, 346
9-2. Determmatlon of Configuration of cis—trans Isomers, 348
a. Chemical Methods, 348
b. Physical Methods, 353
9-3. Interconversion of cis—trans Isomers: Position of Equilibrium and
Methods of Isomerization, 362
a. Position of cis—trans Equilibria, 362
b. Methods of Equilibration, 366

opoos



CONTENTS ix

¢. Directed cis—trans Interconversion, 368
References, 371

10 Conformation of Acyclic Molecules 376

11

10-1. Conformation of Ethane, Butane, and Other Simple Saturated Acyclic
Molecules, 376
a. Alkanes, 376
b. Saturated Acyclic Molecules with Polar Substituents or Chains
and the Anomeric Effect, 383
10-2. Conformation of Unsaturated Acyclic and Miscellaneous
Compounds, 388
a. Unsaturated Acyclic Compounds, 388
b. Alkylbenzenes, 395
c. Miscellaneous Compounds, 397
10-3. Physical and Spectral Properties of Diastereomers and Conformers, 398
a. General, 398
b. Dipole Moments, 399
c. Infrared Spectra, 400
d. NMR Spectroscopy, 401
10-4. Conformation and Reactivity: The Winstein—Holness Equation and the
Curtin—Hammett Principle, 407
References, 415

Configuration and Conformation of Cyclic Molecules 421

11-1. Stereoisomerism and Configurational Nomenclature of Ring
Compounds, 421
11-2. Determination of Configuration of Substituted Ring Compounds, 423
a. Introduction, 423
b. Symmetry-Based Methods, 424
c. Methods Based on Physical and Chemical Properties, 425
d. Correlation Methods, 427
11-3. Stability of Cyclic Molecules, 429
a. Strain, 429
b. Ease of Cyclization as a Function of Ring Size, 432
c. Ease of Ring Closure as a Function of the Ring Atoms and
Substituents: The Thorpe—Ingold Effect, 433
d. Baldwin’s Rules, 434
11-4. Conformational Aspects of the Chemistry of Six-Membered Ring
Compounds, 436
a. Cyclohexane, 436
b. Monosubstituted Cyclohexanes, 439
c. Disubstituted and Polysubstituted Cyclohexanes, 447
d. Conformation and Physical Properties in Cyclohexane
Derivatives, 453



X

12

13

CONTENTS

€.

f.

g

Conformation and Reactivity in Cyclohexanes, 457
sp* Hybridized Cyclohexyl Systems, 463
Six-Membered Saturated Heterocycles, 472

11-5. Chemistry of Ring Compounds Other than Six-Membered Ones, 480

a.
b.
c.
d.

Three-Membered Rings, 480
Four-Membered Rings, 481
Five-Membered Rings, 482

Rings Larger Than Six-Membered, 485

11-6. Stereochemistry of Fused, Bridged, and Caged Ring Systems, 491

®

oo o

Fused Rings, 492

Bridged Rings, 501

Propellanes, 505

Catenanes, Rotaxanes, Knots, and Mobius Strips, 505
Cubane, Tetrahedrane, Dodecahedrane, Adamantane, and
Buckminsterfullerene, 513

References, 517

Chiroptical Properties 534

12-1. Introduction, 534
12-2. Optical Activity and Anisotropic Refraction, 535

a.
b.

Origin and Theory, 535
Optical Rotatory Dispersion, 541

12-3. Circular Dichroism and Anisotropic Absorption, 544
12-4. Applications of Optical Rotary Dispersion and Circular Dichroism, 548

e a0 o

Determination of Configuration and Conformation: Theory, 548
Classification of Chromophores, 550

Sector and Helicity Rules, 553

Exciton Chirality, 567

Other Applications: Induced ORD and CD, 570

Circular Dichroism of Chiral Polymers, 576

12-5. Appllcatlons of Optical Activity, 585

a.
b.

Polarimetry, 585
Empirical Rules and Correlations: Calculation of Optical
Rotation, 593

12-6. Vibrational Optical Activity, 597
References, 598

Chirality in Molecules Devoid of Chiral Centers 608

13-1. Introduction and Nomenclature, 608
13-2. Allenes, 611

a.
b.
c.

Historical Overview and Natural Occurrence, 611
Synthesis of Optically Active Allenes, 612

Determination of Configuration and Enantiomeric Purity of
Allenes, 613



CONTENTS

d. Cyclic Allenes, Cumulenes, and Ketene Imines, 616

13.3. Alkylidenecycloalkanes, 617
13-4. Spiranes, 620
13-5. Biphenyls and Atropisomerism, 622

a. Introduction, 622

b. Biphenyls and Other Atropisomers of the sp?>-sp? Single-Bond
Type, 623

c. Atropisomerism About sp>—sp? Single Bonds, 629

d. Atropisomerism About sp*>—sp? Bonds, 630

13-6. Molecular Propellers, 632
13-7. Helicenes, 636
13-8. Molecules with Planar Chirality, 638

Index

a. Introduction, 638

b. Cyclophanes, 639

c. trans-Cycloalkenes, 640

d. Metallocenes and Related Compounds, 642
References, 642

649



INTRODUCTION

1-1. SCOPE

Stereochemistry (from the Greek stereos, meaning solid) refers to chemistry in three
dimensions. Since most molecules are three-dimensional (3D), stereochemistry, in
fact, pervades all of chemistry. It is not so much a branch of the subject as a point of
view, and whether one chooses to take this point of view in any given situation
depends on the problem one wants to solve and on the tools one has available to solve
it.

There is little question that, today, the third dimension has become all-important in
the understanding of problems not only in organic, but in physical, inorganic, and
analytical chemistry as well as biochemistry, so that no chemist can afford to be
without a reasonably detailed knowledge of the subject.

It has become customary to factorize stereochemistry into its static and dynamic
aspects. Static stereochemistry (perhaps better called stereochemistry of molecules)
deals with the counting of stereoisomers, with their structure (i.e., molecular
architecture), with their energy, and with their physical and most of their spectral
properties. Dynamic stereochemistry (or stereochemistry of reactions) deals with the
stereochemical requirements and the stereochemical outcome of chemical reactions,
including interconversion of conformational isomers or topomers (cf. Chapter 2); this
topic is deeply interwoven with the study and understanding of reaction mechanisms.
Like most categorizations, this one is not truly dichotomous and some subjects fall in
between; for example, quantum mechanical treatments of stereochemistry may deal
with either its structural or its mechanistic aspects; spectroscopic measurements may
fathom reaction rate as well as molecular structure.

1-2. HISTORY

Historically, the origins of stereochemistry stem from the discovery of plane-polarized
light by the French physicist Malus' in 1809. In 1812 another French scientist, Biot,?
following an earlier observation of his colleague Arago,? discovered that a quartz
plate, cut at right angles to its crystal axis, rotates the plane of polarized light through
an angle proportional to the thickness of the plate; this constitutes the phenomenon of

1



2 INTRODUCTION

optical rotation. Some quartz crystals turn the plane of polarization to the right, while
others turn it to the left. Three years later, Biot* extended these observations to organic
substances, both liquids (such as turpentine) and solutions of solids (such as sucrose,
camphor, and tartaric acid). Biot recognized the difference between the rotation
produced by quartz and that produced by the organic substances he studied: The
former is a property of the crystal; it is observed only in the solid state and depends
on the direction in which the crystal is viewed, whereas the latter is a property of the
individual molecules and may therefore be observed not only in the solid, but in the
liquid and gaseous states as well as in solution.

With respect to the question of the cause of optical rotation, the French
mineralogist Haiiy® had already noticed in 1801 that quartz crystals exhibit the
phenomenon of hemihedrism. Hemihedrism (cf. Section 6-4.c) implies inter alia that
certain facets of the crystal are so disposed as to produce nonsuperposable species
(Fig. 1.1, A and B), which are related as an object to its mirror image. (Such
mirror-image crystals are called “enantiomorphous,” from the Greek enantios
meaning opposite and morphe meaning form.) In 1822, Sir John Herschel® observed
that there was a relation between hemihedrism and optical rotation: All the quartz
crystals having the odd facets inclined in one direction rotate the plane of polarized
light in one and the same sense, whereas the enantiomorphous crystals rotate polarized
light in the opposite sense.

It was, however, left to the genius of Louis Pasteur to extend this correlation from
the realm of crystals, such as quartz, which rotate polarized light only in the solid state,
to the realm of molecules, which rotate both as the solid and in solution. [The naturally
occurring dextro-tartaric acid, henceforth denoted as (+)-tartaric acid, rotates the plane
of polarized light to the right; see Section 1-3.] In 1848 Pasteur’ had succeeded in
separating crystals of the sodium ammonium salts of (+)- and (-)-tartaric acid from
the racemic (nonrotating) mixture in the following way. When the salt of the mixed
(racemic) acid which is found in wine caskets, was crystallized by slow evaporation
of its aqueous solution, large crystals formed, which, to Pasteur’s surprise and delight,
displayed hemihedric facets similar to those found in quartz (Fig. 1.1). By looking at
these crystals with a lens, Pasteur was able to separate the two types (with their

A B

Figure 1.1. Hemihedrism of quartz crystals. [Reprinted with permission from Fieser, L. F. and Fieser, M.
Organic Chemistry, 3rd ed., Heath, Lexington, MA, 1956.]



1-2. HISTORY 3

dissymmetric facets inclined to the right or left) by means of a pair of tweezers. When
he then separately redissolved the two kinds of crystals, he found that one solution
rotated polarized light to the right [the crystals being identical with those of the salt of
the natural (+)-acid], whereas the other rotated to the left. [(—)-Tartaric acid had never
been encountered up to that time.]

Pasteur® soon came to realize the analogy between crystals and molecules: In both
cases the power to rotate polarized light was caused by dissymmetry, that is, the
nonidentity of the crystal or molecule with its mirror image, expressed in the case of
the ammonium sodium tartrate crystals by the presence of the hemihedric faces.
Similarly, Pasteur postulated, the molecular structures of (+)- and (—)-tartaric acids
must be related as an object to its mirror image; he pictured them as nonsuperposable
helices of opposite sense. The two acids are thus enantiomorphous at the molecular
level; we call them enantiomers. [The ending -mer (as in isomer, polymer, and
oligomer, from the Greek meros meaning part) usually refers to a molecular species.]

In 1874 van’t Hoff? in Utrecht, The Netherlands and Le Bel'? in Paris, France
independently and almost simultaneously proposed the structural base for
enantiomerism in a substance of the type Cabcd: the four substituents are arranged
tetrahedrally around the central carbon atom to which they are linked. van’t Hoff, who
had worked with Kekulé and whose views were based on structural theory, specified
the 3D arrangement quite precisely: The four linkages to a carbon atom point toward
the corners of a regular tetrahedron (Fig. 1.2) and two nonsuperposable arrangements
(enantiomers) are thus possible.

We call the model corresponding to a given enantiomer (e.g., Fig. 1.2, A) and the
molecule that it represents “chiral” (meaning handed, from Greek cheir, hand)
because, like hands, the molecules are not superposable with their mirror images. The
term chiral was first used by Lord Kelvin'" in 1893, was rediscovered by Whyte!? and
was firmly reintroduced into the stereochemical literature by Mislow'® and by Cahn,
Ingold, and Prelog,'* who define a model as chiral when ithas no element of symmetry
(plane, center, alternating axis; cf. Chapter 4) except at most an axis of rotation. A
certain amount of confusion or ambiguity has arisen in the use of the term. When a
molecule is chiral, it must be either “right-handed” or “left-handed.” Butif a substance

d d

a b b a
c c
A B

Figure 1.2. Tetrahedral carbon.
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or sample is said to be chiral, this merely means that it is made up of chiral molecules;
it does not necessarily imply that all the constituent molecules have the same “sense
of chirality” (R or S, or M or P; cf. Chapter 5). We may distinguish two extreme
situations (plus an infinite number of intermediate ones): (a) The sample is made up
of molecules that all have the same sense of chirality (homochiral molecules). In that
case the sample is said to be chiral and “nonracemic.” This serves to distinguish this
case from the opposite situation, where (b) the sample is made up of equal (or very
nearly equal) numbers of molecules of opposite sense of chirality (heterochiral
molecules), in which case the sample is chiral but racemic. Thus the statement that a
macroscopic sample (as distinct from an individual molecule) is chiral is ambiguous
and therefore sometimes insufficient; it may need to be further stated if the sample is
racemic or nonracemic. Lack of precision on this point has led to some confusion, for
example, in the titles of articles where the synthesis of a chiral natural product is
claimed, but it is not clear whether the investigator simply wishes to draw attention to
the chirality of the pertinent structure or whether the product has actually been
synthesized as a single enantiomer (i.e., an assembly of homochiral molecules, which
should not, however, be called a homochiral sample).

The situation is even slightly more complex than so far implied. There is little
ambiguity about the meaning of “chiral, racemic”: Chiral, racemic means that
(within the limits of normal stochastic fluctuations) the sample is made up of equal
numbers of molecules of opposite sense of chirality. But in a “chiral, nonracemic”
sample there can be some molecules of a sense of chirality opposite to that of the
majority; that is, the sample may not be enantiomerically pure (or enantiopure).
Experimental tests as to whether a sample is enantiopure or merely enantioenriched
will be discussed in Section 6-5.

It immediately follows from van’t Hoff’s hypothesis that in an alkene, where the
tetrahedra are linked along one edge (Fig. 1.3) cis—trans isomerism is possible (see
Chapter 9) and already in 1875 van’t Hoff*® predicted the stereoisomerism of allenes,
not actually observed in the laboratory until 1935 (cf. Chapter 13).

The hypothesis of van’t Hoff and Le Bel has stood with but minor modifications
until today. Both the visualization of molecules by X-ray and electron diffraction and
the interpretation of vibrational [infrared (IR) and Raman] spectra have confirmed that
carbon is, indeed, tetrahedral. Quantum mechanical calculations'>'® concur in
predicting a much lower energy for tetrahedral methane than for (hypothetical)
methane of planar geometry.

van’t Hoff** had already pointed out that if CX,Y2 were planar (or, for that

matter, square pyramidal), two isomers should exist but only one is found. For
a detailed discussion see Wheland.'?

e« TR e = |

Figure 1.3. Tetrahedral representation of alkenes and allenes.

7
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1-3. POLARIMETRY AND OPTICAL ROTATION S

1-3. POLARIMETRY AND OPTICAL ROTATION

It was mentioned in Section 1-2 that the discoveries of polarized light and optical
rotation led to the concept of molecular chirality, which, in turn, is basic to the field
of stereochemistry. Polarized light and optical rotation are therefore usually given
considerable play in elementary treatments of stereochemistry. In the present text we
take the view that the central theme of stereochemistry is molecular architecture,
notably including chirality, and the resultant fits (as of a right hand with a right glove
or of an enzyme with its natural substrate) or misfits (as of a right hand with aleft glove
or of an enzyme with the enantiomer of its natural substrate). In this theme,
polarimetry and optical rotation are important as diagnostic tools for chirality but not
central to its existence. We shall therefore treat polarimetry only briefly at this point,
assuming that the nature of polarized light and the workings of a polarimeter are
already familiar to the reader.

The observed angle of rotation of the plane of polarization by an optically active
liquid, solution, or (more rarely) gas or solid is usually denoted by the symbol a.. The
angle may be either positive (+) or negative (—) depending on whether the rotation is
clockwise, that is, to the right (dextro) or counter-clockwise, that is, to the left (levo)
as seen by an observer toward whom the beam of polarized light travels. (This is
opposite from the direction of rotation viewed along the light beam.) It may be noted
that no immediate distinction can be made between rotations of oo+ 180n° (n =
integer), for if the plane of polarization is rotated in the field of the polarimeter by
+180°, the new plane will coincide with the old one. In fact o, as measured, is always
reported as being between —90° and +90°. Thus, for example, no difference appears
between rotations of +50°, +230°, +410°, or —130°. To make the distinction. one must
measure the rotation at least at one other concentration. Since optical rotation is
proportional to concentration (see below), if solutions of the above rotations were
diluted to one-tenth of their original concentrations, their rotations would become +5°,
+23°, +41°, and —13°, values that are all clearly distinct. Readings taken at two
different concentrations almost always determine o unequivocally. An alternative for
solutions and the method of choice for pure liquids is to measure the rotation in a
shorter tube. In the above cases, if a tube of a quarter of the original length [e.g., 0.25
decimeters (dm) instead of 1 dm] is used, the rotations as recorded become +12.5°,
+57.5°, =77.5° (equivalent to +102.5°), and —32.5°, again all clearly distinguishable.
[Note that halving the tube length (e.g., from 1 to 0.5 dm) would have left the
ambiguity between the first and third observation (+25° vs. +205° = 180° + 25°) and
between the fourth and second (—65° and +115° = 180° — 65°).]

Biot discovered that the observed rotation is proportional to the length { of the cell
or tube containing the optically active liquid or solution and the concentration ¢ (or
density in the case of a pure liquid): o = [o] - ¢ - { (Biot’s law). The value of the
proportionality constant [o(] depends on the units chosen; in polarimetry it is
customary to express ¢ in decimeters, because the cells are usually 0.25, 0.5, 1, or 2
dm in length, and c in grams per milliliter (g mL™") or (and this is preferred for
solutions) in g100 mL~!. Thus



