DRUGS AND THE PHARMACEUTICAL SCIENCES

VOLUME 211

DRUG
STEREOCHEMISTRY

ANALYTICAL METHODS
AND PHARMACOLOGY

THIRD EDITION

Krzysztof Jozwiak

W. John Lough informa
Irving W. Wainer healthcare



Drug Stereochemistry



DRUGS AND THE PHARMACEUTICAL SCIENCE SERIES

Series Executive Editor

James Swarbrick
PharmaceuTech Inc.
Pinehurst, North Carolina, USA

Advisory Board

Larry L. Augsburger Anthony J. Hickey Yuichi Sugiyama
University of Maryland University of North Carolina, ~ University of Tokyo, Tokyo,
Baltimore, Maryland, USA School of Pharmacy, Chapel Japan

Harry G. Brittain
Center for Pharmaceutical

Hill, North Carolina, USA
Elizabeth M. Topp

Purdue University,

Jeffrey A. Hughes

Physics, Milford, University of Florida, West Lafayette, Indiana, USA
New Jersey, USA GCO//egfiIOf ghairjnacy /SA
ainesville, Hlorida. U Geoffrey T. Tucker
Jennifer B. Dressman Joseph W. Polli University of Sheffield,
University of Frankfurt, GlaxoSmithKline, Royal Hallamshire Hospital,
Institute of Pharmaceutical Research Triangle Park, Sheffield, UK
Technology, Frankfurt Germany North Carolina, USA
Peter York
Robert Gurny Kinam Park University of Bradford,
University of Geneva, Geneva, Purdue University, School of Pharmacy,
Switzerland West Lafayette, Indiana, USA Bradford, UK

211.

210.

209.

208.

207.

206.

205.

204.

Recent Titles in Series
For information on other volumes in the Drugs and Pharmaceutical
Science Series, please visit www.informahealthcare.com

Drug Stereochemistry: Analytical Methods and Pharmacology, Third Edition;
Krzysztof JoZwiak, W. John Lough, Irving W. Wainer,

ISBN 978-1-4200-9238-7, 2012

Pharmaceutical Stress Testing: Predicting Drug Degradation, Second
Edition; Steven W. Baertschi, Karen M. Alsante, and Robert A. Reed,

ISBN 978-1-4398-0179-6, 2011

Pharmaceutical Process Scale-Up, Second Edition; Michael Levin,

ISBN 978-1-61631-001-1, 2011

Sterile Drug Products: Formulations, Packaging, Manufacturing, and Quality;
Michael K. Akers, ISBN 978-0-8493-3993-6, 2010

Advanced Aseptic Processing Technology; James Agalloco, James Akers,
ISBN 978-1-4398-2543-3, 2010

Freeze-Drying/Lyophilization of Pharmaceutical and Biological Products,
Third Edition; Louis Rey, Joan May, ISBN 978-1-4398-2575-4, 2010

Active Pharmaceutical Ingredients; Development, Manufacturing, and
Regulation, Second Edition; Stanley Nusim, ISBN 978-1-4398-0336-3, 2009
Generic Drug Product Development: Specialty Dosage Forms; Leon Shargel,
Isadore Kanfer, ISBN 978-08493-7786-0, 2010



Drug Stereochemistry

Analytical Methods
and Pharmacology

Third edition

Krzysztof JoZzwiak
W. John Lough
Irving W. Wainer

informa

healthcare

ooooooooooo



This edition published in 2012 by Informa Healthcare, 119 Farringdon Road, London ECIR 3DA, UK.
Simultaneously published in the USA by Informa Healthcare, 52 Vanderbilt Avenue, 7th Floor, New York, NY 10017, USA.

First published in 1993 by Marcel Dekker, Inc., New York, New York.

Informa Healthcare is a trading division of Informa UK Ltd. Registered Office: 37-41 Mortimer Street, London W1T 3JH, UK.
Registered in England and Wales number 1072954.

© 2012 Informa Healthcare, except as otherwise indicated.
No claim to original U.S. Government works.

Reprinted material is quoted with permission. Although every effort has been made to ensure that all owners of copyright material
have been acknowledged in this publication, we would be glad to acknowledge in subsequent reprints or editions any omissions
brought to our attention.

All rights reserved. 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, or otherwise, unless with the prior written permission of the pub-
lisher or in accordance with the provisions of the Copyright, Designs and Patents Act 1988 or under the terms of any licence
permitting limited copying issued by the Copyright Licensing Agency Saffron House, 6-10 Kirby Street, London ECIN 8TS UK, or
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, USA (http:/ /www.copyright.com/ or telephone
978-750-8400).

Product or corporate names may be trademarks or registered trademarks, and are used only for identification and explanation
without intent to infringe.

This book contains information from reputable sources and although reasonable efforts have been made to publish accurate information,
the publisher makes no warranties (either express or implied) as to the accuracy or fitness for a particular purpose of the information or
advice contained herein. The publisher wishes to make it clear that any views or opinions expressed in this book by individual authors
or contributors are their personal views and opinions and do not necessarily reflect the views/opinions of the publisher. Any infor-
mation or guidance contained in this book is intended for use solely by medical professionals strictly as a supplement to the medical
professional’s own judgement, knowledge of the patient’s medical history, relevant manufacturer’s instructions and the appropriate best
practice guidelines. Because of the rapid advances in medical science, any information or advice on dosages, procedures, or diagnoses
should be independently verified. This book does not indicate whether a particular treatment is appropriate or suitable for a particular
individual. Ultimately it is the sole responsibility of the medical professional to make his or her own professional judgements, so as
appropriately to advise and treat patients. Save for death or personal injury caused by the publisher’s negligence and to the fullest extent
otherwise permitted by law, neither the publisher nor any person engaged or employed by the publisher shall be responsible or liable for
any loss, injury or damage caused to any person or property arising in any way from the use of this book.

A CIP record for this book is available from the British Library.

Library of Congress Cataloging-in-Publication Data

Drug stereochemistry : analytical methods and pharmacology / edited by Krzysztof
Jozwiak, W. John Lough, Irving W. Wainer. -- 3rd ed.
p. ; cm. -- (Drugs and the pharmaceutical science series ; 211)

Includes bibliographical references and index.

Summary: ‘‘Updated to reflect modern advances in the techniques and methodology of drug
stereochemistry, the Third Edition comprehensively presents all aspects of chiral drugs from
scientific, academic, governmental, industrial, and clinical points of view. This stand-alone text
covers the lifespan of stereochemistry, from its early history, including an overview of terms and
concepts, to the current drug development process, legal and regulatory issues, and the new
stereoisomeric drugs.”’--Provided by publisher.

ISBN 978-1-4200-9238-7 (hardback : alk. paper)
L. J6zwiak, Krzysztof, 1971- II. Lough, W. J. (W. John) III. Wainer, Irving W. IV. Series:
Drugs and the pharmaceutical sciences ; v. 211.

[DNLM: 1. Chemistry, Pharmaceutical--methods. 2. Molecular Conformation. 3.
Stereoisomerism. QV 744]
615'.19--dc23
2011044110

ISBN-10: 1-4200-9238-3
ISBN-13: 978-1-4200-9238-7
eISBN: 978-1-4200-9239-4

Orders may be sent to: Informa Healthcare, Sheepen Place, Colchester, Essex CO3 3LP, UK
Telephone: +44 (0)20 7017 6682

Email: Books@Informa.com

Website: http:/ /informahealthcarebooks.com

For corporate sales please contact: CorporateBooksIHC@informa.com
For foreign rights please contact: RightsIHC@informa.com
For reprint permissions please contact: PermissionsTHC@informa.com

Typeset by MPS Limited, India
Printed and bound in the United Kingdom



. About the Editors

Professor Krzysztof J6Zwiak is Head of Laboratory of Medicinal Chemistry and
Neuroengineering of Medical University of Lublin, Lublin, Poland. Following gradu-
ation in 2000 he was a postdoctoral fellow in the Gerontology Research Center, National
Institute on Aging/National Institutes of Health in Baltimore, Maryland, under the
supervision of Irving W. Wainer; and in 2004 assumed Associate Professor position at
the Medical University of Lublin. Prof. J6Zwiak’s main research interests focus on
elucidation of molecular mechanisms of interactions between medicinal molecules and
their protein targets, development of new methods for both experimental and theo-
retical characterization of drug-receptor interactions and their applications in medicinal
chemistry projects. Topics of particular interest are molecular modeling of chiral sub-
stances and mechanisms of chiral recognition of molecules on protein selectors.

Dr W. John Lough is Reader in Pharmaceutical Analysis in the Department of
Pharmacy, Health and Well-Being at the University of Sunderland, U.K. From an ICI-
sponsored PhD, over seven years spent with Beecham Pharmaceuticals, to pharma-
ceutical collaborations during his time in academia, Dr Lough’s research interests have
always been orientated toward industrial applications. In the general area of pharma-
ceutical and biomedical analysis, this has included a varied range of funded studies
including the exploitation of achiral derivatization in chiral separations, studies in low
dispersion chromatography, use of on-column sample focusing in drug bioanalysis,
chiral drug bioanalysis, biomedical applications of capillary electrophoresis, pharma-
ceutical applications of capillary electrochromatography, and the evaluation and
exploitation of orthogonal stationary phase selectivity in liquid chromatography. His
experience of chiral separations, much of which was gained in the U.K. pharmaceutical
industry, dates to the late 1970s. His early research in this field involved chiral ion-pair
chromatography and the development of an immobilized chiral metal-diketonate cat-
alyst and a hexahelicene chiral stationary phase for liquid chromatography (LC). His
work as a separation sciences leader and chiral separations specialist with Beecham
Pharmaceuticals in the United Kingdom in the 1980s came at a time when break-
throughs were being made in LC chiral stationary phases that had a major impact on
how chiral drugs were developed. His more recent interests are in chiral drug bio-
analysis, screening strategies for chiral method development, and chiral capillary
electrophoresis (CE).

Dr Lough has published extensively, including editing Chiral Liquid Chromatog-
raphy, and coediting three other texts. He has been a member of the Executive Com-
mittee of The Chromatographic Society for the past 20 years (serving as President from
2007 to 2009), and of the British Pharmacopoeia, Group of Experts A (Medicinal
Chemicals) for over 10 years. He chaired the International Symposium on Chiral Dis-
crimination in Edinburgh in 1996 and since then has served on the committees of
several international symposia, currently as the Secretary of the Permanent Scientific
Committee of the International Symposium on Chromatography. Dr Lough was
involved in founding the journal Chromatography Today, for which he is currently a
contributing editor.



vi ABOUT THE EDITORS

Irving W. Wainer, PhD, is Senior Investigator in the Bioanalytical Chemistry and
Drug Discovery Section, Laboratory for Clinical Investigation, National Institute of
Aging/National Institutes of Health. Dr Wainer received his BS in chemistry from
Wayne State University, and then received his PhD in chemistry from Cornell Uni-
versity. After conducting postdoctoral doctoral studies in molecular biology at the
University of Oregon and clinical pharmacology at Thomas Jefferson Medical School, he
worked for the Food and Drug Administration (FDA) as a research chemist. Subsequent
posts were Director of Analytical Chemistry, Clinical Pharmacokinetics Lab, and
Associate Member, Pharmaceutical Division, St. Jude Children’s Research Hospital in
Memphis; Professor and Head of the Pharmacokinetics Laboratory, Department of
Oncology, McGill University—and remains an Adjunct Professor at McGill; Professor of
Pharmacology, Georgetown University, Washington, D.C.

Dr Wainer has published over 350 scientific papers and eight books. He was
founding editor of the journal Chirality and senior editor of the Journal of Chromatography
B: Biomedical Sciences and Applications for 11 years. His awards include the Harry Gold
Award (corecipient with Dr John E. Stambaugh) from the American College of Clinical
Pharmacologists; Sigma Xi Science Award, FDA Sigma Xi Club; and A. J. P. Martin
Medal presented by the Chromatographic Society for contributions to the development
of chromatographic science. Dr Wainer is an Elected Fellow of the American Academy
of Pharmaceutical Sciences and Elected Member United States Pharmacopeial Con-
vention Committee of Revision for 1995-2000. In June 2006, he was awarded an hon-
orary doctorate in medicine from the Medical University of Gdansk, Poland. His
research interests include clinical pharmacology, bioanalytical chemistry, the develop-
ment of online high-throughput screens, and drug discovery in the areas of oncology,
neuropharmacology, and cardiovascular disease.



. Contents

About the Editors . . .. v
Contributors . . . . ix

PART I: INTRODUCTION

1. The early history of stereochemistry: From the discovery of molecular
asymmetry and the first resolution of a racemate by Pasteur to the
asymmetrical chiral carbon of van’t Hoff and Le Bel 1

Dennis E. Drayer

2. Stereochemistry—basic terms and concepts 17
Krzysztof Jozwiak

3. Molecular basis of chiral recognition 30
Krzysztof Jozwiak

PART II: THE SEPARATION, PREPARATION, AND IDENTIFICATION OF
STEREOCHEMICALLY PURE DRUGS

4. Separation and resolution of enantiomers and their dissociable
diastereomers through direct crystallization 48
Harry G. Brittain

§. Indirect methods for the chromatographic resolution of drug enantiomers
Whadystaw Gotkiewicz and Beata Polak

6. HPLC chiral stationary phases for the stereochemical resolution
of enantiomeric compounds: The current state of the art 95
W. John Lough

7. Preparative and production scale chromatography in enantiomer
separations 113
Geoffrey B. Cox

8. Enantioselective separations by electromigration techniques 147
Michat |. Markuszewski

9. Alternative analytical techniques for determination or isolation of drug

enantiomers 167
W. John Lough

vii

69



viii CONTENTS

PART III: PHARMACOKINETIC AND PHARMACODYNAMIC
DIFFERENCES BETWEEN DRUG STEREOISOMERS

10. Stereoselective transport of drugs 171
Prateek Bhatia and Ruin Moaddel

11. Enantioselective binding of drugs to plasma proteins 182
Thomas H. Kim

12. Clinical pharmacokinetics and pharmacodynamics of stereoisomeric drugs 206
Scott A. Van Wart and Donald E. Mager

PART IV: PERSPECTIVES ON THE DEVELOPMENT AND USE OF SINGLE
ISOMER DRUGS

13. Regulatory perspective on the development of new stereoisomeric drugs 240
Sarah K. Branch and Andrew J. Hutt

14. Molecular analysis of agonist stereoisomers at f,-adrenoceptors 274
Roland Seifert and Stefan Dove

15. Development of chiral drugs from a U.S. legal patentability perspective:
Enantiomers and racemates 294

Svetlana M. Tvanova

16. The importance of chiral separations in single enantiomer patent cases 304
Charlotte Weekes

Index . . .. 313



. Contributors

Prateek Bhatia National Institute on Aging/National Institutes of Health, Baltimore,
Maryland, USA

Sarah K. Branch Medicines and Healthcare products Regulatory Agency, London,
UK

Harry G. Brittain  Center for Pharmaceutical Physics, Milford, New Jersey, USA
Geoffrey B. Cox PIC Solution Inc., West Chester, Pennsylvania, USA

Stefan Dove Department of Pharmaceutical and Medicinal Chemistry II, University
of Regensburg, Germany (S. D.), Hannover, Germany

Dennis E. Drayer Retired from Department of Pharmacology, Cornell University
Medical College, New York, USA

Wiladystaw Gotkiewicz Retired from Department of Physical Chemistry, Medical
University of Lublin, Lublin, Poland

Andrew J. Hutt Division of Pharmaceutical Chemistry, School of Pharmacy,
University of Hertfordshire, Hatfield, Hertfordshire, UK

Svetlana M. Ivanova United States Patent and Trademark Office, Alexandria,
VA, USA

Krzysztof J6Zwiak Laboratory of Medicinal Chemistry and Neuroengineering,
Medical University of Lublin, Lublin, Poland

Thomas H. Kim Department of Anesthesiology, Division of Clinical and
Translational Research, Washington University School of Medicine,
Washington, USA

W. John Lough Department of Pharmacy, Health and Well-Being, University of
Sunderland, Sunderland, UK

Donald E. Mager Department of Pharmaceutical Sciences, University at Buffalo,
SUNY, Buffalo, New York, USA

Michat J. Markuszewski Department of Biopharmaceutics and Pharmacodynamics,
Medical University of Gdansk, Gdansk, Poland; Department of Toxicology, Ludwik
Rydygier Collegium Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland

Ruin Moaddel National Institute on Aging/National Institutes of Health, Baltimore,
Maryland, USA

Beata Polak Department of Physical Chemistry, Medical University of Lublin, Lublin,
Poland

ix



X CONTRIBUTORS

Roland Seifert Department of Pharmacology, Medical School of Hannover, Germany
(R. S.), Hannover, Germany

Scott A. Van Wart Department of Pharmaceutical Sciences, University at Buffalo,
SUNY, Buffalo, New York, USA

Charlotte Weekes Pinsent Masons LLP, London, UK



n The early history of stereochemistry

From the discovery of molecular asymmetry and
the first resolution of a racemate by Pasteur to the
asymmetrical chiral carbon of van’t Hoff and Le Bel

Dennis E. Drayer

The first half of the nineteenth century was the great age of geometrical optics.
Several French scientists studied diffraction, interference, and polarization of
light. In particular, linear polarization of light and rotation of the plane of
polarization very quickly attracted attention because of the possible relationship
between these phenomena and the structure of matter. Optical activity, the
ability of a substance to rotate the plane of polarization of light, was discovered
in 1815 at the College de France by the physicist Jean-Baptiste Biot. In 1848 at the
Ecole Normale in Paris, Louis Pasteur made a set of observations that led him a
few years later to make this proposal, which is the foundation of stereochem-
istry: Optical activity of organic solutions is determined by molecular asymme-
try, which produces nonsuperimposable mirror-image structures. A logical
extension of this idea occurred in 1874 when a theory of organic structure in
three dimensions was advanced independently and almost simultaneously by
Jacobus Henricus van’t Hoff in Holland and Joseph Achille Le Bel in France. By
this time it was known from the work of Kekule in 1858 that carbon is tetravalent
(links up with four other groups or atoms). van’t Hoff and Le Bel proposed that
the four valances of the carbon atom were not planar, but directed into three-
dimensional space. van’t Hoff specifically proposed that the spatial arrangement
was tetrahedral. A compound containing a carbon substituted with four differ-
ent groups, which van’'t Hoff defined as an asymmetric carbon (asymmetrisch
koolstof-atoom), would therefore be capable of existing in two distinctly different
nonsuperimposable forms. The asymmetric carbon atom, they proposed, was
the cause of molecular asymmetry and therefore optical activity.

The purpose of this chapter is to describe the observations and reasoning
that led Pasteur, van’t Hoff, and Le Bel to make these epochal discoveries. In
several instances the protagonists will speak for themselves. More detailed
accounts of their work are presented in Weyer (1), Partington (2), and Riddell
and Robinson (3). Also, the three methods discovered by Pasteur to resolve for
the first time an optically inactive racemate into its optically active components
(enantiomers) will be discussed. To truly appreciate the contributions of these
three chemists, one should remember that during their time even the existence
of atoms and molecules was questioned openly by many scientists, and to
ascribe shape to what seemed like metaphysical concepts was too much for
many of their contemporaries to accept.

Ordinary tartaric acid has been known since the eighteenth century and is
a by-product of alcoholic fermentation obtained in great quantities from the
tartar deposited in the barrels. This acid has been especially important in
medicine and dyeing. Paratartaric acid (also called racemic acid), discovered
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FIGURE 1.1 Hemihedral cube.

in certain industrial processes in the Alsace region of France, came to the
attention of chemists only in the 1820s, when Gay-Lussac established that it
possessed the same chemical composition as ordinary tartaric acid. Because of
their importance for the emerging concept of isomerism, the two acids thereafter
attracted considerable notice. On January 20 and February 3, 1860, Pasteur gave
lectures before the Council of the Société Chimique of Paris describing the
principal results of his research (done from 1848 to 1850) on tartaric acid and
paratartaric acid, from which evolved his proposals on the molecular asymme-
try of organic products. The excerpts below are taken, with permission, from an
English translation made by the Alembic Club (5). An English translation is also
found in Pasteur (6). Additional insight is found in Mauskopf (7). The headings
and interspersed comments below are mine. To better understand what follows,
ordinary tartaric acid is now called dextro-tartaric acid and paratartaric acid is
the racemate, (d,1)-tartaric acid.

HEMIHEDRAL CRYSTAL STRUCTURE

Pasteur begins his first lecture by discussing the precedents that led up to his
research and then defines hemihedral crystals. These are cubical crystals with
four little facets inclined at the same angle to the adjacent surfaces and arranged
alternately so the same edge of the cube does not contain two facets (Fig. 1.1).
Under these conditions, no point or plane of symmetry exists in the cube.

MOLECULAR ASYMMETRY AND OPTICAL ACTIVITY
Pasteur now describes the research that led to his conclusion about the causal
relationship between molecular asymmetry and optical activity.

When I began to devote myself to special work, I sought to strengthen myself
in the knowledge of crystals, foreseeing the help that I should draw from this
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in my chemical researches. It seemed to me to be the simplest course, to take,
as a guide, some rather extensive work on the crystalline forms; to repeat all
the measurements, and to compare my determinations with those of the
author. In 1841, M. de la Provostaye, whose accuracy is well known, had
published a beautiful piece of work on the crystalline forms of tartaric
and paratartaric acids and their salts. I made a study of this memoir. I
crystallized tartaric acid and its salts, and investigated the forms of the
crystals. But, as the work proceeded, I noticed that a very interesting fact had
escaped the learned physicist. All the tartrates which I examined gave
undoubted evidence of hemihedral faces.

This peculiarity in the forms of the tartrates was not very obvious. This
will be readily conceived, seeing that it had not been observed before. But
when, in a species, its presence was doubtful, I always succeeded in making
it manifest by repeating the crystallization and slightly modifying the
conditions.

The German chemist Eilhard Mitscherlich published a note in 1844 in the Reports
of the Academy of Science on the subject of the tartrate and paratartrate of sodium
and ammonia. The importance of this note is now acknowledged by Pasteur.

I must first place before you a very remarkable note by Mitscherlich which
was communicated to the Academie des Sciences by Biot. It was as follows:

“The double paratartrate and the double tartrate of soda and ammonia
have the same chemical composition, the same crystalline form with the
same angles, the same specific weight, the same double refraction, and
consequently the same inclination in their optical axes. When dissolved in
water their refraction is the same. But the dissolved tartrate deviates the
plane of polarisation, while the paratartrate is indifferent, as has been found
by M. Biot for the whole series of those two kinds of salts. Yet” adds
Mitscherlich, “here the nature and the number of the atoms, their arrange-
ment and distances, are the same in the two substances compared.”

This note of Mitscherlich’s attracted my attention forcibly at the time of
publication. I was then a pupil in the Ecole Normale, reflecting in my leisure
moments on these elegant investigations of the molecular constitution of
substances, and having reached, as I thought at least, a thorough compre-
hension of the principles generally accepted by physicists and chemists. The
above note disturbed all my ideas. What precision in every detail! Did two
substances exist which had been more fully studied and more carefully
compared as regards their properties? But how, in the existing condition of
the science, could one conceive of two substances so closely alike without
being identical? Mitscherlich himself tells us what was, to his mind, the
consequence of this similarity:

The nature, the number, the arrangement, and the distance of the
atoms are the same. If this is the case what becomes of the definition of
chemical species, so rigorous, so remarkable for the time at which it
appeared, given by Chevreul in 1823? In compound bodies a species is a
collection of individuals identical in the nature, the proportion, and the
arrangement of their elements.

In short, Mitscherlich’s note remained in my mind as a difficulty of the
first order in our mode of regarding material substances.

You will now understand why, being preoccupied, for the reasons
already given, with a possible relation between the hemihedry of the tartrates
and their rotative property, Mitscherlich’s note of 1844 should recur to my
memory. I thought at once that Mitscherlich was mistaken on one point. He
had not observed that his double tartrate was hemihedral while his
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FIGURE 1.2 Paratartrate of soda and ammonia formed by an equal mixture of hemihedral
crystals of levo-tartrate (on leff) and dextro-tartrate (on right). The anterior hemihedral facet “h” is
on the left side of the observer in the levo-tartrate and on his or her right in the dextro-tartrate.
Source: From Ref. 4.

paratartrate was not. If this is so, the results in his note are no longer
extraordinary; and further, I should have, in this, the best test of my
preconceived idea as to the inter-relation of hemihedry and the rotatory
phenomenon.

I hastened therefore to re-investigate the crystalline form of Mitscher-
lich’s two salts. I found, as a matter of fact, that the tartrate was hemihedral,
like all the other tartrates which I had previously studied, but, strange to say,
the paratartrate was hemihedral also. Only, the hemihedral faces which in
the tartrate were all turned the same way were in the paratartrate inclined
sometimes to the right and sometimes to the left. In spite of the unexpected
character of this result, I continued to follow up my idea. I carefully
separated the crystals which were hemihedral to the right from those hemi-
hedral to the left, and examined their solutions separately in the polarising
apparatus. I then saw with no less surprise than pleasure that the crystals
hemihedral to the right deviated the plane of polarisation to the right,
and that those hemihedral to the left deviated it to the left (Fig. 1.2); and
when I took an equal weight of each of the two kinds of crystals, the mixed
solution was indifferent towards the light in consequence of the neutralisa-
tion of the two equal and opposite individual deviations.

Thus, I start with paratartaric acid; I obtain in the usual way the
double paratartrate of soda and ammonia; and the solution of this deposit,
after some days, crystals all possessing exactly the same angles and the same
aspect. To such a degree in this case that Mitscherlich, the celebrated
crystallographer, in spite of the most minute and severe study possible,
was not able to recognise the smallest difference. And yet the molecular
arrangement in one set is entirely different from that in the other. The
rotatory power proves this, as does also the mode of asymmetry of the
crystals. The two kinds of crystals are isomorphous, and isomorphous with
the corresponding tartrate. But the isomorphism presents itself with a hith-
erto unobserved peculiarity; it is the isomorphism of an asymmetric crystal
with its mirror image. This comparison expresses the fact very exactly.
Indeed, if, in a crystal of each kind, imagine the hemihedral facets produced
till they meet, I obtain two symmetrical tetrahedra, inverse, and which
cannot be superposed, in spite of the perfect identity of all their respective
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parts. From this I was justified in concluding that, by crystallisation of the
double paratartrate of soda and ammonia, I had separated two symmetri-
cally isomorphous atomic groups, which are intimately united in para-
tartaric acid. Nothing is easier to show than that these two species of
crystals represent two distinct salts from which two different acids can be
extracted.

The announcement of the above facts naturally placed me in commu-
nication with Biot, who was not without doubts regarding their accuracy.
Being charged with giving an account of them to the Academy, he made me
come to him and repeat before his eyes the decisive experiment. He handed
over to me some paratartaric acid which he had himself previously studied
with particular care, and which he had found to be perfectly indifferent to
polarised light. I prepared the double salt in his presence, with soda and
ammonia which he had likewise desired to provide. The liquid was set aside
for slow evaporation in one of his rooms. When it had furnished about 30 to
40 grams of crystals, he asked me to call at the College de France in order
to collect them and isolate them before him, by recognition of their crystallo-
graphic character, the right and the left crystals, requesting me to state once
more whether I really affirmed that the crystals which I should place at his
right would deviate to the right, and the others to the left. This done, he told
me that he would undertake the rest. He prepared the solutions with
carefully measured quantities, and when ready to examine them in the
polarising apparatus, he once more invited me to come into his room. He
first placed in the apparatus the more interesting solution, that which ought
to deviate to the left. Without even making a measurement, he saw by the
appearance of the tints of the two images, ordinary and extraordinary, in the
analyser, that there was a strong deviation to the left. Then, very visibly
affected, the illustrious old man took me by the arm and said:

“My dear child, I have loved science so much throughout my life that
this makes my heart throb.”

Indeed there is more here than personal reminiscences. In Biot’s case
the emotion of the scientific man was mingled with the personal pleasure of
seeing his conjectures realized. For more than thirty years Biot had striven in
vain to induce chemists to share his conviction that the study of rotatory
polarisation offered one of the surest means of gaining a knowledge of the
molecular constitution of substances.

Let us return to the two acids furnished by the two sorts of crystals
deposited in so unexpected a manner in the crystallisation of the double
paratartrate of soda and ammonia. I have already remarked that nothing
could be more interesting than the investigation of these acids.

One of them, that which comes from crystals of the double salt
hemihedral to the right, deviates to the right, and is identical with ordinary
tartaric acid. The other deviates to the left, like the salt which furnishes it.
The deviation of the plane of polarisation produced by these two acids is
rigorously the same in absolute value. The right acid follows special laws in
its deviation, which no other active substance had exhibited. The left acid
exhibits them, in the opposite sense, in the most faithful manner, leaving no
suspicion of the slightest difference.

The paratartaric acid is really the combination, equivalent for equiv-
alent, of these two acids, is proved by the fact that, if somewhat concentrated
solutions of equal weights of each of them are mixed, as I shall do before you,
their combination takes place with disengagement of heat, and the liquid
solidifies immediately on account of the abundant crystallisation of para-
tartaric acid, identical with the natural product. (This beautiful experiment
called forth applause from the audience.)
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Pasteur ends the first lecture with the following summary:

1. When the elementary atoms of organic products are grouped asym-
metrically, the crystalline form of the substance manifests this molecular
asymmetry in nonsuperposable hemihedry.

The cause of this hemihedry is thus recognised.

2. The existence of this same molecular asymmetry betrays itself, in addi-
tion, by the optical rotative property.

The cause of rotatory polarisation is likewise determined.

3. When the nonsuperposable molecular asymmetry is realised in opposite
senses, as happens in the right and left tartaric acids and all their
derivatives, the chemical properties of these identical and inverse sub-
stances are rigorously the same.

In the second lecture, Pasteur gives a further discussion of his fundamental
idea that optical activity of organic solutions is related to molecular geometry.
This insight was far ahead of the organic structural theory of the time.

We saw in the last lecture that quartz possesses the two characteristics of
asymmetry—hemihedry in form, observed by Hauy, and the rotative phe-
nomenon discovered by Arago! Nevertheless, molecular asymmetry is
entirely absent in quartz. To understand this, let us take a further step in
the knowledge of the phenomena with which we are dealing. We shall find
in it, besides, the explanation of the analogies and differences already
pointed out between quartz and natural organic products.

Permit me to illustrate roughly, although with essential accuracy, the
structure of quartz and of the natural organic products. Imagine a spiral stair
whose steps are cubes, or any other objects with superposable images.
Destroy the stair and the asymmetry will have vanished. The asymmetry
of the stair was simply the result of the mode of arrangement of the
component steps. Such is quartz. The crystal of quartz is the stair complete.
It is hemihedral. It acts on polarized light in virtue of this. But let the crystal
be dissolved, fused, or have its physical structure destroyed in any way
whatever; its asymmetry is suppressed and with it all action on polarized
light, as it would be, for example, with a solution of alum, a liquid formed of
molecules of cubic structure distributed without order.

Imagine, on the other hand, the same spiral stair to be constructed
with irregular tetrahedra for steps. Destroy the stair and the asymmetry will
still exist, since it is a question of a collection of tetrahedra. They may occupy
any positions whatsoever, yet each of them will nonetheless have an
asymmetry of its own. Such are the organic substances in which all the
molecules have an asymmetry of their own, betraying itself in the form of the
crystal. When the crystal is destroyed by solution, there results a liquid active
towards polarised light, because it is formed of molecules, without arrange-
ment, it is true, but each having an asymmetry in the same sense, if not of the
same intensity in all directions.

RESOLUTION OF RACEMATES

Pasteur devised three methods to resolve paratartaric acid: the first was manual,
the second was chemical, and the third could be considered biological or
physiological. Because paratartaric acid (also called racemic acid) was the first
inactive compound to be resolved into optical isomers (enantiomers), an
equimolar mixture of two enantiomers is now called a racemate.
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Manual Separation

As indicated in the first lecture, Pasteur, using a hand lens and pair of tweezers,
laboriously separated a quantity of the sodium ammonium salt of paratartaric
acid into two piles, one of left-handed crystals and the other of right-handed
crystals, and in this way accomplished the first resolution of a racemate. After
purifying the free tartaric acids from the separate salt solutions, he found one
acid to be identical to the previously characterized ordinary tartaric acid (which
was dextrorotatory) and the other acid to be the previously unknown levor-
otatory isomer. Pasteur was extremely fortunate in this area of his research. The
tartrate used by him is one of the very few substances that undergo a sponta-
neous separation into enantiomeric (hemihedral) crystals, thereby allowing
resolution by hand. That is, most enantiomers do not form enantiomeric crystals.
Moreover, this separation takes place only below 27°C (8). If Pasteur had been
working in southern France during a torrid Mediterranean summer, rather than
in Paris, we may have praised another chemist as being the first to resolve a
racemate.

Chemical Formation of Diastereomers
The physical properties of enantiomers are identical in an achiral environment.
However, chemical reactions that add another asymmetric center create a
diastereomeric pair, each of which has physical properties that are not com-
pletely the same. Therefore, although an enantiomeric pair cannot be separated
by ordinary chromatographic means or fractional recrystallization, the diaster-
eomeric pair can often be separated easily by these means, as is indicated later in
this book (see chap. 5). After separation, the pure enantiomers can then be
regenerated by chemical means. Even today this is a common way of resolving a
racemate.

Pasteur, in his second lecture, gives the following account, in which the
optically active basic alkaloids quinicine or cinchonicine were used to convert
the two enantiomeric tartaric acids into diastereomers:

We have seen that all artificial or natural chemical compounds, whether
mineral or organic, must be divided into two great classes: non-asymmetric
compounds with superposable image and asymmetric compounds with non-
superposable image.

Taking this into account, the identity of properties above described in
the case of the two tartaric acids and their similar derivatives, exists
constantly, with the unchangeable characters which I have referred to,
whenever these substances are placed in contact with any compound of
the class with superposable image, such as potash, soda, ammonia, lime,
baryta, aniline, alcohol, ethers—in a word, with any compounds whatever
which are non-asymmetric, non-hemihedral in form, and without action on
polarised light.

If, on the contrary, they are submitted to the action of products of
the second class with non-superposable image—asparagine, quinine,
strychnine, brucine, albumen, sugar, etc., bodies asymmetric like them-
selves—all is changed in an instant. The solubility is no longer the same. If
combination takes place, the crystalline form, the specific weight, the
quantity of water of crystallisation, the more or less easy destruction by
heating, all differ as much as in the case of the most distantly related
isomers.
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Here, then, the molecular asymmetry of a substance obtrudes itself on
chemistry as a powerful modifier of chemical affinities. Towards the two
tartaric acids, quinine does not behave like potash, simply because it is
asymmetric and potash is not. Molecular asymmetry exhibits itself henceforth
as a property capable by itself, in virtue of its being asymmetry, of modifying
chemical affinities. I do not believe that any discovery has yet made so great a
step in the mechanical part of the problem of combination. .. .

Here is a very interesting application of the facts which have just been
explained.

Seeing that the right and left tartaric acids formed such dissimilar
compounds simply on account of the rotative power of the base, there was
ground for hoping that, from this very dissimilarity, chemical forces might
result, capable of balancing the mutual affinity of the two acids, and thereby
supply a chemical means of separating the two constituents of paratartaric
acid. I sought long in vain, but finally succeeded by the aid of two new bases,
quinicine and cinchonicine, isomers of quinine and cinchonine, which I
obtained very easily from the latter without the least loss.

I prepare the paratartrate of cinchonicine by neutralising the base
and/then adding as much of the acid as necessary for the neutralisation, I
allow the whole to crystallise, and the first crystallisations consist of perfectly
pure left tartrate of cinchonicine. All the right tartrate remains in the mother
liquor because it is more soluble. Finally this itself crystallises with an
entirely different aspect, since it does not possess the same crystalline form
as the left salt. We might also believe that we were dealing with the
crystallisation of two distinct salts of unequal solubility.

Use of Living Organisms

Pasteur also discovered a method for resolving paratartaric acid while he was
deeply involved in the study of fermentation. In essence, it depends on the
capacity of certain microorganisms to discriminate between enantiomers and
selectively to metabolize one instead of the other. This method is obviously less
desirable than the chemical method since, at best, only one pure enantiomer can
be obtained. The particular example described below by Pasteur in his second
lecture grew out of his study of the fermentation of ammonium paratartrate.

Knowing this, I set the ordinary right tartrate of ammonia to ferment in the
following manner. I took the very pure crystallised salt, dissolved it,
adding to the liquor a clear solution of albumenoid matter. One gram of
albumenoid matter was sufficient for one hundred grams of tartrate. Very
often it happens that the liquid ferments spontaneously when placed in
an oven. I say very often; but it may be added that this will always take
place if we take care to mix with the liquid a very small quantity of one of
those liquids with which we have succeeded in obtaining spontaneous
fermentation.

So far there is nothing peculiar; it is a tartrate fermenting. The fact is
well known.

But let us apply this method of fermentation to paratartrate of ammo-
nia, and under the above conditions it ferments. The same yeast is deposited.
Everything shows that things are proceeding absolutely as in the case of the
right tartrate. Yet if we follow the course of the operation with the help of
the polarising apparatus, we soon discover profound differences between the
two operations. The originally inactive liquid possesses a sensible rotative
power to the left, which increases little by little and reaches a maximum. At
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this point the fermentation is suspended. There is no longer a trace of the
right acid in the liquid. When it is evaporated and mixed with an equal
volume of alcohol it gives immediately a beautiful crystallisation of left
tartrate of ammonia.

Let us note, in the first place, two distinct things in this phenomenon.
As in all fermentation properly so called, there is a substance which is
changed chemically, and correlatively there is a development of a body
possessing the aspect of a mycodermic growth. On the other hand, and it is
this which it is important to note, the yeast which causes the right salt to
ferment leaves the left salt untouched, in spite of the absolute identity in
physical and chemical properties of the right and left tartrates of ammonia as
long as they are not subjected to asymmetric action.

Here, then, the molecular asymmetry proper to organic substances
intervenes in a phenomenon of a physiological kind, and it intervenes in the
role of a modifier of chemical affinity. It is not at all doubtful that it is the
kind of asymmetry proper to the molecular arrangement of left tartaric acid
which is the sole and exclusive cause of the difference from the right acid,
which it presents in relation to fermentation.

Thus we find introduced into physiological principles and investiga-
tions the idea of the influence of the molecular asymmetry of natural organic
products, of this great character which establishes perhaps the only well
marked line of demarcation that can at present be drawn between the
chemistry of dead matter and the chemistry of living matter.

Later qualified, modified, and generalized by others, Pasteur’s new
method became applicable to the separation of a number of other racemates (9).
Pasteur then ends his second lecture with the following;:

Such, gentlemen, are in co-ordinated form the investigations which I have
been asked to present to you.

You have understood, as we proceeded, why I entitled my exposition,
“On the Molecular Asymmetry of Natural Organic Products.” It is, in fact,
the theory of molecular asymmetry that we have just established, one of the
most exalted chapters of the science. It was completely unforeseen, and
opens to physiology new horizons, distant, but sure.

I hold this opinion of the results of my own work without allowing
any of the vanity of the discoverer to mingle in the expression of my
thought. May it please God that personal matters may never be possible at
this desk. These are like pages in the history of chemistry which we write
successively with that feeling of dignity which the true love of science
always inspires.

Although popularly known chiefly for his great work in bacteriology and
medicine, Pasteur was by training a chemist, and this work in chemistry alone
would have earned him a position as an outstanding scientist.

The development of stereochemical ideas entered a new stage in 1858
when August Kekule introduced the idea of the valence bond and the pictorial
representation of molecules as atoms connected by valence bonds. His main
thesis was that the carbon atom is tetravalent, and that a carbon atom can form
valence bonds with other carbon atoms to form open chains and that sometimes
the carbon chains can be closed to form rings (10). This led directly to his
proposal for the structure of benzene. On the occasion of celebrations held in his
honor, Kekule in 1890 delivered a speech before the German Chemical Society
describing the origin of his idea of the linking of atoms (10).
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During my stay in London I resided for a considerable time in Clapham Road
in the neighborhood of the Common. I frequently, however, spent my
evenings with my friend Hugo Muller at Islington, at the opposite end of
the giant town... . One fine summer evening I was returning by the last
omnibus, “outside,” as usual, through the deserted streets of the metropolis,
which are at other times so fully of life. I fell into a reverie and lo, the atoms
were gambolling before my eyes! Whenever, hitherto, these diminutive
beings had appeared to me, they had always been in motion; but up to
that time I had never been able to discern the nature of their motion. Now,
however, I saw how, frequently, two smaller atoms united to form a pair;
how a larger one embraced two smaller ones; how still larger ones kept hold
of three or even four of the smaller; whilst the whole kept whirling in a giddy
dance. I saw how the larger ones formed a chain, dragging the smaller ones
after them, but only at the ends of the chain... . The cry of the conductor:
“Clapham Road,” awakened me from my dreaming; but I spent a part of the
night in putting on paper at least sketches of these dream forms. This was the
origin of the Structurtheorie.

Then he related a similar experience of how the idea for the structure of
benzene occurred to him.

I was sitting writing at my textbook, but the work did not progress; my
thoughts were elsewhere. I turned my chair to the fire and dozed. Again the
atoms were gambolling before my eyes. This time the smaller groups kept
modestly in the background. My mental eye, rendered more acute by
repeated visions of this kind, could now distinguish larger structures of
manifold conformations; long rows, sometimes more closely fitted together;
all twisting and turning in snake-like motion. But look! What was that? One
of the snakes had seized hold of its own tail, and the form whirled mockingly
before my eyes. As if by a flash of lightning I awoke; and this time also I
spent the rest of the night working out the consequences of the hypothesis.
Let us learn to dream, gentlemen, and then perhaps we shall find the
truth ... but let us beware of publishing our dreams before they have been
put to the proof by the waking understanding.

In speculating on the kind of atomic arrangements that could produce
molecular asymmetry, Pasteur, as already indicated, suggested tentatively in
1860 that the atoms of a right-handed compound, for example, might be
“arranged in the form of a right-handed spiral, or situated at the corners of an
irregular tetrahedron.” But he never developed these suggestions. The solu-
tion to this problem of what is the cause of molecular asymmetry was
presented in the publications of van’t Hoff and Le Bel. On September
5,1874, van’t Hoff, while he was still a student at the University of Utrecht
and only 22 years of age, published a pamphlet entitled “Proposal for the
extension of the structural formulae now in use in chemistry into space,
together with a related note on the relation between the optical active power
and the chemical constitution of organic compounds” (11). An English trans-
lation is presented in van’t Hoff (12). Starting with the ideas of August Kekule
on the tetravalency of carbon, van’t Hoff states, at the beginning of his
pamphlet: “It appears more and more that the present constitutional formulas
are incapable of explaining certain cases of isomerism; the reason for this is
perhaps the fact that we need a more definite statement about the actual
positions of the atoms.” He then proposed that the four valences of a carbon
atom are directed toward the corners of a tetrahedron with the carbon atom at
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FIGURE 1.3 Spatial models for methane where the four hydrogen atoms are equivalent. |,
planar; Il, pyramidal; Ill, tetrahedral.

the center, based on the concept of the isomer number, which is illustrated
below.

For any atom Y, only one substance of formula CH3Y has ever been found.
For example, chlorination of methane yields only one compound of formula
CH;Cl. Indeed, the same holds true if Y represents, not just an atom, but a group
of atoms (unless the group is so complicated that in itself it brings about
isomerism); there is only one CH;OH, and only one CH;CO,H. This suggests
that every hydrogen atom in methane is equivalent to every other hydrogen
atom, so that replacement of any one of them gives rise to the same product. If
the hydrogen atoms of methane were not equivalent, then replacement of one
would yield a different compound than replacement of another, and isomeric
substitution products would be obtained. In what ways can the atoms of
methane be arranged so that the four hydrogen atoms are equivalent? There
are three such arrangements (Fig. 1.3): a planar arrangement (I) in which carbon
is at the center of a rectangle (or square) and a hydrogen atom is at each corner; a
pyramidal arrangement (II) in which carbon is at the apex of a pyramid and a
hydrogen atom is at each corner of a square base; a tetrahedral arrangement (III)
in which carbon is at the center of a tetrahedron and a hydrogen atom is at each
corner. By then comparing the number of isomers that have been prepared for
di-, tri- and tetrasubstituted methanes with the number predicted by the above
three spatial arrangements, it is possible to decide which one is correct.

For example, with a disubstituted compound CH,R, (Fig. 1.4); (i) if the
molecule is planar, then two isomers are possible. This planar configuration can
be either square or rectangular; in each case, there are two isomers only. (i) If
the molecule is pyramidal, then two isomers are also possible. There are only
two isomers, whether the base is square or rectangular. (ii7) If the molecule is
tetrahedral, then only one form is possible. The carbon atom is at the center of
the tetrahedron. In actuality, only one disubstituted isomer is known. Therefore,
only the tetrahedral model for a disubstituted methane agrees with the evidence
of the isomer number.

For tetrasubstituted compounds of the type CR;R,R3R, (Fig. 1.5); (i) if the
molecule is planar, then three isomers are possible. (i7) If the molecule is
pyramidal, then six isomers are possible. Each of the forms in Figure 1.5, top,
drawn as a pyramid, is not superimposable on its mirror image. Thus, three
pairs of enantiomers are possible (one of which is shown in Fig. 1.5, middle).



12 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

R H

FIGURE 1.4 Spatial models for a disubstituted methane. Top, planar; middle, pyramidal;
bottom, tetrahedral.

(ii1) If the molecule is tetrahedral, two isomers are possible, related to one
another as object to mirror image. In actuality, only two tetrasubstituted isomers
of methane are known (pair of enantiomers). This is strong evidence for the
tetrahedral model for the carbon atom. Similar reasoning leads to the same
conclusion for trisubstituted methanes.

The tetrahedral model for the carbon atom has withstood the test of time
very well. Hundreds of thousands of organic compounds have been synthesized
since it was first proposed. The number of isomers obtained has always been
consistent with the concept of the tetrahedral carbon atom.

van’t Hoff then introduced the concept of the asymmetric carbon atom as
follows: “When the four affinities of the carbon atom are satisfied by four
univalent groups differing among themselves, two and not more than two
different tetrahedrons are obtained, one of which is the reflected image of the
other, they cannot be superposed; that is, we have to deal with two structural
formulas isomeric in space.” van’t Hoff proposed that all carbon compounds
that in solution rotate the plane of polarization possess an asymmetric carbon
atom. He illustrated this for a great number of compounds: ethylidene lactic acid
(now called o-hydroxypropionic acid), aspartic acid, asparagine, malic acid,
glutaric acid, tartaric acid, sugars and glucosides, camphor, borneol, and
camphoric acid.
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FIGURE 1.5 Spatial models for a tetrasubstituted methane. Top, planar; middle, pyramidal;
bottom, tetrahedral.

CHs3 CHj3

OH OH

H CO,H  CO,H H

FIGURE 1.6 Tetrahedral model for lactic acid enantiomers (carbon atom is at the center of the
tetrahedron) as envisioned by van’t Hoff.

Two compounds from this list are worthy of note: lactic acid (Fig. 1.6) and
tartaric acid (Fig. 1.7). Wislicenus extensively investigated the isomers of lactic
acid between 1863 and 1873, and was convinced that the number of isomers
exceeded that allowed by the existing structural theory (13). However, due to
experimental difficulties in obtaining pure samples of the isomers, in addition to
the limits of the structural theory then known to him, he ended up going around
in circles, van’t Hoff studied the publications of Wislicenus on lactic acids and
they led him to his own stereochemical ideas. In fact, lactic acid was the first
concrete example of an optically active compound that van’t Hoff discussed
after his theoretical introduction. He pointed out that ethylidene lactic acid
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HO H H OH HO H
OOH coo coo

COCH COOH OH

COOH
d-tartaric acid I-tartaric acid meso-tartaric acid

FIGURE 1.7 Structures for three tartaric acid isomers that are representative of the tetrahedral
models used by van’t Hoff.

contains an asymmetric carbon. Therefore, it can exist as two pure enantiomers
or a racemic mixture, which nicely cleared up the confusion surrounding the
lactic acid isomers. In a lecture, held much later in Utrecht on May 16, 1904,
van't Hoff said the following;:

Students, let me give you a recipe for making discoveries. In connexion with
what has just been said about libraries, I might remark that they have always
had a mind-deadening effect on me. When Wislicenus’ paper on lactic acid
appeared and I was studying it in the Utrecht library, I therefore broke off
my study half-way through, to go for a walk; and it was during this walk,
under the influence of the fresh air, that the idea of asymmetric carbon first
struck me.

These proposals of van’t Hoff’s came as a breath of fresh air to Wislicenus.
No wonder that he was the first to welcome it enthusiastically, or that he
sponsored the German translation that made it widely known, or that he was the
first to make significant further use of the hypothesis, in his work on geometrical
isomers of unsaturated compounds (14).

The other example of note is the optically active tartaric acids (Fig. 1.7).
Tartaric acid contains two asymmetric carbon atoms. The dextro- and levo-
tartaric acids are enantiomers. However, a third isomer is possible in which
the two rotations due to the two asymmetric carbon atoms compensate and the
molecule is optically inactive as a whole. That is, the molecule contains a plane
of symmetry. This form, meso-tartaric acid, was also discovered by Pasteur,
differs from the two optically active tartaric acids in being internally compen-
sated, and is not resolvable. Thus, the tetrahedral model for carbon and the
asymmetric carbon atom proposed by van’t Hoff were able to completely
explain the observations of Pasteur relating to the three isomers of tartaric acid.

Le Bel published his stereochemical ideas two months later, in November
1874, under the title, “The relations that exist between the atomic formulas of
organic compounds and the rotatory power of their solutions” (15). An English
translation is presented in Le Bel (16). Le Bel approached the problem from a
different direction from van’t Hoff. His hypothesis was based on neither the
tetrahedral model of the carbon atom nor the concept of fixed valences between
the atoms. He proceeded purely from symmetry arguments; he spoke of the
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asymmetry, not of individual atoms, but of the entire molecule, so that his views
would nowadays be classed under the heading of molecular asymmetry. Only
once does he mention the tetrahedral carbon atom, which he regarded as not a
general principle but a special case. Today, substituted allenes, spiranes, and
biphenyls are but a few examples of asymmetric molecules that do not contain
any asymmetric carbons, thus confirming Le Bel’s views on molecular asymme-
try. The reason for the different approaches by van’t Hoff and le Bel is easy to
understand. van’t Hoff came from the camp of structural chemists and he wished
his hypothesis to be understood as an extension of the structural theory to spatial
relationships. The tetravalent atomic models used by Kekule in his lectures
presumably also prompted his pupil van't Hoff, possibly unconsciously, in the
conception of the asymmetric carbon atom. Le Bel, on the other hand, was trained
in the tradition of Pasteur (whose investigations he also mentioned expressly in
his article), that is, he started out from Pasteur’s considerations of the connections
between optical rotation and molecular structure.

In 1877 Hermann Kolbe, one of the most distinguished of the older
German chemists, published a diatribe in the Journal fiir Praktische Chemie after
reading the work of van’t Hoff (which had been translated into German by Felix
Herrmann at the suggestion of Wislicenus). An English translation of this
abusive attack is presented completely in Riddell and Robinson (3). Those
individuals interested in seeing an example of the great personal attacks by
editors that appeared in journals of the nineteenth century should read this
translation. Although defamatory, this criticism served a useful purpose, since it
made a decisive contribution to the dissemination of these ideas of van't Hoff.
This was fortunate, since van’t Hoff soon turned his genius away from stereo-
chemistry to physical chemistry, for which he received the Nobel Prize.

We can now end this historical journey. We have walked through the
early days of stereochemistry in the company of giants. In 1949, almost exactly
100 years after the first resolution of (d,1)-tartaric acid by Pasteur, the Dutchman
Bijvoet (17), using X-ray diffraction, determined the actual arrangement in space
of the atoms of the sodium rubidium salt of (+)-tartaric acid, and thus made the
first determination of the absolute configuration about an asymmetric carbon.
To further complete the link with the past, Bijvoet did this work while the
Director of the van’t Hoff Laboratory at the University of Utrecht.

In the intervening years since the first resolution of a racemate by Pasteur,
many chromatographic and non-chromatographic methods have been devel-
oped for the resolution of racemic compounds. These methods are the subject of
many of the other chapters in this book.
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n Stereochemistry—basic terms and concepts

Krzysztof Jozwiak

INTRODUCTION

According to the International Union of Pure and Applied Chemistry IUPAC)
definition (1), stereoisomerism is a type of isomerism that arises from the
differences in the spatial arrangement of atoms without any differences in
connectivity or bond multiplicity between the isomers. One of the most impor-
tant branches of stereochemistry is related to molecular dissymmetry and to the
study of chiral molecules. The terminology used to describe stereochemical
relationships is often a maze of interchangeable terms (capital D’s and L’s,
lowercase d’s and I’s, mixed in with R’s, S’s, (+)’s, and (—)’s, to name a few).
It is therefore appropriate to address basic stereochemical terms and concepts to
lay a foundation for the more technical discussions that follow. This is not meant
to be an in-depth treatment of this topic; there are many fine texts on the subject
(2,3), which may be consulted if more detailed understanding is required.
The chapter is the update to work previously published by I.W. Wainer and
A.A. Marcotte in the 2nd edition of this book.

SYMMETRY AND DISSYMMETRY
Symmetry or the lack of it is one of the interesting features of geometric figures
with two or more dimensions. Dissymmetry is very common in real life: it may
often be confronted without it being immediately apparent. On the other hand,
dissymmetry may become painfully apparent when, for example, someone has to
switch from driving on one side of the road to the other while passing the English
Channel from France to England or vice versa. The Latin alphabet is very good
example containing both symmetrical and asymmetrical two-dimensional letters,
some of which have different appearances when they are reflected in a mirror.
Six letters and their mirror images are presented in Figure 2.1. There is no
difference between each of the symmetrical letters A, H, or Y and their
corresponding mirror images; however, the mirror images of the asymmetrical
letters G, R, or F appear reversed. It is important to note that the first three letters
have an internal plane of symmetry (a vertical line bisecting the letter into two
parts), while no such plane of symmetry can be found for the letters G, R, and F.
Actually, two-dimensional objects like letters always have a plane of
symmetry, which is the plane of the paper. The mirror image of the letter R
can be lifted out of the plane of the paper, turned over, and placed exactly on top
of the original figure. The real dissymmetry leading to the presence of non-
identical mirror image exists for objects with three dimensions. The human body
is an example of an asymmetrical three-dimensional figure. The mirror images
of the right hand, foot, or ear appear to be the left hand, foot, or ear. These
mirror images cannot be made identical by simple spatial manipulations. A
mirror image of a left hand cannot be placed exactly on top of a right hand (with
both palms up or both palms down). Thus, three-dimensional figures may exist
as nonsuperimposable mirror images.

17
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MAGO<IP
A0 <IP

MIRROR PLANE

FIGURE 2.1 Examples of symmetrical and dissymmetrical letters in the Latin alphabet and their
mirror images.

FIGURE 2.2 An asymmetric tetrahedral carbon atom and its mirror image.

The spatial relationships that exist for the human body also exist for
molecules as three-dimensional symmetrical and dissymmetrical objects. One of
the simplest dissymmetric molecules is a tetrahedral carbon atom with four
different groups attached to it. The spatial arrangement of the atoms in this
molecule is shown in Figure 2.2. The carbon atom from Figure 2.2 is the
dissymmetric center of the molecule and the molecule is a chiral stereoisomer.
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Rigorous symmetry group theory classifies a chiral object or a molecule as the
one having no symmetry elements of the second kind (a mirror plane, a center of
inversion, and a rotation-reflection axis) (1) described in detail in chapter 4. If
the molecule and its mirror image are nonsuperimposable, the relationship
between the two molecules is enantiomeric, and the two stereoisomers are
enantiomers. Carbon is not the only atom that can act as an asymmetric center.
Phosphorus, sulfur, and nitrogen are among some of the other atoms that can
form chiral molecules; some examples are presented in section “Types of
Stereoisomers” of this chapter.

OPTICAL ROTATION

Because each member of a pair of enantiomeric molecules differs from the other
only in the spatial arrangement of the moieties attached to the chiral center, most
of their physical properties like melting and boiling points, density, refractive
index, etc., are identical. The major difference between the isomers of an
enantiomeric pair was first observed by Biot in 1815 when he noted that one
form of tartaric acid rotated plane-polarized light, whereas another form did not
(see chap. 1).

Light is a form of electromagnetic radiation and is composed of electric
and magnetic fields that oscillate in all directions perpendicular to each other
and to the direction from which the beam is propagated. In plane-polarized
light, the component electric and magnetic fields oscillate as in ordinary
light, except that they are contained within two perpendicular planes. When
the electric component of light interacts with an asymmetric molecule, the
direction of the field is altered or rotated because of the dissymmetry of the
molecule. The substance that rotates the plane-polarized light is said to be optically
active. Because enantiomers exist as mirror images, they interact with electric
component of light to an equal but opposite extent. This situation is depicted in
Figure 2.3; in viewing this figure, the observer is looking directly at the beam of
plane-polarized light, which is initially at position 0. One of the isomers rotates this
beam in a counterclockwise direction. This isomer is defined as the levorotatory or

0 0
() a a (+)
levorotatory dextrorotatory
(=) — isomer (+) — isomer

FIGURE 2.3 The rotation of plane-polarized light by the (-) and (+) enantiomers of an optically
active substance. In the illustration, the polarized light is being propagated in a plane perpen-
dicular to the plane of the page.
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l-enantiomer, and the angle of the rotation o is defined as a negative (-) rotation.
The other isomer rotates the beam of plane-polarized light in a clockwise direction
and is defined as dextrorotatory or d-enantiomer, and o is defined as a positive (+)
rotation (4). d- and I- notations for enantiomers used to be popular at the
beginning of stereochemistry. However, it must be underlined that due to con-
fusion with the Fischer naming convention (see section “Naming of Stereo-
isomers”), the use of d- and I- notations is strongly discouraged by IUPAC.
Now d- and I- nomenclature is entirely replaced by (+)— and (-)- in describing
plane-polarized light rotation direction. The number and type of molecules
through which the beam of light passes influence the magnitude of «. Macro-
scopically, observed rotation is dependent on the concentration of the chiral
substance in the solution, the distance through which the light travels, the
temperature at which the measurements are made, and the wavelength of light
used. There are some known cases where ionization state of chiral substance
influences the magnitude and the sign of rotation of plane-polarized light. For
example, an aqueous solution of naproxen sodium salt shows negative (-) rota-
tion, which turns into positive (+) rotation in acidic media, where naproxen
occurs as a neutral molecule (5).

The optical activity in respect to plane-polarized light was the central
feature of interest of chiral substances in the first century of studies in stereo-
chemistry. Nowadays, the key focus of research involving stereochemistry has
moved into other directions and the main hallmarks are unequal interactions of
chiral isomers with the dissymmetric environment, mainly of biological origin in
biological systems. Dissymmetric enzymes or receptors specifically recognize
dissymmetric substrate or drug molecule. In this way, a mixture of enantiomers
can be resolved using an asymmetric selector in a separation technique, etc. Such
modern aspects of stereochemistry are the focal point of this volume.

TYPES OF STEREOISOMERS

When molecules composed of the same constituents have the same structural
formulae but differ only with respect to the spatial arrangement of certain atoms
or groups of atoms, they are defined as stereoisomers. Chiral stereoisomers are
those that are optically active. A group of chiral stereoisomers constitutes at least
one pair of enantiomers: nonsuperimposable molecules, which relates to each
other as their mirror images. Stereoisomers that are not related to each other as
enantiomers are diastereomers or diastereoisomers. In some cases, a diaster-
eoisomer may acquire an element of symmetry forbidden for a chiral molecule
and, thus, lose its optical activity.

Enantiomers

The largest class of chiral molecules is compounds in which the asymmetric
center (called a center of chirality) is a tetravalent carbon atom, as in Figure 2.2.
The tetrahedral orientation of the bonds to a tetravalent carbon is such that
when four nonidentical ligands are present, the mirror image of the molecule is
nonsuperimposable, the molecule is enantiomeric and chiral. When two of the
moieties are identical, the mirror image is superimposable, and the molecule is
achiral. Several examples of chiral drug molecules are presented in Figure 2.4.
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FIGURE 2.4 Examples of enantiomers. Atoms constituting centers of chirality are labeled with
asterisks.

Chirality is not necessarily associated with tetrahedral hybridization of
valencies. Interesting example is the metal-complex compound tris(2,2’-bipyr-
idine)ruthenium(Il) (Fig. 2.4). In this case the octahedral Ru”" cation is a center
of chirality. It coordinates three planar and achiral bipyridine molecules and the
spatial arrangement of these planes predicates dissymmetry of the complex. The
structure resembles a three-winged propeller with two possible rotations: clock-
wise (the A enantiomer) or counterclockwise (the A enantiomer).

Molecules that do not possess an asymmetric center may still have non-
superimposable mirror images and exist as enantiomers. These molecules con-
tain a chiral axis or chiral plane and are dissymmetric with respect to either that
plane or axis. The structures of the enantiomers of the sedative-hypnotic
methaqualone are presented in Figure 2.4. In this molecule there is a chiral
axis between the nitrogen atom N-1 and carbon atom at the phenyl ring C-1. The
dissymmetry of the two forms of the molecule is a result of steric hindrance,
which prevents rotation around this axis (4). Some other examples of axially
dissymmetric molecules include allenes, biaryls, or alkylidenecyclohexanes.
Higher level of axial dissymmetry is represented by molecules with helical
twist in a structure (e.g., hexahelicene). A planar dissymmetry occurs in many
cyclic molecules (e.g., trans-1,2-dichlorocyclopropane or trans-cyclooctene).



22 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

Diastereomers

A compound with one stereogenic center may exist as two stereoisomers, which
are mirror image enantiomers. A molecule with n asymmetric centers can exist
in maximally 2" stereoisomeric forms. Enantiomeric pairs are these among them,
which have all centers of chirality in reversed configurations and consequently
are related to each other as mirror images. Isomers with other combinations of
chiral configurations are not related to each other as an object and its mirror
image and are called diastereoisomers or diastereomers. Unlike enantiomers, the
physical and chemical properties of diastereomers can differ and it is not
unusual for them to have different melting and boiling points, refractive indices,
solubilities, chemical reactivities, etc. Their optical rotations can differ in both
sign and magnitude.

Figure 2.5A shows four stereoisomers of sympathomimetic amines origi-
nated from Ephedra plants ephedrine and pseudoephedrine (with two asym-
metric carbon atoms). By convention, two molecules in which hydroxyl- and
methyl- groups attached to two chiral centers point in the same direction are
enantiomers of ephedrine. Consequently, molecules that point these two moi-
eties into the opposite directions are enantiomers of pseudoephedrine. In these
molecules, different relation of configurations of two chiral centers result in a
non-mirror-image relationship between ephedrine and pseudoephedrine.
Another example of two diastereomers of pharmaceutical interest are natural
alkaloids, quinine and quinidine, molecules that contain in total five stereogenic
centers (including one asymmetric nitrogen atom) (Fig. 2.5B). These two
diastereomers differ by configuration of only one asymmetric carbon atom
(denoted as C).

Sometimes a combination of configurations of stereogenic centers in a
molecule ends up in a diastereoisomer, which acquires a plane of internal
symmetry. Such a symmetric system is called a meso-diastereomer. Figure 2.5C
illustrates three stereoisomers of tartaric acid. Two of them are enantiomers and
the configuration of the third one is associated with the internal plane of
symmetry, which implies that the mirror image of the molecule will be the
same as the original. This is meso-tartaric acid.

Cis-trans Isomers

Molecules that contain a double bond, for example, C=C or C=N, can exist as
diastereoisomers. Such a double bond is planar as associated with sp® hybrid-
ization of atoms forming it; thus, a system contains a plane of symmetry and
such stereoisomers are usually not chiral. Stereoisomers differ by the spatial
configuration of moieties attached to the double bond. A set of such isomers
used to be classified as geometrical isomers, but this nomenclature is no longer
recommended (1). Currently, these types of compounds are referred to as “cis-
trans isomers.” In these molecules the source of stereoisomerism is the location
of moieties attached to the double bond in respect to the axis of this bond. In cis-
isomer two moieties are placed on the same side of the axis of the double bond,
while in trans- isomer these moieties are on the opposite sides. When a molecule
contains four different substituents attached to the double bond a cis-frans
naming may appear unambiguous, in this case the atomic mass priority rule
(see section “The Cahn-Ingold-Prelog Convention”) is applied to assign sub-
stituent order and a molecule containing two heavier moieties on one side (i.e., a
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FIGURE 2.5 Examples of diastereoisomers. (A) 2-(methylamino)-1-phenylpropan-1-ol may
exist as four stereoisomers: two ephedrine enantiomers are diastereoisomers for two pseudoe-
phedrine enantiomers, (B) quinine and quinidine are diastereoisomers and differs by the stereo
configuration of C4 carbon atom, and (C) three stereoisomers of tartaric acid, the achiral meso-
form contain internal plane of symmetry (denoted as dashed line).

cis- variant) is defined as Z stereoisomer while trans- variant is denoted as E
isomer (from German words Zusammen and Entgegen, meaning together and
opposite, respectively). The cis-, trans-, and Z, E relation is illustrated by two
stereoisomers of flupentixol (Fig. 2.6A).
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trans-1,4-dichlorocyclohexane cis-1,4-dichlorocyclohexane
(B)

FIGURE 2.6 (A) Cis- and trans- stereoisomers of flupentixol. In this molecule, a relative
orientation of CF3 group in respect to the moiety containing piperazine determines the config-
uration. The cis-(2)-isomer is marketed as an antipsychotic drug. (B) cis- and trans- isomers of
1,4-dichlorocyclohexane.

However, cis-trans isomerism is not necessarily associated with a double
bond. Similar relationship can be found in many molecules with substituted
cycloaliphatic systems. One of the simplest examples is 1,4-dichlorocyclohexane,
which exists as two (achiral) stereoisomers depending on the mutual orientation
of chlorine atoms in the molecule (Fig. 2.6B).

NAMING OF STEREOISOMERS

The earliest method of naming enantiomers was based on their optical activity,
that is, the (+)- and the (-)- forms. This, however, does not describe the actual
spatial arrangement of ligands about the chiral center, that is, the absolute
configuration. Two conventions are currently in use to assign the absolute
configuration of a molecule with tetrahedral chiral center(s): the Fischer con-
vention assuming chemical transformation of the chiral molecule to an arbi-
trarily chosen standard, (4)-glyceraldehyde, and the Cahn-Ingold-Prelog (C.LP.)
convention employing rules of priority of substituents about the chiral center. In
stereochemistry of drugs, the latter method is primarily used.

The Fischer Convention

The Fischer convention was elaborated by Emil Fischer in 1919 based on his
method of two-dimensional projection of three-dimensional molecules (4,6). The
configuration at the asymmetric center of the analyzed molecule is related
to (+)-glyceraldehyde, which was arbitrarily assigned the D- configuration
(Fig. 2.7). Interestingly, while defined by Fischer, the actual configuration of
(+)-glyceraldehyde was unknown. Several decades later it became possible to
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FIGURE 2.7 The configurations of L-(+)- glyceraldehyde, L-(-)-glyceraldehyde, p-erythrose, and
p-threose, according to the Fischer convention.

establish the absolute configuration, and X-ray crystallography studies deter-
mined that the assigned configuration for p-glyceraldehyde was, in fact, correct
(6). To assign a configuration as D- or L-, consideration must be given to how the
molecule is chemically related to p- or L-glyceraldehyde or another enantiomer
of known configuration. The sign of rotation of polarized light cannot be used a
priori to assign a configuration, because they do not always correspond.
For example, L-alanine has a (+) sign of rotation, whereas the sign of rotation
for L-glyceraldehyde is (-) (4).

The Fischer convention is used in sugar and amino acid chemistry. For
hydrocarbons, which contain a number of asymmetric centers, the convention
assigns D- or L- according to the absolute configuration at the highest numbered
asymmetric center. In Figure 2.7, the p- configuration is assigned to the erythrose
and threose series because of the p- configuration at C° atom.

The Fischer convention is often inexact and difficult to use, especially
when complicated chemical transformations are required to relate the molecule
into a reference molecule of known configuration. The assigned configuration,
D- or L-, used to be confused with the observed sign of rotation, d (dextro-
rotatory) or [ (levorotatory). Because of these difficulties, the Fischer convention
has been almost entirely replaced by the C.I.P. convention(4).

The Cahn-Ingold-Prelog Convention

The C.I.P. convention was designated as the “priority rule” since it assigns the
priority of substituents around the asymmetric center (7). In this method, the
substituents at the chiral center are first ordered according to their atomic
number from the largest to the smallest. This is illustrated in Figure 2.8, where
the order of substituent is L (large), M (medium), S (small), and S’ (smallest). The
molecule is oriented in such a manner that the smallest (S') substituent is
directed away from the viewer. The configuration is then determined by
whether the sequence L-M-S goes in a clockwise or counterclockwise sense of
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FIGURE 2.8 The Cahn-Ingold-Prelog sequence rule, where L is the largest group attached to
the chiral center, followed in size by M, S, and S'.

rotation. A center of chirality with clockwise rotation is specified as R, whereas
the counterclockwise sense of rotation designates the S description of the
stereocenter. The names are derived from the Latin terms Rectus and Sinister
for right and left, respectively.

In order to assure ambiguous assignment of priority in C.IP. rule, two
groups are first compared by atomic number of atoms directly attached to center
of chirality; the moiety having this primary atom of higher atomic number
receives higher priority. If primary atoms are the same, lists of secondary atoms
(i.e., bonded to the one directly attached to the stereocenter) arranged in order of
decreasing atomic number are compared between two moieties. The lists are
analyzed atom by atom and, at the earliest difference, the group containing the
atom of higher atomic number receives higher priority. If two lists are still the
same, each secondary atom is replaced with a sublist of the tertiary atoms
bonded to it and arranged in decreasing order of atomic number; the entire list
for one moiety is again compared atom by atom with an analogous list for the
other moiety. If necessary, the process is repeated until the earliest difference is
found. For usage of priority rule in other cases (like ring systems, unsaturated
moieties, etc.), readers are referred to original articles (7,8).

This convention can be used to rapidly and unambiguously specify the
configuration of a chiral center. As would be expected, for a chiral molecule the
direction of the sequence for one enantiomer is reversed for the other enan-
tiomer. The p-enantiomer of glyceraldehyde has the R- configuration; its mirror
image (the L-enantiomer) is in the S- configuration.

The C.I.P convention is also extremely useful for describing diastereomers.
In this case, each chiral center is designated independently and the configura-
tion of the whole molecule can be easily assigned. For example, (4)- and (-
ephedrine and pseudoephedrine stereoisomers (Fig. 2.5A) have absolute con-
figurations assigned as (R,S)- and (S,R)-ephedrine and (R,R)- and (S,S)- pseu-
doephedrine, respectively. Enantiomeric relationships within the ephedrine and
pseudoephedrine pairs and diastereomeric relationship between ephedrines
and pseudoephedrines can be easily inferred. The absolute C.I.P. configuration
for (+)- and (- tartaric acid (Fig. 2.5C) is (R,R)- and (§,5)-, respectively, while
a meso-diastereomer has (R,S)- configuration. A dextromethorphan molecule
(Fig. 2.4) has all three centers of chirality in S- configuration, while its enan-
tiomer, levomethorphan, has all three centers in R- configuration. As seen in
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examples of diastereomers with multiple chiral centers, two enantiomers are
these isomers, which have all chiral centers in reversed configurations (i.e., each
R transformed to S and vice versa).

The C.I.P. convention can be easily digitalized (9) and many computer
programs for molecular visualization can quickly assign absolute configurations
of chiral centers. This is currently recommended standard for naming stereo-
isomers of drug molecules and their metabolites. The convention, however, has
one drawback that in contrary was a strong point of the Fischer system in that it
does not necessarily follow the chemical transformation of a molecule. For
example, cytochrome P450 transformation of ifosfamide (Fig. 2.4) in vivo
produces two dechloroethylated metabolites. Removing this moiety from the
ring system (position 3) causes downgrading of the nitrogen atom located there
in the size order of C.I.P. convention, and as a result, the (R)-ifosfamide molecule
(the (+) isomer in Fig. 2.4) is transformed into the (5)-3-dechloroethylifosfamide
metabolite (10).

MIXTURES OF STEREOISOMERS

Racemic mixture or a racemate is an equimolar mixture of a pair of enantiomers.
The chemical name of a racemic mixture is distinguished from single enan-
tiomer by a prefix rac-, (£)-, (DL)-, or (R,S)-. In contrast to enantiomers, a
racemate does not show optical activity. Interestingly, some other common
physicochemical properties of a racemate may significantly differ from the
properties of a single enantiomer.

A scalemic mixture is a proposed term for any nonequimolar mixture of
two enantiomers (11). Composition of such mixtures can be quantitatively
described by the term enantiomeric excess (ee), which is defined as an absolute
difference between the mole fraction of each enantiomer in a mixture. Conven-
tionally, this figure is expressed in percent, and %ee value for racemic mixture is
0% while %ee value for a single enantiomer is 100%. Enantiomeric excess was
introduced in 1971 as very effective measure to deal with optical purity of
scalemic mixtures. Nowadays, with growing numbers of techniques allowing
direct determination of each enantiomer in a mixture, it was suggested that the
ee concept should be replaced with enantiomeric ratio (er) or S/R, which is a
relative ratio of enantiomers” molar fractions (12). Analogous measures can be
applied to quantify composition of mixtures of diastereoisomers. Terms diaster-
eomeric excess (de) or diastereomeric ratio (dr) are used in this case.

In stereochemistry, ee, er, de, or dr are employed to describe enantioselec-
tivity /stereoselectivity. These terms are defined as a preferential involvement of
one stereoisomer over the other(s) in a chemical or enzymatic reaction. In chiral
separation techniques, enantioselectivity is used to quantify the degree to which
two enantiomers can be resolved from the racemic or scalemic mixtures. A
related term is enantiospecificity / stereospecificity: the reaction is termed stereo-
specific if starting materials differing only in their configuration are converted
into stereoisomeric products. According to this definition, a stereospecific pro-
cess is necessarily stereoselective but not all stereoselective processes are stereo-
specific. Stereospecificity may be total (100%) or partial. The term is also applied
to situations where a reaction can be performed with only one stereoisomer
(1,13).
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SUMMARY

A summary of the basic nomenclature used in stereochemistry is presented in
Table 2.1. For further rules and definitions, a publication by the IUPAC (1) is

very useful.

TABLE 2.1 Commonly Used Stereochemical Terms

Stereoisomers

Enantiomeric molecule
Chiral molecule
Enantiomers
Diastereomers

Optical activity

Optical rotation

Dextrorotary or (+) rotation

Levorotatory or (-) rotation

Configuration
Fischer convention (p,L)

Cahn-Ingold-Prelog
convention (C.I.P.)(R,S)

Racemate, racemic mixture

Scalemic mixture

Enantiomeric excess

Enantiomeric ratio

Eutomer

Distomer

Molecules with the same constitution and atom connectivities, but
which differ in respect to the spatial arrangement of certain atoms
or groups.

A molecule that is not superimposable on its mirror image.

A molecule having at least one pair of enantiomers.

Stereoisomers that are related as nonsuperimposable mirror images.

Stereoisomers that are not related as an object and its mirror image.

A property of a chiral molecule—the ability to rotate a beam of plane-
polarized light.

The angle that a beam of plane-polarized light is rotated by a chiral
molecule.

A clockwise rotation of a beam of plane-polarized light by a
stereoisomer, usually used to denote a specific enantiomer of a
chiral molecule, that is, the (+)-enantiomer.

A counterclockwise rotation of a beam of plane-polarized light by a
stereoisomer, usually used to denote a specific enantiomer of a
chiral molecule, that is, the (-)-enantiomer.

The description of the spatial arrangement about a chiral center.

The assignment of configuration about a chiral atom by comparison
to a standard, (p)-(+)-glyceraldehyde, usually by actual chemical
transformation of the molecule under investigation into the
standard.

The assignment of configuration about a chiral atom by designation
of the sequence of substituents from the largest (L), medium (M),
small (S) to the smallest (S'); a clockwise direction of the L-M-S
sequence rotation is assigned the R- configuration and a
counterclockwise direction is assigned the S- configuration.

A mixture of two enantiomers where concentration of both
components is equal (50:50). To comprise the fact that both
enantiomers exist in a racemate, a mixture is denoted rac-, (+),
(o,L), or (R,S).

A mixture of two enantiomers where concentration of both
components is not equal.

Absolute difference between molar fractions of each enantiomer in a
mixture.

XRr — Xs

%ee = x 100%
Xs

Xr

Relative ratio of molar fractions of each enantiomer in a mixture.

%er = 2« 100%
Xs
The enantiomer of a chiral compound that is the more potent for a
particular action (e.g., biological activity or curing potency).
The enantiomer of a chiral compound that is the less potent for a
particular action. It does not exclude the possibility of other effects
where this enantiomer shows greater potency.
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n Molecular basis of chiral recognition

Krzysztof Jozwiak

INTRODUCTION

Two enantiomers of a chiral substance have all their main physicochemical
properties the same. Three-dimensional (3D) structures of enantiomers are
nearly identical; the only difference lies in the fact that two molecules are
related to each other as mirror images. Molecules are dissymmetric and
any differences in the properties of enantiomers may be expressed in
unequal interactions with a dissymmetric environment. Such interactions
are particularly an issue in biological systems where biomacromolecules
(polypeptides, polynucleotides, sugars, etc.) are asymmetric and can dispro-
portionately recognize enantiomers of a chiral substance. Molecular mecha-
nism of such chiral recognition processes is a matter that has drawn
researchers’ attention right from the earliest studies of stereochemistry.
Recently, with the emergence of many new structural and computational
techniques that may be employed in these studies, much more is known
about the molecular basis of interactions between chiral molecules and
(selector) macromolecules that lead to resolution. The purpose of this chapter
is to present the introduction to various models describing molecular chiral
recognition mechanisms and to overview several techniques that assist in
deciphering these processes.

MODELS OF CHIRAL RECOGNITION

Considering the molecular level, when molecules representing two enan-
tiomers, (+) and (-), interact with a dedicated binding site on a selector
asymmetric macromolecule, two types of molecular complexes are formed.
These complexes, (4)-selector and (-)-selector, are actually a pair of diaster-
eoisomers and may express different properties to each other. Under certain
conditions, this difference can lead to enantioselectivity or enantiospecificity
of a reaction in which complexes are formed. A selector, while forming a
complex with ligand molecule tends to recognize the latter in all three
dimensions by a network of mutual interactions. Covalent bonding rarely
occurs in such processes and a variety of attractive and repulsive non-
covalent intermolecular interactions are predominant here (1). Interactions
that are commonly found in ligand-selector binding are listed and charac-
terized in Table 3.1. From the point of view of stereochemistry, it is evident
that unequal interactions of enantiomers with asymmetric binding site(s)
will arise when there is unequal distribution of the ligands’ moieties along
the three axes of the space (2). It produces a difference of interaction
patterns between enantiomers that is required to observe enantioselective
or enantiospecific conditions of a reaction. Starting from the early thirties of
the twentieth century, a number of different models were proposed to
explain molecular mechanisms of these conditions and these are presented
later in this chapter.

30
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TABLE 3.1 Molecular Interactions: Strength, Working Distance, and Vector of Direction

(+), Attraction

Type of interaction Strength Distance (—), Repulsion
Coulombic Very strong Long range (+) or ()
Hydrogen bond Very strong Long range (+)

Steric hindrance Very strong Very short range (-)

n-r interaction Strong Medium range (+) or (-)
lon-dipole Strong Short range (+)
Dipole-dipole Intermediate (weak) Short range (+)
Dipole—induced dipole Weak (very) Very short range (+)

Van der Waals Very weak Very short range (+)

Three-Point Models

As illustrated by the Cahn-Ingold-Prelog naming convention (described in detail
in chapter 2), it is apparently sufficient to localize three reference points
(valencies) on the asymmetric tetrahedral system in order to distinguish the
object from its mirror image (2,3). Such a simple assumption was the basis of the
first structural explanation of enantioselective interactions proposed in as early
as 1933 by Easson and Steadman (4). In this model, a common asymmetric site
on the enzyme or a receptor needed three nonequivalent points linked to a chiral
carbon atom of a ligand molecule in order to distinguish differential binding of
two enantiomers. This model is schematically depicted in Figure 3.1A where
points A, B, and C located on the 3D surface of the macromolecule interact with
a, b, and c moieties attached to a chiral tetrahedral. In this classical explanation,
only one enantiomer [in Fig. 3.1A indicated as (+)] is able to saturate comple-
mentary interactions in all three points. The other isomer [indicated as (—)]
while bound to the site cannot assume the orientation to meet all three of these
interactions (Fig. 3.1A). The (—) enantiomer, due to a spatial restriction, forms
only a limited number of interactions. If the interactions are positive, then the
overall interaction will be weaker and as a consequence its binding is not
favored by the site to the extent observed for the (+).

In 1948, Ogston (unaware of the previous Easson and Steadman deliber-
ations) developed an analogous explanation to deal with enantiospecificity of
enzymatic reactions in the citric acid cycle (5). In this version of a “three-point”
model (Fig. 3.1B), a prochiral molecule containing two chemically equivalent
moieties (2’ and a” in the original report -CH,-COOH groups) can be stereo-
specifically transformed into a chiral product. The reason for that is the fact that
two other moieties of the substrate, b and ¢, interacting with complementary
points located on the binding site (B and C, respectively) sterically determine
which a group is processed by the A component of the catalytic site (Fig. 3.1B).

Such three-point models as originally defined are conceptually valid.
However, their use in pharmacology is limited to situations where drug-
receptor relationships are relatively simple (6). The illustrative examples,
which is considered as a classical three-point interaction model, are complexes
between (R)-propranolol or (S)-propranolol and B-cyclodextrin developed by
Armstrong et al. in 1986 (7). Figure 3.2 shows complex configurations
for both enantiomers overlaid exactly to the point of the chiral atom and
allows direct analysis of the network of propranolol-cyclodextrin interactions.
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FIGURE 3.1 Three-point models. (A) Easson and Steadman model; (B) Ogston model;
(C) Sokolov and Zefirov conformationally driven model.
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(A) (B)

FIGURE 3.2 Computer projections of inclusion complexes between (S)-propranolol (A) or
(R)-propranolol (B) and B-cyclodextrin. The dotted lines represent potential hydrogen bonds.
Source: From Ref. 7.

Analysis indicates that locations of naphthyl moieties and B-hydroxyl moieties are
equivalent for both enantiomers: the lipophilic naphthyl moiety is tightly inter-
acting to the hydrophobic interior of the cyclodextrin molecule (interaction A-a),
while the hydroxyl group (denoted in the figure as O-14) interacts with 3-OH
moiety of the selector located close to the mouth of the molecule (interaction B-b).
Such distribution of these two fragments determines the nonequivalent location of
the third interacting fragment for two enantiomers, the aminoalkyl chain (the
amino group is denoted in the figure as N-16). In the (S)-propranolol complex, the
N-16 atom is optimally placed for hydrogen bonding with both O-2 and O-3
atoms of the selector with respective bond distances 3.3 A and 2.8 A (interaction
C-c). The amine in the (R)-propranolol complex is positioned less favorably for
hydrogen bonding; the distances to the closest 2- and 3-hydroxyl groups are 3.8 A
and 4.5 A, respectively (7). Thus, the difference in C-c interaction determines that
the (5)-enantiomer can form a stronger network of attracting interactions with the
B-cyclodextrin in the orientation, which cannot be attained by the (R)-enantiomer
within the interior of the host molecule.

The above example of propranolol interacting with a cyclodextrin mole-
cule demonstrates that in reality the selector’s contact points are not located on
the planar surface as was idealized on the illustrations of the Easson and
Steadman model or the Ogston model. Another important aspect is that, orig-
inally, the contacts in these models were defined as point attractions [i.e.,
linkages A-a, B-b, and C-c consisted of strictly defined intermolecular attractive
forces (2)]. With time, the concept has been redefined as a three-interactions rule
where the type of interaction is immaterial; it could be either attractive or
repulsive. Steric hindrance by a bulky group or any loose type of interaction
involving a contour of a larger part of the molecule may play an important role
in defining the orientation of an enantiomer within the binding site (6). As
illustrated by the Ogston model, in the case of stereospecific/stereoselective
enzymes the residues performing a catalytic reaction incorporate point interac-
tion(s) to the system (e.g., the interaction A-a’ in Fig. 3.1B).



34 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

Four-Point Models
Three-point models are very simplistic and assume several conditions, which in
real life are not frequently fulfilled. Recalling once again the analogy to the
Cahn-Ingold-Prelog convention, determining the rotation order of three largest
valencies around the tetrahedral center of chirality is indeed sufficient to
establish the configuration. However, a central requirement needs to be addi-
tionally assumed: all three valencies are directed into the viewer’s eye and the
smallest fourth valency must always point away from the viewer. Similarly, the
central (and implicit) requirement for three-point models is the fact that a chiral
molecule can approach the binding surface of the selector only from one side.
The opposite enantiomer molecule is not permitted to flip into the interior of the
macromolecule of the selector in order to make the network of interactions with
A, B, and C points equivalent to the network of interactions made by the original
enantiomer approaching the surface from the “regular” side. At first glance, this
seems to be a very reasonable assumption; however, many situations may be
hypothesized where such conditions could actually occur. If it is assumed, for
example, that binding to the internal surface of the channel where A, B, and C
points are distributed in a planar fashion in three angles of a triangle perpen-
dicular to the channel axis. If the distance is appropriate, each a, b, and c valency
of the tetrahedral object can form optimized interactions regardless of chiral
configuration. The difference will be manifested by the fourth nonbonded
valency pointing in opposite directions in both enantiomeric tetrahedrals
(a scheme is depicted in Fig. 3.3A). In such a situation, the network made by
A-a, B-b, and C-c contacts will be the same for both enantiomers and additional
contact point(s) will be required in order to observe any enantioselectivity.
This topological condition to the three-point models was first conceptually
formulated in 1950 by Wilcox et al. (8), but the idea tended to be overlooked for a
long time (6). Yet in 1989, Topiol and Sabio (9) in a theoretical paper addressing
simulation of energetics of short intermolecular interactions between two chiral
tetrahedrons defined that interactions between all eight valencies play a role in
the mutual interactions of two tetrahedrons. In other words, four contact points
are necessary for chiral recognition. They concluded that for the object to be
chiral, 3D space is required: thus “chirality discriminative forces” cannot be
represented by the interaction of objects reduced to two dimensions (as is
presented by a 2D triangle in the classical illustration of three-point model,
Fig. 3.1). This concept was elegantly illustrated by Bentley (6), who showed that
if a three-point model is drawn in 3D space (instead of 2D), both enantiomeric
molecules can be positioned in a manner allowing equal A-a, B-b, and C-c
interactions for both molecules (the scaffold of such an orientation is presented
in Fig. 3.3B). In this case the three-point system is not enantioselective and an
additional point of interaction is required to observe chiral discrimination.
Such theoretical elucidations found a vivid experimental verification in
2000 in an X-ray crystallographic study of isocitrate dehydrogenase by Mesecar
and Koshland (10,11). The enzyme is stereoselective and preferentially processes
threo-Ds-isocitrate [(1-R,2-5)-(4)-1-hydroxypropane-1,2,3-tricarboxylate] into o-
ketoglutarate; a magnesium ion is essential component of the active site to
perform the reaction. The authors cocrystallized the enzyme with a racemate of
threo-isocitrate with and without the presence of Mg”>". X-ray crystallography
revealed that the magnesium-free form of the enzyme binds exclusively the
inactive L-enantiomer, whereas when crystals are produced in the presence of
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FIGURE 3.3 Four-point models of chiral recognition. (A) The schematic model of enantiomer
discrimination proposed initially by Mesecar and Koshland for their investigations of the isocitrate
dehydrogenase system (10) is very simplistic as it assumes coplanar orientation of A, B, and C
locations. The d points (for isocitrate the —OH groups) directing the opposite locations within the
binding site is a source of enantioselectivity. (B) A more precise scheme of interactions between
threo-Ds-isocitrate (the (1-R,2-S)-enantiomer) (left) or its inactive enantiomer, (1S,2R)-isocitrate
(right), and isocitrate dehydrogenase enzyme based on the noncoplanar representation (6). a, b,
and c are carboxylate moieties, which interact with their respective A, B, and C contacts
distributed in 3D space. This orientation results in the opposite positioning of the —OH groups
and their interaction with Mg®" ion (for the p-enantiomer) or Arg''® (for the L-enantiomer).

(B)

magnesium ion, only the active substrate, b-enantiomer is seen in the electron
density maps. Superposition of the two molecular complexes indicates that three
of the four groups attached to the asymmetric C2 atom of both enantiomers bind
to the same three locations within the enzyme active site. The difference is a
hydroxyl group, the fourth group attached to this center of chirality. The —OH
group of the inactive (1-S,2-R) form interacts with the Arg'' residue in the
Mg?"-free enzyme, in contrast to the —OH group of the active substrate, which
binds to the catalytic magnesium ion associated with two aspartate residues and
water molecules (11). This differential in the positions of —OH moiety is
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essential for isocitrate dehydrogenase to distinguish between the two enantiom-
ers. The schematic modes of chiral recognition proposed for this system are
depicted in Figure 3.3A and B. 4, b, and ¢ fragments occupy the same protein
locations, the consequence of which is that the d fragment (a hydroxyl group)
points into the ogpposite directions and interacts with different protein locations
(Mg”" or Arg'" residue for p- and L-enantiomer, respectively). The authors
concluded that a similar “four-location model” is capable of explaining other
stereoselective enzyme systems including mandelate racemase (10).

The four-point model was found important in further studies of stereo-
selective binding. For example, Kato et al. (12) used this explanation to elucidate
the mechanism of selective enclathration of (2-R,3-5)-3-methyl-2-pentanol by
3-epideoxycholic acid. During crystallization, the acid forms microscopic chan-
nels that can preferentially accommodate alcohol molecules; the crystalline
inclusion method is used to resolve the (2-R,3-S)-3-methyl-2-pentanol from a
racemic mixture. The authors established the crystal structure of the enclathrate
and concluded that the alcohol molecule interacts with the channel-like cavity
by the mechanism described earlier: three asymmetric valencies of the selectand
bind to the selector’s moieties at the 3D surface of the channel and the fourth
contact is needed for the host to distinguish between enantiomers. The authors
identified the fourth contact as a C*—H- - -O hydrogen bond formed between the
hydrogen atom attached to the asymmetric carbon atom of the alcohol molecule
and the oxygen atom from the hydroxyl group of the host molecule. The
mechanism of the chiral recognition in this system can be schematically
illustrated by the model proposed in Figure 3.3A where the d-D contact for
(2-R,3-S)-3-methyl-2-pentanol is performed by C*H. - -O interaction.

Multiple-Point Model

Further considerations of point models and their generalization for molecules
containing multiple centers of chirality led Sundaresan and Abrol (13) to
elaborate the Stereocenter Recognition model based on the analysis of the
topology of a ligand'’s stereocenters. The model rigorously defines a minimum
number of locations distributed on the ligand surface that need to enter into
interaction (either attractive or repulsive) with the receptor sites in order to
observe stereoselectivity. It solely addresses interactions between the receptor
and distinct stereoisomers of a ligand, but not enantioselective enzyme action
at the substrate prochiral atom. According to the model, stereoselectivity
toward an acyclic ligand with n stereocenters distributed along the single
chain requires interaction involving a minimum of n + 2 ligand locations
distributed over all stereocenters in the ligand molecule. So for a long multi-
stereocenter chiral substance far more than three points or four points (as
discussed above) may be required. Interestingly, the model considers that
more points of interactions are required for the receptor to distinguish between
different diastereoisomers than to distinguish between two enantiomers of
acyclic multistereocenter molecule (13).

Conformationally Driven Models

Mechanisms presented so far still hold several conditions and assumptions that
are not always realistic in the molecular world. First of all, the notion of point
models implies that molecules of enantiomers are rigid objects and interact with
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point locations fixed in 3D space. On the other hand, both a macromolecule and
ligand molecule(s) undergo conformational changes upon binding and the
dynamics of this process plays a role in enantiorecognition. Such aspects were
elegantly illustrated in 1991 by Sokolov and Zefirov in the so-called rocking
tetrahedron model (14). The model proposed a dynamic explanation to the
enzymatic reaction, which, in contrast to the Ogston reaction model, may be not
only fully but also partially stereospecific. As seen in Figure 3.1C, the model
assumes that two moieties (b and ¢) of the tetrahedral prochiral molecule are
attached to the enzyme-binding site that determines the fixed location of the two
other equivalent substituents undergoing further catalytic reaction (4’ and a").
Both substituents are flexible and possess significant conformational freedom.
As a result ' and 4" arms sweep certain defined angles around the prochiral
center and each moiety sweeps different spaces that may partially overlap. The
location of the enzymatic reaction center (A) determines the extent of enantio-
specificity of the reaction performed by this system. If A point is located in the
area that is swept equally by both 4’ and a” moieties (top position, Fig. 3.1C),
both enantiomers have equal likeliness of being produced and the reaction is not
enantiospecific (enantiomeric excess ee = 0%). The more left the A point is
located in respect to “equality” point, the more enantiospecific is the reaction,
and ee increases. The extreme situation can be expected when the A point is in
the location that is reachable by only the a2’ moiety and ee = 100% should be
expected in such systems. An analogous situation occurs when the A point is
located to the right of the equality point; obviously this time the enantiospeci-
ficity is reversed and the a” moiety is preferably processed by the enzyme.

The described model is an example of a conformationally driven chiral
recognition process. Booth and Wainer (15,16) in further considering this topic
suggested that flexible molecules under certain conditions may adopt the
conformation that allows saturating interactions with all three points required
by classical models on the selector surface regardless of the configuration of the
stereocenter. As an example, the interaction between benoxaprofen and the
amylose tris(3,5-dimethylphenylcarbamate) chiral stationary phase was pre-
sented. The authors concluded that the only difference leading to the observed
enantioselectivity in this case was the entropic difference in internal energies
resulting from different conformational restraints for the two enantiomers
adopting the desired orientations within the binding site (16).

Other Diastereoisomeric Models

It is not only the selectand molecule that can undergo conformational changes.
Specific stereoconfiguration of the ligand may also induce a unique conforma-
tional shift of the recognizing macromolecule (a selector). Binding of the
substrate can induce small local or even significantly large global changes in a
receptor’s 3D structure (17,18). A very good illustration of this effect is recent
findings in the stereospecific interaction between p2-adrenergic receptor and its
agonists (see chap. 14). It was found, for example, that some agonists depending
on their stereoconfiguration are able to preferentially activate different classes of
G protein as a downstream effect of binding to the f2-adrenergic receptor (19).
Further investigations revealed that two isomers can induce different protein
conformations of the B2 receptor within the agonist binding site. As a result,
each isomer stabilizes distinct and unique active conformations of the receptor
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that is further manifested as a significant difference in functional assays
(reviewed in Ref. 20). The details of the mechanism of chiral recognition of
agonists in P2-adrenergic receptor system are presented in chapter 14 of this
book.

In the light of these considerations, any model of individual points of
interactions common to both enantiomers will be too simplistic to be of much
practical value in the context of ligands binding to macromolecules. After all, it
must be borne in mind that a central requirement (but not always sufficient
condition) to differentiate between enantiomers is to form a diastereoisomeric
pair of complexes, (+)-selector and (—)-selector. This is achieved by different
binding modes of each enantiomer to the selector; in the most extreme case, two
enantiomers of the chiral substance do not have to share the same binding site at
all. In this situation, three-point or four-point attachment is not a unique
condition to observe enantioselectivity. As pointed by Bentley, “dissymetric
treatment of a substrate by an enzyme can occur whenever the enzyme imposes,
whether actively by binding or passively by obstruction, a particular orientation
at the site of reaction. According to this general hypothesis the attachment of the
substrate to the enzyme by one group alone would suffice for a completely
stereospecific reaction” (6).

A good illustration of this hypothesis may be seen in X-ray crystallo-
graphic studies of chiral recognition in alcohol dehydrogenase from different
species (21). The enzymes can be characterized by distinct enantiospecificity
depending on from which particular species they originated (i.e., depending on
the protein sequence.). Their active site cavities are lined with different hydro-
phobic residues, which vary between species. In this case, it is hard to indicate
individual contact points that are responsible for the observed stereospecificity.
It appears that the overall size and the shape of the cavity, hydrophobicity
distribution, and steric hindrance within the cavity are responsible for control-
ling the stereospecificity of the reaction rather than specific contact points
defined within the binding site (6).

THERMODYNAMIC CONSIDERATIONS

In terms of thermodynamics, a complex between a chiral isomer and a selector
macromolecule can be described by standard Gibbs energy differences (AG®)
using the equation:

AG® = —RT'InK 1

where R is the gas constant (8.3145 J mol 'K™'), T is temperature of the
experiment in degrees Kelvin, and K is the equilibrium constant of complex
association. When two enantiomers of a chiral substance, the (+)-isomer and the
(—)-isomer, form diastereoisomeric pairs of complexes, with a chiral selector, the
energy difference between the two complexes is described by the A(AG®)
function:

K
A(AG")=AG{,,~AG;_j=—RTInK,, + RTInK :fRTln%: ~RTIno  (2)
Where K, and K(_, are association equilibrium constants for the (+)-isomer and
(—)-isomer complexes, respectively, and o is the system stereoselectivity (the
ratio of equilibrium constants).
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FIGURE 3.4 Thermodynamic parameters for three different patterns of ligand binding: (A) an
enthalpy-driven process—good polar interactions and a conformational change; (B) a process
driven by both enthalpy and entropy—favorable polar interactions and hydrophobic interactions;
and (C) an entropy-driven process—bonding dominated by hydrophobic interaction. Source:
Adapted from Ref. 22.

Standard free energy of binding can be in turn split into two components,
an enthalpic factor (AH°) and an entropic factor (TAS®), according to the
equation:

AG® = AH®° — TAS 3)

These two thermodynamic functions can be used to provide the insight
into the nature of interactions between a chiral molecule and a selector. Also,
differences between these values characterizing two diastereoisomeric com-
plexes [i.e., A(AH") and A(AS®)] give a description of the type of interactions
and processes involved in chiral recognition of the studied system. How
thermodynamic factors can be interpreted in terms of molecular effects of
governing the ligand-binding process is illustrated in Figure 3.4.

Several direct techniques can be used to determine thermodynamic
characteristics of the ligand binding (23) but still classical van’t Hoff analysis
is widely employed in these studies. In this approach, combining of Eq. 1 and
3 allows assessment of enthalpy and entropy by measurement of the equilibrium
constant as a function of the reciprocal of:
a5 a1 @

R R T

Although several exceptions were reported (15), the relationship (4) is
usually linear and when carried out separately for two enantiomers, it allows
determining enthalpic, A(AH®), and entropic, A(—TAS®), contributions of the
A(AG®) factor, which can further be used to characterize the nature of molecular
interactions governing a chiral recognition process. More negative enthalpic
contribution reflects the preferential strength of a stereoisomer-selector interac-
tion, primarily due to attractive polar and nonpolar interactions. Entropic contri-
bution corresponds to the relative strength of hydrophobic interactions
(associated greatly with reorganization of water molecules within the binding
site) as well as to a change in conformational freedom of the binding partners (24).

InK
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In one of the examples of the thermodynamic analysis, the enantiomeric
recognition of dextromethorphan and levomethorphan by the nicotinic acetyl-
choline receptor system was studied (25). In affinity chromatography experi-
ments, using the column with immobilized «3p4 subtype of nicotinic receptor,
dextromethorphan shows significantly stronger retention than its enantiomer,
levomethorphan. Van’t Hoff analysis was used to establish thermodynamic
characteristics of binding in this system. Linear regression of relation (4) for both
enantiomers allowed to determine AH” and AS® values for dextromethorphan-—
nicotinic receptor complex as —6.92 kcal-mol ' and —15.7 cal-mol "K', respec-
tively, and for levomethorphan-nicotinic receptor complex as —6.59 kcal-mol '
and —15.2 cal'mol "K', respectively. The data demonstrate that observed
enantioselectivity is due to a significant decrease of enthalpy change for the
dextromethorphan complex in respect to the levomethorphan complex, A(AH®)=
—0.33 kcal-mol !, while there is no significant difference in entropy between the
two complexes. This suggests that dextromethorphan forms stronger attractive
polar interaction with the «3B4 subtype of nicotinic acetylcholine receptor
than levomethorphan, which was further confirmed in molecular modeling
studies (26).

Another example of this analysis with very interesting findings was
published by Karlsson et al. (27), who studied temperature dependence of
chromatographic retention of enantiomers of 5-HT, selective agonist, mosapr-
ide, on a Chiral-AGP column. The authors observed that van't Hoff plots for
enantiomers were highly dependent on pH of the mobile phase used in the
experiment. A peculiar behavior was observed at pH = 6.0 where two regression
lines for two enantiomers crossed at the point corresponding to 303 K; at this
temperature no enantioselectivity was found. As a result, the reversal of
enantiomers’ elution order was shown for this pH: in temperature lower than
30°C (R)-mosapride was eluted before the (S)-enantiomer, while in higher
temperature the (S)-mosapride was eluted first.

Very interesting thermodynamic behavior was recently observed for
stereoisomers of fenoterol, a B2-adrenergic receptor agonist. The compound
2-(3,5-dihydroxyphenyl)-2-hydroxy-2'-(4-hydroxyphenyl)-1’-methyldiethylamine
possesses two stereocenters at positions 2 and 1’ and exists as four stereo-
isomers. The clinically used drug is a racemic mixture of (R,R)- and (5,5)- forms
but the (R,R)-enantiomer is demonstrated to be the significantly more active
form in either affinity binding and functional studies (28,29). The van’t Hoff
relations were determined for all four stereoisomers measuring temperature
dependence of binding affinity of a drug in a radioligand displacement assay
(30). The analysis showed that Ky values determined for (S,S)- and (S,R)-isomers
increase with the increase of temperature while the temperature has the oppo-
site effect on (R,R)- and (R,S)-isomers: the Ky values decrease with the increase
of temperature of experiment. These distinct trends are a consequence in
completely opposite thermodynamic characteristics. While the (5,5)- and (S,R)-
stereoisomers have AH" values highly negative and —TAS® values close to zero,
the (R,R)- and (R,S)-isomers have AH" values slightly positive and —TAS" highly
negative. This thermodynamic data suggest that fenoterol exhibits two distinct
binding mechanisms to the f2-adrenergic receptor and the configuration of the
first stereogenic center (position 2) of molecule is a critical factor determining
these mechanisms. The binding affinity of the fenoterol molecule with the (2-5)-
configuration is predominantly enthalpy-driven, indicating favorable polar
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interactions between the ligand and the receptor, while binding of the molecule
with (2-R)- configuration is purely entropy-driven, which suggests that hydro-
phobic interactions as well as possibly conformational change of the complex are
the crucial role ligand-receptor interactions. Interestingly, the configuration of
the second chiral center (position 1') does not influence significantly the mech-
anism of binding. Thus, both pairs of enantiomers showed a distinct mechanism
of interaction in this study; the binding mechanism of (2-R, 1’-R)-fenoterol and
(2-R, 1’-S)-fenoterol is different from the mechanism observed for (2-S, 1’-S)-
fenoterol and (2-S, 1'-R)-fenoterol, respectively (20).

Using a different approach Kafri and Lancet (31) studied the rules that
govern enantioselective separations from a statistical viewpoint. In this work, a
comprehensive data of over 72,000 enantioseparation measurements stored in
the CHIRBASE database (32,33) was studied. The separation factors were
computed using the formula:

where k' are the capacity factors. The free-energy differences A(AG®) were
computed from the separation factors using Eq. 2. It was found that the distri-
bution of separation factors (x) followed a power law (P(x) = Xe’)‘), which
corresponded to an exponential decay for the chiral free-energy differences. A
string model for enantiorecognition (SMED) was proposed in this paper to explain
this observation on the basis of an extended Ogston three-point interaction model.
Partially overlapping molecular interaction domains were analyzed in terms of a
string-complementarity model for ligand-receptor complementarity. The results
suggested that chiral selection statistics may be interpreted in terms of more
general concepts related to biomolecular recognition.

In 1992, Berthod et al. proposed a purely empirical procedure to predict
chromatographic enantioselectivity using a representation of the molecular
structure of chiral analytes (34). The approach was based on the assumption
that the difference in molecular free energy of the chiral interaction between two
enantiomers (AAG.) can be broken down into four terms, each term being
related to one of the four different substituents attached to the asymmetric
carbon of the analyte:

AAG: = (AGa1 — AGaz) + (AGe1 — AGen) + (AG1 — AGeaz) + (AGea1 — AGean)  (6)

Each substituent has its own contribution on the AAG. value, and in order
to assess these impacts a cohort of 126 chiral compounds resolved on two chiral
stationary phases (based on modified cyclodextrins) were analyzed. A cohort
introduced totally 81 different substituents and the chiral free energy contribu-
tion for each of them was estimated using the optimization procedure in a
calculation spreadsheet. The optimization involved adjusting the contribution of
each substituent in order to minimize the sum of differences between experi-
mental and computed enantioselectivity factor (X|ocalc —dep|) and assumed
a reference chiral free energy contribution of a hydrogen atom as equal to
0 cal/mol. The authors concluded that the approach could be useful for analysts
to predict the enantioseparation of other analytes using studied chiral stationary
phases (34). The approach, however, by definition estimates only the absolute
value of o; it cannot predict the relative order of eluting enantiomers.
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QSAR Studies

The prediction of chemical or biological properties of chemical substances based
on their molecular structure is a very feasible task. One of the techniques that
has found use in theoretical modeling of enantioselectivity is quantitative
structure-activity relationships (QSAR). In its classical form, the approach is
based on the linear free energy relationships postulate (LFER) (35,36) and
essentially describe the trend of changes of certain property for the group of
congeneric compounds as a function of changes of structural descriptors for
these substances. Descriptors are supposed to be easily accessible for measure-
ment either by experiment or by computational methods for all tested sub-
stances. In the biological world, an interaction of ligand with macromolecule is a
very specific and frequently multistep process. Accordingly, several such
descriptors taking into account different aspects of modeled biological property
are necessary to build realistic QSAR model by multiple linear regression
technique.

Originally developed for predicting biological activity, the approach can
be adopted to predict the enantioselectivities observed for a group of com-
pounds in a given chiral recognition system. Enantioselectivity can be described
for a group of compounds in terms of AAG values (Egs. 2 and 3), thus the linear
free energy relationships can be assumed and regression models explaining
trends in enantioselectivity ratios () can be developed. This modified analysis is
sometimes termed QSER (the acronym of quantitative structure-enantioselec-
tivity relationships) (37).

An example of QSER analysis was presented by Beck et al. (38). The
authors focused on characterizing the chiral selectivity properties of lambda-
carrageenan, naturally occurring linear polysaccharide—employed as a chiral
selector in capillary electrophoresis. A series of 13 structurally related racemic
compounds were analyzed by capilary electrophoresis (CE) and observed
enantioselectivities were rationalized by QSER technique. It was found that
the number of aromatic bonds and the partial charge of the hydrogen atom
associated with the amine group of the analyte were the factors contributing the
most to the enantioselectivity observed in this system.

Wolbach et al. (37) developed several quantitative models of enantiose-
lectivity observed in capillary electrophoresis using B-cyclodextrin, hydroxy-
propyl-B-cyclodextrin, and tri-O-methyl-B-cyclodextrin as chiral selectors. In
this work, racemic mixtures of 22 compounds were resolved using these three
chiral selector systems and such molecular descriptors as log P (lipophilicity),
TASA (total apolar surface area), HOMO (highest occupied molecular orbital),
and LUMO (Iowest unoccupied molecular orbital) were found to be important
in constructing the QSER models.

In the work by Kaliszan et al. (39), chiral benzodiazepines were chromato-
graphically separated using immobilized human serum albumin (HSA), and
QSER models of these data were constructed. Two types of binding sites were
postulated. For benzodiazepines in the P-conformation, binding to HSA
involved a hydrophobic region with steric restrictions. For drugs in the
M-conformation, a hydrophobic region was also involved, as well as a cationic
region that interacted electrostatically with carbon C(3) of the diazepine system
and substituents at that atom. These differences were found important to
explain different binding patterns for enantiomers and provide a rationalization
for the diversified behavior of benzodiazepine analogues.
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In the work by Booth and Wainer (15) on the chromatographic enantiose-
parations of certain a-alkyl arylcarboxylic acids on an amylase tris(3,5-
dimethylphenylcarbamate) chiral stationary phase, the QSER models identified
that retention of enantiomers depends on three descriptors: the number of
hydrogen bond donors (1) and acceptors (2) in the molecule and their degree of
aromaticity. The authors postulated a conformationally driven chiral recognition
mechanism for this system.

3D QSAR

Chirality is the property that occurs in three dimensions and regular QSAR
descriptors usually cannot handle specific (i.e., asymmetric) 3D properties of the
molecule. Although several attempts have been made [including definition of
the so-called chirality descriptors (40)], more effective in modeling chiral rec-
ognition are techniques of 3D QSAR. In these approaches, molecular models of
studied ligands are aligned and mapped in 3D space with a specific property
probe(s). Obtained grid maps are capable of taking into account any stereo-
chemical features of the molecules including their dissymmetry. These spatial
representations of properties of molecules are processed statistically using
multiple regression techniques (usually partial least square procedure) and as
a result a set specific property fields are generated (41). Fields represent
statistically significant areas where a property of the probe is correlated with
modeled property/activity for the whole set of molecules. By definition the
fields are distributed in all three dimensions of space around the modeled
molecules, and thus, they are able to account for enantio/stereoselectivity of a
modeled property.

A number of 3D QSAR models of molecular recognition for stereoisomeric
compounds were reported (42—47). In one such study, Suzuki et al. (48) modeled
chromatographic enantioseparation of 42 arylalkylcarbinols on Pirkle-type chiral
stationary phases. Enantioseparation factors (in the form of log o) were modeled
using one of the most popular 3D QSAR procedures: comparative molecular
fields analysis (CoMFA) (41). The analysis identified both steric and electrostatic
fields asymmetrically oriented around aligned molecules, which were found
important for enantioseparation. Analysis of the steric fields shows that
increased bulkiness of derivatives in certain regions almost exclusively pro-
duced a decrease of enantioresolution. Similarly, the analysis of electrostatic
fields identifies several regions of derivatives where higher positive charge
generally led to increased resolution, whereas only a small region was identi-
fied, where lower (negative) charge produced increased enantioresolution (48).
In the same article, the authors developed a regular QSER model to explain the
molecular level of chiral recognition. It was found that two descriptors, lip-
ophilicity and a sum of partial charges on carbon atoms of the phenyl moiety of
each tested ligands, were the factors influencing enantioseparation the most. The
combination of both parameters can be interpreted as an effect of face-to-face n-n
interactions between aromatic moieties of an analyte and the chiral selector.
Further analyses by the same group led to development of 3D QSAR models for
other chiral stationary phases as well as nonlinear models using artificial neural
networks (48,49).

In 2007, a very illustrative example of COMFA model of stereoselective
interactions of fenoterol congeners was developed by Jozwiak et al. (28). As



44 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

was mentioned earlier, fenoterol, a f2-adrenergic receptor selective agonist,
has two centers of chirality, and exists as four stereoisomers. In this study,
seven derivatives of fenoterol, modified at the aminoalkyl part of the molecule
were synthesized in all possible stereoisomeric variants totaling in 26
closely related ligands. Binding affinity equilibrium constants toward the
B2-adrenergic receptor were determined by radioligand displacement assay
and used as input data for CoMFA analysis. Since every stereochemical
configuration of chiral centers was probed in studied derivatives, the model
clearly accounts for the effect of stereochemistry on modeled binding affinity.
As shown in Figure 3.5, COMFA fields are predominantly associated with the
aminoalkyl part of the molecules (far right part of the molecule, Fig. 3.5) as it is
the region where most structural modifications take place. However, a certain
fraction of the fields asymmetrically surrounds both chiral centers. In case of

(B)

FIGURE 3.5 Comparative molecular field analysis for the series of fenoterol derivatives and
analogs (28). Figures depict (A) electrostatic fields and (B) steric fields overlaid on a structure of
R,(R)-fenoterol (centers of chirality are marked as gray balls). The first chiral center (left) is
accompanied by the asymmetric electropositive field located behind the molecule—the indication
of destabilizing hydrogen bond property of the —OH group in the S-configuration. The second
chiral center (right) is accompanied by the asymmetric steric field indicating stabilizing steric
properties of the —CHj3 group in the R-configuration.
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first center (associated with B-hydroxyl group), a field of positive electrostatic
is located behind the molecule—the indication of hydrogen bond interaction
with the oxygen atom stabilizing the binding of molecules but only when the
chiral center is in the R-configuration. The second chiral center (associated
with CHj3 group) is accompanied with the asymmetric steric field located in
front of the molecule—the indication of stabilizing steric properties of the
methyl group in the R-configuration.

CONCLUSION

As can be deduced from above examples, different models of molecular dis-
crimination between stereoisomers find applications for different studies and
systems. It is apparent that chiral recognition is a complex phenomenon and a
network of various types of static and dynamic interactions may affect binding.
Isomers are always dissymmetrical 3D objects, thus the network of these
interactions has to be dissymetrically defined in 3D space imposed by the
macromolecule on the ligand. It must be borne in mind that the presented
explanations are models, which by definition are simplified versions of the
actual phenomena that have been modeled. Therefore, some simplified explan-
ations (e.g., three-point model on flat surface, Fig. 3.1A) may appear useful but
only under additional precisely defined conditions.
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n Separation and resolution of enantiomers
and their dissociable diastereomers through
direct crystallization

Harry G. Brittain

INTRODUCTION

Molecules whose mirror images cannot be superimposed on each other are
identified as being chiral and an entire area of separation science has developed
around the resolution of such compounds. Initially, scientists associated the
phenomenon of optical rotation with the presence of carbon atoms bound to
four different molecular fragments and these asymmetrically substituted carbon
atoms became known as “asymmetric carbons.” Continuing work showed that
compounds incapable of rotating the plane of polarized light, but which were
known to contain at least one asymmetric carbon atom, could be separated into
chemically identical “optical isomers” that now exhibited the phenomenon of
optical rotation. Over time it became clear that optical activity could exist in
compounds having no asymmetric atoms and that other compounds existed that
contained two or more asymmetric carbons, but still could not be rendered
optically active. These findings necessitated a return to the proposal of Pasteur,
who held that optical activity is a consequence of molecular dissymmetry. In
other words, a molecule superimposable with its mirror image cannot be
optically active and any molecule not superimposable with its mirror image
will exhibit optical activity.

The fundamental requirement for the existence of molecular dissymme-
try is that the molecule cannot possess any improper axes of rotation, the
minimal interpretation of which implies additional interaction with light
whose electric vectors are circularly polarized. This property manifests itself
in an apparent rotation of the plane of linearly polarized light (polarimetry and
optical rotatory dispersion) (1-5), or in a preferential absorption of either left-
or right-circularly polarized light (circular dichroism) that can be observed in
spectroscopy associated with either transitions among electronic (3-7) or
vibrational states (6-8). Optical activity has also been studied in the excited
state of chiral compounds (9,10). An overview of the instrumentation associ-
ated with these various chiroptical techniques is available (11).

When a compound contains a single center of dissymmetry, its mirror
images are termed as enantiomers. Individual enantiomeric molecules are com-
pletely equivalent in their molecular properties, with the exception of their
interaction with polarized light. An equimolar mixture of two enantiomers is
termed a racemic mixture. The generally accepted configurational nomenclature
(see chap. 2 for more detailed coverage of nomenclature) for tetrahedral carbon
enantiomers was devised by Cahn, Ingold, and Prelog and is based on
sequencing rules (12). Enantiomers are identified by their absolute configuration
as being either R or S, depending on the direction (clockwise or counterclock-
wise) of substituents after they have been arranged according to increasing
atomic mass. Compounds containing more than one center of dissymmetry are
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identified as diastereomers, and in compounds containing n dissymmetric centers,
the number of diastereomers will equal 2". Diastereomers that differ in config-
uration at only one dissymmetric center only are termed epimers.

In order to specify the absolute configuration of an enantiomer containing
an asymmetric carbon atom, the four atoms attached to that carbon are first
arranged in a sequence of decreasing atomic mass. If two or more of these first
atoms have the same atomic mass, one is chosen by comparing the atomic
masses of the second group of atoms attached to the first atoms. If ambiguity
still persists, the third, fourth, etc., sets (working outward from the asymmetric
carbon atom) are compared until a selection can be made. In the second group of
atoms, those atoms with the highest, next highest, etc., atomic numbers are
always ranked in that order.

By virtue of symmetry constraints, a resolved enantiomer must crystallize
in a noncentrosymmetric space group. Racemic mixtures are under no analo-
gous constraint, but over 90% of all racemic mixtures are found to crystallize in a
centrosymmetric space group (13,14). This consequence of molecular dissym-
metry results in the situation where differing crystal structures can be obtained
for the same chemical compound, depending only on the degree of resolution.
Over the years, the study of molecular optical activity has been intimately
related to corresponding studies of crystal morphology and structure and
detailed histories can be found in the literature (15,16).

CRYSTALLOGRAPHY OF CHIRAL COMPOUNDS

A relatively small number of the possible crystallographic lattice symmetries are
available for the crystals of separated enantiomers, since these must crystallize
in a lattice structure that does not contain inverse elements of symmetry. Out of
the 230 possible space groups belonging to the 32 crystal classes, only 66 space
groups within 11 crystal classes are noncentrosymmetric and can accommodate
homochiral sets of enantiomers (17). Racemates are permitted to crystallize in
any of the 230 space groups and are not restricted to crystallizing in a
centrosymmetric group. It has been found that most racemates crystallize into
a group that possesses some elements of inverse symmetry. As will be discussed
later, racemic mixtures occasionally crystallize in an enantiomorphic lattice
system and this system results in a spontaneous resolution of the enantiomers
upon crystallization.

A symmetry element is defined as an operation that when performed on
an object results in a new orientation of that object which is indistinguishable
from and superimposable on the original. There are five main classes of sym-
metry operations: (i) the identity operation (an operation that places the object
back into its original orientation), (ii) proper rotation (rotation of an object about
an axis by some angle), (iii) reflection plane (reflection of each part of an object
through a plane bisecting the object), (iv) center of inversion (reflection of every
part of an object through a point at the center of the object), and (v) improper
rotation (a proper rotation combined with either an inversion center or a
reflection plane) (18). Every object possesses some element or elements of
symmetry, even if this is only the identity operation.

The rigorous group theoretical requirement for the existence of chirality in
a crystal or a molecule is that no improper rotation elements be present. This
definition is often trivialized to require the absence of either a reflection plane or
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a center of inversion in an object, but these two operations are actually the two
simplest improper rotation symmetry elements. It is important to note that a
chiral object need not be totally devoid of symmetry (i.e., be asymmetric), but
that it merely be dissymmetric (i.e., containing no improper rotation symmetry
elements). The tetrahedral carbon atom bound to four different substituents may
be asymmetric, but the reason it represents a site of chirality is by virtue of
dissymmetry.

Jacques has evaluated the compilations published by various authors, and
has reported that 70% to 90% of homochiral enantiomers crystallize in the
P2,2,2; or P2, space groups (13). The most frequently encountered chiral space
group, P2,2,2,, is orthorhombic, with the unit cell commonly consisting of four
homochiral molecules that are related to each other by three binary screw axes.
Practically, all of the other homochiral enantiomers crystallize in the monoclinic
P2, space group, which is characterized by a plane of symmetry and a twofold
axis. The unit cell generally contains two molecules related by a binary screw
axis.

Jacques has also concluded that among the 164 space groups possessing at
least one element of inverse symmetry, it is found that 60% to 80% of racemic
compounds crystallize in either the P2,c, C2/c, or Pi space groups (13). The most
common group is monoclinic P2;c and the unit cell of which contains two each
of the opposite enantiomers related to one another by a center of symmetry and
a binary screw axis.

A chirality classification of crystal structures, which distinguishes between
homochiral (type A), heterochiral (type B), and achiral (type C) lattice types, has
been provided by Zorkii et al. (19) and expanded by Mason (20). In the type A
structure, the molecules occupy a homochiral system, or a system of equivalent
lattice positions. Secondary symmetry elements (e.g., inversion centers, mirror or
glide planes, or higher-order inversion axes) are precluded in type A lattices. In
the racemic type B lattice, the molecules occupy heterochiral systems of equivalent
positions and opposite enantiomers antipodal are related by secondary lattice
symmetry operations. In type C structures, the molecules occupy achiral systems
of equivalent positions and each molecule is located either on an inversion center,
on a mirror plane, or on a special position of a higher-order inversion axis. If there
are two or more independent sets of equivalent positions in a crystal lattice, the
type D lattice becomes feasible. This structure consists of one set of type B and
another of type C, but is not commonly encountered. Of the 5000 crystal structures
studied, 28.4% were classified as being type A, 55.6% were of type B, 15.7% were
of type C, and only 0.3% were considered as being type D.

A detailed discussion of crystal packing and the resulting space groups
has been given by Kitaigorodskii (21). This approach assumes that molecular
crystals are assemblages for which compactness tends toward the maximum,
which is compatible with the molecular geometry. He defined a packing coef-
ficient as vZ/V, where v is the volume of the molecule, V is the volume of the
cell, and Z is the number of molecules in the unit cell. In this way, the space-
filling or packing coefficient in crystals always lies between 0.65 and 0.77, which
is of the same order as the regular packing of spheres or ellipsoids. Molecular
structures of which cause an inability to attain a packing coefficient at least equal
to 0.6 are not found to crystallize, and these compounds can only form glasses
from the melt. In order to fill space in the most compact manner with objects of
indeterminate geometry, the lattice must be populated in a compact fashion.
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There are only a limited number of two-dimensional arrays in which an object
may reside in contact with six neighbors, which is necessary for the optimal
packing of a molecular assembly. It has been concluded that the binary screw
axis is highly conducive toward efficient packing. In the final analysis, the
limited possible combinations of stacking leads to a limited number of space
groups that fulfill the requirements of three-dimensional close-packing.

The close-packing criterion for crystal stability generally yields lower free
energies for a structure composed of a racemic assembly over that composed of
homochiral molecules. This view has been expressed in the empirical rule of
Wallach, which states that the combination of two opposite enantiomers to form a
racemate is accompanied by a volume contraction. As might be expected, there are
many exceptions to this rule and these have been discussed in a systematic manner
(22). The modification to Wallach’s rule contributed by Walden is more generally
valid, and states that if an enantiomer has a lower melting point than its
corresponding racemate, then the crystals of the latter will have the higher density.

As an example of the effect of molecular chirality on the crystal structure
of isolated materials, the system studied by Pasteur will be considered (23),
who found that the resolved enantiomers of sodium ammonium tartrate could
be obtained in a crystalline form that featured nonsuperimposable hemihedral
facets (Fig. 4.1). Pasteur was quite surprised to learn that when he conducted
the crystallization of racemic sodium ammonium tartrate at temperatures
below 28°C, he also obtained crystals that contained nonsuperimposable
hemihedral facets. He was able to manually separate the left-handed crystals
from the right-handed ones and found that these separated forms were
optically active upon dissolution. More surprising was his discovery that
when the crystallization was conducted at temperatures exceeding 28°C, he
obtained crystals having different morphologies that did not contain the
hemihedral crystal facets (also Fig. 4.1).

The explanation to Pasteur’s observations is that the sodium ammonium
salt prepared from racemic tartaric acid crystallizes in the orthorhombic P2,2,2;

Dextrorotatory crystal Levorotatory crystal
form form

Racemate crystal form

FIGURE 4.1 Crystals of sodium ammonium tartrate, obtained under conditions yielding the
hemihedral facets (darkened crystal faces) distinctive of the chiral crystalline forms. Also shown
is the crystal morphology of racemic sodium ammonium tartrate.
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space group, characterized by unit cell parameters of a = 12.173 A, b=14412 A,
and ¢ = 6.235 A (24). This particular crystal class is noncentrosymmetric and as a
result individual crystals are dissymmetric. When formed below a temperature
of 28°C, the preferred molecular packing does not permit the intermingling of
the enantiomers to yield a true racemic crystal and hence the crystallization
results in a spontaneous resolution of the substance into physically separable
dissymmetric crystals. On the other hand, when racemic sodium ammonium
tartrate is isolated at temperatures higher than 28°C, a different polymorphic
form is obtained, that of sodium ammonium tartrate that crystallizes in the
monoclinic P2;/a space_group and is characterized by unit cell parameters of
a=15244 A, b =5066 A, c = 10218 A, and f§ = 93.60° (24). The racemic crystal
form is characterized by a completely different packing pattern and pattern of
hydrogen bonding, which allows for the formation of a racemic modification.

PROPERTIES AND RESOLUTION OF RACEMIC MIXTURES

OF DISSYMMETRIC SOLIDS

The early work of Pasteur clearly demonstrated that racemic compounds were
actually mixtures of the mirror images of the compounds and that these mixtures
could be separated into their component enantiomers by various means. He
found that while certain compounds could be resolved by mechanical separation
of directly crystallized chiral crystals, the majority of organic compounds required
some type of reversible chemical reaction in order to effect an enantiomeric
separation. Racemic compounds separable by the direct crystallization method
were termed conglomerates, while racemic compounds that became separable by
crystallization subsequent to their derivatization were termed racemates.

Many procedures result in the incomplete resolution of a racemic mixture
into the component enantiomers, and quantities have been defined that are used
to specify the degree of resolution. The enantiomeric purity (EP) of a substance
will have values between 0 and 1, and for substances where the (R)-enantiomer
is present in excess, the EP is given by:

EP = 2(Xz) — 1 M

where Xy is the mole fractions of the (R)-enantiomer. The enantiomeric excess (EE)
of a substance will have values between 0 and 0.5 and is the quantity of excess
enantiomer over that of the racemic mixture. Where the (R)-enantiomer is
present in excess, the EE is given by

EE = (Xg — 0.5) @

For example, in the instance where the mole fraction of excess enantiomer in a
substance is 0.65, the EP would equal 0.3 (i.e., 30%) and the EE would equal 0.15
(i.e., 15%).

Historically, optical rotation was used to measure the EP of a substance,
giving rise to the term optical purity (OP). When measured using optical rotation,
the OP of a substance is given by

op — oBs @)
(o]

Where oops is the observed optical rotation of the substance and [o] is the
specific rotation of the enantiomerically pure substance. When the enantiomeric
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composition of a substance is determined by nonoptical means (such as chiral
chromatography or nuclear magnetic resonance), the results should not be referred
to as optical purities but should be properly identified as enantiomeric purities.

Conglomerate Systems

Conglomerate solids are characterized by the presence of a single enantiomer
within the unit cell of the crystal, even when the solid is obtained through
crystallization of a racemic or partially resolved mixture. These solids consist of
separate crystals, each of which consists entirely of one enantiomer or its mirror
image and which may be separated solely on the basis of their physical
properties. The small-scale resolution of dissymmetric compounds crystallizing
as conglomerates can be straightforward since the resolution step takes place
spontaneously with the crystallization step. The key to a successful resolution by
direct crystallization lies in the means used to physically separate the crystals
containing the opposite enantiomers.

Approximately 10% of chiral compounds inherently form conglomerates
by virtue of their crystallization tendencies (13,25), and Jacques and coworkers
have provided details of approximately 250 organic compounds forming known
conglomerate systems (26,27). The apparent randomness of conglomerate sys-
tem formation has been explained through considerations of the thermodynam-
ics of these systems. The stability of true racemic solids is defined by the free
energy change associated with the process of combining the (R)-enantiomer
with the (S)-enantiomer to produce the (R,S)-enantiomeric solid. This process
has been calculated to be in the range of 0 to -2 kcal/mol and is roughly
proportional to the difference in melting points between the racemate and the
resolved enantiomers (28). In most cases, the free energy associated with
the formation of racemates is exothermic, owing to the positive nature of the
enthalpies and entropies of formation. In those cases where the melting point of
the racemic mixture is at least 20° lower than the melting points of the separated
enantiomers, a conglomerate system will generally be obtained.

The use of crystal structure prediction in the evaluation of systems for their
tendency toward spontaneous resolution has been explored (29). Using a gas
phase conformational search to locate low-energy conformations, the possible
crystal structures of 5-hydroxymethyl-2-oxazolidinone and 4-hydroxymethyl-2-
oxazolidinone assembled from these conformations have been predicted. For both
compounds, the racemate was predicted to have the lowest energy, with the
energy difference between the lowest-energy racemic structure and the lowest-
energy separated enantiomer structure being in the range of 0.2 to 0.9 kcal/mole.
The authors noted that as the lattice energy calculations become more accurate, it
should become possible to predict whether a chiral molecule will crystallize in a
space group where its racemate or conglomerate nature would be expressed.

A theoretical explanation has been developed to explain the effect of chiral
impurities on the crystallization rates of the enantiomorphic components of a
conglomerate system (30). The theory provides the time required to complete the
crystallization of the separated enantiomers, suggests that one might be able to
obtain an enantiomerically pure product even if the chiral impurity was
less than enantiomerically pure and even provides information regarding
the particle size distribution. The model was tested on the crystallization of
D,L-glutamic acid that was carried out in the presence of a resolved L-lysine
impurity.



54 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

Inherently Conglomerate Systems
Since a racemic conglomerate system will consist of independently formed,
enantiomerically pure crystals, such racemic mixtures are seen to constitute a
binary system that consists of physical mixtures of the enantiomer components.
Such binary mixtures are easily described by the phase rule and can be charac-
terized by their melting point phase diagrams. Since the components of a con-
glomerate racemate will melt independently at the same temperature, the material
will exhibit the melting phenomena of a pure substance. One would therefore
predict the existence of a eutectic point in the melting point phase diagram that
would be located at exactly the racemic composition. In principle, the enantiomer
present in excess could be separated out in a partially resolved conglomerate
system simply by heating the sample to a temperature just above the melting point
of the racemate and then collecting the crystalline excess of the residual enantiomer.
An example of the type of melting point phase diagram that is typical for a
conglomerate system is shown in Figure 4.2, which illustrates the phase diagram
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FIGURE 4.2 Melting point phase diagram obtained for methyl diacetyltartrate. The actual
reported data points are shown as the filled circles, and the left-hand side of the phase diagram
was obtained by taking the mirror image of the right-hand side of the diagram. Source: Prepared
using data published in Ref. 31.
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reported for methyl diacetyltartrate (31). Below the eutectic temperature of 79°C,
the system will exist as a mixture of solid D-enantiomer and r-enantiomer. At the
exact composition of the racemic mixture (X = 0.5), the system will exist entirely
in the liquid phase above the eutectic temperature. At mole fractions where the
amount of L-enantiomer exceeds that of the p-enantiomer, the system will exist
as an equilibrium mixture of racemic liquid and solid L-enantiomer. As required
by the phase diagram of a conglomerate, the eutectic temperature is the lowest
temperature attainable where any liquid phase can exist in equilibrium with any
solid phase.

An alternate approach for the characterization of conglomerate systems is
through the use of ternary phase diagrams, where one component is the solvent
and the solubility of the substance is used as the observable parameter (10,25). A
racemic mixture will be more soluble than are the separated enantiomers and
the rule of Meyerhoffer states that a conglomerate will have a solubility that is
twice the solubility of the resolved enantiomer (32). This situation arises since
ideally the mole fraction of an independent constituent in a liquid depends only
on the enthalpy of fusion and melting point of the substance and since the
solubility of one enantiomer cannot affect the solubility of the other. Jacques and
Gabard have examined the solubilities of a number of conglomerate systems and
have largely confirmed the double solubility rule (33). A selection of the results
reported for nondissociable substances is presented in Table 4.1.

Jacques and coworkers have provided a comprehensive background regard-
ing methodologies that enable direct crystallization for the resolution of racemic
mixtures (13,25), which may be supplemented by other reviews in this area (34,35).

The first method of enantiomeric separation by direct crystallization is the
mechanical technique used by Pasteur, where he separated the enantiomorphic
crystals that were simultaneously formed while the residual mother liquor
remained racemic. Enantiomer separation by this particular method can be
extremely time-consuming and not possible to perform unless the crystals
form with recognizable chiral features (such as well-defined hemihedral
faces). Nevertheless, this procedure can be a useful means to obtain the first
seed crystals required for a scale-up of a direct crystallization resolution process.
When a particular system has been shown to be a conglomerate and the crystals
are not sufficiently distinct so as to be separated, polarimetry or circular

TABLE 4.1 Solubilities of Separated Enantiomers and Racemic Mixtures of Conglom-
erate Materials

Ratio of
Solubility of  Solubility of racemate
separated racemic solubility to
enantiomer mixture enantiomer
Compound System (9/100 mL) (9/100 mL) solubility
Asparagine Water (25°C) 2.69 5.61 2.16
(«-Naphtoxy)-2-propionamide Acetone (25°C) 1.38 2.24 2.08
p-Nitrophenylaminopropanediol Methanol (25°C) 1.63 3.35 2.14
N-acetyl-leucine Acetone (25°C) 1.86 412 2.13
N-acetyl-glutamic acid Water (25°C) 414 8.28 2.12
Diacetyldiamide Water (35.5°C) 12.4 23.7 2.14

3,5-Dinitrobenzoate-lysine Water (30°C) 6.96 13.17 1.99
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dichroism spectroscopy can often be used to establish the chirality of the
enantiomeric solids.

Even a few seed crystals, mechanically separated, can be used to produce
larger quantities of resolved enantiomerically pure material. A second method
of resolution by direct crystallization involves the localized crystallization of
each enantiomer from a racemic, supersaturated solution. With the crystallizing
solution within the metastable zone, oppositely handed, enantiomerically pure,
seed crystals of the compound are placed in geographically distant locations in
the crystallization vessel. These serve as nuclei for the further crystallization of
the like enantiomer, and enantiomerically resolved product grows in the seeded
locations. This procedure has been used to obtain both enantiomers of metha-
done, where approximately 50% total yield of enantiomerically pure material
can be obtained (36).

Enantiomer separation may be practiced on the large industrial scale using
the procedure known as resolution by entrainment (13,25). The method is based
on the condition that the solubility of a given enantiomer is less than that of the
corresponding racemate. To begin, a solution that contains a slight excess of one
enantiomer is prepared. Crystallization is induced (usually with the aid of
appropriate seed crystals); whereupon the desired enantiomer is obtained as a
solid and the mother liquor is enriched in the other isomer. In a second
crystallization step, the other enantiomer is obtained. The method can be
applied to any racemic mixture that crystallizes as a conglomerate and the
main complication that can arise is when the compound exhibits polymorphism.
In that case, the entrainment procedure must be carefully designed so as to
generate only the desired crystal form.

Resolution by entrainment is best illustrated through the use of an exam-
ple, and the laboratory-scale resolution of hydrobenzoin (37) is an appropriate
example. Initially, 1100 mg of racemic material was dissolved along with 370 mg
of (-)-hydrobenzoin in 85 g of 95% ethanol and then the solution was cooled
down to 15°C. Then 10 mg of the (-)-isomer was added in the form of seed
crystals and a crop of additional crystalline material was allowed to form. After
20 minutes, 870 mg of (-)-hydrobenzoin was recovered; 870 mg of racemic
hydrobenzoin was then dissolved with heating, the resulting solution cooled
to 15°C, and seeded with 10 mg of the (+)-isomer. At this time, 900 mg of (+)-
hydrobenzoin was recovered. The process was cycled 15 times, and ultimately
yielded 6.5 g of (-)-hydrobenzoin and 5.7 g of (-)-hydrobenzoin. Each isomer
was obtained as approximately 97% enantiomerically pure.

Racemate Systems Rendered into Conglomerates
Although the number of organic compounds forming conglomerate systems is
not large, a significant number of other chiral compounds can be transformed
into conglomerate-forming systems through formation of a salt or covalent
derivative. For example, substitution of additional functionalities onto the
achiral portion of a compound can sometimes also yield a conglomerate system.
For example, although mandelic acid and many of its derivatives crystallize as
racemic mixtures, ortho-chloromandelic acid is obtained as a conglomerate (38).
The enantiomers of sec-phenethyl alcohol form a conglomerate system upon
formation of the 3,5-dinitrobenzoyl ester (39).

While the frequency of conglomerate-forming systems is fairly small
for organic compounds, a statistical analysis of more than 500 salts has
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demonstrated that the probability of observing spontaneous resolution is two
or three times higher for salts of the same organic compounds (40). The
possibility has been further demonstrated through studies of the crystalliza-
tion of achiral dicarboxylic acids with o-phenethylamine, where racemates
were obtained for the salts with hydrogen malonate and hydrogen phthalate,
but a conglomerate was obtained for the hydrogen succinate salt (41). In a
subsequent work, it was concluded that conglomerate formation took
place when the protonated and deprotonated carboxylic acid groups formed
hydrogen-bonded chains rather than forming intermolecular hydrogen-
bonded dimers in the crystal (42).

To illustrate how a racemate system can be turned into a conglomerate
system, and to demonstrate how one may recognize the existence of a conglom-
erate system, we will consider the example of ibuprofen, or 2-(4-isobutylphenyl)
propanoic acid. The single crystal structures of enantiomerically pure (61) and
racemic (62) ibuprofen have been published and the powder diffraction patterns
of the enantiomerically pure and racemic forms were calculated from the
crystallographic properties of the respective unit cells (Fig. 4.3). The existence
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FIGURE 4.3 X-ray powder diffraction patterns calculated from the published crystal structures of (S)-
ibuprofen (solid trace; derived from Ref. 43) and (RS)-ibuprofen (dashed trace; derived from Ref. 44).
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FIGURE 4.4 X-ray powder diffraction patterns obtained for the tromethamine salts with (S)-
ibuprofen (solid trace) and (RS)-ibuprofen (dashed trace).Source: Courtesy of H G Birittain,
unpublished results.

of a conglomerate system is indicated if the diffraction patterns of enantiomeri-
cally pure and racemic forms of a compound are the same, but this is not the
case for ibuprofen. Formation of the tromethamine (2-amino-2-(hydroxymethyl)
propane-1,3-diol) salt of ibuprofen was found to result in the generation of a
conglomerate system, as demonstrated in Figure 4.4 by the equivalence in X-ray
powder diffraction patterns of the (S)-ibuprofen/ tromethamine and (RS)-
ibuprofen/tromethamine salts (45). In addition, the differential scanning calo-
rimetry thermograms of the salts are effectively the same, with the (S)-ibuprofen
salt exhibiting a melting endotherm at 158.4°C (enthalpy of fusion of 159.1 J/g)
and the (RS)-ibuprofen salt having a melting endotherm at 158.9°C (enthalpy of
fusion of 160.2 J/g) (45).

The crystal structures of the cinnamic acid salts with (+)-1-phenylethylamine
salt and (+)-1-(4-isopropylphenyl)ethylamine were determined using single-
crystal X-ray analysis, where it was found that two amine components and
two acid components formed a helical column through hydrogen bonding in
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each crystal (46). On the basis of structural similarity of the two conglom-
erates, a criterion was proposed for the transformation of a racemic modifi-
cation of an amine into a conglomerate crystal. For this to occur, the achiral
acid should form a helical column by hydrogen bonds with the amine, the
acid should be rigid and flat to limit the orientation of the amine, and the sizes
of the amine and the acid should be similar to each other. The proposed
criteria were supported through crystal structure determinations of the
conglomerate systems formed by the p-chlorobenzenesulfonic acid salt of
L-alanine, the p-toluenesulfonic acid salt of L-serine, and the benzenesulfonic
acid salt of (L)-leucine (47).

Racemate Systems

Racemate solids are characterized by the presence of equimolar amounts of both
enantiomers within the unit cell of the crystal, which crystallizes within a
centrosymmetric space group. This space group will necessarily be different
from the noncentrosymmetric space group characteristic of the separated
enantiomers. As a result, the range of physical properties associated with a
heterochiral solid will generally be completely different from those of the
homochiral solid. For instance, the melting point of the exact racemic mixture
may be greater than or less than that of the separated enantiomers and there is
no general rule that can be invoked to provide a reliable prediction of melting
point behavior.

The melting point phase diagram of a racemate system will contain two
eutectic minima, and crystallization at either condition will yield a racemic
mixture and not enantiomerically pure product. The phase diagram shown in
Figure 4.5 for methyl dipropionyltartrate is typical for a racemate system,
where a eutectic temperature of 24°C was detected for a D-enantiomer com-
position of 75 mole-percent (31). For compounds containing a single center
of dissymmetry, construction of the full phase diagram only requires the
acquisition of melting point data for one enantiomer in excess to develop
one side of the phase diagram, as the other side of the phase diagram must be
the mirror image.

Care must be observed in the interpretation of a melting point phase
diagram for those instances where the eutectic temperatures are located close
to the equimolar composition; as such systems could be erroneously inter-
preted as indicating the existence of a conglomerate system. An example of
this type of behavior is shown in Figure 4.6 for the ethyl diacetyltartrate
system, where a eutectic temperature of 42°C was found for a p-enantiomer
composition of 55.7 mole-percent (31). On the other hand, when the eutectic
temperatures are close to the melting points of the pure enantiomers, the
phase diagram could be mistaken for that of a solid solution. An example of
this behavior is shown in Figure 4.7 for the methyl dibenzoyltartrate system,
where a eutectic temperature of 130.4°C was found for a pD-enantiomer com-
position of 94.5 mole-percent (31). It is clear that the melting points of a
sufficient number of compositions must be measured if the proper phase
diagram is to be obtained.

In order to separate the enantiomers of a racemate system, the properties
of the molecule must be transformed in such a way that the phase diagram
containing two eutectic points becomes a phase diagram containing one eutectic
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FIGURE 4.5 Melting point phase diagram obtained for methyl dipropionyltartrate. The actual
reported data points are shown as the filled circles, and the left-hand side of the phase diagram
was obtained by taking the mirror image of the right-hand side of the diagram. Source: Prepared
using data published in Ref. 31.

point. This can be brought about through performance of a derivatization
reaction with a suitable chiral reagent that leads to diastereomers (often
identified in the literature as the p-salt and the n-salt) that exhibit a phase
diagram containing only a single minimum. In general, this minimum will not
be located at the exact racemic composition, but will instead be observed at
some other concentration value. In fact, for the p-salt to be separated from the
n-salt in a single crystallization step, the position of the eutectic should be
substantially removed from the equimolar point.

To illustrate the effect of diastereomer formation on phase diagrams, the
example of ibuprofen may again be considered. As evident from the phase
diagram shown in Figure 4.8, ibuprofen forms a classic racemate system (45,48),
with a eutectic temperature of 47.1°C detected at 81.2 weight-percent
(S)-ibuprofen composition. The mirror image eutectic would be predicted to
form at the same temperature but at 18.8 weight-percent (S)-ibuprofen
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FIGURE 4.6 Melting point phase diagram obtained for ethyl diacetyltartrate. The actual
reported data points are shown as the filled circles, and the left-hand side of the phase diagram
was obtained by taking the mirror image of the right-hand side of the diagram. Source: Prepared
using data published in Ref. 31.

composition. However, as shown in Figure 4.9, when the salt of ibuprofen is
formed with a-methylbenzylamine (i.e., the resolving agent), the phase dia-
gram is simplified into that of a single eutectic, characterized by a temperature
of 147.0°C detected and at 66.5 weight-percent (S)-ibuprofen composition
(45,49). A procedure could be designed that would serve to crystallize one
diastereomer over the other and then remove the resolving agent to obtain
purified enantiomer.

The preceding example demonstrates the general view that the proce-
dure most likely to alter the crystallization thermodynamics of true racemate
systems will entail the formation of dissociable diastereomer species (50-54). In
most instances, these diastereomers are simple salts formed between proton
donors and proton acceptors, or electron-pair donors and electron-pair accept-
ors. For example, the first resolving agents introduced for acidic enantiomers
were alkaloid compounds, and hydroxy acids were used for the resolution of
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FIGURE 4.7 Melting point phase diagram obtained for methyl dibenzoyltartrate. The actual
reported data points are shown as the filled circles, and the left-hand side of the phase diagram
was obtained by taking the mirror image of the right-hand side of the diagram. Source: Prepared
using data published in Ref. 31.

basic enantiomers. This type of resolution procedure has been known since the
time of Pasteur and extensive tables of resolving agents and procedures are
available (47,55,56).

The general procedure for separation of enantiomers through formation
of dissociable diastereomers can be illustrated for the instance where a racemic
acid is to be resolved through the use of a basic resolving agent. The first step
of the resolution procedure involves formation of the p- and n-diastereomeric
salts:

Racemic mixture + Resolving agent - Diastereomer salts

(+)-R-COOH (+)-R—COO-NH3-R'—(+)
+ 2 NH-R'—(+) -

(-)-R-COOH (-)-R—-COO-NH3-R'—(+)
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FIGURE 4.8 Melting point phase diagram obtained for racemic ibuprofen free acid. The actual
reported data points are shown as the filled circles, and the left-hand side of the phase diagram
was obtained by taking the mirror image of the right-hand side of the diagram Source: Courtesy of

H G Brittain, unpublished results.

According to convention (57), the (R,R) and (S,5) diastereomers are termed
the p-salts, and the (R,S) and (S,R) diastereomers are identified as the n-salts.
In the example used above, the (+)-R-COO-NH;-R'—(+) diastereomer
would correspond to the p-salt, and the (--R-COO-NH;-R'~(+) diastereomer
would be the n-salt. In the usual practice, the p- and n-salts are separated by
fractional crystallization and the success of the resolution process is critically
related to this crystallization step. As discussed above, the act of derivatization
may be considered as a process that alters the phase diagram from that of a
double eutectic into a pseudoconglomerate phase diagram exhibiting only one

eutectic.
important role in their separation by crystallization, it follows that ternary
phase diagrams incorporating solvent can play a large role in understanding

Since the relative solubilities of the diastereomeric species play such an
a resolution process (58). A study of the separation of the enantiomers of
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FIGURE 4.9 Melting point phase diagram obtained for the salt formed between racemic
ibuprofen and the (S)-enantiomer of «-methylbenzylamine. Source: Courtesy of H G Birittain,
unpublished results.

phenylsuccinic acid after formation of the phenylsuccinate/proline salt demon-
strated the utility of phase diagrams in the design of enantiomeric separations
(59). In this work, it was found that the degree of resolution for the salt having
the 1:2 stoichiometry was only minimally affected by temperature, while the
separation of the 1:1 stoichiometric phenylsuccinate/proline salt was strongly
affected by temperature.

The chiral discrimination existing in the diastereomer systems formed by
ephedrine and various mandelic acids has been studied in great detail using a
variety of spectroscopic and structural tools. Although significant differences in
the solubilities of the n- and p-salts obtained after reaction of ephedrine with
mandelic acid were known to exist, both salts were found to crystallize in the
same monoclinic space group with crystal structures that were isosteric (60). In
subsequent work, it was shown that the crystalline diastereomer salts formed by
(R)-mandelic acid formed a more compact repeating pattern (with higher
melting points and enthalpies of fusion) than did analogous salts formed by
(S)-mandelic acid (61). It was deduced that the subtle chiral discriminations led
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to the existence of different hydrogen-bonding modes, which in turn became
manifest in a variety of other physical properties.

There is no doubt that the crystallographic differences between the
diastereomers generated during derivatization directly affect the outcome of
the resolution process. For example, when p,L-phenylglycine was resolved with
(5)-camphor-10-sulfonic acid, the n-salt was isolated in 45.7% yield and had an
EP of 98.8% (62). The less soluble n-salt exhibited a higher melting point and
enthalpy of fusion than did the p-salt, which was found to be freely soluble. The
crystal structure of the n-salt exhibited a dense structure containing alternating
phenylglycine cation and camphor sulfonate anion layers, while the structure of
the p-salt exhibited a coarser structure with vacancy layers between the anion
and cation planes. These differences in crystal structure directly led to the
differing physical properties of the diastereomeric salts that caused the enantio-
meric resolution to be so successful.

Depending on the details of the lattice dynamics, there is no restriction
regarding the ability of a given pair of p- and n-salts to crystallize in the same or
in different space groups. For example, in the diastereomeric system formed by
a-methylbenzylamine and hydratropic acid, the p-salt was found to crystallize
in the P2; space group, while the n-salt crystallized in the P2,2,2; space group
(63). Although the conformations of the constituent species in the two crystal
forms were reported to be similar, the mode of molecular packing that led to the
structure of the individual crystals was very different.

This latter behavior differs from that observed in the crystalline diaster-
eomers of mandelic acid with a-phenylethylamine (64). Here the n-salt crystal-
lized in the triclinic P1 space group, while the p-salt crystallized in the
monoclinic P2; space group. The crystallographic structures of the two diaster-
eomers revealed the existence of fairly equivalent hydrogen-bonding patterns,
but at the same time substantially different conformations for the two molecular
ions making up the donor-acceptor complex were noted. These structural
differences became manifest in the relative solubilities of the two diastereomers,
where the aqueous solubility of the p-salt was much less than that of the n-salt.

Once either the p-salt or the n-salt (or both) is successfully crystallized, the
diastereomer salt is dissociated and the resolving agent separated. In the specific
instance of acid resolution, the diastereomeric salt is efficiently cleaved by
means of a hydrolysis reaction:

!

Separated diastereomers + Hydrolysis agent Separated enantiomers
(+)-R—-COO-NH3;—R'—(+) + HCI - (+)-R—COOH+(+)-R'-NH3ClI
()-R-COO-NHz-R'—(+) + HCI - (-)-R-COOH+(+)-R-NH;ClI

The diastereomer cleavage must be simple, selective, take place in quantitative
yield, must not racemize the resolved compound, and must leave the resolving
agent in a form that is easily recovered. The recovery is usually brought about
by precipitation or extraction of the resolving agent. One important criterion in
the choice of a resolving agent is the ease by which it may be dissociated and
removed from the compound being resolved (50-54).

Computational methods are increasingly being brought to bear on the
crystallographic aspects of chiral crystals. The possibility that the crystal struc-
tures of a particular diastereomeric salt pair could be predicted with an error in
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calculated lattice energy of less than 4 kcal/mole has been demonstrated for the
system formed by a chlorine-substituted cyclic phosphoric acid and ephedrine
(65). In another study, it was demonstrated that the stability difference of
the diastereomeric salt pairs of three derivatives of 1-phenylethylammonium-2-
phenylacetate was related to their resolution efficiency, even though similarities
existed in their molecular structure and hydrogen-bonding motifs (66).

SUMMARY

With more and more therapeutic agents being administered as resolved enan-
tiomers, methods for isolation of the desired chiral species will be in great need
during development. Melting point or solubility phase diagrams can be
extremely useful, since this information can be used to identify the agent in
question as being either a conglomerate or a racemate. Should the compound
happen to crystallize as a conglomerate, then enantiomer separation by direct
crystallization could possibly represent the cost-effective route. Compounds
identified as racemates would necessarily require separation by some other
means, such as the formation of dissociable diastereomers.
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H Indirect methods for the chromatographic
resolution of drug enantiomers

Wladyslaw Golkiewicz and Beata Polak

INTRODUCTION
The chiral resolution by chromatographic methods such as high-performance
liquid chromatography (HPLC) or gas chromatography (GC) can be divided into
two categories, direct and indirect separations. In the direct method, a racemic
mixture is directly separated on a column that contains a chemically immobi-
lized chiral stationary phase (CSP) or by the addition of a chiral selector to the
mobile phase.

The main principle of the indirect method has been well described by
Drayer (1):

The physical properties of enantiomers are identical in an achiral environ-
ment. However, chemical reaction that adds another asymmetric center creates a
diastereomeric pair, each of which has physical properties that are not completely the
same. Therefore, although an enantiomeric pair cannot be separated by ordinary
chromatographic means or fractional recrystalization, the diastereomeric pair can
often be separated easily by these means.

An example of such a reaction can be that between two enantiomers of
naproxen (R)- and (S)-naproxen, a nonsteroidal anti-inflammatory drug) and
one enantiomer of 1-phenylethylamine. Naproxen represents a sample of a drug
whose composition is to be determined and 1-phenylethylamine is the unichiral
derivatizing reagent.

The stereochemical course of this reaction is shown in Figure 5.1.

It is obvious that, if two racemic mixtures were to be used in the reaction, that
is, (R,S)-naproxen and (R,S)-1-phenylethylamine, four different diastereomers
would be obtained. Unfortunately, although four different diastereomers would
be synthesized, there would be two cases of racemic mixtures being formed, with
the result that two racemic pairs of diastereomers would be obtained.
Such mixtures can be separated in an achiral chromatographic system, but only
into two peaks; each consisting of two diastereomers. This is why, according to
the reaction shown in Figure 5.1, in indirect chromatographic resolution of
enantiomers, only one enantiomer of high enantiomeric purity is used to convert
enantiomers into diastereomers.

In the literature, an enantiomer that after reaction with the two enan-
tiomers converts the racemic mixture to the diastereomeric mixture may be
referred to as the chiral derivatizing reagent (CDR) or unichiral reagent
(sometimes also called chiral derivatizing agent, CDA). The widespread inter-
est in the analysis and quantification of the enantiomers of chiral drugs has led
to the development and use of a variety of CSP in the direct methods and CDR
in the indirect methods. There are various CDR that are characterized by high
molecular absorptivity (UV or VIS) or high fluorescence quantum yield (¢).
High racemic purity of the CDR is an important requirement in this analysis.
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FIGURE 5.1 Course of the reaction for the resolution of naproxen enantiomers by the indirect
method. [Note the 1-phenylethylamine has the same configuration about the chiral center
(marked by asterisks) in both diastereomers.]

When a CDR is not enantiomerically pure and contains even a small amount of
the second enantiomer, the racemic resolution of the target compound will not
be determined accurately. For example, trace R-CDR in S5-CDR reacting with
S-drug containing a trace of R-drug would give a large S-CDR-S-drug, which
would be relatively unaffected by the diminishingly small amount of the
coeluting enantiomer R-CDR-R-drug derived by the reaction of the two trace
impurities. However, the presence of R-CDR-S-drug coeluting with S-CDR-R-
drug would have a significant adverse effect on the estimation of the trace
R-drug in S-drug.

Enantiomeric analysis of chiral drugs can be accomplished by a variety of
analytical techniques, including liquid and gas chromatography, capillary
electrophoresis (CE), and supercritical fluid chromatography (SFC). HPLC,
which is the most commonly used, has several attractions, for example, oper-
ation at ambient temperature, so that the risk of the chiral drug racemization on-
column is reduced, possibility of using different detector systems including
circular dichroism, and possibility of using different type of CSP or different
precolumn derivatization using different types of CDR. Moreover, HPLC has
also been used successfully at the preparative scale.

Conversion of a mixture of enantiomers by chiral derivatization into a
volatile diastereoisomeric species allows the combination of GC and the indirect
method. There are many reviews and publications on separation of enantiomers
by this means, for example, Srinivas et al. (2) or Segura et al. (3). Also, Liu and
Lin (4) dedicated part of their review to the indirect method as used in GC.
However, some authors (2,5) argue that higher possibility of racemization in
experimental temperature makes the GC indirect resolution not a method of
choice for the enantiomeric separation of drugs.
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There have been a number of reviews dealing with chiral liquid chroma-
tography, both in direct and indirect format published in the past decade.
Properties of CDR can be found in reviews written by Ilisz et al. (6), Sun et al. (7),
and Toyo’oka (8). The chiral resolution of different classes of drugs was
reviewed by Sun et al. (7), amine drugs of abuse by Lin and Liu (4), and
nonsteroidal anti-inflammatory drugs by Davies (9). Pharmaceutical and bio-
medical applications of chiral analysis of pharmaceutical compounds in biolog-
ical fluids were reviewed by Ducharme et al. (10) and Haginaka (11). Toyo’oka
(12) divided all CDR into two groups: the first group that absorb in the UV or
VIS regions and second group that can be analyzed using fluorimetric detection.
Srinivas compared the stereoselective data for 17 racemic drugs obtained using
direct and indirect methods (13) and evaluated experimental strategies for the
development of indirect methods (14,15). Lindner wrote a review article on this
topic in 1988 (16), which still can be a very good practical guide to understand
principles of indirect method. The progress in chromatographic enantiosepara-
tions of drugs was described by Bojarski et al. (17).

The above-mentioned reviews are good sources for literature data, which
can be a quick step to solve many separation problems. In this chapter, the
information contained in a chapter written by J. Gal (18) is supplemented and
updated and the latest achievements in synthesis of a new CDR and selected
applications using indirect method are reported. Only derivatization for liquid and
gas chromatography will be discussed, with the omission of analogous procedures
for Capillary Electrophoresis (CE) or Nuclear Magnetic Resonance (NMR).

GENERAL CONSIDERATIONS
Chromatographic General Considerations
In considering derivatization, it is useful to use two chromatographic parame-
ters used for characterization of the chromatographic separation, namely, res-
olution Rg and separation factor a.

Resolution is a quantitative measure of the distance between adjacent
chromatographic peaks and their widths

2(ty — )

Re =
s (w1 + wy)

(1)
where f, and w, are the retention time and width for second eluting peak, and
t; and w, are the retention time and width of first eluting peak. Theoretically, if
Rs = 1.0, complete separation of two compounds is obtained but in practice two
adjacent peaks overlap each other and Rg should be >1.5.

The second chromatographic parameter to bear in mind is the separation
factor, o, which is the ratio of the capacity factors, k, and k;, for two adjacent
peaks, where k; is the later eluting peak:

)
= = 2
=4 (V)

In very general terms, if efficiency of the column used is high (large
number of the theoretical plates) and peaks are very narrow at the base, « = 1.05
is enough to obtain satisfactory separation, but for more tailing peaks the
separation factor should have the value, « = 1.1 or more.
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The Derivatization Reaction

The derivatizing reagent is used to react with the enantiomers in order to change
the chemical and physical properties of these compounds. Therefore, it is
necessary to ascertain that the expected diastereomers are obtained. This can
be done by using typical analytical techniques as mass spectrometry (MS), UV,
IR, etc. This procedure is especially important in the case of derivatization of
compounds that possess more than one functional group.

The derivatization reaction of the enantiomer can be carried out in aque-
ous or nonaqueous solvents, depending on properties of the enantiomers and
CDR, for example, in case of the acid halides, it is necessary to use a nonaqueous
solvent such as chloroform, since the reagent readily undergoes hydrolysis with
water and therefore water contamination should be avoided. However, the
derivatization of analytes well dissolved in water can be carried out in water or
aqueous media, what can be a critical advantage of analysis.

Another requirement for the reaction conditions must be minimization of
the possibility of any racemization of either the enantiomers or the CDR. Vakily
et al. (19) convincingly demonstrated that the use of high pH or high ionic
strength during derivatization can cause significant racemization so that the
obtained results may not accurately reflect the true enantiomeric disposition in
human tissue. Although the possibility of racemization during preparation of
enantiomeric drug derivates may not be ruled out, employing mild to moderate
conditions usually minimize such an effect. Therefore, reaction conditions,
mainly type of buffer, ionic strength, temperature, and pH should be selected
with caution, to ensure that they do not promote racemization.

It has been stated (13) that a minor contamination of the CDR with its
second enantiomer does not significantly alter the results of analysis. More
information on racemization of the CDR, during synthesis, storage, and the
derivatization reaction can be found in a paper written by Srinivas (13).

Both derivatized enantiomers may have an unequal reaction rate with the
CDR. To overcome such an effect, the CDR must be added in excess and the
reaction should go to completion with both enantiomers having reacted totally
with the CDR. However, it is worth noting that using an excess of the CDR
aggravates any problems associated with the presence of CDR excess and by-
product after the reaction.

The Chiral Derivatizing Reagent

The choice of a derivatization reagent is of crucial importance. It is essential to
consider several important aspects before choosing the most appropriate CDR.
Toyo’oka (8) pointed out several of these:

1. The optical and chemical purity of the CDR should be very high. Commer-
cially available CDR are not 100% enantiomerically pure and the second
enantiomer is often present at a level of 0.5% to 1%. As already suggested,
precise trace analysis of one enantiomer in the presence of large amount of
the second enantiomer requires an exceptionally high purity of the CDR.

2. Degree of racemization during storage and synthesis of diastereomers
should be as low as possible. The factors that may facilitate racemization
are temperature, type of solvent used, interactions between the enantiomer
and solvents molecules, pH, presence of chemical impurities, etc.
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3. The resulting diastereomers have to show high chemical stability (at least
1 day) (12).

4. The reactivity of the CDR should be high in order that the derivatization
may be carried out under mild conditions.

5. The CDR should possess specificity for the target functional group(s) and
quantitatively react with enantiomers. This is especially important when the
molecules of enantiomers contain more than one functional group.

6. The solubility of CDR in water or water-organic solvents is also very
important because many bioactive chiral compounds are soluble in aqueous
solutions.

7. The reagent should be commercially available—from the practical point of
view both enantiomers of the CDR should be commercially available so that
the elution order of the diastereomers may be switched if this is helpful.

8. Elution order of the diastereomers is generally performed by comparing the
retention times of the resolved peaks of the racemic drug with those
obtained in separate derivatization, from each pure enantiomer of the
CDR. This is especially necessary when a trace enantiomer is determined
in the presence of a large amount of the second enantiomer.

The selection of the CDR is also largely dependent on the type of
functionalities of the enantiomers to be derivatized and the preferred detection
system planned to use, for example, UV, VIS, or fluorescence.

Most of the popular CDR contain chemical structures that give rise to
absorbance in the UV or VIS region. The quantitation of the enantiomers at
trace level demands the use of a more sensitive detection system in either HPLC
(UV, fluorescence, mass spectrometry) or GC (nitrogen-phosphorus detection,
electron-capture, mass spectrometry). Usually in such a case a CDR with
fluorophoric properties is used (20).

The structures of most popular chiral derivatized reagents are presented in
Table 5.1.

Lindner (16) suggests that sufficient chromatographic separation factors
() can be obtained when the asymmetric centers in the diastereomers, con-
tributed by the derivatized enantiomers and by the CDR, are close to each other,
and when rigid and relatively bulky and/or planar substituents (e.g., phenyl or
naphthyl groups) on both the enantiomer and the CDR “are contributing to an
overall molecular structural and conformational rigidity.”

It should be borne in mind that the enantioselectivity connected with the
CDR used is always related to a selected chromatographic system, whether a
normal-phase or reversed-phase chromatography. Reversed-phase chromatog-
raphy is normally preferred for the analysis of biological samples.

Additionally, the cost and ease of synthesis of the CDR may also dictate
the selection of the reagent. Although a large number of different CDR have
been synthesized for enantiomeric analysis in HPLC and GC (3,4), only some of
them have been applied in analytical practice so far.

New Chiral Derivatizing Reagents

In some cases, a number of CDR that provide UV-VIS absorbance have been
applied to the derivatization of various functional groups, but the sensitivity of
the derivative subsequently proved to be not enough when dealing with real
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TABLE 5.1 Chemical Structure of CDR Used for Derivatization
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TABLE 5.1 Chemical Structure of CDR Used for Derivatization (Continued)
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samples. To overcome this problem, various types of the CDR with fluorescence
properties have been developed (12-15).

More detailed information on the reaction conditions and properties of
CDR can be found in original papers cited below and in various reviews and
monographs: derivatization of amine group (21-30), carboxyl group (31-34), and
thiol group (35-37). These new CDR received little attention until recently.

TYPES OF APPLICATION

The chromatographic separation of racemic mixtures is under constant devel-
opment taking into account new chiral stationary phases (CSP in the direct
method), new CDR, well-established conditions of the derivatization reaction
and column separations (indirect method). The most important applications are
in pharmaceutical, clinical, and environmental analysis. Investigations of the
enantiomeric purity or composition of drugs using the chiral derivatization
method is done in laboratory research, quality control, or dosage forms. Another
application for the indirect method is explaining of enantioselective fate of drugs
in living organisms, which have important implications in human health and
effective therapy.

Sometimes it is necessary to detect traces of the inactive enantiomer, which
can exhibit undesirable effects, in the presence of high excess of the active
enantiomer. In such cases, the small peak may be overlapped by the tailing of
the larger peak of the active enantiomer. Accordingly, in almost all cases the
small peak should appear as the first peak. As already mentioned, reversal of the
enantiomeric migration order is possible by changing the stereoconfiguration of
the CDR. Now it is possible as commercial suppliers will usually offer both
enantiomers of a given CDR.
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The application of the indirect method for supplying of pure enantiomers
obtained from a racemic mixture on semipreparative scale is now very rare, due
to easy access to simpler and more efficient methods as preparative scale chiral
chromatography or salt crystallization.

HPLC and GC are still the methods of choice because there are large
numbers of commercially available CDR of high enantiomeric purity and well-
established reactions leading to diastereomeric derivatives with excellent sepa-
ration and detection possibilities.

EXAMPLES OF SEPARATION
Typically, amines, carboxylic acids, and hydroxyl groups are the functional
groups that are derivatized in many drugs and their metabolites. The pair of
enantiomers that make up the racemic mixture and the CDR must possess easily
derivatizable and compatible functional groups. The reaction should be quick to
reduce the chance of racemization of enantiomers and variation in formation
rate of derivatives.

It is convenient to describe CDR applications according to the derivatizing
functional group in the drug (20).

DERIVATIZATION OF AMINO GROUP

Given that many drugs and biochemically important compounds have at least
one amino group in their structure, derivatization reactions of primary and
secondary amines have been extensively investigated.

According to Gal (18), the formation of an amide bond, between amines
and carboxylic acids or acid chlorides, appears to be the most common reaction
used in chiral derivatization of primary and secondary amino groups. In fact
amide-forming reactions proceed readily and many chiral carboxylic acids of
high enantiomeric purity are available. The statement that the reaction of amide
formation is the most popular in derivatization of amines is certainly true in GC.
However, in HPLC, the most frequently used CDR in derivatization of amines
would now (Fig. 5.2) seem to be isothiocyanates and chloroformates.

Formation of Thioureas
Isothiocyanate reagents have following advantage over isocyanate reagents:

® The improved hydrolytic stability facilitates the derivatization of hydrophilic
compounds and the analysis of drugs from biological matrices.

® Reaction with amino group is more selective than with hydroxyl group and
no other free functional group needs to be protected.
Under the same reaction conditions the hydroxyl group is not derivatized.
Thiourea derivatives allow very sensitive UV detection.

\ R2
N—C——=S * Hfil

Ry

-~

FIGURE 5.2 Formation of thioureas.
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These properties are particularly advantageous in the case of derivatiza-
tion of amino alcohols, amino acids, catecholamines, and other highly polar
compounds.

Wu et al. (38) developed a stereoselective reversed-phase high-performance
liquid chromatography (RP-HPLC) assay to separate and quantify enantiomers
of propranolol and 4-hydroxypropranolol after derivatization with 2,3,4,6-tetra-O-
acetyl-a-D-glucopyranosyl-isothiocyanate (TAGIT; for chemical structure, see
Table 5.1). Zeng et al. (39) developed a similar assay, which was applied to
determine atenolol enantiomers using 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate (GITC) in rat hepatic microsome. The same group (40) used the
earlier described method for the determination of propranolol enantiomers in
transgenic Chinese hamster lung (CHL) cell lines. A baseline separation of
propranolol derivatives with GITC was achieved using RP-HPLC. The assay
was applied to study of the depletion of (S)-(-) and (R)-(+)-propranolol in trans-
genic Chinese hamster cell lines. Zeng et al. (41) developed an RP-HPLC assay
that allowed the separation of the enantiomers of esmolol together with its acid
metabolites (Fig. 5.3). The hydrolysis of racemic esmolol in human plasma
(Fig. 5.3B) resulted in the formation of an equivalent amount of the acid
metabolite (Fig. 5.3E).

Kleidernigg and Lindner (21) synthesized (S,5)-N-3,5-dinitrobenzoyl-
trans-diaminocyclohexane-isothiocyanate (DDITC*; see Table 5.1), which can
serve as a highly selective, stable, and enantiomerically pure CDR for the
indirect resolution of chiral primary and secondary amines, especially amino
alcohols. The derivatization of amino alcohols with DDITC takes place under
mild conditions and the resulting diastereomers are well separable by RP-HPLC.

The same authors separated many amino alcohols derivatives, the sep-
aration factor («) of the thioureas ranging between 1.05 and 2.00, and the peak
resolution (Rg) ranging from 0.67 to 6.67. Comparison of three DDITC and
GITC derivatives of amino alcohols showed that the separation factor o and
resolution Rg were usually higher for the DDITC derivatives than those for the
GITC derivatives. A disadvantage of DDITC is that derivatization of secondary
amines containing a tertiary butyl group at amino function (e.g., timolol) is
impossible.

Kleidernigg and Lindner (22) synthesized a new CDR, structurally related
to obtained earlier DDITC, namely, (15,25)-N-[(2-isothiocyanato)-(cyclohexyl)-
pivalinoyl amide] (PDITC; see Table 5.1). This new reagent can serve as a
highly selective stable reagent for the indirect resolution of chiral primary and
secondary amines and thiol compounds.

It was shown that the resulting diastereomeric thioureas can be separated by
RP-HPLC as demonstrated with a number of amino alcohol type of drugs and
other examples. Chromatographic data for selected amino alcohols derivatized
with (5,5)-PDITC and GITC were compared. The separation factors, a-values of
the PDITC derivatives, ranging from 1.03 to 2.08, the resolution Rg ranging from
0.5 to 12.9 were in most cases superior to the GITC derivatives (Fig. 5.4).

Peter et al. (23,42) developed new CDR, (1R,2R)-1,3-diacetoxy-1-
(4-nitrophenyl)-2-propyl isothiocyanate [(R,R)-DANI; see Table.5.1] that broad-
ened the number of CDR available for the enantioseparation of a series of
B-blockers. The application of DANI for the enantioseparation of a series of
amino alcohols diastereomers showed that several B-blocking agents could be
baseline separated with separation factors, «, ranging from 1.13 to 1.22 and
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FIGURE 5.3 Comparison of chromatograms of esmolol analysis in plasma. (A) Blank plasma; (B)
plasma spiked with IS and 1.7 pg/mL of esmolol and the acidic metabolite; (C) plasma samples
after hydrolysis for O hour; (D) 4.8 hours; (E) 8 hours; (1) (—)-S-acid metabolite; (2) (+)-R-acid
metabolite; (3) (—)-(S)-esmolol; (4) (+)-(R)-esmolol; (5) (—)-(S)-propranolol. Source: From Ref. 41.

resolution Rg from 0.78 to 2.72. The derivatization could be carried out
quantitatively under mild conditions, at room temperature for 5 hours when
the molar ratio of the CDR to the -blocker was 2:1. In the case of a higher excess
of the CDR, for example, 4:1, the reaction time shortened to 1.5 hours (43).
DANI as the CDR was also used for the separation of twelve synthetically
and pharmaceutically interesting racemic amino alcohols (44) with two adjacent



INDIRECT CHROMATOGRAPHIC RESOLUTION OF DRUG ENANTIOMERS 79

GITC derivatives

d

ada

1 Gt‘rc“! Gl:l
] a=1.08 (R,5)-Mexiletine
] l ll A Rs=1.19
E !‘Q (5,5)-PDITC derlvatives
j; \ =1.30
3 s —

T T T T
) ] 10 15 0 % min

—

FIGURE 5.4 Resolution of (R,S)-mexiletine derivatized as (S,S)-PDITC (bottom) and GITC
(top) thioureas. Source: From Ref. 22.

chiral centers. Since the investigated amino alcohols contain two chiral centers,
four enantiomers exist, and after separation four peaks on chromatogram should
appear. It was not a case for most investigated amino alcohols; they could not be
separated into four peaks (some only for two). This is a limitation of DANI
as compared with TAGIT (the GITC isomer). However, the enantiomers of
2-amino-1-hydroxymethylcyclohexane, 2-amino-1-hydroxymethyl-4-cyclohexane,
and 2-aminomethylcyclohexanol were well resolved with DANI whereas they
could not be separated at all with GITC.

Bischges et al. (45) developed from the 2-arylpropionic acid (S)-(+)-
naproxen, namely, 1-(6-methoxy-2-naphthyl)ethyl isothiocyanate (NAP-IT;
see Table.5.1), structurally closely related to 1-(naphthyl)ethyl isocyanate
(NEIC). The new CDR, NAP-IT was tested utilizing chiral amino compounds
such as P-adrenoreceptor antagonists and antiarrhythmic agents as model
compounds for drugs with primary or secondary amino moieties. The thiourea
derivatives were well resolved on a reversed-phase column but not under
normal-phase conditions on a silica gel column.

Toyo’oka et al. (46) synthesized a fluorescent chiral tagging reagent, 4-(3-
isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-2,1,3-benzoxadiazole
[R(—)-DBD-PyNCS; see Table 5.1] and used for the separation of racemic pairs
of B-blockers. The derivatives with DBD-PyNCS were completely separated,
except timolol. The separation factors « were in the range 1.04 to 1.32.

The DBD-PyNCS was applied to the determination of the concentration of
the enantiomers of propranolol in rat plasma and saliva after oral administra-
tion. Thioureas of B-blockers fluoresce in the long-wavelength region so the
detection limits are at femtomole levels for those having the isopropylamino
structure and picomole levels for those having the tert-butylamino structure.

Jin et al. (47) developed a method for the determination of thyroxine (the
thyroid hormones) enantiomers, used in a pharmaceutical formulation designed



80 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

to treat thyroidism, by RP-HPLC-MS with precolumn derivatization by DBD-
Py-NCS. Retention times and separation factors, o, were strongly dependent on
the mobile phase components and their concentrations. Water-acetonitrile con-
taining 0.1% of formic acid was selected as the mobile phase. It was found that
decreasing the acetonitrile concentration caused an increase in the separation
factor, «, up to 1.61, and improvement of the resolution, Rs, with the highest
value being 2.96.

Formation of Carbamates

One of the most popular chloroformate chiral reagents is FLEC [1-(9-fluorenyl)
ethyl chloroformate] (see Table 5.1). Both enantiomers are available commer-
cially in enantiomerically pure form, and diastereomers are easily detectable due
to the formation of a highly fluorescent product upon derivatization (48). The
sensitivity of fluorescence detection for the methamphetamine derivative was
almost 200 times higher than that of UV detection. The reaction proceeds at
room temperature in basic solutions and in mild conditions. Good separation in
RP-HPLC is obtained with increasing hydrophobicity of the diastereomers.

Gunaranta and Kissinger (49) investigated the metabolism of R-, S-, and
racemic amphetamine in rat liver microsomes by microdialysis and liquid
chromatography with precolumn derivatization of amphetamines with FLEC.
The reaction of the FLEC reagent with amphetamine occurs at room temperature
under basic conditions as shown in Figure 5.5.

An inconvenience of this reaction was a slight difference in reaction rates
for (R)- and (S)-amphetamine and the long time of derivatization, about 7 hours.
Another disadvantage was that baseline separation of the enantiomers was not
achieved for both amphetamine and its metabolite, 4-hydroxyamphetamine. The
study showed that the (S)-amphetamine was metabolized to a larger extent than
the (R)-enantiomer.

Two reports have described the use of FLEC for the separation of
reboxetine diastereomers by RP-HPLC (50) or NP-HPLC hyphenated with a
CSP column (chiral OD-H) (51). It was found that a chiral column separated
diastereomers better than achiral reversed-phase or normal-phase columns.

Novel, nonfluorinated enantiomers of a chiral quinolone that exhibits good
activity against gram-positive, gram-negative, and atypical bacteria were

NH, O ' O .
: + —
: CH, CH,

<o <o

Cl NH

FIGURE 5.5 Reaction between FLEC chiral reagent and (R)-amphetamine.
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FIGURE 5.6 Chromatograms of plasma samples spikes with (R) (0.8 ng/mL) and (S) (1.0 ng/mL)
enantiomers of PGE-9509924. (A) Full-scale chromatogram, (B) expanded scale, (C) blank plasma
sample. Detection with fluorescence detector. Source: From Ref. 52.

determined in dog plasma by Zontendam et al. (52). The enantiomers were
derivatized with FLEC and separated by RP-HPLC (Fig. 5.6).

The reaction was carried out at room temperature and was quantitatively
completed after 30 minutes. Plasma samples were analyzed by electrospray
LC-MS/MS (liquid chromatography-quadrupole mass spectrometer) or by
HPLC with fluorescence detection. Results obtained with LC-MS/MS detection
and fluorescence detection were essentially identical.

The FLEC has been evaluated by Campins-Falco et al. (53) for the enantio-
selective analysis of amphetamines by RP-HPLC. The chromatographic conditions
affording the best resolution of diastereomers and sensitivity were determined
for amphetamine, methamphetamine, ephedrine, pseudoephedrine, 3,4-methyle-
nedioxyamphetamine (MDA), 3,4-methylenedioxymethamphetamine (MDMA),
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and 3,4-methylenedioxyethylamphetamine (MDEA). Low resolution was obtained
for separation of amphetamine (« =1.06; Rg = 0.97) and methamphetamine (« =1.04;
Rs = 0.91), but for the other investigated substances chromatographic parameters
were very good (separation factor « in the range of 1.09-1.23).

The possibility of using FLEC for the enantioselective analysis of amphet-
amine and related substances in biological fluids was evaluated by analyzing
urine spiked with MDA.

Formation of Amides

Amide-forming reactions between amines and carboxylic acids or acids chlor-
ides proceed readily, according to the scheme shown in Figure 5.7. Separation of
the amide diastereomers is now less popular in HPLC but still exploited in GC.
Reaction proceeds under relative mild conditions, at ambient temperature or a
little elevated temperature (e.g., 60 °C for 5 minutes).

Stereoselective metabolism of famprofazone (analgesic) in humans was
studied by Shin (54). The enantiomers were derivatized with o-methoxy-o-
(trifluoromethyl)-phenylacetyl chloride (MTPA-Cl; see Table 5.1) and next
protected with N-methyl-N-triethylsilyl trifluoroacetamide (MSTFA) at the
hydroxyl groups. The derivatives of famprofazone and its metabolites were
well resolved by capillary gas-liquid chromatography except for two pairs of
N-MTPA, O-silyl derivatives: (-)-norpseudoephedrine and (-)-norephedrine;
(+)-p-hydroxymethamphetamine and (-)-p-hydroxynorephedrine, which over-
lapped. The extract from human urine was separated using GC-MS and the
stereochemical identities of metabolites were confirmed by comparison of the EI
(electron impact) mass spectra and retention times of metabolites and the
authentic standards.

Kim et al. (55) developed a stereoselective method for the quantitative
determination of metoprolol enantiomers and its metabolites in human urine
using GC-MS. In GC, it is not uncommon to use a second derivatizing, usually
nonchiral, reagent to derivatize additional functional group(s) (in this case the
hydroxyl group) on the enantiomeric analyte. For example, first metoprolol
enantiomers were derivatized with MSTFA to get O-TMS (trimethylsilyl)
derivatives and next by chiral MTPA-CI to form diastereomeric amides.

Typical GC-MS (SIM) chromatograms for separation of metoprolol enan-
tiomers and metoprolol metabolites are shown in Figure 5.8.

The reagent peaks were well separated from those from the diastereomers
and did not interfere with detection of the diastereomers. The detection limit for
(R)-(+)- and (S)-(-)-metoprolol was 0.5 mg/mL.

Derivatization of amphetamines with one of the frequently (4) used CDR,
(S)-(9)-trifluoroacetylprolyl chloride (TPC; see Table 5.1) has inherent limitation.
Racemization of this CDR produces diastereomers even from pure (S)-(+)-
methamphetamine. Paul et al. (56) instead of TPC utilized MTPA-CI to prepare

o] R4 )L .
T HN” /R
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FIGURE 5.7 Formation of amides.
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FIGURE 5.8 GC-MS chromatograms of selected-ion monitored at m/z 404. (A) Blank urine
sample, (B) 1 pg/mL of metoprolol tartrate spiked urine sample, (C) 5.25-hour urine sample after
oral administration of 100-mg metoprolol tartrate. (1) (R)-(+)-metoprolol, (2) (S)+(—)-metoprolol,

(3, 4) metoprolol metabolites, (5, 6) bisoprolol (internal standards). Source: From Ref. 55.



84 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

the amides diastereomers of racemic amphetamines, which were separated and
quantified in urine specimens by GC-EI-MS. No racemization was observed
with this reagent. The procedure was applied to test 43 urine specimens from
the U.S. Navy Laboratory for the presence of amphetamine, methamphetamine,
MDA, MDMA, and MDEA.

Tao and Zeng (57) described a method of the determination of several
chiral phenylethylamine drugs in urine or rat hepatic microsomes. Drugs such
as fenfluramine, amphetamine, and methamphetamine were derivatized with
TPC and analyzed by GC-MS. The method allowed study of the metabolic
depletion of amphetamine and fenfluramine in rat hepatic microsomes. It was
stated that metabolism of the (R)-enantiomers of amphetamine and fenfluramine
was more rapid than (S)-enantiomers of these drugs. The authors (57) developed
two methods of derivatization for investigated drugs: aqueous phase and
organic phase derivatization.

Wang et al. (58) tried to solve the problems in which forensic toxicologists
have been involved for years: (i) enantioselective data and (i7) the differentiation
between illegal consumption of abused amphetamine-generating drugs and
legitimate administration of prescribed amphetamine-generating drugs. They
elaborated a simple, rapid, reliable analytical method involving the reaction of
amphetamine and methamphetamine with CDR (TPC) and GC-isotope dilution
mass spectrometry. According to the authors, the developed method should
meet the requirements of most of the workplace urine drug-testing programs.
Using TPC as CDR, a resolution of 2.2 and 2.8 for amphetamine and metham-
phetamine was achieved.

Hair analysis is a useful tool for detecting and monitoring drugs of abuse
over a long time period. The enantioselective separation of amphetamine and
related drugs has been found to be useful for correct interpretation of amphet-
amine-type stimulants (ATS). Since the metabolism of ATS is stereospecific, the
use of the proportions of the metabolite enantiomers is a powerful tool for the
interpretation of the drug administered.

Martins et al. (24) synthesized a novel chiral reagent (25,4R)-N-heptafluor-
obutyryl-4-heptafluoro-butyroxy-prolyl chloride (HFBOPCI) and applied it for
the enantiomeric quantification of amphetamines and methylene-dioxylated
amphetamines in hair. Drug enantiomers were converted to their diastereomeric
derivatives, in 15 minutes at room temperature in carbonate buffer. All 10
resulting diastereomers were baseline separated in 12 minutes retention times.

The developed method was applied to analyzing hair specimens from
24 suspected ATS abusers. Both (R) and (S) amphetamine and methamphetamine
enantiomers were detected in all cases and one hair specimen was tested positive
for MDMA and MDA. In most cases the concentrations of (S)-amphetamine and
(5)-methamphetamine exceeded those corresponding to the (R)-enantiomers.
No additional derivatization with achiral reagent was necessary.

Besides MTPA-C], also (R)-(+)-a-methoxy-a-(trifluoromethyl) phenylacetic
acid (MTPA) was used for chiral identification and determination of the
enantiomers of methamphetamine, ephedrine, pseudoephedrine, and methca-
thinone by GC-MS and compared with the results obtained by NMR (59). The
substances were derivatized with MTPA to give diastereomeric derivatives,
in the presence of dicyclohexylcarbodiimide (DCC). Baseline resolution of
eight diastereomeric MTPA derivatives was obtained with resolution of at
least Rg = 1.6. The accuracy of the determination of the enantiomeric ratios



INDIRECT CHROMATOGRAPHIC RESOLUTION OF DRUG ENANTIOMERS 85

was determined by comparison of the theoretical (known concentration of
solution) and experimentally determined results from GC-MS and NMR. Excel-
lent agreement was obtained with the theoretical (known) values and obtained
by both methods.

Ephedrine and pseudoephedrine are common over-the-counter pharma-
ceuticals, sometimes used for conversion to methamphetamine in illicit manu-
facturing processes, so the identification of ephedrine and pseudoephedrine and
their metabolites is of great importance.

Wang et al. (60) used MTPA for the derivatization of ephedrine, norephe-
drine, pseudoephedrine, and cathinone following GC-MS separation. The
authors used 5 CDR (TPC, GITC, TAGIT, FLEC, and MPTA) and found that
MTPA was the most effective CDR for the derivatization of ephedrines, allowing
complete baseline resolution of 10 structurally closely related compounds.

Formation of Ureas
Primary and secondary amines react with isocyanates to give corresponding
ureas (Fig. 5.9).

Derivatization of amines with isocyanates is less popular than with
isothiocyanates, probably because more severe reaction conditions are required,
for example, a longer reaction time and a higher temperature.

There are two commercially available chiral isocyanates: 1-phenylethyl
isocyanate (PEIC) and 1-(1-naphthyl)ethylisocyanate (NEIC).

A stereoselective HPLC method determination of mefloquine, a chiral
drug administered for prophylaxis and treatment of malaria, was developed by
Souri et al. (61). The method was applied for the determination of mefloquine
enantiomers in plasma, urine, and blood. Mefloquine was derivatized with
NEIC and the resulting diastereomers were separated on a silica normal-phase
column with the separation factors « > 1.3.

Szymura-Oleksiak et al. (62) described a stereoselective direct chromato-
graphic method for assay of enantiomers of acebutolol and its active metabolite
diacetolol in human serum (CSP Chiralpak AD). The results obtained by the
direct method were compared with results obtained by the indirect method. The
NEIC derivatives of acebutolol, diacetolol, and pindolol (internal standard) were
separated in reversed-phase mode. It is interesting that the separation factors ()
for acebutolol and diacetolol enantiomers had the same values for both the
direct and indirect methods. The serum concentrations of acebutolol and
diacetolol enantiomers determined in five patients on long-term acebutolol
treatment showed that data obtained by both methods were very similar.

PEIC (also known as a-methylbenzyl isocyanate, MBIC) was used by Beal
and Telt (63) for the derivatization of pindolol enantiomers in human plasma
and urine. The PEIC derivatives of pindolol and metoprolol (internal standard)
were separated by RP-HPLC and detected using fluorescence. The elaborated
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FIGURE 5.9 Formation of ureas.
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assay allowed the measurement of clinically relevant concentrations of each
pindolol enantiomer.

DERIVATIZATION OF HYDROXYL GROUPS

A variety of CDR have been employed in the derivatization of hydroxyl
groups: FLEC, PEIC (MBIC), MTPA, 2-methoxy-2-(1-naphthyl)propionic acid
(M-a-NPA), or (R,R)-O,0’-di-p-toluoyl tartaric acid anhydride (DTTAAN).
Compounds with a hydroxyl group are usually difficult to derivatize due to
the limited reactivity and competitive reaction with water in the reaction
medium. Therefore, reactions with acid chloride CDR are mainly performed in
anhydrous solvents such as chloroform and benzene under protection from
moisture (13).

The carbonation of hydroxyl compounds with chloroformate reagents
seems to be a suitable derivatization reaction because of the good reactivity of
the -COCl1 group in the reagent. Fransson and Ragnarsson (64) described the
separation of six a-hydroxy acids with the separation factors 1.24 or higher; the
only exception was malic acid where separation factor, o, was in the range 1.10
to 1.15. Retention of the acidic diastereomeric carbonate derivatives was con-
veniently regulated by pH of the mobile phase (RP-HPLC).

L-carnitine is a vitamin-like amino acids derivative, highly therapeutically
effective, used for various nutritional and pharmaceutical applications. In con-
trast, b-carnitine displays serious side-effect so that the p-carnitine concentration
must be precisely determined. Freimiiller and Altorfer (65) developed a method
of separation of carnitine isomers after derivatization with FLEC using RP-
HPLC. Reliability and validity for the method to quantify D-carnitine in
L-carnitine samples in the range 0.1% to 1% was ensured.

Isocyanate CDR such as PEIC can react with alcoholic hydroxyl groups to
produce carbamate diastereomers. Kim et al. (66) described the determination of
(S)-terbutaline in enantiomeric excess of (R)-terbutaline. The enantiomers were
converted to diastereomeric derivatives using PEIC and separated by RP-HPLC
and '"H-NMR. The obtained results were compared and NMR results agreed
with those obtained by the RP-HPLC method.

Also carboxylic acids, mainly as acid chlorides, were used for derivatiza-
tion of hydroxyl groups. The esters derived from the reaction between M-a-NPA
and various chiral alcohols were separated by normal-phase HPLC (67).

Taji et al. (68) described the resolution of racemic alcohols as esters of
M-a-NPA, using normal-phase HPLC. The separation factor, o, ranged from
1.15 for 2-butanol esters to 1.93 for 2-hexadecanol esters. The large values of «
allowed the isolation of pure enantiomers by semipreparative scale column
chromatography and reduction of diastereomers with LiAlH, or hydrolysis
with KOH/EtOH.

Delmopinol is a new chiral substance active against plaque. Egginger et al.
(69) established an enantioselective method to elucidate the pharmacokinetic
behavior of this drug. The delmopinol enantiomers were extracted from plasma
by solid-phase extraction and derivatized with (R,R)-O,0’-di-p-toluoyl tartaric
acid anhydride [(R,R)-DTTAAN; see Table 5.1] yielding diastereomeric deriva-
tives, which were separated by RP-HPLC followed by highly sensitive electro-
chemical detection. The limit of quantitation in plasma was approximately
3 pmol (1 ng) per enantiomer per 0.5 mL plasma.
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FIGURE 5.10 Reaction between (S)-ibuprofen enantiomer and (R)-NEA.

DERIVATIZATION OF CARBOXYLIC GROUPS

Derivatization of carboxyl compounds is usually carried out by amide or ester
formation. The esterification reaction with chiral alcohols requires drastic
conditions, so derivatization with chiral amines is carried out more frequently.
The reaction with chiral amines, in the presence of activation reagents, usually
proceeds under relative mild conditions at room temperature.

An enantiospecific assay for determination of ibuprofen enantiomers in
serum and urine has been developed by Tan et al. (70). Enantiomers of
ibuprofen were derivatized with (R)-1-(1-naphthen-1-yl)ethylamine (NEA;
see Fig. 5.10) using 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide and
1-hydroxybenzotriazole as coupling reagent, to yield diastereomeric amides.
Chromatographic resolution was achieved using RP-HPLC.

Some new CDR were applied for separation of ibuprofen and ketoprofen
enantiomers. Hayamizu et al. (31) developed a new labeling reagent, methylated
Ne-Dansyl-L-lysine, for compounds with a carboxylic moieties. The derivatiza-
tion reaction proceeds under mild condition with this coupling reagent. The
assay was employed for quantitation of ibuprofen enantiomers in human urine.

Santa et al. (32) synthesized four new fluorescent CDR with benzofurazan
structure, similar to the reagents developed earlier by Toyo’oka (12). These
reagents with amino functional groups were tested by derivatization of keto-
profen followed by RP-HPLC and fluorescence or MS detection.

Trans-4-hydroxy-2-nonenoic acid (HNEA), a marker of lipid peroxidation,
enantiomers were separated (33) using direct (Chiralpak AD-RH as CSP) and
indirect methods (1S,25-)(+)-2-amino-1-(4-nitrophenyl)-1,3-propanediol (ANPAD
as CDR). The direct method provided better precision of determination but not so
low a limit of quantification. Accordingly, the indirect separation method was
applied for the determination of the enantiomeric ratio of HNEA enantiomers in
rat brain mitochondria lysate.

DETERMINATION OF AMINO ACIDS

The development of chromatographic methods to determine the enantiomeric
composition of amino acids (AA) is an important subject in many fields, namely,
medicines, pharmacy (production of a new peptides), food, and natural
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products. Unusual b-AA have been found in plants and mammalian tissues,
either in the free form or as components of peptides and proteins. The infor-
mation on occurrence of D-AA in plants was presented in reviews by Robinson
(71), Gamburg and Rekoslavskaya (72), and Friedman (73).

CDR, earlier proposed for the determination of amino and carboxyl
groups, can also be used for the indirect separation of AA enantiomers, but
some of new CDR were also developed.

Brukner and Wachsman (74) developed a series of CDR in which one
chlorine in cyanuric chloride was substituted by an alkoxy or aryloxy group,
whereas the second chlorine was replaced by (S)-amino acid derivative (e.g.,
amide). These CDR, possessing a reactive chlorine, were tested for their capability
of derivatization of amino acids enantiomers. Derivatization reactions were con-
ducted for up to 6 hours, but after 2 hours no increase of peak areas occurred.
Separation factor for tested AA and best CDR used were in the range of 1.14 to 2.11.

Peter et al. (42) developed new CDR for chiral derivatization of com-
pounds possessing an amino group. They utilized (S,5)-2-amino-1-(4-nitro-
phenyl)-1,3-propanediol (for the general structure of DANI see Table 5.1),
which is a side-product of chloramphenicol synthesis.

Applicability of DANI was demonstrated through the example of resolu-
tion of 18 proteinogenic u-AA. The diastereomeric thioureas were separated by
RP-HPLC. The separation factors were in the range 1.09 to 1.54 for methanol as
mobile phase modifier and 1.06 to 1.24 for acetonitrile. The reaction was
completed within 2 hours at 60°C.

Nimura et al. (75) investigated D-AA in mammalian tissues to determine
localization, dynamics, and physiological function, particularly free D-aspartate.
For these studies, they synthesized N-(tert-butylthiocarbamoyl)-L-cysteine ethyl
ester (BTCC), which together with o-phthalaldehyde react with AA enantiomers
to produce fluorescent diastereomers that are well separated using RP-HPLC.
Separation factors, o, for investigated AA were in the range 1.31 to 1.56. What
more, reaction time was only 1.5 minutes!

Peter et al. applied commercially available compound (S)-N-(4-nitrophe-
noxylcarbanoyl) phenylalanine methoxyethyl ester, (S)-NIFE, for enantiosepara-
tion of ring- and a-methyl-substituted phenylalanines and phenylalanine amides
(76), 18 unnatural B-amino acids (77), and proteinogenic AA (78). The effect of
pH and kind of the modifier of a mobile phase, reaction time on separation were
investigated.

Brukner and Westhauser (79) used commercially available N-isobutyryl-L-
cysteine together with o-phthaldialdehyde to convert AA enantiomers occurring
in plants into diastereomers. The resulting fluorescent isoindole derivatives
were separated by RP-HPLC and GC-MS. The data obtained by authors
demonstrated that D-enantiomers of certain AA occur in all investigated plants.
Notably, D-Ala, D-Asp, and D-Glu were found in many plants, for example,
apple, water melon, mango, coconut milk, D-Lys in few plants, and D-Leu only
in coconut milk.

SUMMARY

Significant pharmacodynamic and pharmacokinetic differences between enan-
tiomers cause great interest in stereochemical aspects of these drugs. Thus, it
is very important to develop reliable methods of enantioseparation and
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quantitative determination. One of the methods is derivatization of enantiomers
leading to formation of diastereoisomers described in this chapter. Separation
techniques employed for this goal vary depending on the purpose sought and
the type of stationary phase to be used. Indirect methods allow reasonable
separations without the need of using expensive CSP.

Derivatizing reagents change the chemical and physical properties of
investigated compounds.

There are several requirements for derivatization reagents:

Enantiomeric purity

Stability

Good sensitivity and selectivity of reaction

Stability of resulting derivatives

Negligible risk of racemization

Possibility of using the derivatization reaction for bioanalytical applications
Availability of an established protocol (volume of chiral reagent, duration of
reaction, temperature reaction, reaction media, pH, and other conditions)

The most popular groups as the target for derivatization are amino, hydroxy,
and carboxylic groups. These tagging groups may be derivatized in various
ways: amino solutes could be transformed into ureas, thioureas, carbamates,
amides; hydroxyl compounds could be transformed to esters, carbamates; acids
could be transformed to amides or esters.

However, there are many groups for which derivatization is difficult
(tertiary amines, lactones, alkenes, and alkynes) due to lack of effective reagents.
So development of new selective and sensitive derivatization reagents is still
necessary.

There is no instant way to find good conditions for separation of diaster-
eomers using the indirect method. In the order of 90% of separations of
diastereomers is carried out using RP-HPLC and Cy5 column, and occasionally
trial and error is still used in the development of the separation. Nowadays
normal-phase chromatography on a silica gel column with a nonaqueous mobile
phase is rarely used. It was found that sometimes the type of the organic
modifiers strikingly influences the separation. In case of RP-HPLC, the effect of
the type of modifier (methanol, acetonitrile, tetrahydrofuran) was investigated
and most authors stated that better separation of diastereomers can be obtained
when methanol is used (42,75). However, it was also shown that using a mobile
phase composition of methanol-water or methanol-aqueous buffer, it was not
possible to separate some diastereomers, whereas acetonitrile containing eluents
did allow appropriate resolution. Many times decreasing of the polar modifier
concentration in a mobile phase leads to improving of separability but, however,
this leads to longer retention times.

Some researchers believe that the impetus for chiral separation advance-
ment and enhancement has remained very high over the past decade. In this
regard, both direct and indirect separation methods have been very valuable.
According to the opinions Giibitz and Schmid in (80), that “A certain disad-
vantage of this (indirect) approach is the additional step (derivatization)” but
“on the other hand many problems cannot be solved by direct separation
approaches.” With the advances that have been made in analytical science
since 2004, the number of problems that cannot be solved will be ever
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diminishing. This is especially the case because of the use of MS detection
becoming more commonplace and poor detectability being the problem that the
indirect method is often used to solve. However, not all laboratories routinely
use MS detection and not all chiral LC separations are readily compatible with
MS detection (81). It is not surprising then that there is still evidence from recent
literature in interest in the development of new chiral derivatizing agents (82)
and in the application of the indirect method to fascinating new applications
where very low limits of detection are required (83). In fact, the indirect method
is still of value even when MS detection is being used (84).
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n HPLC chiral stationary phases for the
stereochemical resolution of enantiomeric
compounds: The current state of the art

W. John Lough

TRENDS IN THE DEVELOPMENT OF HPLC CHIRAL

STATIONARY PHASES

In any account of drug stereochemistry, the development of commercially
available chiral stationary phases (CSP) warrants some attention. This area of
scientific endeavor has made a significant impact on the study of drug stereo-
chemistry and indeed on the entire pharmaceutical industry. It has also been a
major success story over the past quarter century, reaching maturity very
quickly but also seeing nonstop activity and useful developments in the ensuing
period. Not surprisingly then, it has been extensively chronicled already (1-6).
However, such has been the volume of activity that it is still necessary to pick
out the important trends from the wealth of detail available.

In the latter half of the 1980s in particular, commercially available CSP
made a highly significant contribution to transforming the way chiral drugs
were developed. Despite concern over the links between chirality and the
thalidomide tragedy (7), synthetic chiral drugs were still generally being
developed as their racemates, a situation not entirely unconnected to the fact
that in the early 1980s it was still difficult to resolve and determine individual
enantiomers without the use of indirect methods (see chap. 5) such as diaster-
eomer formation. While there was interest among regulators in the analysis of
individual enantiomers, as illustrated by the work of Wainer and Doyle in the
laboratories of the Food and Drug Administration (FDA) in the United States on
Pirkle-type CSP (Fig. 6.1) (see Ref. 8, and references therein), and pharmaceutical
companies were aware of this, the technology to develop single enantiomer
drugs was simply not in place. This situation changed in 1985 with the
commercial introduction of Hermansson’s Enantiopac" CSP (9), based on the
immobilization of the plasma protein a;-acid glycoprotein (AGP) (Fig. 6.2), by
LKB of Sweden. While the Pirkle-type CSP had been on the market and had
been highly acclaimed for their “breadth of spectrum,” the phases of this type
available at the time only gave enantioresolution for a limited class of com-
pounds. The Pirkle-type 1A containing an electron-deficient dinitrobenzoyl
group only really gave enantioseparations for compounds containing electron-
rich aromatic systems, typically a naphthalene ring, and tended to be used
primarily for neutral compounds. However, with the advent of the commercial
AGP phase, suddenly it was possible to obtain direct chiral separations for a
wide range of different classes of racemic drugs. AGP is the main plasma-
binding protein for basic drugs, and accordingly, even though the tertiary
structure would have been affected by the immobilization, the AGP CSP was
especially useful for enantioseparations of basic drugs (10). However, it was also
used for quite a few acidic (11) and neutral drugs. Also, another immobilized
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FIGURE 6.1 Synthetic multiple-interaction (Pirkle-type) chiral stationary phase featuring a
modified natural amino acid chiral selector, in this case N-(3,5-dinitrobenzoyl)phenylglycine.
Using normal phase solvents, this CSP gave good enantiomer separations for a wide range of
neutral compounds, for example, containing a naphthalene ring system, where there is scope for
n-n interactions with the dinitrobenzoyl group.

1 &P
& ©

FIGURE 6.2 Schematic representation of o4-acid glycoprotein showing the peptide backbone,
two disulfide bridges, and five carbohydrate units. This chiral selector when immobilized to form a
CSP gives rise to enantiomer separations for a “broad spectrum” of chiral analytes, being
particularly successful for basic compounds.

protein CSP, that based on bovine serum albumin, was used primarily for acidic
drugs (12). Other classes of CSP such as those based on cyclodextrins and
derivatized polysaccharides followed so that by the late 1980s the situation had
been transformed to the point that the separation of the enantiomers of synthetic
chiral drugs had become quite commonplace. Such was the interest in the subject
area that several books on chiral liquid chromatography were published (1,2), and
on the back of the advances that had been made, the FDA was soon able to start
formulating guidelines related to single enantiomer drugs (see chap. 14). Of
particular interest was the J. T. Baker guide to CSP authored by Wainer (3).
Building upon previous publications (13), Wainer subdivided CSP into five
different types (Wainer types I-V) and provided advice on how to set about
developing a chiral separation. As such, this publication gained some prominence
at the time but it could be said that it has gained even more prominence in recent
times. In patent cases involving challenges to patents for single enantiomer drugs
generally held by the innovator pharmaceutical company that had produced the
original racemic version (see chap. 15), the Wainer guide is often central to
discussions, being held up as evidence not only that chiral high-performance



HPLC CSP FOR THE RESOLUTION OF ENANTIOMERIC COMPOUNDS 97

%SiOZ%O\SQ 07 N2

/
HsC CHa
NO,

FIGURE 6.3 (S,S) Whelk O1 CSP (Regis Technologies, Inc.) is a higher-generation Pirkle-type
synthetic multiple-interaction CSP. Compared to earlier Pirkle-type CSP, it contains two chiral
centers, a n-base group as well as a n-acid group, and has greater structural rigidity.
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FIGURE 6.4 Derivatized polysaccharide CSP showing groups commonly used to functionalize
polysaccharides such as cellulose or amylose.

liquid chromatography (HPLC) was an obvious option in the late 1980s but also
that innovation was not needed in setting about developing a chiral separation.

Even given the remarkable early success of commercial CSP, by the time
the second edition of the Wainer Drug Stereochemistry book (4) was published
in 1993, there had been significant additional progress. Higher-generation Pirkle
CSP had been developed (Fig. 6.3) and derivatized polysaccharide CSP based on
carbamate rather than ester derivatization were now well established, with
derivatized amylose CSP being used as well as derivatized cellulose CSP
(Fig. 6.4). Such was the breadth of spectrum of these newer CSP that it was
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possible to contemplate adopting a chiral LC screening approach to method
development rather than a carefully mapped out sequential strategy that might
have been adopted in the late 1980s. From the mid-1990s onward, major
pharmaceutical companies adopted these screening approaches involving work-
ing through parallel columns with different mobile phases and then optimizing
the best “hits.” This approach to method development is still prevalent today in
major companies but, of course, the screens have been much refined and are
generally more sophisticated and efficient.

With chiral separations seemingly no longer presenting too much of a
challenge [personal communication, Keith Truman (GlaxoWellcome, Ware,
U.K\) 1996, “Chiral separation is no longer an issue; we just do it” (!)], a major
focus for chiral LC over the next decade and on to today has been doing chiral
separations on a preparative scale, whether it be in early discovery to carry out
pharmacological testing on individual enantiomers or in production to do such
separations on a process scale. This is why a major chapter (see chap. 7) on this
topic has been included in this volume. The next really significant development
in chiral LC was not entirely unrelated to the focus on preparative chiral LC.
Immobilized derivatized polysaccharides can obviously be used with a wider
range of mobile phases than the previously existing derivatized CSP, which
were prepared by coating the chiral selector onto the stationary phase. Equally
obviously this meant that on the very large preparative scale there was much
less chance of a drug being contaminated with traces of chiral selector. The
advent of immobilized derivatized polysaccharide CSP was also related to the
coated equivalents coming off patent. Once this happened, most companies in
the commercial CSP market brought out their own clones, mostly of Chiralcel
OD and then, slightly later, Chiralpak AD. Developments in commercial CSP
have continued but there have been no new products that have made a really
major impact to transform the field. However, the chiral ion-exchange CSP
introduced by Wolfgang Lindner’s group are worth noting as they represent
the first new genuinely useful class of commercially available CSP for quite
some time.

CHIRAL HPLC SCREENING

As already suggested, by the mid-1990s, there were several successful broad-
spectrum CSP commercially available and, since the technology for automation
was also available or under development in-house (for a typical example, see
chap. 7, Fig. 7.6), it was possible for major pharmaceutical companies to develop
unattended chiral LC screening systems. Such systems were developed specif-
ically to meet business needs and as such details of many of these systems, while
often described at symposia without giving too much information on the
compounds involved, have not appeared as often in the scientific literature as
they might have done. It is difficult to generalize, but the direction seemed to
move from systems based on popular/successful CSP such as Chiralcel OD,
Chiralcel OJ, Chiralpak AD, and Chiralpak AS (four products that Chiral
Technologies (Cedex, France) and parent company Daicel Industries (Tokyo,
Japan) were to proclaim as “Gold Medal” CSP) and Whelk O1 to systems with
additional complementary CSP in order to push the success rate up toward
100%. This effort to achieve the ultimate success rate in obtaining enantioreso-
lution through a screening approach could also be made by adopting a strategy



HPLC CSP FOR THE RESOLUTION OF ENANTIOMERIC COMPOUNDS 99

that involves both NP-HPLC and RP-HPLC and also other separative techni-
ques. In keeping with realism though, efforts were also made to keep screens as
simple and practical as possible by eliminating redundancies (e.g., only includ-
ing one of two CSP that give very similar results, using neural networks to omit
experiments with, based on data from previous work, very little chance of
success) and thereby unnecessary experiments.

Although information about screening systems used in pharmaceutical
companies does not all get published, there are still useful illustrative examples
in the scientific literature. Collaborating with Sanofi-Synthelabo, the group of
Vander Heyden in Belgium described a normal-phase chiral LC screen based on
Chiralcel OD [immobilized cellulose tris-(3,5-dimethylphenylcarbamate)], Chir-
alcel OJ [immobilized cellulose tris-(4-methylbenzoate)], and Chiralcel AD
[immobilized amylose tris-(3,5-dimethylphenylcarbamate)], which had been
used on a diverse set of 38 chiral drugs (14). It was reported that the degree
of enantioresolution that could be obtained was highly dependent on the type of
organic modifier used in the mobile phase and that enantiomeric separation
was observed for 89% of cases. In a follow-up paper also published in 2002 (15),
a similar success rate (this time for 37 diverse chiral drugs) was reported for a
reversed-phase screen, also using three derivatized polysaccharide CSP. In the
same way that organic modifier had been important under normal-phase
conditions, control of drug ionization by the mobile phase pH was important
in reversed phase, relatively extreme pH values of 2.0 and 9.0 being used. The
screens described by AstraZeneca workers in 2003 (16) were perhaps more
typical of the state of the art in industry at the time involving compounds
(55 compounds, 57 enantiomeric pairs in total) encountered as starting materi-
als, intermediates, or final APIs in industry, and two screens, one using four
derivatized polysaccharide CSP and five mobile phases and the second using
three macrocyclic antibiotic CSP and two mobile phases. The former showed
enantioselectivity for 87% of the test compounds, the latter 65%, and, impor-
tantly, the combined screen showed 96%.

Between 2007 and 2009, a series of articles (17-20) appeared in the journal
Current Pharmaceutical Analysis in which screening strategies were compared.
HPLC, supercritical fluid chromatography (SFC), capillary electrophoresis (CE),
and gas chromatography (GC) screens were considered orthogonal (17), enan-
tioselectivity differences between normal-phase LC and SFC screens were
attributed to the mobile phase modifiers used (18), with a success rate of 60%
to 95%, depending on the compound sets applied reversed-phase screens were
claimed to be viable alternatives to normal-phase LC and SFC screens (19) and
Pirkle-type phases were compared with derivatized polysaccharides phases
(20). In some more recent publications, advantages are highlighted or compar-
isons made in studies on screening featuring newer CSP unique to particular
vendors. In a paper by workers from Chiral Technologies Europe (21), which
have greater mobile phase versatility than their coated equivalents, a study on
the suitability of immobilized derivatized polysaccharides for screening under
reversed-phase LC conditions was reported. Also, the groups of Vander Heyden
and Chankvetadze have both carried out extensive studies involving new
coated derivatized polysaccharides [e.g., using the chiral selectors cellulose
tris(3-chloro-4-methylphenylcarbamate) and amylose tris(2-chloro-5-methylphe-
nylcarbamate)] that are commercially available from Phenomenex (Torrance,
California, USA) (22-25).
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RECENT DEVELOPMENTS IN COMMERCIALLY AVAILABLE
CHIRAL STATIONARY PHASES
Overview
Practitioners carrying out chiral separations by LC use commercially available
CSP and so the state of the art in chiral LC is best represented by the recent
developments from CSP vendors/manufacturers. As might already be apparent
from the discussion of chiral LC screening, much of the scientific literature in
chiral LC is concerned with the study and application of commercial CSP rather
than with research into new CSP that will be the commercial CSP of tomorrow.
CSP were subdivided into classes according to the nature/structure of the
chiral selector (2) or into types (3) according to the likely chiral recognition
mechanism. There was a time when CSP could even almost be subdivided very
simply according to the manufacturer [Pirkle-type (Regis Technologies, Inc.,
Illinois, U.S.); cyclodextrins (Astec, Whippany, New Jersey, U.S.); crown ethers,
derivatized polysaccharides (Daicel Industries, Tokyo, Japan); Chiral-AGP
(Chrom Tech Ltd., Congleton, U.K.)]. However, especially since adsorbed/
coated derivatized polysaccharide CSP came off patent, companies have been
taken over and more vendor companies have entered the market, most compa-
nies try to sell as wide a range of CSP as possible. Some of the newer CSP might
not fit so obviously into one of the original five types (3), and so, in looking at
recent developments in commercial CSP, it is still probably most appropriate to
look at classes according to chiral selector despite the increase in such classes.

Derivatized Polysaccharides

As derivatized polysaccharide LC stationary phases (Fig. 6.4) are historically
important CSP and have formed the basis of most chiral LC screening method
development strategies, they have already received several mentions in this
chapter. In early versions of these, hydroxyl groups on cellulose had been
derivatized to form tris-esters. However, this class of CSP, products of Daicel
Industries from the work of the research group of Yoshio Okamato (26) really
began to make its impact from mid-1988 onward with the introduction of
carbamate derivatives and the use of amylose as well as cellulose. These
CSP have had a very strong presence in the market since their introduction.
However, as already mentioned, there were changes from round about 2006
onward. Polysaccharide CSP immobilized by covalent bonding (27) offered
greater physical and chemical robustness with respect to mobile phases that
could be used. This is very useful in preparative and production-scale separa-
tions (no leakage of chiral selector into isolated AP]I, easier to choose good solvent
for sample solubility), which had become an increasingly important market as
well as giving greater flexibility in method development. Another, almost par-
allel, development was the patent situation allowing competitors of Daicel (or
Chiral Technologies in the United States and Europe) to develop their own
“clones” of Chiralcel OD and Chiralpak AD. For example, Regis, Macherey
Nagel Inc. (KG, Diiren, Germany), and Eka Nobel Inc. (Bohus, Sweden) devel-
oped RegisCell™, Nucleocel Delta, and Cellucoat ", respectively. All of these
were very similar in retentivity and selectivity to Chiralcel OD. This is illustrated
for RegisCell in Figure 6.5. Cellcoat, produced by AECS-QuikPrep Ltd.
(Bridgend, U.K.), was quite different in its properties from Chiralcel OD though
still an adsorbed/coated CSP with the same chiral selector. From a nonscientific
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FIGURE 6.5 Chromatograms illustrating the similarity between the original Daicel derivatized
polysaccharide CSP and clones thereof. Taking into account minor differences in temperature,
mobile phase composition, and column history, there are no significant differences in separations
obtained (experience from panel of 50 racemic drugs with two mobile phases). Source: Courtesy
of R. Wimal H. Perera, University of Sunderland.

perspective, it was interesting to note that in general these companies producing
clones elected not to undercut the price of the original Daicel CSP by a significant
amount. A different approach was taken by Phenomenex. In introducing the Lux
range of CSP, they not only offered a Chiralcel OD-type CSP [Lux Cellulose-1
using cellulose tris(3, 5-dimethylphenylcarbamate) as the chiral selector] but also
offered, with the ubiquitous claim of “complementary selectivity,” CSP based on
different derivatized polysaccharide selectors such as Lux Cellulose-2 using
cellulose tris(3-chloro-4-methylphenylcarbamate). This range was based on tech-
nology that Phenomenex acquired along with the company Sepaserve, which
was founded by Bezhan Chankvetadze, the distinguished Georgian separation
scientist and erstwhile coworker of Okamato (28,29).

A less high-profile recent derivatized polysaccharide CSP is ZirChrom -
CelluloZe (chiral selector is modified 3,5-dimethylphenyl-carbamoyl cellulose)
in which the support material is zirconia rather than a siliceous material. While
this might not seem like a dramatic difference, it is potentially useful in
allowing access to high pH mobile phases when using reversed-phase mobile
phase conditions.

Higher-Generation “Pirkle-Type” CSP

The previously mentioned Pirkle-type 1A (Fig. 6.1) and the Whelk O1 CSP
(Fig. 6.3) are perhaps the best known of the Pirkle-type CSP, more helpfully
named by Doyle (10) as synthetic multiple-interaction CSP. Pirkle famously
developed his first CSP using the principle of microscopic reversibility (30) and
paid due attention to the “three-point interaction rule” (31) in his phase design.
Pirkle’s group developed several generations of these CSP with the most successful
being commercialized by Regis Technologies, Inc. Many of this type of CSP were
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FIGURE 6.6 Chromatogram showing the operation of the Whelk O1 CSP under reversed-phase
conditions. Source: Courtesy of R. Wimal H. Perera, University of Sunderland.

made not only by Pirkle but by quite a few other groups. The DACH-DNB CSP of
Gasparinni and the ULMO CSP of Lindner were also commercialized by Regis
(both described in Ref. 6, along with other Regis Pirkle-type CSP). However, the
Whelk O1 exhibited a breadth of spectrum that ranked up with the best of the
derivatized polysaccharide CSP and therefore is much more frequently used than
other Pirkle-type CSP. Of course, being covalently bonded, it had over a decade
start on the covalently bonded derivatized polysaccharides in having mobile phase
versatility suitable for preparative work and being readily able to operate under
reversed-phase conditions (Fig. 6.6), having in fact been designed originally by
molecular modeling to achieve the RP-HPLC separation of naproxen enantiomers
(32). An improved version of the Whelk O1 CSP using ultrapure 5-um Kromasil
silica particles has been available for 3 to 4 years now. Perhaps this is a belated
advance, but it is a sign of things to come. 3-um and sub-2-pum versions of DACH-
DNB have already been prepared (33) and indications from recent conference
abstracts is that the same device has been applied to Whelk O1. This is the
direction in which commercial CSP will inevitably be going and this will lead to
higher efficiency or, more likely, much faster separations. However, there have
been verbal reports that the improvements in going to very small particles
observed with CSP are not as much as that for standard C18 RP-HPLC phases.
This would not be surprising as improvements for CSP might be limited by the
slower mass transfer that often accompanies the complex, multisite interactions
that can be involved in chiral recognition.

Macrocyclic Antibiotics
As Pirkle was to Regis and Okamoto to Daicel, so was Dan Armstrong to Astec,
but to an even greater degree. Astec has been bought up by Sigma Aldrich, but
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FIGURE 6.7 Structures of macrocyclic antibiotics used in the Chirobiotic™ range of CSP.

there is still a very strong link with CSP emanating from Professor Armstrong’s
laboratories. Prominent among these CSP are those belonging to the class of
macrocyclic antibiotics. As may be seen from the structures of the principal
macrocyclic antibiotics used in CSP (Fig. 6.7), they contain amide/peptide
linkages and sugar residues. They also possess an element of tertiary structure
almost as if they were miniature proteins and, as such, they show a good
breadth of spectrum for achieving enantiomer separations for a wide range of
compound classes without the slow mass transfer and other issues associated
with the use of very large molecules like proteins. Also, like protein CSP they
may be used under reversed-phase conditions with low proportions of polar
organic solvent to aqueous buffer in the mobile phase. However, they may also
be used under normal-phase conditions and, have been used extensively in
polar organic (34) and polar ionic (35) modes, the latter being exploited
frequently for its suitability with MS detection (36). Aglycone versions of
these CSP (i.e., with the sugar residues removed from the chiral selector) were
also produced to give CSP with complementary enantioselectivity. Another
modification, in the wake of the aforementioned upsurge in interest in prepa-
rative chiral separations was the development of V2, T2, and R2 CSP with
greater stability and loadability (37). In keeping with the method development
practices of the pharmaceutical industry, Sigma Aldrich also sell these so-called
Chirobiotic’ CSP together along with a guidebook with recommendations for
mobile phases to be used for method-development screening.

Oligosaccharide CSP

Oligosaccharide CSP also belong to the Armstrong “stable,” cyclodextrin
CSP (38) being the first major CSP products from Astec. CSP based on native
cyclodextrins (o-, B-, and 7y-cyclic toroidal rings containing 6-, 7-, and
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FIGURE 6.8 Chromatogram showing the separation of mianserin enantiomers on one of the
more recently introduced members of the Cyclobond™ series of CSP, that is, Cyclobond | 2000
DNP. With the mono-aryl functionalization, retention and separation may be obtained with
proportions of methanol in the mobile phase as high as 40%. Source: Courtesy of R. Wimal H.
Perera, University of Sunderland.

8-D-glucose units, respectively) were followed by a range of derivatized cyclo-
dextrin CSP with complementary enantioselectivity. This Cyclobond " range of
CSP was improved in the late 1990s to give Cyclobond 2000 Blroducts. The
most recent Cyclobond CSP to be introduced is the Cyclobond™ I 2000 DNP
(39) (Fig. 6.8) product. This followed some of Armstrong’s earlier work being
revisited to find an improved method for the derivatization. In a similar fashion
to macrocyclic antibiotic CSP, cyclodextrin CSP were originally used in the
reversed phase mode but have now been used in normal-phase mode and
extensively in polar organic and polar ionic modes. With so many complemen-
tary cyclodextrin CSP having been produced, some have become less
attractive in that there are fewer unique separations that cannot be done by
other cyclodextrin CSP. For example, the Cyclobond I SN CSP, featuring a
naphthylethylcarbamate derivative of B-cyclodextrin, has now been withdrawn
from the market.

Very recent new oligosaccharide products from Sigma Aldrich are the
cyclofructan CSP (40) (Fig. 6.9). These CSP are especially useful for primary
amines. While this might not seem especially exciting as primary amine
enantioseparations may easily be achieved, for example, by crown ether CSP
(addressed later), at least these separations may be had using mobile phases
different from the highly aqueous, acidic mobile phases needed for the crown
ether CSP. Also, it must be remembered that the enantioseparation of primary
amines is an important application area since, in a synthetic route to a
homochiral drug, the chiral resolution may often be carried out on a primary
amine intermediate. Further, in some of his most recent work, Armstrong has
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FIGURE 6.9 Structure of the cyclofructan chiral selector. Source: Courtesy of Daniel W.
Armstrong, University of Texas Arlington.
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FIGURE 6.10 Complementary selectivity of (R)-naphthylethyl-functionalized CF6 and dimethyl-
phenyl-functionalized CF7 CSP using normal-phase conditions (heptane—ethanol—TFA
(95:5:0.1, v/v/v). Source: Courtesy of Daniel W. Armstrong, University of Texas Arlington.
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produced aromatic functionalized cyclofructan CSP (41), which give separations
for a wider range of compound classes including those with secondary amine,
tertiary amine, sulfonamide, or acid groups (Fig. 6.10). These CSP exhibit best
performance under normal-phase conditions with an (R)-naphthylethyl CSP
showing complementary selectivity to a dimethylphenyl CSP.
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Protein CSP

While protein CSP, in particular the Enantiopac and subsequent second-
generation Chiral-AGP products based on the immobilization of the plasma
protein, AGP (Fig. 6.2), played a major role in the early days of commercially
available CSP, they had been overshadowed by derivatized polysaccharide CSP
by the early to mid-1990s. However, given the broad spectrum of classes of
chiral drugs for which they give a separation of the enantiomers under reversed-
phase mobile phase conditions, albeit with low proportions of the polar organic
component, they remained of interest and still do today. While CSP based on
proteins will be less stable and have slower mass transfer than small-molecule
CSP, this has long since ceased to be a significant issue. Given the timing of
preparation of pharmacopoeial monographs (after a drug comes off patent) and
the source of methods therein (often from the Development labs of the drug’s
innovator company), pharmacopoeial assays for trace enantiomeric impurity in
single enantiomer drugs often employ conditions based on an AGP CSP. Despite
much activity on other proteins and the commercialization of some such as
Chiral-HSA [based on human serum albumin; useful for drug-protein binding
studies (42)] and Chiral-CBH (based on the stable enzyme, cellobiohydrolase) as
well as the longstanding BSA CSP (Macherey Nagel’s Resolvosil), Chiral-AGP
remains the most popular commercial protein CSP. This is despite it being
compared less favorably to an ovomucoid CSP (OVM CSP) in 1991 in a some-
what contentious report (43) and even in the more circumspect conclusions of a
more extensive study reported in 2008 (44) as not separating large chiral
molecules better than an OVM CSP.

Over the years and particularly in recent years, much of the reported
work on Chiral-AGP has involved drug bioanalysis no doubt because of its
reversed-phase mode of operation. Because of this, there is an interest in MS
detection with LC using Chiral-AGP. Sensitivity can be a problem when
dealing with mobile phases when they contain less than 5% of the polar
organic component, but Imrie et al. found that this could be easily circum-
vented by the postcolumn addition of acetonitrile (45). Also, Chiral Technol-
ogies, Inc., responsible for the Chiral-AGP product in Europe/United States,
have been involved in the development of a rational screening strategy
for work on Chiral-AGP in which liquid chromatography—-mass spectrometry
(LC-MS) compeatibility is a major priority (46).

lon-Exchange CSP
Chiralpak” QN-AX and Chiralpak” QD-AX (Fig. 6.11) are enantioselective
weak anion-exchange (AX) CSP from Chiral Technologies, Inc., which are
based on O-9 (fert-butylcarbamoyl) quinine and quinidine, respectively. They
were developed by Wolfgang Lindner’s group in Vienna (47) for the enantio-
separation of chiral acids such as compounds containing carboxylic, phos-
phonic, phosphinic, phosphoric, or sulfonic groups. Quinine and quinidine
being enantiomers of one another, the use of Chiralpak QD-AX and Chiralpak
QN-AX gives rise to a reversal of elution order (Fig. 6.12). Many of the reports
of the use of these CSP involve derivatized amino acids, occasionally to spec-
tacular effect (Fig. 6.13). However, they also work well for nonsteroidal anti-
inflammatory drugs (Fig. 6.14) and mandelic acids.

Chiral Technologies Europe have now entered into an exclusive world-
wide licensing agreement with Lindner’s group to manufacture and market
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FIGURE 6.11 Structure of chiral anion-exchangers from Chiral Technologies Inc. Source:
Courtesy of Brian Freer, Chiral Technologies Europe.
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FIGURE 6.12 Method development for acidic compounds in the polar organic mode showing
reversal of elution order between quinine and quinidine CSP [using mobile phase: methanol—
acetic acid—ammonium acetate (98:2:0.5, v/v/w)]. Source: Courtesy of Brian Freer, Chiral
Technologies Europe.

“novel Cinchona alkaloid-based zwitterion-exchange type chiral stationary
phases.”With a zwitterionic CSP recently introduced, it would not be surprising
if Lindner’s cation-exchange CSP (48) also made it to the market.

Other Classes of CSP

While not attempting to provide an exhaustive list of CSP classes, it is worth
noting others not mentioned thus far. Ligand exchange and crown ether CSP
have been around since the 1980s and early 1990s (49,50). They still serve a
useful purpose in providing good chiral separations for specific classes of
compound, primary amines for crown ether CSP, and amino acids and
o-hydroxy-acids for ligand exchange CSP. As well as the Crownpak  CR(+)
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FIGURE 6.13 Method development on Chiralpak™ QN-AX in polar organic mode for acidic
compounds: increasing counter ion strength reduces retention; increasing pH will increase
retention. Source: Courtesy of Brian Freer, Chiral Technologies Europe.

carprofen - Chiralpak QD-AX (250 mm x 4.6 mm l.d.), [methanol - water( 90:10, v/v) 0.02 Min
ammonlum formate, 2mL/ L formic acl]d, 1.0 mL/ min, 254 nm

Time (min)

FIGURE 6.14 Chromatogram showing the separation of the enantiomers of the nonsteroidal
anti-inflammatory drug, carprofen on Chiralpak™ QD-AX. Source: Courtesy of R. Wimal H.
Perera, University of Sunderland.

and Crownpak" CR(—) CSP from Daicel, the crown ether CSP based on (+)-(18-
crown-6)-2,3,11,12-tetracarboxylic acid, Chirosil RCA(+) and Chirosil SCA(-),
from RS Tech, Daejeon, Korea, are now marketed by Regis Technologies, Inc.
There have been reports of secondary amines being resolved on such tartaric
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acid—derived CSP (51), but this is very much the exception rather than the rule.
Regarding ligand exchange CSP, the Daicel products are Chiralpak WH and
Chiralpak MA(+). Regis now sell not only a Davankov CSP but also a Davankov
reagent for use as a mobile phase additive for use with achiral alkyl-silica
phases. Sigma Aldrich’s ligand exchange CSP are named CLC phases.

Polymeric CSP have also been around since the 1980s (52), but in this case
there have been recent developments, specifically the introduction of polycyclic
amine CSP from Sigma Aldrich. The PCAP CSP, available in R,R and S,S forms,
are based on the reproducible polymerization of a cyclic diamine from the
surface of silica. In the more recent P-CAP-DP™ aromatic groups are intro-
duced. These polycyclic amine CSP have been used in normal phase and polar
organic modes. The key selling points for these CSP seem to be that they are
stable covalently bound materials, with high stability, no memory effect, high
sample loadability, and easy scale-up.

RESEARCH AND POSSIBLE FUTURE DIRECTIONS IN HPLC

CHIRAL STATIONARY PHASES

Much of the scientific research literature on chiral LC over the past 2 to 3 years is
on applications, some quite elegant, on existing commercial CSP, or, more
rarely, heralds a new commercial CSP (53). Inevitably, new research will involve
the use of CSP based on sub-2-um particles or on fused core silica particles, and
applications will involve the use of a chiral dimension in 2D-LC. There seems to
be little on the horizon with respect to new classes of CSP that will transform
chiral LC. This should come as no surprise as much has already been done in
this area and there is no longer any real need for new types of CSP. Nonetheless,
it is still interesting to note the ideas of Welch on microscale chiral LC (54). With
a strong background in synthetic organic chemistry, one of Welch’s thoughts is
that microscale LC is now readily accessible, and chiral LC columns requiring
only minute amounts of immobilized chiral selector may be used. Therefore,
using very expensive chiral selectors or chiral selectors prepared by lengthy
syntheses now becomes economically viable, thus opening up some very
exciting possibilities. No doubt some of these possibilities will be realized.
Also, it is worth noting that had microscale chiral LC, though available (55),
been more commonplace in the late 1980s and early 1990s, then the possibilities
would really have been exciting at that time.
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Preparative and production scale
chromatography in enantiomer
separations

Geoffrey B. Cox

INTRODUCTION

At its origins, chromatography was a preparative technique, developed by
Tswett in the early 1900s for the isolation of plant pigments. Given the ubiquity
of analytical high-performance liquid chromatography (HPLC) today, it is hard
to realize that it was not until the late 1960s that the analytical use of liquid
chromatography was made possible by the development of high-efficiency
packing media and instrumental chromatographic systems. Up to that point,
most liquid chromatography was carried out with the aim of isolating useful
quantities of materials from mixtures. Almost all of these separations were
carried out at the laboratory scale; most of the procedures used were certainly
not appropriate for larger-scale separations. In 1964, however, UOP introduced
a countercurrent chromatographic process, which is used widely for the pro-
duction of ultrapure p-xylene and in the production of high-fructose corn syrup.
By 1984 it was estimated (1) that the installed capacity for the p-xylene process
was 600,000 MTA. The scale of high-fructose corn syrup production can be
gauged by WHO figures for its 2007 per capita consumption in the United
States—around 40 Ib (2). Until the development of compression technology—
radial compression by Waters Associates and dynamic axial compression
introduced by Prochrom SA (Champigneulles, France)—larger-scale column
liquid chromatography was used only at low pressures and with rather low
productivity, mainly because of the problems involved in packing and maintain-
ing the chromatographic beds. These developments allowed the use of smaller
particle sizes and higher efficiency columns for the more difficult separations.

Preparative chromatography in the pharmaceutical industry has for the
main part been restricted to early stages in the discovery and development
processes. This is not to say that the technique is not used in production. One of
the first reports of the large-scale use of HPLC as a production process was in
the production of biosynthetic human insulin (3). Other reports of the use of
HPLC in the production of high-cost, high-potency pharmaceutical products
such as steroids and prostaglandins have appeared (4). More recently, the
combination of the techniques—of countercurrent chromatography and axial
compression columns—has resulted in economic high-performance industrial-
scale enantiomer separations within the pharmaceutical industry (5).

The first attempts at the separation of enantiomeric species involved the
use of natural materials as adsorbents. Lactose (6) was used with limited success
for the separation of the enantiomers of a camphor derivative. The major
breakthrough in enantioseparation techniques occurred with the use of cellulose
(7) and more particularly cellulose triacetate (8). The latter material became the
first chiral stationary phase (CSP) that had some generality of application and
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was used extensively for preparative separations of enantiomers. As described
elsewhere in this publication (9), modification of this phase by replacing the
acetate ester groups with other derivatives and the support of these chiral
polymers on silica has resulted in a family of highly selective and successful
CSPs for enantiomer separations by chromatography.

Since the release of the FDA guidelines (10) for the development of chiral
drug molecules and the resulting need for the production of enantiomerically
pure products, the use of chiral chromatography in the pharmaceutical industry
has increased dramatically, both for analytical and preparative purposes. It is
increasingly recognized that enantioselective chromatography is the fastest and
most convenient way to resolve racemic mixtures, especially in the early stages
of discovery when it is necessary to test both enantiomers for activity and
toxicity. As the products move through chemical development, chemists and
engineers tend to focus on finding alternative routes to the enantiomerically
pure products. This has been helped by the downsizing of the simulated moving
bed (SMB) systems originally developed for the petroleum and food industries,
together with modifications that allow the use of high-performance chromato-
graphic packing materials. Such systems are more suited to the cGMP environ-
ment of pharmaceutical production (5) and have led to a steady increase in the
number of processes where chromatography is compared with the more tradi-
tional processes of crystallization, bioprocessing, and enantioselective synthesis
in order to optimize the overall economics of manufacture. In several cases,
enantioselective chromatography using SMB has turned out to be the method
of choice (11).

In recent years, another technique, that of supercritical fluid chromatog-
raphy, has been of increasing interest in the separation of gram to kilogram
quantities of materials. This technique has the advantages of being fast and
of using less solvent than is required for an equivalent HPLC separation.
Currently, it has rarely been used at large scale, or for separations above a
few kilograms in the pharmaceutical industry, although some systems have
been employed in the purification of fish oils (12).

BASIC PRINCIPLES OF PREPARATIVE AND PRODUCTION
CHROMATOGRAPHY

Although much chromatography can be carried out without knowledge of the
underlying theory, an understanding of what is going on inside the column is
important in designing separations and in troubleshooting when things do not
proceed as expected. This is especially important in preparative chromatogra-
phy where the behavior of solutes under mass overload conditions is not always
intuitive.

Some Theory

Solutes in a chromatographic process are distributed between a moving liquid
(the mobile phase) and a solid (stationary phase). Different solutes are distrib-
uted between the phases in different proportions. Because the distribution
process is very much faster than the translation of the species through the
column by the mobile phase, the solutes move through the column as coherent
bands at a speed inversely related to the extent of the distribution into the
stationary phase. This rapid distribution between the phases means that the
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process is, to a good approximation, at thermodynamic equilibrium. In analyt-
ical chromatography, the overall equilibrium between the phases is not dis-
turbed by the low concentrations of the solute and the injected material travels
through the column as a narrow band, broadened only by kinetic factors related
to the particle size in the column and the mobile phase flow rate. The situation
changes when larger concentrations of a solute are present in the column. At this
point, other factors become important. Adsorption of the solute on the stationary
phase results in an effective change in the surface available for adsorption.
Where there is a limited surface area, for example, there is a lower concentration
of adsorption sites available for adsorption of each successive molecule. In other
cases, an adsorbed solute molecule can facilitate the adsorption of a second by
favorable solute-solute interactions (or by unfavorable solute-mobile phase
interactions when solvophobic effects are important), which lead to stacking
of the solute molecules on the surface and increasing the probability of adsorp-
tion as solute concentrations on the surface increase. In both of these situations,
the effective distribution between the phases is changed, which in turn changes
the speed of that section of the chromatographic band through the column.
These effects lead to a further broadening of the chromatographic band, but due
to thermodynamics and not kinetics.

To a very good approximation, one can separate out the thermodynamic
from the kinetic effects by assuming that the two processes are independent. In
this case the variance of the two processes are additive.

O%Ot ~ Othermo + oiinetic (1)

Thus, we can study the band spreading processes due to the thermodynamic
effects independently from those due to the kinetic processes, greatly simplify-
ing the situation.

In analytical chromatography, the distribution between the two phases is
taken to be a constant; the retention times do not change with sample load. This
is only true for very small concentrations of the material in the column. The
distribution coefficient (the Henry constant, a) is related to the retention factor
and the phase ratio in the column by the equation:

G ggfm K

Cm Ve @
where C; and C,, are the concentrations of the solute in the stationary and mobile
phases respectively, a is the Henry constant, k' is the retention factor, V,,, and V;
are the mobile and stationary phase volumes respectively and ® is the phase ratio.

The situation changes as the concentration of the solute in the column
increases. In the simplest case, the adsorption of a solute molecule reduces the
available concentration of surface sites for the adsorption of the next, and the
stationary phase concentration is given by the Langmuir isotherm

™
14+ bCn

The ratio a/b gives the saturation capacity of the packing material, which is the
stationary phase concentration corresponding to a monolayer of the solute on
the surface of the packing material. This is an important parameter in prepara-
tive chromatography as the ratio of sample concentration to the saturation
capacity determines the chromatographic properties of the solute at any point in

V)

Cs (©)]
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the column. From Eq. 2, it is seen that the ratio of the stationary phase
concentration to that in the mobile phase is directly related to the retention
factor. Therefore, as the solute concentration in the injected band increases and
the ratio of the stationary phase to mobile phase concentrations decreases
according to Eq. 3, the retention also decreases. This results in a distortion of
the chromatographic band in the column since the high-concentration parts
move more quickly than the lower concentration zones. Figure 7.1A shows the
in-column band shape of a solute, which follows Eq. 3 together with the
corresponding eluting peak shape in Figure 7.1B. In such cases, increasing
sample load results in changes to the peak elution only at the band front while
the remainder of the peak follows the same profile as for the smaller samples.
This results in a series of “nested” peaks as sample quantity increases, as shown
in Figure 7.2. This figure is characteristic of the loading experiments that are
conventionally carried out to determine the maximum load on the column,
which permits separation of the components to the purity and recovery desired.
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FIGURE 7.1 (A) In-column band shape of a solute, which follows Eq. 3 and (B) the
corresponding eluting peak shape.

Response

FIGURE 7.2 Loading study showing a series of “nested” peaks as sample quantity increases.
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Of course, not all solutes follow the conveniently simple adsorption isotherm,
but a sufficient number approximate to it, which highlight its usefulness as a
model.

A relation for the band spreading due to the thermodynamic effects can be
derived by assuming an infinite column efficiency (the “Ideal Model” of chro-
matography) (13). This equation, due to the group of Guiochon, may be used to
estimate the retention factor for the peak maximum from the saturation capacity
and the retention factor at low load.

K=ky(1- L}/Z)2 @

Here L; is the loading factor, the ratio between the sample load and the column
saturation capacity. This equation also allows the calculation of the column
saturation capacity from an analytical injection (to determine k') and an over-
loaded injection at a given load (to measure k'). Once this is obtained, it is
possible to calculate the retention factor for the peak maximum at any other
load, simplifying the decision of how much sample to load on the column. It
should be noted that due to the assumption of infinite efficiency, the equation
gives best estimates for high-efficiency columns and high sample loads where
the kinetic band spreading is small relative to the thermodynamic effects and
can safely be ignored. At low sample loads and with lower-efficiency columns,
the equation gives values of saturation capacity that decrease with increased
sample load; these trend toward a constant value at high load.

Non-Langmuir Isotherms

The only unusual peak shape that need concern us in enantiomer separations is
that arising from what is known as an “S-shaped” isotherm. In this case, instead
of the high concentration zone of the overloaded peak eluting more quickly than
the lower concentration zones, it elutes more slowly. This has the effect of
distorting the peak in the opposite sense to that seen in Figure 7.2. Such behavior
often occurs when the adsorption of a solute molecule is enhanced rather than
diminished by the prior adsorption of other molecules. This occurs up to a point;
eventually the surface of the packing material becomes saturated with the solute
and the retention of higher concentrations is reduced. Figure 7.3 shows a set
of “nested” chromatograms arising from the injection of increasing quantities of
a-methyl-a-phenylsuccinimide on a column packed with CHIRALPAK IA using
Methyl t-butyl ether (MTBE) as mobile phase. The second eluting component is
eluted under the influence of a predominantly “S-shaped” (quadratic) isotherm.

Multiple Solutes

The above picture is, of course, a simplified one. It does not take interactions
between the solutes into account. As noted above, the high concentration of a
solute in the column not only affects the distribution of that solute between the
phases but can also affect the distribution of other solutes that overlap with
the band as it travels through the column. The effect on other solutes is similar to
the effects described above: species present at the high concentration zones are
less retained than those in low concentration zones. This has the effect of causing
earlier retention of bands eluting close to the high concentration band. Where
the other component elutes more quickly than the main component, it is
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FIGURE 7.3 “Nested” chromatograms arising from the injection of increasing quantities of
a-methyl-a-phenylsuccinimide on a column (250 x 4.6 mm) packed with CHIRALPAK IA using
MTBE as mobile phase (1 mL/min). Solute concentration = 30 g/L. Source: Courtesy of R. W.
Stringham and B. Lord, Chiral Technologies, Inc.

displaced from under the peak envelope, while in the case where it elutes more
slowly, it can be pulled into the tail of the main peak. Of course, mathematical
models can be used to describe this behavior. Where the isotherm describes the
influence of other solutes in the system, it is known as a competitive isotherm.
The simplest is based on the Langmuir isotherm.
11
cim—"Cn )
1+ Z)biCh,
The consequences of this relation are shown in Figure 7.4. A minor peak eluting
at the front of the major one is displaced (Fig. 7.4A), while the same peak eluting
afterward is pulled into the main envelope (the “tag-along” effect, Fig. 7.4B).
Overlapping bands that are present at the same concentration as in Figure 7.4C
show both effects; the earlier eluting band is displaced by the later one, while at
the same time causing earlier elution of the later one, causing significant
distortion of both peaks.

Column Efficiency

At first sight, given the broad peaks that are caused by mass overload in a
column, there seems little point in using columns with high efficiency. However,
the displacements seen as a result of the interaction of the solutes in the column
are influenced by its efficiency. Thus, where strong displacement effects are
seen, it is important to use high-performance columns. Unfortunately, the
situation for most enantiomer separations is such that the displacement effects
are rather small. This is in part due to the separation mechanism where the
second eluting peak uses more of the CSP surface than the first eluting
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FIGURE 7.4 (A) Displacement of a minor peak eluting at the front of a major band. (B) Tag-
along effect where the minor peak eluting afterward is pulled into the main envelope.
(C) Overlapping bands that are present at the same concentration show both effects.
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FIGURE 7.5 The influence of efficiency on the fraction of the maximum theoretical load as a
function of the selectivity of the separation. Solid line: selectivity = 1.1; short dashed line:
selectivity 1.2; short dashed dotted line: selectivity 1.3; long dashed line: selectivity 1.5; long
dashed dotted line: selectivity 2.0; dashed double dotted line: selectivity 4.0.

enantiomer because of the chiral interactions. This results in different saturation
capacities for the two components, moving the interactions between the solutes
away from the classical Langmuir behavior. The end result is that most chiral
separations are loaded to the point at which the bands just touch or overlap
slightly. Under these circumstances, the column efficiency is less important, as
long as the band spreading due to the column is small compared with that due
to the mass overload. This is true for large values of selectivity. Figure 7.5 shows
the results of calculations of the fraction of the maximum theoretical load (at
infinite efficiency) that is possible for columns of different efficiency as a
function of the selectivity of the separation. Several conclusions can be drawn
from the figure. Where selectivity is low, the maximum load is small (18 mg in
this example, assuming a column 250 x 50 mm and selectivity of 1.1) and even
with 20,000 plates, the possible load is only 20% of the theoretical (3.6 mg).
Spending a little time in increasing the selectivity can pay great dividends here:
increasing selectivity to 1.2 allows an injection of 55% of the theoretical maxi-
mum load, in this case 34 mg can be loaded, a close to tenfold increase. At the
other end of the selectivity scale, a 2000 plate column will allow at least 80% of
the theoretical maximum load (700 mg and up) for selectivity of 2 and higher.
Thus, a high-efficiency preparative column can perform all separations, whereas
a lower-efficiency column may not have enough plates to allow resolution of the
more difficult problems. Where only small samples are to be separated, use of
the high-efficiency column can save time in that minimal selectivity optimiza-
tion is required. For larger quantities, the time spent in optimizing the selectivity
can be very well spent in terms of the run time and solvent use. At large scale,
where pressure restrictions of equipment and columns become important, use of
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columns that have more efficiency than required for the separation can limit the
production rate; ideally, column length and particle size should be chosen to
maximize the production rate at the maximum operating pressure of the
chromatographic system.

PREPARATIVE ENANTIOSELECTIVE CHROMATOGRAPHY

As noted earlier, the use of preparative chromatography for the isolation of
individual enantiomers became practical with the adoption of cellulose triace-
tate. This was rapidly supplanted by other chiral phases, notably those devel-
oped by the group of Pirkle (14) and of Okamoto (15). These silica-based phases
allowed much higher efficiency separations as well as bringing higher and
alternative selectivity relative to the cellulose triacetate, which outweighed any
reduction in capacity.

Method Development

Screening

A major difficulty in enantioselective chromatography is that there are no
theories that adequately explain the selectivity of the various CSPs for specific
solutes. This means that the only practical way to find a suitable phase is to
screen all of the phases available for each separation. Given the number of
commercial CSPs available, this is impractical and most workers in the field
select a few phases that have been found to be most useful. Guidelines to this
selection can be found in the literature (16-18); frequently, the phases chosen
are selected from the polysaccharide-based CSPs together with one or two
Pirkle-type phases and the macrocyclic antibiotic-based phases. There are
two options for screening. Conventionally, a multipath switching valve is
installed on an analytical liquid chromatograph and the columns are switched
sequentially (see Fig. 7.6). Additionally, multichannel systems allowing eight

Auto uv
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) '\ detector

Waste
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FIGURE 7.6 Schematic of a convention multicolumn screening system.
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TABLE 7.1 Suggested Solvent Mixtures for Enantioselective Screening Experiments

Solvent-stable CSPs (e.g., immobilized polysaccharide-based media)
1. Hexane/2-propanol (80:20)

2. Hexane/ethanol (80:20)

3. Hexane/dichloromethane/alcohol (49:49:2)

4. MTBE/alcohol (98:2)

Polysaccharide-based CSPs

1. Hexane/ethanol (80:20)

2. Hexane/isopropanol (80:20)

3. Methanol/ethanol (50:50)

4. Acetonitrile

Abbreviation: CSP, chiral stationary phase.

channels in parallel are available. These allow testing of eight separation
conditions at one time. The choice is one of convenience and economics,
which is based on the number of samples to be run and the laboratory space
available.

For analytical and small-scale preparative separations, the conditions used
for the screens are generally chosen from a limited set, chosen as a function of
the stationary phases available for the separation. For HPLC separations, the
solvent choice is generally between ethanol and 2-propanol in mixtures with
hexane or heptane and with pure methanol and acetonitrile as additional
options. In SFC separations, the choice is often limited to one of methanol or
2-propanol as the mobile phase modifier. Where the stationary phases employed
are solvent-resistant, other options are available. Solvent choices for initial
screening are shown in Table 7.1. It should be noted that these recommendations
will not cover all situations but will find a separation adequate for analysis or for
small-scale separations between the components roughly 80% to 85% of the
time. More specific aspects of solvent selection are discussed in the section
that follows.

A typical set of chromatograms arising from a screen is shown in
Figure 7.7. The separation most appropriate for the application (whether it be
analytical or preparative) can often be selected directly from the results of the
screen; in the event that the best separation is insufficient, the screening results
are used as a basis for further optimization.

Selection of Solvents

The choice of solvents used for a screen depends upon the phases employed
for the separation. Although the conventional polysaccharide-based phases
generally give high success rates, they can be limited by the solvents available;
as noted in chapter 6 they are soluble in many of the organic solvents of
intermediate polarity such as dichloromethane and ethyl acetate and so the
phases are not stable under such conditions. The recently introduced immobi-
lized polysaccharide-based CSPs, the Pirkle phases and the macrocyclic antibi-
otic, are not subject to such limitations.
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FIGURE 7.7 Typical screening results. Solute: Benzoin ethyl ether, mobile phase: 10% 2-
propanol in hexane. Columns: solid line: CHIRALCEL OD; short dashed line: CHIRALPAK AD;
long dashed line: CHIRALCEL OG; short dashed dotted line: CHIRALCEL OF; long dashed line:
CHIRLAPAK AS; long dashed dotted line: CHIRALCEL OB; dashed double dotted line:
CHIRALCEL OJ.

For preparative purposes, the optimal mobile phase is a compromise
between several factors, including selectivity, solubility, viscosity, and isotherm
type. If an optimal separation is required (e.g., for large-scale separations), it is
worth evaluating several mobile phases to find which gives the best production
rate (19). Again, the solvent stability of the immobilized or bonded phases
allows a wider range of solvents when optimizing the solubility. The solvents
used in preparative chromatography influence many parameters, including the
selectivity, the column efficiency, the loading capacity for the critical solute(s),
the production rate, and the ease and economics of product recovery. The choice
of the best mobile phase for a separation is dictated by the physical and chemical
properties of the solvents.

Viscosity. In laboratory-scale separations, the operating pressure is usually not
restrictive and the usual limitation to flow velocity through the column is that of
the capacity of the pump. At larger scale, however, the particle strength becomes
the limiting factor since the columns become wide enough in diameter to
eliminate the wall support for the particles in the column. This occurs for
columns 10 cm or more in diameter. Without the benefits of the wall support,
irregular particles start to fracture at around 40 bar pressure, whereas spherical
silica particles generally start to fracture at around 70 bar (20) with even the
strongest of them starting to create “fines” at pressures a little over 100 bar. This
results in the requirement to limit the pressure drop in the system to that
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TABLE 7.2 Viscosity (in cP at 20°C) of Common Solvents Used in
Enantioselective Separations

20°C? 25°CP
Acetonitrile 0.38 0.369
Dichloromethane 0.44 0.413
Ethanol 1.08
Ethyl acetate 0.45 0.423
Heptane 0.42
Hexane 0.31 0.300
Methanol 0.59 0.544
Methyl t-butyl ether 0.27
Propan-2-ol 2.4 2.04
Tetrahydrofuran 0.55 0.456
Water 1.0

®http://macro.Isu.edu/HowTo/solvents/viscosity.htm
PSigma-Aldrich

permitted for the packing material. For this reason, large-scale chromatogra-
phy is often carried out with particle sizes larger than used in analytical
chromatography. There are, however, upper limits to the particle size chosen
as increasing the particle size decreases the column efficiency and, as noted
earlier, there is often a lower limit to the efficiency required for a separation.
Once a particle size is chosen, the reduction in pressure drop in the system is
usually accomplished by choosing low viscosity solvents where possible.
Table 7.2 shows the viscosity of common solvents used in enantioselective
separations.

Selectivity Often the choice of solvent is dictated by selectivity; if only one solvent
gives any selectivity at all, this has to be used. There are, however, several
options for solvent choice that may not be used in the initial screening and these
become important when the selectivity achieved is insufficient for the purposes
of the separation or where it is important to optimize the separation to maximize
the production rate. For normal phase separations that typically use a mixture of
hexane (or heptane) with an alcohol additive, the selectivity can be adjusted by
the use of mixtures of alcohols (e.g., admixture of methanol with ethanol and
hexane) or by use of other alcohols not normally used for screening. Examples of
these latter alcohols are n-propanol and the butanol isomers (21). These and the
more conventional alcohols are also often used together with acetonitrile in
polar phase separations. The alcohol-acetonitrile systems are nonlinear and
often a maximum in retention and selectivity is found between 5% and 15%
alcohol in acetonitrile.

When solvent-stable stationary phases are used, there is the possibility
to expand the solvent range used to the medium polarity solvents such as
ethyl acetate, Tetrahydrofuran (THF), MTBE, and dichloromethane. These are
usually used in admixture with hexane together with some concentration of
an alcohol such as ethanol to adjust the solvent strength. Statistically, MTBE
and THF or dichloromethane give the highest success rates for achieving
enantioselectivity although once one starts to optimize the separations
achieved, other solvents—even acetone—should be investigated, provided it



PREPARATIVE ENANTIOSELECTIVE CHROMATOGRAPHY 125

mAU mAU
1600
1000
1400
1200 800
1000
600
800
600 400
400
200
200
01 0 s
0 2 4 6 8 10 min 0 5 10 15 20 25 30 35 min
(A) (B)

FIGURE 7.8 Loading studies of a-methyl-a-phenylsuccinimide using (A) ethyl acetate and
(B) chloroform. C = 200 g/L, Vinj = 20, 50, 75, 100, 150, and 200 uL. Mobile phase: 100%
chloroform, flow rate = 1 mL/min, P = 10 bar, T = 25°C as mobile phase. Other conditions as in
Figure 7.3.

is possible to detect the product. With such solvents it is frequently conve-
nient to use a different form of detection other than UV absorption, such as
evaporative light scattering (and related techniques) or the often neglected
refractive index detector. There is usually sufficient sample available when
optimizing preparative separations for larger scale that use of a less sensitive
detector is not a disadvantage. As noted elsewhere, use of such a detector can
minimize unwanted signals due to minor impurities which have large UV
extinction coefficients, the signals from which can obscure those due to the
major components.

Effect of mobile phase on adsorption. The choice of mobile phase not only influences
the retention, selectivity, and solubility of the solutes, but can also determine
the shape of the adsorption isotherm with significant consequences for the
production rate of the separation. A recent study has illustrated this (22).
As noted earlier, Figure 7.3 shows the results of a loading study of o-methyl-o-
phenylsuccinimide using MTBE as a solvent. Figure 7.8 shows the same
solute separated on the same stationary phase using (i) ethyl acetate and
(ii) chloroform as mobile phase. These solvents give markedly different
effects; MTBE gives rise to essentially an “S”-shaped isotherm, while ethyl
acetate is closer to a conventional Langmuir isotherm and chloroform gives a
bi-Langmuir isotherm (one in which there are two sorption sites, one of which
overloads very quickly, causing a rapid collapse of the separation during
loading. Table 7.3 shows the results of calculation of production rate for both
HPLC and SMB separations for this system. Related effects have been
reported for SFC separations (23).

Sample solubility One way in which the solvent influences the loading capacity of
the system is its influence on the solubility of the sample. The effects are easy to
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TABLE 7.3 Production Rate for HPLC and SMB Separations
of a-Methyl-o-Phenylsuccinimide

MTBE ACN85/IPA15 EtOAc CHCl3 Hex/THF

HPLC productivity (kg/kg/day) 0.92 1.09 2.66 0.18 0.49
SMB productivity (kg/kg/day) 2.16 0.98 4.97 0.69 2.96

Abbreviations: HPLC, high-performance liquid chromatography; SMB, simulated moving bed.

visualize. Where solubility is low, large injection volumes are necessary to
introduce significant amounts of sample into the column. Unfortunately, large
injection volumes cause “volume overload”—the band spreading due to the
sample volume becomes large compared with that due to the column, giving
wide peaks compared with a small injection volume. This limits the sample
quantity that can be injected into the column as the band width due to the
injection fills the space between the peaks. It is always better to introduce
the sample in as small a volume as possible. One way to achieve this is often to
dissolve the sample in a solvent rich in the more polar mobile phase component.
While it is possible to succeed with this strategy, it has some pitfalls. One is that
the sample is less soluble in the mobile phase and may precipitate out of
solution as the injection band mixes with the mobile phase. This can, under the
worst conditions, filter out on the inlet frit or can crystallize within the column
itself. Both lead to high inlet pressures, sometimes blocking the column
completely. This is particularly prone to occur in SFC separations where the
sample is conventionally dissolved in the polar component of the mobile phase
and may not be especially soluble in the supercritical mobile phase. Another
pitfall is that by introducing the sample in a more polar solution, this can
influence the separation adversely. The band of strong solvent usually moves
through the column more quickly than the solutes, causing premature elution of
part of the injected band. This effect decreases with transport through the
column as the injected band mixes with the mobile phase but nonetheless can
significantly distort the peaks.

Additives

An important feature of many of the CSPs used in preparative enantioselective
separations is the need for additives to improve the selectivity and peak shapes
for the separations of nonneutral solutes. This is because of the multiple
functional groups present in chirally selective phases. For preparative purposes,
it is useful to use additives that are volatile or that are otherwise easy to remove
from the products. With polysaccharide phases, for example, it is necessary to
use an acid additive (such as trifluoroacetic acid) when separating enantiomers
of acidic compounds while it may be necessary to use a basic additive for basic
compounds. Figure 7.9 shows the influence of added diethylamine on the
separation of the enantiomers of chlorpheniramine. In this case, the diethyl-
amine competes with the chlorpheniramine amino function for the active sites
on the silica surface, dramatically improving the peak shapes. One possible
disadvantage of the use of additives is the possibility of their catalyzing
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FIGURE 7.9 The influence of added diethylamine on the separation of the enantiomers of
chlorpheniramine. CHIRALPAK AD-H 250 x 4.6 mm, 90/10 hexane/IPA, flow rate 1 mL/min.
Abbreviation: DEA, diethylamine.

reactions; racemization or—in the case of acidic additives in the presence of
alcoholic mobile phase modifiers—esterification of the desired products. This
may be avoided by the choice of mobile phase or the use of weaker acids—acetic
acid in place of trifluoroacetic acid as one example. While the use of sulfonic
acid additives can give high selectivity for some basic compounds (24), these
acids are more difficult to remove and usually require a solvent extraction to
eliminate them from the final product. Their use in preparative chromatography
remains limited.

The use of additives can give rise to memory effects on the stationary
phases. These are seen mainly when a column has been used with an additive
and is subsequently used without one for a different separation. In some cases
the residual additive adsorbed on the CSP can influence the subsequent
separation, although most of such circumstances are seen where the second
separation really needs an additive to be present to control the interactions of
the solute with (generally) the silica support. Techniques exist for removal of
additives from the columns (25) and this aspect of their use is not a major
issue.

Optimization and Scale-Up

Scale-up of preparative separations is easy, provided some simple rules are
followed. Probably the most important is that the separation should be
developed and optimized on the same packing material as will be used in
the preparative separation. This is important, not only because there are often
some differences in selectivity between otherwise nominally identical phases
with different particle sizes but also because use of larger particles can
decrease the resolution between components due to their lower efficiency.
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In this context, it is worth considering for a moment the general resolution
equation (Eq. 6).

Rs :%m&k—fl) (ail) ©

This relates the resolution between a peak pair to the column efficiency, the
retention time, and the selectivity observed in the separation. Figure 7.10 shows
the relation between resolution and (i) retention, (i) column efficiency, and
(iif) selectivity. Where retention factors are small, the resolution may be increased
dramatically by relatively small increases in retention (but this is not true for SMB
separations, see below). Once the retention factor is greater than around 5, there is
little to be gained in increasing retention. The resolution is proportional to the
square root of the column efficiency; thus, doubling the particle size will require a
column approximately four times longer in order to maintain the resolution
between the peaks. In contrast, increasing selectivity will increase the resolution
between the peaks dramatically and is the preferred route to higher production
rates; it has been estimated (26) that for low selectivity the production rate for a
separation is roughly proportional to (2—1)% at higher values of selectivity the
power is somewhat decreased. The production rate for a preparative separation is
not entirely controlled by selectivity, however. Although the load for a separation
is not especially dependent on retention, the production rate (in terms of g/min) is
dependent both on the load and the cycle time (the time lapse between injections).
Thus, there is a trade-off between long retention to improve resolution and short
retention to decrease cycle time.

Increasing the scale of the separation makes use of the fact that the
chromatographic process scales linearly with column cross-sectional area.
Thus, a separation with a maximum load of (say) 4 mg in an analytical column
(4.6 mm id) will scale to a load of 19 mg on a column 1 cm id (= 4 x 10?/4.6%) or
470 mg on a column 5 cm id = (4 x 502/4.6%), provided the column length,
particle size, and the linear flow velocity remain constant.

Overlapping Injections

Injection of the sample, waiting for it to elute, collecting the fractions, and then
making the next injection is not an efficient use of time. It would be better if the
injections could be arranged such that after the second peak from one injection
emerges from the column, the first peak from the subsequent injection starts to
elute. This can be simply managed. Consider an overloaded separation as
shown in Figure 7.11. The start of the first peak emerges after 5 minutes and
the tail of the second one elutes at 8 minutes. Thus, the total bandwidth of the
peaks on elution is 3 minutes. If we want the leading edge of the first peak from
one injection to elute immediately after the tail of the second peak from the
previous injection, all that is necessary is to make one injection 3 minutes after
the first. Thus, one makes the first injection and 3 minutes later—although
nothing has yet eluted from the column—the second injection is made. After
another 3 minutes the next is made, and so on. The resulting peak train
emerging from the column is shown in Figure 7.12A. Figure 7.12B shows
what is going on in the column. Although the elution chromatogram seems to
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FIGURE 7.10 The figure shows the relation between resolution and (A) retention, (B) column
efficiency, and (C) selectivity. Highlighted point: selectivity 1.15, efficiency 2000 plates, retention

factor 3. Arrows correspond to resolution = 1.5 (baseline).
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FIGURE 7.11 Generic overloaded separation.
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FIGURE 7.12 (A) Detector trace from overlapping injections for the separation of Figure 7.11.
Solid line: first injection; dashed double dotted line: second injection made at t = 3 min; short
dashed line: third injection made at t = 6 min; long dashed line: fourth injection made at t= 9 min.
(B) Internal column concentration profiles during elution for part A. Dashed dotted line: peak 1;
solid line: peak 2.

suggest that the column bed is being used efficiently, in fact there are significant
spaces between successive injections, which are necessary to allow for the band
spreading and to prevent the faster-eluting component from catching the tail of
the slower component from the previous injection. Timing the injections
is critical to preserve the peak purity and to minimize the “dead” time
when nothing is eluting from the column. Figure 7.13 shows this in practice,
for the separation of the enantiomers of benzyl-3-methyl-4-piperidone on a
500 x 50 mm CHIRALPAK AD column with a production rate of 10 g/hr.
Conventional HPLC separations of this type have been used routinely for the
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FIGURE 7.13 Separation of the enantiomers of benzyl-3-methyl-4-piperidone. Production rate:

10.1 g/hr. Column: 20 um CHIRALPAK AD column (500 x 50 mm); mobile phase: acetonitrile;
flow rate: 150 mL/min; temperature: 25°C; injected quantity: 0.675 g.

isolation of hundreds of grams to multikilogram quantities of products for
toxicology and early phase 1 supplies.

Shave Recycle

In some cases, the selectivity of the separation in combination with the column
efficiency is not sufficiently large to allow complete separation of the compo-
nents. One solution is to use a longer column that has high enough efficiency to
allow baseline resolution. Because a longer column requires more packing
material and increases the operating pressure and cycle time, an alternative
solution, that of recycling the peaks through the same column, was developed.
The simplest implementation of this is to connect the column outlet to the inlet
of the pump, sending the entire sample around the system multiple times. To
allow this to happen effectively, the band spreading due to the passage of the
peaks through the pumping system must be small relative to that due to the
column.

A refinement of this idea is that of shave recycle. In this modification,
fractions are collected from the front and rear of the solute bands each time the
peaks emerge from the column. In this way, a small amount of pure product is
collected with each cycle and the total load on the column is diminished. This
reduction in sample load assists in the separation, allowing more of each
product to be collected on subsequent cycles until all material is resolved.
Figure 7.14 shows the principle of this process while Figure 7.15 shows such a
recycle experiment (27). The collection points have to be set up carefully to
collect the maximum quantity of product at the desired purity.
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FIGURE 7.14 Principle of recycle chromatography. (A) Sample is injected. (B) Partial separa-
tion in the column. (C) Collection of the peak front (pure #1). (D) Mixed peak is recycled to the
column top. (E) Collection of the peak tail (pure #2). (F) About to collect the peak front again.
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FIGURE 7.15 Shave-recycle separation of a pharmaceutical intermediate. Sample: 1.2 g
on a CHIRALPAK AS-V column (200 x 50 mm) using acetonitrile as mobile phase at a flow
rate of 500 mL/min. Source: Adapted from Ref. 27.
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FIGURE 7.16 Development of an SSR separation. Separation of methyl and propyl p-hydrox-
ybenzoates. Source: From Ref. 28.

Steady State Recycle

An improvement over shave recycling was developed by the realization that
as the products were collected in a cycle the effective load in the column is
decreased. If additional product is injected into the unresolved peak as it is
recycled, the load per cycle can be kept constant, thus making the process
semicontinuous and steady state (29). This modifies the process shown in
Figure 7.14 by the addition of sample during the passage of the unseparated
material through the pump by switching a loop filled with the feed into the
system. The process variables include the collection points and the position at
which the feed is added during the passage of the unseparated material through
the pump and injection system. Figure 7.16 shows the development of an
Steady-State Recycling (SSR) separation. Interested readers are referred to
Ref. 28. This technique is generally employed for difficult separations of a few
tens of grams to the 1 kg level. Separations of such mixtures at larger scale are
more often carried out using SMB systems.

SIMULATED MOVING BED CHROMATOGRAPHY

The chromatographic processes as described above are not the most efficient use
of the column. For easier separations, even where overlapping injections are
employed, significant parts of the bed are not fully used. This can be seen in
Figure 7.12B, which illustrates the in-column concentration profile of a train of
injections. Steady state recycling has been shown to be more productive than use
of overlapping injections but is still not as productive as one might wish. The
solution to this is the use of countercurrent chromatography, as exemplified by
SMB chromatography, which is its practical implementation. This technique is
conventionally applied to the separation of multikilogram quantities up to
production scale at the 100 MTA production level.
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FIGURE 7.17 Principles of SMB. (A) Samples moving in a column with mobile phase flowing
from left to right. (B) The column is moved at a speed intermediate between those of the solutes
within the column but in the opposite direction. (C) Feed can be introduced to the center of the
column continuously. (D) The introduction of the feed and the need for an infinitely long column
are solved by cutting the column into sections and moving them in discrete steps rather than
continuously. (E) Products are removed from ports between columns by increasing the flow in
zone 1 to flush out the slower-moving product and decreasing the flow in zone 4 to retain the
faster-moving product.

Basics of SMB

Consider a column (Fig. 7.17A) with mobile phase flowing from left to right. In
a conventional chromatograph, a two-component sample introduced in the
center of the column will separate into two bands, migrating at different
velocities. We now suppose that the column may be moved in the opposite
direction from that of the mobile phase. As it increases speed, the bands
appear to slow down relative to an external observer (we must assume—for
the moment—an infinitely long and transparent column) until when the
column is moving in the opposite direction but at the same speed as the
slowest band is moving within it; the slow band appears to our external
observer to be stationary. If the column speed is increased further, the slow-
moving band now appears to be moving with the column, in the direction
opposite to the faster-eluting component (Fig.7.17B). In this situation, with the
two bands moving in opposite directions, it is apparent that one may add feed
to the center of the system continuously (Fig. 7.17C). This is the basis of a
continuous separation system. There are, of course, a few flaws. The column is
currently infinitely long and there is no means to introduce the feed or to
remove the products. Introducing the feed may be accomplished by dividing
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the column into segments and instead of moving the column continuously, we
can move it in discrete time segments such that the average column velocity
remains the same as before. If the column segments are short enough, the two
systems are essentially equivalent. We can now introduce the feed between
two of the column segments through some form of valve arrangement. As the
column moves, the feed position is also moved so it remains effectively
stationary relative to the external observer. This division of the column
removes the need for an infinite length as when a column segment reaches
the end of the system it can be moved back to the starting point at the opposite
end of the column train (Fig. 7.17D). The only problem now is to remove the
products from the column set. The faster-moving component is moving with
the mobile phase from left to right in the system. If we open a port downstream
of the feed point and bleed out some of the mobile phase flow, then the flow
rate downstream of this point will be reduced. At a certain point, the flow in
the downstream section will be too slow to maintain the left to right movement
of the solute. Thus, in section 3 (Fig. 7.17E), the solute moves from left to right,
while in section 4 it now moves from right to left. It can only exit the system
through the open port with that part of the mobile phase which is being
removed. The mobile phase at the end of the column set is clean, as the solute
is traveling away from that point. This means that the mobile phase may be
recycled back to the inlet of the column set. The slower-moving component is
traveling from right to left in the system. If the flow rate in section 1 is
increased, there comes a point where it is carried away from the inlet of the
column set, traveling from left to right. Again, we open a port to the column set
between the inlet and the feed position, bleeding out the increase in flow rate,
reverting the flow rate in section 2 to that originally in the system. The slower-
eluting component is clearly carried toward the outlet between sections 1 and
2. This cleans the columns reaching the inlet to the system, allowing them to be
switched to the outlet end (Fig. 7.17E). We now have a continuous chroma-
tography system, which approximates closely to a true countercurrent system.
The rest is engineering. In some smaller systems, the columns are moved
relative to a stationary multiport valve. As it is impractical to move large-scale
columns, the columns are usually held stationary and their movement is
simulated by sequential operation of the valves at the various inlet and outlet
positions. This is the origin of the term simulated moving bed.

The separation process can be envisaged by plotting the concentration of
each of the components through the column set as indicated in Figure 7.18.
Because the columns have a finite efficiency, there is a band of overlap at the
feed inlet, with the faster-moving component moving clear of the overlap zone
downstream of the feed point and the slower one moving clear of the overlap
zone upstream. The take-off points for the products (conventionally the
“Extract” port for the slow-moving component and the “Raffinate” port for
the fast-moving component) are situated at the point at which the products are
pure enough for the purposes of the process. The end zones are maintained as
small as possible to reduce the unused part of the chromatographic bed. It is
normally found that to obtain high purity and high recovery—essential for the
high-cost products found in the pharmaceutical industry—the SMB system
needs at least six columns. The minimum number of columns for an SMB unit
is conventionally four, although with such a configuration it is not possible to
reach very high product purity. As will be noted later, modifications to the



136 DRUG STEREOCHEMISTRY: ANALYTICAL METHODS AND PHARMACOLOGY

Zone 1 Zone 2 Zone 3 Zone 4

25 — - ~ - ~—r

20

15

10

Concentration

Extract Feed Raffinate

FIGURE 7.18 Internal concentration profile for the enantiomers of a-methyl-a-phenylsuccini-
mide. Column set: 6 x 100 x 4.6 mm CHIRALPAK IA (20um) columns with ethyl acetate as
mobile phase. Feed: 0.51 mL/min (at 200 g/L); zone 1 flow = 11.66 mL/min; extract flow = 7.09
mL/min; raffinate flow = 0.59 mL/min; switch time = 1.42 min.

conventional SMB system allow the use of five columns while attaining the high
purity needed for enantiomer separations.

One of the principle advantages of SMB is that since much of the solvent is
recycled and only a proportion is removed from the system to collect the two
products, it uses much less solvent than single-column HPLC. Additionally, the
collected fractions are isolated in much higher concentration than can be
achieved by HPLC processes. At the large scale, solvent recovery of over 99%
has been routinely achieved in a production process (30).

As described, it is clear that the SMB system is a binary separator. There
have been several adaptations to allow isolation of more than the two compo-
nents although these have not so far been adopted commercially. At smaller
scale, batch chromatography is frequently more effective for these more complex
separations.

SMB Method Development

In the case of low sample concentrations and linear isotherms, it is relatively
easy to determine the operating parameters of the SMB system. An SMB system
is controlled through four flow rates and a switch time. The flow rates are those
in section 1, the extract and raffinate flows and the feed flow. In a standard SMB
unit, the switch time is the time lapse between switching the valve positions
from one column to the next. There are some constraints to the system, which
define the relative flow rates and switch time. In section 1, both solutes must
move toward the extract port. In sections 2 and 3, the slower-moving component
moves toward the extract port while the faster-moving one moves toward
the raffinate port. It should be noted that the flow in section 3 is higher (by
the value of the feed flow rate) than in section 2. In section 4, both components
move toward the raffinate port.
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The velocity of a component i in section X (u; x) of the SMB is given by

Um, X
= : 7
Ui x 1 +k,i,X ( )

where u,, x is the mobile phase velocity in that section and k'; x is the retention
factor for that solute.

The switch time and column length can be combined to give a stationary
phase velocity (u#.o): L

tswitch

()

Ueol =

Thus, for a solute to move with the mobile phase toward the raffinate port, its
mobile phase velocity should exceed that of the stationary phase. Equally, a
solute that moves with the stationary phase must have a mobile phase velocity
less than that of the stationary phase. Thus, one can write equations for each
component in each section of the SMB.

In practice, there are some velocities that are critical. Section 1 flow rate is
controlled by the slower-moving (extract) product. The velocity of this product
has to be greater than the stationary phase velocity in the opposite direction.
This ensures that the products are eluted from the columns in this section prior
to their being moved into section 4. In section 2, the velocity of the faster-moving
component has to be greater than that of the stationary phase. In section 3, the
velocity of the slower-moving component must be less than that of the stationary
phase. Finally, in section 4, the velocity of the faster-moving component has to
be less than the stationary phase velocity. The critical inequalities can be written:

Section 1:
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Finally, it has to be recognized that the internal flow rates u,, > 4 are related
to the section 1 flow rate (#,,1) and the external feed, extract, and raffinate
flows:

Um2 = Um1 — Uextract
Um3 = Um;1 — Uextract T Ufeed (13)

Um4a = Um1 — Uextract T Ufeed — Uraffinate

The inequalities described by the Egs. 9 to 12 may be solved for the operating
parameters (relative to the stationary phase velocity) by inserting a parameter B,
which describes the deviation from equality and by substituting the flow rate
values from Eq. 13. If one assumes that the retention factors are independent of
sample concentration (i.e., linear isotherms), then this gives the definitive
solution for the flow rates. In practical cases, the mass overload effects reduce
(usually) the retention factors at higher concentrations of the solutes in the
columns that change the values thus calculated.

If the concentration profile within the columns is considered (see Fig. 7.18), it
can be seen that the section 1 flow rate is still controlled by the low-concentration
value of the retention factor of the more retained solute (i.e., the extract product). In
the absence of displacement effects, the section 2 flow rate should be determined
by the low-concentration value of the retention factor for the earlier eluting
component. Usually, however, the tail of the earlier eluting component is displaced
by the higher concentration of the extract product, resulting in a faster movement
of the raffinate product through the section. In section 3, the critical velocity is that
of the high-concentration zone of the extract product and is dependent on the
retention factor of the solute at the high concentration. Equally, in section 4, the
critical velocity is that of the high-concentration zone of the raffinate product. Thus,
the concentrations and flow velocities are very closely interdependent and can
only be calculated numerically for real systems. The usual solution is to determine
the adsorption isotherm parameters and to use a computer simulation to deter-
mine the best operating conditions.

An alternative procedure was developed by Morbidelli and coworkers,
which assumes the ideal model (zero dispersion) and that the separation can be
modeled with the Langmuir isotherm (31). It consists of a plot of the ratios of the
mobile phase to stationary phase flows in sections 2 and 3 of the SMB. They
developed equations that define a roughly triangular space on the plot where
both extract and raffinate streams are pure. Operating conditions corresponding
to a point within this “Morbidelli Triangle” will give pure products at a
production rate depending on the position in the triangle that is chosen.
Conditions corresponding to points outside the triangle will give either one or
the other product stream—or neither—that is pure. Although this does not give
values for the flows in sections 1 or 4 (these are relatively easy to establish), this
is a very useful method to reach starting conditions for subsequent optimization
empirically or by computer simulation.

The computer simulation approach works very well where the adsorption
isotherms can be measured accurately and where they fit manageable equations.
If the adsorption isotherms do not fit convenient models or the parameters
contain significant error, then the results of the computer simulation may be
very misleading. In such a case, an empirical determination of the experimental
parameters becomes necessary.
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Empirical Determination of SMB Parameters

The discussion above gives a basis for an experimental development of SMB
methods. We choose an arbitrary value of switch time (e.g., 1 minute) and this,
from the column length, gives a stationary phase flow velocity. Bearing in mind
that the mobile phase flow velocity in section 1 depends on the retention factor
of the second eluting peak, we use the inequality of Eq. 9 to obtain the minimum
mobile phase flow velocity in that section. Similarly, ignoring for the moment
the probable displacement effects in section 2, we use the low-concentration
retention factor for the raffinate product to obtain a minimum flow velocity in
the second section. These minimum values of flow rate are usually increased by
a few percent to ensure that they are adequate to prevent the carriage of
the products in the wrong direction through the system. They also may
need to be adjusted (along with the switch time) to ensure that they do not
exceed practically attainable values. Once this is done, a low feed flow is
introduced, increasing the raffinate flow to eliminate any loss of product from
the outlet of section 4 and monitoring the extract and raffinate stream purity (it
is convenient in this context, but not essential, to have a system with an external
recycle that can be directed to waste during this process in case the raffinate
flow is not set high enough). The section 2 flow rate is reduced to the point
where the extract purity is just within specification. The feed flow is incre-
mented until the raffinate purity decreases due to the extract product break-
through in section 3. If by this point the extract purity has increased due to
displacement effects, the section 2 flow rate can again be decreased until the
extract stream is just within the desired specification. The feed flow is adjusted
to the point where the raffinate purity is at the desired value. The final
optimization is to hold the flow rates in sections 2 and 3 constant and to
decrease the extract and raffinate flows to the point where the products are no
longer retained in sections 1 and 4, respectively. A small increase in the flows to
eliminate the bleeding completes the process. When optimized in this way, the
separation is close to the maximum feed flow possible; for the sake of long-term
robustness, the feed flow may be reduced a little to allow for changes in
temperature, mobile phase composition, etc. It should be noted that even
where computer simulations are possible to calculate the operating conditions,
these may not be of high enough accuracy to be used without a similar empirical
optimization approach. In this case the starting conditions used are those
suggested by the simulation but with a 50% lower feed flow. The parameters
are then adjusted following the procedures outlined above.

The concentration profile within the column set gives very useful infor-
mation, not only during method development but also in normal operation as a
means to detect changes in the system before they adversely affect the product
purity. A conventional way to do this is to install a six-port injection valve
between two of the columns in the set and use this periodically to remove small
samples for subsequent analysis. If this is done over the entire cycle, the internal
profile can be built up as the columns move through the set. Taking multiple
samples through a single switch period can give a more detailed profile than one
taken only at the end of each switch. An alternative is to use a detector between
two of the columns to monitor the concentrations continuously. Ideally, the use
of a UV detector in series with a polarimeter can be used to measure the
concentrations of both components after deconvolution of the signals. In prac-
tice, this is complicated by the band spreading due to the detector cells (32) and
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it has been found that very useful data can be extracted simply with a polar-
imeter detector between two columns.

SMB Separations

The earliest example of an enantioseparation by SMB was reported by Negawa
and Shoji (33). This was a rather low-productivity process; over time the
productivity of SMB processes has grown significantly. A recent report (34)
on the enantioseparation of glutethimide has given a productivity of well above
5 kg (enantiomer)/kg (CSP)/day. SMB is often used for the isolation of phase
1 materials at the 5- to 50-kg scale.

The development of a chromatographic manufacturing process for an
enantiomerically pure drug has been described elsewhere (30,35). This very
detailed description of the study of the very many parameters that impact the
process development should be required reading for anyone contemplating the
implementation of larger-scale chromatographic processing.

SMB-Related Processes

There have been a number of modifications to the basic SMB processes that were
developed to increase the production rate or the productivity (it should be noted
that these are not synonymous) of the process. The best known is the Varicol
process (36), developed by Novasep (Pompey, France). This abandons the
synchronous switching of the valves such that all columns “move” at the
same time as in conventional SMB. It makes use of the fact that the column
set is split into a finite number of individual columns and that the concentration
steady state is cyclic. The Varicol technique takes advantage of the fact that in a
conventional SMB unit the stationary phase is still not used as optimally as
it could be (in a true moving bed—TMB—system). There are points where a
column is almost empty of solute during parts of the cycle and the asynchronous
switching allows these parts of the columns to be utilized. Thus, the number of
columns used in the SMB process can be reduced (usually from six to five) with
a corresponding increase in productivity although the effect on production rate
is not necessarily so large.

Other modifications to the process have been proposed. These, too, are
used to bring the SMB unit closer to TMB performance. One (Power Feed)
modulates the feed flow depending on the position through the cycle (37), while
the other (Modicon) relies on changing the feed concentration through the cycle
(38). Both take advantage of the pseudo-steady state operation of SMB where the
separation conditions vary through each switch due to the finite column length.
Neither has been used to date at large scale.

SUPERCRITICAL FLUID CHROMATOGRAPHY

The first step toward the use of supercritical fluid chromatography (SFC) in
preparative separations was carried out in the early 1970s (39). SFC uses a
supercritical fluid as its mobile phase rather than the liquid phase used in
HPLC. The supercritical phase has several advantages over the HPLC mobile
phases, mainly because the supercritical phase has properties intermediate
between liquid and gas phases. A supercritical phase has a lower viscosity
than a liquid. In chromatographic terms, this means that the pressure drop



PREPARATIVE ENANTIOSELECTIVE CHROMATOGRAPHY 141

across a column for a given flow rate is less in SFC than in HPLC. More
importantly, the rate of diffusion of molecules in a supercritical phase is faster
due to this lower viscosity. This directly affects the column efficiency and
typically one can operate an SFC column at a flow rate between three and
five times higher than in HPLC. The mobile phase usually used in SFC is a
mixture of carbon dioxide with a polar modifier. Carbon dioxide is a low
polarity solvent and it is necessary for the average pharmaceutical product to
add an alcohol modifier to the mobile phase (usually in a 5-30% concentration)
to allow elution of the solutes. Thus, the use of organic solvents in SFC is much
lower than in HPLC and the technique is considered to be “green,” especially
where the CO; is recycled rather than vented to the atmosphere.

An SFC system is similar in design to an HPLC unit with the exception of a
few details. A schematic is shown in Figure 7.19. Solvents reach supercriticality
when heated under pressure. For CO,, the conditions to reach the supercritical
state are relatively mild: a pressure of 70 bar and a temperature of 31°C are
required. These values are modified a little when an organic solvent is used as
modifier, but conventional SFC separations are usually carried out at a pressure
of 100 bar (at the column outlet) and a temperature of 35°C. Often, temperatures
below the critical point are used, and although this can result in a higher noise
level, there are few differences in the separations achieved using these “sub-
critical” conditions. For preparative chromatography, the only difficulty lies in
the collection of fractions. Fraction collection is easily done by depressurizing
the mobile phase after passage through the detector. Once the pressure is
decreased, the mobile phase splits into a mixture of a gas (CO,) and a liquid
(the organic modifier). Normally, the product is dissolved in the modifier (the
solubility of organic compounds in gases such as CO, is extremely low) and all
that is necessary is to collect the liquid phase. This is normally done in a cyclone,
which uses the centrifugal force generated by tangential injection of the mobile
phase to separate out the droplets of the modifier. This is less convenient than
the collection from HPLC, although with the correct design of cyclone, the
recovery of the products can be high.

Heat exchangers

Waste
BPR or
collection

Back pressure regulator

FIGURE 7.19 Schematic of a supercritical fluid chromatograph.
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SFC Method Development

Method development in SFC follows the current practices in HPLC develop-
ment. The low viscosity of SFC mobile phases allow the use of small particle
packings at high flow rates and the use of 5 pm particles is normal for
semipreparative SFC. It should be noted that there are good arguments for
moving to larger particle sizes where it is possible to increase the flow rate and
therefore the production rate at a given pressure. There is also a trend for the use
of shorter columns in preparative SFC than in HPLC. This reflects the higher
efficiency of the small particle columns and generally allows an increase in
production rate. This is because the column efficiency available generally
exceeds that required for the separation. Thus, the column can be shortened,
reducing the number of theoretical plates but also reducing the operating
pressure so that a higher flow rate can be used. This, in turn, improves the
rate of production of the products. Of course, the use of the combination of short
columns and very high flow rates is ultimately limited by the cycle time possible
from the SFC hardware; the injection system has to be ready to make the
following injection before the total cycle time for the separation has elapsed.

Screening

Screening in SFC follows the same procedures as in HPLC (19). A column
switching valve and a mobile phase modifier selection valve are conventionally
added to an analytical SFC system and samples are run sequentially through the
columns. Optimization is carried out by adjustment of the modifier concentra-
tion and composition. Typically modifiers such as methanol and 2-propanol are
used; ethanol frequently has selectivity somewhere between the two. In some
cases acetonitrile is used as modifier; this has a lesser solvent strength in SFC
relative to the case in HPLC and, being aprotic, has some differences in
selectivity from the alcohols. When immobilized CSPs are used in SFC, it has
been shown that the use of THF and MTBE-based modifiers, often with the
addition of a small percentage of an alcohol to adjust solvent strength, may be a
useful addition to the range of solvents employed (40).

Choice of Mobile Phase

The mobile phase modifier can have a significant effect on the production rate in
SFC, just as in HPLC (see section “Selection of Solvents”) (23). A limited study of
the effect of mobile phase modifier has been carried out for three solutes and a
range of solvents that may possibly be used in SFC. Again, marked differences
are seen between the production rates attainable by the different solvent
systems, although the peak shapes indicated that the adsorption behavior was
more regular than that seen in the HPLC experiments.

Additives

Additives in SFC play similar roles in improving separations as they do in
HPLC. Probably the major difference in the case of SFC is in the chromatogra-
phy of carboxylic acids where in contrast to HPLC, an acidic additive is
generally not needed. This is because the combination of the CO, and an
alcoholic modifier is sufficiently acidic to prevent the unwanted interactions
of the acids with the stationary phase. This has an advantage in that often one
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observes esterification of the acids during product recovery when separating
them under HPLC conditions using TFA as additive. It should be noted that if
aprotic modifiers such as acetonitrile are used, the acid additive becomes
necessary.

Scale-Up

Scale-up in SFC is similarly close to that in HPLC. Flow rates and sample size are
scaled according to the column cross-sectional area; typically no problems are
found in moving from the analytical scale to the preparative.

Problems of Injection Volume

The disadvantage of SFC lies in the solubility of the solutes to be separated
and the practicality of injecting samples dissolved in the supercritical fluid.
Conventionally, the samples are dissolved in the organic component of the
mobile phase and are injected at high pressure into the mobile phase stream.
Although this apparently solves many of the difficulties arising from sample
solubility in HPLC, it can result in some problems.

It is well documented for HPLC that introduction of the sample in a
solvent that is not the mobile phase can give rise to peak distortion. This is
because of the slow diffusion rates in liquids where the sample solvent does not
instantaneously mix with the mobile phase. Thus, where the sample is dissolved
in a solvent with higher eluting power than the mobile phase, part of the sample
remains in the stronger solvent while it is traversing the column and therefore
moves more quickly than the remainder of the sample that has already mixed
with the mobile phase. This results in significant peak distortion. As the sample
is of necessity dissolved in the polar modifier for SFC, this phenomenon is often
observed. Figure 7.20 shows the peak profiles for devrinol observed on injecting
increasing sample volumes. The distortion due to the use of the strong injection
solvent on the front of the peaks is clearly evident at the larger injection
volumes. This limits the possible sample load in the column.

Usually the solubility of the sample in the supercritical fluid is not known.
Where there is a significant difference in solubility, it is possible for the solute to
precipitate from the injection plug as it mixes with the mobile phase. In the
worst case, the sample precipitates before it even reaches the column, resulting
in blockage of the inlet frit. This process can be progressive, leading to increase
in operating pressure with each subsequent injection, or it can be catastrophic.
Although the SFC systems are equipped with pressure cutoff switches, these
take a finite time to operate. At the high flow rates conventionally used in SFC
systems, the instantaneous pressure can reach high values, enough to distort the
inlet frits of the SFC columns. An example of this is shown in Figure 7.21. When
developing SFC methods, the pressure excursions on injection should be care-
fully measured to avoid such failure.

At present, SFC instruments with a flow capacity to allow the effective use
of columns up to 5 cm id are available. Only a few systems with columns above
this size have been produced, thus practically limiting the use of SFC for
smaller-scale separations. The high pressures required for the hardware,
together with the necessary safety measures needed make large-scale SFC
units relatively expensive, and it is probable that the technique will only go to
larger scale should a “killer” application be developed.
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FIGURE 7.20 Peak profiles from a loading study with Devrinol. Column: CHIRALPAK IC (250 x
4.6 mm). Mobile phase: 30% of a 20% methanol in dichloromethane mixture. Sample Devrinol,
100 g/L, injection volumes 10, 20, 30, 50, and 100 mL. Short dashed line: analytical injection.
Flow rate: 4 mL/min; back pressure: 100 bar; temperature: 35°C.

FIGURE 7.21 |Inlet frit from a 250 x 50 mm preparative SFC column following sample
precipitation on injection.

SMB-SFC

The combination of SFC and SMB has been the subject of some research (41,42).
Advantages over conventional SMB have been noted since it is possible to adjust
the solvent strength by changing the pressure in a zone of the SMB. The pressure
modulation can be used to compensate for the higher flow rate downstream of
the feed port, thus allowing a higher feed input over the isobaric system. Such
equipment has so far not emerged from the R&D environment, however, mainly
due to its complexity. As conventional SMB significantly reduces the solvent
consumption and the energy requirements for its recovery, it is difficult to see if
SFC-SMB can be cost-competitive in reducing the solvent costs further while
incurring additional costs due to the phase changes and equipment complexity
required for supercritical operation (43).
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CONCLUSION

Preparative chromatography is an integral part of the scale-up and development
of chiral pharmaceutical products. This starts at the earliest level, in the isolation
of the initial few milligrams needed for testing, through the intermediate stages
to the isolation of quantities sufficient for toxicology and in an increasing
number of cases for phase 1 clinical trials. As the product moves forward
through phases 2 and 3 toward commercialization, the final manufacturing
process is designed. At this point, the pathway that leads to production of the
enantiomer at the lowest cost is chosen; this may be through crystallization,
biotransformation, asymmetric synthesis, or chromatography. Large-scale enan-
tioselective chromatography has been shown on several occasions to be the more
economic process and has been adopted.
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n Enantioselective separations by
electromigration techniques

Michat J. Markuszewski

INTRODUCTION

Since the last decade of twentieth century, electromigration techniques have
been recognized as an important analytical tool. There are a number of com-
mercially available instruments, as well as numerous scientific publications
presenting already established applications of the use of electromigration
techniques. A significant feature that distinguishes these techniques from others
is the fact that charged compounds can be easily and efficiently separated. This
can be achieved within a short period of time and be of high resolution.
Moreover, in contradiction to most of already established techniques [e.g.,
high-performance liquid chromatography (HPLC)], analyses of strong acids
and bases can be performed without common problems such as peak tailing,
poor efficiencies, and resolution. For those compounds, capillary zone electro-
phoresis is a most suitable method.

The instrumentation for electromigration technique modes is relatively
simple and consists of the separation capillary placed between two reservoirs
filled with background electrolyte (BGE) solution, platinum electrodes, high-
voltage power supply, and a detector. Separations are carried out in fused silica
capillaries, ranging usually from 15 to more than 100 cm in length and from 25 to
75 pm in internal diameter. For analytical performance quality, the capillary
might be thermostated using either a liquid or air cooling system. High-voltage
power supply used in electromigration techniques operates up to 30 kV, which
results in a current level of ca. 300 pA. The capillary is externally coated with
polyimide layer to ensure sustainability (Fig. 8.1).

Introduction of the sample into the capillary might be carried out either
electrokinetically or hydrodynamically. Electrokinetic injection is based on
application of a relatively low voltage for a short time to the sample reservoir
and movement of ionized sample species into the capillary according to polarity.
In hydrodynamic injection mode, a controlled pressure is applied for a certain
time interval thus forcing sample volume to be introduced to the system.
Typically, only minute volumes of sample are introduced, usually in the
range of 0.1 to 50 nL. There are many different detection modes possible to
apply with electromigration techniques, such as UV-vis spectrophotometric
detection, laser-induced fluorescence (LIF), mass spectrometry (MS).

This basic instrument setup can be elaborated upon with enhanced
features such as autosamplers, multiple injection devices, programmable
power supply, multiple detectors, fraction collection, as well as advanced and
sophisticated computer programs.

In electromigration techniques, several separation modes can be distin-
guished, which are characterized by different separation mechanisms:

® Capillary zone electrophoresis (CZE)
® Micellar electrokinetic chromatography (MEKC)

147
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FIGURE 8.1 Schematic representation of capillary electrophoresis instrumentation: (1) high-
voltage power supply, (2) electrolyte reservoirs, (3) capillary, (4) electrodes, (5) detection system.

Capillary gel electrophoresis (CGE)
® Capillary isoelectric focusing (CIEF)
® Capillary isotachophoresis (CITP)

All of the above-mentioned separation modes can be performed using the
same equipment, which makes electromigration techniques a very versatile
analytical technique. Since the different modes are mainly characterized by the
composition of the electrolyte system, they are easily accessed by a proper
selection of the applied electrolyte solutions. In the CZE and CITP mode, the
separation mechanism is mainly based on differences in effective mobility of
ions. The separation mechanism in MEKC is based on differences in distribu-
tion equilibrium between an aqueous phase and a micellar phase. In CGE,
differences in molecular size govern the separations of compounds and,
simultaneously, in CIEF, mechanism is based on differences in isoelectric
point values.

The first enantiomeric separation driven by an electrical field was per-
formed by Yoneda et al. in 1970 (1). For this purpose the authors used paper
electrophoresis. However, due to poor efficiencies and long analysis times, the
method did not gain acceptance for routine analysis. Since then there has been a
dramatic increase in number of studies on enantioseparations.

Generally there are two different strategies to deal with enantiomeric
separations. Enantiomers can be separated either by direct or indirect separation
method. Enantioseparations, which is performed without previous derivatiza-
tion, is called the direct method. In this approach, the enantiomeric mixture is
exposed to an optically active environment, where one of the enantiomers shows
a stronger interaction with the asymmetric selector. The common procedures for
further enantioseparations are the application of chiral phases in HPLC, gas
chromatography (GC), and supercritical fluid chromatography (SFC). In the
electromigration techniques, enantioseparations can be reached by application
of chiral environment (CE, MEKC) and by modification of inner surface of
capillary silica wall or use of chiral stationary phases (CEC).

The indirect separation method is based on reaction (derivatization)
between the enantiomers and a chiral selector, resulting in the creation of
diastereoisomers (described in detail in chap. 4). Due to different physical
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TABLE 8.1 Chiral Selectors Used in Capillary Electrophoresis

Chiral selectors (as BGE additives) Reference
Cyclodextrins 2,3,5,10-16
Macrocyclic glycopeptide antibiotics 3,17-19
Proteins 3,20-23
Crown ethers 3,8,24-27
Alkaloids 3,28
Polysaccharides (carbohydrates) 3,29,30
Imprinted polymers 31-34
Ligand exchangers 31

Source: From Ref. 9.

properties, the diastereoisomers can be separated by any analytical method
(HPLC, CE). A chiral environment may be advantageous, but it is not always a
requirement for diastereoisomer separations. The disadvantage of the indirect
approach is that the method is time-consuming and not always exact due to the
sample derivatization and the chiral derivatizing agent having to be very pure,
since enantiomeric impurity might result in a few more diastereomeric products.

In capillary electrophoresis (CE) there are usually two different
approaches to the use of chiral selectors for enantioseparations. One is similar
to the other separation techniques such as GC or HPLC, when a chiral selector is
complexed to different packing materials usually by time-consuming synthetic
processes. That is also available in CE when resolution takes place on a capillary
coated (from the inner side of capillary tube) with a chiral selector (2).

In contrast, the second and more common approach in CE is when chiral
selectors are used as additives to a BGE. The ease of method development
facilitates the search for the selector with the highest separating power.

As a chiral resolution technique, CE has been used widely for the
enantiomeric resolution of drugs and pharmaceuticals (3). Several reviews
have also appeared on this issue and they describe the use of many chiral
compounds as chiral BGE additives (4-9).

The list of chiral selectors that are used as BGE additives in electro-
migration techniques is presented in Table 8.1. Commonly used chiral BGE
additives are cyclodextrins, macrocyclic glycopeptide antibiotics, proteins,
crown ethers, ligand exchangers, alkaloids (4-9), and so on. The most frequently
used in enantioseparations in CE are a-, B-, and y-cyclodextrins and their
derivatives. This is due to their suitable water solubility and, what is equally
important, properties of their various functional groups and cavities that are
responsible for the formation of diastereomeric inclusion complexes with chiral
compounds. A suitable chiral selector used as an additive in BGE in electro-
migration techniques should fulfill the following basic requirements:

® Solubility in BGE and capability of forming inclusion complexes with chiral
compounds

® Sufficient chemical moieties (groups, atoms, grooves, cavities, and so on) for
complexing with chiral compounds

®  Specificity of chiral selector—hiral compound interactions and, accordingly,
the mass transfer kinetics must be favorable in order to effectively employ
the advantages offered by the electrically driven flow
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® Suitable selectivity combined with enantioselectivity, as it may be used for
the resolution of structurally related compounds

® Lack of UV absorbance as, most often, detection in electromigration techni-
ques is by UV

Apart from choosing an appropriate CE chiral selector, further optimization
requires consideration of many parameters that are responsible for successful
enantiomeric separations.

THE OPTIMIZATION OF CE CONDITIONS

FOR ENANTIOSEPARATION

In general, enantioseparation by CE can be controlled by a number of
parameters. The important optimization factors may be classified as the inde-
pendent and dependent ones. Those that are under the direct control of the
operator are independent factors and they include type, pH, and the ionic
strength of the buffer; the choice of chiral selector; the applied voltage during
analysis; the temperature of the capillary compartment; the size and the
diameter of the capillary; and the BGE additives. The dependent parameters,
which are not under the direct control of the operator, are the field strength
(V/m), the electroosmotic flow, the Joule heating, the viscosity of BGE, the
sample diffusion, the sample charge, the interaction of the sample with the
capillary and the BGE, the molar absorptivity. Difficulties in the optimization
of the chiral resolution can be solved by varying and controlling all of above-
mentioned factors.

Effect of the Composition of the BGE on Enantioseparation

The main role of the BGE is to maintain a high-voltage gradient across the
capillary. This requires that the conductivity of the BGE should be higher than
the conductivity of the applied sample. The use of buffers in CE is essential to
control the pH of the BGE. Among the most common buffers in CE used for
enantioseparations are

Phosphate

Acetate

Borate

Ammonium citrate

Tris, 2-(N-cyclohexylamino) ethanesulfonic acid (CHES)
Morpholinoethanesulfonic acid (MES)
Piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES)
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)

Buffers are usually used at various concentrations and at different pH values.
For the optimum enantioseparation of chiral compounds, the type and specific
concentration of the BGE are of utmost importance. The selection of the appro-
priate background electrolytes depends on the type of the chiral compounds to
be resolved, on the conductivities of the buffer and sample matrix, and on the
type of chiral selector used in the BGE. Another important issue is the pH of the
BGE. For low-pH bulffers, phosphates and citrates have commonly been used.
Borate, tris, and 3-cyclohexylamino-1-propanesulphonic acid (CAPS) might be
used as basic buffers. Type of detection system should be considered when
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TABLE 8.2 Commonly Used Buffer Systems with Suitable pHs and Optimum Absorption
Wavelength for the Enantioseparations in CE

Buffer Type pH UV absorption wavelength (nm)
Phosphate 1.14-3.14 195
Citrate 3.06-5.40 260
Acetate 3.76-5.76 220
MES 5.5-6.7 230
PIPES 6.1-7.5 215
Phosphate 6.20-8.20 195
HEPES 6.8-8.2 230
Tricine 7.4-8.8 230
Tris 7.2-9.0 220
Borate 8.14-10.14 180
CHES 8.6-10.0 <190

Abbreviations: CHES, 2-(N-cyclohexylamino)ethanesulfonic acid; MES, morpholinoethanesulfonic acid; PIPES,
piperazine-N,N-bis(2-ethanesulfonic acid); HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
Source: From Ref. 35.

searching for an appropriate buffer. If a UV detector is used then low-UV
absorbing buffers are required. Also, volatile components are necessary in the
case of MS detection methods. However, these conditions substantially limit the
choice to a moderate number of electrolytes.

Effect of the pH of the BGE on Enantioseparation
The diastereomeric complexes formed between the enantiomers and the chiral
selector used in BGE are affected by the pH of the buffer. By varying the buffer
pH, an increase or decrease in the electroosmotic flow (EOF) might be observed
that finally results in an increase or decrease of the analysis time. It is also
important to note that the pH value of the buffer may be altered by an indirect
manner; that is, by other parameters such as temperature or ion depletion.
Suitable pH ranges for various buffers are summarized in Table 8.2 (35). In the
literature reports there are indicated a wide range of pH values used for the
chiral resolution of drugs. Some reports indicate chiral resolution at acidic pH
values, while others indicate basic pH values, which reveals that the pH
requirements depend on the chemical nature (properties) of analyzed chiral
compounds, the type of the buffer used, the type of the chiral selector in BGE,
and other CE conditions.

As a general rule, a low pH might be used to resolve cationic chiral
compounds, while a high pH is required for the chiral resolution of anionic analytes.

Effect of the lonic Strength of the BGE on Enantioseparation

The selection of the appropriate ionic strength depends on such factors as the
capillary size (effective length and inner diameter), the applied voltage, and the
efficiency of the capillary thermostating system (air-cooled system or liquid-
cooled system). With an increase of ionic strength, decrease of the EOF might be
observed, which in consequence means an increase in the analysis time in CE.
Moreover, an increasing ionic strength also increases the current at a constant
voltage, which can produce a problem with adequate thermostating of the
capillary. When high buffer concentrations are used, excessive Joule heating
occurs, which again affects chiral resolution. The heating problem can be solved
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by decreasing the applied voltage, increasing the length, and decreasing the
internal diameter of the capillary. From another point of view, increasing ionic
strength might decrease the formation of diastereomeric complexes as well as
wall interactions. Therefore, optimization of the chiral resolution of chiral
compounds may be achieved by varying the ionic strength of the BGE.

The Chiral Selectors in CE
Similarly to chromatography, a chiral environment is essential for enantiomeric
resolution in the case of chiral CE. Basically, the chiral recognition mechanisms
in CE are similar to those in chromatography using a chiral mobile phase
additive mode. The important exception is that in the case of CE the resolution
occurs through the different migration velocities of the diastereoisomeric com-
plexes. Chiral resolution takes place due to the formation of diastereomeric
complexes between the enantiomers and the chiral selector. This depends on the
type and nature of the chiral selectors used and the nature of chiral compounds.
The enantioseparation of chiral compounds is mostly carried out using a
chiral selector as an additive in the BGE. In general, the chiral selectors differ-
ently interact with the particular enantiomers thus leading to the enantiosepa-
rations. Therefore, the selection of an appropriate chiral selector for a specific
chiral compound is a key factor. The most commonly used chiral selectors are
cyclodextrins and their chemical modifications.

Cyclodextrins
Cyclodextrins (CD) are torus-shaped cyclic p-gluco-oligosaccharides produced
from starch by enzymatic reaction of metabolism. Usually CD contain 6 units
(0-CD), 7 units (B-CD), or 8 units (y-CD) of p-glucopyranose and this determines
the size of cavity. The interior of the cavity is relatively hydrophobic. Hydro-
phobic groups such as aromatic compounds or cycloalkanes can penetrate the
cone and form an “inclusion” or “host-guest” complex. Alternatively, on the
surface of the wider side of the CD cavity there are chiral secondary hydroxyl
groups, while the opposite smaller opening is occupied by achiral primary
hydroxyl groups. CD form diastereomeric complexes with several chiral com-
pounds, due to their ability to form inclusion complexes. The formation of
inclusion complexes between CD and enantiomers is controlled by a number of
interactions between substituents on the asymmetric center of the analyte and
the hydroxyl groups on the CD structure rim. Those possible interactions are n-n
interactions, hydrogen bonding, dipole-dipole interactions, ionic bindings, and
steric effects. Also, relatively good solubility of CD in aqueous buffers (exception
is B-CD) and their low cost make these the chiral selectors of first choice in CE.
Chankvetadze et al. (10) have proposed an explanation of chiral recogni-
tion mechanisms in the case of CD using UV, NMR, and electrospray ionization
mass spectrometric methods. Furthermore, the authors determined the struc-
tures of the diastereomeric complexes by X-ray crystallographic methods.
Besides the native CD, there are also several other so-called modified CD
commercially available, which are used in CE techniques, for example, hydroxy-
propylated CD (HP-o-CD, HP-B-CD, HP-y-CD) (11), in which hydroxyl groups
of native CD are substituted by O-Cz;H;OH groups; these possess different
stereoselectivity as well as improved solubility. Hydroxyl groups on the CD rim
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can also be substituted by a charged or chargeable groups (12,13). The intro-
duction of chargeable groups will result in an increased solubility and in
alteration of the separation mechanism by the introduction of electrostatic
interactions. Moreover, the use of a chiral selector carrying a charge opposite
to that of the analytes may significantly increase the mobility difference between
the two enantiomers.

Macrocyclic Antibiotics

Macrocyclic antibiotics are similar to CD in some ways. Vancomycin, rifamycin
B, and ristocetin A have been used successfully as enantioselective compounds
toward the different class of analytes (17-19). Most of them contain ionizable
groups and, consequently, their charge and possibly their three-dimensional
conformation can vary with the pH of the BGE. Chemical structures of some
macrocyclic antibiotics are presented in Figure 8.2. The complex structures of the
antibiotics, which contain different chiral centers, inclusion cavities, aromatic
rings, pyranose and furanose sugar moieties, rings and bridges, along with
several hydrogen donor and acceptor sites and other groups, are responsible for
their surprising chiral selectivities. This allows for an excellent potential to
resolve a greater variety of racemates. The chiral recognition is possible mainly
by n-n interactions, hydrogen bonding, inclusion complexation, dipole inter-
actions, steric interactions, and anionic and cationic bindings. Resulting diaster-
eomeric complexes of different physical and chemical properties become
separated under applied electric field. The enantioselectivity depends on the
different migration times of these complexes, which vary according to their
sizes, charges, and their interactions with the capillary inner surface. As a result,
such diastereomeric complexes elute at different migration times.

Since macrocyclic antibiotics have strong UV absorption, partial filling
methods have been applied to overcome detection problems. Also, improve-
ment in separation performance can be observed using vancomycin as chiral
selector and dynamic coating of the capillary inner surface with poly(dimethy-
lacrylamide) (36). Besides suppressing the EOF, adsorption of vancomycin at the
capillary wall is minimized.

FIGURE 8.2 Chemical structures of macrocyclic antibiotics: (A)erythromycin, (B) vancomycin,
(C) rifamycin B.
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Crown Ethers

Crown ethers have been used for a long time as chiral additives in CE. They are
macrocyclic polyethers capable of forming host-guest complexes with, most
frequently, inorganic and organic cations (particularly primary amines). Mod-
ification of the crown ether by the introduction of four carboxylic acid groups
makes it feasible to apply them in CE as chiral selectors. 18-crown-6-tetracar-
boxylic acid has been applied as a chiral selector in CE for the enantioseparation
of amino acids, dipeptides, sympathomimetics, and other drug compounds
containing primary amino groups (25). However, 18-crown-6-tetracarboxylic
acid is still the only chiral crown ether used until now (8,14,25-27,37).

Proteins

The fact that binding of drugs to serum proteins takes place enantioselectively
led to the idea of using proteins as chiral selectors. After investigation it
appeared that proteins can also be applied successfully as chiral selectors in
CE. The most important feature of proteins is the isoprotic and the isoelectric
point, pl. The pl and applied pH determine the charge of the protein and play
important role during the optimization of chiral selectivity. The protein will be
positively charged if pH < pl, and negatively charged if pH > pl. The protein
charges give them electrophoretic mobility and in effect determine their appli-
cation for the separation of neutral, basic, or acidic analytes. The mechanism of
chiral recognition is probably based on tertiary structure of proteins and binding
by hydrophobic interactions, hydrogen bonding, and dipole-dipole interactions.
A broad spectrum of proteins and enzymes has been successfully applied as
chiral selectors in CE (21-30,3840). They can be implemented in several ways
for enantioselective separations by CE. The simplest way is to dissolve them in
the BGE. To avoid interferences of the proteins at the detector, the partial filling
technique can be used (41,42). Coating the capillary wall may avoid adsorption
of proteins at the capillary wall during the CE run and additionally is respon-
sible for EOF suppression. Proteins can also be bound to the inner surface of a
capillary both covalently or in a “dynamic” way.

Polysaccharides

Apart from CD, many other linear and cyclic oligo- and polysaccharides can be
applied as selectors for chiral separations in CE. Dextran sulfate was success-
fully applied for the chiral separation of arylglycine amides (29). Highly sulfated
cyclosophoraoses possess higher enantioselectivity than the original cycloso-
phoraoses as chiral selectors as clearly exhibited in the example of the resolution
of five basic chiral drugs (30).

Effect of the Applied Voltage and Temperature

on Enantioseparation

The applied voltage is one of the most important factors in the optimization of
enantioseparations by CE. In general, a voltage increase leads to an increase in
the electroosmotic flow, which results in a shorter migration time. Increasing the
voltage also has some disadvantages. The main problem might be related with
the increasing production of Joule heat, which cannot be efficiently dissipated.
This is the case when the ionic strength of the sample matrix is greater than that
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of EOF. Additionally, a decrease in the viscosity of the BGE is observed when an
excessive Joule heating appears at high voltages, which results in reduced
reproducibility. Poor reproducibility might be observed also due to an increase
in the ionic mobility. The applied voltage also depends on the type of BGE used.
Nelson ef al. (43) reported lack of a heating effect of the capillary up to a voltage
of 30 kV when borate buffer was used. With the use of CAPS and phosphate
buffers, excessive Joule heating of the capillary appeared at 10 and 12 kV
applied voltage.

In general, at high temperature the viscosity of the BGE decreases, which
results in a short analysis time and poor resolution. Also, it is important to note
that when the sample introduction is hydrostatic, the sample volume increases
at a higher temperature, which sometimes results in poor resolution. At high
temperature, concurrent changes in the buffer pH and peak broadening also
occur. Briefly, temperature variation can be used to optimize chiral resolution
by CE. However, it has not been used as a routine optimization parameter, due
to the difficulty in controlling the temperature inside the capillary during
experiments.

Effect of Organic Modifiers as Additives to BGE

Generally, buffers of different concentrations and pH values are used as the BGE
for the chiral resolution of compounds by CE. However, for the improvement of
separation conditions, the use of some organic solvents in BGE may be useful.
These organic solvents in BGE are also called organic modifiers. The addition of
organic modifiers may

¢ change the EOF;

e affect the formation of the diastereomeric complexes and the interactions of
the diastereoisomeric complexes with the capillary wall;

* influence the conductivity as well as the thermal diffusion of the BGE.

Therefore, chiral resolution may be optimized by using different types of
organic modifiers. The most often used organic solvents are acetonitrile, meth-
anol, and ethanol. The organic modifiers might be used at different concen-
trations, but it should be remembered that at higher concentrations buffer
constituents may precipitate and in effect block the capillary.

Effect of Other Parameters Used During Optimization

of Enantioseparation Conditions in CE

There are few other factors that can also be utilized during optimization of
enantioseparation in CE. These parameters include

mode of polarity,

volume of sample injected,

EOF modifiers,

derivatization of the chiral compounds with a suitable reagent prior to
enantioseparation.

In the so-called normal CE mode, the anode (+) and cathode (—) are at the inlet
and outlet ends, respectively. In this modality, the EOF always tends to travel
toward the cathode where the detector is localized. In the other, the “reverse,”
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mode, the direction of the EOF is in the opposite direction, that is, away from the
detector. Therefore, only negatively charged diastereomeric complexes with an
electrophoretic mobility greater than that of the EOF will approach the detector
window. Such a “reverse” mode of analysis might be used only with coated
capillaries, or in case when the diastereomeric complexes are all net negatively
charged.

When partial resolution of chiral compounds has been observed it is very
often due to sample overloading. To solve this problem and optimize the
resolution, sample volume should be reduced or the concentration of the
compounds in the sample decreased.

MICELLAR ELECTROKINETIC CHROMATOGRAPHY

MEKC introduced by Terabe et al. (44,45) is a mode of CE that is capable of
simultaneously separating ionized and unionized compounds. The principle of
the separation mechanism in MEKC is differential partitioning of the analyte
between an aqueous and a micellar (pseudostationary) phase. Micelles are
amphiphilic aggregates with anisotropic microenvironments, which provide
both hydrophobic and electrostatic sites of interactions for analytes. Surfactants
at a concentration above the critical micellar concentration (CMC) form a
micellar pseudostationary phase in the solution of BGE. Finally, due to separa-
tion mechanism, it is also a suitable method for the analysis of ionic compounds
according to their different hydrophobicities. The distribution of analytes
between the micellar phase, regarded as a pseudostationary phase, and the
surrounding aqueous phase is the principle of the separation mode (Fig. 8.3).
However, to achieve appropriate enantioseparations a chiral selector is still
required in the MEKC mode. There are two different approaches available for
enantioseparation in MEKC. One is to use chiral surfactants, which above CMC
concentrations form a micellar pseudostationary phase as a BGE. The second
mode is based on the use of achiral micelles as the main component of BGE and
addition of the other chiral agents to achieve enantioseparation.

Chiral surfactants include natural surfactants, monomeric synthetic and
polymeric surfactants. Natural surfactants such as bile salts (e.g., sodium
deoxycholate) in conjunction with CD were used in MEKC (15,46). Monomeric
chiral surfactants are practically used in the form of vesicles that are bigger in
size in comparison to the “normal” micelles, thus resulting in a wider migration
window. Mohanty and Dey (47) first reported enantioseparation by vesicles
formed from the chiral surfactant sodium N-[4-dodecyloxybenzoyl)-L-valinate in
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FIGURE 8.3 Schematic representation of the separation mechanism with neutral cyclodextrins.
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MEKC. Demonstrating good enantioseparation potency, the vesicles are prom-
ising chiral selectors, especially for highly hydrophobic chiral compounds.
Polymeric surfactants are high-molecular-mass surfactants, which are formed
by covalently binding small surfactant molecules into a single-molecule micelle
during the polymerization process. They are also known as molecular micelles.
The advantages of use of polymeric surfactants are due to their higher stability
and rigidness compared to conventional micelles. Another advantage is that
molecular micelles can be used at lower concentrations. A disadvantage of the
use of polymeric surfactants is poorer resolution compared to conventional
chiral surfactants. This is due to a slower mass transfer resulting from the high
rigidity of molecular micelles.

The first use of chiral molecular micelles was reported by Wang and
Warner who developed and synthesized the polysodium N-undecenoyl-L-amino
acid derivatives. In 2004 the same author (48) proposed a copolymerized
surfactant from a water-soluble achiral surfactant and a chiral amino acid-
based surfactant. Such a mixture allows enhancement of the water solubility.
New chiral polymeric surfactants, the polymeric alkenoxy amino acid surfac-
tants, have been proposed by Rizvi et al. (49) (Fig. 8.4).
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FIGURE 8.4 Structure of micelle polymer and monomer of alkenoxy surfactants. Source: From
Ref. 49.
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MICROEMULSION ELECTROKINETIC CHROMATOGRAPHY
In microemulsion electrokinetic chromatography (MEEKC), the microemulsions
are solutions containing oil droplets of water-immiscible liquid (e.g., heptane),
dispersed to the size of nanometers. The oil droplets are coated with a surfactant
(e.g., SDS) and cosurfactant such as butanol to reduce the surface tension in the
emulsion. That is why MEEKC is very often compared to MEKC.

A chiral separation in MEEKC might be achieved by

using chiral selectors added to the microemulsion (50);
chiral monomeric surfactant (51), also in the conjunction with CD (16);
chiral polymeric surfactant (amino acid-based, e.g., polysodium N-undecenoyl-
p-valinate) (52);

¢ addition of chiral alcohols (53).

All in all, MEEKC can be a very effective method for enantioseparation analysis.

CAPILLARY ELECTROCHROMATOGRAPHY

Capillary electrochromatography (CEC) is a hybrid technique between HPLC
and CE that was developed in 1990 (54,55). It combines the high peak efficiency
of electromigration systems with the high separation selectivity of chromato-
graphic stationary phases. Chiral CEC can be carried out by several different
approaches. Experiments can be carried out either by immobilization of the
chiral selector onto the capillary wall, by packing the capillary with chiral
stationary phase, in monolithic chiral stationary phases, or via imprinted chiral
phases. The first approach is represented by open-tubular CEC (OT-CEC) when
the chiral selector is adsorptively coated or chemically bonded to the capillary
wall. In packed CEC, the capillary is packed with a stationary phase, which
usually is of chiral nature. When the stationary phase is achiral, then a chiral
mobile phase additive is required. Recently, since the development of mono-
lithic stationary phase materials, the use of monolithic phases CEC has
gained some interest. This approach the complicated packing of capillaries
and the troublesome preparation of frits is avoided. The chromatographic and
electrophoretic mechanisms work simultaneously in CEC resulting in several
combinations of (enantio-) separation modes.

It is also important to note that many of chiral stationary phases, which
had earlier been proved to be useful for HPLC enantioseparation, have been
adapted to the CEC mode. To these belong proteins, CD and their derivatives,
Pirkle-type CSP, macrocyclic antibiotics, chiral acrylamide and methacrylates,
anion and cation exchangers, and polysaccharide derivatives.

Open-Tubular Capillaries

In 1992, Mayer and Schurig (56) used OT-CEC for enantioseparation. Perme-
thylated B-CD was attached via an octamethylene spacer to dimethylpolysi-
loxane and coated on the capillary wall. They found also that the thickness of
the coating layer affects the separation efficiency due to the mass transfer.
Several other coatings and surface modifications have been reported in the
literature with, for example, a three-layer coating consisting of anionic
polymers and a cationic polypeptide or protein bound as the third layer
(57). In the above-mentioned case of a three-layer coating phase, the chiral
recognition ability is strongly dependent on the second anionic polymer
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layer of the coating. Another example of OT-CEC is represented by the
immobilization of avidin onto the capillary wall coated with liposomes
containing biotin moieties (58). The use of biotin molecules was essential to
ensure the high binding affinity of liposomes for avidin. Such a prepared
coated capillary gives rise to high enantioseparation efficiencies for derivat-
ized and underivatized amino acids.

Packed Capillaries

Silica-based phases with immobilized macrocyclic antibiotics (vancomycin,
teicoplanin) have been applied to a broad range of compounds of biological
and pharmaceutical interest (59,60). Also, CD (e.g., permethyl-p-CD) stationary
phases have been applied to the enantioseparation of some barbiturates and
glutethimide (61).

Other types of packed capillaries used are polysaccharide-based phases
containing cellulose or amylose derivatives adsorbed on amino-propyl modified
silica gel. However, a different enantioselectivity may be expected depending on
the cellulose, amylose, or other polysaccharide derivatives (62,63).

With the increasing number of racemic compounds that need to be
resolved, a significant need exists to develop new chiral stationary phases. An
example of such a new CSP is phase containing an L-RNA aptamer bonded to
biotin and grafted to a streptavidin-modified silica gel (64). Aptamers are single-
stranded nucleic acids, which due to their selectivity and affinity properties
have been used in flow cytometry, sensors, ELISA type assays, CE, and affinity
chromatography. Aptamer molecules can be easily synthesized with reprodu-
cibility and accuracy and at a high degree of purity. Another interesting feature
of these molecules is that they may be easily changeable in their sequence in
order to optimize binding selectivity. The new aptamer CSP was evaluated for
the enantioseparation of a series of herbicides, demonstrating it to be stable
during a long period for varied experimental electrochromatographic condi-
tions. In addition, it was shown that the interactions of enantiomers during CEC
are based solely on chromatographic mechanisms and that the electrophoresis
plays only a minor role (64).

Monolithic Phases

Monolithic stationary phase capillaries have been developed to overcome the
disadvantages of packed capillaries, such as difficult and time-consuming pack-
ing procedures and the need of the preparation of frits that might be easily
broken. There are two approaches for preparing of the silica-based monolithic
stationary phases, by the process based on in situ polycondensation of alkox-
ysilanes or by in situ polymerization of organic monomers (so-called continuous
beds). In the first approach, chiral selectors can be incorporated by physical
adsorption, encapsulation, or on-column derivatization. The second method of
preparation of “continuous beds” was introduced by Hjerten in the 1980s (65).
During copolymerization a chiral selector may be added to the mixture of
reacting components. For example, (+)-1-(4-aminobuty])-(5R,8S,10R)-terguride
as a chiral selector was attached to the epoxy group at the surface of the monolith
(66). Such a prepared monolithic phase was used for the enantioseparation of a
mixture of 2-aryloxypropionic acids in the reversed-phase mode (Fig. 8.5).
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FIGURE 8.5 Enantioseparation of 2-aryloxypropionic acids on chiral porous monolithic column
by capillary electrochromatography: (A) dichlorprop; (B) 2-phenoxypropionic acid; and (C)
haloxyfop. Source: From Ref. 66.

8

Imprinted Polymers as Chiral Phases

Since more than 10 years there has been a deep research interest aimed toward
the adaptation of molecularly imprinted polymers (MIP) to the capillary format
and the use of these highly selective matrices for CEC (32,33). The MIP is
prepared by incorporation of a template molecule into the polymerization, and
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with the subsequent extraction procedure a resultant polymer of a high selec-
tivity and recognition complementary to the template molecule in size, shape,
and chemical functionality is formed. MIP have been used as recognition
elements in several different analytical techniques (e.g., HPLC, SPE). The merger
of molecular imprinting technology and CEC has introduced several interesting
polymer formats due to the adaptation of the MIP to the miniaturized capillary
format. Chiral imprinted polymer phases have been developed for OT-CEC,
packed capillary CEC, and monolithic phase CEC.

The cross-selectivity of the MIP also allows the recognition of structural
analogues of the template molecule (34). Thus, an MIP prepared using one of the
enantiomers of a chiral compound as template may be used for separations of
the particular enantiomers but also of several of their structural analogues.
However, the efficiency of imprinted chiral phases is relatively low.

ELECTROMIGRATION TECHNIQUES VERSUS HPLC

IN THE VIEW OF ENANTIOSEPARATION FIELD

Besides the applicability and usefulness of HPLC, there are numerous disad-
vantages, such as

the poor separation efficiency due to the laminar flow profile;
possible additional interactions of enantiomers with the residual silanol
groups on the stationary phase;
® the chiral selectors are fixed on the stationary phase and hence the opti-
mization of analytical conditions by varying this parameter is not possible;
® a larger amount of solvents, in comparison to CE, is consumed (possible
environmental pollutants).

On the other hand, chiral resolution in electromigration techniques is achieved
using chiral selectors, beside as a CSP, also as an additive in the BGE. Electro-
migration techniques are rather faster and usually involve the use of simple and
inexpensive buffers. The high efficiency of electromigration techniques is due to
the flat flow profile. In general, the theoretical plate number in electromigration
techniques is higher than in HPLC and, therefore, usually very good resolution
may be achieved. There are possibilities to use more than one chiral reagent
simultaneously to optimized enantioseparation.

The major problem and disadvantage of electromigration techniques is
reproducibility. This makes them less appropriate for routine chiral analysis.
Furthermore, detection techniques such as polarimetry and circular dichroism
cannot be used as the chiral compounds elute in the form of diastereoisomeric
complexes, the signals from which might not be representative of the original
enantiomers. Moreover, some of the well-known chiral selectors may not be
soluble in the BGE. Enantioseparation methods with use of hyphenated detec-
tion such as CE-LIF and CE-MS improve the sensitivity of analysis.

In summary, electromigration techniques are not of the first choice as
compared to HPLC for enantioseparation in routine analysis due to reproduci-
bility and sensitivity problems, but there are still new prospects for chiral
electromigration techniques in the pharmaceutical and environmental field.
Indeed, the scientific literature would suggest that interest in chiral CE is
continuing unabated. In particular, there is evidence of more developments in
the use of new chiral selectors [erythromycin lactobionate (67,68), balhimycin (69),
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glycogen (70,71), clindamycin phosphate (72), dipeptides (73), azithromycin (74),
clarithromycin lactobionate (75)], sustained interest in single isomer CD deriva-
tives (76,77), more on ligand-exchange CE (78-85), use of nonaqueous chiral CE,
and more applications in the area of affinity separations and calculations therefrom
(86,87), and biofluid cleanup (88-91). This is a testament to the versatility of CE.
However, certainly in terms of chiral CE, it has failed to gain a foothold in
industrial pharmaceutical R&D as it once seemed it might, not just because of
reproducibility issues but because chiral LC methods will always be developed
with a view to preparative work and with a view to use on manufacturing sites,
where there has not been sufficient advantage in CE for it to be introduced on a
widespread scale.
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Alternative analytical techniques
for determination or isolation of
drug enantiomers

W. John Lough

As the purpose of this section of this volume is to address the analysis of chiral
drugs, the focus has been on the main methods used. Therefore, in this chapter,
other techniques are discussed not in depth but simply in the context of what
they have to offer in terms of chiral drug analysis. That is not to say that these
other techniques or approaches do not have their place or are of minor impor-
tance. They can be valuable in chiral drug analysis in certain instances and are
often important in applications other than on chiral drugs. Techniques for chiral
drug analysis other than liquid chromatography (LC) have previously been
considered (1,2), but it is appropriate to briefly take a more current perspective.

By the incorporation of a chiral selector it is possible to adapt just about
any analytical technique so that it can be used to distinguish between
enantiomers. In the absence of a chiral magnetic field or a chiral selector
being used in atmospheric pressure chemical ionization, mass spectrometry
(MS) could have been considered as an exception to this but even here there
are some studies of relevance. Schug and coworkers (3) have used electrospray
ionization-mass spectrometry (ESI-MS) for evaluating enantioselective sys-
tems through the measurement of relative solution-phase binding constants
via titration. However, it could be argued that this is not too much of a
progression from trying to carry out MS on diastereomeric salts.

A more long-standing technique for analysing chiral compounds is polar-
imetry. Polarimetry is both long-standing and still in use. It is particularly prevalent
in pharmacopoeial monographs (4) where it is used in identity tests for chiral drugs
where zero rotation by a polarimetry test is used to confirm that a chiral drug is
present as a racemate (e.g., chlorphenamine maleate). Also, it is used in identity
tests for single enantiomer drugs even when a chiral LC method is used elsewhere
in the monograph and for tests on natural products with multiple chiral centers
(e.g., alcuronium chloride, betamethasone). In research studies, polarimetry has
been used along with a range of other techniques to study the in vitro intercon-
version of profen enantiomers (5,6) and of L-alanine (7). In terms of the use of
polarimetry for detection in LC, attempts are still being made, for bupivacaine (8),
to use the ratio of UV and polarimetric signals to assess enantiomeric purity
without separating the enantiomers and using an achiral column such as Luna C18.
While there does not seem to be the same interest in polarimetric detection as in the
early 1990s, commercial instruments continue to be available, for example, from
Jasco [Tokyo, Japan (OR-2090)] and Knauer [Berlin, Germany (CHIRALYSER-MP)].

Circular dichroism (CD) detectors for LC are also available, for example, the
Jasco (OR-2095) and, in use as LC detectors and stand-alone use of the technique,
there is increasingly more interest in CD than in polarimetry. As with polarimetric
detection, CD detection in LC can be used in conjunction with UV detection to
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determine enantiomeric purity of the compounds giving rise to peaks eluted from
an achiral LC column. While, for UV-absorbing compounds, CD detection does not
have the sensitivity problems that may be experienced with polarimetric detection,
the limits of detection for trace enantiomer for this signal-ratioing strategy are
ultimately limited by the precision with which the peaks can be measured. CD on
its own is primarily used for the determination of absolute configuration and for
studies of ligand-protein binding. Both of these are important in drug analysis. The
latter is used not only for drug-protein binding studies (9) but also for the study of
how analytes interact with chiral selectors that are used in chromatography (10).

The determination of absolute configuration by CD is used for natural
products and increasingly for unusual chiral structures/complexes as well as for
drugs. In the pharmaceutical industry, X-ray crystallography is still considered
to be the definitive method for determining absolute configuration. However, in
drug discovery, it is often more appropriate to use vibrational CD (11), which
can be deployed much more quickly, being usable for solutions, liquids, and
oils, being applicable to non-UV-absorbing compounds, and not requiring
recrystallization or derivatization. Although it is used for small molecules, it
is the study of biomacromolecules by vibrational CD and the related Raman
optical activity that is a major analytical growth area, particularly with such
molecules beginning to dominate Drug Development pipelines.

Nuclear magnetic resonance (NMR) spectroscopy is another technique that
is heavily used in the study of chiral molecules, large and small. This still includes
the use of chiral solvating agents in NMR for the determination of enantiomer
ratios (12) as an alternative to chiral LC. The use of a chiral solvating agent or a
chiral shift reagent is a very long-standing approach (13) and has always been
popular among synthetic organic chemists. Interestingly, this potentially could
have influenced some of the patent cases relating to single enantiomer drug
patents (see chap. 15). Critical to some of these cases would be whether or not it
was obvious to use chiral HPLC. Distinguished organic chemists would be among
the expert witnesses used and such individuals, steeped in the use of chiral NMR,
would be in the minority who would not automatically turn to chiral LC.

It was stated at the outset that just about any technique could be adapted
with the use of a chiral selector to be able to be used to determine enantiomers.
One of the most inventive examples of this involves fluorescence (14). Tran et al.
used the room temperature ionic liquid, (5)-[(3-chloro-2-hydroxypropyl) trime-
thylammonium] [bis((trifluoromethyl)sulfonyl)amide], as both solvent and chi-
ral selector in the accurate determination of the enantiomeric composition of
samples of propranolol, naproxen, and warfarin.

Most of the other techniques used as an alternative to chiral LC for the
determination of enantiomers are themselves also separative methods. Thin-
layer chromatography (TLC) offers alternative geometry to chiral LC. For
selector-selectand systems it is very similar to chiral LC in that virtually all
systems used in chiral LC may be used in chiral TLC. It is less suitable than
chiral LC for accurate quantitative uses but just as there is still a place for TLC in
achiral drug analysis, chiral TLC still finds its uses. It may be used to monitor
organic reactions, for example, and is more used by Eastern European analysts.
Fairly recently (2007), a textbook has been devoted to the technique (15), and
even in the very recent literature there are quite a few reports of its use. For
example, the stereoselective synthesis of clopidogrel could be followed by chiral
TLC using p-cyclodextrin as a chiral mobile phase additive (16). The use of chiral
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mobile phase additives in TLC is a simple matter and, while some products have
been withdrawn, chiral TLC plates can still be had from vendors such as Regis
Technologies, Inc., (Illinois, U.S.) and Sigma-Aldrich Corp. (St. Louis, USA).

Chiral gas chromatography (GC) is important in the analysis of odors (17)
and is also of value in the fields of insect pheromones (18), pesticides, and
fungicides. Even when it comes to less volatile compounds such as drugs, it still
has a major role to play in the field of forensic analysis. Amphetamines in
particular have been subject to chiral GC (19,20). Even for pharmaceutical drugs
there are instances when chiral GC is used. In the early days of chiral LC it was
still useful to develop a chiral GC assay for the determination of drugs in
biological fluids. Davies used Chirasil-Val, a dipeptide-based GC phase, for the
determination of cromakalim enantiomers (21). More recently, nonsteroidal anti-
inflammatory drugs have been determined by chiral GC using diastereomeric
amide formation (22). This application involved the study of drugs in the
environment, a growing field. While this might seem like an unusual applica-
tion, for more mainstream chiral drug analysis there is at least one instance
where a pharmaceutical company has looked at developing a chiral GC screen.
Clearly, this would seldom be expected to give rise to the method of choice for
the active pharmaceutical ingredient (API), the same might not be the case for
synthetic intermediates where, for example, chiral alicyclic compounds might be
very amenable to chiral GC. GC phases used in such a screen would nowadays
be mainly ones based on cyclodextrins (permethylated, etc.) but might soon
include Armstrong’s new cyclofructan phases (23).

Again as intimated at the outset, there is an almost endless set of possibil-
ities for introducing a chiral selector into an analytical technique to provide a
method for separating and determining enantiomers. The final possibilities to be
mentioned are ones that could even be considered to be chiral LC. Countercurrent
chromatography, involving centrifugal forces and two immiscible liquid phases,
has its strong advocates for being a suitable means of separating enantiomers on a
preparative scale. Typically a chiral selector such as a cyclodextrin would be in
one of these phases. It is even possible to have countercurrent capillary electro-
phoresis (24). However, this innovative use of a macrocyclic antibiotic by Reilly
and Risley has not found widespread use. What is becoming more common
though and is likely to be one of the areas for future development in chiral
analysis is the development of chiral sensors. These are usually based on
membranes containing immobilized chiral selectors and, as such, borrow heavily
from the technology built up over many years of development of chiral LC.
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m Stereoselective transport of drugs

Prateek Bhatia and Ruin Moaddel

The enantioselectivity of the protein-based liquid chromatography columns has
been previously reported (1). The expansion to transmembrane proteins has also
demonstrated that the resulting cellular membrane affinity chromatography
columns can also be used to study the enantioselectivity of the immobilized
proteins, c.f. transporters (2).

Transporters are responsible for the movement of small molecules across
cellular membranes. This transport can be adenosine tri-phosphate (ATP)-
dependent (energy-dependent) or concentration dependent (energy indepen-
dent). The human genome is believed to code for up to 1200 membrane
transporter proteins, which play vital roles in homeostasis by mediating the
transport of essential nutrients, amino acids, bile acids, and hormones (3) and
the excretion of toxins and metabolic waste products. In addition, transporters
play a significant role in the disposition of therapeutic drugs (4). In fact, the low
oral bioavailability of some drugs has been shown to be dependent on a
combination of transporters and cytochrome P450 enzymes (5).

The major facilitator superfamily (MFS) is the largest group of transporters
in existence (6) and is one of only two families of transporters that occur in every
organism, namely, MFS and the ATP-binding cassette (ABC) superfamily. The
MFS family includes the solute carrier family, which encompasses the majority
of the amino acid transporters, the glucose transporters, organic anion trans-
porters, and organic cation transporters, while ABC family includes frequently
targeted members like P-glycoprotein (Pgp), multidrug-resistant proteins 1 and
2 (MRP1 and MRP2).

The importance of stereoselectivity in transporters is clearly seen with
amino acid transporters, glucose transporters, and neurotransmitters. Examples
of these include work carried out by Auclair et al., where they demonstrated that
a-methyl dopa was stereoselectively transported into the aqueous humor (7).
Another example is the Glutl stereoselective transport of pD-glucose (8). The
stereoselectivity of this transport was studied by Lundahl using chromato-
graphic techniques and a stationary phase containing immobilized Glutl (8).
This work introduced a novel method, namely, bioaffinity chromatography, to
characterize binding sites of proteins. Although many techniques exist for
studying the stereochemistry of proteins, bioaffinity chromatography or in the
case of transmembrane proteins cellular membrane affinity chromatography
(CMAC) has been shown to be a very important tool in addressing the stereo-
selectivity of drug transport (9,10). CMAC is a technique where the target
protein is isolated by homogenization and solubilization of a source and
immobilized onto a stationary phase, predominantly the immobilized artificial
membrane-phosphatidylcholine (IAM-PC) stationary phase during a dialysis
step. As will be discussed in greater detail later in the chapter, the CMAC
(hOCT1) column was used for the development of a molecular model that
described the stereoselective binding of competitive inhibitors with the
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transporter (2). Although a detailed discussion of CMAC is warranted, it is not
the focus of this chapter, for interested readers, a detailed protocol has already
been published (10).

The importance of stereoselective transport of drugs across the epithelia
has been discussed in great detail by Ronda Ott and Kathleen M. Giacomini in
the previous edition (11), which addresses the stereoselectivity of transport
mechanisms, properties of epithelial cells, amino acids, organic cations and
anions, and reabsorption of drugs. In this chapter, the stereoselectivity of
transporters from both the MFS and ABC superfamilies will be addressed,
specifically the organic cation transporter (hOCT1), Pgp, and MRP1.

SLC FAMILY

The solute carrier (SLC) transporters have 255 members in humans, of which
majority are highly specific transporters. The focus of this chapter will be on
polyspecific transporters, namely, the SLC22 superfamily (MFS) (12), which
has 12 members in humans and rats including the organic cation transporters
OCT1, OCT2, and OCTS3; the carnitine transporter; and several organic anion
transporters.

Transport studies with cell lines transfected with hOCT1 have established
that hOCT1 mediates the bidirectional transport of small organic cations (50-
350 amu) such as tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium
(MPP?) (12-14). In these studies, it was also demonstrated that hOCT1 transport
can be inhibited by a diverse group of commonly administered drugs including
verapamil, quinidine, quinine, and disopyramide (12,14).

The identification and characterization of interactions with the hOCT1 has
been primarily accomplished using cellular uptake and trans-stimulation studies
(13,15). In addition, CMAC has been used for the determination of hOCT1
binding interactions (15). In this technique, cellular membrane fragments
obtained from a stably transfected MDCK cell line that expresses hOCT1were
immobilized onto the surface of the IAM-PC stationary phase resulting in the
hOCT1(+)-IAM stationary phase (16), and the binding interactions were studied
using frontal affinity chromatography techniques.

The stereoselectivity of the hOCT1 transporter was initially demon-
strated with the enantiomers of disopyramide (17), where the ICs, value of
(R)-disopyramide was determined to be about twofold lower than that of
(S)-disopyramide using cellular uptake studies. As disopyramide displayed
enantioselectivity, the enantiomers of verapamil were studied during the
initial chromatographic studies using the hOCT1(+)-IAM stationary phase
and were shown to demonstrate significant enantioselectivity with (R)-
verapamil having an affinity 77-fold stronger than (S)-verapamil (16). As a
result, the study was expanded to a set of 22 compounds including 8 pairs of
enantiomers and 3 pairs of diastereomers, resulting in a pharmacophore
model, which described the observed stereoselectivity of the hOCT1 trans-
porter. The enantioselectivity and diastereoselectivity (o) of the eight pairs of
enantiomers and five pairs of diastereomers, respectively, was calculated
as the K; of the (S)-enantiomer/diastereomer divided by the K; of the (R)-
enantiomer/diastereomer, K;(S)/Ki(R) (Table 10.1). The generated pharmaco-
phore from this data contained a positive ion interaction site, a hydrophobic
site, and two hydrogen-bond acceptor sites (Fig. 10.1). Using the center of the
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TABLE 10.1 The Experimentally Determined and Estimated Stereoselectivities («) for the
Chiral Compounds Used in This Study

Compound o (Experimental) o (Estimated)
(R,S)-Verapamil 77 150
(R, S)-Atenolol 0.5 0.8
(R, S)-Propranolol 3.0 1.4
(RR,SS)-Pseudoephedrine 1.5 1.8
(RR,SS)-Fenoterol 0.3 0.4
(RS,SR)-Fenoterol 0.5 0.7
(R, S)-Isoproterenol 1.5 1.4
(R,S)-Disopyramide 2.0 1.2
Quinine/Quinidine 1.6 1.5
(R,S)/(R,R)-Fenoterol 11 1.2
(S,R)/(R,R)-Fenoterol 0.5 0.9
(R,S)/(S,S)-Fenoterol 3.5 2.8
(S,R)/(S,S)-Fenoterol 1.7 2.1

For the enantiomeric pairs, the o value is defined as K(S)/K{R), and for the diastereomeric pairs, the ratios are
as presented in the table.
Source: From Table 2 of Ref. 2.

Hydrophobic Interaction Site

Positive Interaction Site

FIGURE 10.1 The pharmacophore model generated by hypothesis-1 with a positive ion
interaction site, a hydrophobic interaction site and two hydrogen-bond acceptor sites, HBA1
and HBA2. Source: From Figure 3 of Ref. 2.

positive ion interaction site as the origin, the distances to the center of the
hydrogen-bond acceptor sites were ~3.7 A (HBA1) and ~8.6 A (HBA2). Using
the same approach, the distance to the center of the hydrophobic site was ~7 A.

The data indicated that the mapping of the compounds to three or more of
these sites correlated with the stereoselective binding to the hOCT1 and that the
model reflected the relative K; values and stereoselectivities.
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Hydrophobic Interaction
Site

Positive Interaction Site

Hydrophobic Interaction
Site

Paositive Interaction Site

FIGURE 10.2 (A, B). The fit of verapamil enantiomers in the proposed pharmacophore, where:
A = the mapping of (R)-verapamil; B = the mapping of (S)-verapamil. Non-polar hydrogen atoms
have been omitted for clarity.

The greatest difference in enantioselectivity was observed with verapamil,
where the experimentally determined enantioselectivity and estimated o's
were 77 and 150, respectively (Table 10.1). When (R)-verapamil was fitted to
the proposed pharmacophore, all the relevant functional groups of the molecule
matched the hypothesis (Fig. 10.2A), while for (S)-verapamil, only three of the
model feature sites matched (Fig. 10.2B). The model indicates that the enantio-
selectivity resulted from the hydrogen bonding of the nitrile moiety on verapa-
mil with the HBA1 site. Similarly to (S)-verapamil, the mapping of both (R)- and
(S)-propranolol to the pharmacophore model indicated that propranolol
mapped to three of the four sites on the pharmacophore; however, in this case
they did not interact with HBA2 site. The difference in the estimated K; values
for these enantiomers was a function of the calculated fits, which were 6.45 for
(R)-propranolol and 6.31 for (S)-propranolol.
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When the experimentally determined and estimated stereoselectivites of
the 13 sets of enantiomers/diastereomers were compared using linear regression
analysis, a significant relationship was observed, ¥ = 0.9992 (p < 0.0001). A
correlation was also observed in the absence of verapamil with an 7* = 0.6623 (p =
0.0013).

The developed pharmacophore clearly demonstrated the enantioselectiv-
ity of the hOCT1 transporter, suggesting that the three-dimensional relationship
between the identified interaction sites reflects the spatial distribution of similar
binding sites within hOCT1. The fact that these differences in relative fit
produced the experimentally observed stereoselectivities is also consistent
with previously identified chiral recognition mechanisms (18). In these mecha-
nisms, each enantiomer of a chiral compound interacts with the same sites on the
chiral selector and the differential stabilities of the resulting diastereomeric
complexes is a function of the relative conformational energies required to create
the complexes.

The data from this study clearly demonstrated that the pharmacophore
hOCT1 transporter displays stereoselective binding of compounds. Thus, the
results suggest that the enantioselectivity of new drug candidates that contain
chiral centers should be determined. Even for drugs targeting polyspecific
transporter, as the updated pharmacophore model generated introduced an
additional hydrogen binding site, which reflected the enantioselectivity of the
transport protein.

ABC TRANSPORTERS

ABC transporters hydrolyze ATP to drive drug transport. In humans 48 ABC
genes have been identified, which are classified into 7 subfamilies. Most of the
ABC transporters are located in the plasma membrane where they can efflux a
variety of structurally diverse drugs, drug conjugates, and metabolites from the
cell including phospholipids, peptides, steroids, amino acids, polysaccharides,
and other xenobiotics (19).

ABC transporters consist of four domains, two nucleotide binding
domains (NBD) located in the cytoplasm and two transmembrane domains
(TMDs) responsible for binding and transport of substrates and/or drugs (20).
Two sequence motifs located at 100 to 200 amino acids apart in each NBD,
designated Walker A and Walker B, are conserved in all ABC transporters.

The mechanism of unidirectional transport seems to be the ATP-driven
conversion of the inward-facing state to the outward-facing state. Binding of two
ATP molecules at the interface of the NBDs closes the gap between the
conserved ATP-binding motifs. As this gap closes, the TMDs flip from the
inward-facing to the outward-facing conformation. ABC exporters such as Pgp
efflux the bound drugs by presenting a cavity of low affinity to the extracellular
medium (21).

In addition to the roles ABC transporters play in maintaining homeostasis,
they have become an increasingly important therapeutic target for the treatment
of cancer. In fact, breast cancer resistance was initially shown to be caused by an
increased expression of Pgp transporters in patients receiving chemotherapy.
While a vast number of the ABC transporters have been discovered, the
predominant members targeted therapeutically are Pgp, MRP1, MRP2, and
breast cancer resistance protein (BCRP) (18-21).
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Pgp

Cancer cells are frequently resistant or develop resistance to anticancer agents
during treatment. One form of drug resistance is observed against a variety of
chemically unrelated agents and is known as multidrug resistance (MDR). The
MRPs actively efflux anticancer agents, decreasing drug accumulation and
allowing the malignant cells to survive in the presence of toxic levels of
chemotherapeutic agents. One of the most frequently targeted ABC proteins
in MDR in solid tumors and hematological malignancies is the Pgp transporter
(22). In order to formulate successful pharmaceutical entities specific to the
inhibition of this phenomenon, several pharmacophore models of inhibitors
have been constructed and validated with molecules excluded from model
building, suggesting these models are certainly adequate for ranking new
molecules and interactions with Pgp in early drug discovery (23).

The Pgp transporter is the best characterized member of the ABC family. It
is encoded by the MDR1 gene and is expressed as a single polypeptide that is
organized in two domains, joined by a short 60 amino acid segment termed the
linker region. The two halves share a similar structure and the arrangement of
the domains in the primary sequence is TMD1-NBD1-TMD2-NBD2. The N- and
C-terminal halves of Pgp show strong sequence homology to each other and in
bacterial ABC transporters the functional domains are often composed of pairs
of identical separate polypeptides (24).

Transmembrane helices 46 and 10-12 have been shown to be involved in
substrate binding. Each hydrophobic domain is followed by a hydrophilic domain
(NBD) containing a nucleotide binding site that is located at the cytoplasmic face
of the membrane and couples ATP hydrolysis to the transport process (25).

Recently, several Pgp pharmacophores have been used for database screen-
ing and identification of potential Pgp substrates and inhibitors. The first such
report appeared in 2003, where Rebitzer et al. used a propafenone derivative (26)
MDR modulator-based pharmacophore model to screen Derwent World Drug
Index. Among the returned 28 hits, 9 were previously described MDR modulators.

In another study, Elkins et al. used an in silico approach to model in vitro
data derived using structurally diverse inhibitors to create a three-dimensional
quantitative structural activity relationship of Pgp inhibitors. The study gen-
erated four computational models that were able to predict how other molecules
might inhibit Pgp solely by providing the structure to the software (23). An
extension of this study suggested a fifth pharmacophore model based on
verapamil binding (27). Each of the models was used to predict the ICs, values
of verapamil and its metabolites; all of them were able to rank the compounds as
potent Pgp inhibitors. From this study it was possible to create five different
computer-generated pharmacophore models for predicting Pgp substrates and
inhibitors (c.f. Figure 4 from Ref. 26); although some of the compounds used in
the study seem to be chiral, only racemic mixtures were used to generate the
models.

Although the generated pharmacophores have been limited in the extent of
stereochemistry studied, there has been some evidence of stereoselectivity at the
Pgp transporter. For example, a study was performed to evaluate and compare
the ability of P-glycoproteins to transport hydrophilic monoquaternary drugs.
The N-methylated derivatives of the diastereomers quinidine and quinine, the
monoquaternary compounds N-methylquinidine and N-methylquinine, were
used as model substrates. Vincristine, an established MDR1 substrate, was
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used as a reference. It was observed that there was an ATP-dependent uptake of
all drugs studied. The clearance of N-methlyquinidine was greater than those
determined for N-methylquinine. This stereoselective difference was also evident
from differential inhibitory studies with the two isomers. It was apparent from
the above study that Pgp displays stereospecificity (28). In addition to these
studies, Neuhoff et al. demonstrated that omeprazole, a B2-adrenoreceptor
antagonist, had stereoselective affinity for the verapamil binding site on the
Pgp transporter (29). The stereoisomers of verapamil have also been shown to
selectively bind to MRP1 in a separate study (30). Finally, a study investigating
the Pgp antagonistic effects of enantioselective mefloquine (MQ) using CMAC.
Membranes isolated from MDA435/LCC6MDR1 were immobilized on an IAM
stationary phase. Frontal affinity chromatographic studies were carried out using
vinblastine, a known Pgp substrate as the marker ligand. Interactions of the
enantiomers of MQ did not produce stereoselective inhibition, but the binding of
MQ did result in an anti-cooperative allosteric interaction that effected vinblas-
tine binding. In this process, MQ binds to a contiguous or separate site on Pgp
producing secondary effects at the vinblastine binding site that reduces its
ability to bind to that site. However, when the marker ligand was replaced by
[PH]-cyclosporin A (CsA), a known Pgp inhibitor, significant enantioselective
binding was observed. In the presence of 3-mM ATP in the mobile phase (+)-MQ
showed dose-dependent displacement of [?H]-CsA frontal chromatogram, while
increasing concentrations of (9-MQ did not competitively displace [PH]-CsA.
This indicated the existence of a competitive binding site that is stereoselective
(31). All these studies indicate that the stereoselectivity of a drug plays an
important role in its binding properties to the Pgp transporter. As previously
shown, with the hOCT1 transporter, where the consideration of stereoselective
binding (2) modified the existing pharmacophore that did not consider stereo-
selectivity (15). In the same manner, the existing pharmacophore model for the
Pgp without a stereoselective perspective might not be accurate and might not be
a true predictor of spatial requirements for eventual development of Pgp
substrates/inhibitors.

MRP1

The human MRP1 is one of the most extensively researched members of the
ABC protein family. MRP1 is a 190-kDa protein encoded by the mrp1 gene and
is constituted by 1531 amino acids distributed in 3 domains and 17 trans-
membrane helices; among them helices 10, 11 and 16, 17 are involved in drug
recognition (19,32). It is an efflux pump able to transport anionic conjugate
compounds out of cells in an ATP-dependent manner (23).

It confers resistance to diverse chemotherapeutic agents when overex-
pressed in the plasma membrane of cells. The proposed role of MRP1 in the
therapeutic resistance phenomena in anticancer treatment has triggered many
studies describing its function and mechanism, substrate specificity, and search
for inhibitors (33). A look at the amino acid sequence of MRP1 shows that its
core structure is similar to all ABC transporters. Like MDR1, MRP1 contains two
membranes spanning domains followed by one nucleotide binding domain (34).
Each membrane-spanning domain consists of six transmembrane a-helices, and
two membrane-spanning domains are located on the cytoplasmic side of the
plasma membrane (35).
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Unlike Pgp, which transports hydrophobic compounds, MRP1 has been
shown to transport a wide variety of hydrophilic compounds (36). These
proteins have also been shown to transport neutral compounds conjugated
with glutathione, glucuronide, and sulfate (37). It has been reported that if the
structural activity relationship of this protein is deduced from its inhibitors and
substrates, the presence of two aromatic nuclei and two nitrogen groups are a
must (36).

In another study to determine the quantitative structure-activity relation-
ship (QSAR) of MRP1, the effect of a number of flavonoids was studied. The
data generated were used to elicit structural requirement of flavonoids to
effectively inhibit this protein. Based on the findings of this study, the QSAR
equation created in this study showed that there are three structural character-
istics that are important for inhibition of MRP1: the total number of methoxy-
lated moieties, the total number of hydroxyl groups, and the dihedral angle
between the B- and C-ring (38).

Five different MRP1 inhibitors (LY329146, LY402913, dehydrosilybin,
indolopyrimidine, and phenoxymethylquinoxalinone II) were used to develop
a Catalyst HIPHOP model. LY329146 and LY402913 are raloxifen derivates
developed by Eli Lily (36) (c.f. Figure 3 from Ref. 38). The model contains three-
ring aromatic and three HBA features. The model was applied to screen a
literature database of over 500 clinically used drugs and retrieved 8 hits
(candesartan, eprosartan, fexofenadine, losartan, sulfasalazine, telmisartan,
vancomycin, and zafirlukast); as a proof of the accuracy of the model, losartan,
sulfasalazine, and zafirlukast have been shown to be high-affinity substrates of
MRP1 (23).

Although there are various reports where expression and subsequent
functionality of the MRP1 transporter have been shown by different models,
very little stereoselectivity has been observed. One example where MRP1 has
shown to exhibit different patterns is its binding to (R)- and (S)-verapamil.
Verapamil-induced apoptosis in cells overexpressing MRP1 was stereoselec-
tive with the (5)-enantiomer being much more potent than the (R)-enantiomer.
Furthermore, it is interesting to note that the (S)-verapamil was more potent
than the racemic mixture, which might indicate that the (R)-enantiomer
works as an antagonist of the (S)-enantiomer and decreases the intracellular
concentration (23).

Most inhibitors of MRP1 work via GSH (intracellular glutathione)
depletion and GST (glutathione (S)-transferase) activity. In a recent report it
was indicated that not only a newly synthesized chiral compound tetraisohy-
droquinoline (HZ08) bound stereoselectively to Pgp and MRP1 but also that it
brought about reversal to MDR by interacting with MRP1 directly, independent
of GSH or GST activity. (R,S)-HZ08 was shown to reverse resistance to
adriamycin and vincristine in human leukemia cells overexpressing both Pgp
and MRP1 (40).

All these studies indicate that the stereoselectivity of transporters is of key
importance in drug development and drug discovery programs. Overlooking
the stereoselective binding in transporters can result in wasted resources and
time, by generating models that do not reflect the actual binding site, and could
result in erroneous leads.
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ﬂ Enantioselective binding of drugs
to plasma proteins

Thomas H. Kim

INTRODUCTION

Early evaluation of absorption, distribution, metabolism, excretion, and toxicity
(ADME/Tox) parameters is essential in the drug discovery and development
process since information on these parameters possibly eliminates wasted
developmental effort and cost on unsuitable compounds, and directs the focus
of drug optimization toward more “drug-like” compounds, which eventually
become successful drug candidates.

Plasma protein binding is one of those parameters that predicts the
distribution of drugs in the body, and quantitative determination of this prop-
erty is essential in clinical drug development process because the therapeutic
effect of drugs in the systemic circulation generally depends on the degree of its
interaction with various plasma proteins in blood. In some cases, the binding
of these solutes will occur in a specific manner, as is the case with interactions of
the hormone L-thyroxine with thyroxine-binding globulin or the binding of
corticosteroids and sex hormones to various steroid-binding globulins (1). In
other situations these interactions will occur with a general ligand, such as the
blood transport proteins human serum albumin (HSA) and oy-acid glycoprotein
(AGP) (2-5).

HSA and AGP are two most abundant plasma proteins responsible for
drug bindings. These proteins act as a reservoir and the degree of protein-drug
binding in plasma can have a significant effect on the pharmacokinetic and
pharmacodynamic properties of a drug. This is due to the fact that the unbound
drug can penetrate the wall of the blood vessel and become therapeutically
effective once it finds a target receptor. It is also the fraction that may be
metabolized and excreted, and the metabolism and excretion of unbound drug
can affect the drug’s biological half-life in the body since the bound portion is
slowly released in order to maintain equilibrium.

The direct or indirect competition of two solutes for the same binding
proteins can be an important source of displacement, which can alter the
availability of one solute relative to the other. An example of this is the
displacement of phenytoin from HSA by valproic acid or the displacement of
disopyramide from AGP by mono-N-dealkyldisopyramide (6,7). Competition
between drugs and endogenous compounds, such as the displacement of
various drugs from HSA by fatty acids or bilirubin, is another source that can
alter the availability of a drug (8).

The plasma protein-drug binding is often stereoselective due to the inher-
ent chirality of plasma proteins like HSA and AGP. This chiral discrepancy often
leads to the difference in affinities to these proteins for the individual stereo-
isomers, resulting in differing free fractions. This topic has been of particular
interest for some years now with agencies such as the U.S. Food and Drug
Administration increasing rules and regulations involving the marketing and use
of chiral drugs (see chap. 13). This has also resulted in increased research aimed

182



ENANTIOSELECTIVE BINDING OF DRUGS TO PLASMA PROTEINS 183

at resolving such agents, some work of which has involved the use of proteins as
chiral ligands in chromatographic and electrophoretic methods.

INTERACTION OF DRUGS WITH PLASMA PROTEINS

The binding of a plasma protein to a drug, regardless of whether the drug is
chiral, is often described by the reaction model shown in Egs. 1 to 4, where P;
through P, are the binding regions on the protein and D is the drug, and P;-D
and P,-D, etc., are the resulting protein-drug complex.

P1 + D« P1 - D 1)
ka1 [P; — D]

Ky = fa_ 1= Dl 2
'~ ks~ PO @
P,+D«<P,-D 3)

kan [P7'l - D}
Koy = 72 = L 4
Fa ~ [PJD) @

In these reactions, [] represents the molar concentration of P and D in solution,
Ka1 through K,, are the association equilibrium constant for the drug at each of
its binding regions on the protein, k,; through k,,, are the second-order associ-
ation rate constants for protein-drug binding, and kg; through kg, are the first-
order dissociation constants.

The above equations assume that each binding region on the protein is
independent. This means there are no allosteric interactions present in drug-
protein interactions, and association constants for individual binding regions are
constant and independent of each other. Furthermore, a reversible, single-step
process describes the binding of drug to individual binding region on a protein
in above equations. This is hardly true in reality, and multiple steps are often
involved in such reaction processes (see chap. 3). The diffusion of drug to the
protein and the conformational change in protein as a result of its binding to the
drug are typical multistep process examples in such reaction processes (9-11).
There are many different functional groups present on protein and these
functional groups, as an individual moiety or group, are participated in a
drug-protein complex stabilizing processes through van der Waal’s force and
electrostatic interaction as well as hydrogen bonds. These interactions can lead
to either specific or nonspecific interactions between the protein and drug. The
well-defined three-dimensional binding regions on a protein in combination
with protein-drug stabilizing forces mentioned above make it possible for the
chiral discrepancy of protein to an individual stereoisomer.

ENANTIOSELECTIVE DRUG BINDING TO PLASMA PROTEINS

There are a number of proteins responsible for binding of drug in blood plasma.
Some proteins such as serum albumin or globulins have 8-order or more
abundance than scarce proteins. Virtually all proteins in plasma participate in
binding of endo- or exogenous molecules to some degree. However, these
interactions are often nonspecific and have no significant clinical implications
associated with it.
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Some transport proteins and their interactions with other molecules (small
or large) in plasma are clinically important since their binding can affect overall
bioavailability and thus pharmacokinetics of drugs (see chap. 10).

In this section, the enantioselective bindings of serum album and acid
glycoprotein, two proteins in plasma most responsible in drug binding actions,
are mainly discussed. Other proteins with little clinical implication will be
briefly discussed at the end of the section.

Human Serum Alubmin

HSA is the most abundant protein in serum, with typical blood concentration
of 50 g/L. It is probably the most extensively studied of all proteins (12).
The crystal structure of HSA indicates that this protein is composed of three
homologous domains (referred to as I, II, and III), with each domain being
divided into two subdomains (referred to as A and B). Many low-mass solutes
show reversible binding to HSA, including both endogenous agents (e.g., long
chain fatty acids, steroids, and bilirubin) and exogenous compounds (e.g.,
salicylate, diazepam, and warfarin). The binding of HSA with these substances
occurs at relatively well-defined regions on this protein. For drugs, the two most
important binding regions on HSA are Sudlow sites I and II. These are also
referred to as the warfarin-azapropazone and indole-benzodiazepine sites,
respectively, due to their affinities for solutes belonging to these groups of
compounds. Sudlow site I is located in the IIA subdomain of HSA and specif-
ically binds to warfarin and coumarins, along with salicylate and many other
drugs. Sudlow site II is located in the IIIA subdomain of HSA and interacts with
such agents as L-tryptophan, diazepam, and naproxen (1,6,7,12). The presence of
these two sites has been confirmed in many studies, including crystallographic
work that has identified the location of these two regions (13-16). The enantio-
selective binding of drug to isolated HSA is presented in Table 11.1.

TABLE 11.1 Drugs Exhibiting Enantioselective Binding to Isolated HSA

Drug Association constant n;k; (M~ References
(R)-warfarin 3.40 x 10° 17
(S)-warfarin 2.60 x 10° 17
(R)-ibuprofen 5.3 x 10° 18
(S)-ibuprofen 1.1 x 10° 18
(R)-carprofen 6.11 x 10° 19,20
(S)-carprofen 3.85 x 108 19,20
(R)-amlodipine 1.0 x 10* 21
(S)-amlodipine 1.0 x 10° 21
(R)-flurbiprofen 3.39 x 10° 22
(S)-flurbiprofen 7.31 x 10° 22
(R)-bimoclomol 1.3 x 10* 23
(S)-bimoclomol 1.0 x 10° 23
(R)-profafenone 2.05 x 10° 24
(S)-profafenone 2.08x10° 24
(R)-sulbenicillin 473 x 10° 25
(S)-sulbenicillin 2.06 x10° 25
(+)-pirprofen 3.9 x 10° 26
(—=)-pirprofen 3.7 x 10° 26
(R)-alprenolol 6.3 x 10° 27
(

S)-alprenolol 9.7 x 10° 27
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FIGURE 11.1 Compounds having enantioseletivity to HSA: (A) warfarin, (B) ibuprofen, (C)
alprenolol, and (D) carprofen. The asterisk shows the chiral center.

Warfarin is a coumarin derivative anticoagulant agent and the structure of
warfarin is shown in Figure 11.1. Warfarin exists in two chiral forms, (R)- and
(5)-warfarin, and has been widely used as a site I probe with (S)-warfarin having
several times the pharmacological activity of the (R)-warfarin in humans.
Although they are believed to bind at the same site on HSA in solution, (S)-
warfarin has slightly higher association constants than (R)-warfarin on the
Sudlow site I while (R)-warfarin appears to have a larger number of binding
sites (17,28-31). The thermodynamic study (AS) of chiral warfarin at temperature
ranges from 4°C to 45°C showed (R)-warfarin mainly interacting with the
binding site interior while (S)-warfarin interacted more with the site’s outer
surface (17).

It is widely accepted that the source of enantioselectivity in binding of
coumarin to HSA is due to the differential binding behavior at different sites.
Noctor et al. determined that the enantioselective binding for warfarin to HSA
accounts for over 70% of the total binding of the drug to albumin at site I (32).
The differential binding of acenocoumarol on serum albumin was performed by
affinity chromatography on HSA-sepharose column and the result showed that
the (R)-enantiomer has more than 2.5 times greater the binding constant than
(S)-enantiomer while (S)-phenprocoumon exhibits two times higher enantiose-
lective binding over its antipode at the Sudlow site 1 (31,33).

Verapamil also enantioselectively binds to Sudlow site I. Mallik et al.
suggested that (R)- and (S)-verapamil have direct competition with (S)-warfarin
at Sudlow site I with the average association constant of 1.4 x 10* M ™" (107).
Several warfarin alternatives for probing Sudlow site I have been suggested due
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to a slow change in structure of warfarin in common buffers used for binding
studies (34,35). Joseph et al. investigated four compounds (coumarin, 7-hydrox-
ycoumarin, 7-hydroxy-4-methylcoumarin, and 4-hydroxycoumarin) structurally
related to warfarin for possible alternative to characterize site I using competitive
zonal elution chromatography experiments and suggested that 4-hydroxycou-
marin was the best alternative for replacing warfarin for probing Sudlow site 1.

Indole-benzodiazepine binding site or Sudlow site Il on HSA as the name
suggests has distinct binding affinities to compounds containing indole groups
such as L-tryptophan and benzodiazepine derivatives such as diazepam. In 1963,
Sanger identified the sequence of Arg-Tyr-Thr-Arg as the site of specific labeling
of bovine serum albumin and the tyrosine residue was recognized to Tyr 411 of
HSA in the IIIA subdomain of HSA near the tip of long loop 7 (12). Moravek
et al. found Tyr-411 to be the tyrosine most susceptible to nitration and the
nitration of this particular amino acid inhibited tryptophan and diazepam
binding to site II (36).

The binding strength of albumin for L-tryptophan rises with decreasing
temperature as for many hydrophobic compounds, and modification of the
tryptophan molecule alters the affinity as substitution of a methyl group for the
a-hydrogen blocks binding while decarboxylation to tryptamine reduces it over
20-fold (37,38). Seedher and Bhatia investigated the binding of the nonsteroidal
anti-inflammatory drugs (NSAIDs) etoricoxib and parecoxib with HSA using
fluorescence spectroscopy and found there was only one class of binding site
and the displacement studies using the site-specific probe, dansylsarcosine,
showed that these drugs are bound at site II on the HSA molecule (39). The same
group also investigated the mechanism of interaction between celecoxib and
valdecoxib, other NSAIDs, with HSA using fluorescence spectroscopy and
found, like etoricoxib and parecoxib, that they are bound at site II on HSA
(40). They also suggested Stern-Volmer analysis of the fluorescence quenching
data indicated that predominantly a static quenching mechanism is operative
and the tryptophan residues of albumin are fully accessible to celecoxib and
only partially accessible to valecoxib. Kim and Hage utilized high-performance
affinity chromatography (HPAC) to characterize the binding of carbamazepine
to an immobilized HSA column, and the frontal chromatography study indi-
cated that carbamazepine has a single binding site on HSA with an association
constant of 5.3 x 10° M " at pH 7.4 and 37°C (41,42) with selective binding at site
II. Furthermore, they investigated thermodynamic parameters of binding and
found that the value of free energy (AG) for this interaction was —5.35 kcal/mol
at 37°C with an associated change in enthalpy (AH) of —6.45 kcal/mol and a
change in entropy (AS) of —3.56 cal/molK.

aq-Acid Glycoprotein

AGP or orosomucoid (ORM) has 183 amino acid residues (M,, = 36,000-44,000
depending on the number of glycans) with a pI of 2.8 to 3.8 and is normally
present in plasma at concentrations about 100 times less (0.5-1.4 mg/mL) than
HSA. AGP is an acute phase plasma protein in humans as well as other species
and its serum concentration is subject to a large variation in health and disease
states such as systemic tissue injury, inflammation, or infection causing
increases in hepatic synthesis of AGP. The ratio of unbound to bound fraction
of drugs can be changed because various health states can significantly alter the
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TABLE 11.2 Drugs Exhibiting Enantioselective Binding to Isolated AGP

Drug Association constant nik; (M) References
(R)-profafenone 1.30 x 10° 24
(S)-profafenone 3.83 x 108 24
(R)-propranolol 6.0 x 10° 45
(S)-propranolol 8.1 x 10° 45
(+)-zopiclone 2.23 x 10* 46
(—)-zopiclone 8.5 x 10° 46
(=)-chlorpheniramine 3.04 x 10° 47
(+)-chlorpheniramine 1.53 x 10* 47
(R)-disopyramide 6.6 x 10° 45
(S)-disopyramide 1.8 x 10° 45
(R)-verapamil 2.86 x 10° 45
(S)-verapamil 1.51 x 10° 45
(R)-oxybutynin® 2.14 x 107 48
(S)-oxybutynin? 8.3 x 10° 48

2Association constant to F1-S fraction of AGP.

concentration of AGP. It has been widely accepted that basic drugs tend to bind
preferably to the heavily glycosylated AGP while acidic and neutral compounds
tend to bind to HSA (43,44). The enantioselective binding of drug to isolated
AGP is presented in Table 11.2 (Fig. 11.2).

Enantioselective binding of a-adrenergic blocking agent prazosin was
studied by means of circular dichroism and equilibrium dialysis, and the
interaction results in pronounced negative extrinsic Cotton effects at 255 nm
and a smaller negative band at 285 nm, which are associated with the binding of
prazosin to only one site of AGP (4). The association constant of prazosin was 4.4
x 10* M~ and 0.85 binding sites per AGP (4). Fernandez et al. studied the
binding of racemic zopiclone and of its two enantiomers to plasma proteins HSA
and AGP using equilibrium dialysis and found that the binding of (+)-zopiclone
to AGP was 2.6-fold greater compared to (-)-zopiclone, while 1.8-fold greater
affinity was observed for binding of (+)-zopiclone to HSA (46).

The binding of anti-arrhythmic drug propafenone enantiomers with HSA
and AGP, as well as plasma from different species (rat, rabbit, and cow), were
studied using indirect chiral HPLC and ultrafiltration techniques. The binding
of (S)-propafenone to AGP accounts for most of the drug binding to plasma
proteins and two classes of binding sites in AGP were identified as a stereo-
selective high-affinity, small binding capacity site (111(5Kys) = 3.8 x 10° M)
and the other with low affinity, large binding capacity site (115(5Ka(s) = 9.95 x
10° M™"). The binding mode of both enantiomers with AGP mainly involved
hydrophobic interactions, as revealed by thermodynamic parameters of prop-
afenone binding with AGP.

Hiep et al. investigated in vitro binding of chlorpheniramine, a first-
generation alkylamine antihistamine drug, enantiomers to AGP by means of
equilibrium dialysis, and results showed that the binding of chlorpheniramine
to AGP is stereoselective with (S)-chlorpheniramine bound to AGP tighter (1.5 x
10* M) than its antipode (3.0 x 10> M ') (47). The protein binding of
chlorpheniramine as well as its enantioselectivity to AGP found in humans
was opposite to those of rats and the authors suggested that these differences
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FIGURE 11.2 Compounds having enantioseletivity to AGP: (A) propranolol, (B) chlorphenir-
amine, (C) disopyramide, and (D) verapamil. The asterisk shows the chiral center.

could be because of differences in drug affinity and/or in the total number of
binding sites per protein molecules.

A heat shock protein coinducer bimoclomol is known to enantioselectively
bind to plasma protein (23). Visy et al. used ultrafiltration and equilibrium
dialysis to investigate binding of biomoclomol to AGP as well as HSA. They
reported that the considerably stronger binding of the (S)-biomoclomol to
plasma protein is due to its binding to AGP. The association equilibrium
constants for (R)- and (S)-biomoclomol to AGP are 1K, = 1.3 x 10* M}
and nKe = 1.0 x 10° M, respectively. The binding of (R)- and (S)-
biomoclomol to HSA was found to be weak (nK = 5.0 x 10> M~!) and not
stereoselective. The number of binding site of bimoclomol was found to be about
0.5, indicating that biomoclomol binds only to a subfraction of the protein.
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Eap et al. isolated the S- and F-forms of AGP variants by isoelectric
focusing with immobilines (49). They performed equilibrium dialysis experi-
ments using a multicompartmental system; a higher affinity for various basic
drugs was with S- in comparison with F-AGP: amitriptyline, nortriptyline,
imipramine, desipramine, trimipramine, methadone, thioridazine, clomipr-
amine, desmethylclomipramine, and maprotiline. The selectivity (binding to
S- vs. F-AGP) is the most pronounced for methadone and the lowest for
thioridazine, while it is absent for the acidic drug mephenytoin (49).

The plasma concentration of AGP as well as the plasma binding of
racemic, D- and L-methadone was measured in healthy volunteers to correlate
the binding parameters and the concentration of AGP in plasma. The AGP
phenotypes and the concentration of AGP variants were determined and a
significant correlation was obtained between the binding ratio (B/F) for p- and
L-methadone and the total AGP concentration with r = 0.724, p < 0.001 (50). Two
variants of AGP, ORMs 2A and F1, were also found to play important
determining roles in the binding of methadone enantiomers and the authors
pointed out that the levels of AGP variants should be considered in protein
binding studies (50).

Other Plasma Proteins

The relative occurrences of enantioselective drug binding by other plasma
proteins are much less than those of HSA and AGP despite the amount of
protein. The normal level of immunoglobulins, for example, is in the range of
1.0 to 1.5 g/dL of blood and accounts for about 35% of blood proteins. However,
there have been only limited number of studies regarding enantioselective
binding of drugs to antibodies (51,52). A monoclonal anti-d-hydroxy acid anti-
body was immobilized onto chromatographic support material to study for
enantiomeric separation of free o-hydroxy acids as well as several aliphatic and
aromatic members of this class of compound (53). The same group also reported
the production of enantioselective antibodies using classical immunological and
modern molecular biological techniques in rabbits and mice to study the
stereoselectivity of antibodies as well as to apply them in immunosensors and
chiral chromatography. A membrane-based optical sensor allowed detection of
enantiomeric impurities at the 1/2000 level (54).

The antibodies used in these studies were artificially raised and the clinical
implications of enantioselective binding of antibodies to drugs are neither
known nor has thorough investigation on this issue ever been explored.

Lipoproteins are another class of blood plasma proteins with low abun-
dance (10 mg/dL). The clinical implication of lipoprotein bindings is not known
but it may be important since these proteins are able to bind a variety of classes
of drug such as basic, neutral, and lipophilic compounds. Brocks and coworkers
used a stereoselective liquid chromatographic assay to determine relative bind-
ing of (+) and (-) enantiomers of antimalarial agent halofantrine (565,56). The (-)
enantiomer of halofantrine showed higher affinity for the lipoprotein-deficient
fraction than the (+) enantiomer in human, monkey and rat plasma. A signif-
icant fraction of the (+) enantiomer of halofantrine was located in lipoprotein-
rich fraction in dog and human plasma while the ratio of (+):(-) was consistent
in lipoprotein-deficient fraction, showing substantial interspecies differences
in the pattern of halofantrine distribution within different fractions of
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lipoproteins (56). The methods based on the high-performance frontal analysis
(HPFA) capillary electrophoresis were used to analyze the enantioselective
binding of verapamil and nilvadipine to high-density lipoprotein (HDL), low-
density lipoprotein, as well as oxidized LDL (57-59). It was found that the
binding of verapamil and nilvadipine to these lipoproteins is neither specific nor
enantioselective, while the total binding affinity between LDL and verapamil
was increased by 3.3-, 4.6-, 7.0-, and 19-fold after 0.5, 1, 2, and 12 hours
oxidation, respectively, whereas the total binding affinity between nilvadipine
and LDL was increased by 1.3-, 1.4-, 1.4, and 1.7-fold in the same reaction times,
respectively, indicating the LDL oxidation enhances the drug binding affinity.

NEW ANALYTICAL DEVELOPMENTS IN ENANTIOSELECTIVE

PLASMA PROTEIN BINDING STUDIES

Many methods are available for the study of drug-protein binding. Equilibrium
dialysis and ultrafiltration have been the most widely used for this purpose (60).
Equilibrium dialysis has been the reference method for such measurements. One
reason for this is its simplicity as well as its relatively low cost. It, however,
suffers from several disadvantages. One disadvantage is the long period of time
typically required for establishing equilibrium during the dialysis process
(hours to even days). This not only makes this method inconvenient for routine
analysis, but it creates problems if the analyte is unstable or if its binding is
susceptible to changes with temperature or pH.

Ultrafiltration is another technique used in evaluating protein-drug bind-
ing. Its operation is similar to that of equilibrium dialysis but requires less time
to establish equilibrium. This method, as well as dialysis, requires a labeled
solute and is often performed using a second method for analysis, such as an
immunoassay, gas chromatography (GC), or high-performance liquid chroma-
tography (HPLC). In addition, the effects of analyte adsorption to the membrane
of filter must be considered.

The problems associated with these traditional methods have accelerated
the efforts to find better, faster, more efficient, and convenient approaches for
the analysis of protein-drug binding. Such efforts involve the use of HPAC,
affinity capillary electrophoresis (ACE), and surface plasmon resonance (SPR).

High-Performance Affinity Chromatography

HPAC is a type of HPLC in which the separation or purification is based on
specific and reversible interactions between the analyte and an immobilized
ligand. The retention is based on the interactions commonly seen in biological
systems. Examples include the binding of a hormone with its receptor, an
enzyme with its substrate, or an antibody with an antigen.

In affinity chromatography, a sample containing the analyte is applied to a
column containing an immobilized affinity ligand. The analyte is then retained
by this ligand due to their specific interactions while other components are
quickly washed from the column. The analyte is later eluted off the column by
altering the mobile phase, pH, or ionic strength, or by adding competing agents.
The column is then restored to the original mobile phase conditions, allowed to
regenerate, and the next analysis is performed.

Traditional affinity chromatography exploits these interactions by immo-
bilizing one of a pair of interacting molecules onto a solid support and packing
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this into a column. The support material typically used in low-performance
affinity chromatography is a large diameter, nonrigid material such as agarose
or dextran. These materials not only show poor mass transfer properties, but
they also suffer from limited stabilities at high flow rates and pressures. The low
back pressure produced from these materials means that they can be operated
under gravity flow, making them relatively simple and inexpensive to use for
the purification or pretreatment of samples.

HPAC combines the speed and efficiency of HPLC with the specificity of
affinity chromatography. These properties are produced by using support
materials that consist of small, rigid particles capable of withstanding high
flow rates or pressures and that possess good mass transfer properties. Exam-
ples include silica, glass, and hydroxylated polystyrene media. Compared to
low-performance affinity chromatography, the separation in HPAC requires
standard HPLC equipment such as high-precision pumps and valves. Although
these make HPAC more expensive than low-performance affinity chromatog-
raphy, the better speed and precision of HPAC make it preferable for routine
work and analytical applications.

HPAC is often used to evaluate equilibrium or kinetic parameters of
biological systems. The use of HPAC for this purpose is referred to as analytical
affinity chromatography, quantitative affinity chromatography, or biochroma-
tography (61,62).

The ligand of interest is immobilized onto a suitable support and an
injection of analyte is made onto the column. Information regarding equilibrium
or kinetic parameters can later be obtained by carefully observing the elution
time or volume of analyte as it passes through the column. This approach was
often used to evaluate the binding of HSA or AGP with the small drugs (63-70).

Two different techniques in affinity chromatography have been widely
used to study enantioselective binding of drugs to plasma proteins. The first
technique is frontal analysis in which a known concentration of pure solute is
continuously applied to a column containing a fixed amount of an immobilized
protein. As the amount of bound solute in the column increases, it begins
to saturate the ligand and form a breakthrough curve. This is shown in
Figure 11.3A. The mean point of this curve is directly related to the concentra-
tion of applied solute and the amount of immobilized ligand. The second
technique is zonal elution. In this method, a known concentration of a compet-
ing agent is continuously applied in the mobile phase to a column containing an
immobilized ligand while small amounts of analyte are injected. If a competing
agent and an analyte have direct competition at binding sites on immobilized
ligands and these interactions have fast association/dissociation kinetics, a shift
in retention factor of the analyte provides information on the association equi-
librium constant (Fig. 11.3B).

Kimura and coworkers used a method based on HPFA and Scatchard
analysis to evaluate the binding properties of enantiomers of thyroxine to HSA
and found that the binding constant (K) as well as the number of binding sites
on an HSA molecule (1) were K = 1.01 x 10° M~ and n = 1.90 for L-thyroxine,
and K =9.71 x 10° M~ ! and n = 1.97 for D-thyroxine. Furthermore, the binding
sites were identified using phenylbutazone and diazepam as site-specific probes
for sites I and II, respectively, and each enantiomer was found to bind to both
sites (71). The enantioselective binding characteristics of ketoprofen to HSA had
been performed by using competitive zonal elution chromatography techniques
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FIGURE 11.3 Typical frontal chromatogram (A) obtained from the immobilized protein column.
The concentration of applied drug decreased from left to right. Typical zonal elution chromato-
gram is shown in (B), where the amount of competing agents in mobile phase shift the retention
times of analyte from right to left.

using phenylbutazone and diazepam for site I and II and showed that both (R)-
and (S)-ketoprofen display high affinity to the primary phenylbutazone and
diazepam binding sites as well as low affinity to the secondary diazepam sites.
The authors further characterized the binding mechanism as a stepwise binding
process to the affinity binding site initiated by the binding to the primary
diazepam site and followed by the attachment to the primary phenylbutazone
site (72). The enantioselective binding of a drug to HSA may induce the conforma-
tional changes of protein to cause stronger or weaker binding to the secondary
drug (i.e., allosteric interaction). Fitos and coworkers reported the effect of
ibuprofen enantiomers on the stereoselective binding of (S)-lorazepam and
found that the binding of (S)-lorazepam exhibited enhanced binding in the
presence of (S)-ibuprofen (73). Chen and Hage quantitatively characterized allos-
teric interaction between drugs to HSA using equations derived from careful
observation of the interactions of ibuprofen/(S)-lorazepam acetate, (S)-oxazepam
hemisuccinate/(R)-oxazepam hemisuccinate, and L-tryptophan/phenytoin during
their binding to HSA (74). Another item that can be studied using HPAC is a
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quantitative structure-retention relationship (QSRR) between a drug and protein in
which an essential functional group of a drug responsible for binding is identified.
Markuszewski and Kaliszan prepared a series of different biomacromolecules
(HSA, AGP, keratin, collagen, melanin, amylose tris(3,5-dimethylphenylcarba-
mate), and basic fatty acid binding proteins) columns to collect the data for
interpretation of structural requirements of specific binding sites on biomacromo-
lecules (75). Mallik and coworker developed affinity silica monolith columns
containing HSA and AGP and evaluated in terms of its binding, efficiency, and
selectivity in chiral separations. The silica monolith column gave higher retention
and higher or comparable resolution and efficiency when compared with HSA
columns that contained silica particles or GMA/EDMA copolymer in analyzing
(D/L)-tryptophan, (R/S)-warfarin, and (R/S) propranolol (76,77).

Affinity Capillary Electrophoresis

ACE is a more recent technique that can be used for the study of molecular
interactions. This method uses shifts in electrophoretic mobilities of a solute as it
binds with an affinity ligand. ACE can provide both qualitative and quantitative
information on solute-protein binding. This information includes the detection
of complex formation, the identification of an active component for binding in a
multicomponent mixture, the identification of structural requirements for rec-
ognition, the determination of the equilibrium constant and stoichiometry for a
binding reaction, and concentration measurements based on immunochemical
recognition (65,78).

ACE is especially useful for evaluating solute-protein binding because it
requires only small quantities of proteins (i.e., usually in less than several
nanoliters). Typical analysis times are short and ACE can be easily automated.
Protein adsorption inside the capillary surface, however, can be a drawback and
cause nonreproducible results. This can be corrected by employing a surfaced
modified capillary to prevent protein adsorption (10,79).

There are a number of ways to evaluate drug-protein interactions in ACE.
One particular method used in this work is mobility shift assay. This is shown in
Figure 11.4. In a mobility shift assay, the evaluation of drug-protein binding is
performed by injecting a small amount of drug (D) into a capillary that contains
a soluble protein (P) in the running buffer. This is represented by the reaction
shown in Eq. 5.

D(up) + P(pp) < d — P(up-p) ®)

In the above expression, lip, {ip, and pp.p are the electrophoretic mobilities of the
drug, protein, and drug-protein complex, respectively. Since the amount of
drug is small compared to that of protein, the binding of drug to the protein
shifts the apparent mobility of the drug. This shift can be described by using the
change in migration time of the drug that is observed at different protein
concentrations.

An analysis based on the above equation makes several assumptions:
(i) equilibrium is established between the bound and unbound species and (ii)
the association and dissociation kinetics of drug-protein binding is fast relative
to the time for the analysis (80). If the electrophoretic mobilities of the drug and
protein are similar to each other, the observed mobility shift of the drug will be
small or difficult to analyze. In this case, an additional running buffer additive
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FIGURE 11.4 The principle of mobility shift assay in affinity capillary electrophoresis. The
migration time of analyte is retarded in the presence of protein in the running buffer.

such as dextran can be used to alter the electrophoretic mobility of the protein
while not affecting the small drug.

Serum albumin and AGP are two most widely used chiral selectors in
ACE. The stereoselective binding of antihistamines (brompheniramine, chlor-
pheniramine, hydroxyzine, orphenadrine, and phenindamine), phenothiazines
(promethazine and trimeprazine), and a local anesthetic (bupivacaine) to human
plasma proteins were evaluated using HSA as chiral selector and the partial
filling technique. The binding of phenindamine to HSA showed the highest
stereoselectivity followed by trimeprazine and promethazine (81). Zhu and
coworkers reported the enantioseparation of three basic drugs ofloxacin, pro-
pranolol, and verapamil in ACE using HSA and BSA as chiral selectors
in phosphate buffer at pH 7.4. Interestingly, ofloxacin was only separated in
the presence of BSA, and verapamil only with HSA, while propranolol was
separated with either HSA or BSA showing high species dependence on chiral
separation. They also used two displacers (ketoprofen and warfarin) known to
bind serum albumin at a specific location (site II and I) to probe binding sites of
ofloxacin, propranolol, and verapamil on serum albumin and found that
verapamil binds to both sites in HSA while the binding of ofloxacin to BSA
occurs in site I (82).

Oravcova and coworkers compared the Hummel-Dreyer method in capil-
lary zone electrophoresis for studying the interaction of racemic carvedilol and its
individual enantiomers with isolated AGP and HSA to the corresponding HPLC
method. The binding parameters characterizing the high-affinity binding site of
AGP evaluated by using capillary electrophoresis were in good accordance with
those obtained by HPLC, and it was concluded that the Hummel-Dreyer ACE
method is an efficient and fast technique for quantitative description of binding
parameters of hydrophobic drugs (83). The evaluation of association constants
between drugs and AGP using the ACE partial filling technique as well as
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conditions for maximizing chiral separation of drugs such as effective plug length
(i.e., the amount of chiral selector) and optimum temperature were well described
using disopyramide and remoxipride as model drugs. Authors found that the
affinity between the enantiomers of disopyramide or remoxipride and AGP
varied with increasing temperature, as shown by determined association con-
stants. It was found that the association between the enantiomers and AGP was
strongest at 25°C and decreased at both lower and higher temperatures. This
unexpected finding may indicate conformational changes of the protein with
temperature variations (84). The effect of glycosylation on chiral separation of
basic drugs was also studied using AGP as a model protein in HPFA combined
with capillary electrophoresis (85). AGP was fractionated into two portions,
bound and unbound fraction, by concanavalin A lectin affinity chromatography
and the results suggested that the (S)-propranolol is bound to unbound fraction
and bound fraction of AGP more strongly than (R)-propranolol while the reverse
applies to verapamil enantiomers. This suggested that the glycosylation of AGP
does not play a significant role in the chiral recognition in binding of these drugs
(85). Human serum transferrin and lipoproteins have been used in ACE for chiral
separation of small molecules. Studies on chiral separation of 15 compounds
(B-blockers and H1-antihistamine agents) in ACE partial filling technique using
human serum transferrin as chiral selector suggested that the enantioselectivity is
compound-specific (6 out of 25 analogues) and the very small differences in the
chemical structure of the compounds resulted in significant changes in the chiral
recognition. For example, one methyl group difference in mepindolol and
pindolol or one oxygen difference in alprenolol and exprenolol suggested the
essential role of these extra-functional groups in chiral selectivity by transferrin
(86). Chiral recognition of drugs can be used to characterize surface interaction
sites on iron-free transferrin in ACE. Separation of enantiomers of drugs including
tryptophan derivatives was investigated in ACE using the partial filling tech-
nique, and the study suggested that the variations in migration times of these
drugs reflected the possible interactions with the protein, suggesting (R)-enan-
tiomers were always retained more strongly by transferrin. This was further
confirmed by molecular modeling on the docking of tryptophan derivatives on
transferrin showing that the (R)-enantiomers possess a stronger complexation
with transferrin, whereas the (S)-enantiomers are bound by weaker interactions
(87). HPFA with CE was applied to the study of enantioselective binding of
verapamil to plasma lipoproteins. The drug-lipoprotein mixed solution, which
had been in the binding equilibrium, was hydrodynamically introduced into a
noncoated fused-silica capillary and the bindings of verapamil to HDL, LDL, and
oxidized LDL were neither site-specific nor enantioselective (59). The same
authors also pointed out that the partition-like binding to the lipid part of these
lipoproteins seemed to be dominant and the total binding affinities of LDL to
verapamil were about seven-times stronger than those of HDL; also the oxidation
of LDL by copper ion enhanced the binding affinities significantly (59).

Surface Plasmon Resonance

The surface plasmon resonance (SPR) occurs when polarized light coming
from the side of higher refractive index is partly reflected and partly refracted
at an interface between media of different refractive index (glass and buffer).
The total internal reflection is observed when no light is refracted across the
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interface at above a certain angle of incidence. An electromagnetic field
component, known as an evanescent wave, penetrates a short distance into a
medium and interacts with free electrons in the gold layer coating between the
media generating electron charge density wave called plasmons and causing a
reduction in the intensity of the reflected light. The resonance conditions are
influenced by the material adsorbed onto the thin metal film. Biological
macromolecules such as protein and DNA are often immobilized onto the
surface and a linear relationship is often found between resonance energy and
mass concentration of these molecules on the surface. The SPR signal
(expressed in response unit, RU) is therefore a measure of mass concentration
at the sensor surface and the drug and protein binding characteristics (rate
constants and equilibrium constant) can be determined.

There are only limited studies of SPR on characterization of enantioselec-
tivity plasma proteins (88-91). Sandblad et al. discussed guidelines for reliable
experimental and methodological SPR approaches in drug-protein interaction
studies to avoid biased values of binding constants that are often obtained from
the use of too narrow drug concentrations as well as false assumptions made in
determining the number of binding sites (88). They also investigated bindings of
enantiomeric propranolol to AGP, enantiomeric warfarin to HSA, and stereo-
isomers of melagatrans to thrombin, AGP, and HSA. Authors found that a single
site model could be assumed in the (R,S)-melagatran to thrombin while the (S,
R)-form did not bind to thrombin. The data from propranolol to AGP as well as
warfarin to HSA system indicated that both systems are heterogeneous com-
prising high affinity enantioselective binding sites and weak nonselective sites
(88). The effect of dimethylsulfoxide (DMSO), a widely used solvent to increase
solubility of the compound, was also studied and the results show severe
deviations in binding data for the propranolol and AGP system in the presence
of 5% DMSO.

Day and Myszka immobilized HSA on the surface of SPR sensor chips
using a standard amine coupling protocol to characterize bindings of 12 differ-
ent drugs to HSA as well as albumin from different species. The binding
constants determined from the SPR sensor assay corresponded with binding
constants obtained by other methods (89). One particular observation they
noticed was a gradual decay in binding capacity of newly immobilized HSA
to naproxen and warfarin and the loss of activity was most marked during the
first 24 hours of post immobilization suggesting the surfaces stabilize over time
(89). They investigated effects of different immobilization strategies, different
HSA preparations, alternating binding buffer compositions, regenerating the
sensor surface as well dispensing samples into glass instead of plastic vials on
the initial stability of the albumin surface and could not find the reason for such
loss. They pointed out that the newly immobilized albumins should be stabi-
lized with injecting buffer for 10 hours prior to analysis.

OTHER ISSUES IN PLASMA PROTEIN BINDING STUDIES

Several factors are responsible for different enantioselective binding behaviors of
a given drug-plasma protein interactions. Also it should be noted that the
majority of drug-plasma protein binding measurements have been studied on
controlled environments such as performing drug-protein binding studies on
isolated proteins or using samples from healthy donors within the same ethnicity
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in similar age groups. These are important issues in studying drug binding for
the patient in the clinic since these patients generally show many different
situations (i.e., age, disease state, sex, ethnicity, etc.) than the in vitro experiments
in a controlled laboratory. In the remaining parts of this chapter, factors affecting
enantioselective bindings of drug in blood will be thoroughly reviewed.

Species Difference

The study of how drugs bind to proteins is crucial in the drug discovery process
since how a drug binds to proteins in plasma can limit the overall availability
and pharmacology of the drug. In this process, a drug candidate generally
undergoes a series of binding experiments in plasma or blood from other species
(generally human, monkey, rat, mouse, dog, and rabbit) to assess overall
availability of drugs. Extrapolating preclinical protein binding as well as phar-
macology/toxicology (PK/TK) studies in different species to the human
requires an understanding of the action of the drug from these different species
as well as the relationship of the free, pharmacologically active form to total
drug concentration in these species. For instance, the binding of an immuno-
modulator, KE-298 (2 acetylthiomethyl-4-(4-methylphenyl)-4-oxobutanoic acid),
and its metabolites in all species of plasma was enantioselective. The (+)-(S)-
enantiomers of these compounds bound rat, dog, and human plasma proteins to
a greater extent than did the (R)-enantiometers, except that the case of KE-298
was opposite in rat plasma (92). Fitos and coworkers investigated enantioselec-
tive bindings of benzodiazepine and coumarin drugs to serum albumin from
different mammalian species using chiral chromatographic techniques and
found that the stereoselective binding of 2,3-benzodiazepine drug, tofisopam,
in human is opposite to that in all other species while the binding of
1,4-benzodiazepines in dog albumin is very similar to HSA and highly preferred
binding of (S)-phenprocoumon was observed with dog albumin (93). Another
example of species differences in enantioselective binding of drugs to plasma
proteins was in the case of 1-methyl-5-phenyl-5-propyl-barbiturate where
the (R)-(O-form of drug preferably (factor of 2) bound to HSA compared to
the (S)-(+)-form. In contrast to HSA, bovine as well as rabbit serum albumin
bound (S)-(+)-form to a higher degree than the (R)-(-)-form (93). No enantiose-
lective binding difference was observed in the case of 1-methyl-5-phenyl-5-
propyl-barbiturate binding to rat serum albumin. These studies clearly indicated
that taking into account for each of these mammalian albumins with the
respective number of binding classes and sites in each class, the affinity
constant, and total binding constant, it becomes evident that they bind (S)-(+)-
and (R)-(-)-1-methyl-5-phenyl-5-propyl-barbiturate quantitatively differently in
a species-specific manner (93). The same group also studied stereoselective
binding of the enantiomers of four closely related N-methyl-barbiturates to
human, bovine, and rat serum albumin, and reported that the structural differ-
ences between the serum albumins of these mammalian species cause the
different pattern of enantioselective binding of the enantiomers of four closely
related N-methyl-barbiturates (94).

In the case of MK-571 ((+)-3-(((3-(2-(7-chloro-2-quinolinyl)ethenyl)phenyl)
((3-(dimethylamino)-3-oxopropylthio)methyl)thio)propanoic acid), a potent
and specific antagonist of leukotriene D4 action, the binding of the enantiomers
of this drug to plasma protein was found to be extensively stereoselective and
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species-dependent. The (R)-(-)-enantiomer was bound to rat plasma to a greater
extent than the (5)-(+)-enantiomer, while in dog and monkey plasma the reverse
was the case (95).

These examples showed that the dissimilarities in the enantioselective
binding behaviors of structurally related serum albumins (i.e., small differences
in the genomic sequence) from different species often result from the differences
in the microenvironments of binding process between drugs and serum albu-
mins. These include differences in protein conformation, the degree of non-
covalent interaction, pH, as well as relative amount of lipids arising from
differences in diet.

Age

Several studies have shown that the amount of albumin in blood tends to
decrease with age and this may result in reduced plasma protein binding of
certain drugs. This phenomenon of reduced plasma-protein binding in hypo-
albuminemia is not universal. For instance, warfarin binding in plasma does not
decrease with age while the reduction in plasma diazepam binding in elderly
subjects has been reported (96). Viani and coworkers have reported that there
was a significant negative correlation of albumin concentration with age and this
resulted in about a twofold increase in the amount of unbound fraction of
diazepam and salicylic acid in two age groups (30s vs. 70s) while the unbound
fraction of digitoxin was independent of age (97). In contrast, Davis and
coworkers have reported that the plasma protein binding of the basic drug
lignocaine predominantly bound to AGP and tended to increase slightly with
age (96). The binding of lignocaine to AGP positively correlated with plasma
concentration of AGP concentration, which also increased slightly with age. No
stereoselective discrimination of drugs to plasma protein in differences in the
age was reported in both Viani and Davis’ studies. The enantioselective protein
binding of mephobarbital (MPB) was investigated from plasma from 8 young
(18-25 years) and 8 elderly (more than 60 years) male subjects. The binding of
both enantiomers was significantly lower in the young compared with the
elderly subjects and (S)-MPB was approximately 59% bound to plasma protein
(29% to HSA) while (R)-MPB was approximately 67% bound to plasma protein
(41% to HSA) (98). Stereoselective serum protein binding of the NSAID
ibuprofen was performed by ultrafiltration, and disposition of ibuprofen in
young healthy volunteers and elderly persons with and without renal impair-
ment showed both elderly groups had significantly decreased binding of (S)-
ibuprofen compared to the young group resulting in an increased unbound
fraction of (S)-ibuprofen in elderly persons with renal impairment that may
increase the risk for NSAID-associated adverse effects (99). A similar study was
performed by Tan and coworkers (100). They found aging had little effect on the
distribution and metabolism of (R)-ibuprofen in both young and elderly subjects
while the unbound fraction of (S)-ibuprofen was significantly greater in the
elderly further confirming the risk of elderly subjects on increased exposure of
NSAID-associated adverse effects.

Disease States
In the previous section, an example of differences in the amount of unbound
fraction of (S)-ibuprofen in the elderly subjects with renal impairment compared
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with healthy young and elderly groups was discussed. This suggests that certain
disease states may potentially alter the enantioselective binding of drugs to
plasma proteins and possibly cause unfavorable changes in pharmacokinetic
profiles of administered drugs.

Knadler and coworker reported the enantioselective binding an arylpro-
pionic NSAID flurbiprofen to human plasma in eight normal subjects and
showed the unbound fraction of (R)-flurbiprofen was greater than that of the
(S)-form for most subjects with the ratio of percent unbound (R)- to (5)-
flurbiprofen ranging from 0.52 to 1.33 (22). Furthermore, they found that the
binding of racemic flurbiprofen in elderly and obese volunteers and patients
with liver disease was not significantly different from normal subjects, but
binding was less in hypoalbuminemic patients and patients with renal impair-
ment. Uremia decreased the binding of (R)-flurbiprofen preferentially (22). The
phenomenon of hypoalbuminemia occurs frequently in severe hepatic and renal
disorders. Noctor pointed out there may be relatively elevated serum concen-
trations of free fatty acids, which may compete with drugs for binding sites on
HSA (101). The binding of oxazepam and its glucuronide conjugates to HSA
were examined by equilibrium dialysis. It was found that the oxazepam and its
(S)-glucuronide are specifically bound to site II on HSA with a greater extent
than (R)-glucuronide, which bound to HSA in a nonspecific manner. Further-
more, the unbound fraction of oxazepam and its (5)-(+)-glucuronide conjugate
are displaced by elevated levels of fatty acids found in renally impaired patients
(102). A similar instance was observed in the case of the enantioselective
disposition of an NSAID ketoprofen and ketoprofen glucuronide in renally
impaired patients. Grubb and coworkers found that the accumulation of (5)-
ketoprofen and (S)-ketoprofen glucuronide, in contrast to the (R)-isomers,
unexpectedly increased after repeated dosing achieving S:R ratios of 3.3 £ 1.7
and 11.2 & 5.3, respectively, possibly caused by decreased protein binding due
to decreased albumin and displacement from protein binding sites in uremia
(103). Hayball and coworkers published a similar report on the influence of
renal function on the enantioselective pharmacokinetics and pharmacodynamics
of ketoprofen. In that report, the mean percentage unbound fraction of (S)-
ketoprofen in plasma increased at higher concentration of (S)-ketoprofen,
whereas no variation was observed for (R)-ketoprofen in renally impaired
subjects indicating that diminished renal function is associated with an
increased exposure to unbound (S)-ketoprofen, presumably due to regeneration
of parent aglycone arising from the hydrolysis of accumulated acyl-glucuronide
conjugates (104).

Certain liver diseases are also responsible for an elevated level of enantio-
selective disposition of ketoprofen. Sakai and coworkers investigated the stereo-
selective binding of ketoprofen to HSA in patients with liver diseases and found
that the serum protein binding of racemic ketoprofen was found to be decreased
in hepatic patients, whereas, interestingly, the stereoselectivity of ketoprofen
was increased (105). The ratio of the free fraction of (R)- and (S)-ketoprofen
increased linearly with albumin concentrations and the data suggested that the
difference in stereoselective binding of ketoprofen in hepatic patients was
mainly caused by the decrease in serum HSA level as well as the stereoselective
inhibition induced by the increased level of bile acid and its metabolite.
Enantioselectivity in serum flurbiprofen binding was also reported in patients
with liver and renal disease. The significantly lower concentration of serum
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albumin level was observed in subjects with renal disease or liver disease with
ascites and this resulted in higher free fractions of both the (R)-(-)- and (S)-(+)-
enantiomers of flurbiprofen. The ratio of unbound fraction of (R)- and (S)-
flurbiprofen was lower in the subjects with ascites (0.714 & 0.298) than in those
without ascites (0.796 + 0.090) (P < 0.05) (106).

CONCLUSION

As has been set out in the present chapter, the stereoselectivity of drugs to
plasma proteins is important and the understanding of this phenomenon has
been improved by several new developments in analytical methodologies for
the study of protein interactions with chiral compounds. In certain cases, the
consequences of stereoselectivity of drugs to plasma protein are significant since
the pharmacokinetics and pharmacodynamics of the chiral compounds are
directly related to the plasma concentration level of drugs. It is necessary to
consider clinical implications of stereoselectivity in cases where a therapeutic
range of plasma concentration needs to be identified or significant interpatient
variability exists in the relationship between dose and plasma concentration of
drugs. Undoubtedly, the understanding of the stereoselective mechanism of
drug interaction to plasma proteins further enhanced the design of lead
compounds and this has been facilitated by recent advances in chiral analysis.
The several different formats for chiral analysis include methods based on
affinity chromatography or ACE as well as SPR. The variety of chiral analysis
methodologies is useful since this provides a means for studying a wide array of
drug-protein systems and the systemized study of stereoselective binding offers
a potential to further characterize the molecular processes involved in the
binding of drugs to proteins.
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Clinical pharmacokinetics
and pharmacodynamics of stereoisomeric drugs

Scott A. Van Wart and Donald E. Mager

INTRODUCTION

Stereoisomers may exhibit different pharmacological properties, and many
drugs used in clinical practice contain one or more chiral centers. These chiral
drugs are often used therapeutically either as pure stereoisomers or as a racemic
mixture of equal proportions of two complementary enantiomers. The three-
dimensional interaction of two enantiomers with a macromolecule, such as an
enzyme or receptor, to form diastereomeric complexes may result in chiral
recognition and significant differences in processes such as absorption, distri-
bution, metabolism, and excretion (pharmacokinetics or PK) as well as the time
course of pharmacological response (pharmacodynamics or PD). Thus, the
clinical pharmacology of chiral drugs is based on understanding the nature of
these important differences for the optimization of pharmacotherapy.

ABSORPTION

Oral absorption is dependent on a number of factors including the rate of
disintegration and dissolution of the drug from its dosing formulation, the rate
of gastric emptying, movement of drug through the enterocyte barrier via passive
diffusion or other transport mechanisms, and avoidance of intestinal and hepatic
first-pass metabolism. Intestinal drug permeability is often first evaluated in vitro
using bidirectional transport studies in human cell lines such as human colon
carcinoma (Caco-2) cells. The rate of entry of individual enantiomers into the
systemic circulation is also assessed in vivo by several approaches including
examination of the maximal plasma drug concentration (Cpax) and the time at
which it is achieved (Tinax), mathematical deconvolution techniques, and the use
of compartmental PK analysis. The extent of absorption or the fraction of the dose
accessing the systemic circulation (absolute bioavailability) is most often deter-
mined using model-independent approaches, such as comparing the ratio of the
area under the plasma concentration-time curve (AUC) following an oral dose
relative to an intravenous dose. For racemic drugs, the relative bioavailability for
each enantiomer is also often reported using the ratio of AUC values for each
dosing route. Stereoselective intestinal and hepatic first-pass metabolism can have
a significant impact on the oral bioavailability for each enantiomer and is
discussed under drug metabolism.

Passive Intestinal Absorption

For the majority of racemic drugs, absorption across the intestinal epethilial
membrane appears to be passive in nature (1-3) and it is anticipated that both
enantiomers will pass through the intestinal endothelium and enter the portal
circulation at roughly the same rate and to the same extent, provided there is no
stereoselectivity in presystemic metabolism. This expectation is based on the
assumption that the physicochemical properties of both enantiomers are the
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same (i.e., lipophilicity, solubility, stability, ionization), resulting in comparable
passive diffusion. For example, most chiral antimalarial agents are primarily
passively absorbed and do not appear to be stereoselective with respect to Tmax.
Differences in Cp,,x among these enantiomers are likely attributable to enantio-
selectivity in other PK properties, such as clearance or volume of distribution,
rather than the absorption rate itself (2).

Intestinal Absorptive and Secretory Transporters

Intestinal membrane transporters can be functionally divided into two main
groups, namely, influx and efflux transporters. Influx transporters are located at
the apical membrane of enterocytes. The organic anion-transporting polypeptides
(OATPs) serve as absorptive transporters for drugs such as fexofenadine (4),
whereas the peptide transporter (PEPT1) is involved in the transport of small
peptides and peptide-like drugs such as B-lactam antibiotics, cephalosporins,
angiotensin-converting enzyme (ACE) inhibitors, ester prodrugs, and some anti-
cancer drugs (5). Interestingly, the coupling of active drugs (e.g., L-dopamine)
with an amino acid (e.g., valine or phenylalanine) is one strategy investigated for
improving oral absorption by PEPT1 recognition and uptake (6). Efflux trans-
porters at both the apical and basolateral membranes of the enterocyte are
responsible for drug passage across the enterocyte in either the absorptive or
secretory directions. P-glycoprotein (MDR1), breast cancer resistance protein
(BCRP), and multidrug resistance-associated protein 2 (MRP2) are examples of
secretory transporters located on the apical membrane of enterocytes, which limit
entry of many drugs into the body.

Stereoselective plasma drug concentration-time profiles owing to active or
carrier-mediated absorption are rare. Although many racemic drugs have been
shown to be substrates for P-glycoprotein efflux in vitro, stereoselectivity in the
oral bioavailability of racemic drugs that are also highly permeable and soluble is
not expected as enantiomer concentrations should conceptually be high enough in
the intestine to saturate transport systems and passive diffusion would predom-
inate (7). Most substrates for P-glycoprotein efflux are also substrates for the
metabolic enzyme cytochrome P450 3A4 and the coexpression and interplay of
these two enzymes in the intestine further complicates the ability to attribute
stereoselective drug absorption to transport by intestinal P-glycoprotein.

Fexofenadine is a racemic drug that is transported by both intestinal
P-glycoprotein and OATP but is not metabolized by intestinal CYP3A (8). A PK
study conducted in healthy subjects to elucidate the PK of each enantiomer after
a single oral dose of racemic fexofenadine demonstrated that plasma concen-
trations of (R)-fexofenadine were significantly higher than (S)-fexofenadine with
[R:S] AUC and Cpay ratios of 1.75 and 1.63 (9). These findings suggest that either
the affinity of P-glycoprotein for (S)-fexofenadine is greater than its affinity for the
(R)-enantiomer or that the OATP uptake for (R)-fexofenadine is greater than that
for the (S)-enantiomer. In healthy subjects, coadministration of fexofenadine and
the P-glycoprotein inhibitor itraconazole increased the AUC of (S)-fexofenadine to
a greater degree than (R)-fexofenadine (4.0- and 3.1-fold, respectively), further
demonstrating the potential for intestinal P-glycoprotein stereoselectivity (10).
In contrast, other studies have shown a lack of stereospecificity with respect
to intestinal P-glycoprotein. Apical-to-basolateral transport of talinolol, a
nonmetabolized racemic compound, in human Caco-2 cells was shown to
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increase almost threefold for both (R)- and (S)-talinolol in the presence of
grapefruit juice (11). Grapefruit juice also accelerated the in vivo absorption
rate for talinolol, but did not significantly affect terminal elimination half-lives,
to the same extent for both talinolol enantiomers.

The reduced folate carrier (RFC1) is located on both the apical and
basolateral membranes of intestinal epithelial cells and is responsible for trans-
port of folate and its analogues such as methotrexate. After oral administration
of both enantiomers to humans, concentrations of L-methotrexate in plasma
were markedly higher than for p-methotrexate (40-fold higher C,,,x and AUC)
(12). Since the elimination rate constant of p-methotrexate was only 1.7-fold
greater than the L-isomer following intravenous dosing, the differences in
plasma concentrations were likely due to the stereoselective intestinal absorp-
tion. A fivefold greater uptake of L-methotrexate was also observed relative to
the p-isomer in human Caco-2 cells (13). Both enantiomers inhibit human RFC1-
mediated folic acid uptake into Caco-2 cells, but the affinity of L-methotrexate to
human RFC1 is 50-fold greater. These findings suggest stereoselective intestinal
transporter is the main cause for the marked differences in the oral absorption of
methotrexate enantiomers.

DISTRIBUTION

The volume of distribution correlates the amount of drug in the body to measured
plasma concentrations and both the rate and extent of distribution are dependent
on a number of physiological factors (body size and volumes), physicochemical
drug properties (molecular weight, lipophilicity, ionization), and the degree to
which the drug binds to plasma and tissue proteins. Protein binding can be a major
determinant of both drug distribution and elimination, and thus stereoselective
plasma protein binding could influence these processes. Stereoselective recognition
by active or carrier-mediated transporters located in different tissues may also
result in differences in the extent of drug distribution and tissue penetration.

Protein Binding
Endogenous and exogenous compounds are known to reversibly bind to plasma
proteins such as albumin, a;-acid glycoprotein, globulins, and lipoproteins. Stereo-
selective plasma protein binding of enantiomers administered in racemic form may
result in a disproportionate composition of free concentrations, as well as agonistic
(cooperative allosteric modification of the protein conformation) or antagonistic
(noncooperative allosteric modification, competitive displacement) binding inter-
actions with each other and/or other drugs (15). Albumin is the most abundant
protein found in plasma and preferentially binds acidic drugs, whereas o4-acid
glycoprotein is present to the extent of 3% of albumin and primarily binds to basic
compounds. Albumin contains two principal drug-binding sites. Site I is of larger
capacity, is more flexible, and possesses a larger number of individual ligand-
binding sites, which might explain why stereoselectivity is more often associated
with enantiomers that bind to site II (16). Enantiomers may also bind to one or
more of these sites on albumin as demonstrated for ibuprofen (3,17).
Stereoselective binding to plasma proteins has been well documented
(Table 12.1). In some cases, the difference in protein binding between the
enantiomers is a direct result of noncooperative allosteric modification of the
protein conformation. For example, (S)-oxazepam hemisuccinate exerts a negative
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TABLE 12.1 Stereoselectivity in Human Plasma Protein Binding
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Mean unbound enantiomer ratio

Drug Albumin a4-Acid glycoprotein Plasma or serum
Bimoclomol (20) 1.04 [(—):(+)] 6.80 [(+):(—)] 6.43 [(+):(-)]
Bupivacaine (21) 1.40 [S:R]
Cetirizine (22) 1.91 [S:R]
Chloroquine (23,24) 1.2-1.5[R:S] 1.25-1.59 [S:R] 1.6-1.76 [R:S]
Chlorpheniramine (25) 1.06 [R:S] 1.23 [R:S] 1.24 [R:S]
Disopyramide (26,27) 2.2 [R:S] 2.0 [R:S]
Etodolac (28,29) 2.5 [S:A]
Gallopamil (30) 1.32 [S:A] 1.17 [S:A] 1.40 [S:R]
Hydroxychloroquine (31) 1.42 [R:S] 1.20 [S:A] 1.4-1.75 [R:S]
Ibuprofen (3) 1.7 [S:A]
Ketorolac (32) 1.3 [S:A]
Lorazepam (18) 1.43-1.88 [R:S]

Mexiletine (27) 1.02-1.40 [S:R]
Oxazepam (18) 3.03 [R:S]

Propafenone (27,33) 1.02 [R:S] 1.83 [R:S] 1.60-2.06 [R:S]
Propranolol (34) 1.07 [S:R] 1.27 [R:S] 1.0-1.5 [R:S]
Thiamylal (35) 1.61-1.76 [R:S]
Verpamil (27,36) 1.43 [S:R] 1.77 [S:R] 1.7-2.0 [S:A]
Warfarin (37,38) 1.22 [R:S] 1.3[R:S]

Zopiclone (14) 1.19 [():(+)] 117 [(—):(+)] 1.58 [(+):(9)]

allosteric effect on the binding of the (R)-enantiomer to immobilized human
albumin (18). The magnitude of stereoselectivity in plasma protein binding may
differ within a particular drug class. For instance, several NSAIDs (e.g., ibuprofen,
indoprofen, carprofen, etodolac, ketoprofen, and flurbiprofen) are bound stereo-
selectively to albumin to different degrees, whereas both enantiomers of pirprofen
and fenoprofen are bound to a similar extent (17). Enantiomers may also display
different magnitudes of stereoselectivity between the various proteins found in
plasma, such as albumin and o;-acid glycoprotein. The binding of (R)-propranolol
to albumin, for example, is greater relative to (S)-propranolol; however, the
opposite stereoselectivity in the extent of binding is observed for oy-acid glyco-
protein, which predominates in plasma (34). Following the administration of
racemic zopiclone, a chiral hypnotic drug, stereoselective plasma protein binding
is observed with (—)-zopiclone being more highly bound than its antipode (14).
The binding of (+)-zopiclone to both oy-acid glycoprotein and albumin has been
shown to be greater than for (—)-zopiclone, indicating that (—)-zopiclone may
instead preferentially bind to other plasma proteins.

Stereoselective plasma protein binding can potentially translate into differ-
ences in the unbound plasma concentration-time profiles. Although clearance and
volume of distribution are independent processes, protein binding may influence
both PK properties to varying extents. For drugs with low or moderate hepatic
extraction, plasma protein binding is a controlling factor for the transport of drug
into the cellular membranes of eliminating organs and can control the effective rate
of hepatic clearance. As such, a higher plasma unbound fraction of one of the
enantiomers may result in an apparent stereoselectivity in clearance, even for
enantiomers with similar intrinsic clearance values based on in vitro studies.
Several racemic drugs that exhibit stereoselective volumes of distribution and/or
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TABLE 12.2 Stereoselectivity in Volume of Distribution or Clearance for Racemic Drugs

Mean enantiomer ratio

Drug Route Volume of distribution Clearance
Albuterol (39,40) Inhalation 1.11 [R:S] (adult) 1.59 [R:S] (adult)
3.44 [R:S] (child) 4.6 [R:S] (child)

Bupivacaine (41) \Y 1.56 [R:S] 1.28 [R:S]

v 1.05 [R:S] 1.19 [S:A]
Chlorpheniramine (42) Oral 1.95 [R:S] 1.80 [R:S]
Disopyramide (43,44) \% 1.82 [R:S] -

Oral® 1.69 [S:R] 1.73 [S:R]
Etodolac (45) Oral 7.62 [S:A] 13.1 [S:R]
Ketorolac (46) \Y 219 [S:R] 2.60 [S:R]
Hexobarbitone (47) Oral - 6.48 [R:S]
Methylphenobarbital (48) Oral - 27.6 [R:S]
Mepivacaine (49) \% 1.55 [R:S] 1.75 [R:S]
Methadone (50) IV and Oral 1.72 [R:S] 1.30 [R:S]
Pimobendan (51,52) Oral 1.04 [(+):(-)] 1.31 [(+):(-)]

v 1.34 [(—):(+)] 1.07 [(—):(+)]
Propranolol (34) \% 1.18 [R:S] 1.17 [R:S]

Oral - 1.5 [R:S]
Reboxetine (53,54) v 2.36 [S,S:R,R] 2.63 [S,S:RA]

Oral 2.24 [S,S:RR] 2.39 [S,S:R,A]
Talinolol (55) Oral and IV 1.31 [S:A] 1.04 [R:S]
Thiopental (56) \% 1.27 [R:S] 1.30 [R:S]
Tocainide (57) v 1.02 [R:S] 1.79 [R:S]
Verapamil (58,59) \Y 2.34 [S:R] 1.77 [S:R]

Oral 3.76 [S:A] 4.49 [S:A]
Warfarin (60) Oral 1.83 [R:S] 1.05 [S:R]

2Based on unbound rather than total enantiomer concentration.

total body clearances (Table 12.2) also show stereoselectivity in plasma protein
binding (e.g., bupivacaine, chlorpheniramine, disopyramide, and verapamil).
Racemic bimoclomol, a cytoprotective agent investigated for the treatment of
diabetic complications, shows stereoselective PK properties in vivo, with elimina-
tion of (+)-bimoclomol occurring much more rapidly than its antipode (20). The in
vitro hepatic metabolism of (—)-bimoclomol is much faster than (+)-bimoclomol
when incubated with human liver S9 fractions. However, (—)-bimoclomol stereo-
selectively binds to o4-acid glycoprotein, with a 6.8-fold higher unbound fraction of
(+)-bimoclomol. Stereoselectivity in plasma protein binding, and not metabolism,
was thus implicated in the faster elimination of (+)-bimoclomol.

Tissue Distribution

Stereoselective recognition by active or carrier-mediated transporters located in
different tissues may result in differences in the extent of drug distribution and
tissue penetration. For example, many transport systems play an integral role in
regulating the uptake and efflux of drugs into the brain. The large neutral
amino acid transporter mediates the uptake of phenylalanine and neutral amino
acid analogues into the brain (61). The rate and extent of uptake into brain tissue
and the measured decarboxylation products (pharmacologically active dopamine)
were shown to be significantly greater for L-dopa than for D-dopa (62).
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P-glycoprotein is an efflux transporter that is expressed in brain endothelial cells
and restricts access of numerous drugs to the brain. Stereoselective and regiose-
lective brain tissue uptake in rats and humans has been reported for the
antimalarial drug mefloquine (63). Enantiomer concentration ratios ranged from
1.5 to 3.5 across species in various anatomical regions of the brain, with the highest
concentrations reported in the hippocampus and the lowest in the cerebellum.
Studies using rat brain capillary endothelial cells have suggested that mefloquine
is both a substrate for and stereoselective inhibitor of P-glycoprotein and the (+)-
enantiomer displayed eightfold greater inhibition of vinblastine efflux (64).

METABOLISM
Stereoselective drug metabolism is commonly observed in vitro for racemic
drugs (Table 12.3) and can result in substantial differences in the in vivo plasma

TABLE 12.3 Stereoselective Drug Metabolism In Vitro

Drug

Metabolic pathway

Enzyme (stereoselectivity?)

+ Warfarin (65-67)

+ Acenocoumarol (68)

+ Ifosfamide (69-72)

+ Felodipine (73)
+ Fluoxetine (74)
+Omeprazole (75)

+ Mephenytoin (76)
+Disopyramide (77)
(R)-Bufuralol (78)

+ Metoprolol (79-81)
+ Verapamil (82-84)

+ Cibenzoline (85)
Risperidone (86)

+ Etodolac (87)

+ Propranolol (88)
+ Formoterol (89,90)
+ Lansoprazol (91)
+ Fenoterol (92)

+ Metaproterenol (90)
+ Salmeterol (90)

+ Terbutaline (90)

+ Isoproterenol (90)
=+ Ibuprofen (93)

7-Hydroxylation
6-Hydroxylation
8-Hydroxylation
10-Hydroxylation
6-Hydroxylation
7-Hydroxylation
8-Hydroxylation
4-Hydroxylation
N2-dechloroethylation
N3-dechloroethylation
Oxidation
N-demethylation
Hydroxylation
Sulfoxidation
5-O-demethylation
4’-Hydroxylation
N-Dealkylation
1"-Hydroxylation®
O-Demethylation
N-demethylation
N-dealkylation
p-Hydroxylation
9-Hydroxylation®
Acyl Glucuronidation
Glucuronidation
Gilucuronidation
Sulfation

Sulfation

Sulfation

Sulfation

Sulfation

Sulfation
Conjugation

CYP2C9 (5>>R)

CYP1A2 (R>>S)

CYP1A2 (R>>S)

CYP3A4 (R>>S)

CYP2C9 (S>>R); CYP2C19 (R>S)
CYP2C9 (S>>R); CYP2C19 (R>S)
CYP2C9 (S>>R); CYP2C19 (R>S)
CYP3A4 (R>S); CYP2B6 (S>>R)
CYP3A4 (R>S); CYP2B6 (S>>R)
CYP3A4 (R>>S); CYP2B6 (S>>R)
CYP3A4 (S>R)

CYP2C9 (R>>9)

CYP2C19 (R>>S)

CYP3A4 (S>>R)

CYP2C19 (R>>S)

CYP2C19 (S>>R)

CYP3A4 (S>R); CYP3A5 (S>R)
CYP2D6 (S>R)

CYP2D6 (R>S)

CYP3A4 (S>R); CYP3A5 (R>9)
CYP3A4 (R>S); CYP3A5 (R>S)
CYP2D6 (R>>9S)

CYP2D6 (S>>R); CYP3A4 (R>>S)
UGT (S>R)

UGT1A9 (S>>R); UGT1A10 (R>>S)
UGT (S>R)

PST [(-) > (+)]

P-PST (S>R); M-PST (R>S)

PST (S>R)

PST (R>S)

PST (S>R)

M-PST (R>>95)

Acyle-coenzyme A synthetase (R>>S)

aStereoselectivity based on intrinsic clearance or rate of metabolite formation for the enantiomeric metabolites;
“>>” defined as the ratio >5, otherwise as “>”.

PProduct enantioselectivity.

Abbreviations: UGT, uridine 5'-diphosphate glucuronyltransferase; PST, phenosulfotransferase.
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concentration-time profiles between enantiomers due to stereoselective bioa-
vailability or drug disposition (94,95). Selective enzymatic recognition could
occur at the binding and/or catalytic steps, resulting in different enantiomer
affinities and/or reactivities (96). Chiral discrimination in metabolism can be
classified as either substrate stereoselectivity (differential metabolism of isomers
under identical conditions) or the less commonly observed product stereo-
selectivity (the differential formation of two enantiomeric metabolites from a
single prochiral substrate) (97). Enantiomers may also differ with respect to
hepatic uptake transporter affinity, which may restrict access to certain meta-
bolic enzymes.

Phase | and Phase Il Metabolism

Phase I metabolism generally results in the introduction of a new hydrophilic
functional group into the substrate or the exposure of new functional groups on
the substrate via oxidation, reduction, or hydrolysis reactions. Although the
cytochrome P450 (CYP) family of enzymes is the major phase I enzyme respon-
sible for drug metabolism, other enzymes such as flavin-containing monoox-
ygenase and monoamine oxidases also fall into this category. Two dominant
structural features, the iron-porphyrin-oxygen complex and the apoprotein
associated with a specific enzyme, control the reactions catalyzed by the CYP
P450 enzymes (96). The apoprotein governs which part of a given substrate can
gain access to the enzyme and defines metabolic stereoselectivity. Phase II
metabolism instead includes pathways such as acetylation, amino acid conju-
gation, glutathione conjugation, glucuronidation, methylation, and sulfation.

Stereoselectivity in drug metabolism by the P450 enzymes has been reported
for a number of racemic drugs. The magnitude of selectivity depends on the
metabolic pathway involved. Warfarin enantiomers, for example, are eliminated
almost entirely by metabolism by different cytochrome P450 enzymes. The
predominant route of metabolism for (S)-warfarin is 7-hydroxylation of the
coumarin ring by CYP2C9, whereas (R)-warfarin is preferentially metabolized
by CYP1A2 to 6- and 8-hydroxywarfarin and by CYP3A4 to 10-hydroxywarfarin
(65). Omeprazole, which is metabolized by multiple pathways including sulfox-
idation, demethylation, and hydroxylation, shows stereoselectivity with respect to
each of these metabolic processes using human liver microsomes (55). Enantiom-
ers may also interact with each other and compete for the same metabolic
pathway. For example, propafenone is extensively metabolized to 5-hydroxy-
propafenone by CYP2D6. The in vitro metabolism of propafenone enantiomers is
inhibited by each other in a competitive manner, and (R)-propafenone is a
stronger inhibitor toward 5-hydroxylation than its antipode (98). After oral
administration of racemic propafenone or the individual enantiomers, the clear-
ance of the (R)-enantiomer was similar whereas clearance of (S)-propafenone was
significantly lower after administration of the racemate as compared with admin-
istration of the (S)-enantiomer alone (99,100).

Stereoselectivity in the metabolism of racemic drugs by acetylation,
glucuronidation (propranolol), and sulfation (isoproterenol and albuterol) path-
ways has been reported in the literature (101). For the B,-receptor agonists
isoproterenol and albuterol, a 6.1-fold higher K., was reported for (R)-isoproter-
enol while the [R:S] ratio for the Ky, of albuterol is reported to range from 0.1 to
0.2 (19,90). Propanolol is metabolized by two separate uridine 5'-diphosphate
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glucuronyl transferase enzymes (UGT1A9 and UGT1A10) as well as by side-
chain/ring oxidation. Hepatic UGT1A9 metabolizes (S)-propranolol faster than
(R)-propranolol, whereas extrahepatic UGT1A10 metabolizes (R)-propranolol
faster than (S)-propranolol (88).

First-Pass Metabolism and Bioavailability

Differences in oral bioavailability observed between enantiomers are relatively
common as a consequence of differences in intestinal or hepatic metabolism. For
low-extraction drugs (hepatic blood flow >> intrinsic clearance), stereoselec-
tivity in the intrinsic clearance will directly impact hepatic clearance and result
in differences in the enantiomeric plasma concentrations after both oral and
intravenous dosing. For highly extracted chiral drugs (hepatic blood flow <<
intrinsic clearance), stereoselective intrinsic clearance may not alter enantiomer
plasma concentrations following intravenous dosing as systemic clearance is
mainly governed by organ blood flow. However, stereoselective intrinsic clear-
ance can lead to differences in enantiomer plasma concentrations and oral
bioavailability.

Stereoselective first-pass metabolism following oral administration of the
racemate has been reported for several racemic drugs such as albuterol, propra-
nolol, and verapamil (90,102-104). Verapamil is administered as a racemic mixture,
despite (S)-verapamil being 10- to 20-times more potent than (R)-verapamil.
Verapamil exhibits stereoselective first-pass metabolism, with preferential metab-
olism of (5)-verapamil following oral administration. The differences between the
plasma concentrations of verapamil enantiomers are more pronounced after oral
administration, with twofold higher Cy.x and AUC values for (R)-verapamil
because of increased presystemic metabolism of (S)-verapamil (33,83,104). Oral
bioavailability can often be enhanced by administering high doses to saturate the
enzymes responsible for presystemic metabolism.

Chiral Inversion

Several drug stereoisomers may switch from one enantiomeric configuration to
the other (chiral inversion), and this may be spontaneous and bidirectional or
facilitated by the presence of proteins or enzymes, in which case it is often
unidirectional in nature. Thalidomide is known to undergo a bidirectional chiral
inversion in human serum (105). Similarly, the NSAID oxindanac appears to
undergo bidirectional chiral inversion when spiked in plasma and after in vivo
administration, although at equilibrium the enantiomer ratio appears to favor
(5)-oxindanac (106).

More specific biochemically mediated reactions are possible that are
primarily unidirectional. The 2-arylpropionic acid NSAIDs, such as ibuprofen
and fenoprofen, possess a chiral center o to the carboxyl group (93,107-109). The
(5)-enantiomer is primarily responsible for the inhibition of COX enzyme and
the (R)-enantiomer is relatively inactive in vitro. However, enantioselective
inversion from the (R)-enantiomer to its antipode for this class of drugs has
been observed in vivo (93). The anatomical site of chiral inversion for NSAIDs is
controversial, but there is evidence that the inversion site resides in the liver and
the intestinal tract (110-112). The mechanism of this inversion reaction involves
initial enantioselective formation of a coenzyme A (CoA) thioester followed by
epimerization and hydrolytic cleavage of the formed antipode-CoA thioester
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by acyl CoA ligase to regenerate free acids. Competing metabolic pathways may
influence the potential and extent of chiral inversion for this drug class (113). This
may explain in part why unidirectional (R)- to (S)-enantiomer chiral inversion
appears to be species-dependent and sometimes absent in humans, as reported
for some NSAIDs such as ketoprofen, tiaprofenic acid, and flurbiprofen (114-116).

The therapeutic consequence of both unidirectional or bidirectional chiral
inversion is that the concentration-time profile of the active enantiomer(s) may
be substantially different than expected based on the administered racemic dose.
Chiral inversion may be detected based on recognition of several features,
primarily the appearance of one enantiomer in the plasma after dosing of the
other isomer (this can be used to determine if conversion is unidirectional or
bidirectional). In addition, the concentration-time profiles for each enantiomer
should appear to be polyexponential with parallel terminal elimination phases,
even when the disposition of each enantiomer may appear to be monoexpo-
nential after administered alone (117). Characterization of the disposition of
racemic drugs undergoing chiral conversion is complex and resolving system
parameters often require PK data after dosing each enantiomer separately. A PK
model describing the bidirectional chiral conversion of two enantiomers with
monoexponential disposition is shown in Figure 12.1. This structural model can
characterize plasma concentrations of both enantiomers after administration of
each enantiomer alone or as a racemic mixture (117,118).

Dose, (R)-enantiomer CLyo
(Cpnlvn)
CLy, CL,,
Dosey s (S)}-enantiomer CLyg
(Cps,Ve)

Where:
Dose, s = Intravenous dose of the (S)-enantiomer alone, or 50% of a racemic dose
Dosey, ; = Intravenous dose of the (R)-enantiomer alone, or 50% of a racemic dose
Cp, = Plasma concentration of the (S)-enantiomer
Cpg = Plasma concentration of the (R)-enantiomer
Vs = Volume of distribution of the (S)-enantiomer
Vg = Volume of distribution of the (R)-enantiomer
CL,, = Clearance of the (S)-enantiomer
CL,, = Clearance of the (R)}-enantiomer
CL,, = Interconversion clearance of the (S)-enantiomer to the (R)-enantiomer
CL,, = Interconversion clearance of the (R)-enantiomer to the(S)-enantiomer
Cl; = Total clearance of the (S)-enantiomer, equal to CL;, + CL;,
Cl;q = Total clearance of the (R)-enantiomer, equal to Cl,, + CLy,

FIGURE 12.1 Pharmacokinetic model diagram for a drug undergoing bidirectional chiral inver-
sion following intravenous administration of the racemate or each enantiomer alone.
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TABLE 12.4 Influence of Polymorphic Drug Metabolism on Stereoselectivity
Mean AUC ratio

Drug Metabolic enzyme Extensive metabolizers Poor metabolizers
Chlorpheniramine (124) CYP2D6 2.4 [S:A] 3.5 [S:A]
Flecainide (125) CYP2D6 1.03 [R:S] 1.29 [R:S]
Fluoxetine (120) CYP2D6 1.45 [S:A] 5.59 [S:A]
Lansoprazole (126) CYP2C19 8.54 [R:S] 5.71 [R:S]
Metoprolol (127) CYP2D6 0.60 [(+):(—)] 111 [(+):(-)]
Mexiletine (128) CYP2D6 0.96 [R:S] 0.92 [R:S]
Omeprazole (129) CYP2C19 0.62 [(+):(—)] 1.5 [(+):(—)]
Pantoprazole (130) CYP2C19 0.84 [(+):(-)] 3.26 [(+):(-)]
Phenprocoumon (123) CYP2D6 1.05 [S:A] 1.54 [S:R]
Propafenone (95) CYP2D6 1.71 [S:A] 1.48 [S:R]
Propranolol (131) CYP2D6 0.70 [(+):(—)] 0.93 [(+):(—)]
Trimipramine (122) CYP2D6 1.15% [L:D] 0.60% [L:D]

CYP2C19 1.66° [L:D]
2Cssmin

Genetic Polymorphisms in Metabolism

Polymorphic cytochrome P450 enzymes have been shown to influence stereo-
selectivity in plasma concentrations of racemic drugs (Table 12.4). Human
CYP2D6 is involved in the oxidative metabolism of approximately 25% of all
commonly prescribed drugs, and genotypes can be classified into four subgroups:
extensive metabolizers (CYP2D6*1, 70-80% of Caucasians); intermediate metabo-
lizers (CYP2D6*10/*17, 10-15% of Caucasians); poor metabolizers (CYP2D6*3/*4/
*5, 7-10% of Caucasians and 1% of Asians); and ultrarapid metabolizers (3-5% of
Caucasians). For human CYP2C9 and CYP2C19, the *1 alleles are considered to
be extensive metabolizers, while the CYP2C19*2/*3 alleles (3% of Caucasians and
15-20% of Asians) and the CYP2C9*2/*3 alleles (8-12% of Caucasians) are poor
metabolizers (95).

Debrisoquine is a prochiral drug used as a CYP2D6 phenotyping probe
(119). In extensive metabolizers, hydroxylation generates the (S)-metabolite
almost exclusively, whereas in poor metabolizers, the (R)-metabolite represents
a significant fraction (5-36%) of the total metabolite excreted. Poor metabolizers
of the antidepressant fluoxetine, which is metabolized by CYP2D6, exhibit a
3.8-fold higher enantiomeric [S:R] AUC ratio as compared to
extensive metabolizers (120,121). Stereoselectivity in the metabolism of trimipr-
amine has also been reported, with a preferential N-demethylation of
D-trimipramine and hydroxylation of L-trimipramine. It was suggested that
CYP2C19 is involved in the demethylation pathway with preferential metabo-
lism of p-trimipramine (122). As a result, poor metabolizers of CYP2C19 exhibit
lower exposures to D-trimipramine with [L:D] trimipramine AUC ratios of 1.7
versus 1.2 reported for extensive metabolizers. Phenprocoumon, an inhibitor of
vitamin K reductase, is stereoselectively metabolized by CYP2C9 to inactive
hydroxylated metabolites. A genetic polymorphism of CYP2C9 reduces
phenprocoumon (S)-7-hydroxylation and increases concentrations of (S)-
phenprocoumon, thereby increasing risk of excessive anticoagulation in poor
metabolizers (123).
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EXCRETION

Biliary and urinary excretory processes have mechanistic components that may
show stereoselectivity. Transport proteins such as P-glycoprotein, MRP, and
organic anion and cation transporters are all implicated in drug transport across
canalicular and renal tubular cells, and binding site specificity may lead to
enantioselectivity in substrate transport. Both plasma drug concentrations and
excretion data should be collected so that the biliary or renal clearance can be
determined as the ratio of the cumulative amount excreted to the total plasma
AUC. Only when a drug is eliminated solely by one route of elimination can the
cumulative excretion data alone be used to judge the presence of stereoselective
secretion in that pathway. For example, the [S:R] ratio of the cumulative urinary
excretion of bisoprolol in beagle dogs is about 1.29, whereas renal clearance is
essentially nonstereoselective (S:R ratio = 0:96) (132).

Renal Clearance

Glomerular filtration, tubular secretion, and tubular reabsorption are the major
processes governing renal clearance. Both glomerular filtration and tubular
reabsorption are generally considered to be passive processes and are not
expected to contribute to stereoselectivity in renal clearance. However, transport
systems responsible for the renal tubular secretion of organic anions and cations,
which move ions from the blood across the basolateral membrane and into the
proximal tubular fluid, may display stereoselectivity and differences in renal
clearance (133). The organic anion transporters (OATs) and OATPs are respon-
sible for entry of organic anions into the proximal tubule cells from the
blood and urine and have been implicated in the accumulation of NSAIDs in
proximal tubule cells (134-136). The organic cation transporters (OCTs) and
P-glycoprotein are also involved in renal elimination of cationic drugs such as
quinidine and verapamil (137).

Despite the fact that many of these transporters are involved in the renal
secretion and reabsorption of racemic drugs, there is currently little evidence of
stereoselective recognition by these transporters in humans. For the antibiotic
ofloxacin, (R)-ofloxacin appears to have a greater affinity for OCTs in humans
than its antipode resulting in a slightly faster [R:S] renal clearance ratio of 1.05
(138). The tubular secretion of (S)-cetirizine is 1.9-fold higher than that of the
more active (R)-cetirizine, which may have consequences for drug interactions at
the renal level (22). The greater tubular secretion of (S)-cetirizine is likely due to
the higher free fraction available for secretion or due to a greater affinity for
renal secretory transporters. There is also evidence implicating stereoselective
binding of drug enantiomers to OCTs, as a number of compounds such as
disopyramide, pindolol, and verapamil stereoselectively inhibit transport in
vitro (139,140).

Biliary Clearance

Stereoselective recognition by transport proteins could also potentially lead to
differences in biliary clearance. Several canalicular transport proteins have been
identified and are known to be involved in the biliary clearance of racemic
drugs, with the major factors being P-glycoprotein, MRP2, and BCRP (141).
P-glycoprotein is involved in the transport of cationic substrates such as
quinidine, talinolol, and verapamil while MRP2 plays a key role in the biliary
excretion of organic anions such as methotrexate (141-143). There is little
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information available regarding stereoselective biliary clearance, with the excep-
tion of quinine and quinidine. Clinically relevant drug-drug interactions for
digoxin (~40% reduction in biliary clearance) have been reported following
coadministration of verapamil, quinine, and quinidine, which was attributed to
inhibition of hepatic P-glycoprotein by these racemic drugs (144). For example,
quinidine reduces biliary clearance to a greater extent (42%) than quinine (35%).

OTHER FACTORS AFFECTING STEREOISOMER DISPOSITION

Age

Age-related differences in physiological processes may contribute to the PK
variability for many racemic drugs (145,146). Age-related differences in hex-
obarbital enantiomers have been reported, with elderly males having a signifi-
cantly lower clearance of L-hexobarbital compared to younger adults despite the
fact that there was no difference in clearance for p-hexobarbital (147). Elderly
patients had increased exposure to active (S)-ibuprofen following oral admin-
istration of racemic ibuprofen ([S:R] AUC ratio of 1.8 and 1.4 in young and
elderly groups), which potentially may increase efficacy in the elderly relative to
younger adults (148). Other age-specific differences in stereoselectivity have
been reported for amlodipine, verapamil, and citalopram (149-151).

Gender

Gender-related differences in stereoselective drug disposition are more likely to
be associated with drug distribution as opposed to elimination, given the typical
body size differences between men and women. A population PK analysis of
methadone indicated stereoselectivity in the volume of distribution between the
(R)- and (S)-enantiomers, which decreased with increasing o;-glycoprotein
concentration and was also lower in females relative to males (152). None of
the patient covariates tested, including gender, were significant predictors of the
total clearance of either enantiomer. Gender-related differences in the PK of
trans-tramadol have also been reported (19). The ratio of (+):(-) trans-tramadol
for the apparent volume of distribution but not total clearance was higher in
males, whereas no difference was observed for either parameter in females,
suggesting that body weight may be a confounding factor.

Diet and Lifestyle

Lifestyle factors such as smoking and dietary intake may influence drug
enantiomer concentrations. Smoking is associated with the induction of a variety
of drug metabolizing enzymes, most notably CYP1A1. For mexiletine, which is
metabolized mainly by CYP2D6 and to a lesser extent by CYP1A2, the total
clearance of each enantiomer was 40% to 60% higher in smokers than in
nonsmoking subjects (153). Consumption of cruciferous vegetables such as
broccoli and brussel sprouts, as well as charcoal-cooked meats, has been
shown to induce CYP1A2, and alcohol consumption induces CYP2E1 (154).
Drinking grapefruit juice or use of St. John’s Wart can potentially inhibit
CYP3A4. Grapefruit juice may also inhibit intestinal transporter function and
may either decrease (e.g., OATP inhibition) or increase (e.g., P-glycoprotein
inhibition) oral bioavailability (4). However, whether ingestion of grapefruit
juice can lead to stereoselective PK is controversial. For example, both intestinal
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and hepatic CYP3A4-mediated first-pass metabolism of (R)- and (S)-lansopra-
zole were not influenced by grapefruit juice in healthy subjects (155). Ingestion
of grapefruit juice also failed to influence the enantiomeric ratio of AUC values
for nitrendipine, whereas coadministration of the CYP450 inhibitor cimetidine
increased the [S:R] ratio for AUC by 20% compared to nitrendipine alone (156).

Drug-Drug Interactions

Enantiomers present in a racemic mixture may interact in a stereospecific
manner on the disposition of other concurrently administered drugs. In other
cases, an interaction may take the form of one drug interacting preferentially on
the PK of a single enantiomer. Some examples of PK drug-drug interactions
involving one or both enantiomers are summarized in Table 12.5 and discussed
further in this section.

Protein Binding Displacement

In addition to enantiomer-enantiomer protein binding interactions, concomitant
administration of enantiomers and other drugs may result in competitive
displacement from plasma proteins. Salicylate, tolbutamide, valproic acid,
ibuprofen, and probenecid represent drugs that could potentially alter plasma
protein binding in a stereoselective manner, given their high binding affinities
for sites on albumin and may achieve relatively high concentrations in plasma
following therapeutic doses. Clinically important examples of protein binding
drug-drug interactions resulting in high plasma concentrations of unbound
drug are rare (for drugs that are greater than 90% to 95% protein bound) but
include phenytoin displacement by valproic acid and warfarin displacement by

TABLE 12.5 Pharmacokinetic Drug-Drug Interactions in Humans Involving Drug
Enantiomers

Change in plasma

Chiral drug Interacting drug concentrations ~ Probable mechanism
Carvedilol (157) Amiodarone S1,R— Apparent selective
inhibition of CYP2C9
Chlorpheniramine (124)  Quinidine Rand St Inhibition of CYP 2D6
Etodalac (158) Phenobarbital Rand S| Hepatic enzyme
induction
Hexobarbital (159) Rifampin R1, S < Induction of CYP2C19
Mexiletine (128) Ciprofloxacin Rand St Inhibition of CYP1A2
Nicardipine (160) Grapeftruit juice (+)and (=) 1 Inhibition of CYP3A4
Nitrendipine (156) Grapefruit juice Cimetidine R and St Inhibition of CYP3A4
Pindolol (161) Cimetidine Rand St Inhibition of renal
tubular secretion and
hepatic metabolism
Propranolol (162-165) Nicardipine, verapamil, Rand S1 Inhibition of first-pass
cimetidine, or quinidine metabolism
Verapamil (166) Rifampin Rand S1 Induction of hepatic and
gastrointestinal P450
Verapamil (167) Grapefruit juice Rand S1 Inhibition of CYP3A4
Warfarin (168,169) Cimetidine RT, S— Inhibition of CYP
Bucolome R—, St

1, increase; |, decrease; <, unchanged.



CLINICAL PHARMACOKINETICS AND PHARMACODYNAMICS 219

phenylbutazone (170). As outlined by Benet and Hoener (171), changes in
protein binding are rarely clinically important, with the exception of a drug
with a high extraction ratio and narrow therapeutic index given parenterally or
a narrow therapeutic index drug given orally with a rapid onset of effect.

Altered Hepatic Clearance

For racemic drugs with low hepatic extraction, coadministration with drugs that
inhibit or induce intrinsic clearance may alter both total clearance and the
elimination half-life, but not oral bioavailability. In contrast, racemic drugs with
a high hepatic extraction are expected to have altered total clearance, elimination
half-life, and oral bioavailability when coadministered with medications that alter
hepatic blood flow (e.g., hydralazine), and drugs that affect intrinsic clearance
under such conditions will primarily affect oral bioavailability. Propranolol is an
example of a high-extraction drug that exhibits stereoselective increases in plasma
concentrations and oral bioavailability following coadministration of cimetidine,
resulting in significant increases in an (R)-propranolol concentration ratio in
plasma relative to its antipode (165). Similarly, plasma concentrations of (R)-
warfarin were increased by cimetidine, although (S)-warfarin concentrations are
not significantly affected (168). Some inhibitors themselves are chiral and subject
to stereoselective drug disposition and in fact a greater degree of in vitro
inhibition of CYP3A4 has been demonstrated for (-)-ketoconazole than (+)-
ketoconazole (172). Induction of drug metabolic enzymes can also lead to stereo-
selectivity in plasma concentrations as is demonstrated for oral verapamil. After
coadministration of rifampin, a known inducer of a number of CYP450 enzymes,
induction of both intestinal and hepatic metabolism disproportionately reduces
(R)-verapamil exposure relative to (S)-verapamil (166).

PHARMACODYNAMICS

Similar to drug disposition, differences in pharmacological or toxicological
activities may be observed between individual enantiomers owing to stereo-
selective recognition at receptor binding sites and subsequent activation path-
ways. The inability of an enantiomer to bind with the three-dimensional
targeted receptor binding site may lead to reduced efficacy for that enantiomer.
Different receptor isoforms may also result in stereoselective drug-target bind-
ing. Thus, administration of the racemate may impact efficacy or the side effect
profile compared to giving the same dose of the more active enantiomer. These
caveats will be discussed in this section, along with rationale for chiral switching
and improving the target selectivity and/or specificity.

Greater Activity with Racemic Mixture

Dobutamine is an inotropic agent that increases the force of myocardial con-
traction without increasing heart rate or blood pressure. Although both enan-
tiomers are active, (-)-dobutamine is 33% as effective as (+)-dobutamine in
increasing cardiac contractility while possessing much greater pressor activity,
indicating different selectivity for a- and B-adrenoreceptors (173). (+)-Dobut-
amine acts as a potent agonist at the B;-receptor and exhibits weak a-antagonist
properties, whereas (-)-dobutamine possesses weaker B;-receptor agonist activ-
ity and is a potent oy-receptor agonist (174). Both enantiomers contribute to the
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positive inotropic effects, while the peripheral vasoconstrictor and vasodilator
effects likely cancel out. The clinical use of the racemate thus provides advan-
tages that could not be achieved by dosing the individual enantiomers. This
example also illustrates the distinction between stereoselective receptor binding
(affinity) and activation of receptors (efficacy). Both stereoisomers bind to o-
receptors with equal affinity; however, (-)-dobutamine is an agonist and the (+)-
isomer is a potent competitive antagonist (174). Thus, the point of asymmetry on
the drug may be related to the ability of an agonist such as dobutamine to
activate o-receptors, yet may have a limited role in the binding process itself.
Such is not the case for the f;-receptor, where the asymmetric center influences
affinity but not efficacy, highlighting receptor-specific structural requirements
for activation.

Enantiomer Differential Effects and Indications

Enantiomers of propoxyphene are pharmacologically active and exert distinct
effects, with p-propoxyphene producing analgesic effects and L-propoxyphene
serving as an antitussive (175). In fact, these molecules are marketed under
separate trade names that are mirror images of each other, Darvon and Novrad.
Differential pharmacological effects between enantiomers have also been
reported for related opiate derivatives. b-Methorphan is an antitussive agent
that is devoid of substantial analgesic or sedative effects, whereas L-methorphan
is a potent opioid analgesic.

Primary Activity from a Single Enantiomer

For a number of chiral drugs, pharmacologic activity is restricted to a single
enantiomer, commonly referred to as the so-called eutomer, while the other
enantiomer is inactive or weakly active and is referred to as the distomer. It is
common for the eutomer to exhibit several fold greater pharmacologic activity
than its distomer.

p-Adrenoreceptor Antagonists

The B-adrenoreceptor antagonists (B-blockers) are indicated for the management
of various conditions such as cardiac arrhythmias, angina, and hypertension.
This class includes nonselective B-blocking agents (propranolol, pindolol, and
sotolol) and [;-selective drugs (acebutolol, atenolol, alprenolol, betaxolol, and
metoprolol). Some racemic B-blockers (e.g., labetalol and carvedilol) exhibit
mixed antagonism of both B- and ay-receptors, which provides additional
arteriolar vasodilating action relative to some other B-blockers. Structurally,
the B-blockers may be classified as either arylethanolamine or aryloxypropanol-
amine derivatives. Many B-blockers are marketed in racemic form even though
the L-isomer is more potent at blocking B-receptors than the p-isomer (activity
typically resides in the (R)-enantiomers of the arylethanolamine series and the
(S)-enantiomers of the aryloxypropanolamine series). Differences in enantiomer
binding affinity ratios exist between receptor subtypes, with higher ratios
typically observed for PBi-receptors than P,-receptors. Despite stereoselective
activity, only three of the B-blockers (timolol, penbutolol, and levobutanol) are
marketed as the single (S)-enantiomer. There appears to be little advantage of
using single enantiomers since adverse effects are primarily related to their
pharmacologic action and thus a significant reduction in side effects is unlikely.
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Stereoselective binding affinity for the B-blockers is highly variable, with
differences in the [R:S] enantiomer potency ratio ranging from 10-fold for
atenolol to 1000-fold for pindolol. Sotalol exhibits both B-receptor and potas-
sium-channel blocking activity and is used clinically as an antiarrhythmic
agent. Although sotalol enantiomers are equipotent in their ability to lengthen
the cardiac action potential duration, (-)-sotalol shows 30- to 60-fold greater
B-blocking potency than (+)-sotalol (176,177). The B-blocking potency of
(S)-propranolol is 40- to 100-fold greater than that of (R)-propranolol.
Alprenolol has equal affinity for B;- and B,-receptors, but the (-)-enantiomer
is 100 times more potent at fi-antagonism (176). Timolol is marketed as (S)-
enantiomer rather than racemate due to the fact that (S)-enantiomer is 6- to
18-fold more potent than (R)-timolol.

Carvedilol and labetalol are nonselective B-blockers used to treat heart
failure. (S)-Carvedilol is a 100-fold more potent B;-receptor antagonist than the
(R)-isomer in isolated guinea pig atrium and both isomers are equipotent
ag-receptor blockers (178,179). In addition, (S)-carvedilol is sixfold more potent
as an antihypertensive agent in rats. Two of the four marketed labetalol
isomers are completely inactive ((S,5)- and (R,S)-labetalol) and another is an
ag-antagonist ((S,R)-labetalol). The nonselective p-blocker dilevalol is the (R,R)-
enantiomer of labetalol, possessing slightly more potent B,- than B;-adrenor-
eceptor antagonism, contributing to its vasodilator effect, and exhibits negligible
affinity for a-receptors. Dilevalol is a fourfold more potent B-blocker, but is a
three- to sixfold less potent a-blocker as compared to labetalol (180,181).

Calcium Channel Antagonists

The calcium channel antagonists prevent entry of calcium into cardiac muscle
and vascular smooth muscle by preferentially binding to voltage-gated calcium
slow channels (L-type) (182). There are three main classes of calcium channel
blockers. Dihydropyridines (e.g., amlodipine, nicardipine, nimodipine, nisoldi-
pine, felodipine, prandipine, and mandipine) are selective primarily for smooth
muscle leading to reduced systemic vascular resistance and vasodilation, but to
a lesser degree cause coronary vasodilation and other negative inotropic effects
and are used clinically in the treatment of hypertension and angina. Phenyl-
alkylamines (verapamil and gallopamil) are more cardioselective and cause
reductions in myocardial oxygen demand, contractility, and atrio-ventricular
(AV) conduction, and produce a small degree of vasodilatory effects making
these agents effective in the treatment of cardiac arrhythmias. Benzothiazepines
(diltiazem) represent an intermediate class that possesses both cardiac depres-
sant and vasodilator actions.

All three classes of calcium channel blockers have shown stereoselective PD
effects, with the 1-isomer generally producing greater activity than the p-isomer
(183). For example, the potency of (S)-verapamil on reducing AV conduction and
producing vasodilation in humans is 10- to 20-fold greater than the (R)-isomer
(103). Amlodipine also shows marked stereoselectivity, with the (S)-enantiomer
exhibiting 1000-fold greater calcium channel blocker activity than the (R)-isomer.
The calcium channel blocking action of the (S)-prandipine is 50 times more potent
than that of (R)-prandipine (184). (5)-gallopamil and p-cis-diltiazem show stereo-
selective PD effects in animal models, with these agents producing 63- and 10-fold
greater negative inotropic effects and 13- and 79-fold greater vasodilating activity
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than their distomers (185). Although plasma concentrations of (R)- and (5)-
gallopamil are higher in healthy subjects following administration of the racemate
as compared to individual enantiomers(saturable first-pass metabolism), a com-
parable concentration-effect relationship for the active (S)-gallopamil was observed
after dosing either the single enantiomer or the racemate (186).

Other Notable Examples

Hypnotics and sedatives such as hexobarbital, secobarbital, mephobarbital, and
thiopental are racemic drugs in which only the L-isomer is active, whereas the
D-isomer is either inactive or mildly excitative (183). B,-Receptor agonists (e.g.,
albuterol, salmeterol, and terbutaline) are administered as racemic mixtures for
the treatment of asthma, although bronchodilator properties primarily reside only
in the L-isomer. ACE inhibitors (e.g., captopril, benazepril, enalapril) are typically
marketed only as the (S)-isomer, which accounts for nearly all of the cardiovas-
cular activity. The analgesic and anti-inflammatory effects of NSAIDs reside in the
p-isomer (i.e., (S)-ibuprofen and (S)-ketoprofen exhibit greater potency than their
(R)-isomers) (187-190). (S)-citalopram is 100-fold more potent as a selective
serotonin reuptake inhibitor than (R)-citalopram for the treatment of depression
(191). (R)-methadone is 25- to 50-fold more potent on p-opiod receptors for use as
a centrally acting analgesic than the (S)-isomer in humans (192).

Stereoselective Activity and Toxicity

The development of racemates with only one eutomer is common; however, the
toxicological properties of the distomer in some cases have prompted a change
in clinical use or a postapproval switch from the racemate to an individual
enantiomer. For example, the initial use of racemic dopa for the treatment of
Parkinson’s disease resulted in a number of adverse effects including nausea,
vomiting, anorexia, involuntary movements, and granulocytopenia (193). The
subsequent use of L-dopa enabled use of half the dose and resulted in mitigation
of many of these adverse events (194). Penicillamine, a metabolite of penicillin
with no antibiotic activity, was shown to increase urinary copper excretion via
chelation and was used in the 1950s for the treatment of a genetic disorder
of copper metabolism (Wilson’s disease). Preclinical toxicology was linked to
L-penicillamine and the greater mutagenicity of the L-isomer relative to the
D-isomer was confirmed (195). Initial clinical studies conducted in the United
States using the racemate resulted in a high incidence of optic neuritis and the
drug was withdrawn. In the United Kingdom, p-penicillamine was later
evaluated and this adverse effect was no longer observed (196).

Ethambutol, an antimycobacterial drug used to treat tuberculosis, acts by
inhibiting the enzyme arabinosyltransferase, thereby disrupting the synthesis of
cell wall complexes and leading to increased permeability of the bacterial cell
wall. Ethambutol contains two chiral centers and exists primarily in three
stereoisomeric forms, the enantiomeric pair (+)-(5,5)- and (-)-(R,R)-ethambutol,
together with the optically inactive diasteromeric meso form. Ethambutol activity
resides with the (+)-enantiomer, which is 500- and 12-fold more potent than (-)-
ethambutol and the meso form (197). This drug was initially introduced for
clinical use as the racemate, but was switched to (+)-ethambutol due to reports
of dose and treatment-duration related incidences of ocular neuropathy. All
three stereoisomers appear to be equipotent with respect to the adverse effect,
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theorized to be related to chelation of copper in the retinal ganglion cells and
their axons in the optic nerve, and use of the single enantiomer provided an
improved safety margin (198).

Local anesthetic agents such as prilocaine, mepivacaine, and bupivacaine
are marketed as the racemate; however, the enantiomers differ in duration of
action, disposition, and acute toxicity. These drugs act by inhibition of nerve
impulse in the peripheral nervous system via blockade of sodium and potas-
sium ion channels. Voltage-gated sodium channels exist in three conformational
states: resting (closed), open (activated), and inactivated. The affinity of the open
and inactivated channel states for the local anesthetics are greater than that of
the resting state and compounds that bind with higher affinity, or dissociate
more slowly, exhibit greater blockade potency. (R)-Bupivacaine exhibits stereo-
selective action with [R:S] in vitro activity ratios ranging from one to threefold
(199). Resting sodium channels appear to show a slightly greater affinity for
(S)-bupivacaine with an [S:R] ratio of 1.2. In contrast, the inactivated channel
binds both enantiomers with greater affinity (>10-fold) and opposite stereo-
selectivity ([S:R] ratio of 1.2), confirming the greater potency of the (R)-isomer
for inhibition of both neuronal action potential and sodium currents. The rates of
dissociation of the enantiomers from inactivated sodium channels also differ,
with (R)-bupivacaine dissociating slower than (S)-bupivacaine. Bupivacaine
exhibits stereoselectivity on the flicker potassium ion channel with an [R:S]
ratio of 73, which appears to be related to binding site dissociation kinetics ([S:R]
ratio of 64) (200). Cardiotoxicity has been reported for bupivacaine and attrib-
uted to the (R)-enantiomer, which has slightly greater affinity for cardiac sodium
channels and longer dissociation times than (S)-bupivacaine (201).

PROSPECTUS
Chiral Switching
Knowledge of the PK-PD differences between stereoisomers, coupled with cost-
effective advances in industrial chemistry, has provided a clear rationale for the
development of individual isomers. The potential advantages of administering
specific enantiomers rather than racemates include reduction of total dose,
reduction of variability in exposure-response relationships, and minimization
of toxicity for enantiomers that are either therapeutically inactive or exhibit
unwanted pharmacological effects (202-204). Development of specific enantiom-
ers also avoids the risk of administering racemates before establishing the safety
of each isomer.

The United States Food and Drug Administration (FDA) issued guidelines in
1992 governing stereoisomerism in drug development (205). Although these
guidelines strongly encourage the development of single isomers, there is no
requirement to develop single enantiomer drugs, and development decisions are
left to the sponsor. It is important to consider a review of appropriate pharmaco-
logical and toxicological data, together with a risk-benefit analysis, when assessing
whether to develop a single enantiomer versus a racemate (206). In addition to
new agents, a number of established drugs originally marketed in racemic form
have been reevaluated for use as individual enantiomers (Table 12.6). In many
cases, the FDA has allowed established or generic drugs to be patented and
marketed under another name for a period of three or five years based on market
exclusivity provisions provided by the Hatch-Waxman Act (207).
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TABLE 12.6 Clinical Examples of Chiral Switching

Racemate

Single enantiomer

Class/Indication

Reasons for switch

Albuterol (39,
214,215)

Amlodipine
(224)

Amphetamine
(225)

Atracurium
(226,227)

Bupivacaine
(228,229)

Cetirizine
(216,230)

Citalopram
(231-233)

Formoterol
(225)

Ibuprofen
(187-189)
Ketamine (212,

213)

Ketoprofen
(234)

Methylphenidate (R,R)-Methylphenidate

(235,236)

(R)-Albuterol

(S)-Amlodipine

p-Amphetamine

Cisatricurium

(S)-Bupivacaine

(S)-Cetirizine

(S)-Citalopram

(R,R)-Formoterol

(S)-lbuprofen

(S)-Ketamine

(S)-Ketoprofen

B2-Agonist

Calcium channel
blocker

CNS stimulant used
to treat narcolepsy,
ADD, and ADHD

Neuromuscular
blocker

Local analgesic

Antihistamine

Selective serotonin
reuptake inhibitor

Bo-agonist

NSAID

Analgesic

NSAID

Attention-deficit
hyperactivity
disorder

(R)-Enantiomer is a more
potent B-agonist; (S)-
enantiomer is associated
with loss of bronchodilator
potency

(S)-Amlodipine is eutomer

p-Amphetamine acts primarily
on the dopaminergic
systems and is responsible
for behavioral-stimulant
effects; L-amphetamine is
comparatively noradrenergic
Racemic mixture of atracurium
contains only 15% of this
stereoisomer, yet it is
threefold more potent than
the racemate and results in
reduced formation of a toxic
metabolite
Despite being more potent,
cardiotoxicity is associated
with (R)-bupivacaine;
(S)-enantiomer shown to
produce less negative
inotropic effects
(S)-Enantiomer is devoid of
activity; exclusion of
(S)-enantiomer produces
less sedation
(S)-Enantiomer is 130- to
160-fold more potent, has
reduced side effects, and
improved tolerability profile
(R)-Enantiomer is more potent
B-agonist; (S)-enantiomer is
associated with loss of
bronchodilator potency
Activity resides only in
(S)-enantiomer
(S)-Enantiomer has greater
analgesic effect and
reduced adverse reactions
(hallucinations and agitation)
Activity resides only in (S)-
enantiomer; (R)-enantiomer
has more risk for ulcer
(R,R)-Enantiomer has higher
oral bioavailability due to less
first-pass metabolism than
(S,S)-enantiomer and is
tenfold more potent inhibitor
of dopamine and
noradrenaline
(Continued)
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Racemate Single enantiomer Class/Indication Reasons for switch
Modafinil (237) (R)-Modafinil Sleep apnea, (R)-Enantiomer has a longer
narcolepsy half-life and enhanced
efficacy
Ofloxacin (238, (S)-Ofloxacin Antibiotic (R)-Enantiomer is devoid of
239) activity
Omeprazole (S)-Omeprazole Proton pump inhibitor  (S)-Enantiomer has greater
(219220, oral bioavailability and is
240, 241) more effective
Zopiclone (242) (S)-Zopiclone Hypnotic, sedative (R)-Zopiclone is inactive

Clinical Examples

Ketamine is a general anesthetic agent with limited use owing to postanesthe-
sia emergence reactions such as hallucinations, vivid dreams, and agitation.
Ketamine pharmacological activity is stereoselective, with (S)-ketamine pro-
ducing a greater analgesic effect than its antipode (208-210). The effects of
ketamine are mediated by N-methyl p-aspartate (NMDA), nicotinic, muscar-
inic, monoaminergic, and opioid receptors. Ketamine has been shown to
stereoselectively bind to the NMDA receptor, with (S)-ketamine exhibiting
threefold greater affinity compared to (R)-ketamine (211). Similarly, enantio-
meric binding to the - and k-opioid receptors at high doses shows a two- to
fourfold selectivity for (S)-ketamine. However, binding of (S)-ketamine to
opiod receptors shows a reduced affinity (10- to 20-fold) compared to the
NMDA receptor. In surgical patients given racemic ketamine or individual
enantiomers, (S)-ketamine produced a more effective analgesia (3.4-fold greater
potency for (S)-ketamine), as well as fewer emergence reactions and incidences
of agitated behavior as compared to equivalent doses of (R)-ketamine or the
racemate (212). Ketamine has undergone the chiral switch process and is now
marketed in Germany as the (S)-enantiomer (213).

Chronic albuterol use is associated with loss of bronchodilator potency,
decreased protection against bronchoconstriction, and increased sensitivity to
allergen challenge (214). Albuterol was initially marketed as the racemate even
though (R)-albuterol is 68-fold more active than (S)-albuterol as a Br-agonist.
(R)-albuterol exhibits 90- to 100-fold greater in vitro binding affinity for p;- and
Bo-receptors relative to (S)-albuterol. In addition, (R)-albuterol increases intra-
cellular cyclic adenosine monophosphate (cAMP) and intrinsic activity equiva-
lent to twice the dose of the racemate and inhibits activation of mast cells and
eosinophils. Conversely, (S)-albuterol intensifies bronchoconstrictor responses,
induces hypersensitivty of asthmatic airways, and promotes the activation of
eosinophils. (R)-albuterol results in prolonged protection in the metacholine-
induced bronchoconstrictor challenge test compared to the racemate in humans,
whereas the (S)-enantiomer significantly increases metacholine sensitivity (215).
Stereoselective disposition of inhaled albuterol is also evident, with faster
clearance of (R)-albuterol (1.6- to 3-fold compared to (S)-albuterol) resulting in
a longer plasma half-life and greater exposure to the counterproductive enan-
tiomer. Thus, (R)-albuterol should have advantages over the racemate in the
treatment of asthma (39).
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Cetirizine is a second generation H; antihistamine administered as a
racemate for the treatment of symptoms associated with seasonal allergic
rhinitis. Competitive-binding experiments revealed that (S)-cetirizine has a 30-
fold higher affinity for the human H;j-receptor than (R)-cetirizine and 2-fold
higher affinity than the racemate (K; values of 6, 3, and 100 nM, respectively)
(216). (S)- and (R)-cetirizine dissociate from Hj-receptors with a half time of 142
and 6 minutes. Thus, (R)-cetirizine could act as a pseudo-irreversible antagonist
in vivo. (S)-cetirizine also has the potential for producing fewer sedative side
effects due to having a smaller volume of distribution, reduced transport across
the blood-brain barrier, and enhanced peripheral receptor binding than the
(R)-isomer. Although (S)-cetirizine is approved for use in the United States,
there is debate as to whether the single enantiomer produces less sedation than
the racemate (217,218).

The proton pump inhibitors omeprazole and pantoprazole are used to
treat disorders such as gastroesophageal reflux disease and Helicobacter pylori
infection and associated duodenal ulcer disease (219). The (S)-enantiomers of
both drugs are more potent H*/K"-ATPase inhibitors and reduce the secretion
of hydrochloric acid by gastric parietal cells to a greater degree than the
(R)-enantiomer (220). The (S)-enantiomers also exhibit more favorable metabolic
profiles than the (R)-enantiomers. The (R)-enantiomers are preferentially metab-
olized by CYP2C19, whereas the (S)-enantiomers are additionally metabolized
by CYP3A4 and sulfotransferases (75). This results in 1.5-fold higher concen-
trations of the less active (R)-enantiomer in poor metabolizers of CYP2C19,
yielding greater interpatient variability in response and increased risk of
adverse effects (129,130). Chiral switching for these two racemic drugs exem-
plifies how the safety profile may be improved by removing an isomer
metabolized by a polymorphic enzyme (221).

Other Approaches for Improving Chiral Drug Safety and Efficacy
Physicochemical modification of racemic drugs could influence the rate and
extent of their absorption, transport across biological membranes, as well as
their ability to interact with various receptors and enzyme systems. Lisdexam-
fetamine is an inactive prodrug designed for oral administration and consists
of the stimulant p-amphetamine covalently bonded to the essential amino acid
L-lysine. Lisdexamfetamine is currently approved in the United States for the
treatment of attention-deficit hyperactivity disorder in children. The prodrug is
converted to active p-amphetamine via rate-limited hydrolysis in the systemic
circulation, essentially serving as an extended-release formulation of p-amphet-
amine, which may further lead to a reduced potential for abuse as compared to
an immediate-release formulation. Adult stimulant drug abusers reported less
favorability for the 50 or 100 mg doses of oral lisdexamfetamine as compared to
a 40 mg dose of p-amphetamine, despite comparable efficacy and safety profiles
(222). Another strategy for improving the therapeutic index of racemic drugs is
to explore the selectivity or specificity for individual enantiomers to a particular
biological target or signaling network (223).

Pharmacokinetic-Pharmacodynamic Modeling
PK-PD modeling can be used to help identify factors that determine the rela-
tionship between the dose of a racemic drug and the extent and time course of
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response. Such approaches can provide insight into mechanisms of interactions
between enantiomers and processes controlling differences in both PK and PD
for each enantiomer when administered individually or as the racemate. In
many instances, it is not appropriate to simply relate drug response to plasma
concentrations of the racemate (sum of enantiomer concentrations). For racemic
drugs in which both enantiomers are active, modeling represents one approach
to potentially identify an optimal enantiomer ratio associated with a safety or
efficacy outcome.

The Hill function is commonly used to describe the exposure-response
relationship of rapid (i.e., lack of hysteresis) reversibly acting drugs (243) as
follows:

Emax -C

E=——"F 1
ECy, +Cp M

where E is the effect, Enax is the maximal effect, ECsy is the plasma drug
concentration (C,) corresponding with 50% maximal effect, and n is the Hill
coefficient. If two enantiomers are pharmacologically active, but act on com-
pletely different receptor types, then agonist and/or antagonist activity could be
simply determined as the sum of two Hill functions. However, when two
enantiomers competitively act at the same receptor, then characterization of
response is more complex. The case of two enantiomers that are reversibly
binding agonists with affinity for the same receptor, but with different efficacy
and potency, has been described in detail elsewhere (244). A general equation to
describe the relationship between the drug effect and plasma enantiomer
concentrations (Cr and Cs) acting competitively at the same receptor (245) is
as follows:

Emaxr - (CR/ECs0r)" + Emaxs - (Cs/ECsos)"
1+ (CR/ECE,OR)’1 + (CS/ECSOS)H

For effects of a racemic drug controlled by only one active enantiomer, the
apparent ECsy will be higher than that of the pure active enantiomer. A general
equation to describe such a relationship can be defined as shown in Eq. 3,
assuming that the effect is controlled by the (R)-enantiomer (246).

2
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3
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The PD modeling of ketamine effects on an electroencephalogram (EEG)-
based biomarker is a classic example of quantifying pharmacological effects in
the presence of competitively acting stereoisomers (247). Five healthy males
were given short-term constant rate intravenous infusions of ketamine and
each enantiomer in a three-way crossover study design. Power-spectral
analysis was used to calculate median frequency of continuous EEG record-
ings. The ketamine concentration-effect relationship for a representative sub-
ject is shown in Figure 12.2. The solid lines are model-fitted curves defined by
subtracting the empirical Hill function (Eq. 1) from a baseline value for each
chemical species. The efficacy (Epmax) for the (R)-enantiomer is significantly
less than racemic and (S)-ketamine, whereas the greater potency
(i.e., lower ICsp) of the (5)-isomer was significantly different from the racemic
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FIGURE 12.2 Pharmacodynamic characterization of the concentration-effect relationship for a
racemic mixture and individual enantiomers of ketamine. Source: From Ref. 247.

and (R)-ketamine. Although differences in potency may result from stereo-
selective changes in PK or PD properties, measurements of serum drug
concentrations over time excluded PK causes. Furthermore, simulations of a
theoretical partial antagonism model (Eq. 2) suggested that the effects of the
ketamine racemic mixture can be explained (almost entirely) by a classical
competitive interaction.

The complexities of stereoselective interactions in biological systems
require careful experimentation, and mathematical modeling provides the best
platform for analyzing and interpreting the clinical pharmacology of single
enantiomers and racemic mixtures. The simple pharmacodynamic models in
this section (Eqs. 1-3) are valid for rapid reversibly acting drugs (i.e., no
temporal delays between drug exposure and response); however, diverse struc-
tural models are also available for more complex mechanisms of action (248).
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E Regulatory perspective on the development
of new stereoisomeric drugs

Sarah K. Branch® and Andrew J. Hutt

INTRODUCTION

The regulation of chiral drugs is, in principle, no different from the regulation of
any other drug substance. Satisfactory standards of quality, safety, and efficacy
need to be demonstrated for medicines containing chiral active ingredients before
they can receive an authorization to place them on the market. Of course, there are
some special considerations or even challenges to take into account, particularly
regarding the similar physicochemical properties of potential impurities in the
traditional sense. Significant advances in synthetic, preparative, and analytical
chemistry in the 1980s and 1990s allowed the development of synthetic, as
opposed to the natural or semisynthetic, drug substances, which had dominated
the area of stereochemically pure medicinal products up to then (e.g., Gal) (1). At
the same time, there was increasing awareness of the different biological activities
of stereoisomers and indeed the means to study these differences.

It is now recognized that stereoisomers may differ in their pharmacody-
namic activity at their biological target, for example, receptor, enzyme active
site, etc., or in their pharmacokinetic properties (absorption, distribution, and
clearance by metabolism and excretion). Regarding pharmacodynamic activity,
differences between stereoisomers may be quantitative, in that the resulting
action is the same but one isomer is more potent than the other. Alternatively,
the difference may be qualitative in nature, the “unrequired” isomer may be
biologically inert, that is, have no detectable biological activity, may act on a
different biological target possibly giving an unwanted biological response, or
may even have an opposing effect reducing the required pharmacodynamic
activity if a racemate was to be administered.

In terms of pharmacokinetics, differences in the way chiral substances are
handled by the body can have far-reaching consequences for individual patients
depending on their disease state, age, gender, and genetic profile. In particular,
differences in liver enzymes as a result of these factors can lead to fast/extensive
or slow/poor metabolism of individual enantiomers leading to differential
duration, or extent, of activity. Stereoselectivity in protein binding resulting in
stereoselective drug distribution may also contribute to differential pharmaco-
dynamic activity. All these factors need to be taken into account during modern
drug development to ensure patients are not subject to unnecessary chemical
exposure or pharmacological effects.

The full potential of technological advances coupled with the greater
recognition of the significance of the differential pharmacological activity of
stereoisomers has not necessarily been completely realized. New drugs may be
designed deliberately to be achiral to avoid the complications presented by the

*The views expressed in this chapter are those of the author and do not necessarily represent the
views or opinions of the Medicines and Healthcare products Regulatory Agency (MHRA) or
other regulatory agencies or their advisory committees.
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production of single stereoisomers on a commercial scale. The area of “chiral
switches,” whereby an enantiomerically pure form of a drug previously avail-
able as a racemate, has also perhaps been more challenging than had been
anticipated. This is because it has not always proved easy to translate the
predicted differential activity into meaningful differences of therapeutic value
during clinical trials or differences in side effect profiles of significance to the
patient. Indeed, the relative merits of single enantiomers versus their corre-
sponding racemates of a number of “blockbuster drugs” have been the subject of
considerable debate, for example, citalopram/escitalopram, omeprazole/eso-
meprazole, cetirizine/levocetirizine (2,3). The major criticism is that compara-
tive clinical and pharmacoeconomic studies clearly indicating the benefits of the
single enantiomers to patients, prescribing physicians, and health funding
agencies are not readily available (2-6). Nonetheless, even though the number
of new drug introductions has decreased in recent years the number of chiral
compounds approved and marketed as single stereoisomers rather than race-
mates has increased (see section “Impact of Regulatory Guidelines on Chiral
Drug Development”).

Typically, regulatory authorities require the production of stereochemi-
cally pure drug substances unless there is sound scientific justification as to why
this is either unnecessary or not possible on a commercial scale. Accordingly, the
regulatory requirements for investigation of chiral drugs in Europe, the United
States, and Japan are outlined in this chapter. These regions sponsor the
International Conference on Harmonisation (ICH), which aims to unify the
process of drug registration globally (see section “International Conference on
Harmonization”). There will be a particular focus on synthetic chemical drug
substances and the quality aspects of their development, that is, the chemical
and pharmaceutical components that form part of the technical dossier needed
to support an application for a marketing authorization. The requirements for
this technical dossier itself have been harmonized through ICH and therefore
apply in the three sponsoring regions.

REQUIREMENTS IN THE EUROPEAN UNION

Introduction

The regulatory requirements for pharmaceuticals in the European Union (EU)
are set out by European Community (EC) law. Within certain parameters,
companies have a choice of procedures through which they may apply for an
authorization to market a medicinal product. This choice allows a company to
take into consideration likely future use and acceptance of their product in
different member states, although it should be borne in mind that it is a core
European principle that patients across the community should have equal access
to medicines.

The available application procedures may be summarized as follows:

® Centralized procedure leading to a community-wide authorization directly
applicable in all member states:

— Compulsory for certain products specified by law for example,
biotechnology or gene technology products deemed to be of high value to
public health;

— Optional for products that can demonstrate novelty, community inter-
est, etc.
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®  Mutual recognition procedure whereby a company has obtained a license in
one member state first and then requests its recognition by all or a selected
number of other member states.

®  Decentralized procedure where an application is made to all or some mem-
ber states simultaneously but one member state leads the assessment of the
dossier.

® National procedure where a company makes an application in one member
state only.

Whatever the procedural route chosen, or used, an application to place a
medicinal product on the market is assessed according to the criteria of quality,
safety, and efficacy. The quality of a product relates to its pharmaceutical
characteristics including the synthesis and control of the active ingredient,
quality of excipients, manufacture of the dosage form, specifications, and
stability. Safety aspects concern both nonclinical (toxicological) and clinical
use of the active ingredient and product to determine both safe quantitative
levels of the active substance, excipients, and any impurities and their qualita-
tive effects or safety profile. Clinical efficacy must be demonstrated either
through appropriate clinical trials or adequate supporting published data. The
outcome of assessment and approval of an application represents an agreement
on, among other things, the way the product is to be manufactured, its shelf life,
and how it will be used clinically, which is recorded together with safety
information and other details in a document known as the Summary of Product
Characteristics (SmPC), and then reflected in associated information for patients.

The procedural requirements for marketing authorization applications
and the content of the regulatory dossier of evidence needed to support
such submissions is set out in common European legislation. There is also an
extensive range of technical guidance, some of which has been developed inter-
nationally. Those aspects of European law and guidance that relate to the
authorization of chiral drugs will be summarized in this chapter. However, it
should be borne in mind that there has been a subtle shift in approach in the EU
since the pharmaceutical legislation was updated in 2005. Before that time, new
single enantiomer versions of compounds of previously marketed racemates were
almost universally treated as new drugs and the supporting data were evaluated
as such, taking into account relevant information from studies with the racemate.
Guidance existed to the effect that enantiomers were considered to be the same
active ingredient unless they had a different safety and efficacy profile but it was
generally accepted that it was necessary to treat the single enantiomer as a new
drug evaluation before this fact could be established. However, the revised
legislation in 2005 transferred this concept into law since when it has been applied
much more rigorously leading to assessment of single enantiomers as new drugs
or otherwise on a case-by-case basis. While the outcome of this shift has not
altered the fundamental principles of the scientific evaluation and terms of
marketing authorization with respect to clinical use of the product, it has led to
changes in interpretation of data and marketing exclusivity periods for single
enantiomers, and indeed to on-going legal debate.

Current EU Legislation
Common legislation governs the criteria for the approval of human medicines
throughout the countries of the EU whatever the procedural route chosen for the
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marketing authorization application. The legislation takes the form of regula-
tions, which are directly binding in member states, and directives, which have to
be transposed and implemented nationally. Regulation EC 726/2004 governs the
centralized procedure and sets out the structure and function of the European
Medicines Agency (EMA) and pharmaceutical advisory bodies such as the
Committee for Human Medicinal Products (CHMP). Directive 2001/83/EC
describes how authorizations are obtained for noncentralized products and
sets out the requirements for the supporting information to be included in the
dossier that must be submitted with marketing authorization applications.
The law is accompanied by various forms of guidance, which help to interpret
the pharmaceutical legislation and both are set out in the Rules Governing
Medicinal Products in the European Union, which are available on the European
Commission Health and Consumers website (7). Such guidelines are not legally
binding but the applicant would be expected to provide a satisfactory (scientif-
ically based) justification in cases where the recommendations had not been
followed. Recommendations on the studies to be conducted in support of an
application for a marketing authorization are made in Scientific Guidelines on
Medicinal Products for Human Use contained in volume 3 of the Rules. These
guidelines are available on the European Commission Health and Consumers
website or directly on the EMA website (8). These notes for guidance begin life
under the auspices of the various working parties of CHMP [or its predecessor
Committee for Proprietary Medicinal Products (CPMP)] and include guidelines
that are the result of international harmonization (see section “International
Guidance”). The guidelines are available at their draft consultation stages and in
their final form on the EMA website.

Note for Guidance on Investigation of Chiral Active Substances

The note for guidance of primary interest for drugs that may exist as optical
isomers is entitled Investigation of Chiral Active Substances (originally CPMP/III/
3501/91, current reference 3CC29A) (9). It came into operation in 1994 so is now
somewhat dated and probably in need of revision in order to reflect current
practice. Its requirements are discussed below. Its contents must be considered
additional to other guidelines relating to the quality, safety, and efficacy of
medicinal products authorized in the EU. It is up to manufacturers to decide
whether to market a drug as a single enantiomer or a racemate. They should
provide sufficient justification of their decision so that the competent authority
can assess the benefit-risk ratio. The key to a successful outcome for an appli-
cation for a marketing authorization is proper justification of the decisions made
concerning the product during development. The chiral substances guideline
sets out requirements for studies to justify the chosen strategy in the areas
corresponding to the three technical parts of the dossier accompanying the
application, that is, quality, safety, and efficacy.

Chemistry and Pharmacy Aspects

At the time the Chiral Active Substances guideline came into effect, chemical
aspects of the information required to support an application for a medicinal
product were set out in the guideline Chemistry of Active Substances (Eudra/Q/
87/011, current reference 3AQ5a) (10) published in volume 3 of the Rules.
Further advice has since been provided in the note for guidance on the Chemistry
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of New Active Substances (CPMP/QWP/130/96 Rev 1) (11), which came into
operation in 2004. The guideline on Summary of Requirements for Active
Substances in the Quality Part of the Dossier (CHMP/QWP/297/97 Rev. 1)
(12) came into effect a year later. It explains how the requirements may be met
for existing drug substances through cross-reference to master files or pharma-
copoeial monographs and gives directions to relevant guidance for new active
substances.

Synthesis of the active substance. The information required concerning the synthesis
of a single stereoisomer of a chiral drug substance is the same as for any other
agent. However, particular attention must be paid to the step where the chiral
center is introduced, which must be described in detail, and maintenance of the
desired configuration during subsequent stages of synthesis must also be
demonstrated. Validated analytical methods for determination of chiral com-
pounds are therefore of key importance. The end product must be fully
characterized with respect to identity, related substances, and other impurities
as for any other drug substance, but with the additional requirement of
establishing stereochemical purity. There is an increasing trend toward the
use of “bought-in” intermediates in the preparation of active substances. How-
ever, it is usually expected that sufficient synthetic steps prior to achieving the
final drug substance will be described so that potential by-products carrying
through to the end material can be evaluated. Sometimes more than one
intermediate supplier is used (perhaps less so in the case of chiral active
substances) but it should be remembered that full characterization of such
intermediates may be required and that information should be presented on
their synthesis to allow evaluation of potential impurities in the final active
ingredient.

An increasing number of synthetic strategies are possible and the infor-
mation that should be presented in a regulatory dossier will depend on the route
chosen. Full characterization is needed for starting materials that already contain
the required chiral center, whether a racemate or single enantiomer, and should
include assessment of stereochemical purity using validated stereospecific ana-
lytical procedures. Evidence should be provided that the required enantiomeric
ratio is consistently achieved in cases where a racemate, or other mixture of
isomers, is intended as the resulting product, unless obvious from the synthetic
route employed. Where separation methods are used to obtain the preferred
enantiomer, for example, simulated moving bed (SMB) technology, the resolu-
tion step is considered part of the overall manufacturing process and the usual
details of the procedure should be given together with the number of cycles
used.

All relevant information should be provided in the dossier in cases where
the known active enantiomer cannot be obtained on a scale suitable for com-
mercial manufacture, for example, because of difficulties with scale-up or failure
to obtain material in a suitable physical form for pharmaceutical manufacture.
Advances in preparative techniques should eventually make this scenario less
common but if necessary, all the experimental results available should be
described and the reason for the failure given to justify use of the racemate
over the active enantiomer. Likewise, if sufficient enantiomeric material could
not be provided for preclinical and clinical studies (see below), this should also
be discussed.
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Quality of the active substance. A specification drawn up by the applicant and
agreed by the regulatory authority is the basis of assuring the quality of a drug
substance. More recent guidance on specifications and tests has been published
by ICH and is discussed later in this chapter. The guideline on chiral active
substances states that particular attention should be paid to identity and
stereochemical purity. It states that specifications for a racemate should include
a test to show that the substance is indeed a racemate and this is a position
supported by the requirements of the European Pharmacopoeia in its Technical
Guide for Elaboration of Monographs, 5th edition, 2010 (13).

The chiral drugs guideline lists examples of methods that may be used for
the control of drug substances, ranging from the simpler ones, such as optical
rotation, melting point, stereospecific high-performance liquid chromatography
(HPLC), to the more sophisticated techniques including optical rotatory disper-
sion, circular dichroism, or nuclear magnetic resonance (NMR) spectroscopy
with chiral shift reagents. The advances in analytical methodology since 1994
have seen the introduction of newer, more sensitive, and alternative techniques,
including capillary zone electrophoresis (CZE), with chiral selectors added to
the background electrolyte, and related electrophoretic techniques. Use of newer
methods is not precluded by the guideline but it is the responsibility of
applicants to decide on the techniques that are most appropriate for the satis-
factory control of their drug substance and to ensure that they are fully
validated. The guidelines on analytical validation have been internationally
harmonized and are discussed below (see section “ICH Guidelines on Analytical
Validation”).

In situations where stereoisomeric reference substances are required for
test procedures, the stereochemical purity of the reference material must be
stated. Obviously the characterization of such materials must be carried out with
considerable care particularly when they are required to support the stereo-
chemical identification of the drug substance. Past experience has shown that
applicants can fall into circular arguments when trying to establish the absolute
configuration of a compound argued on mechanistic grounds and/or the
chirality of starting materials. Proof is required that the synthetic process has
actually delivered the required stereoisomer! Single crystal X-ray diffraction
studies of the final drug substance with methods appropriate for the determi-
nation of absolute configuration provide the greatest confidence.

The enantiomer of the required stereoisomer may arise during synthesis of
a drug substance or on degradation during storage. The unwanted enantiomer is
considered to be an impurity as stated in the guideline on chiral active
substances. Further guidance is available in the ICH guideline on impurities
in drug substances described below (see section “ICH Guidelines on Impur-
ities”) but it is recognized that the usual limits may not apply to chiral
impurities due to the lack of sufficient sensitivity of some of the available test
methods. However, the principles of the guidance for achiral active substances
should be followed, in particular the process of “qualification” of impurities
whereby the biological safety of an individual impurity, or an impurity profile,
is established at a specified level. Qualification is achieved by linking the use of
development and commercial scale batches to particular toxicological or clinical
studies. The impurity profile of these batches must be recorded and, assuming
that no adverse effects were observed during use of the development batches,
then the levels of impurities are considered to be qualified. Together with the
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batch analysis data, the qualification studies should be used to justify the
specification limits for individual known, unknown, and total impurities.

Impurities that are also significant human metabolites do not need further
qualification as exposure to them would be automatic on administration of the
drug in clinical trials. Thus, enantiomers formed by chiral inversion of the drug
substance, either enzymatically or chemically mediated in the biological envi-
ronment, would not need further qualification. This is one aspect of the impor-
tance of establishing the metabolic, particularly the stereochemical, profile of
chiral drugs.

Having established the specifications for the stereochemical purity, or
enantiomeric composition, at the end of the synthetic process (batch release), the
applicant should demonstrate that no unacceptable change in these parameters
occurs on storage of the active ingredient.

Chemical development. The discussion of chemical development requires proof of
structure and configuration. The physicochemical properties of the drug sub-
stance should be characterized, for example, crystallinity, polymorphism, and
rate of dissolution. Physical parameters such as melting point, solubility, and
crystal properties should be investigated to establish whether a drug produced
as a racemate is a true racemate or a conglomerate. The validation of the
analytical methods used at batch release to guarantee the identity and purity
of the substance should be described.

Finished product. The applicant should show during the manufacture of the dosage
form, or finished medicinal product, that there are no unacceptable changes in the
stereochemical purity of the active ingredient or during storage for the proposed
shelf life. Specifications for the finished product on release and during shelf life
will be required although it may be possible to justify the omission of certain tests
if, for example, it can be shown that racemization does not occur.

Preclinical and Clinical Studies

Single enantiomer. The development of a single enantiomer as a new active
substance should be described in the same manner as for any other new
chemical entity. Pivotal studies should be carried out with the single enantiomer
but if development began with the racemate then these studies may also be
taken into account. Chiral inversion, either chemically or biologically mediated,
should be considered early, ideally during the preclinical evaluation of the drug,
so that enantiospecific bioanalytical methods may be developed if required.
These methods should be presented in the part of the regulatory dossier
describing the clinical studies. If following administration of a single stereo-
isomeric drug the enantiomer is formed in vivo, then it should be evaluated in
the same way as other metabolites. For endogenous human chiral compounds,
enantiospecific analysis may not be necessary. The enantiomeric purity of the
active ingredient used in preclinical and clinical studies should be defined (for
the purposes of qualification as described above).

Racemate. The applicant should provide justification for using the racemate.
Where interconversion of enantiomers occurs in vivo and the interconversion is
more rapid than the distribution and elimination rates, then use of the racemate
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is justified. In cases where interconversion does not occur, or the rate of
interconversion is slow compared to other pharmacokinetic processes, then
differential pharmacological effects and fate of the enantiomers may be appar-
ent. Use of the racemate may also be justified if any toxicity is associated with
the pharmacological action and the therapeutic index is the same for both
isomers. For preclinical assessment, pharmacodynamic, pharmacokinetic (using
stereospecific analytical methods), and appropriate toxicological studies of the
individual enantiomers and the racemate will be required. Clinical studies on
human pharmacodynamics and tolerance, human pharmacokinetics, and phar-
macotherapeutics will be required for the racemate and for the enantiomers as
appropriate.

New single enantiomer from approved racemate or new racemate from approved single
enantiomer. The guideline states that in principle these situations concern the
development of a new active substance requiring a completely new application.
Since the introduction of Directive 2001/83/EC, however, the legal basis of such
applications may not actually be that of a new drug, although the information
provided may have to be equivalent. This is discussed further in the section
“Regulatory Aspects.”

Whatever the case, the application should include an explanation of the
decision to develop the enantiomer or racemate. Data on the existing racemate
or enantiomer may be included, where appropriate, with bridging studies as
necessary, assuming that the applicant can provide the contents of the full
dossier on the previously marketed material to the regulatory authority.
Obviously this can be problematic if the applicant is not the originator of the
initially marketed material. Justification for the extrapolations should be pro-
vided. Some pharmacodynamic or pharmacokinetic studies with the opposite
enantiomer may be required to account for any racemate interactions.

Nonracemic mixture from approved racemate or single enantiomer. This can be viewed as
optimization of the pharmacotherapeutic profile and therefore is treated as a
fixed combination product, for which a separate note for guidance applies. Data
on stereoisomers not previously approved should be provided together with
justification for the fixed combination.

Abridged applications. Abridged applications are those for an existing drug sub-
stance that has passed the periods of data and market exclusivity afforded to it
when its initial authorization as a new drug was granted. This period may be 6,
10, or 11 years depending on when the authorization was granted, in which
country, and whether an extension has been awarded for a significant new clinical
use of the product. The validity of abridged applications is further discussed
below (see section “Regulatory Aspects”). The guideline states that applications
for generic chiral medicinal products should be supported by bioequivalence
studies using enantiospecific bioanalytical methods unless both they and their
reference products contain the same, stable, single enantiomer or both products
contain a racemate where both enantiomers exhibit linear pharmacokinetics.

Concluding remarks. The guideline concludes with a note that there is no intention
to require further data on older medicinal products containing racemates where
use was already established at the time it came into force, unless new evidence
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emerges concerning the safety or efficacy of one enantiomer. If new claims
related to the chiral nature of the active substance are made, then supporting
studies on the individual enantiomers will be required.

Regulatory Aspects

Prior to the introduction of Directive 2001/83/EC in October 2005, new active
substances were defined in guidance and single enantiomers derived from
existing racemates—the so-called chiral switches—were generally treated as
new chemical entities in line with the Chiral Active Substance guideline described
above. However, the new legislation states firmly that different salts, esters,
isomers, mixtures of isomers, complexes, or derivatives shall be considered to be
the same active substance unless they differ significantly in their safety and efficacy
profiles. Proof of safety and efficacy must be provided by the applicant, which
raises challenges in determination of the legal classification of single enantiomer
products at the outset of a procedure before detailed assessment of safety and
efficacy has occurred.

Furthermore, the concept of a global marketing authorization applies for
the purposes of determining the validity of generic applications. A global
marketing authorization includes all subsequently approved strengths and
dosage forms containing the same active ingredient and any changes to those
individual authorizations. Following on from the argument that isomers with
the same safety and efficacy properties are considered to be the same active
substance, this means that single enantiomers may, in certain circumstances, be
included in the global marketing authorization for the original racemate. This
leads to some interesting questions about the validity of applications for generic
versions of existing single enantiomer products. If the single enantiomer is
indeed part of the global marketing authorization for the racemate, then a new
period of data protection would not apply to the single enantiomer product and
generic applications for either the racemate or the enantiomer could be made
once the original exclusivity period for the racemic drug has expired. The
question currently being debated is whether such considerations can be applied
retrospectively even though the single enantiomer was first authorized as a new
chemical entity. In some jurisdictions, the matter has progressed to the courts.

If it is established that a generic application is possible for a single
enantiomer by cross-referring to racemate data held by a brand leader, there
is also the question of how much additional information needs to be provided
by the generic applicant to establish the necessary safety and efficacy for
approval of the authorization.

These regulatory debates are taking place at the same time as legal
challenges in the courts as to validity of patents for single enantiomer versions
of existing racemic drugs (see chap. 15).

INTERNATIONAL GUIDANCE

International Conference on Harmonisation

Over the past two decades considerable efforts have been made in order to
develop common guidance for worldwide registration of medicinal products with
the aim of reducing the regulatory burden for the pharmaceutical industry and
avoiding duplication of tests and studies. Significant progress has been made by
the International Conference on Harmonisation of Technical Requirements for the



REGULATORY PERSPECTIVE 249

Registration of Pharmaceuticals for Human Use (ICH) since its inauguration in
1990. Its aim is to promote harmonization of regulatory requirements and
interpretation of technical guidance and thus to eliminate unnecessary delay in
the global development and availability of new medicines. ICH is a tripartite
body sponsored by the regulatory authorities, and research-based industry
representatives, from the EC, Japan, and the United States, which holds
biennial conferences and workshops to promote its work. The Secretariat
of the ICH is provided by the International Federation of Pharmaceutical
Manufacturers Associations (IFPMA).

Development of Guidelines

The ICH Steering Committee is responsible for identifying topics for which
harmonized guidelines are then developed through its Expert Working Groups
(EWGs), which have a membership nominated by regulatory authorities and
pharmaceutical industry organizations in the three participating regions. There
are five stages in the ICH process for developing a guideline, represented in
Figure 13.1, which starts with consideration of the topic and development of a
consensus by the relevant EWG. Both the consensus and the draft guideline are
subject to consultation process. The topics span the three main areas of scientific
evaluation of a regulatory dossier (quality, safety, and efficacy) plus a group of
multidisciplinary subjects. There is also a revision procedure for updating
guidance when necessary. When guidelines are finally agreed, they are adopted
in each of the three sponsoring regions. A number of observers are invited to the
Steering Committee: World Health Organisation (WHO), Canada (represented
by Health Canada), and the European Free Trade Association (EFTA). Therefore,
ICH guidelines have a much wider global impact than Europe, United States,
and Japan. ICH has developed a number of guidelines of relevance to the
development of chiral drugs, in particular regarding specifications and tests,
impurities and validation of analytical methods, which are discussed below.
These guidelines can be obtained from the ICH website (14).

STEP 5| Implementation in the three regions

STEP 4 Agreement on harmonized ICH guideline

Adoption by regulators

STEP 3| Regulatory consultation in the three regions

Release of draft consensus by steering committee for

STER 2 wider consultation

STEP 1| Building consensus in joint regulatory/industry EWGs

FIGURE 13.1 ICH process for developing harmonized guidelines.
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Implementation in the Three ICH Regions

Europe

In the EU, the CHMP endorses the consensus at step 2 and the final guideline at
step 4. The CHMP, together with the EC, decides on the duration for consul-
tation with interested parties, which may be up to six months. The EMA
publishes and distributes the step 2 guidelines for comment. At step 4 the
guidelines are endorsed by the CHMP and a timeframe for implementation is
established (usually six months). The step 2 and step 4 guidelines are published
on the EMA website (15) and included in the Rules Governing Medicinal
Products.

United States

In the United States, when step 2 or step 4 has been reached, the Food and
Drug Administration (FDA) publishes a notice in the Federal Register with the
full text of the guidance. Notices for step 2 guidelines include a date for receipt
of written comment; step 4 guidelines are available for use on the date they are
published in the Federal Register. FDA guidances for chemical drug substan-
ces are available on the Center for Drug Evaluation and Research (CDER)
website (16).

Japan

When step 2 or step 4 has been reached, the ICH texts are translated into
Japanese. Subsequently a Pharmaceutical and Medical Safety Bureau (PMSB)
notification for the promulgation or consultation of guidelines, written in Jap-
anese, is issued with a deadline for comments in the case of consultation drafts,
or an implementation date for finalized guidelines. The notifications on guide-
lines in Japanese, and also English attachments (ICH Texts), are available from
PMSB, which is part of the Ministry of Health, Labour and Welfare (MHLW)
through the Pharmaceutical and Medical Devices Agency (PMDA) website (17).

Common Technical Document

Another significant piece of work on the part of ICH has been the development
of the common technical document (CTD), introduced in 2000, and standards for
its electronic counterpart, which followed in 2002. The EWG for the CTD was
extended to include the observers to ICH, representatives of the generics
industry, and manufacturers of products for self-medication, reflecting the
wider applicability of this topic. CTD provides a common structure for the
main body of data supporting applications to market medicinal products in
the three sponsoring ICH regions. It has thus led to a significant reduction in the
administrative aspects of submitting regulatory dossiers globally.

ICH Guidelines on Specifications and Tests

ICH Topic Q6A Specifications: Test procedures and acceptance criteria for new drug
substances and new drug products: chemical substances (18) reached step 4 in
October 1999 and was approved by the CPMP in November 1999 with a date
of May 2000 (step 5) for coming into operation in the EU [CPMP/ICH/367/96].
It provides guidance on the selection of test procedures and the setting and
justification of acceptance criteria for new drug substances of synthetic chemical
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origin, and drug products made from them, that have not been previously
registered in the EU, Japan, or the United States. Detailed recommendations are
made regarding the specifications for active ingredients and different types of
dosage forms, and reference is made to chiral drugs. Thus, this ICH guideline
may supersede, or at least provide additional guidance to, the recommendations
in regional guidelines. It should be noted that this ICH guideline does not apply
to drugs of natural origin.

Guidance on specifications is divided into universal tests/ criteria, which are
considered generally applicable to all new substances/products, and specific
tests/criteria. The latter may need to be addressed on a case-by-case basis when
they have an impact on the quality for batch control. Tests are expected to follow
the ICH guideline on analytical validation (see section “ICH Guidelines on
Analytical Validation”). Identification of the drug substance is included in the
universal category and such a test must be able to discriminate between
compounds of closely related structure that are likely to be present. It is acknowl-
edged here that optically active substances may need specific identification testing
or performance of a stereospecific assay in addition to this requirement.

Tests for chiral drug substances are included in the category of specific
tests/criteria. A decision tree (Fig. 13.2) summarizes when and if chiral identity
tests, impurity tests, and assays may be needed in the drug substance and
finished product specifications. For a drug substance developed as a single
stereoisomer, an identity test should be capable of distinguishing between the
enantiomers and the racemate. A stereospecific assay, or enantiomeric impurity
procedure, may also serve to provide a chiral identity test. When the active
ingredient is a racemate, a stereospecific test is appropriate where there is a
significant possibility that substitution of an enantiomer for a racemate may
occur, or when preferential crystallization may lead to unintentional production

Consider the need for

verifying chiral YES AND Is the new Chiral identity, assay
identity in drug RACEMIC drug and impurity
substance release substance procedures are not
and/or acceptance chiral? needed
testing

YES AND

ONE ENANTIOMER

Needed for drug substance specification:
- chiral identity

- chiral assay

- enantiomeric impurity

Needed for drug product specification:

- chiral identity

- enantiomeric impurity

FIGURE 13.2 Establishing procedures for chiral new drug substances and new medicinal
products containing chiral drug substances.
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of a nonracemic mixture. Such a test is generally not needed in the finished
product specification if there is insignificant racemization during manufacture
of the dosage form or on storage and a test is included in the drug substance
specification. If the unrequired enantiomer is formed on storage then a stereo-
specific assay for enantiomeric impurity testing will also serve to identify the
active substance.

With respect to impurities, it is acknowledged that, where the substance is
predominantly a single stereoisomer, the enantiomer is excluded from the
qualification and identification thresholds given in the ICH guideline on
impurities (see section “ICH Guidelines on Impurities”) because of potential
difficulties in quantification at the recommended levels. Otherwise, it is
expected that the principles of that guidance apply. The guideline allows that
appropriate testing of a starting material or intermediate, with suitable justifi-
cation from studies conducted during development, could give assurance of
control. This approach may be necessary, for example, when there are multiple
chiral centers present in the drug molecule. Control of the unrequired enan-
tiomer in the finished product is needed unless racemization during manufac-
ture of the dosage form or on storage is insignificant. The procedure used may
be the one used for the assay or it may be a separate methodology.

Determination of the drug substance is expected to be enantiospecific and
this may be achieved by including a stereospecific assay in the specification or
an achiral assay together with appropriate methods of controlling the enantio-
meric impurity. For a drug product where racemization does not occur during
manufacture or on storage, an achiral assay may suffice. If racemization does
occur, then a chiral assay should be used or an achiral method combined with a
validated procedure to control the presence of the other enantiomer.

ICH Guidelines on Impurities

There are two ICH guidelines on impurities: Topic Q3A makes recommenda-
tions on Impurities in new drug substances and Topic Q3B on Impurities in new
medicinal products (19) with effective dates in Europe of August 2002 and August
2003, respectively. The two should be read in conjunction. The documents were
revised in 2006 to provide further information on the rounding of analytical
results in relation to the limits for impurities denoted in the texts and are now
published as CPMP/ICH/2737/99 and CPMP/ICH/2738/99. As previously
mentioned, enantiomeric impurities are excluded from the guideline but the
principles expressed are expected to apply. There are two aspects of control of
impurities: first, their chemical classification and identification, and second,
assessment of their safety at the level imposed by the drug substance specifi-
cation. The latter is the process of qualification already mentioned in section
“Note for Guidance on Investigation of Chiral Active Substances” under quality
of the active substance.

The guidance on impurities in new drug substances state that the sources
of actual and potential impurities, whether arising from synthesis, purification,
or degradation, should be discussed. Analytical data are required that show the
level of individual and total impurities in development and commercial-scale
batches. The impurity profiles, for example chromatograms, must be available if
requested. Samples should be intentionally degraded so that potential impur-
ities arising from storage can be identified. Such studies would reveal whether
racemization of single enantiomers was likely to occur. In normal application of
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the guideline, identification of organic impurities is required above certain
specified thresholds, usually by isolation and spectroscopic characterization,
or if this has not been possible, the unsuccessful laboratory studies described.
Below these thresholds, identification is not required but it is useful to present
this data if available and identification should be attempted in any case for
compounds expected to be unusually potent or toxic. Stereospecific analysis
would enable the identification of enantiomeric impurities.

The guideline gives thresholds depending on the maximum daily dose of
the drug above which qualification studies are required. Lower or higher
qualification thresholds may be appropriate for certain classes of drugs.
Where the qualification threshold is exceeded, additional safety studies may
be required according to a decision tree provided in the guideline. Similar
qualification of enantiomeric impurities by their presence in batches of drug
substance used in safety and/or clinical studies would be expected, although
they are not strictly covered by the guideline. The guideline was revised in 2006
to include designation of reporting thresholds for impurities.

The guideline on impurities in new medicinal products parallels the drug
substance text but the designated thresholds concern only degradation products.
The thresholds should be applied to the product at the end of its shelf life, as that
is when the greatest level of degradation is expected to have occurred.

ICH Guidelines on Analytical Validation

Two guidelines were developed on analytical validation but have now been
incorporated into a single document (ICH Topic Q2) (20) published in the EU as
CPMP/ICH/381/95. The first guideline ICH Topic Q2A Validation of analytical
procedures: Definitions and terminology came into operation in Europe in June 1995
and provided a glossary of terms. It sought only to present a collection of terms
and definitions and not to provide direction on how to accomplish validation.
The guideline was intended to bridge the differences that could exist between
the various compendia and regulators in the three regions of the ICH at that
time.

The guideline states that the objective of validation is to demonstrate that
an analytical method is fit for its purpose and summarizes the characteristics
required of tests for identification, control of impurities, and assay procedures
(Table 13.1). As such, it applies to chiral drug substances as to any other active
ingredients. Requirements for other analytical procedures may be added in due
course.

TABLE 13.1 Characteristics of Analytical Procedures Requiring Validation (indicated
by a tick)

Control of impurities

Identity Quantification Limit test Assay
Accuracy and precision v v
Specificity Vv Na va va
Limit of detection ) Vv
Limit of quantitation Vv
Linearity and range v v
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Assays may be applied to the active moiety in the drug substance or drug
product or to other selected components of the product. They are used for
content/potency determinations and for measurement of dissolution. Precision
includes repeatability (intra-assay precision) and intermediate precision (within
laboratory) except the latter is not required where reproducibility (inter-labora-
tory) has been performed. If there is lack of specificity in one analytical proce-
dure, compensation by other supporting methods is allowed. The characteristics
listed in Table 13.1 are considered typical but allowance is made for dealing with
exceptions on a case-by-case basis. Robustness is not listed but should be
considered at an appropriate stage in development. Revalidation of analytical
procedures is required following changes in the synthesis of a drug substance,
composition of the finished product, or in the analytical procedure.

The second guideline, ICH Topic Q2B, Validation of analytical procedures:
Methodology came into operation in Europe in June 1997. It is complementary to
the first guideline and provides some guidance and recommendations on
acceptable methods for validating the characteristics of an analytical procedure.
An indication of the data that should be provided in an application for a
marketing authorization is given. The following characteristics are separately
discussed: specificity; linearity; range; accuracy; precision; detection limit;
quantitation limit; robustness; and system suitability testing.

REQUIREMENTS IN THE UNITED STATES

Introduction

The United States FDA is responsible for the authorization of human medicinal
products in the United States through CDER. Policy and guidance relating to
drug registration for chemical substances is published in the Federal Register
and is available on the FDA website (21).

The first mention of stereochemical requirements to be applied in drug
development in the United States may be found in the New Drug Application
(NDA) guideline of 1987 concerning manufacturing documentation (22). The
document suggested that the FDA may consider enantiomers to be an impurity
if present in small quantities or when present in a racemate, that is, 50%.
Additionally, when the new drug substance was asymmetric the guideline
indicated that sponsors should ideally separate, or synthesize, the various
potential stereoisomers, provide physical and chemical information, and that
they may need to be examined both pharmacologically and toxicologically (23).
The wording of the guideline implied that the FDA may require physical,
chemical, and possibly biological data on the enantiomers present in a racemate
prior to clinical examination. The concerns raised by the document resulted in
the formation of the Pharmaceutical Manufacturers Association (PMA) Ad Hoc
Committee of Racemic Mixtures (23). The PMA provided an industrial perspec-
tive on the regulatory requirements, including examples where a racemate could
be developed on a case-by-case basis, and approaches where a single enantiomer
drug could be derived from an approved racemate. In 1989 the CDER estab-
lished a Stereoisomeric Committee with the remit of determining the require-
ments, if any, which should be imposed on an applicant developing a
stereoisomeric drug (24). The FDA’s Policy statement for the development of new
stereoisomeric drugs was first published in January 1992 (25) with correction and
modification in January 1997.
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Policy Statement for the Development

of New Stereoisomeric Drugs

The FDA has taken essentially the same view as the EU with respect to the
development of chiral drugs but emphasizes different aspects in its guidance.
The FDA policy statement was produced in response to the technological
advances that permitted production of single stereoisomers on a commercial
scale. The policy relates only to enantiomers and not to geometric isomers, or
diastereoisomers, which have chemically and pharmacologically distinct prop-
erties. Except in rare cases where biotransformation occurs, such compounds are
treated as separate drugs and mixtures are not developed unless fortuitously as
a fixed dose combination. The guideline acknowledges that the development of
racemates may continue to be appropriate but identifies two areas that should
be considered in product development.

The first is the manufacture and control of a product to assure its stereo-
isomeric composition with respect to identity, strength, quality, and purity. The
quantitative composition of the material used in the pharmacological, toxico-
logical, and clinical studies conducted during development must be known.

The second point of consideration is the pharmacokinetic evaluation of a
chiral drug. Results from such studies will be misleading if the disposition of
the enantiomers is different, unless stereospecific analytical methodology is
employed, a point emphasized on a number of occasions by several authors
(26,27). Such stereospecific methodology would need to be established for in
vivo use early during the drug development process as results from initial
pharmacokinetic investigations, including information concerning in vivo enan-
tiomeric interconversion, will inform the decision to develop either a single
enantiomer or racemate. If the drug product is to contain a racemate and
the pharmacokinetic profiles of the individual isomers are different, appropriate
studies should be conducted to measure characteristics such as the dose
linearity, the effects of altered metabolism and excretion, and drug-drug
interactions for the individual enantiomers. An achiral assay or monitoring of
only one enantiomer is acceptable if the pharmacokinetics of the isomers is the
same or in a fixed ratio in the target population. The in vivo measurement of
individual enantiomers would be of assistance in assessing the results of
toxicological studies. However, if this is not possible then human pharmacoki-
netic studies would be sufficient.

The pharmacological activities of the isomers should be compared in vitro
and in vivo in animals and in vivo in humans. Separate toxicological evaluation
of the enantiomers would not usually be required when the profile of the
racemate was relatively benign but unexpected effects, especially if unusual or
near effective doses in animals or near planned human exposure, would warrant
further studies with the individual isomers.

The guideline notes that the FDA invites discussion with sponsors on
whether to pursue development of the racemate or single enantiomer. This
reflects the somewhat different regulatory approach in the United States
where there is greater interaction between the FDA and compound sponsor
during the drug development process than occurs in Europe (where such
discussion is more formalized through Scientific Advice procedures; for
example at EMA http://www.ema.europa.eu/ema/index.jsp?curl=pages/
regulation/general/general_content_000050.jsp&mid=WC0b01ac05800229bb
or MHRA http://www.mhra.gov.uk/Howweregulate/Medicines/
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Licensingofmedicines/Informationforlicenceapplicants/Otherusefulservice-
sandinformation/Scientificadviceforlicenceapplicants/index.htm). All infor-
mation obtained by the sponsor, or available in the published literature,
relating to the chemistry, pharmacology, toxicology, or clinical actions of the
stereoisomers should be included in the investigational new drug (IND) or
new drug (NDA) submissions.

Chemistry, Manufacturing, and Controls

The policy gives further recommendations on the information that should be
provided on the chemistry, manufacturing, and controls (CMC) in addition to
that found in other guidance (see section “Other Relevant FDA Guidance”).

Methods, specifications, and impurity limits. For drug substances and products,
applications for single enantiomers and racemates should include a stereo-
chemically specific test for identity and/or a stereospecific assay. The selection
of appropriate control tests should be based on the method of manufacture,
stability, and, for the product, its composition. Similarly, methodology for the
assessment of the stereochemical integrity of single isomer drugs and products
should be included in stability studies. However, such stereospecific analysis
may not be required provided that racemization can be shown not to occur.

Stereochemical impurities, together with other related manufacturing
impurities and contaminants, in a drug substance are required to be defined
prior to use of material in clinical investigations. In addition, the maximal level
of impurities, be they isomeric impurities or not, should not exceed those
present in the drug substance examined in the preclinical toxicological studies.
These issues are addressed in the ICH impurities guideline (see section “ICH
Guidelines on Impurities”).

Pharmacology and toxicology. The biological activity of the individual enantiomers
should be characterized with respect to the principal, and other significant,
pharmacological effects in terms of the usual parameters, including potency,
specificity, and maximum effect, etc. The pharmacokinetic profile of each
enantiomer determined following administration to animals should subse-
quently be compared to data obtained following administration to healthy
volunteers in phase I studies. It is normally sufficient to carry out toxicity
studies on the racemate. However, if toxicity is observed, which could not be
predicted from the pharmacological evaluation, at low doses/exposure com-
pared to that intended for use in the clinical trials, then the studies should be
repeated with the individual stereoisomers to determine if a single enantiomer is
responsible, or predominantly responsible, for the adverse effect(s). If this is the
case, then it would be desirable to eliminate the toxicity by developing the
appropriate single enantiomer with only the desired effect.

Developing a Single Enantiomer After a Racemate Is Studied

Following the preclinical evaluation of a racemic mixture an abbreviated exam-
ination of both the pharmacology and toxicology could be carried out to allow
the sponsor to apply previously available racemate data to a single pure
enantiomer. Additional investigations would not be required if both the single
enantiomer and the racemate had the same toxicological profile. However, if
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the single enantiomer appeared to be more toxic, then further investigation
would be required to produce an explanation and consider the implications for
dosing to humans.

Clinical and biopharmaceutical. Where the individual enantiomers and the racemate
show little difference in terms of activity and pharmacokinetic profile, the
development of the racemate is justifiable. In other instances, the development
of the single enantiomer is especially desirable, for example, where one isomer is
toxic and the other is not. Cases where unexpected toxicity, or pharmacological
effects, occur with clinically relevant doses of the racemate then the mixture
should be investigated further with respect to the properties of the individual
enantiomers and their potential active metabolites. Such investigations may be
undertaken in animals but studies in humans may be required. The unexpected
effects may not be directly associated with the parent stereoisomer but may be
associated with an enantiomer-specific metabolite. Generally, it is not as impor-
tant to consider the development of a single stereoisomer if the enantiomer is
biologically inert. However, clinical evaluation of both enantiomers and the
potential development of a single stereoisomer is of greater significance when
both enantiomers are pharmacologically active but differ significantly in their
potency, specificity, or maximum effect. If both enantiomers exhibit desirable
but qualitatively different biological properties then development of a mixture,
not necessarily a racemate, as a fixed combination might be reasonable.

Phase I clinical studies of a racemate should include an examination of the
pharmacokinetic profile of the individual enantiomers, including the possibility
of in vivo interconversion. Phase I or II investigations in the target population
should indicate if an achiral assay, or alternatively, monitoring of only one
isomer where a fixed ratio is confirmed, will be adequate for pharmacokinetic
evaluation. If the racemate has already been marketed and the sponsor wishes to
develop a single stereoisomer, additional studies should include determination
of possible enantiomeric interconversion and whether differences in the phar-
macokinetic profile occur following administration of the single enantiomer
alone or as the racemate.

Other Relevant FDA Guidance

The FDA’s Guideline for submitting supporting documentation in drug applications for
the manufacture of drug substances makes some specific references to chiral drug
substances, the requirements of which are similar to those in the EU. Elucidation
of the structure of a chiral drug molecule should include determination of its
configuration, information supported by knowledge of the synthetic route
employed, particularly in relation to the introduction of, and methodology
involved in, the introduction of the chiral center (e.g., from the chiral pool,
asymmetric synthesis and/or resolution of synthetic intermediates(s)). Stereo-
chemically, pure starting materials may require additional evaluation, compared
to achiral starting materials to ensure appropriate configuration and purity. The
significance of these requirements is exemplified in a series of publications
concerned with the enantiomeric purity of over 270 chiral synthons, catalysts,
and auxiliaries, ca. 20% and 5% of these reagents had enantiomeric impurities
between 1% and 10% and in excess of 10%, respectively (28-30).
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It is also noted in the policy that the unrequired enantiomer may be
considered as an impurity (even in racemates) and as such require appropriate
control during both manufacture and in the final drug substance. The guidance
specifically addresses the issue of key intermediates, those compounds in which
the essential molecular characteristics necessary for the desired pharmacological
activity are first introduced into the structure. Obviously, for chiral compounds,
key intermediates will be those where the chiral center of the required config-
uration is introduced, and as such they should be subjected to quantitative
analysis to limit the content of undesired isomers. The control of drug sub-
stances is discussed in the policy but specifications and tests are now addressed
in the ICH guidelines (see section “ICH Guidelines on Specifications and
Tests”). The requirement for stereochemical characterization of reference mate-
rials used during analytical procedures is also noted.

The FDA’s Reviewer guidance on the validation of chromatographic methods
issued in November 1994 also refers to stereospecific methods. The guidance
incorporates the ICH analytical terms (see section “ICH Guidelines on Analyt-
ical Validation”). It is noted that separation of enantiomers can be achieved by
HPLC using chiral stationary phases, or with achiral stationary phases by the
use of chiral mobile phase additives, or following derivatization with a unichiral
reagent to yield diastereoisomeric derivatives. This latter point, considering the
issues associated with the indirect approach to enantiomeric analysis (e.g., the
requirement for a suitable derivatizable functional group in the analyte, rapid
reproducible derivatization, stereochemically pure unichiral reagent, possible
partial racemization of the unichiral reagent and/or the analyte, kinetic resolu-
tion, differential detector response), and the requirement for additional valida-
tion steps, seems somewhat surprising now. In this context, it is noteworthy that
the latest editions (2011) of the United States (USP), British (BP), and European
(EP) Pharmacopoeia monographs for determination of the enantiomeric impu-
rity of the carbonic anhydrase inhibitor dorzolamide, the 4S,65-stereoisomer
(Fig. 13.3), involves derivatization with the unichiral derivatizing agent (-)-(S)-o-
methylbenzyl isocyanate followed by chromatography using an achiral station-
ary phase. The enantiomeric impurity, the 4R,6R-stereoisomer, is limited to 0.5%
and determined by comparison of chromatographic peak areas. Similarly, all
three pharmacopoeias use (+)-(R)-a-methylbenzyl isocyanate followed by achi-
ral chromatography for determination of the stereochemical purity of the
antitubercular drug ethambutol [(25,2'S)-2,2'-(ethylenediimino)dibutan-1-ol].
As a result of its structure, ethambutol exists as a pair of enantiomers and a
meso form (Fig. 13.4), the activity and associated toxicity of which differ. The BP/
EP monograph includes the meso form as a specific impurity with a limit of 1.0%
by peak area whereas the enantiomer (2R,2'R)-ethambutol is an unspecified

H3Cu,, \S/ s s S/ _\\\\\\CH3
| ) SONH, HiNO,s—( |

NHCH,CH3 NHCH,CH3
FIGURE 13.3 Structures of (4S,65)-dorzolamide (/eff) and its 4R,6R-enantiomeric impurity.
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(2R,2'R)-Ethambutol meso-Ethambutol

FIGURE 13.4 Structures of (25,2’ S)-ethambutol and its stereoisomeric impurities.

impurity covered by a general limit statement of 0.1% in the related substances
test, the total impurity limit for related substances in this test being 1.0%
including the meso form. In contrast, the USP monograph requires the individual
calculation of both stereoisomeric impurities with a total limit of not more than
4.0% but without a specified limit on either individual stereoisomeric impurity.
The formation of diastereoisomeric derivatives is uncommon in the USP and
both the BP and EP where chiral stationary phases for both HPLC and gas
chromatographic analysis are most frequently employed for the determination
of enantiomeric purity as a result of the issues outlined above. When a chro-
matographic method is used as a limit test to determine stereochemical purity,
the sensitivity of the methodology is enhanced if the enantiomeric impurity
elutes before the drug (to avoid the tail of the main peak). This latter point can
obviously be problematic using a CSP particularly those based on natural
products, for example, the polysaccharide derivative, cyclodextrin, protein,
and macrocyclic antibiotic-based phases.

REQUIREMENTS IN JAPAN

Introduction

The Japanese regulatory authority is the Ministry of Health, Labour and Welfare
(MHLW; koseirodosho in Japanese), which was established in January 2001 as a
result of a reorganization of government ministries and the merger of the
Ministry of Health and Welfare (MHW), originally established in 1938, and
the Ministry of Labour. The Pharmaceutical and Food Safety Bureau (PFSB) is
one of 11 bureaus of the MHLW and is concerned with policies to assure the
efficacy and safety of drugs, quasi-drugs, cosmetics, and medical devices.
Additionally the PFSB is involved in policies related to general health including
those relating to narcotic and stimulant drugs and blood products and their
supply. Essentially the PFSB is concerned with clinical investigations, approval
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reviews, licensing, and postmarketing safety. In contrast, the Health Policy
Bureau is concerned with the promotion of research and development, produc-
tion, distribution, and drug pricing policies (31).

The PFSB is divided into five divisions including the Evaluation and
Licensing Division, the function of which is to provide guidance and supervi-
sion associated with the production of drugs; manufacturing licences and
approval to manufacture and market; reexamination and reevaluation of
drugs; and related issues. Other divisions include the Safety Division, concerned
with policies associated with the assurance and safety of drugs, and the Com-
pliance and Narcotics Division, which is concerned with the control of drug
quality, testing and certification of drugs, and associated responsibilities.

An additional agency, the Pharmaceutical and Medical Devices Agency
(PMDA; SOGO-KIKO), was established in 2004 by the integration and merger of
the Pharmaceutical and Medical Devices Evaluation Center (PMDEC), the
National Institutes of Health Sciences, the Organization for Pharmaceutical
Safety and Research (OPSR), and part of the Medical Devices Center. The
PMDEC was established in 1997 in order to “strengthen approval reviews,”
whereas the OPSR carried out reviews on application data and consultation
services on clinical trial protocols. The formation of the PMDA resulted in the
formation of an independent administrative organization, the function of which
is to review the safety, efficacy, and quality of drugs for which regulatory
approval applications have been submitted based on current scientific and
technological standards. The PDMA also undertakes reexamination and reeval-
uation of drugs and devices and reviews of cell- and tissue-based products prior
to first-in-man studies. The PMDA also interacts with the MHLW with respect to
improvements in the safety of marketed products. Thus, the PMDA interacts
with the three divisions of the PFSB, indicated above in areas associated with
their specific functions, for example, the Evaluation and Licensing Division
with respect to approval, licence to manufacture and market, the Safety Division
with respect to drug safety, and the Compliance and Narcotics Division with
regard to manufacturing site inspections (31).

Administration of pharmaceuticals in Japan is governed by numerous
laws and regulations the most significant of which is the Pharmaceutical Affairs
Law (PAL), the object of which is to improve public health by regulations to
assure the quality and efficacy of drugs, quasi-drugs, cosmetics, and medical
devices. PAL is also concerned with the promotion of research and development
of drugs and medical devices that are particularly essential for health care (31).
Modern pharmaceutical legislation in Japan dates from 1889 with the Regula-
tions of Handling and Sales of Medicines; the PAL, of 1943, has been revised a
considerable number of times since the 1940s with the revision of 2002 being
concerned with safety considerations associated with the development of
biotechnology products, genomics, postmarketing surveillance, and revision of
the approval and licensing system (31).

Information concerning the regulation of pharmaceuticals and new drug
development in Japan is presented in the document Pharmaceutical Adminis-
tration and Regulations in Japan, which is updated annually by the English
Regulatory Information Task Force, International Affairs Committee of the
Japanese Pharmaceutical Manufacturers Association (JPMA) (31). This publica-
tion contains descriptions of the background to drug regulation, including the
structure, functions, and responsibilities of the various government departments
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and agencies, together with current practice of the regulatory agencies and
industry.

An overview of the regulations governing aspects of drug development in
Japan has been published by Labbé (32). The article presents an outline of the
organization of the Japanese health authorities, including the Pharmaceutical
Affairs Bureau and Central Pharmaceutical Affairs Council (CPAC) together
with the PAL, and an overview of the regulations governing drug development
and associated procedures for new drug approval and postapproval require-
ments are also addressed.

Development of Chiral Drugs

The MHLW has not issued specific guidance on the development of chiral drugs
but has nonetheless responded to the “enantiomer-versus-racemate” scientific
debate. The attitude of the MHLW, formerly the MHW, has been discussed in
two articles by Shindo and Caldwell published in the early and mid-1990s
(33,34). The second of these articles also includes the results of a survey on
stereochemical issues from the Japanese pharmaceutical industry. In a more
recent publication, Shimazawa et al. (35) reported an analysis of the stereo-
chemistry of drugs introduced in Japan between 1988 and 2002. These authors
also carried out a detailed examination of the stereochemical information pro-
vided in NDAs submitted between January 2001 and July 2003 using data
obtained from a review of the summaries provided in Module 2 of the CTDs.
The information and analysis presented not only provide an indication of the
change in attitude with respect to the development of chiral drugs over the time
period examined but also, as two of the four authors are affiliated to the PMDA,
a useful insight into the regulatory expectations.

The first specific reference to stereochemical issues in the Japanese
Requirements for Drug Manufacturing Approval was in 1985 with the addition
of a statement in the section on Test data concerning absorption, distribution,
metabolism and excretion to the effect that when the drug concerned is a racemate,
it is recommended to investigate the ADME of both enantiomers (33). Such a
requirement obviously necessitates enantiomeric resolution and characterization
of the properties of the individual enantiomers (36) or as a minimum the
development of stereospecific bioanalytical methodologies. The above statement
was subsequently extended in the following year with the additional require-
ments to include reference to the possibility of in vivo chiral inversion and
particularly for mixtures of diastereoisomers the requirement to investigate the
metabolism and disposition of each isomer and how each stereoisomer contrib-
utes to efficacy (33).

A second reference to chiral drugs was an amendment, published in 1989,
in the section on Data concerning physicochemical properties and standards and test
methods, which stated that, for mixtures of optical isomers, it is recommended
that chromatographic tests are performed in addition to optical rotation,
indicating the response of the MHLW to the developments with respect to
chiral stationary phases in HPLC (33).

In their second article concerning the development of chiral drugs in
Japan, Shindo and Caldwell (34) make reference to the Japanese Guidelines for
Nonclinical Pharmacokinetic Studies and the associated documentation of 1991,
which essentially restates the above points to the effect that when the drug is a
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racemate the recommendation is to investigate the ADME of each enantiomer,
which may be done by their individual administration or by stereospecific
analysis following administration of the racemate; that it is desirable to inves-
tigate isomeric interconversion; and that all studies are to be carried out at the
current academic research level (34). Further references to chiral drugs have
been found in the Japanese guidelines on establishing specifications for new
active substances issued in 1994. These indicate that consideration should be
given to the solvent used in a test for optical rotation and its effect on the result
explained, and second, that where the active ingredient is a single stereoisomer,
a method of discriminating between the enantiomers should be investigated and
the enantiomeric ratio determined. The ICH Topic Q6A specifications and tests
(see section “ICH Guidelines on Specifications and Tests”) was officially
implemented in Japan in 2001 (35).

Shindo and Caldwell noted in their 1995 article (34) that the Japanese
authorities have stated, unlike other regulatory bodies, that they will not publish
formal guidelines on the development of chiral drugs and this continues to be
the position as noted in the recent publication of Shimazawa et al. (35). How-
ever, while the brief official statements provide limited guidance on the inves-
tigation of chiral drugs, there is considerable correspondence on individual
cases either with individual applicants or pharmaceutical industry associations.

The Pharmaceutical Affairs and Food Sanitation Council (PAFSC), an
advisory body to the MHLW, reviews and addresses matters relating to
pharmaceuticals and was established by the merger of the CPAC and the
Food Sanitation Investigation Council. Questions and responses to the PAFSC,
and formally the CPAC, are published and provide insights into detailed
requirements for drug approval and offer interpretations of the official guide-
lines. Shindo and Caldwell (34) provide examples of some responses from
CPAC that indicate that the approval of a racemate is not precluded but that the
selection of a single stereoisomer for marketing should be based on a consid-
eration of the efficacy and toxicity of each enantiomer. Investigations should be
performed on enantiomeric composition, pharmacological effect, metabolism,
toxicity, in vivo interconversion, etc. following administration of the racemate
and individual enantiomers.

The recent analysis of chiral drug introductions reported by Shimazawa
et al. (35), on both single stereoisomers and racemates, using data from the
common CTDs includes information concerning manufacturing, quality, phar-
macology, toxicology, and pharmacokinetics. During the period under exami-
nation, January 2001 to July 2003, 76 new active ingredients were approved, of
these 29 were achiral, 37 single stereoisomers, including 14 compounds with a
single and 23 with multiple stereogenic centers as part of their structures, and
10 were racemates. The stereochemical composition of all ten racemates was
confirmed by optical rotation, nine by stereospecific HPLC and four by X-ray
analysis. The principle pharmacodynamic activity of the individual enantiomers
was investigated for all ten agents with only “minor” differences in activity
being reported for five, whereas four exhibited different “potencies,” the relative
magnitude of which was not reported but in three of the four cases the increase
in toxicity mirrored the increase in pharmacodynamic activity. In one instance
the toxicology of the single stereoisomer was similar to that of the racemate
and for the remaining compound the stereochemical differences depended on
the test system used but in vivo the differences were reported to be small
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Single-dose toxicity studies were carried out on the individual enantiomers of
seven of the racemates, of these three resulted in differences that were related to
the pharmacodynamic effects and the remaining four exhibited no differences.
Similarly pharmacokinetic investigations were carried out in animals and/or
man for nine compounds, data on both enantiomers being reported, and the
possibility of chiral inversion was investigated in six cases but not observed. No
stereochemical pharmacokinetic data was reported for one compound, which
was not named, and the lack of information was rationalized by the authors as
being due to the fact that the drug had been in common use throughout the
world for a number of years (35).

Of the 37 single stereoisomers examined, 29 were produced using optically
pure starting materials, 3 by asymmetric synthesis, and the remaining 5 by
resolution, 1 via chromatographic methods, and the remainder by crystalliza-
tion. The stereochemistry of 22 compounds was determined by X-ray crystal-
lography, 4 by comparison with authentic samples, and no data were provided
on the remaining 11 compounds. However, this latter result does not necessarily
mean that the authorities were not provided with any appropriate data but that
the information was not described/addressed in the summaries examined.
Specification of the stereochemistry was determined by optical rotation
(11 compounds), chromatography (2 compounds) or a combination of both
methods (11 compounds), and in 3 instances no specification method was
reported. Pharmacokinetic studies were obviously carried out for all compounds
examined but only in 12 instances an evaluation relating to chirality was included,
possible chiral inversion was examined in ten instances, only one of which
indicated inversion taking place in a single test species, and one other compound
indicated enantiomer-specific metabolism. Pharmacokinetic data relating to stereo-
chemistry were not reported for the remaining 25 compounds (35).

As pointed out above, ICH-Q6A was officially implemented in Japan in
July 2001; however, there was a transitional period from the previous guidelines
until July 2003. Thus the information on the compounds examined in the article
by Shimazawa et al. (35) is not subject to Q6A and the situation may have varied
slightly. However, applicants should have been prepared to follow Q6A require-
ments as step 4 was attained in 1999. From the above data analysis it is obvious
that the development of racemates is not precluded in Japan and it would
appear that in the majority of instances for which data was available the
regulatory requirements had not changed significantly from those outlined by
Shindo and Caldwell (34). It is however noteworthy that in the two and a half-
year period for which data were obtained, 37 single stereoisomers were
developed compared to 10 racemates and thus the trend in Japan is increasingly
toward single stereoisomers (see also section “Impact of Regulatory Guidelines
on Chiral Drug Development”).

While the Japanese guidelines do not present selection strategies for the
development of single stereoisomers or racemates, similarly to other regulatory
regions, sponsors are expected to provide scientific justification for the devel-
opment of a racemate. Obviously given the expenditure involved, the develop-
ment of pharmaceuticals is, of necessity, a global activity and the development
of chiral drugs in Japan is influenced by ICH and United States and EU
guidelines. Thus, although there is a lack of formal guidance in Japan, it is
apparent that there is a considerable degree of concordance with the regulatory
principles established elsewhere.
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IMPACT OF REGULATORY GUIDELINES ON CHIRAL DRUG
DEVELOPMENT

The global market for pharmaceuticals was estimated to be worth around
US$550 billion in the top 10 markets in the year June 2007 to June 2008 [United
States ~ $290, Europe (France, Germany, Italy, United Kingdom, Spain) ~ $150,
Japan ~ $64, and others, Canada, China, and Brazil ~ $48; figures expressed as
billions of U.S. dollars], which amounts to 78% of global sales. The contribution
of chiral drugs to these global sales is significant with 5 of the top 10 marketed
drugs being chiral, 4 as single stereoisomers, and 1 preparation being a combi-
nation of a single isomer and a racemate (Table 13.2); the total sales of these
agents accounting for 12% in the top 10 markets. However, the cost of research
and development in the industry has increased from ~$8.4 billion in 1990 to
~$48 billion resulting in an average cost of bringing a drug to market of
$1.3 billion (37). As a result of such costs there is obviously a need to optimize
the drug development process and there is considerable interest in the inves-
tigation of druggability and drug likeness—the likelihood of a compound
having the characteristics required for successful development (38)—drug prop-
erty profiles, and structural molecular complexity (39-41). The presence of
stereogenic or chiral centers in a molecule is known to contribute to their
selectivity of action and the removal of such features results in the introduction
of additional flexibility and frequently leads to a reduction in specificity and
activity (39). A recent extensive analysis of the progression of compounds from
discovery, through development phases 1, 2, and 3 to drugs has indicated the
significance of stereogenic centers in drug structure as molecules progress, the
fraction of compounds with a center of chirality increasing from ~50% in
discovery and phase 1, through ~60% in phase 2, to 64% in phase 3 and as
drugs (41). Thus, from the above financial and scientific considerations it is
apparent that the significance of drug chirality cannot be over emphasized. In
addition, advances in the chemical technologies associated with stereoselective
synthesis and stereospecific analysis have facilitated the pharmacological eval-
uation of the enantiomers of chiral drugs and resulted in an increasing aware-
ness of the potential significance of their biological properties. This increased

TABLE 13.2 Stereochemistry of the Top Ten Marketed Drugs Worldwide (2007-2008)

Drug Preparation ~ Nature Stereochemistry Sales (US$ billions)
Atorvastatin Lipitor Chiral Single isomer 13.8
Clopidogrel Plavix Chiral Single isomer 8.3
Esomeprazole Nexium Chiral Single isomer 7.7
Fluticasone & Salmeterol ~ Seretide?® Chiral Single isomer 7.5
Chiral Racemate
Etanercept Enbrel Biologic - 5.6
Quetiapine Seroquel Achiral - 5.1
Olanzapine Zyprexa Achiral - 5.1
Risperidone Risperdal Achiral - 5.0
Infliximab Remicade Biologic — 4.7
Montelukast Singulair Chiral Single isomer 4.6

2Marketed as a combination product of the single isomer of fluticasone and racemic salmeterol formulated as
either a dry powder for inhalation or an aerosol.
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awareness resulted in the regulatory guidelines and attitudes addressed pre-
viously and it is of interest to examine the impact of these guidelines in the
development of chiral drugs as either racemates or single stereoisomers.

Ariéns et al. (42) carried out an analysis of the stereochemistry of
1675 drugs from a compilation published in 1982. Of these agents, 1200 (72%)
were classified as synthetic, the remainder being designated as natural products
or semisynthetic (28%). Of the synthetic agents, 480 (29%) were chiral with 58
(~3.5%) and 422 (~25%) being marketed as single stereoisomers and racemates,
respectively, that is, 88% of the synthetic chiral agents were marketed as
racemates. From these figures it is obvious that drug chirality is not restricted
to particular therapeutic groups of drugs but is an across-the-board problem.
This extensive survey was the most comprehensive published at that time and,
in the present context, may be used as an indication of how the situation with
respect to chiral drugs has changed over the past two decades. Since the
publication of the Ariéns et al. survey, a number of authors have examined
the trends in chiral drug approvals by various regulatory authorities (33,34,43)
and used alternative reference sources for the analysis of chiral drugs (44). The
most recent of these surveys being the report by Shimazawa et al. (35) on an
analysis of the stereochemistry of drugs undergoing approval in Japan between
1988 and 2002 (Table 13.3).

Ariéns et al. (42) extended their original analysis by an examination of the
agents introduced over the period 1983 to 1985 using the “To market to market”
information in the series Annual Reports in Medicinal Chemistry published ini-
tially by Academic Press and more recently by Elsevier. During this three-year
period a total of 130 compounds were introduced, of which 91 were classified as
synthetic, 38 of which were chiral, just 2 (~5%) of which were marketed as
single isomers, the remaining 36 (~95%) being racemates. More recently Miller
and Ullrich (45) used the same information source to examine new drug
introductions in 2003 and 2004. Over this two-year period only one drug,
gemifloxacin, was marketed in the United States as a racemate in 2004, the
enantiomers being equipotent.

The most recent comprehensive survey of new drug introductions is that
carried out by Murakami (46) using mainly the “To market to market” infor-
mation over the twenty-year period 1985 to 2004, the data being analyzed in
four-year periods. During this period 754 new chemical and biological entities
were introduced of which 550 were classified as synthetic, of these 313 were
chiral with 137 (~44%) racemates and 167 (~53%) as single stereoisomers. A

TABLE 13.3 Chirality of New Drug Introductions in Japan Between 1988 and 2002

Time period Total Achiral (%) Racemates (%) Single stereoisomers (%)
1988-1990 81 27 (33) 26 (32) 28 (35)
1991-1993 76 23 (30) 26 (34) 27 (36)
1994-1996 66 25 (38) 19 (29) 22 (33)
1997-1999 69 23 (33) 12 (17) 34 (49)
2000-2002 63 21 (33) 7 (11) 35 (55)
1988-2002 355 119 (33.5) 90 (25.4) 146 (41.1)

Source: Adapted from information presented in Ref. 35.
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TABLE 13.4 Chirality of New Drug Introductions Between 1985 and 2004

Time period Total Synthetic Chiral Racemates (%)? Single stereoisomers (%)
1985-1988 204 146 76 50 (65.8) 24 (31.6)
1989-1992 141 104 58 32 (65.2) 1(36.2)
1993-1996 160 116 67 30 (44.8) 37 (55.2)
1997-2000 136 109 63 2 (34.9) 1 (65.0)
2001-2004 113 75 49 3 (6.1) 44 (89.8)
19852004 754 550 313 137 (43.8) 167 (53.4)

3The figures presented under Racemates and Single stereoisomers as a percentage of the total number of
chiral drugs do not add up to 100% (nor do the total numbers add up to those presented as Chiral) as in the
original analysis an additional classification was given as Diastereoisomers. However, from the data
presented, it is unclear if the compounds are single stereoisomers or diasterecisomeric mixtures and as
such these agents have not been included here. The total number of compounds classified as such over the
20-year period was 9 with a maximum number of 5 introduced between 1989 and 1992 with none between
1993 and 2000.

Source: Adapted from information presented in Ref. 46.

detailed analysis, divided into four-year periods, is presented in Table 13.4.
Interestingly, with the exception of the period 1993 to 1996 the total number of
introductions decreased, as did the number of synthetic agents, in each four-
year period. However, between 1989 and 2000 the total number of chiral
compounds as a fraction of the synthetic agents remained relatively constant,
between 56% and 58%, and increased to 65%, with only 3 racemates, compared
to 44 single stereoisomers being introduced between 2001 and 2004. This
situation is very similar to that in Japan where between 1988 and 2002, a total
of 355 compounds were approved, 41% of which were as single stereoisomers
and 25% racemates; the fraction of racemates decreasing from 32% to 11%
whereas the number of single stereoisomers increased, particularly from 1996, to
55% between 2000 and 2002 (35). Again, with the exception of the period 1997 to
1999, the number of new introductions decreased (Table 13.3).

This decrease in new drug approvals between 1985 and 2004, in the United
States at least, has continued, in 2008 the U.S. FDA CDER approved 21 new
molecular entities (NMEs) and 3 biologic licence applications, which was a
modest increase over the previous three-year period (47). Similarly in 2009, 19
and 6 NMEs and biologic applications were approved (48). Examination of the
stereochemical nature of the 21 NMEs introduced in 2008 indicates that the
trends indicated by the analysis of Murakami (46), together with the observa-
tions of Miller and Ullrich (45), have continued. Of the 21 agents approved by
the FDA CDER, 7 were achiral and 14 chiral, and of these only 2, desvenlafaxine
and tetrabenazine, were developed as racemates, the remaining 12 being single
stereoisomers. The corresponding figures for the 19 NMEs approved in 2009 are
achiral and racemates 5 of each, 7 single stereoisomers, an equal parts epimeric
mixture of the dihydrofolate reductase inhibitor pralatrexate, and coartem, a
mixture of the single isomer artemether and racemic lumefantrine (48). Similarly
in 2010, four achiral compounds, one racemate and nine single stereoisomers
were approved together with a combination oral contraceptive product consist-
ing of a mixture of the single stereoisomers of estradiol valerate and dienogest
(49) (Table 13.5).
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TABLE 13.5 Stereochemical Nature of FDA Approved New Molecular Entities between
2008 and 2010

Year (number  Achiral Racemate Single stereoisomer Others
of NME)
2008 (21) Etravirine Desvenlafaxine ~ Regadenoson
Bendamustine  Tetrabenazine Methylnaltrexone
lobeguane Alvimopan
Rufinamide Difluprednate
Eltrombopag Gadoxetate disodium
Fospropofol Clevidipine
Plerixafor Silodosin
Lacosamide
Fesoterodine
Tapentadol
Gadofosveset
Degarelix
2009 (19) Febuxostat Milnacipran Everolimus Artemether-
Benzyl alcohol  Tolvaptan Besifloxacin lumefantrine
lloperidone Prasugrel Bepotastine besilate (Coartem)
Dronedarone Asenapine Telavancin Pralatrexate
Pazopanib (RS,SR) Romidepsin
Vigabatrin Saxagliptin
Pitavastatin
2010 (15) Dalfampridine Alcaftadine Liraglutide Estradiol valerate—
Polidocanol Valaglucerase alfa dienogest (Natazia)
Fingolimed Carglumic acid
Dabigatran Cabazitaxel
Ulipristal
Lurasidone
Ceftaroline fosamil
Tesamorelin
Eribulin

Source: Data from Refs. 47—49.

An informal analysis of new chemical entities reviewed by the UK.
Commission of Human Medicines shows similar trends (Table 13.6): there has
been a decrease in overall numbers in the last 10- to 12-year period. Of 14
synthetic products assessed by MHRA in a two-year period 20082010, there
were 7 achiral and 7 chiral molecules. Three of the latter were racemates and
four were single enantiomers. Racemic mixtures were generally justified by
equivalent pharmacodynamic and pharmacokinetic properties. The proportions
are similar to the period 1996-1998 (43), but lower than in 1998-2000 when there
was a much higher proportion of single stereoisomers. It should be noted that
these figures do not represent all drugs finally marketed in the United Kingdom
as they may not have reached final approval or may have been assessed only by
other member states.

From the figures presented above, and the data presented in Tables 13.3
and 13.4, it is obvious that not only is the number of drug introductions
decreasing but also that the number of single stereoisomers compared to
racemic mixtures is increasing. When the figures presented in Tables 13.3 and
13.4 are considered in relation to the current timescales for drug development, it
is also apparent that the pharmaceutical industry was taking the developing
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TABLE 13.6 NCEs Assessed in United Kingdom
NCEs assessed by NCEs assessed by NCEs assessed by

MCA 1996-1998 MCA 1998-2000 MHRA 2008-2010
Natural/Semisynthetic 14 6 4
Racemate 1 0 0
Single enantiomer 12 5 4
Achiral 1 1 0
Synthetic 48 27 14
Racemate 11 3 3
(41%) (19%) (43%)
Single enantiomer 16 13 4
(59%) (81%) (57%)
Achiral 21 11 7
Total synthetic and 62 33 18

natural/semisynthetic

stereochemical technologies into account and anticipating the regulatory guide-
lines of the early 1990s. The latter point is obvious as a result of the number of
conferences and articles in both the serious (50-55) and popular scientific press
in the late 1980s and early 1990s (56-58). This situation is readily illustrated by
an examination of the timescales associated with the development of single
stereoisomers of two drugs, one marketed originally as a single stereoisomer
and another that has undergone the chiral switch process.

The initial synthesis of the racemic proton pump inhibitor omeprazole was
achieved in 1979 with the launch of the racemate in 1988 and 1990 in Europe and
the United States, respectively (59). However, the first analytical scale resolution
of omeprazole was achieved in 1984 and the project, which led to the develop-
ment of the single stereoisomer esomeprazole, and ultimately resulted in the
marketing of the drug in 2000, was started in 1987 (59,60).

The selective serotonin reuptake inhibitor sertraline was originally mar-
keted as a single stereoisomer. Sertraline contains two stereogenic centers in its
structure and examination of the in vitro pharmacological activity of the
stereoisomers indicated that the trans-(+)-1R,4S-stereoisomer was the most
potent compound with respect to inhibition of biogenic amine uptake, but
that the cis-(+)-1S,45-isomer offers the greatest selectivity and the latter com-
pound was selected for development and ultimately marketed as sertraline
(Table 13.7) (61,62).

TABLE 13.7 Selectivity of the Stereoisomers of Sertraline for the Inhibition of Biogenic
Amine Uptake

Inhibitory concentration (ICso, pM)

Stereoisomer Serotonin Dopamine Noradrenaline
trans-(+)-1R,4S 0.033 0.033 0.011
trans-(-)-1S,4R 0.45 0.23 0.050
cis-(+)-15,45° 0.06 1.1 1.2
cis-(-)-1R4R 0.46 0.29 0.38

2Sertraline is the cis-(+)-185,4S-stereoisomer.
Source: Data from Ref. 61.



REGULATORY PERSPECTIVE 269

N

0 \ NHCH,
cl
SMB
o]
e.e 99.7%
yield 98.4%
‘ o O
cl

Cl
Cl
(R,S)-Tetralone

FIGURE 13.5 Combination of simulated moving bed (SMB) technology and synthetic
approaches for the synthesis of sertraline.
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The original methodology involved the synthesis of the racemate, which
was subsequently resolved using D-mandelic acid. This approach was used to
produce sufficient material for the initial toxicological evaluation and clinical
investigation, and was patented in 1985 (62,63). However, in order to produce
commercial-scale quantities of the required stereoisomer, a number of possible
approaches were evaluated and ultimately the application of SMB technology
for the resolution of a chiral synthetic intermediate followed by additional
synthetic chemistry was adopted (Fig. 13.5). The patent for the preparation of
the intermediate was published in 2002 (61).

The development of single stereoisomers from previously marketed race-
mates, the chiral switch, both in terms of commercial advantage and possible
retention of market share of high-earning blockbuster drugs near to patent
expiration was also apparent relatively early following the expression of regu-
latory interest. Such developments have been the focus of some criticism
directed toward a number of compounds (2,3). However, the development
and reevaluation of single isomers from previously market racemates is not
entirely without risk, for example, the hepatotoxicity of the B-adrenoceptor
dilevalol, the R,R-stereoisomer of the combined o,B-adrenoceptor antagonist
labetalol (64,65); the disappointing results of the SWORD trial (Survival With
ORal p-sotalol) with (+)-sotalol (66); and the adverse cardiac effects observed on
the evaluation of (R)-fluoxetine (67,68). Such “failures” are not without financial
risk; for example, it has been reported that the research and development costs
of dilevalol were $100 million (64). Similarly, the termination of the development
of (R)-fluoxetine resulted in a considerable reduction in the stock value of
Sepracor (68). However, in comparison to the costs outlined above associated
with the development of new drugs such financial risks are obviously worth
serious consideration.
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CONCLUDING COMMENT

In this chapter an attempt has been made to provide an overview of the
background and current position with respect to the regulations associated
with the development of chiral drugs. Since the renewed interest in drug
stereochemistry in the mid-1980s, the development of stereochemical technolo-
gies and the greater appreciation of the significance of stereochemical consid-
erations in clinical pharmacology, the number of single stereoisomeric drugs
has increased considerably. The initial discussions in the “enantiomer-versus-
racemate” argument resulted in considerable debate which, in some instances,
became somewhat “heated.” There are now similar discussions concerned with
the relative merits, in therapeutic terms, of a number of agents that have
undergone the chiral switch process. However, as a result of the developments
in technology the argument has moved to a different level.

The issues, considerations, and requirements associated with the regula-
tion of chiral drugs are now well established. Additionally, the synthetic and
analytical methodologies involved in the production and characterization of
single isomer chiral compounds are now well understood and advancing at such
a pace that the technical challenges of the 1980s are not so daunting. In the future
the development of single stereoisomers will increase and racemates will con-
tinue to require justification, older racemates will continue to be reevaluated, in
some instances for purely academic interest, and possibly be reintroduced as
single stereoisomers with “cleaner” pharmacological profiles, and in some
instances new indications ultimately resulting in therapeutic benefit.
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Molecular analysis of agonist
stereoisomers at B,-adrenoceptors

Roland Seifert and Stefan Dove

BxAR-MEDIATED SIGNAL TRANSDUCTION

Bx-adrenergic receptors (BxARs) are prototypical G-protein-coupled receptors
(GPCRs), that is, receptors that possess seven transmembrane (TM) domains,
three extracellular and three intracellular loops with the N-terminus being
localized extracellularly and the C-terminus being localized intracellularly
(1-3). GPCRs interact with heterotrimeric G-proteins that act as signal trans-
ducers to regulate the activity of cellular effector systems (4,5). There are three
BLAR subtypes, referred to as B;AR, B,AR, and P3AR (1,6). The B;AR is
predominantly localized in the heart to mediate positive inotropic, chronotropic,
and dromotropic effects, while the B,AR is broadly expressed (1,6). Activation of
B,ARs with selective agonists is of relevance for the treatment of bronchial
asthma and preterm labor and potentially for the treatment of heart failure
(7-10). The B3AR is mainly expressed in fat cells and mediates lipolysis.

The G-protein cycle exemplified for the B,AR (11) is shown in Figure 14.1.
Binding of an agonist to the P,AR induces a conformational change in the
receptor. The agonist-bound B,AR then interacts with the GDP-liganded G,-
protein (stimulatory G-protein of adenylyl cyclase). The Gs-protein consists of
three subunits, that is, the name-giving G, subunit as well as a - and y-subunit
that form a tight complex under physiological conditions (4,5). The agonist-
bound B,AR promotes dissociation of GDP from G,,, that is, the receptor acts as
guanine nucleotide exchange factor (GEF). Subsequently, a ternary complex
consisting of agonist, fAR and nucleotide-free G-protein forms (11). This
complex possesses high agonist affinity and facilitates the binding of GTP to
Gsy. GTP-binding to G, causes a substantial conformational change in this
G-protein subunit, resulting in the disruption of the ternary complex and
dissociation of the Gs-protein heterotrimer into G, and the By-complex. GTP-
bound G, activates the effector protein adenylyl cyclase (AC). AC catalyzes the
conversion of ATP into the second messenger cAMP that subsequently activates
downstream proteins such as cAMP-dependent protein kinase and cAMP-
regulated cation channels. Termination of Gg-protein activation is achieved by
the GTPase activity of G, cleaving GTP into GDP and inorganic phosphate (P;).
GDP-bound G, and the By-complex reassociate, closing the G-protein cycle. All
BxARs couple to Gs-proteins. Additionally, the B,AR can also couple to inhib-
itory G-protein of adenylyl cyclase (G;-proteins), resulting in activation of the
mitogen-activated protein kinase pathway (12-14).

Methods have been developed to assess various steps of the G-protein
cycle. The corresponding experimental protocols are described in detail else-
where (11) and are, therefore, only briefly mentioned in this chapter. In intact
cells, cCAMP formation or the analysis of distal cAMP-dependent cell functions
including gene expression can be assessed. In membrane preparations, allowing
for the effective manipulation of the experimental conditions, the direct analysis
of GDP dissociation is not feasible in most systems. In the absence of GTP, the
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FIGURE 14.1 B,AR-Gg-protein coupling. The G-protein activation/deactivation cycle is
depicted. The numbers designate the individual steps of the cycle. 1, Agonist-catalyzed GDP
dissociation. 2, Ternary complex formation (high-affinity agonist binding). 3, GTP binding with
subsequent disruption of the ternary complex and dissociation of the G-protein subunits into Gg,-
GTP and the By-complex. 4, AC activation. 5, GTP hydrolysis. 6, Re-association of G-protein
subunits.

ternary complex can be assessed in radioligand binding studies by determining
high-affinity agonist binding. A prerequisite for such studies is that the system
studied possesses a sufficiently large G-protein concentration or close GPCR/
G-protein proximity. In general, high-affinity agonist binding is GTP sensitive,
that is, GTP abrogates high-affinity binding. The binding of GTP to G, can be
monitored by using the high-affinity ligand [*°SIGTPYS (guanosine 5'-[y-thio]
triphosphate) that is resistant to cleavage by the GTPase. The assessment of
AC activity is a classic readout for determining B AR-G; interaction and uses
[0->*P]ATP as substrate with subsequent solid phase separation of [o-*P]JATP
and the formed [**P]JcAMP. In systems with sufficiently tight receptor/G-pro-
tein coupling, the B AR-stimulated steady-state high-affinity GTPase activity
can be determined. The advantage of this assay is that it monitors ligand/
receptor interactions at a very proximal level, avoiding bias in data interpreta-
tion caused by the limited availability of AC molecules (15).

MODELS OF RECEPTOR ACTIVATION

Over the past decades, several models of GPCR activation have been developed
and discussed elsewhere in substantial detail (16-21). For the purposes of this
chapter, the two-state model versus the multistate model will be briefly
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FIGURE 14.2 Models of receptor activation. (A) Two-state model of receptor activation
assuming isomerization of the receptor from an inactive (R) state to an active (R*) state.
(B) Multiple-state model assuming the existence of multiple (1-n) agonist-selective conformations
that differ from each other in their efficacy at activating various downstream G-proteins and
effectors. Abbreviations: G, G-protein; E, effector.

discussed. In the two-state model, it is assumed that receptors exist in two
different states, that is, an inactive (R) state and an active (R*) state (Fig. 14.2A).
Agonists stabilize the R* state and, thereby, promote G-protein and effector
activation. The two-state model is particularly useful for explaining the agonist
independent, that is, constitutive receptor activation (21). Specifically, in the
two-state model it is assumed that receptors undergo R/R* isomerization not
only in the presence of an agonist but also in the absence of an agonist. This
constitutive R/R* isomerization gives rise to a basal G-protein and effector
activity and has been observed for many wild-type GPCRs including the f,AR
(21). Inverse agonists are counterparts of agonists and stabilize the R state of
GPCRs, thereby reducing basal G-protein and effector activity. Partial agonists
are less effective than agonists at stabilizing the R* state, whereas partial inverse
agonists are less effective than full inverse agonists at stabilizing the R state.
Neutral antagonists do not alter the equilibrium between R and R* and,
accordingly, do not change basal G-protein and effector activity.
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FIGURE 14.3 Constitutive activity of wild-type BoAR and a constitutively active f,AR mutant.
(A) The B2AR exhibits significant constitutive activity. (B) The B2ARcam mutant possesses an
increased constitutive activity compared to the wild-type B-AR, that is, the equilibrium between R
and R* is shifted toward R*. This change in equilibrium results in higher basal G-protein activity,
increased inverse agonist efficacy, increased partial agonist efficacy, and increased agonist-
affinity and agonist potency in functional assays. (C) Location of the four amino acid exchanges
in B2ARcam in the C-terminal end of the third intracellular loop.

Although constitutive activity is a property of several wild-type GPCRs,
this physiological constitutive activity can be further enhanced by mutations
(21). This concept for the P,AR is illustrated in Figure 14.3. The B,AR is a
prototypical wild-type GPCR exhibiting constitutive activity (Fig. 14.3A). In a
constitutively active mutant of the B,AR, referred to as BrARcam (15), this
constitutive activity is increased, resulting in a shift of the R/R* equilibrium
toward R* (Fig. 14.3B). An important manifestation of this change in the R/R*
equilibrium is an increased basal G-protein activity and increased inverse
agonist efficacy at the P,ARcam mutant (15). The structural basis for the
increased constitutive activity in the B,ARcapm mutant is an exchange of four
amino acids in the C-terminal portion of the third intracellular loop of the f,AR
(Fig. 14.30).

While the two-state model is very useful at explaining basic concepts of
receptor activation and constitutive activity, this model cannot explain all
experimental observations. Specifically, over the past 15 years, pharmacological,
biochemical, and biophysical studies revealed that numerous agonists at several
receptors actually exhibit multiple efficacies that depend on the particular
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G-protein and effector examined (16-21). Accordingly, a multiple-state model
has been postulated (Fig. 14.2B). This model assumes that many ligands stabilize
unique and ligand-specific receptor conformations that exhibit different effica-
cies at activating downstream G-proteins and effectors. This concept is also
referred to as “functional selectivity” and offers numerous opportunities for
drug development, that is, ligands that exhibit unique profiles at stimulating a
subset of possible cellular responses.

OVERVIEW ON THE INTERACTION OF AGONIST

STEREOISOMERS WITH BxARs

The endogenous ligands for B,ARs are the neurotransmitter norepinephrine and
the hormone epinephrine. Chemically, norepinephrine and epinephrine are
catecholamines that bear an asymmetric carbon atom, that is, they are chiral
compounds. Because of stability problems, light sensitivity and very limited
receptor subtype selectivity among «-adrenoceptors and BARs, in most exper-
imental studies, the epinephrine derivative isoproterenol is used. Isoproterenol
possesses selectivity for ByARs relative to a-adrenoceptors. Like epinephrine
and norepinephrine, isoproterenol bears an asymmetric carbon atom (the
B-carbon atom), and accordingly, two isoproterenol stereoisomers, that is,
(—)-(R)-isoproterenol and (+)-(S)-isoproterenol, exist (Fig. 14.4). The nomencla-
ture of stereoisomers is being dealt with in chapter 2 of this book. Isoproterenol
isomers should be referred to as (—)-(R)-isoproterenol and (4)-(S)-isoproterenol,
but this recommendation is actually not generally followed in the literature.
Specifically, (—)-(R)-isoproterenol is also termed (—)-isoproterenol, [-isoproterenol,
(L)-isoproterenol or (R)-isoproterenol. Conversely, (+)-(S)-isoproterenol is also
referred to as (4)-isoproterenol, d-isoproterenol, (p)-isoproterenol, or (S)-isopro-
terenol. Evidently, the very inconsistent use of the isoproterenol stereoisomer
nomenclature in the literature (15,22-24) is confusing for the nonexpert and has
also lead to apparent mix-up of stereoisomers in publications (25).

It has been known for a century that (—)-(R)-stereoisomers of epinephrine
and norepinephrine possess a higher potency in biological systems than the
corresponding (+)-(5)-stereoisomers (26). The (—)-(R)-stereoisomers of catechol-
amines are, according to a suggestion by E. J. Ariéns, referred to as the
“pharmacologically active” eutomers, and the (+)-(S)-stereoisomers as “phar-
macologically inactive” distomers. However, while these definitions of the
terms “eutomer” and “distomer” are commonly used in the literature (22,27),

H H
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(-)-R-Isoproterenol (+)-S-Isoproterenol

FIGURE 14.4 Structures of isoproterenol stereoisomers. Shown are the structures of the
pharmacologically more potent “eutomer” (—)-(R)-isoproterenol and the pharmacologically less
potent “distomer” (+)-(S)-isoproterenol. The B-carbon atom bearing a hydroxyl group critically
involved in hydrogen bonding with the B,AR (see Fig. 14.9) constitutes the chirality center.
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the terms are actually obscuring rather than clarifying issues. Specifically, in
several biological systems, the distomers exhibit important biological effects
(14,15,28,29).

Patil et al. (30) have presented an excellent overview on chiral adreno-
ceptor ligands in general. Here, we will focus on stereoisomer agonists at xARs,
specifically the f,AR. Experiments with intact rat heart atrium, expressing B;AR,
and rat uterus, expressing B,AR, revealed that (—)-(R)-isoproterenol is about
1000-fold more potent at eliciting functional responses than (+)-(S)-isoproter-
enol (31). Both isoproterenol stereoisomers are similarly efficacious agonists in
both these systems. Thus, this example illustrates that the original definition by
E. ]J. Ariéns of the term eutomer as pharmacologically active compound and the
distomer as pharmacologically inactive compound is misleading. It is more
correct to designate the eutomer as the “more potent” stereoisomer, and the
distomer as the “less potent” stereoisomer. Similarly, at the turkey BAR in
erythrocyte membranes, (—)-(R)-isoproterenol is about 1000-fold more potent
than (4)-(S)-isoproterenol, but also a full agonist with regard to AC activation
(32). At the purified turkey erythrocyte BAR reconstituted with G in phospho-
lipid vesicles, (—)-(R)-isoproterenol is about 100-fold more potent than (+)-(S)-
isoproterenol (33). Since in the latter study, the concentration-response curve for
(-H)-(S)-isoproterenol was not extended to saturation, a statement about efficacy
differences between the stereoisomers cannot be made. However, from the studies
with the turkey PBAR (32,33), it is clear that the affinity of PARs for ligand
stereoisomers is not an invariable property but a property that depends on the
specific experimental conditions.

At the recombinant human B,AR expressed in human embryonic HEK293
cells, (—)-(R)-isoproterenol possesses about 40-fold higher affinity than (+)-(S)-
isoproterenol (34). The potency difference between the two stereoisomers with
respect to AC activation is about 140-fold. Most intriguingly and in contrast to
observations made for the turkey BAR (31,32), (4)-(S)-isoproterenol is clearly
only a partial agonist at the human B,AR expressed in Chinese hamster ovary
(CHO) cells (34). These findings indicate that the two isoproterenol stereo-
isomers do not only differ from each other in potency and affinity but that they
actually stabilize distinct B,AR conformations. It is noteworthy that for the
(—)-(R)- and (+)-(S)-stereoisomers of epinephrine and norepinephrine, similar
differences in efficacy were observed as for isoproterenol stereoisomers (30).

So far, little is known about the molecular basis for the differential interac-
tion of isoproterenol stereoisomers with B,ARs. At the human B,AR, the exchange
of Asn-293 against Leu-293 reduces the isoproterenol stereoselectivity of the
receptor from 38-fold to 6-fold in terms of affinity and to 13-fold in terms of
potency for AC activation (34). However, the reasonable hypothesis that the
mutation abrogates a hydrogen bond between Asn-293 and the B-hydroxyl group
of agonistic phenethanolamines (34) has not been verified by the recently resolved
structures of B,ARs (see below).

Isoproterenol is a nonselective BAR agonist. Hence, its clinical use is very
limited. In marked contrast, selective B,AR agonists are of substantial clinical
importance for short-term and long-term treatment of asthma and prevention of
premature labor (8,9). Most interestingly, recent data indicate that selective
B.AR agonists may be beneficial drugs in the treatment of heart failure,
complementing the well-established usefulness of ;AR antagonists (10). Intri-
guingly, clinically used B,AR agonists such as clenbuterol, albuterol, fenoterol,
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and formoterol are also stereoisomeric compounds (28,29,35-37). The clinically
used drugs are actually racemic mixtures of the stereoisomers and there is an
ongoing and still unresolved discussion whether or not the pure eutomer
possesses any advantages compared to the racemic mixture (8,9).

Importantly, the differences between stereoisomers of B,AR agonists go
well beyond differences in potency and moderate differences in efficacy. For
example, the pharmacologically active eutomer (R)-albuterol acts, expectedly,
as B,AR agonist and exhibits beneficial anti-inflammatory effects in asthma
(28,29). In contrast, the distomer (S)-albuterol is not simply pharmacologically
inactive but, rather, the compound exhibits undesired proinflammatory
effects. The molecular basis for the adverse effects of (S)-albuterol is as yet
unknown but it has been hypothesized that (S)-albuterol may either act as
inverse B,AR agonist (Fig. 14.3) or muscarinic receptor agonist (28,29). How-
ever, evidence for or against either hypothesis is not yet available since studies
with (S)-albuterol and recombinant P,AR or muscarinic receptors are still
missing. This is an important issue since in native cell systems, it cannot be
excluded that differences in metabolism account for the differential pharma-
cological effects of the ligand stereoisomers. Specifically, it is well known that
various catecholamine-metabolizing enzymes exhibit marked selectivity for
catecholamine stereoisomers (22,36).

The pharmacological effects of fenoterol stereoisomers are particularly
intriguing. Fenoterol possesses two asymmetric carbon atoms, that is, there are
four stereoisomers, referred to as (R,R)-, (R,S)-, (S,R)-, and (S,S)-fenoterol (37).
The effects of fenoterol have been particularly well studied in cardiomyocytes.
In isolated rat cardiomyocytes, the f,AR activates both G.- and G;-proteins
as assessed by the enhancing effects of pertussis toxin, uncoupling GPCRs from
G;-proteins (4,5), on positive inotropic responses induced by B,AR agonists such
as albuterol and zinterol (12,13). Noteworthy, the responses to fenoterol were
not enhanced by pertussis toxin, indicating that this ligand may stabilize a
specific AR conformation (13). However, those early studies had been per-
formed with racemic fenoterol but not with purified fenoterol stereoisomers. A
seminal follow-up study then revealed that fenoterol stereoisomers actually
differentially activate Gs- and Gi-proteins (14). Specifically, the more potent
eutomer (R,R)-fenoterol activates only Gs-proteins, whereas the less potent
distomer (S,R)-fenoterol is less efficient than (R,R)-fenoterol at activating
G-proteins but quite efficient at stimulating G;-proteins. This is a very striking
example how misleading the terms eutomer and distomer are, since in the
cardiomyocyte system, the so-called distomer exhibits actually more interesting
pharmacological effects than the eutomer. These data indicate that (R,R)-
fenoterol and (S,R)-fenoterol stabilize distinct active f,AR conformations with
different efficacies at activating G- and Gi-proteins and, thereby, show func-
tional selectivity. However, relatively few studies have been performed with
defined agonist stereoisomers using recombinant B,ARs. Such studies would be
most important in order to exclude contributions of other receptors than B, ARs
and differences in metabolism to the different pharmacological effects of ligand
stereoisomers.

Therefore, a suitable recombinant expression system was characterized
that would allow for the systematic analysis of agonist (and inverse agonist)
stereoisomers at B ARs. The system described below can be readily imple-
mented in any modern pharmacological laboratory and does not require highly
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specialized expertise such as receptor purification skills or sophisticated instru-
ments such as ultrasensitive fluorescence spectroscopy equipment for monitor-
ing conformational changes.

BxAR-Gs, FUSION PROTEINS AS MODEL SYSTEMS FOR THE

ANALYSIS OF LIGAND STEREOISOMERS

The GPCR-Gu fusion protein technique was originally introduced by Bertin et
al. (38) and subsequently developed by several laboratories including the group
of Milligan (39) and the Seifert (40). In GPCR-Goa fusion proteins, through
recombinant DNA technology (41), the open reading frame of a GPCR is directly
connected to the open reading frame of the Go subunit. The fusion proteins are
efficiently translocated to the plasma membrane, folded properly and function-
ally active.

In the laboratory of the Seifert group, all fusion proteins are N-terminally
tagged with a FLAG epitope, and the proteins also contain a 6His tag between
the GPCR C-terminus and the Ga N-terminus. Fusion proteins of the human
B1AR and B,AR were constructed with both the short and long splice variants of
Gg,, (41). The two-dimensional structure of B,AR-Gg, fusion proteins is shown
schematically in Figure 14.5. Moreover, a fusion protein of the BpARcaym mutant
with the long splice variant of Gy, was prepared (15). The epitope tags are very
useful for sensitive immunological detection of fusion proteins, enhance stability
of the proteins, and could also be used for protein purification. There is no
evidence that the epitope tags interfere with the pharmacological properties of
the receptors.
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FIGURE 14.5 Structure of the B,AR-Gg, fusion protein used for studies with isoproterenol
stereoisomers. The N-terminus of the B,AR is tagged with the FLAG epitope. The C-terminus of
the BoAR is tagged with a 6His tag and is linked to the N-terminus of Gg,. Gs, and the B,AR are
palmitoylated. Acylation is important for membrane attachment of proteins. The covalent link
between B,AR and Gg, ensures close proximity between the signaling partners and prevents Gg,,
dissociation from the membrane. The fusion protein can interact with the By-complex.
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As expression system, the Sf9 insect cell /baculovirus system (11), which has
several advantages, was used. First, the insect cells can be readily grown in large
quantities using suspension cultures, and accordingly, large protein quantities can
be obtained. Second, the expression levels of fusion proteins achievable in Sf9 cells
are high; that is, they reach 5 to 10 pmol/mg of membrane protein. Third, Sf9 cells
are essentially devoid of endogenous GPCRs, providing an excellent signal-to-
noise ratio for the analysis of mammalian receptor/G-protein coupling. Fourth, an
endogenous insect cell AC coupling well to mammalian G, can be used as distal
readout. Fifth, unlike in bacterial expression systems, GPCRs are posttranslation-
ally modified in Sf9 cells, which process is important for proper receptor function.
Sixth, frozen Sf9 insect cell membranes can be stored for extended periods of time
(several years) at —80°C without substantial loss of biological activity. Seventh, the
fusion protein technique allows the generation of various receptor/Gao. couples in
a defined 1:1 stoichiometry, allowing for the comparison of the coupling efficiency
of a given receptor to various G-proteins under defined experimental conditions
(40). Last but not least, the fusion protein technique ensures close proximity of
receptor and Go, enhancing coupling efficiency and, thereby, signal intensity. This
is particularly true for GPCR-Gg, fusion proteins since Gg,, unlike G;,, dissociates
from the plasma membrane following activation, with the fusion preventing this
process (40). In aggregate, all these properties facilitate the analysis of ligand-
specific GPCR conformations.

The pharmacological properties of several B AR-G, fusion proteins have
been analyzed using ternary complex formation, the steady-state high-affinity
GTPase assay, the GTPyS binding assay, and the AC assay as readout (15,42,43).
To this end, multiple pairs of ligand stereoisomers in these systems have not yet
been systematically examined although B, AR-Gs, fusion proteins are certainly
very well suited for such studies. The reason for this incomplete analysis is
twofold. First, many stereoisomer pairs are not readily available to the scientific
community, that is, many companies offer only racemic mixtures of ligands or
the eutomer in their catalogs. Second, until very recently (7,14), it was not
apparent how important the systematic analysis of multiple pairs of ligand
stereoisomers is in terms of enhancing knowledge on mechanisms of receptor
activation and identifying ligands that stabilize unique receptor conformations
and induce distinct G-protein and effector activation patterns. Thus, in the
following, it is pertinent to review studies on (—)-(R)-isoproterenol and (+)-(5)-
isoproterenol. Although these studies, for the reasons stated above, are far from
exhaustive, they are nonetheless very useful at illustrating the sensitivity of the
Sf9 insect cell system and providing a paradigm for future studies addressing
the stereoisomer issue.

ANALYSIS OF THE INTERACTION OF (-)-(R)-ISOPROTERENOL

AND (+)-(S)-ISOPROTERENOL WITH B,AR AND B>ARcam

Radioligand competition binding studies (step 2 in Fig. 14.1), high-affinity GTPase
experiments (step 5 in Fig. 14.1), and AC experiments were conducted in the
presence of various nucleoside 5'-triphosphates, that is, guanosine 5'-triphosphate
(GTP), inosine 5'-triphosphate (ITP), and xanthosine 5'-triphosphate (XTP). The
competition binding isotherms for (—)-(R)-isoproterenol and (+)-(5)-isoproterenol
at BoAR-G,, and BrARcam-Gsy is shown in Figure 14.6, and the corresponding
results of the nonlinear regression analysis are shown in Table 14.1. At



MOLECULAR ANALYSIS OF AGONIST STEREOISOMERS 283

100+

(A)

754

504
—e— control

| cTPys

BZAR'Gsoc

(©)

[PHIDHA bound (% of basal)
g
1

B2ARcAM-Gso
1 -9 -7 -5 -3 -10 -8 -6 -4 -2
(=)-R-ISO (log M) (+)-S-1SO

04 B2ARcAm-Gs.,

FIGURE 14.6 Competition binding isotherms for (—)-(R)-isoproterenol and (+)-(S)-isoproter-
enol at BoAR-Gg, and BoARcam-Gs, expressed in Sf9 insect cell membranes. The antagonist
radioligand [*H]dihydroalprenolol (1 nM) was bound to B,AR-Gg, and PoARcam-Gs, fusion
proteins expressed in Sf9 insect cells as described. (—)-(R)-Isoproterenol and (+)-(S)-isoproter-
enol were added at increasing concentrations to compete with the radioligand. Assays were
conducted either in the absence of a guanine nucleotide (control, e) or in the presence of 10 uM
GTPyS (Q). Data are the means + SD of four to seven independent experiments performed in
triplicate and taken from Ref. 15. Data were analyzed by nonlinear regression for best fit to one-
site or two-site binding. Abbreviation: 1SO, isoproterenol.

TABLE 14.1 Binding Properties of (—)-(R)-Isoproterenol and (-+)-(S)-Isoproterenol at
BzAR-GSOC and BzARCAm'GsOC

Khateys
Ligand Ky (nM) K; (nM) Rn (%) (nM) Kigtpss (NM)  Rngres (%)
B2AR-Gsot
(-)-(R)-ISO 1.0+ 0.6 100 + 38 443 +38 - 190 + 20 -
(1SS0 17+4.0 3400+310 38.9+44 - 4,300 + 500 -
B2ARcam-Gis.
(-)-(R)-IsO 0.2+ 0.1 3.8+ 1.3 354+40 20+1.0 13+ 22 65.5 + 8.9
(+)-(S)-1sO 38+1.0 75+13 56.1 £53 - 135 + 21 -

The antagonist radioligand [®H]dihydroalprenolol (1 nM) was bound to ,AR-Gs, and B,ARcam-Gs, fusion
proteins expressed in Sf9 insect cells as described. (—)-(R)-isoproterenol and (+)-(S)-isoproterenol were
added at increasing concentrations to compete with the radioligand. Assays were conducted either in the
absence of a guanine nucleotide or in the presence of 10 uM GTPyS. Data shown in Figure 14.6 were
analyzed by nonlinear regression for best fit to one-site or two-site binding and were taken from Ref. 15. Data
are the means +SD of four to seven independent experiments performed in triplicate. Ki, and K| designate the
dissociation constants for high- and low-affinity agonist binding, respectively. %R, represents the percentage
of receptors displaying high agonist affinity. The corresponding values in the presence of GTPyS are referred
to as Knatpys, KiaTeys, and %hRhateys-
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BoAR-Gq,, (—)-(R)-isoproterenol and (+)-(S)-isoproterenol inhibited binding of the
antagonist [’H]-dihydroalprenolol according to biphasic isotherms. The fraction of
high-affinity binding sites (ternary complexes) for both ligands amounted to 40%
to 45%, and (+)-(S)-isoproterenol exhibited 17-fold lower affinity for the p,AR
than (—)-(R)-isoproterenol. The addition of the hydrolysis-resistant GTP analog
GTPyS disrupted the ternary complexes with both ligands at B,AR and shifted the
inhibition isotherm to the right. Moreover, the competition isotherm became
monophasic instead of biphasic. Under the GTPyS conditions, (—)-(R)-isoproter-
enol showed a 23-fold higher affinity for the B,AR than (+)-(S)-isoproterenol.

A consequence of the shift of the equilibrium between R and R* toward R* in
B2ARcaMm is an increase in agonist-affinity /potency and partial agonist efficacy
(15). Accordingly, in PoARcam-Gsy, the K; values for high-affinity binding of (—)-
(R)-isoproterenol and (+)-(S)-isoproterenol at B,ARcan were decreased four- to
fivefold relative to B,AR (Fig. 14.6 and Table 14.1). Noteworthy, the distomer (+)-
(S)-isoproterenol was more efficacious at stabilizing ternary complex (56% of the
BoARcam population) than the eutomer (—)-(R)-isoproterenol (35% of the B,ARcam
population). Even more intriguingly, GTPyS was much less effective at disrupting
ternary complex formation at B,ARcam than at foAR. Specifically, at BoARcam,
GTPyS induced only smaller right-shifts of the competition binding isotherms than
at BoAR, and the isotherm for (—)-(R)-isoproterenol was still biphasic, that is, in the
presence of GTPYS, 65% of the (—)-(R)-isoproterenol binding sites were in a high-
affinity state. The small GTPyS shift for (+)-(S)-isoproterenol at B,ARcan indicates
partially preserved high-affinity binding that is, however, not evident by a biphasic
competition isotherm.

In the next step, how these differences in ternary complex formation
translate into guanine nucleotide exchange as assessed by steady-state GTPase
activity were examined (Fig. 14.7). At B,AR, (—)-(R)-isoproterenol activated
GTP hydrolysis with 10-fold higher potency than (+)-(S)-isoproterenol
and both stereoisomers were full agonists. At PARcam, the potencies of
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FIGURE 14.7 Concentration-response curves for the stimulatory effects of (—)-(R)-isoproter-
enol and (+)-(S)-isoproterenol on GTPase activity in Sf9 insect cell membranes expressing
B2AR-Gg,, and BoARcam-Gs.. The steady-state high-affinity GTPase activity in Sf9 insect cell
membranes expressing P.AR-Gs, and B>ARcav-Gs, Was determined in the presence of
isoproterenol stereoisomers at various concentrations. Data are the means +SD of three to
six independent experiments performed in triplicate and taken from Ref. 15. Data were analyzed
by nonlinear regression and were best fitted to sigmoidal concentration-response curves.
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(—)-(R)-isoproterenol and (+4)-(S)-isoproterenol were increased about fivefold
relative to B,AR, and again, both ligands were full agonists. The similar
efficacies of isoproterenol stereoisomers at f,ARcan in the GTPase assay are
in marked contrast to their different effects on ternary complex formation. An
explanation for this discrepancy is that at P,ARcam, (—)-(R)-isoproterenol
stabilizes nonsignaling or “frozen” ternary complexes that are inefficient at
promoting downstream steps of the G-protein cycle (15). Such frozen ternary
complexes have been observed for other GPCRs as well (18) and are a clear
indication for the notion that at B,ARcam, (—)-(R)-isoproterenol and (+)-(S)-
isoproterenol stabilize distinct active receptor conformations. Although the
differences in the effects of the two isoproterenol stereoisomers at wt-f,AR on
ternary complex formation were only small (Fig. 14.6), we suggest that also in
this case each stereoisomer stabilizes a unique receptor conformation (Fig. 14.8).

Previous studies with nonfused B,AR had revealed differences in potency
between the isoproterenol stereoisomers with respect to AC activation (34).
Therefore, AC experiments were conducted as well, although, so far, only with
B2AR and not BARcam. In those studies advantage was taken of the fact that

™ B,AR

(-)-R-ISO (+)-S-ISO
R*(-)-R-ISO R*(+)-s-|so
Gsu Gs“
(B) B2ARcAm

FIGURE 14.8 Stereoisomer-specific active conformations of B,AR and B,ARcam- (A) B2AR
conformations stabilized by isoproterenol stereocisomers. (B) B2ARcam conformations stabilized
by isoproterenol stereoisomers. The distinct effects of (—)-(R)-isoproterenol and (+)-(S)-isopro-
terenol in radioligand competition binding experiments versus GTPase experiments indicate that
each stereoisomer stabilizes a unique conformation in B>AR and B>ARcam. The figure also
illustrates that the terms “eutomer” and “distomer” are inappropriate to account for the pharma-
cological effects of the stereoisomers. Abbreviation: ISO, isoproterenol.
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TABLE 14.2 Effects of (—)-(R)-Isoproterenol and (+)-(S)-Isoproterenol on AC Activity in
Sf9 Insect Cell Membranes Expressing B.AR-Gs,,

Parameter (—)-(R)-1soproterenol (+)-(S)-isoproterenol
ECso with GTP (nM) 18+8 115+7

ECso with ITP (nM) 233 + 34 1600 + 750

EC5o with XTP (nM) 416 + 44 5700 + 2100
Efficacy with GTP 1.00 0.98 + 0.06

Efficacy with ITP 1.00 0.64 + 0.01

Efficacy with XTP 1.00 0.78 + 0.09

AC activity was determined in Sf9 cell membranes expressing B.AR-Gs, (long splice variant of Gs,) in the
presence of 1 uM GTP, 10 uM ITP, or 100 uM XTP. Reaction mixtures contained isoproterenol stereoisomers
at increasing concentrations, and ligand stereoisomer potencies and efficacies were calculated by nonlinear
regression. Data were taken from Ref. 42 and are the means +SD of three to seven experiments performed in
duplicate or triplicate.

G-proteins do not only bind GTP, but also, with lower affinity, the purine
nucleotides ITP and XTP (Table 14.2) (42). In the presence of ITP and XTP,
(—)-(R)-isoproterenol was 13-fold and 23-fold, respectively, less potent than in
the presence of GTP at activating AC. This decrease in potency of (—)-(R)-
isoproterenol in the presence of ITP and XTP is explained by a model in which
higher occupancy rates of the B,AR are required for promoting binding of the
low-affinity nucleotides ITP and XTP to the G, protein compared to the high-
affinity nucleotide GTP (42). Compared to (—)-(R)-isoproterenol, (4)-(S)-isopro-
terenol was 6- to 14-fold less potent at activating AC in the presence of GTP, ITP,
and XTP. Under all experimental conditions, (—)-(R)-isoproterenol was a full
agonist, that is, it exhibited an efficacy of 1.00. In contrast, (+)-(S)-isoproterenol
was only a full agonist for AC activation in the presence of GTP but only a
moderately strong partial agonist in the presence of ITP and XTP. These data
show that the B,AR conformation stabilized by (+)-(S)-isoproterenol is also less
efficacious at promoting ITP and XTP binding to, and hence AC activation by,
Gy These data show that ITP and XTP are valuable experimental tools at
dissecting functional differences between ligand stereoisomers at the f,AR and
support the model of stereoisomer-specific receptor conformations (Fig. 14.8).

MODELS OF THE INTERACTION OF (-)-(R)-ISOPROTERENOL

AND (+)-(S)-ISOPROTERENOL WITH B,AR

The experiments described above provide functional evidence for the existence
of ligand stereoisomer-specific B,AR conformations. Evidently, these data raise
the question what the structural basis for these differences may be. Fortunately,
a recently resolved structure of (—)-(R)-isoproterenol in complex with the turkey
B1AR (44) provides detailed information about the binding mode. The 13 amino
acids of the binding site are identical and closely aligned (rms deviation of
backbone atoms: 0.65 A) with those of the B,AR in a recent crystal structure of
the active state, stabilized by a nanobody in place of G, (45). Therefore (—)-(R)-
isoproterenol may be easily docked to the active B,AR in the same pose as
present in complex with the B;AR. Figure 14.9A, C, E shows the putative
interactions with the B,AR according to a model of the minimized ligand-
receptor complex. The protonated amine is involved in a salt bridge with
Asp-113*%? (Ballesteros/Weinstein numbering scheme (46) as superscript) and
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FIGURE 14.9 Model of the interaction of (—)-(R)-isoproterenol and (+)-(S)-isoproterenol with
the BoAR. The isomers were manually docked to the structure of the active B,AR state (PDB
3P0G) according to the binding mode in the crystal structures of the $1AR in complex with (—)-
(R)-isoproterenol (PDB 2Y03). The complexes were then minimized with the Amber-FF99 force
field (47) (B2AR with fixed ligand) and the Tripos force field (48) (ligands and a “hot” receptor
region of amino acids up to 6 A distant from the ligand). Modeling was performed with SYBYL 7.3
(Tripos, L.P., St. Louis, Missouri, U.S.). Backbone traces, carbon atoms, and some essential
hydrogen atoms of important amino acids are individually drawn in spectral colors: TM2-orange,
TMS3-yellow, TM4-green, TM5-greenblue, TM6-blue, TM7-purple. All nitrogen atoms, blue; oxy-
gen atoms, red, carbon and some essential hydrogen atoms of the isoproterenol isomers, grey.
(A-D) Detailed illustration of the docking modes of (—)-(R)-isoproterenol (A, C) and (+)-(S)-
isoproterenol (B, D); shown are the ligands as well as the side chains and Co atoms of 13 amino
acids of the binding site as sticks; hydrogen bonds are drawn as dashed lines and the H bonding
atoms as balls. (A, B) Side views, including Ca trace of the TM regions as lines. (C, D) Extracellular
views. (E, F) Lipophilic potential (hydrophobic-brown, polar-greenblue) of the binding site [generated
with MOLCAD, Darmstadt, Germany, using the protein variant with the new Crippen parameter
table (49, 50)] with docked (—)-(R)- (E) and (+)-(S)-isoproterenol (F); the extracellular view
corresponds to panels C and D, respectively.
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an amine hydrogen additionally interacts with an amide oxygen of Asn-3127°.
Intriguingly, the B-hydroxyl group forms two hydrogen bonds as donor and
acceptor, respectively, with the same residues Asp-113>** and Asn-3127°. The
ligand binds in a favorable conformation with an extended ethanolamine side
chain nearly perpendicular to the catechol moiety. Each catechol hydroxyl grou
is involved in two hydrogen bonds: m-OH with the OH oxygen of Ser-203*
and the amide NH of Asn-293°%°, p-OH with the OH hydrogen of Ser-203>** and
the OH oxygen of Ser-207>*°. The ethanolamine moiety and parts of the phenyl
ring present an apolar edge that interacts with a hydrophobic “wall” mainl;r
formed by the side chains of Trp—2866'48, Phe-289%°! and Phe-290%%2. Val-1143%3
and Val-117°% enable further hydrophobic contacts. The isopropyl group is
directed to the indole plane of Trp-109>%.

(4)-(S)-Isoproterenol may be docked in a pose closely corresponding to
that of the (—)-(R)-isomer (Fig. 14.9B, D, F). The interactions of the protonated
amine with Asp-113*%* and Asn-312"% are unchanged. However, the B-
hydroxyl group, that is, the critical substituent at the chirality center of the
ligands (Fig. 14.4), is now in a position where the two hydrogen bonds of the
(=)-(R)-isomer with Asp-113°? and Asn-312"* are impossible. Instead the B-
hydroxyl serves as donor in a new hydrogen bond with the amide oxygen of
Asn-312"%. The interactions of the catechol OH groups with Ser-203°*? and Ser-
20774 are retained, but the hydrogen bond with Asn-293%" is lacking. The polar
B-hydroxyl contacts the hydrophobic wall of aromatic amino acids in TM6,
leading to weakened hydrophobic interactions and to a slightlg altered fit that
enlarges the distance between the m-OH group and Asn-293°".

These binding modes generally confirm the experimental findings that
(+)-(S)-isoproterenol is a full or partial B,AR agonist, depending on the specific
experimental conditions (Table 14.2) (34), with lower affinity than the (—)-(R)-
isomer (Figs. 14.6 and 14.7 and Tables 14.1 and 14.2). Specifically, the loss
of affinity results from a deficit of two hydrogen bonds (B-OH with Asp-113*?,
m-OH with Asn-293°%°) and from weaker hydrophobic interactions. According
to Warne et al. (44), the stabilization of the contracted catecholamine binding
pocket is the main function of agonists on receptor activation. This stabilizing
effect seems to directly depend on the number and strength of hydrogen bonds.
Therefore, the loss of the two hydrogen bonds may also account for partial
agonism of (—)-(S)-isoproterenol. The lower, but partially retained, stereospeci-
ficity of a B,AR Asn-293-Leu mutant for (—)-(R)-isoproterenol versus (+)-(S)-
isoproterenol (34) probably results from similar interactions of both isomers
with the leucine side chain, whereas the hydrogen bonds of the B-hydroxyl
group remain different like in the wild type receptor.

CONCLUSIONS AND FUTURE STUDIES

The studies discussed above show that GPCR-Ga fusion proteins constitute a
very sensitive system for the systematic analysis of B,AR ligand stereoisomers
at the molecular level and that the assessment of various parameters of the
G-protein cycle is very useful at revealing ligand-specific receptor conforma-
tions. The functional studies are solidly complemented by molecular modeling
studies based on recently resolved GPCR crystal structures. It may be antici-
pated that systematic studies with stereoisomer pairs using the above-described
design will corroborate the concept of ligand stereoisomer-specific G-protein



MOLECULAR ANALYSIS OF AGONIST STEREOISOMERS 289

activation and provide important information for the improvement of pharma-
cological treatments of bronchial asthma, preterm labor, and heart failure with
B.AR agonists. Studies with stereoisomers of albuterol, clenbuterol, fenoterol,
and salmeterol will be particularly important.

Analysis of B,AR-Ga. fusion proteins and molecular modeling are only the
first steps in the molecular analysis of ligand stereoisomers. Particularly, fluo-
rescence studies with purified B,AR and ligand stereoisomers will be particu-
larly informative (51). The generation of P,AR crystal structures bound to
agonist stereoisomers will be a formidable task since such structures, according
to published data (Figs. 14.6 and 14.7 and Tables 14.1 and 14.2) (15,42), represent
active receptor states. However, it cannot be excluded that certain ligand
stereoisomers such as (S)-albuterol stabilize inactive B,AR conformations (28),
potentially facilitating crystallographic studies. It will also be very important not
only to focus on the molecular aspects of ligand stereoisomer-receptor inter-
actions but also on the cellular aspects. Specifically, it will be crucial to examine
the effects of ligand stereoisomers on receptor desensitization and receptor
trafficking (51). So far, this issue has only marginally been studied in context
with ligand stereoisomers. Finally, experiments with intact organs and whole
animals will be necessary.

In this chapter, the focus has been on the fAR and f,ARcam as prototypical
GPCRs exhibiting different degrees of constitutive activity. However, the studies
reviewed herein are not limited to these GPCRs. ;AR-Gs, fusion proteins also
ensure efficient coupling (41) and the studies can easily be extended to other
Gg-coupled biogenic amine GPCRs such as the histamine Hy-receptor (52). More-
over, the Sf9 insect cell expression system is not only useful for the analysis of
G,-coupled GPCRs, but also Gj-coupled and stimulatory G-protein of phospho-
lipase C (Gg)-coupled GPCRs (53,54). Over the past decade, sensitive analysis
systems for G-, Gi-, and Gq-coupled GPCRs (Table 14.3) have been established.
Certainly, the analysis of ligand stereoisomers can be performed in greatest detail
for Ge-coupled receptors since four parameters (high-affinity agonist binding,
GTPyS binding, steady-state GTPase activity, and AC activation) are readily
assessed. For G;-coupled receptors, GPCR/G-protein coexpression or GPCR-Ga
fusion protein systems may be studied with similar sensitivity measuring ternary
complex formation, GTPyS binding and GTPase activity, but for those GPCRs,
inhibition of AC activity cannot be assessed in Sf9 cell membranes (54). For
Gg-coupled GPCRs, steady-state GTPase activity (but not GTPyS binding) can be
assessed when the GPCRs are coexpressed with the GTPase-activating regulator
of G-protein signaling (RGS) proteins (53). Additionally, for Gg-protein-coupled
GPCRs, only regular monophasic radioligand competition binding studies
without the option to detect ternary complexes are possible (54). Despite
limitations with respect to some parameters of the G-protein cycle, the mea-
surement of steady-state GTPase activity provides a sensitive and proximal
readout of receptor/G-protein coupling that allows for the analysis of ligand
stereoisomers for Gg-, Gj-, and Gg-coupled GPCRs at a molecular level and
with high sensitivity. The rigorous use of sensitive proximal readouts of
ligand /receptor interaction such as GTPase activity in recombinant expression
systems should facilitate future characterization of ligand stereoisomers since
complicating factors such as differential metabolism of stereoisomers (22),
presence of other interfering receptors (29), and problems arising from the
limited availability of effector systems (40) are avoided.
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TABLE 14.3 Analysis of Receptor/G-Protein Coupling in Sf9 Insect Cell Membranes

Parameter Gs-coupled GPCRs  Gj-coupled GPCRs Gg-coupled GPCRs
Most sensitive GPCR-Ga fusion GPCR-Gu fusion GPCR coexpressed
system(s) protein protein or with RGS-protein
coexpression (insect cell

Gg-protein as
coupling partner)

High-affinity agonist Yes Yes No
binding
GTPyS binding Yes Yes No
Steady-state GTPase Yes Yes Yes
Effector regulation ACT No No
Representative BxARs, histamine Histamine Hs- and Histamine
GPCRs for which H,-receptor Hy4-receptor, H;-receptor
systems were chemoattractant
explored receptors

The G-protein cycle shown in Figure 14.1 applies to all GPCRs, regardless to which G-protein(s) they are
coupled. Nonetheless, not all steps can be assessed experimentally for all classes of GPCRs, limiting the
ability to dissect stereoisomer-specific GPCR conformations. The most comprehensive analysis is possible for
Gs-coupled GPCRs (11, 40), followed by Gi-coupled GPCRs (54). The analysis of Gg-coupled GPCRs is
limited to steady-state GTP hydrolysis in the presence of RGS-proteins (53). Nonetheless, the steady-state
high-affinity GTPase activity represents a universally applicable proximal readout of receptor/G-protein
coupling to assess the effects of ligand stereoisomers at G-, Gi-, and Gq-coupled GPCRs. Abbreviations:
GPCR, G-protein-coupled receptor; GTP, guanosine 5'-triphosphate.

Finally, it cannot be reiterated enough that the uncritical use of the terms
eutomer and distomer as originally defined by Ariéns causes confusion and is
misleading. Thus, it may be suggested that the two terms, although historically
useful, should be avoided or only be used with the clear definition that the
eutomer possesses a higher potency/affinity than the distomer without any
implications about pharmacological effects in terms of efficacy such as partial
agonism or inverse agonism, differential modulation of various steps of the
G-protein cycle, differential activation of G-protein subtypes or even activation
of various receptors. It is to be hoped that this chapter makes a contribution
toward the clarification of important nomenclature issues.
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Development of chiral drugs from
a U.S. legal patentability perspective:
Enantiomers and racemates

Svetlana M. Ivanova

INTRODUCTION

By the very close of the past century, the chiral drug industry soared so high that
the annual sales in this industry sector topped $100 billion for the first time (1).
Chiral drugs boldly entered into this century representing a stunning about one-
third of all drug sales worldwide (1). From a patentability perspective, this has
spurred an ongoing debate on what are the proper means for patent protection
of chiral drugs. Namely, companies have needed to make decisions whether to
develop and seek protection of either the racemic mixture or the single
enantiomers, or whether to pursue a chiral switching route instead by seeking
to first patent the racemic drug, and then years down the road seeking to extend
a drug product’s life cycle by subsequently patenting the single enantiomer form
of the drug.

The industry stakes in addressing these patentability questions in accord
with a well orchestrated business strategy are enormous. An example with one
of the best selling drugs of all times, Prozac, or fluoxetine, is used to illustrate
the lucrative and complex market that these patentability and development
questions tap into. Nowadays Eli Lilly, Indianapolis, Indiana, U.S.A."s block-
buster antidepressant Prozac stands as a famous and unfortunate example of an
aborted and unsuccessful chiral switch. Once it had achieved enormous success
with its blockbuster antidepressant Prozac, Eli Lilly had hoped it could continue
the drug’s life cycle by switching patients to the single enantiomer (R)-fluoxetine
by December 2003 prior to the expiration of a key patent on fluoxetine (1). Eli
Lilly itself did not actively pursue a chiral switch from the racemic drug to the
enantiomer (R)-fluoxetine on its own. Nor apparently could it, as it needed
instead to enter into a deal with Sepracor, Marlborough, Massachusetts, U.S.A.
which had already obtained patents for (S)- and (R)-fluoxetine for treatment of
migraine and depression (1). In 1998, the two companies struck a deal to
codevelop (R)-fluoxetine as a side effect—free version of Prozac. By 2000, how-
ever, the deal was called off following clinical studies, which showed side effects
at higher concentrations that were not observed with the racemate. In August
2000, a district court ruled the key patent on fluoxetine at issue invalid, and by
May 2001 an appellate court upheld the ruling. As a result, Eli Lilly, Indianap-
olis, Indiana, U.S.A. saw its sales plunge precipitously from $2.6 billion in 2000
to $734 million in 2002 instead (1).

On the other end of the spectrum of success, just at the time of submission
of this book chapter, the blockbuster dollar enantiomer drug Plavix emerged
from a reexamination at the United States Patent and Trademark Office (USPTO)
unscathed (2), scoring a major victory for Sanofi-Aventis and Bristol Myers
Squibb, Plainsboro, New Jersey, U.S.A.—the companies that comarket the drug.
Sanofi-Aventis first patented the racemic mixture claiming the active ingredient

294



CHIRAL DRUGS FROM A U.S. LEGAL PATENTABILITY PERSPECTIVE 295

clopidogrel bisulfate before subsequently patenting the dextro isomer substan-
tially separated from its levo isomer (U.S. patent 4,529,596—hereafter “the ‘596
patent”) several years later, thus obtaining eight additional years of exclusivity
over the initial patent (3). The request for reexamination was initiated by Apotex
Corp. on allegations that the prior art rendered the claims of the ‘596 obvious,
and thus invalid (3). The Reexamination Certificate acknowledged that the
dextro isomer would have been obvious in view of the racemate or the phar-
maceutical salt thereof, the recommendations of the regulatory authorities to
separate and test the individual enantiomers, and the general knowledge in the
art of resolution methods and of the likelihood of differences in the properties of
the individual enantiomers (4). It nonetheless went on to conclude that the
evidence of record supported the unpredictability of success in the resolution of
racemic thienopyridine compounds, as well as the “unpredicted and unusual”
therapeutic properties of the claimed dextro isomer (4).

The above and many other cases clearly raise the questions: Are enan-
tiomers worth pursuing over their racemic counterparts? Are patents of single
enantiomers valid in view of prior art disclosure of their respective racemates?
And finally, if so, what is the best strategy for enantiomer drug development
from a patentability perspective? Here, the author will briefly explore some of
the fascinating factual and legal issues that have made this area of intellectual
property continually pervade through decades of our times.

FOCUS ON PATENTABILITY: ENANTIOMERS AND/OR

RACEMATES?

A glimpse at the legal framework will show some of the factors that are
necessary ingredients for going from failure to success in pursuing and uphold-
ing patent protection of chiral drugs. This legal framework is very complex, and
a single short chapter can do no service on the point. Instead, the author will
attempt to illustrate key legal precedents where the rubber hits the road in the
areas of anticipation and obviousness of enantiomers.

Anticipation

The first line of legal analysis in a patentability/validity determination is
whether a prior art claim to, or disclosure of the racemic mixture of a patented
drug product, and/or specific disclosure of the individual enantiomers antici-
pates a later claim to an individual enantiomer of the compound. In general, a
patent is invalid for anticipation if a single prior art reference discloses each and
every limitation of the claimed invention (5). Anticipation requires identity,
namely, that “every element of the claimed invention must be identically shown
in a single reference” (6). However, disclosure of every property or attribute of a
composition of matter is not necessary for a reference to be valid anticipation (7).
Moreover, a prior art reference may anticipate without disclosing a feature of the
claimed invention if that missing characteristic is necessarily present, or inher-
ent, in the single anticipating reference (8). There are two general legal standards
that are applied by the courts: (i) anticipation of a species by a prior art genus,
and (ii) anticipation of an enantiomer over a prior art disclosure of the racemate,
the alternative enantiomer, or the same enantiomer.
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The Law on Anticipation of Species by a Prior Art Genus

There is a split in the case law on the question of whether a prior art genus
anticipates a later claimed species (corresponding by analogy to a racemic
mixture and its individual enantiomers). The general rule is that earlier disclo-
sure of a chemical genus is not an anticipation of a later-claimed species (9). The
case law, however, recognizes an exception in the context of the “limited”
subgenus (species) anticipation. The distinction is primarily based on consid-
erations as to the size of the prior art genus and the sufficiency of its description,
and may further include an analysis of properties and other relevant factors.

A number of cases have held that a genus may be so small that, when
considered in light of the totality of the circumstances, it would anticipate the
claimed species or subgenus (10). Determination of anticipation of species in
view of prior art disclosure of the genus involves an evaluation of the totality of
the circumstances, with primary considerations on the size of the genus and the
sufficiency of its description. “[Ilt is not the mere number of compounds
in this limited class which is significant here but, rather, the total
circumstances involved, including such factors as limited variations for R, only
two alternatives for Y and Z, no alternatives for the ring position, and a large
unchanging parent structural nucleus” (11). Additionally, while clearly
important for an obviousness analysis, evaluation of properties is not always
implicated (12).

However, a number of cases have held that a claimed species may not be
anticipated by a prior art genus, where hindsight anticipations would be created
by improper on the facts mechanistic application of Petering (13). As illustrated
by one court, the level of guidance necessary for a finding of anticipation is akin
to pointing out to blaze marks on particular trees as necessary for finding a trail
through the woods (14).

Anticipation of Enantiomers by a Prior Art Disclosure of the Racemate

This line of cases clearly supports the proposition that an enantiomer is not
anticipated by a prior art disclosure of the racemate (15). None of these cases,
however, addresses the issue of whether there is anticipation in the context of a
prior art disclosure of both the racemic mixture and its optical isomers, as was
subsequently the case in Forest Labs., Inc. v. [vax Pharms., Inc (16). In that case a
prior article by Donald F. Smith (“Smith reference”) specifically disclosed that
citalopram was a racemic compound with two different enantiomers. The
Federal Circuit held, however, that the Smith reference did not anticipate
claim 1 of the patent at issue, U.S. Patent No. RE 34,712 patent (“the ‘712
patent”) because it did not disclose “substantially pure” escitalopram as claimed
in independent claim 1 and it did not enable a person having ordinary skill in
the art to obtain the enantiomer compound escitalopram. This analysis needs to
be approached with caution, however, as it was premised on the rare and
particular factual finding made by the lower Delaware district court, which the
Federal Circuit merely affirmed on appeal as not “clearly erroneous” (17).
Moreover, since this decision, at least one other court, the Federal Patent
Court in Germany, has found on a different factual record that the prior art
would have enabled a person of skill in the art to obtain the invention of the
foreign counterpart of the ‘712 patent and has struck the patent as invalid.
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Obviousness

The next line of legal analysis in a patentability/validity determination is
whether a prior art claim to, or disclosure of the racemic mixture of a patented
drug product, and/or specific disclosure of the individual enantiomers renders
obvious a later claim to an individual enantiomer of the compound. The
statutory requirement of nonobviousness is set forth in Title 35, section 103(a)
of the United States Code:

A patent may not be obtained though the invention is not identically
disclosed or described as set forth in section 102 of this title, if the differences
between the subject matter sought to be patented and the prior art are such
that the subject matter as a whole would have been obvious at the time the
invention was made to a person having ordinary skill in the art to which said
subject matter pertains. Patentability shall not be negatived by the manner in
which the invention was made.

Whether or not a claim is obvious is a legal determination based on the
underlying facts, which must be established by clear and convincing evidence
(18). This legal determination includes four factual inquiries commonly referred
to as the “Graham factors”: (i) the scope and content of the prior art, (ii) the
differences between the prior art and the claims at issue, (iii) the level of
ordinary skill in the art, and (iv) objective indicia of nonobviousness (19). The
initial three Graham factors are of primary importance to the prima facie case of
obviousness, which the defendants bear the initial burden of establishing (20).
Courts may also consider other relevant factual considerations such as com-
mercial success, long-felt but unsolved need, and the failure of others (21).
Courts have generally applied the following three legal standards with respect
to enantiomer cases: (i) obviousness of a species by a prior art genus,
(ii) obviousness of an enantiomer over a prior art disclosure of the racemate,
and (ii)) obviousness of a chemical compound in view of structurally similar
prior art chemical compounds.

The Law on Obviousness of a Species in View of a Prior Art

Disclosure of the Genus

The Federal Circuit has held that earlier disclosure of a chemical genus does not
as a general rule render obvious a later-claimed species, as each case must be
determined on its own facts (22). This is particularly the case where that
disclosure indicates preference leading away from the claimed compounds
(23). It is not the mere number of compounds that is significant, but rather the
total circumstances involved (23).

Prima Facie Obviousness of Enantiomers in View of Prior Art

Disclosure of the Racemate

It is a well-established law from the time of the predecessor court to the Federal
Circuit that enantiomers “discovered” after discovery of the racemic compound
are prima facie obvious over either the isomer of opposite rotation or the racemic
compound itself in the absence of unexpected or unobvious beneficial properties
(24). “[Ulnder existing law a stereoisomer is not patentable over its known
racemic mixture unless it possesses unexpected properties not possessed by the
racemic mixture” (25). Moreover, when the purported invention is “an active
ingredient” of “a mixture that existed in the prior art[,]” the active ingredient “is
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prima facie obvious over the mixture even without an explicit teaching that the
ingredient should be concentrated or purified” (26). As the Federal Circuit
explained, “[o]rdinarily, one expects a concentrated or purified ingredient to
retain the same properties it exhibited in a mixture, and for those properties to
be amplified when the ingredient is concentrated or purified; isolation of inter-
esting compounds is a mainstay of the chemist’s art. If it is known how to perform
such an isolation, doing so ‘is likely the product not of innovation but of
ordinary skill and common sense’” (27). It should be noted, however, that a
small minority of panels or courts hold that prior art disclosure of the racemic
mixture does not automatically create a prima facie case of obviousness for the
constituent enantiomers (28).

By way of example, one of the earliest historic pronouncements on establish-
ing of prima facie obviousness came from the U.S. Court of Customs and Patent
Appeals (CCPA), which is the predecessor court to the Federal Circuit, in the
1960 decision in Adamson (29). Claim 1 of Adamson was directed to a levo isomer
of a compound selected from the class consisting of 1-cyclohexyl-1-phenyl-3-
piperidinopropan-1-ol and 1-cyclohexyl-1-phenyl-3-pyrrolidinopropan-1-ol and
their acid addition salts and quaternary ammonium salts substantially separated
from the dextro isomer. In seeking to establish patentability, appellants claimed
that the levo isomers have substantially higher spasmolytic activity than either
the dextro isomer or the racemic mixture and slightly higher toxicity than the
same quantity of the racemate. The CCPA found the claimed compound unpa-
tentable over a prior art reference, which disclosed the racemic compound (albeit
without a statement that it was racemic, or that dextro and levo isomers existed),
and a second organic chemistry text, which disclosed that optical activity is
attributable to asymmetric molecular structure about a carbon, and that a racemic
mixture could be resolved into its levorotatory and dextrorotatory components
via numerous methods (30). In concluding that the record did not support
appellants” argument “that the levo isomer exhibits surprisingly superior spas-
molytic activity,” the court weighed the facts that the claimed enantiomer
exhibited twice the activity as the racemate, and that it was known that different
enantiomers may have different properties (31).

Establishing a Prima Facie Case of Obviousness Within the Context
of the Law on Chemical Inventions
Establishing a prima facie case of obviousness for enantiomers within the
framework of the broader law of chemical inventions follows a two-prong
analysis: (i) establishing structural similarity, and (ii) establishing motivation
to make the structurally similar compounds where the prior art offers a
reasonable expectation of success (32). The motivation to make the claimed
compounds is with the expectation that compounds similar in structure will
have similar properties (33). As the Federal Circuit stated in Deuel, a known
compound may suggest its analogs or isomers, either geometric isomers (cis vs.
trans) or position isomers (e.g., ortho vs. para) (34). This motivation need not be
express and may flow from the prior art references, the knowledge of one of
ordinary skill in the art, or the nature of the problem to be solved (35).
Whether the motivation to resolve racemates into enantiomers is found in
the prior art, or not, is a contradictory area of the law. Similar to Adamson, some
courts have found that the prior art provides “ample motivation to separate the
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optical isomers” (36). Other courts have held that the requisite motivation to
separate the individual enantiomers of a racemate is not found in the prior art.
Thus, in Pfizer Inc. v. Ranbaxy Labs, the district court reasoned that resolution of a
racemate into its component enantiomers would be at best expected to yield a
twofold difference in activity, the benefit of which could be offset by drawbacks
such as the difficulty and complexity of the resolution process, such that the
prior art motivated at the time to develop racemates and make structural
changes to the compounds to increase their activity, not to resolve those
racemates into individual isomers (37). Similarly, in Sanofi-Synthelabo v. Apotex,
Inc., the Federal Circuit stated that nothing existed in the prior art that would
make separating the enantiomer of MATTPCA an obvious choice, particularly in
light of the unpredictability of the pharmaceutical properties of the enantiomers,
the potential for enantiomers to racemize in the body, the extensive time and
money Sanofi spent developing the racemate before directing its efforts to the
enantiomer, and the unpredictability of salt formation (38).

The motivation in a prima facie case of obviousness need only be founded
on a reasonable expectation of success, and absolute predictability is not
required in motivating and guiding the skilled artisan toward making the
claimed compound at the time of the invention (39). Reasonable expectation
of success is assessed from the perspective of the person of ordinary skill in the
art (40). With respect to racemates, there must be a reasonable expectation not
only that the single enantiomer will exhibit desirable properties, but that it will
also be possible to resolve the racemate in the first place (41).

Historically, courts such as the above have used the so-called teaching,
suggestion, or motivation (TSM) test, under which a patent claim is only proved
obvious if “some motivation or suggestion to combine the prior art teachings”
can be found in the prior art, the nature of the problem, or the knowledge of a
person having ordinary skill in the art (42). However, the U.S. Supreme Court
recently rejected the Federal Circuit’s approach as rigid in KSR stating that
“[t]he obviousness analysis cannot be confined by a formalistic conception of the
words teaching, suggestion, and motivation, or by overemphasis on the impor-
tance of published articles and the explicit content of issued patents” (43). The
Court instructed that obviousness may be proved by showing that the combi-
nation of elements was “obvious to try” (44). In view of KSR, one may accord-
ingly expect newly decided cases will have a heightened slant in favor of finding
of obviousness, including enantiomer patent cases.

Secondary Considerations That May Overcome a Prima Facie Case

of Obviousness

Once a prima facie case is established, the burden of going forward shifts to the
plaintiffs to rebut the prima facie case with evidence of the fourth Graham factor,
often referred to as “secondary considerations” (45). Secondary considerations
considered by courts to suggest nonobviousness include the following: unex-
pected results (46), commercial success (47), long-felt need (48), failure of others
(49), copying by competitors (50), praise by others/industry recognition (51),
industry acquiescence (52), skepticism by those in the art, and licensing by
others (53). As a matter of law, unexpected results must be compared to the
closest prior art (54). The most commonly shown factors are those of unexpected
properties/results and commercial success.
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Establishing unexpected results is a fact-driven and very hotly contested
area of patent law. Unexpected results must be established by reliable, objective,
factual evidence (55). Greater effectiveness in terms of the same property could
be relied upon only if shown by “clear and convincing evidence” (56). Under
Federal Circuit law, mere improvement in properties does not always suffice to
show unexpected result (57). Unexpected results must be “truly unexpected,”
for example, “a difference in kind as opposed to degree” (58). For instance, in
May the Court found unexpected results, which rebutted a prima facie claim of
obviousness of the claimed analgesic compound over a structurally similar prior
art isomer where the evidence demonstrated the presence of a new and distinct
chemical property of the claimed compound—nonaddictiveness, and where the
analgesic and addiction properties could not be reliably predicted on the basis of
chemical structure (59). A number of court decisions have addressed the issue of
what level of improved property/increased efficacy constitutes unexpected
results. In U.S. v. Ciba-Geigy Corp., the court held that 10 times greater potency,
but otherwise the same effects, resulted in “a significant enough [difference] to
be deserving of a patent” (60). In Wichert, the CCPA also upheld a similar range.
“In the case at bar, we are impressed by the 7-fold improvements in activity and,
in the absence of valid countervailing evidence, we find the claimed compounds
to be unobvious” (61).

To establish commercial success, the patentee must merely show significant
sales in a relevant market, and that the successful product is the invention
disclosed and claimed in the patent (62). “If the patentee makes the requisite
showing of nexus between commercial success and the patented invention, it is
presumed that the commercial success is due to the patented invention, and the
burden then shifts to the challenger to prove that the commercial success is instead
due to other factors extraneous to the patented invention, such as advertising (63).

CONCLUSION

In view of their commercial significance, enantiomers of chiral drugs with purity
limitations are frequently patented or claimed. Patents on enantiomers are also
frequently challenged, particularly as the above cases outline on grounds of
obviousness and lack of unexpected properties/results. A recent progeny of
legal cases with a heightened slant in favor of finding obviousness after KSR will
undoubtedly continually lead to an increase in invalidity challenges to existing
chiral drug patents. Accordingly, scrutinized decisions on patentability and
chiral switching of racemates and enantiomers will continue to be made in this
fascinating area at the intersection of science and patent law, continually
reshaping and redefining the landscape of successful chiral drug enterprises.
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n The importance of chiral separations
in single enantiomer patent cases

Charlotte Weekes

INTRODUCTION

The interest in the current state of the art in chiral separations of analytical
chemists and other scientists working in the pharmaceutical industry is
well known. However, to the pharmaceutical companies themselves, the
state of the art of chiral separations in years gone by may be just as
critical to their business. The field of chiral separations has featured strongly
in recent pharmaceutical patent cases and has had a bearing on the outcome
regarding the “inventiveness” of chiral drug molecules when patent law is
applied. One case found its way to the then highest U.K. court, the House
of Lords (now the Supreme Court), and in doing so redefined the scope of
patent law.

PATENTS ACT 1977-A BRIEF INTRODUCTION
Revocation of a patent is most commonly sought on the following grounds:

The invention lacks novelty (anticipation)

The invention lacks an inventive step (obviousness)

The invention is not capable of industrial application

The specification of the patent does not disclose the invention clearly
and completely enough for it to be performed by a person skilled in the
art (insufficiency).

n o

For an invention to be anticipated there are two requirements:

1. DISCLOSURE—the prior art (1) relied on must disclose subject matter that,
if performed, would necessarily result in an infringement of the patent; and

2. ENABLEMENT—the ordinary skilled person must have been able to per-
form the invention if the person attempted to do so using the disclosed
matter and common general knowledge (CGK).

If an invention is obvious to the person skilled in the art (the notional
addressee of a patent) it lacks inventive step. The skilled person is a legal
fiction. He is deemed to possess the CGK in the field to which the invention
relates (2) but to lack inventive capacity. He is deemed to have read all publicly
available documents, in whatever jurisdiction or language, but is not deemed to
think laterally or know everything that comprises “state of the art.” The
addressee may be a skilled team whose combined knowledge allows the
instructions in the patent to be carried out (3).

To be CGK, the information must be generally known and accepted as a
good basis for further action by the bulk of those engaged in that art (2).

304
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The Cases
Atorvastatin, 2005 (4)
(a “statin” for inhibiting cholesterol synthesis)

Although chiral separation of atorvastatin (Fig. 16.1) was not the issue
here, the Judge commented that where a drug is a chiral molecule, the skilled
person at the priority date (5) (May 1986) would expect only one of the
enantiomers or diastereomers to be responsible for its pharmaceutical activity.
This did not mean that chiral drugs had to be administered as single enantiom-
ers but there was undoubtedly a tendency to prefer single enantiomers where
resolution of the racemate is practicable.

HO
N CO,H

-OH

FIGURE 16.1 Atorvastatin, the active pharmaceutical ingredient of the Pfizer product Lipitor".

Escitalopram, 2007-2009 (6)
(an antidepressant)

This notable case concerned an attempt by three generic manufacturers to
revoke Lundbeck’s patent. Escitalopram (Fig. 16.2A) was first marketed in 2002,
the priority date of the patent (at which the state of knowledge of those skilled
in the art had to be considered) was June 1988. The revocation arguments
were based on the prior art racemate, citalopram, which was synthesized by
Lundbeck in 1972 and launched as an antidepressant in 1989.

The argument of lack of novelty advanced by the generic manufacturers
was that the claims in Lundbeck’s patent did not exclude (+)-citalopram within
the prior disclosed racemic mixture, therefore the racemate would infringe this
later patent. The correct approach to a product claim in a patent is that it covers
the product wherever found (7). The generic manufacturers did not suggest that
disclosure of a racemate of itself amounted to disclosure of each of the
enantiomers, the Judge agreed (previously considered by the European Patent
Office (8)). The Judge said “if the claim properly construed, was simply to a
product as such then the monopoly would indeed cover that product wherever
it might be found.” However, Lundbeck was clearly not laying claim to an
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FIGURE 16.2 (A) Escitalopram (B) racemic diol intermediate in the synthetic route to
citalopram.

unresolved moiety of the racemate—the patent title was “new enantiomers and
their isolation” and the specification was clear that the racemate is not new—it
related to the isolated product.

The obviousness attacks were based largely on what was said to have
been CGK and, given that this invention had been made many years ago and
the state of the art had advanced considerably since, the Judge emphasized the
importance of avoiding hindsight when considering apparently obvious steps
from something known.

The Judge found that a motive existed to resolve citalopram into its
enantiomers and that testing their activity was trivial. Investigation of citalo-
pram’s enantiomers was an obvious goal for the ordinary skilled medicinal
chemist in 1988. The activity of citalopram was well known; any medicinal
chemist in 1988 would have appreciated that the enantiomers might have
different activities; an inactive enantiomer was, at best, ballast but may be
toxic; the regulators considered that an investigation of the enantiomers was
desirable and this might in due course become mandatory.

Could the skilled person have achieved resolution of citalopram in
June 1988?

e C(italopram could not easily be resolved by making diastereoisomers, the
method the skilled person would naturally try.
® An earlier patent revealed a diol (Fig. 16.2B) as a chiral intermediate in the
citalopram synthesis. A route from the diol to (+)-citalopram was argued as
being obvious to the skilled person.
® Attempting to form salts with the diol was routine albeit unpredictable.
The salts crystallized differentially permitting resolution of the diol
enantiomers. However, the Judge felt that the skilled person would
not blindly go ahead with crystallization experiments without first
satisfying himself that there was a real prospect of an SN2 reaction
working for the final step, and without the benefit of hindsight, the CGK
was that the Sy1 reaction would be favored with the expectation of
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losing stereochemistry. This was not a route the skilled person would
attempt.
¢ The obviousness argument based on chiral HPLC included prior art show-
ing the available chiral stationary phases (CSP) and expert evidence as to the
identification of the appropriate CSP and parameters to conduct this sepa-
ration. Post-priority publications were also relied on to show that separation
could actually be obtained on CSP available at the relevant time.
® The Judge concluded:

“this is one of those cases where each step seems very simple and logical
with the benefit of hindsight. ... by the mid 1990s many techniques were
routine which were still very much at an experimental stage in 1988 ... I
do not believe it was obvious to resolve citalopram on a preparative scale
using chiral HPLC in 1988 ... The ordinary skilled analytical chemist
would have had no practical experience of preparative chiral HPLC and
the ordinary skilled medicinal chemist would probably not have heard of
it. The team would have been faced with a research program with an
uncertain outcome.”

Insufficiency was argued based on a House of Lords decision, Biogen v.
Medeva (9). The Judge held that the claim to (+)-citalopram and the claim to a
pharmaceutical composition containing (+)-citalopram cover all ways of making
(+)-citalopram, which was an obviously desirable goal. The Judge’s interpreta-
tion of Biogen was that the first person to find a way of achieving an obviously
desirable goal is not permitted to monopolize every way of doing so. Lundbeck
found a way of making (+)-citalopram, this was their technical contribution, and
these claims extended beyond that.

The Judge therefore found the patent novel and nonobvious (i.e., inven-
tive) but invalid for insufficiency.

The Court of Appeal (10) overturned the Judge’s insufficiency finding,
stating that Biogen was limited to the form of claim in that case. When a product
is new and inventive, the technical contribution is the product, and not the process
by which it is made, even if that process is the only inventive step. This point was
appealed to the House of Lords.

In the House of Lords (11), the Lordships agreed with the Court of Appeal
that the way in which the Judge had applied Biogen went beyond that which was
intended—Biogen only applied to the very unusual type of claim in that case and
not to a straightforward product claim.

Lundbeck’s patent for (+)-citalopram is valid.

The U.K. Intellectual Property Office granted a Supplementary Protection
Certificate (SPC) for escitalopram, so despite the racemate being synthesized in
1972, no person other than Lundbeck can produce or market (+)-citalopram in
the United Kingdom until May 2014. Clearly this raises policy issues. Should
an obviously desirable product, resolved using known tools be entitled to such
protection as to prevent others obtaining it in ways owing nothing to the
“invention”?

Germany, April 2007 (12)—2009 (13)

German case law states that a chiral compound is no longer novel in the form
of one of its enantiomers if the skilled person’s attention is concretely drawn in
a prior publication to the enantiomer and if said person can prepare the
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compound by virtue of this concrete instruction and his general expert
knowledge. The single enantiomer does not have to have been prepared before
the priority date (14). At first instance, the Federal Patent Court held that
obtaining the single enantiomer from an already known mixture of enantiom-
ers is not questioned by the fact that its isolation involves a number of
complicated ideas and analyses. If these are routine measures, standard for
the skilled person, attributed to his average expert skill and do not require
undue efforts of an inventive quality, the single enantiomer is regarded as
readily accessible.

The German court considered that even if the common method of forming
diastereomeric salts with a chiral acid is inadequate for resolution, the skilled
person would employ the chiral chromatography method known to him and
established pre-priority. Wainer (15) was referred to for commercially available
CSP that the skilled person would use at the priority date. The ability to obtain
(+)-citalopram was further evidenced by later published documents reporting
chiral separation of citalopram (16,17).

In contrast to the United Kingdom, the German court held that analytical
amounts were sufficient. The testing of commercially available CSP, including
selecting the appropriate parameters, was not considered unreasonable in terms
of the tests and analyses the skilled person would conduct, whereas the U.K.
court considered this to extend the CGK too far.

Had the case ended there what impact might this divergence in applica-
tion of patent law between territories have? If there was a European Court to
consider the matter overall, which decision would have been applied?

On appeal, the Federal Court of Justice was unable to agree with the
conclusion reached by the Patent Court, and in delivering its judgment cited
various extracts from the U.K. decision. The court concluded that the person
skilled in the art had reason to carry out attempts at producing or isolating the
citalopram enantiomers but this did not result in an overwhelming need to
provide the enantiomers. There was no obvious way for the person skilled in the
art to obtain the citalopram enantiomers at the priority date and this included
the use of chiral HPLC to achieve separation which was not an obvious method
to resort to.

Levofloxacin, 2008 (18)
(the (—)-enantiomer of ofloxacin, a member of the quinolone class of antimicro-
bial agents)

The rejection of the insufficiency attack by the Court of Appeal in
escitalopram was acknowledged, as were the findings of the Judge himself in
that case on novelty. The patent expired in June 2006 but an SPC existed to
protect levofloxacin (Fig. 16.3) until June 2011. The SPC’s validity was chal-
lenged in two ways: (i) the patent was invalid and (ii) the SPC should not have
been granted.

Preparative HPLC experiments were relied on to demonstrate that chiral
separation could have been achieved but it was not possible to show that the
equipment used was available, let alone CGK in 1985. Although the same
outcome may well have been achieved on this equipment, proving it is prob-
lematic.



CHIRAL SEPARATIONS IN SINGLE ENANTIOMER PATENT CASES 309

0
F CO,H

ﬁN N
NQ Ovl(---H
CHy

FIGURE 16.3 Levofloxacin (commonly prepared as its hemihydrate).

The Judge concluded:

“by 1985 the skilled person would have been aware of the particular promise of
ofloxacin as a pharmaceutical and its chiral nature. It was possible one
enantiomer might have more activity than the other and ... would retain the
other beneficial qualities of the racemate ... [H]e would have considered it
worthwhile exploring whether ofloxacin could be resolved, but only to a point.”

The Judge did not believe it was a goal obvious to pursue relentlessly.

He was not persuaded that the skilled person would have achieved
separation of the diastereomers by preparative HPLC in 1985. Chiral separation
would have involved a research program with an uncertain outcome, and in the
Judge’s opinion, the person skilled in the art would have turned attention to
development of new molecules if the enantiomers could not be separated
relatively easily.

For an SPC to be valid, it must be for a product that has not already been
subject to a certificate and be based on the first marketing authorization to place
the product on the market as a medicinal product. The argument advanced was
that the authorization to sell ofloxacin was the first to sell levofloxacin because it
is an active component of ofloxacin. The Judge rejected this. It is to be noted that
in recent years the U.K. courts have referred many questions of interpretation
relating to the SPC Regulation (Council Regulation (EEC) No. 1768/92, now
469/2009) to the Court of Justice of the European Union and many remain to be
answered, but in this instance, the court considered the question to be clear.

The Court of Appeal (19) noted that from all practical points of view and
that of U.K. patent law, levofloxacin was a new product and the earlier author-
ization did not entitle Daiichi to market it in the U.K. as such. Once the ofloxacin
patent expired anyone could market ofloxacin; levofloxacin could not be
marketed due to the levofloxacin patent and prior to this no one could market
it because invention was needed to make it.

The authorization for levofloxacin was the first for that active ingredient
alone. One Judge remarked that the position might have been different if the
other component of the racemic mixture had been inactive biologically, but it
was a moot point.

CONCLUSION

Not only can a single enantiomer of a known racemate be entitled to 20 years

patent protection, it can also be protected for a further five years by an SPC.
It can be seen that when patent law is strictly applied to the facts where

chiral separations are concerned, many policy issues arise as to what is the
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appropriate scope of protection for “inventions” of this type. It is evident that,
even though patent law is supposed to be the same throughout Europe, courts in
different jurisdictions consider chiral separations differently, which can lead to
conflicting outcomes.

A point of note is how important publications of chiral separations are to
patent litigation. One problem that lawyers and expert witnesses face is where
subject matter has been considered too obvious to be published! Without
publications to support expert opinion on what was CGK at the relevant time,
it can be difficult to prove that separation could “easily” be achieved in instances
when it, in fact, was.

It is unlikely that the cases discussed above will be the last to be seen in
relation to chiral separations. Under the U.K. law which has resulted from these
cases, if a racemate could easily be resolved using known methods then
arguably the enantiomers are obvious and not entitled to patent protection.
Furthermore, if a patent claims an enantiomer but does not disclose the method
by which to obtain it clearly and completely enough, arguably it is insufficient.

There may also be instances where the infringement of claims relating to
enantiomers is unclear and the court’s assistance is required to assess the proper
interpretation of the claims. For example, a claim to the use of magnesium
esomeprazole with an enantiomeric purity of >99.8% enantiomeric excess for
the manufacture of a medicament for the inhibition of gastric acid secretion was
asserted against a product that did not contain magnesium esomeprazole of that
enantiomeric purity (albeit that the process of manufacture did begin with
magnesium esomeprazole of that purity to which a quantity of the omeprazole
racemate was added). The product was held not to infringe (20).
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chiral selectors used in, 149, 152-154
enantioseparation by, 150-156

instrumentation, schematic representation of, 148

Capillary gel electrophoresis (CGE), 148

Capillary isoelectric focusing (CIEF), 148

Capillary isotachophoresis (CITP), 148

Capillary zone electrophoresis (CZE), 147, 245

CAPS. see 3-cyclohexylamino-1-propanesulphonic
acid (CAPS)

Carbamates, formation of, 80-82

Carbon atom

asymmetric, 12
tetrahedral model for, 12

Carbon dioxide, 141

Carboxylic groups, derivatization of, 87

Cardiotoxicity, 223

Carvedilol, 221

CCPA. see Court of Customs and Patent
Appeals (CCPA)

CD. see Cyclodextrins (CD)

CDA. see Chiral derivatizing agent (CDA)

CDER. see Center for Drug Evaluation and
Research (CDER)

CDR. see Chiral derivatizing reagent (CDR)

CE. see Capillary electrophoresis (CE)

CEC. see Capillary electrochromatography (CEC)

Cellcoat, 100

Cellular membrane affinity chromatography
(CMAQ), 171-172

CelluloZe, 101
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Center for Drug Evaluation and Research
(CDER), 250
Center of chirality, 20, 26
Cetirizine, 226
CGE. see Capillary gel electrophoresis (CGE)
CGK. see Common general knowledge (CGK)
Chemistry, manufacturing, and controls (CMC), 256
Chemistry of Active Substances, 243
Chemistry of New Active Substances, 243-244
CHES. see Tris, 2-(N-cyclohexylamino)
ethanesulfonic acid (CHES)
Chinese hamster lung (CHL), 77
Chinese hamster ovary (CHO), 279
Chiral
capillary electrochromatography (see Capillary
electrochromatography (CEC))
discrimination, 64
discrimination in metabolism, 212
drugs
analysis of, 70, 167-169
development of, 261269
U.S. patentability perspective and, 294-300
free-energy differences, 41
HPLC screening, 98-99
inversion, and metabolism, 213-215
plane, axis, 21
separation, 98
stereoisomers, 20
surfactants, 156
Chiral Active Substances, 243
Chiral-AGP, 106
Chiral-CBH, 106
Chiralcel OD, 98, 100-101
Chiralcel OJ, 98
Chiral derivatizing agent (CDA), 69
Chiral derivatizing reagent (CDR), 69-70, 72-75,
78-79, 88
chemical structure for derivatization, 73,
74-75
derivatized enantiomers, 72
groups, 71
selection of, 73
Chiral-HSA, 106
Chiral inversion, 213-215, 246
Chirality, 43
classification of crystal structures, 50
of new drug introductions in Japan,
265-266
Chiralpak AD, 98
Chiralpak AS, 98
Chiralpak MA(+), 109
Chiralpak QD-AX, 106
Chiralpak QN-AX, 106
method development on, 108
Chiralpak WH, 109
Chiral recognition, 3045
conformationally driven models, 36-37
four-point models, 34-36
models of, 30-38
multiple-point model, 36
thermodynamics and (see Thermodynamics)
three-point models, 31-33
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Chiral selectors
in ACE, 194
in CE, 149, 152-154
Chiral stationary phases (CSP), 69, 113-114
classes of, 100
commercially available, 100-109
cyclofructan, 104-105
DACH-DNB, 102
derivatized polysaccharide, 100-101
HPLC, trends in development, 95-98
ion-exchange, 106-107
macrocyclic antibiotics, 102-103
oligosaccharide, 103-105
ovomucoid, 106
Pirkle-type, 95, 96, 101-102
polymeric, 109
protein, 106
research/future directions, 109
Whelk O1, 101, 102
Chiral switching, 223-224, 226, 241, 248
clinical examples of, 224
Chiral Technologies, 98, 99
Chirosil RCA(+), 108
Chirosil SCA(-), 108
CHL. see Chinese hamster lung (CHL)
Chlorpheniramine, 187
CHMP. see Committee for Human Medicinal
Products (CHMP)
CHO. see Chinese hamster ovary (CHO)
Chromatography, 113-144
analytical, 115
capillary electrochromatography, 158-161
(see also Capillary electrochromatography
(CEQ))
column efficiency, 117, 118-121, 128
column saturation capacity, 117
enantioselective, 121-127 (see also
Enantioselective chromatography)
high-performance affinity (see High-performance
affinity chromatography (HPAC))
micellar electrokinetic, 147, 156-157
microemulsion electrokinetic, 158
optimization/scale-up, 127-128
overlapping injections, 128-131
parameters, 71
principles of, 114-121
of racemic mixtures, 75-76
shave recycle, 131-132
simulated moving bed, 133-140 (see also
Simulated moving bed (SMB)
chromatography)
Steady-State Recycling, 133
supercritical fluid (see Supercritical fluid
chromatography (SFC))
CIEF. see Capillary isoelectric focusing (CIEF)
C.LP. convention. see Cahn-Ingold-Prelog (C.I.P.)
convention
Circular dichroism (CD), 167-168
vibrational, 168
Cis-trans isomers, 22-24
CITP. see Capillary isotachophoresis (CITP)
Clomipramine, 189
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CMAC. see Cellular membrane affinity
chromatography (CMAC)

CMC. see Chemistry, manufacturing, and controls
(CMC); Critical micellar concentration (CMC)

CoA thioester. see Coenzyme A (CoA) thioester

Coenzyme A (CoA) thioester, 213

Column efficiency, chromatography, 117,
118-121, 128

CoMFA. see Comparative molecular fields analysis
(CoMFA)

Committee for Human Medicinal Products
(CHMP), 243, 250

Common general knowledge (CGK), 304

Common technical document (CTD), 250

Comparative molecular fields analysis (COMFA),
4344

Compliance and Narcotics Division, PFSB, 260

Configuration, 28

Conformationally driven models, chiral recognition,
36-37

Conglomerate systems, 53-59

characterization of, approach for, 55

Court of Customs and Patent Appeals (CCPA), 298

Critical micellar concentration (CMC), 156

Crown ethers, 154

Crownpak®™ CR(+) CSP, 107

Crownpak™ CR(-) CSP, 108

Crystallization, 36

Crystallography, of chiral compounds, 49-52

CSP. see Chiral stationary phase (CSP)

CTD. see Common technical document (CTD)

C-terminus, 274

Cyclobond I SN CSP, 104

Cyclobond™ 12000 DNP, 104

Cyclodextrin, 103-104

Cyclodextrins (CD), 152-153

Cyclofructan CSP, 104-105

3-cyclohexylamino-1-propanesulphonic acid
(CAPS), 150

CYP. see Cytochrome P450 (CYP)

Cytochrome P450 (CYP), 212, 219

CZE. see Capillary zone electrophoresis (CZE)

DACH-DNB CSP, 102
DBD-PyNCS. see 4-(3-isothiocyanatopyrrolidin-1-
yD-7-(N,N-dimethylaminosulfonyl)-2,1,3-
benzoxadiazole (DBD-PyNCS)
DCC. see Dicyclohexylcarbodiimide (DCC)
DDITC. see (S,5)-N-3,5-dinitrobenzoyltrans-
diaminocyclohexane-isothiocyanate
(DDITC)
Debrisoquine, 215
Dehydrosilybin, 178
Delmopinol, 86
Derivatization, 71
of amines with isocyanates, 85
of amino group, 76-86
of amphetamines, 82
of carboxylic groups, 87
chemical structure of CDR used for, 73, 74-75
of hydroxyl groups, 86-87
reaction of enantiomer, 72



316

Derwent World Drug Index, 176
Desipramine, 189
Desmethylclomipramine, 189
Deuel, 298
Dextran sulfate, 154
Dextromethorphan, 40
Dextromethorphan molecule, 26
Dextrorotary, 28
Diastereomers, 20, 22, 28, 49, 69, 175, 305
chemical formation of, 7-8
enantiomers vs., 22
examples of, 23
1,4-dichlorocyclohexane, 24
Dichloromethane, 124
Dicyclohexylcarbodiimide (DCC), 84
Diet, and stereoisomer disposition, 217218
Dihydropyridines, 221
Dilevalol, 221
Dimethylsulfoxide (DMSO), 196
Directive 2001/83/EC, EU, 243, 248
Dissymmetry, 17-19
Distomer, 28
Distribution
drugs, 208-211
tissue, 210211
DMSO. see Dimethylsulfoxide (DMSO)
Dobutamine, 219
3D QSAR models, 4345
Drug-drug interactions, pharmacokinetics, 218-219
Drugs
absorption, 206208
chiral recognition of, 195
distribution, 208-211
excretion, 216217
interaction with plasma proteins, 183
metabolism, 211215
stereochemistry of, 264, 265
transporter (see Transporter, drug)

Electromigration techniques, 147-162
disadvantage of, 161
instrumentation for, 147
overview of, 147-150
vs. HPLC, 161-162
Electrospray ionization-mass spectrometry
(ESI-MS), 167
EMA. see European Medicines Agency (EMA)
Enantiomeric purity (EP), 52
Enantiomers, 6, 14, 19, 20-21, 28, 31, 69, 175, 209,
219-220, 294-300, 305
anticipation, 295-296
derivatization reaction of, 72
development of, 223
drug, techniques for determination/isolation of,
167-169
3D structures of, 30
examples of, 21
of ibuprofen, 87
naming, 24
physical properties of, 7-8
prima facie case of obviousness for, 298-299
procedure for separation of, 62
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of propoxyphene, 220
separation/resolution of, 48-66
single, 246, 247
patent cases, 304-309
structures of, 21
verapamil, fit of, 174
vs. diastereomers, 22
Enantioselective chromatography, 121-127
screening, 121-122
additives, 126-127
solvent mixtures for, 122-126
Enantioselectivity, 42
QSAR (see Quantitative structure-activity
relationships (QSAR))
Enantioseparation
of 2-aryloxypropionic acids, 159-160
by capillary electrophoresis, 150-156
effect of applied voltage/temperature on,
154-155
effect of BGE on
composition, 150-151
ionic strength, 151-152
pH, 151
optimization of, 155-156
Enthalpic factor, 39
Entropic factor, 39
EP. see Enantiomeric purity (EP)
Ephedrine, 81, 85
Epimers, 49
Epinephrine, 278
Eprosartan, 178
Equilibrium dialysis, 190
Erythrose, 25
Escitalopram, 305-307
ESI-MS. see Electrospray ionization-mass
spectrometry (ESI-MS)
Ethambutol, 222-223
Ethyl acetate, 124
Ethyl diacetyltartrate
melting point phase diagram for, 59, 61
EU. see European Union (EU)
Europe
implementation of ICH in, 250
European Medicines Agency (EMA), 243, 250
European Union (EU)
current legislation, 242-243
Investigation of Chiral Active Substances, 243-248
principle, 241-242
regulatory aspects, 248
regulatory requirements for pharmaceuticals in,
241-248
Eutomer, 28
Evaluation and Licensing Division, PFSB, 260
Evanescent wave, 196
EWG. see Expert Working Group (EWG)
Excretion
biliary clearance, 216217
renal clearance, 216
Expert Working Group (EWG), 249

Famprofazone, 82
FDA. see Food and Drug Administration (FDA)
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Fenfluramine, 84
Fenoterol stereoisomers
pharmacological effects of, 280
Fexofenadine, 178, 207
Fischer convention, 24-25
FLEC. see 1-(9-fluorenyl) ethyl chloroformate
(FLEC)
1-(9-fluorenyl) ethyl chloroformate (FLEC),
80-82, 86
and (R)-amphetamine, 80
Flurbiprofen, 199
Food and Drug Administration (FDA), 223, 250,
254-259
approved new molecular entities, 267
guidance, 257-259
policy statement, 255-257
Forest Labs., Inc. v. Ivax Pharms., Inc, 296
Four-point models, chiral recognition, 34-36
Free-energy differences, chiral, 41
Frontal analysis, 191, 192
Functional selectivity, 278

Gas chromatography (GC), 69, 76, 99, 169
GC. see Gas chromatography (GC)
GC-MS (SIM) chromatograms, 82, 83
GEF. see Guanine nucleotide exchange factor (GEF)
Gender, and stereoisomer disposition, 217
Geometric isomers

cis-trans, 2224
GITC. see 2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyl-

isothiocyanate (GITC)
Glutl, 171
Glyceraldehyde, 24
Glycosylation, of AGP, 195
GPCR-Go. fusion proteins, 281-282
GPCRs. see G-protein-coupled receptors (GPCRs)
G-protein-coupled receptors (GPCRs), 274. see also
Bx-adrenergic receptors (B4 ARs)

models of activation, 275-278

two-state model vs. multistate model, 275-278
G-proteins, 274, 286

cycle, 275
Graham factors, 297
GTP. see Guanosine 5'-triphosphate (GTP)
Guanine nucleotide exchange factor (GEF), 274
Guanosine 5'-triphosphate (GTP), 282, 286

Hatch-Waxman Act, 223

HDL. see High-density lipoprotein (HDL)

HEPES. see N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid (HEPES)

HFBOPCIL. see (25,4R)-N-heptafluorobutyryl-4-
heptafluoro-butyroxy-prolyl chloride
(HFBOPCI)

High-density lipoprotein (HDL), 190, 195

Highest occupied molecular orbital (HOMO), 42

High-performance affinity chromatography
(HPAC), 186, 190-193

High-performance frontal analysis (HPFA), 190

High-performance liquid chromatography (HPLC),
69, 76, 86, 113, 140-141, 245

chiral screening, 98-99
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chiral stationary phases, trends in development,
95-98
disadvantages of, 161
electromigration techniques vs., 161-162
high-performance affinity chromatography (see
High-performance affinity chromatography
(HPAC))
Hill function, 227
HNEA. see Trans-4-hydroxy-2-nonenoic acid
(HNEA)
hOCT1, 172
HOMO. see Highest occupied molecular orbital
(HOMO)
HPAC. see High-performance affinity
chromatography (HPAC)
HPFA. see High-performance frontal analysis
(HPFA)
HPLC. see High-performance liquid
chromatography (HPLC)
HSA. see Human serum albumin (HSA)
Human serum albumin (HSA), 182, 184-186
Hydroxyl groups
derivatization of, 86-87
4-hydroxymethyl-2-oxazolidinone, 53
5-hydroxymethyl-2-oxazolidinone, 53
4-hydroxypropranolol, 77
Hydroxypropyl-B-cyclodextrin, 42
Hypnotics, 222
Hypoalbuminemia, 199

TAM-PC. see Immobilized artificial membrane-
phosphatidylcholine (IAM-PC)
Ibuprofen, 87, 192
ICH. see International Conference on Harmonisation
(ICH)
ICH Steering Committee, 249
Imipramine, 189
Immobilized artificial membrane-phosphatidylcho-
line IAM-PQ), 171, 172
Impurities, ICH guidelines on, 252-253
Indole-benzodiazepine binding site, 186
Indolopyrimidine, 178
Injections, sample
overlapping, and chromatography, 128-131
Inosine 5'-triphosphate (ITP), 282, 286
Interaction patterns, molecular, 30, 31
International Conference on Harmonisation (ICH),
241, 248-254
common technical document, 250
guidelines
on analytical validation, 253-254
development of, 249
on impurities, 252-253
on specifications and tests, 250-252
implementation in Europe/United States/Japan,
250
overview, 248-249
International Union of Pure and Applied Chemistry
(IUPACQ), 17
Investigation of Chiral Active Substances, 243-248
chemistry/pharmacy aspects, 243-246
Ton-exchange CSP, 106-107
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Isomers
cis-trans, 22-24
optical, 48
Isoproterenol, 278, 279-280
4-(3-isothiocyanatopyrrolidin-1-y1)-7-(N,N-
dimethylaminosulfonyl)-2,1,3-
benzoxadiazole (DBD-PyNCS), 79-80
ITP. see Inosine 5'-triphosphate (ITP)
TUPAC. see International Union of Pure and Applied
Chemistry (IUPAC)

Japan
chirality of new drug introductions in, 265
implementation of ICH in, 250
regulatory requirements for pharmaceuticals in,
259-263

Ketamine, 225
concentration-effect relationship, 227, 228
Ketoprofen, 199

Labetalol, 221

Lactic acid, 13

Langmuir isotherm, 115, 138

L-carnitine, 86

LDL. see Low-density lipoprotein (LDL)

Levofloxacin, 308-309

Levomethorphan, 40

LFER. see Linear free energy relationships (LFER)

Lifestyle, and stereoisomer disposition, 217-218

Ligand-binding process, 39

Linear free energy relationships (LFER), 42

Lipophilicity, 42

Lipoproteins, 189-190

Lisdexamfetamine, 226

losartan, 178

Low-density lipoprotein (LDL), 190, 195

Lowest unoccupied molecular orbital (LUMO), 42

LUMO. see Lowest unoccupied molecular
orbital (LUMO)

Lundbeck, 305-307

LY329146, MRP1 inhibitors, 178

LY402913, MRP1 inhibitors, 178

Macrocyclic antibiotics, 102-103, 153
chemical structures of, 153

Macromolecule, 37

Major facilitator superfamily (MFS), 171, 172

Maprotiline, 189

MBIC. see a-methylbenzyl isocyanate (MBIC)

MDA. see 3,4-methylenedioxyamphetamine (MDA)

MDEA. see 3,4-methylenedioxyethylamphetamine
(MDEA)

MDMA. see 3,4-methylenedioxymethamphetamine
(MDMA)

MDR. see Multidrug resistance (MDR)

MEEKC. see Microemulsion electrokinetic chroma-
tography (MEEKC)

Mefloquine, 85

Mefloquine (MQ), 177
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MEKC. see Micellar electrokinetic chromatography
(MEKC)
Mephobarbital (MPB), 198
Mepivacaine, 223
MES. see Morpholinoethanesulfonic acid (MES)
Meso-diastereomer, 22
Meso-tartaric acid, 22
Metabolism, drugs, 211-215
chiral inversion, 213-215
first-pass, 213
genetic polymorphisms in, 215
phase I/phase II, 212-213
Methadone, 189
Methamphetamine, 81, 84
Methaqualone, 21
1-(6-methoxy-2-naphthyl)ethyl isothiocyanate
(NAP-IT), 79
2-methoxy-2-(1-naphthyl)propionic acid
(M-0-NPA), 86
Methyl diacetyltartrate, 54, 55
Methyl dipropionyltartrate
melting point phase diagram for, 59, 60
3,4-methylenedioxyamphetamine (MDA), 81
3,4-methylenedioxyethylamphetamine (MDEA), 82
3,4-methylenedioxymethamphetamine (MDMA), 81
Methyl t-butyl ether (MTBE), 117, 124
MFS. see Major facilitator superfamily (MFS)
MHLW. see Ministry of Health, Labour and
Welfare (MHLW)
MHW. see Ministry of Health and Welfare (MHW)
Micellar electrokinetic chromatography (MEKC),
147, 156-157
Microemulsion electrokinetic chromatography
(MEEKC), 158
Ministry of Health, Labour and Welfare (MHLW),
250
Ministry of Health and Welfare (MHW), 259
MIP. see Molecularly imprinted polymers (MIP)
Mirror images, 4, 17, 18, 19, 48
Mobile phase
choice of, 123, 142
effect on adsorption, 125
Molecular asymmetry
and optical activity, 2-6, 15
Molecularly imprinted polymers (MIP), 160-161
Molecular micelles, 157
Monolithic stationary phase capillaries, 159-160
Morbidelli Triangle, 138
Morpholinoethanesulfonic acid (MES), 150
MPB. see Mephobarbital (MPB)
MQ. see Mefloquine (MQ)
MRP2. see Multidrug resistance-associated protein 2
(MRP2)
MRP1 transporter, 177-178
inhibitors, 178
Pgp vs., 178
MSTFA. see N-methyl-N-triethylsilyl trifluoroaceta-
mide (MSTFA)
MTBE. see Methyl t-butyl ether (MTBE)
MTPA. see (R)-(+)-a-methoxy-o-(trifluoromethyl)
phenylacetic acid (MTPA)
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MTPA-CL. see o-methoxy-o—trifluoromethyl)-
phenylacetyl chloride (MTPA-CI)

Multidrug resistance-associated protein 2 (MRP2),
207, 216

Multidrug resistance (MDR), 176

1-(1-naphthyl)ethylisocyanate (NEIC), 85

NAP-IT. see 1-(6-methoxy-2-naphthyl)ethyl
isothiocyanate (NAP-IT)

Naproxen, 69-70

NBD. see Nucleotide binding domains (NBD)

NDA. see New Drug Application (NDA)

NEIC. see 1-(1-naphthyl)ethylisocyanate
(NEIC)

New Drug Application (NDA), 254

New molecular entities (NMEs), 266

N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
acid (HEPES), 150

Nitrogen, 19

NME:s. see New molecular entities (NMEs)

N-methyl-N-triethylsilyl trifluoroacetamide
(MSTFA), 82

N-methylquinidine, 176-177

N-methylquinine, 176-177

NMR spectroscopy. see Nuclear magnetic resonance
(NMR) spectroscopy

Nonsteroidal anti-inflammatory drugs (NSAIDs),
186

Norepinephrine, 278

Nortriptyline, 189

NSAIDs. see Nonsteroidal anti-inflammatory
drugs (NSAIDs)

N-(tert-butylthiocarbamoyl)-L-cysteine ethyl ester
(BTCQ), 88

Nuclear magnetic resonance (NMR) spectroscopy,
71, 168, 245

Nucleotide binding domains (NBD), 175

OATPs. see Organic anion-transporting
polypeptides (OATPs)

OATs. see Organic anion transporters
(OATs)

Oligosaccharide CSP, 103-105

Omeprazole, 177, 226

OP. see Optical purity (OP)

Open-tubular CEC (OT-CEC), 158-159

OPSR. see Organization for Pharmaceutical Safety
and Research (OPSR)

Optical activity, 1, 20, 28

molecular asymmetry and, 2-6

Optical purity (OP), 52

Organic anion transporters (OATs), 216

Organic anion-transporting polypeptides
(OATPs), 207, 216

Organic cation transporters (OCTs), 216

Organisms

usage of, 8-15

Organization for Pharmaceutical Safety and
Research (OPSR), 260

Orosomucoid (ORM). see ay-acid glycoprotein
(AGP)

OT-CEC. see Open-tubular CEC (OT-CEC)
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OVM CSP, 106
Ovomucoid CSP (OVM CSP), 106

Packed capillaries, 159
PAL. see Pharmaceutical Affairs Law (PAL)
Pantoprazole, 226
Paratartaric acid
methods to resolve, 6-15
Patentability, enantiomers/racemates, 294-300
anticipation, 295-296
obviousness, 297-300
overview, 294-295
Patents act 1977, 304-309
PEIC. see 1-phenylethyl isocyanate (PEIC)
Penicillamine, 222
PEPTT1. see Peptide transporter (PEPT1)
Peptide transporter (PEPT1), 207
Pfizer Inc. v. Ranbaxy Labs, 299
PFSB. see Pharmaceutical and Food Safety Bureau
(PFSB)
P-glycoprotein, 211, 216
Pgp transporter, 176-177
MRP1 vs., 178
Pharmaceutical Affairs Law (PAL), 260
Pharmaceutical and Food Safety Bureau (PFSB),
259-260
divisions of, 260
Pharmaceutical and Medical Devices Agency
(PMDA), 250, 260
Pharmaceutical and Medical Devices Evaluation
Center (PMDECQC), 260
Pharmaceutical and Medical Safety Bureau (PMSB),
250
Pharmaceutical patent cases, 304-309
atorvastatin, 305
escitalopram, 305-307
levofloxacin, 308-309
Pharmacodynamics (PD), 219-223
B-adrenoreceptor antagonists, 220221
calcium channel antagonists, 221-222
enantiomers of propoxyphene, 220
racemic mixture, 219-220
Pharmacokinetic-pharmacodynamic modeling,
226-228
Pharmacokinetics (PK)
absorption, 206208
age-related differences, 217
diet/lifestyle, 217218
distribution, 208-211
drug-drug interactions, 218-219
excretion, 216217
gender-related differences, 217
metabolism, 211215
Pharmacologically active eutomers, 278
Phenoxymethylquinoxalinone II, 178
1-phenylethyl isocyanate (PEIC), 85-86
Phosphate, 150
Phosphorus, 19
Piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES),
150
PIPES. see Piperazine-N,N-bis(2-ethanesulfonic
acid) (PIPES)
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Pirkle-type CSP, 95, 96, 101-102
Plasma protein binding, 182-199, 208-210
age and, 198
analytical developments in, 190-196
and disease states, 198-200
drug-drug interactions, 218-219
drugs interaction with, 183
overview, 182-183
species difference and, 197-198
Plasma proteins
AGP, 182, 186-189
binding (see Plasma protein binding)
HSA, 182, 184-186
PMDA. see Pharmaceutical and Medical Devices
Agency (PMDA)
PMDEC. see Pharmaceutical and Medical Devices
Evaluation Center (PMDEC)
PMSB. see Pharmaceutical and Medical Safety
Bureau (PMSB)
Polarimetry, 167
Polymeric CSP, 109
Polymeric surfactants, 157
Polysaccharides, 154
Prilocaine, 223
Prima facie case, obviousness, 299-300
Prior art disclosure
anticipation of enantiomers by, 296
law on obviousness of species in, 297-298
Prior art genus
anticipation of species, 296
Propoxyphene, enantiomers of, 220
Propranolol, 77
Protein CSP, 106
Proteins, 154
Pseudoephedrine, 81, 85

QSAR. see Quantitative structure-activity relation-
ships (QSAR)

QSER. see Quantitative structure-enantioselectivity
relationships (QSER)

Quantitative structure-activity relationships
(QSAR), 4243, 178, 193

3D, 4345

Quantitative structure-enantioselectivity
relationships (QSER), 42

Quinidine, 216

Racemate, 28, 246-247, 294-300
development of, 222
single enantiomer development and, 256-257
Racemic acid, 6
Racemic mixture, 27, 42, 49, 5966, 69
chromatographic separation of, 75-76
greater activity with, 219-220
properties/resolution of, 52-66
(R)-(+)-0-methoxy-o-(trifluoromethyl) phenylacetic
acid (MTPA), 84, 86
(R)-amphetamine, FLEC and, 80
Reduced folate carrier (RFC1), 208
Reexamination Certificate, 295
Regulations, stereoisomeric drugs, 240269

guidelines on chiral drug development, 264-269
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in Japan, 259-263 (see also Japan)
in United States, 254-259 (see also United
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Renal clearance, 216
Reversed-phase high-performance liquid chroma-
tography (RP-HPLC), 77, 87
RFC1. see Reduced folate carrier (RFC1)
Rifamycin B, 153
(9)-(R)-isoproterenol, 278-281
binding properties of, 283
effects on AC activity, 286
interaction
with B,AR, 286-288
with B2AR/BrARcan, 282-286
Ristocetin A, 153
Rocking tetrahedron model, 37
Rotation
optical, 19-20, 28, 52
RP-HPLC. see Reversed-phase high-performance
liquid chromatography (RP-HPLC)
(R)-propranolol, 33
(R,R)-DANIL. see (1R,2R)-1,3-diacetoxy-1-(4-
nitrophenyl)-2-propyl isothiocyanate
((R,R)-DANI)
(1R,2R)-1,3-diacetoxy-1-(4-nitrophenyl)-2-propyl
isothiocyanate ((R,R)-DANI), 77, 78-79
applicability of, 88
R,S-naproxen, 69
R,S-1-phenylethylamine, 69
Rules Governing Medicinal Products in the European
Union, 243

Safety Division, PFSB, 260
Sanofi-Synthelabo, 99
Sanofi-Synthelabo v. Apotex, Inc., 299
Scalemic mixture, 27, 28
Scatchard analysis, 191
Sedatives, 222
Selectivity, solvents, 124-125
Sequence rule, C.LP. convention, 26
Serum albumin, 194
SFC. see Supercritical fluid chromatography
(SFO)
Shave recycle, chromatography, 131-132
Simulated moving bed (SMB) chromatography,
133-140, 269
advantages of, 136
basics of, 134-136
combination with SFC, 144
development of, 136-140
examples of, 140
parameters, determination of, 139-140
principles of, 134
processes, 140
(+)-(S)-isoproterenol, 278-281
binding properties of, 283
effects on AC activity, 286
interaction
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with B,AR, 286-288
with BAR/BrARcanm, 282-286
SLC transporters. see Solute carrier (SLC) transpor-
ters
SMED. see String model for enantiorecognition
(SMED)
SmPC. see Summary of Product Characteristics
(SmPC)
Sodium ammonium tartrate, crystals of, 51
Solubility, solvents, 125-126
Solute carrier (SLC) transporters, 172-175
Solutes, 114-117
in-column band shape, 116
Solvents
selection for enantioselective screening experi-
ments, 122-126
selectivity, 124-125
solubility, 125-126
viscosity, 123-124
SPR. see Surface plasmon resonance (SPR)
(S)-propranolol, 33
(25,4R)-N-heptafluorobutyryl-4-heptafluoro-bu-
tyroxy-prolyl chloride (HFBOPCI), 84
S-shaped isotherm, 117
(5,5)-N-3,5-dinitrobenzoyltrans-diaminocyclohexane-
isothiocyanate (DDITC), 77
SSR separation. see Steady-State Recycling (SSR)
separation
45,6S-stereoisomer, 258
Steady-State Recycling (SSR) separation, 133
Stereocenter Recognition model, 36
Stereochemical terms, 17, 28
Stereochemistry, of drugs, 264, 265
Stereoisomerism, 17
Stereoisomers, 19, 28, 206228
chiral, 20
defined, 20
development of, 269
factors affecting disposition, 217-219
fenoterol, pharmacological effects of, 280
of flupentixol, 23-24
interaction with ByARs, 278-281
isoproterenol, 278, 279-280
mixtures of, 27
naming of, 24-27
pharmacodynamics (see Pharmacodynamics
(PD))
pharmacokinetics (see Pharmacokinetics (PK))
regulatory perspective on, 240-269
selectivity of, 268
types of, 2024
Stereoselectivity, 36, 38
activity / toxicity, 222-223
in drug metabolism, 211-215
transport of drugs, 171-178 (see also Transporter,
drug)
Stereospecificity, 27
Stern-Volmer analysis, 186
String model for enantiorecognition (SMED), 41
Sudlow site II, 186
Sulfasalazine, 178
Sulfur, 19
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Summary of Product Characteristics (SmPC), 242
Supercritical fluid chromatography (SFC), 99,
140-144

additives in, 142-143

combination with SMB, 144

disadvantage of, 143-144

method development in, 142-143

scale-up in, 143

schematic of, 141

screening in, 142
Surface plasmon resonance (SPR), 190, 195-196
SWORD trial, 269
Symmetry, 17-19

operations, classes of, 49
Symmetry element, 49

TAGIT. see 2,3,4,6-tetra-O-acetyl-o-D-glucopyranosyl-
isothiocyanate (TAGIT)
Talinolol, 216
Tartaric acid, 1
optically active, 14
TASA. see Total apolar surface area (TASA)
Teaching, suggestion, or motivation (TSM) test, 299
Telmisartan, 178
Temperature
effect on enantioseparation, 154-155
Testing, for chiral drug substances, 251-252
Tetrahydrofuran (THF), 124
2,3,4,6-tetra-O-acetyl-o-D-glucopyranosyl-
isothiocyanate (TAGIT), 77
DANI and, 79
2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyl-
isothiocyanate (GITC), 77
Thermodynamics, 3841
analysis, 40
free-energy differences, 41
functions, 39
parameters, 39
THF. see Tetrahydrofuran (THF)
Thinlayer chromatography (TLC), 168-169
Thioridazine, 189
Thioureas
formation of, 76-80
Three-point interaction rule, 101
Three-point models, chiral recognition, 31-33
Threose, 25
TLC. see Thinlayer chromatography (TLC)
Total apolar surface area (TASA), 42
Trans-4-hydroxy-2-nonenoic acid
(HNEA), 87
Transmembrane proteins, expansion to, 171
Transporter, drug
ABC, 175-178 (see also ABC transporters)
intestinal absorptive/secretory, 207-208
solute carrier, 172-175
stereoselectivity in, 171-178
Trimipramine, 189
Tri-O-methyl-p—cyclodextrin, 42
Tris, 2-(N-cyclohexylamino) ethanesulfonic acid
(CHES), 150
Tromethamine, formation of, 58
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TSM test. see Teaching, suggestion, or motivation
(TSM) test

Ultrafiltration, 190
Unichiral reagent. see Chiral derivatizing reagent
(CDR)
United States
FDA (see Food and Drug Administration
(FDA))
implementation of ICH in, 250
patentability perspective, and development of
chiral drugs, 294-300
regulatory requirements for pharmaceuticals
in, 254-259
Ureas
formation of, 85-86
U.s. v. Ciba-Geigy Corp., 300

Vancomycin, 153, 178
Verapamil, 185-186, 213, 216
Vincristine, 176-177
Viscosity, of solvents, 123-124

Warfarin, 185, 198
Whelk O1 CSP, 101, 102

Xanthosine 5’'-triphosphate (XTP), 282, 286
X-ray crystallography, 34, 38, 168
XTP. see Xanthosine 5'-triphosphate (XTP)

Zafirlukast, 178
Zonal elution, 191
Z. stereoisomer, 23
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