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To the memory of Vladimir Prelog and Derek H.  R. Barton 

Vladimir Prelog, sitting comfortably in his office, Zurich, 1989. 

Judy and Derek H.R. Barton, a very happy couple, early 1998. 



INTRODUCTION TO THE SERIES 

Since its first appearance in 1967, the Topics in Stereochemistry series has stood 
as the standard bearer for advances in the broad field of stereochemistry. Those 
visionaries who founded the series, anticipated with remarkable foresight, the 
extraordinary growth and impact that stereochemistry has had in all reaches of the 
chemical enterprise. Fortunately, there is no surcease in the interest in and 
importance of stereochemistry as the discipline of chemistry evolves and its 
borders expand and diffuse into the related fields of biology, medicine, physics, 
materials science, chemical engineering and environmental science. 

The field of stereochemistry serves as a unifying theme for the expanded 
definition and diversification of chemistry. The consequences of molecular and 
macromolecular shape and topology are central to issues of chemical reactivity, 
physical properties and biological function. With that view, the importance of 
stereochemistry had never been greater and it is hoped that this series will provide 
forum for documentation of the most significant advances in all of these 
subdisciplines of chemistry. 

The Topics in Stereochemistry series has set itself apart by maintaining a 
remarkable balance of chapters that are both definitive, standing the test of time, 
and current, addressing the impact of stereochemistry at the most exciting frontiers. 
As a student and researcher, I have often turned to chapters in Topics in 
Stereochemistry for both the foundations and the state of the art in new areas of 
interest. It is my hope that the series continues to enjoy that level of confidence in 
the chemistry community and that it retains, in this second incarnation the esteem 
which the founders have worked to hard to establish. 

I am fortunate in having been able to enlist the help and guidance of an 
international board of Editorial Advisors who have provided great assistance by 
suggesting chapter topics and suitable authors for articles both here and in future 
volumes. While I am grateful for the assistance of the Editorial Advisory Board, it 
is the Editor and the Authors who are solely responsible for any shortcomings of 
Topics in Stereochemistry. 

S. E. Denmark 
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FOREWORD 

Following the publication of Stereochemistry of Carbon Compounds (Eliel, 1962) 
and Conformational Analysis (Eliel, Allinger, Angyal and Morrison, 1965) N. L. 
Allinger and I in 1966 decided to launch a series Topics in Stereochemistry to keep 
readers informed of current and new topics in this area. The subject of 
stereochemistry, which had been in the doldrums during the first half of the 20th 
century, was then just experiencing a renaissance, thanks, in no small measure, to 
the pioneering work of Vladimir Prelog and Derek H. R. Barton (both of whom 
sadly passed away earlier this year). John Wiley & Sons agreed to publish the 
series, which, over 27 years, grew into 21 volumes. Samuel H. Wilen joined the 
editorial team in 1982 and Lou Allinger retired as coeditor in 1986. The series was 
clearly buoyed by the explosive development of stereochemistry in the 1970’s and 
1980’s and, in turn, may have helped along that development at least in a small 
way. Among the more influential articles should be mentioned an early one on 
determination of enantiomeric purity by non-polarimetric means (1967), a 
comprehensive chapter on resolution and resolving agents (1 97 1), a 1978 article on 
asymmetric synthesis, chapters on the use of carbon- 13 NMR in stereochemistry 
( I  974, 1986), an article on the stereochemistry of hydride reductions (1979) and a 
chapter on enzymatic resolution (1989)-one of several articles on biochemical 
aspects of stereochemistry. The stereochemistry of inorganic compounds was also 
treated in several chapters’ culminating in a whole volume on this topic, edited by 
Gregory Geoffroy in 1981. It is clear that in some instances the series anticipated 
important developments and brought them to the readers’ attention at an early 
stage. 

Stereochemistry continues to be a highly viable and prolific subject. Nonetheless, 
in 1993 the editors reluctantly decided to retire after publication of Volume 21, in part 
because for some time prior they had been fully occupied with the publication of 
Stereochemistry of Organic Compounds (Wiley, 1994). Sadly, my close friend, 
able coauthor and coeditor, and valued colleague Sam Wilen died soon thereafter. 
In as much as the explosive development in stereochemistry is continuing, I am 
delighted that Scott Denmark, who is eminently qualified for the task, has taken 
over editorship of the series with Volume 22. I am particularly pleased to see a 
chapter by my fellow stereochemist Kurt Mislow in this volume, since Kurt helped 
us launch the series in 1967 by agreeing to be an editorial advisor and by 
coauthoring a seminal chapter on stereochemical relationships (heterotopicity) for 
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X FOREWORD 

the fust volume. I am also happy to see the inclusion of both inorganic and 
biochemical aspects of stereochemistry in the present volume, including the very 
timely and important topic of asymmetric catalysis. 

I wish the new editor continued success in this “relaunch”. 

Ernest L. Eliel 
Department of Chemistry 

University of North Carolina 
Chapel Hill, NC 27599-3290 



PREFACE 

The collection of chapters in this first Volume of the second era of Topics in 
Stereochemistry covers a range of topics that reflects the both the evolution of the 
field of stereochemistry and the most exciting advances that presage its future. 
Thus, it was expressly by design that there be conceptually focused chapters on the 
basic principles of molecular chirality and on asymmetric amplification. In 
addition, there was a conscious effort to incorporate applied chapters on some of 
the most exciting advances illustrating the importance of stereochemistry in 
synthetic organic, physical organic and bioorganic chemistry. It is therefore quite 
satisfying that the collection in this volume matched the hoped for impact for the 
re-release of the series. 

The first chapter in this volume is a conceptually stimulating feast, fittingly 
authored by Kurt Mislow who also co-authored the first chapter of Volume 1 in this 
series. This chapter provides an insightful analysis of the foundations of molecular 
chirality, topological chirality and definitions of chirality measures. Aficionados of 
the history of stereochemical concepts will particularly enjoy the account of how 
various models of molecular and topological models have evolved. Also included 
is a thorough treatment of the chirality of knots and links. Critical passages from 
early treatises are quoted in the original language (translated as well) which 
effectively engages the reader as a participant in this “Chirosopher’ s” telling of the 
story of chirality. 

The importance of catalysis in biological as well as synthetic organic chemistry 
cannot be overstated. In Chapter 2, Donald Hilvert examines the scope and utility 
of asymmetric reactions under catalysis by antibodies. From a stereochemical point 
of view, this has significant impact not only in the production of important 
compounds in stereochemically defined form, but also in  the ability of the antibody 
catalysts to alter the stereochemical course of organic reactions in fashions contrary 
to their natural tendencies. The most important chemical transformations carried 
out by catalytic antibodies are covered and provide the reader with an excellent 
snapshot of the state of the art of this emerging subfield in asymmetric catalysis. 
In addition, a critical appraisal of the limitations and future directions is included 
which should provide ample stimulation for thought. 

Chapter Three by Jonathan White and Christopher Clark is a comprehensive 
analysis of the stereoelectronic effects of group 14 elements in controlling the 
course of many reactions in organic chemistry. The scope of coverage is thorough 
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from silicon through lead compounds and with analysis of these effects over many 
attached atoms. Although the manifestation of these effects have been put to great 
use by synthetic chemists, this chapter is decidedly more physical organic in focus 
and provides a clear organizational framework for understanding and correlating 
the many different substrates and reaction types wherein a stereoelectronic effect 
has been noted. The presentation of some of the more remote effects should 
stimulate investigations into possible applications. 

The fourth chapter by Masakatsu Shibasalu and Hiroah Sasai provides an 
up-to-date coverage of one of the most fascinating areas in asymmetric synthesis, 
namely, the design, development and application of new systems for 
enantioselective catalysis. This chapter details the evolution of the fascinating new 
class of chiral lanthanide-BINOL complexes which have found remarkably broad 
and powerful application as catalysts for Michael, aldol additions, hydrocyanation, 
hydrophosphonylation and epoxide openings. In addition, important mechanistic 
insights have been gleaned from investigations of the structure/reactivity/ 
selectivity relationships of the complexes which is also elaborated in the chapter. 

One of the most exciting and recently emerging areas in asymmetric synthesis 
is asymmetric amplification. This topic has extraordinarily broad implications 
from mechanistic insights provided by non-linear effects to the enhancement of 
enantiomeric composition of important compounds to new hypotheses for the 
origin of biomolecular homochirality. The final chapter by Henri Kagan and David 
Fenwick provides a thorough and insightful analysis of the basic principles of 
asymmetric amplification and illustrations of some of the more important 
applications in synthesis. 

It is appropriate here to acknowledge Carla A. Fjerstad, Editor and Patrick J. 
Kelly, Vice President and General Manager, Physical Sciences, at Wiley for their 
interest in continuing the series and for providing motivation, advice and 
assistance. 

Finally, in this past year, two of this century’s giants of stereochemistry passed 
away. However, the scientific legacies of Vladimir Prelog and Sir Derek H. R. 
Barton are firmly embodied in the fundament of our knowledge of stereochemistry 
and their personal legacies irrevocably woven into the hearts and minds of those 
co-workers, colleagues, students and friends who were graced by their lives. 

Scott E. Denmark 
Urbana, Illinois 



CONTENTS 

Molecular Chirality 
by Kurt Mislow 
Department of Chemistry 
Princeton University, Princeton, NJ 

Stereoselective Reactions with Catalytic Antibodies 
by Donald Hilvert 
The Swiss Federal Institute of Technology ( E T H )  
Zurich, Switzerland 

1 

83 

Stereoelectronic Effects of the Group 4 Metal Substituents in Organic 
Chemistry 137 

by Jonathan M. White and Christopher I. Clark 
The University of Melbourne 
Parkville, VlC, Australia 

Asymmetric Catalysis with Chiral Lanthanoid Complexes 
b y  Masakatsu Shibasaki and Hiroaki Sasai 
The University of Tokyo 
Bunkyyo-ku, Tokyo, Japan 

Asymmetric Amplification 
by David R. Fenwick and Henri B. Kagan 
Universite' Paris-Sud 
Orsay, France 

Cumulative Title Index, Volumes 1-22 

201 

257 

297 

Subject Index 303 
... 

XI11 



TOPICS IN 
STEREOCHEMISTRY 

VOLUME 22 



Molecular Chirality 

KURT MISLOW 

Department of Chemistry, Princeton University, Princeton, NJ 08544 

1. Introduction 
11. Geometrical chirality 

A. Incongruent counterparts 
B. Geometrical chirality 
C. Reflections and isometfies 
D. Dimension-dependence of chirality 
Structures of chiral and achiral molecules 
A. Models of molecules 

111. 

1.  The classical model 
2. Motion-dependent chirality 
3. The chiral point groups 

B. Choosing a model 
C. Retournons ?i Pasteur 

A. Rubber-sheet geometry 
B. Molecular graphs 
C. Molecular knots 

IV. Topological chirality 

1. Prime knots and their crossing numbers 
2. How to prove a knot’s chirality or achirality 

1. Nonoriented links 
2. Oriented links 
Limitations of the topological model 
1. On the choice of topologically significant bonds 
2. On the relevance of topological chirality to chirality properties 

F. A note on definitions of chirality 

A. Absolute configuration and the meaning of right and left 
B. Homochirality classes 
C. Specification of the sense of chirality 

VI. Quantification of chirality 
A. Geometrical chirality measures 
B. Topological chirality measures 
Acknowledgments 
References 

D. Molecular links 

E. 

V. Sense of chirality 

Topics in Stereochemistry, Volume 22, Edited by Scott E. Denmark. 
ISBN 0-471-25316-2 0 1999 John Wiley & Sons, Inc. 



2 MOLECULAR CHIRALITY 

I. INTRODUCTION 

Chirality, in its many and varied manifestations, is ubiquitous; a concept rooted in 
mathematics, it permeates all branches of the natural sciences.’ In 1848, Louis 
Pasteur announced his epochal discovery of a causal relationship between the 
handedness of hemihedral sodium ammonium tartrate crystals and the sense of 
optical rotation of the tartrates in solution.2 This discovery, which marks the 
beginning of modern stereochemistry, connected enantiomorphism on the 
macroscopic scale to enantiomorphism on the molecular scale and thus led to 
Pasteur’s recognition that the optical activity of the tartrates is a manifestation of 
“dissym6trie rn016culaire,”~ that is, of molecular chirality. 

Since Pasteur’s time, stereochemistry has experienced an enormous intellectual 
growth and has also found widespread industrial application. In recent years, a 
spate of articles, reviews, books, and international conferences and symposia have 
dealt with the role of chirality in chemistry, and three new journals have been 
specifically devoted to this topic: Chirality, by Wiley-Liss in 1989, Tetrahedron: 
Asymmetry, by Pergamon Press in 1990, and Enantiomer, by Gordon and Breach 
in 1996. Much of the research reported in these media, though motivated to some 
degree by market forces-notably by the demand of pharmaceutical industry for 
enantiopure drugs4-serves as a reminder that molecular chirality remains the 
centerpiece of stereochemistry and allied branches of science. 

The year 1998, which celebrates the sequicentennial anniversary of Pasteur’s 
discovery, seems appropriate as an occasion on which to examine selected features 
of molecular chirality that are of interest from a theoretical point of view. We begin 
by describing the foundations of geometrical chirality within a historical context 
and go on to analyze the problem of selecting appropriate models for chiral and 
achiral molecules. We next address questions relating to the topological chirality 
and achirality of molecular knots and links, and follow this with a discussion of the 
right-left dichotomy that is common to all chiral objects. Our essay concludes with 
a critical look at the principles that underlie chirality measures. 

11. GEOMETRICAL CHIRALITY 

A. Incongruent Counterparts 

The paradoxical nature of handedness was first examined in depth by the 
philosopher Immanuel Kant. Take two objects, such as the right and left hand, that 
are “vollig gleich und iihnlich” [entirely equal and similar] in the sense that their 
metric properties are exactly the same. Yet although right and left hands are 
isometric, they cannot be made to coincide in space. Thus they are at the same time 
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congruent (isometric) and not congruent (not superposable). In the 1768 paper in 
which he introduced this ~ubject ,~ Kant coined the phrase “incongruent 
counterparts” to describe such nonsuperposable mirror images: 

Ich nenne einen Korper, der einem andern vollig gleich und tihnlich ist, ob er gleich 
nicht in eben denselben Grenzen kann beschlossen werden, sein incongruentes 
Gegenstuck. 

[I call a solid that is entirely equal and similar to another, yet that cannot be included 
within the same boundaries, its incongruent counterpart.] 

Kant returned to this troublesome paradox-whose spirit is nicely captured in the 
phrase “the same and not the same”6-in his Inaugural Dissertation, published in 
1770, and again, in 1783, in a section of his Prolegomena zu einerjeden kunftigen 
Metuphysik: in which he stated the puzzle in the following words: 

Was kann wohl meiner Hand oder meinem Ohr anlicher und in allen Stucken 
gleicher sein als ihr Bild im Spiegel? Und dennoch kann ich eine solche Hand, als im 
Spiegel gesehen wird, nicht an die Stelle ihres Urbildes setzen; denn wenn dieses eine 
rechte Hand war, so ist jene im Spiegel eine linke, und das Bild des rechten Ohres ist 
ein linkes, das nimmermehr die Stelle des ersteren vertreten kann. 

[What can be more similar to my hand or my ear, and more equal to it in all of its 
parts, than its image in the mirror? And yet such a hand as is seen in the mirror cannot 
take the place of the original; for if the original was a right hand, the hand in the mirror 
is a left one, and the image of the right ear is a left ear, which could never take the 
place of the original.] 

He went on to elaborate: 

[Die] linke Hand kann mit der rechten, ohnerachtet aller beiderseitigen Gleichheit 
und hnlichkeit, doch nicht zwischen denselben Grenzen eingeschlossen sein (sie 
konnen nicht kongruieren); der Handschuh der einen Hand kann nicht auf der 
anderen gebraucht werden. Was ist nun die Auflosung? 

[Despite their mutual equality and similarity, left and right hands can nevertheless not 
be encompassed within the same boundaries (they cannot be rendered congruent); the 
glove of one hand cannot be used on the other. Then what is the solution?] 

Kant’s meditations concerning incongruent counterparts inspired theories 
regarding the nature of space and laid the groundwork for all subsequent 
epistemological studies dealing with the problem of handedness.8 The chief 
question that arose from Kant’s work was the following: Does the property of 
handedness depend on the space of the embedded object? Before we address this 
question, however, we need to digress in order to introduce some definitions. 
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B. Geometrical Chirality 

MOLECULAR CHIRALITY 

The terms chiral and chirality, whose literal meanings are “handed” and 
“handedness,” made their first appearance in a footnote of a lecture, entitled “The 
Molecular Tactics of a Crystal,” that Sir William Thomson, who had been elevated 
to Lord Kelvin in 1892, delivered to the Oxford University Junior Scientific Club 
on May 16, 1893.9 The famous footnote reads: 

I call any geometrical figure, or group of points, chirul, and say that it has chirality, 
if its image in a plane mirror, ideally realized, cannot be brought to coincide with 
itself. Two equal and similar right hands are homochirally similar. Equal and similar 
right and left hands are heterochirally similar or “allochirally” similar (but 
heterochirally is better). These are also called “enantiomorphs,” after a usage 
introduced, I believe, by German writers. Any chiral object and its image in a plane 
mirror are heterochirally similar. 

Kelvin’s lecture was reprinted verbatim in Appendix H of his Baltimore 
Lectures,loa which were delivered at Johns Hopkins University in October of 1884, 
nine years before the Oxford lecture. It would therefore be only natural to assume 
that the terms in Kelvin’s definition originated in 1884, and not in 1893, and most 
authors have accordingly ascribed the origin of Kelvin’s coinage of “chiral” and 
“chirality” to the Baltimore Lectures. In his careful examination of the record, 
however, Ronald Bentley has shown unambiguously that the term chiral was not 
used in any of the Baltimore Lectures at the time.’ It is now clear that Appendix 
H was added subsequently, around the time of publication of the Baltimore 
Lectures in 1904. 

Kelvin’s definition is restricted to rigid geometrical bodies. His “similar,” like 
Kant’s “gleich und ihnlich,” means congruent or isometric. The term 
enantiomorph has the same meaning as Kant’ s “incongruent counterpart.” It is also 
obvious that the phrase “cannot be brought to coincide with itself’ allows for rigid 
rotations and translations but excludes deformations of the geometrical 
figure-otherwise an asymmetric tetrahedron, for example, would not be chiral. 
For the present purpose, let us define a proper congruence as a transformation that 
is effected by any combination of rigid rotations and translations (i.e., rigid 
motions) in the object’s space, and an improper congruence as a transformation that 
is effected by rigid motions combined with an odd number of reflections in the 
object’s space. Kelvin’s definitions can then be reformulated as follows, with the 
addition of Kelvin’s coinage of chiroidob to signify a chiral object: 

An object is chiral and a chiroid if and only if it cannot be superposed on its mirror 
image by a proper congruence, otherwise it is achiral; two chiroids are heterochiral 
and enantiomorphs if and only if they are improperly congruent; and two chiroids are 
homochiral and homomorphs if and only if they are properly congruent. 
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In these definitions, “object” refers to any rigid array, such as a set of points, or to 
a geometrical figure, or to a model of a molecule “ideally realized” (of which more 
below); “properly congruent” can be replaced by “superposable;” and 
“homomorphs,” which may be either chiral or achiral, are “congruent 
counterparts” in Kant’s terminology. 

Kelvin’s coinage was widely ignored until it was rescued from undeserved 
obscurity in two letters to Nature by Lancelot Law Whyte.12 In his words, 

Chiral forms are more varied and widespread than is sometimes realized. Some 
examples are: (mathematical) skew polygon, pair of skew lines, area with sense, 
various skew polyhedra, for example, an isosceles tetrahedron with scalene faces and 
Coxeter’s “orthoscheme,” helix, helical polygon, scalene spherical triangle, single 
overhand knot, eleven enantiomorphous classes of point group symmetry, ratio of 
two co-initial vectors, associations of a polar with an axial vector, quaternions, 
spinors, nonsymmetric three-dimensional tensors, pseudoscalar fields; (natural) most 
optically active molecules, crystals of the eleven enantiomorphous classes, many 
electromagnetic fields, screw displacements, body torques, torsions, relaxation 
processes of chirally deformed structures, amino acid and protein structures, conical 
helices in plants and shells, many parts of animals (including human hand); (man 
made) coat with buttoning for man or for woman, shoe, propellor, clock face. They 
merit a clear designation. 

Our discussion would be incomplete without a comment concerning the original 
spelling of the terms introduced in Kelvin’s definit i~n.’~ On February 17, 1873, 
twenty years before his lecture to the Oxford University Junior Scientific Club, 
Thomson read a lecture to the Royal Society of Edinburgh entitled “Note on 
Homocheiral and Heterocheiral Similarity.”14 Because the text of the lecture was 
never published, all that we are left with is the title. Evidently, after an interval of 
two decades, ThornsodKelvin had decided to streamline these terms by dropping 
the “e” in “cheiral,” even though the original spelling was a more faithful 
transliteration of xap, Greek for “hand.” As it happens, however, a related term, 
umphicheirul, is still in current use in the mathematical literature, its original 
spelling intact. This term, which means “topologically achiral in 3-space,” was 
introduced and defined in 1877 by the Scottish physicist Peter Guthrie Tait.15 Tait, 
the Professor of Natural Philosophy at the University of Edinburgh, was the 
foremost pioneer of what might be called empirical knot theory, to distinguish it 
from the mathematically rigorous discipline that it is today. Thomson was the 
Professor of Natural Philosophy in the neighboring University of Glasgow, and it 
was his theory of vortex atoms16 that had stimulated Tait’s work on knots. 
“Homocheiral” and “heterocheiral,” which Kelvin later defined (after purging the 
“e”) with reference to geometrical chirality, and “amphicheiral,” which Tait 
defined with reference to topological chirality, are therefore contemporaneous 
coinages of Scottish provenance, all dating from the same period, around 
1872- 1877. 
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On the basis of this circumstantial evidence, it seems likely that “cheiral” and 
“cheirality” were the original spellings of these terms. 

C. Reflections and Isometries 

The relationship between an object and its mirror image is at the heart of the 
incongruity of counterparts. In particular, the statement that enantiomorphs can be 
brought into congruence only by rigid motions combined with an odd number of 
reflections in the object’s space requires further elaboration. 

A reflection is an operation that changes the sign of an odd number of 
coordinates. It is discontinuous; that is, it cannot be carried out in a continuous 
manner without distortion of the object, and it is a purely mathematical operation 
that cannot be physically performed. For example, consider reflection in Euclidean 
3-space (R3): If the mirror occupies the yz plane, then a reflection sends each point 
from (x,y,z) in front of the mirror to (-x,y,z) in the magic land behind the looking 
glass. The relationship between an object and the image in the mirror thus acquires 
a mysterious quality, for the reflection that we see in the mirror is intangible and 
has no existence in our world. 

An isometry, or congruence, is a transformation that preserves the lengths of all 
line segments between pairs of points. All isometries are generated by reflections 
and fall into two classes, depending on the parity of the number of generating 
reflections. Isometries of the first kind, or proper isometries, are continuous 
operations generated from an even number of reflections and are physically 
performable in the object’s space. Isometries of the second kind, or improper 
isornetries, are discontinuous operations generated from an odd number of 
reflections and are not physically performable in the object’s space. 

An even number of reflections in the same plane send each point from (x,y,z) 
back to itself, which is equivalent to an identity operation (a proper isometry), 
while an odd number of reflections in the same plane is equivalent to a single 
reflection (an improper isometry). The product of two reflections in separate planes 
is a proper isometry. We distinguish two cases: (1) If the two planes are parallel 
and spaced by a distance d,  the isometry is a translation by 2d in a direction 
perpendicular to the two planes; (2) if the two planes intersect at an angle a, the 
isometry is a proper rotation (or, simply, rotation) through 2a about the line of 
intersection (the axis of rotation). Translations and rotations are continuous 
operations because motion can be controlled by continuous changes in the distance 
or angle between the two mirrors. 

The product of three reflections in separate planes is an improper isometry. We 
again distinguish two cases: (1) Two reflections in parallel planes combined with 
a third reflection in a plane perpendicular to the other two results is a 
translation-reflection or glide reflection; (2 )  two reflections in intersecting planes 
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combined with a third reflection in a plane perpendicular to the line of intersection 
results in a rotation-reflection or improper rotation. When the angle of intersection 
a = 90", the isometry is a central inversion that sends a point from (x,y,z) to (-x, 
-y, -z). All these transformations are discontinuous. 

Finally, the product of two reflections in intersecting planes combined with two 
reflections in parallel planes that are perpendicular to the line of intersection-that 
is, the product of altogether four reflections and therefore a proper isometry- is a 
rotation-translation or screw displacement. This also is a continuous trans- 
formation. 

In analogy to combinations of even and odd integers under addition, the product 
of n proper isometries is a proper isometry regardless of whether n is even or odd; 
the product of n improper isometries is a proper isometry if n is even and an 
improper isometry if n is odd; and the product of a proper isometry and an improper 
isometry is an improper isometry. 

The elements of point groups constitute a special class of isometries, called 
symmetry operations, that leave the object unchanged in space and that may be 
similarly classified as proper, that is, proper rotations (C,), including the identity 
(E  = C,) as a special case, or improper, that is, improper rotations (&), including 
single reflection (0 = S, )  and central inversion (i = S2) as special cases. In analogy 
to isornetries, these are also called symmetry operations of the first and second 
kind, respectively. As an example, consider a model of H 2 0  with C,, symmetry, 
and suppose that the model lies in the xz plane that bisects all three atoms. The 
symmetry operation ov(xz) then results in the transposition of the two halves of 
each atom. Similarly, o,,(yz) transposes two halves of the oxygen atom, along with 
the two hydrogen atoms. Both of these transpositions are improper rotations, and 
neither one is physically performable. It is only when <T,(xz) and ov(yz) are 
combined that we achieve the same effect as C~(Z) ,  a proper rotation and a 
physically performable operation. 

The effect of an improper isometry on a rigid object is to generate a second, 
isometric object, the mirror image. In the general case, the mirror image is 
displaced in space relative to the object-unless, that is, the isometry is a symmetry 
operation of the second kind. In that case, and in that case only, object and mirror 
image end up occupying the same position in space: object and mirror image are 
superposable. If the symmetry group of the object lacks improper rotations, 
however, superposition of an object and its mirror image becomes impossible. The 
effect of an improper isometry on such an object therefore invariably results in a 
spatial displacement of the mirror image (the enantiomorph) relative to the object: 
The object is not invariant under improper rotation and is said to be chiral. This 
leads us to the following definition of a chiroid, which is equivalent to Kelvin's: 

An object is a chiroid if and only if its point group contains no improper rotations. 
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In his Nobel Lecture, Vladimir Prelog defined geometrical chirality by conjoining 
the two  definition^'^: 

An object is chiral if it cannot be brought into congruence with its mirror image by 
translation and rotation. Such objects are devoid of symmetry elements which include 
reflection: mirror planes, inversion centers, or improper rotational axes. 

All objects and their full point groups can be partitioned into two classes: chiral and 
achiral. l 8  Half the elements in an achiral group form a subgroup of proper rotations, 
the chiral (or rotation) subgroup. The other half constitute a set of improper 
rotations (the coset) that is not a group because the identity element is contained in 
the chiral subgroup. The union of a chiral subgroup and its coset is the 
distinguishing characteristic of all achiral groups. Expressed formally, each chiral 
group is the subgroup of highest order, H, in at least one achiral group, Gach. Hence 
Gach = H u aH, where aH is the coset and a, the coset representative, is an improper 
rotation. For example, the point group for H20 is { E, C2, o,(xz), oJyz)} = { E,  C2} 
u {o,(xz)E, o,(xz)C2}, so that C2, = C2 u o,(xz)C2, where o,(xz) is a coset 
representative. Because the sets H and aH have the same number of elements, it 
follows that the order of all achiral groups must be even and that any group of odd 
order must be chiral. This does not mean, of course, that the order of a chiral group 
cannot also be even, as in the example of C2. 

D. Dimension Dependence of Chirality 

We now return to answer the question raised by Kant's work on incongruous 
counterparts: Whether an object is chiral depends on the dimension of the space in 
which it is embedded. That is, chirality is an extrinsic property. 

For example, neither a scalene triangle nor an oriented circle is superposable on 
its respective mirror image by any rigid motion in the plane (Figure 1); this means 
that scalene triangles or oriented circles are chiral in Euclidean 2-space, R2. The 
enantiomorphs can be superposed, however, by a half-turn in R3 about the mirror 
line in R2 (rn in Figure 1). Thus scalene triangles or oriented circles are achiral in 
R3. The achirality in R3 is also evident from the fact that a scalene triangle or an 
oriented circle can be viewed from either side of the plane and can thus be seen in 
either of its two mirror-image forms. Similarly, two improperly congruent oriented 
line segments in R1 that are related by a mirror point, o - x . x - 0, can be 
rendered superposable in R2 by a half-turn about the mirror point. And, by 
extension, chiroids in R3, including chiral molecular models, are achiral in higher 
dimensions because-and this is, of course, hard to visualize-the enantiomorphs 
can be superposed in four-dimensional space R" by a half-turn about a plane that is 
an element of reflection in R3. To a being in the fourth dimension, a left hand would 
look just like a right hand when viewed from a different perspective. In summary, 
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Figure 1. 
Bottom: enantiomorphous oriented circles. 

Chiral figures in the plane (m = mirror line). Top: enantiomorphous scalene triangles. 

because “reflections in any dimension of space can be considered as rotations in a 
space one dimension higher,”I9 enantiomorphs in Rn that are related by reflection 
in  an (n  - 1)-dimensional mirror, m, can  be superposed by  a half-turn about m 
in  Rn+’. 

That enantiomorphs of rigid sets in Rn are homomorphs in Rn+l was recognized 
as long ago as 1827. August Ferdinand Mobius, the Professor of Astronomy in 
Leipzig, observed in  Der barycentrische Culcu120 that enantiomorphs in one- or 
two-dimensional space can be  interconverted by half-turns in a higher dimension, 
and remarked: 

Es scheint sonderbar, dass bei korperlichen Figuren Gleichheit und Aehnlichkeit 
ohne Coincidenz statt finden kann, da hingegen bei Figuren in Ebenen oder bei 
Systemen von Punkten in geraden Linien Gleichheit und Aehnlichkeit mit 
Coincidenz immer verbunden ist. Der Grund davon mochte darin zu suchen seyn, 
dass es iiber den korperlichen Raum von drei Dimensionen hinaus keinen andern, 
keinen von vier Dimensionen giebt ... Zur Coincidenz zweier sich gleichen und 
ihnlichen Systeme im Raume von drei Dimensionen ... wurde also, der Analogie 
nach zu schliessen, erforderlich seyn, dass man das eine System in einem Raume von 
vier Dimensionen eine halbe Umdrehung machen lassen konnte. Da aber ein solcher 
Raum nicht gedacht werden kann, so ist auch die Coincidenz in diesem Falle 
unmoglich. 

[It seems remarkable that solid figures can have equality and similarity without 
coincidence, since, in contrast, for figures in the plane or for systems of points on a 
line equality and similarity are always connected with coincidence. The reason for 
this may be that beyond the solid space of three dimensions there is no other, none 
of four dimensions ... For the coincidence of two equal and similar systems in 
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three-dimensional space ... it would be necessary, to reason by analogy, that one 
should be able to let one of the systems make a half-turn in a space of four 
dimensions. But because such a space is unimaginable, coincidence in this case also 
impossible.] 

And, almost a century later, the philosopher Ludwig Wittgenstein, in his Tractatus 
(1921):l wrote: 

Das Kantsche Problem von der rechten und linken Hand, die man nicht zur Deckung 
bringen kann, besteht schon in der Ebene, ja im eindimensionalen Raum, 

a b 

wo die beiden kongruenten Figuren a und b auch nicht zur Deckung gebracht werden 
konnen, ohne aus diesem Raum herausbewegt zu werden. Rechte und linke Hand 
sind tatsachlich vollkommen congruent. Und dass man sie nicht zur Deckung bringen 
kann, hat damit nichts zu tun. Den rechten Handschuh konnte man an die linke Hand 
ziehen, wenn man ihn im vierdimensionalen Raum umdrehen konnte. 

[Kant’s problem concerning the right and the left hand, which cannot be made to 
coincide, exists even in two dimensions. Indeed, it exists in one-dimensional space, 

a b 

in which the two congruent figures, a and b, also cannot be made to coincide unless 
they are moved out of this space. The right hand and left hand are in fact completely 
congruent. It is quite irrelevant that they cannot be made to coincide. A right-handed 
glove could be fitted onto the left hand, if it could be turned around in 
four-dimensional space.] 

111. STRUCTURES OF CHIRAL AND ACHIRAL MOLECULES 

A. Models of Molecules 

Geometrical objects, as we saw, can be neatly partitioned into chiral and achiral 
classes: Whether such an object is chiral or not merely depends on whether or not 
it can be brought into proper congruence with its mirror image. But geometrical 
objects are intangible constructs that exist entirely within our imagination, “beyond 
the reach of the empirical eye,” in Isaiah Berlin’s evocative phrase,22 whereas 
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molecules and their ensembles are concrete entities that exist entirely within the 
realm of our experience and whose attributes are the concern of physics and 
chemistry rather than of mathematics. A molecular model is no more a molecule 
than RenC Magritte’s painting of a briar pipe23 is the real thing (Figure 2).24 The 
construction of a model thus requires a process of abstraction and idealization in 
which nonessential features are deliberately discarded; as a result, the model 
summarizes selected aspects of the system and suppresses, or, if necessary, even 
falsifies 0thers.2~ 

The traditional way to represent a molecular structure is illustrated by the 
space-filling model in Figure 2; the ball-and-stick model is another. By a process 
of supermagnification, such iconic models26 bring the unseen molecule into the 
familiar world of everyday experience: An object with a distinct shape that we can 
relate to, that we can handle, see, and enjoy. Indeed, the metaphor “molecular 
shape” works amazingly well: It encapsulates and conveys a great deal of useful 
chemical information, it is of undeniable heuristic and didactic value, and it serves 
as a powerful fount of inspiratiot1.2~ In this way the molecular property that we call 
chirality becomes a vivid reality when we examine molecular models of 
enantiomers. But certain approximations are needed to yield this familiar picture 
of a molecule, that is, the classical model, and these need to be discussed next. 

Figure 2. A space-filling molecular representation is no more a molecule than Magritte’s pipe is a 
pipe. Reprinted with permission from B. P. Coppola, S. N. Ege, and R. G. Lawton, J .  Chem. Educ. 1997, 
74,84. Copyright 1997, American Chemical Society. 
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I .  The Classical Model 

Consider two enantiomorphous molecules, R (right-handed) and L (left-handed), 
isolated from their surroundings and from external fields but not from each other. 
That is, they are allowed to interact. In the quantum-mechanical treatment of this 
system, as two particles in a one-dimensional symmetric double-well potential, the 
two states are degenerate in energy and are related to wavefunctions YR and YL 
localized in the two potential wells. Superposition of these wavefunctions yields 
ground and first excited states Y+ and Y-: 

1 
Y+ = - (YR + Y,); a 

This superposition yields proper eigenstates of the underlying molecular 
Hamiltonian, that is, solutions of the time-independent Schrodinger equation ( Y R  

and YL are not eigenfunctions). A crucial difference between Yfl- and Y R W ~  is 
that the former are stationary states while the latter are not. That is, Y+ and Y- 
remain unchanged under the time evolution given by the time-dependent 
SchrGdinger equation, whereas YR is transformed to YL, and vice versa, by a 
tunneling process whose frequency is inversely proportional to the height of the 
barrier separating the two wells and to the mass of the particles. For the present 
purpose, the most important consequence of the superposition (or mixing) of the 
two nonstationary states is the delocalization of the positions of the nuclei as well 
as of the electrons. The molecule can thus no longer be said to possess a nuclear 
framework, or a “chemical structure” in the traditional sense (as represented by 
iconic models). More specifically, the chirality and enantiomorphism associated 
with the R and L structures disappears in the stationary states because the molecule 
spends equal time in the nonstationary R and L states. Hence molecular chirality, 
like molecular structure, is a quantum mechanically undefined concept, at least 
with respect to an isolated molecule, and it makes no sense to assign a molecule to 
an R or L state because the ground state ‘P+ is neither left-handed nor right-handed. 
Yet chiral molecules and enantiomers clearly do exist! 

Friedrich Hund, who revealed this paradox (“Das Paradoxon der optischen 
Isomeren”) in the early days of quantum mechanics,28 accounted for the 
stereochemical stability of chiral biological molecules by assuming an extremely 
low frequency of tunneling oscillations, corresponding to the observed 
high-energy barriers for enantiomerization and large molecular masses. A number 
of alternative explanations have been advanced, among them that parity violation 
breaks the symmetry of the double-well potential so that YR and YL become proper 
eigenfunction~.~~ Because of its relevance to the definition of “mirror image” and 
“enantiomer,” as discussed below, the last explanation deserves a brief digression. 
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It was Pasteur who, in 1874, first advanced the notion that our world is chiral 
(“L’univers est dis~ymttrique”).~” The discovery, in 1956, that parity is not 
conserved for the weak interactions governing p decay3’ has led to our present 
understanding that matter is indeed inherently chiral.32 Particles and antiparticles 
possess opposite helicities, as in left-handed electrons and neutrinos versus 
right-handed positrons and antineutrinos. The unified theory of electromagnetic 
and weak forces led to the prediction of parity-violating effects in atoms: Thus 
atoms are chiral and are in principle optically active, although the effect is tiny and 
has so far been observed only in heavy atoms (Pb, Bi, T1, Cs). Translated from the 
atomic to the molecular level, the parity-violating weak neutral current 
perturbation lifts the degeneracy of the space-inverted enantiomers. Spa%e 
inversion means central inversion and is represented by the parity operator, P, 
which inverts the system through the origin so as to send every point in 3-space 
from (x,y,z) to (-x,-y,-z). P-enantiomers, the enantiomers of ordinary 
stereochemistry, are therefore not strictly degenerate a:! zxhibit a parity-violating 
energy difference (PVED). In contrast, the combined CPT operation generates the 
exact mirror image: A molecule in the antiworld with the opposite sense of chkality 
and with exactly the same energy (T reverses the direction of motion, and C, the 
charge-conjugation operator, interconverts the charges in particles and 
antiparticles). The PVED, however, is so tiny-approximately kJ mol-’, 
which corresponds to an excess of just one molecule of D- or L-alanine in a racemic 
mixture of lo’ alanineAmolec$~s~n thermodynamic equilibrium at 300 K-that 
the difference between P- and CPT-enantiomers is normally neglected and comes 
into play only in questions that deal with the origin and persistence of biomolecular 
homochirality in the natural world. 

Chiral states and enantiomers (strictly: CPT-enantiomers) are thus rigorously 
defined only in some classical limit, as in the limit of infinite nuclear masses or 
infinitely high enantiomerization barriers. The reason for the existence of 
enantiomers, as first pointed out by Hund, is then at least partly due to the fact that 
the molecules we ordinarily associate with chiral structures have substantial 
nuclear masses and fairly high enantiomerization barriers. Under these conditions, 
energy-level splitting (E+ - E-) becomes extremely small and the tunneling process 
extremely slow. The symmetric ground state Y+ then decays into more stable states 
YR and YL under the influence of small external perturbations, such as collisions 
with neighboring particles. This leads to the chemist’s classical model, in which the 
molecule has a well-defined nuclear framework. 

In short, any discussion of molecular chirality requires the approximation 
inherent in the classical model, that is, the Born-Oppenheimer approximation. In 
this model it is assumed that the atomic nuclei in the molecule behave like classical 
particles whose spatial positions are fixed, and that it is only the electrons that are 
smeared out as matter waves. This assumption of a molecular structure, which has 

A 

A A A  
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its origin in traditional chemistry, allows us to account for the existence of 
enantiomers and to rationalize chirality observables. 

2. Motion-Dependent Chirality 

Time reversal, mentioned above in connection with CPT-enantiomers, is also at the 
heart of a distinction between time-dependent and time-independent 
enantiomorphism. In a series of p ~ b l i c a t i o n s , ~ ~ - ~ ~  Laurence Barron has provided 
the basis for his argument that “The only compelling reason for generalizing 
Kelvin’s definition is to encompass absolute asymmetric synthesis and the concept 
of chirality in elementary particle physics by including motion-dependent 
~hi ra l i ty .”~~ According to B a r r ~ n ~ ~ :  

A A A  

The essential characteristic of a chiral object is that it is found in two distinct 
enantiomeric states that cannot be interconverted by time reversal combined with any 
proper spatial rotation. 

Barron subsequently reformulated this definition as follows34: 

True chirality is exhibitedpossessed by systems that exist in two distinct 
enantiomeric states that are interconverted by space inversion, but not by time 
reversal combined with any proper spatial rotation. 

Note that the original definition has now evolved into a dichotomous classification: 
“Truly chiral” systems exist in two distinct enantiomorphous states that are 
interconverted by space inversion but not by time reversal combined with any 
proper spatial rotation, whereas “falsely chiral” systems exist in two distinct 
enantiomorphous states that are interconverted by space inversion or by time 
reversal combined with any proper tpatial 35 The process of time 
reversal, represented by the operator T, “is the same operation as letting a movie 
film run backward. The act of inversion [i.e., time reversal] is not a physical act, 
but the study of the opposite chronological order of the same items.”38 

Enantiomorphism 2nd sense of chirality of “truly chiral” systems are invariant 
under time reversal (T-invariant); thus an ordinary, immobi? chiroid, such as a 
finite helix or a molecular model, whose sense offhirality is T-invpant, is “truly 
chiral.” To illustrate the difference between T-invariant and T-noninvariant 
chirality, Barron has des5ribed the contrast between a stationary cone spinning 
about its symmetry axis (T-noninvariant enantiomorphism and sense of chirality) 
and a spinning cone, cylinder, or sphere-the shape of theAobject is 
immaterial-that is also translating along the axis of spin (T-invariant 
enantiomorphism and sense of ~h i r a l i t y ) .~~  This contrast may be expressed in terms 
of the h e p t y  derived from the combination of polar and axial vectors (Figure 3). 
The two T-related translating spinning cylinders in Figure 4 are homomorphs, and 
time reversal does not affect their sense of helicity (i.e., of chirality). In 
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Figure 3. Top: Enantiomorphs (m = projection of mirror plane) of a chiral construction consisting of 
the product of a polar vector (oriented line segment in a vertical position) combined with an axial vector 
(oriented circle in a plane perpendicular to the polar vector). Bottom: Left-handed (left) and 
right-handed (right) cylindrical helices derived from the correponding constructions above. The screw 
axes coincide with the polar vectors. 

A 
contradistinction, the two T-related stationary spinning cones in Figure 5 are 
enantiomorphs whose enantiomorphism and sense of chirality, in the absence of 
translational motion, crucially depend on the polarity of the cone: Stationary 
spinning cylinders or spheres lack polar axes and are thus achiral. Putting it another 
way, a point on the surface of a translating spinning body describes a helical 
(chiral) curve, whereas a point on a stationary spinning body-including a 
cone-describes a circular (achiral) curve. 

Barron’s classification is based on sound physical principles and is a valuable 
contribution to our understanding of chirality phenomena. In view of the 
differences between the symmetry properties of the two classes, as discussed 
below, it is to be expected that they also differ markedly in the associated physical 
and chemical observables. In particular, as Barron has repeatedly emphasized, only 
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Figure 4. A translating spinning cylinder. The polar vector in the rotation-translation (screw 
displacement) $orresponds to the direction of translation and the axial vector to the direction of spin. 
Time reversal ( r )  does not change the sense of chirality of homomorphous systems (a) and (b); in terms 
of the helicity generated by the product of the two vectors, (a) and (b) are both right-handed. Space 
inversion (p) of (a) yields a left-hyded system (c). the enantiomorph of (a). Time reversal of (a), 
followed by rotation of (b) by 180” (Rn) about an axis perpendicular to the cylindrical axis, yields (d), 
a homomorph of (a). Space inversion of (d) brings us back to (c). 

A 

molecules whose enantiomorphism and sense of chirality are T-invariant are 
capable of supporting pseudoscalar observables such as natural optical activity. For 
further details the reader is referred to the germinal paper by H. Zocher and C. 
TOrOk3* and to the extensive discussions in Barron’s  paper^.^^-^^ Before we return 
to a further examination of the two classes, however, we need to digress briefly in 
order to dispose of some problems of terminology. 

One of the reasons given by Barron for introducing the ‘‘tye” and “false” 
ierminology was to emphasize the distinction between T-invariant and 
T-noninvariant enantiomorphism and sense of chirality; it was not his intention that 
this should become standard nomen~lature .~~,  36 The choice of terms is indeed 
less than felicitous because “true” and “false” are not only uninformative but carry 
an inappropriate Manichaean flavor of “good” and “bad,” or “right” and “wrong.” 
Additionally, an element of confusion is introduced by Barron’s ‘‘new 
definition of the enantiomer of a chiral molecule: It is the molecule with the 
inverted spatial configurat? and composed of antiparticles,” the so-called “true 
enant i~mer .”~~,  34, 37 Thus P-enantiomers are not “true enantiomers” because they 
are not strictly degenerate and exhibit a parity-violating energy difference. In 
contrast, “the combined CP operation generates a molecule in the antiwo22 with 
the opposite chirality and exactly the same energy [i.e., the CP- or 
CPT-enantiomer] .” This means that the space-inverted enantiomer of a “truly 

A h  

A A A  



KURT MISLOW 17 

Figure 5. A stationary spinning cone. The polar vector corresponds to the polar axis of the cone, and 
the axial vector to the direction of spin. Time reversal ( r )  changes the sense of chirality of 
enantiomorphous systems (a) and (b); in terms of the helicity generated by the product of the two 
vectors, (a) is right-handed and (b) is left-handed. The left-handeisystem (c) [the enantiomorph of (a) 
a2d the homomorph of (b)] is obtained either by space inversion ( P )  of (a) or by rotation of (b) by 180” 
(R,) about an axis perpendicular to the polar axis. 

chiral” molecule is not a “true enantiomer.” Is it then a “false enantiomer?’ Or 
should that stigma be reserved for the P-enantiomer of a “falsely chiral” object? In 
summary, the “true/false” terminology has little to recommend it. 

Barron has also drawn a distinction between dissymmetry and chirality, on the 
ground that chirality, unlike dissymmetry, “has a physical content: in molecular 
physics this is the ability to support time-even [i.e., T-invariant] pseudoscalar 
observables”; he has gone so fy as to suggest that while “dissymmet$c” is properly 
applicable to systems with T-invariant as well as those with T-noninvariant 
enantiomorphism, the word chird should in future be reserved only for the 
former.34 It is indeed the case that chirality in the natural sciences has a physical 
content. In chemistry this consists of observables such as chiroptical properties 
(natural optical activity), enantioselectivity, etc. In elementary particle physics, 
chirality is defined as the eigenvalue of the Dirac matrix operator y,  with values 
+1 and -1 associated with right- and left-handed massless leptons (such as 
neutrinos); it might be added that chirality in this context also coincides with the 
helicity of the particles, and that for a photon this is just the value f l  of the circular 
polarization. Physical content is not, however, a necessary criterion for chirality, 
any more than it is for dissymmetry. Although “chiral” and “dissymmetric” differ 
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etymologically-the former means, literally, “handed,” while the latter means 
‘‘laclung in symmetry”--both terms are in substance synonymous because both are 
grounded equally in abstract considerations of symmetry alone, without 
consideration of physical content. As is clear from Pasteur’s papers, the “lack of 
symmetry” refers to the absence of symmetry operations of the second kind, and it 
is precisely this absence that characterizes the point groups of “handed” (i.e., 
chiral) objects. Pasteur’s use of “dissymmetric” therefore corresponds exactly to 
Kelvin’s definition of “chiral,” which is innocent of physical content. It is, in 
general, inadvisable to invest a technical term, such as chirality, whose semantic 
content has been widely accepted by general consensus, with a different meaning. 
We shall return to the problem of defining chiralityAat a later point 5 this chapter. 

Accordingly, although the distinction between T-invariant and T-noninvariant 
enantiomorphism is a valid and useful one, the use of “chiral” is, pace Barron, not 
limited to systems that exhibit the former but is also applicable to those that exhibit 
the latter. A stationary spinning cone, as exemplified by an achiral molecule in a 
pure rotational state, is a therefore a chiroid and belongs to a chirat point group, as 
described below, even though it differs in its physical properties from those of a 
translating spinning molecule. 

3. The Chiral Point Groups 

Objects that exhibit ?‘-invariant enantiomorphism are either immobile or undergo 
a motion that can be r e F d  to a screw displacement (as exemplified in Figure 4). 
Objects that exhibit T-noninvariant enantiomorphism behave effectively like 
stationary spinning cones (cf. Figure 5). We now show that all these objects belong 
to chiral groups. 

With respect to immobile chiroids, the appropriate symmetries are given by the 
familiar finite point groups C ,  (nonaxial), C,  (monoaxial), D, (dihedral), T 
(tetrahedral), 0 (octahedral), and I (icosahedral). Molecules that belong to the first 
three groups are commonplace; molecules with ground-state symmetries T 
[example: tetrakis(trimethylsilyl)silane],39 0 (example: appoferritin 24-mer):O 
and I (example: human rhinovirus 60-mer),40 are relatively uncommon. 

The symmetry of spinning objects cannot be represented by finite groups. 
Instead, such objects belong to a subclass of the continuous (or limiting) point 
groups, that is, groups of infinite order that are characterized by the presence of an 
infinite-fold rotation axis, C,. As A. V. Shubnikov has pointed out:1 a special 
characteristic of this subclass of groups is that they cannot be illustrated by the 
usual geometrical figures. This may account for the fact that they are rarely 
encountered in the chemical literature and that they are not mentioned in any 
stereochemistry textbook. They are thus virtually unknown among chemists. 

The continuous point groups are developed by systematic desymmetrization of 
the full group of the sphere (Kh,  Figure 6).4l A symmetric stretch along any one of 



KURT MISLOW 19 

the C, axes yields a figure with cylindrical symmetry (D-h), while an asymmetric 
stretch yields one with conical symmetry (C,,, the symmetry of a polar vector). 
Among point groups that cannot be illustrated by geometrical figures, only one, 
C,h, is achiral; in addition to the identity, the symmetry elements consist of a C,  
axis, a d plane perpendicular to that axis, and a center of symmetry. To visualize 
this symmetry, imagine a cylinder whose outside is covered with two sets of n (n  
even) slanted striations that are related by a plane of symmetry, as illustrated at the 
top of Figure 7. The construction as shown has C,h symmetry. As n approaches 
infinity, the symmetry of the construction approaches Cab in the limit. This is also 
the symmetry of a stationary cylinder spinning about its C, axis (Figure 7, bottom) 
and of an axial vector.4l 

To visualize an object with D, symmetry, imagine a cylinder whose outside is 
covered with n slanted striations, as illustrated at the top of Figure 8. The two 
constructions shown (D, symmetry) are enantiomorphs whose sense of chirality is 
related to the way in which the striations are slanted. As n approaches infinity, the 
symmetry of the constructions approaches D,; in the limit, infinitely many C, axes 
are embedded in a plane perpendicular to the C, axis. This is the symmetry of a 
stationary cylinder undergoing a twisting motion, as indicated by the arrows on the 
cylinders at the bottom of Figure 8, and of an axial tensor of the second rank.41 It 
is also the helical symmetry of a nonpolar object undergoing a screw diylacement, 
that is, of an object whose enantiomorphism and sense of chirality are T-invariant. 

Similarly, to visualize an object with C, symmetry, imagine a cone whose 
outside is covered with n slanted striations. The two constructions shown at the top 

Figure 6. Complete subgroup lattice of continuous point groups. Solid circles represent point goups 
that can be represented by geometrical figures: Kit (sphere), D-h (cylinder), C,, (cone). Open circles 
represent point goups that cannot be represented by geometrical figures. Schonflies notations are 
accompanied by Hermann-Mauguin (international) notations in brackets. 
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Figttre 7. Illustration of c-h symmetry. Top: Mirror images of an achiral (Cnh symmetry) 
construction. As the number (ti) of striations approaches infinity, the symmetry of the constructions 
approaches c-h in the limit. Bottom: Stationary spinning cylinders with C-h symmetry. 

of Figure 9 (C, symmetry) are enantiomorphs whose sense of chirality is related to 
the way in which the striations are slanted. As n approaches infinity, the symmetry 
of the constructions approaches C,; in the limit, the only symmetry elements are 
the identity and the C,  axis. This is also the symmetry of a cone spinning about its 
C ,  axis (Figure 9, bottfm), that is, of a p21ar object whose enantiomorphism and 
sense of chirality are T-noninvariant or T-invariant, depending on whether it is 
stationary or translating along the axis. 

In summary, objects that exhibit enantiomorphism, whether T-invariant or not, 
belong to chiral groups. Hence, motion-dependent chirality is encompassed in the 
group-theoretical equivalent of Kelvin’s definition. 

A 
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Figure 8. Illustration of D, symmetry. Top: Enantiomorphs of a construction with D, symmetry. As 
the number ( n )  of striations approaches infinity, the symmetry of the constructions approaches D, in 
the limit. Bottom: Twisted cylinders with D, symmetry. 

B. Choosing a Model 

The concept of symmetry and chirality in chemistry has a well-defined meaning 
only in relation to experiment.18 Consider a system of one or niore molecules 
subject to experimental observation. The properties of any such system are 
invariant with respect to its symmetry  operation^.^^ In Pierre Curie’s famous 
dictum, “c’est la dissymktrie qui crke le phCn~mkne.”~~ That is, a phenomenon is 
expected to exist-and can in principle be observed-only because certain 
elements of symmetry are absent from the system. It follows that all manifestations 
of chirality flow from a single source: the absence of symmetry elements of the 
second kind in the group describing the system under observation. Accordingly, if 
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Figure 9. Illustration of C, symmetry. Top: Enantiomorphs of a construction with C, symmetry. As 
the number (n) of striations approaches infinity, the symmetry of the constructions approaches C, in 
the limit. Bottom: Stationary spinning cones with C, symmetry. 

the model of the system is appropriate to the cpditions of measurement, it may be 
asserted as a principle, given the property of T-invariant chirality, that there must 
exist a set of associated observables (chirality phenomena), as well as pairwise 
related but distinct species (enantiomers) with indistinguishable scalar (metric) but 
different pseudoscalar properties. 

Each structural model must be chosen so as to match a particular set of 
observations. That is, the symmetry of the model of a molecule or of a molecular 
ensemble depends on the conditions of the relevant physical (or chemical) 
measurement, and may vary for the same system according to time scale of 
observation and instrumental sensitivity. Hence, whether the model of a chemical 
system is chiral or achiral depends on the conditions of observation. In what 
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follows, we make the simplifying assumption that the molecule is viewed as 
existing in an achiral environment; it would take us too far afield to consider the 
“induced’ chirality of achiral molecules embedded in a chiral environment, for 
example, achiral molecules that are dissolved in a chiral solvent or that crystallize 
in a chiral space group. Why, it can even be argued, quite reasonably, that 
molecular achirality is intrinsically impossible, given the inescapable if subtle 
effect on supposedly achiral molecules of the chirality of the natural environment, 
including the chirality inherent in matter itself. 

In many types of observations, for example, in the determination of X-ray 
structures, the molecule is approximated as a rigid body and is represented by an 
iconic (static) model. Of course, even supposedly rigid molecules are far from that: 
Their atoms vibrate about time-averaged positions. Nevertheless, the choice of a 
static model under the rigid-body approximation is reasonable because the 
corresponding molecule occupies only a single minimum on the potential-energy 
hypersurface. 

The idealization inherent in the construction of a static model may be 
exemplified by a formally achiral molecule that is composed of four or more atoms, 
such as methane. The motions in such a polyatomic molecule are restricted by the 
restoring forces imposed by bonding, and achirality is here the result of 
compensatory internal vibrations. Such a molecule is said to be “chemically 
achiral” because each momentary conformational geometry can be superposed on 
its mirror image by a combination of the rotations, translations, and intramolecular 
motions that can occur under the given conditions of 0bservation.4~ Thus, for 
example, molecular deformations in some vibrational states impart chirality to the 
methane molecule, with attainable chiral symmetries D2, C,, or C , .  Given the 
infinitely many asymmetric structures that are accessible to the molecule, it is safe 
to say that individual methane molecules are almost always chiral at any given 
instant in time, but that all feasible measurements on this system will give the 
appearance of achirality because of time-averaged cancellations of randomly 
fluctuating, local chiral effects.25 Furthermore, cancellation is at best only 
approximate because it is highly unlikely that two exactly enantiomorphous 
structures will be present in even a large sample-say, a mole-of methane. As 
this discussion makes clear, the Td symmetry conventionally ascribed to the 
methane molecule is a time-averaged property that belongs exclusively to the 
abstract geometrical model: In the real system, in the molecule itself, achievement 
of exact Td symmetry, though not excluded by logic, is unattainable in practice. 

Similar considerations apply to enantiomeric molecules that are represented by 
static models. Although the time-averaged structures of two such enantiomers (say, 
D- and L-alanine) will have approximate mirror-image relationships, it must be 
remembered that we are not dealing with mathematical objects: Exact 
mirror-image relationships belong exclusively to Kelvin’s “ideally realized” 
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geometrical model and are impossible to attain in the real system. Nevertheless, all 
chirality measurements on enantiomeric systems will yield equal but oppositely 
signed values within experimental error, due to time-averaged cancellations of 
randomly fluctuating, local effects. 

The rigid-body approximation becomes inappropriate in dealing with nonrigid, 
that is, flexible or fluxional, molecules; the reason is that such molecules occupy 
more than one minimum on the potential-energy hypersurface, with the various 
minima separated by low-energy bamers. Under these conditions a dynamic model 
is required.25 As an example, consider the proton-decoupled 19F NMR spectrum of 
cis- 1,2-difluorocyclohexane. At room temperature, only a single resonance line is 
observed, and the molecule behaves as ifit had a plane of symmetry. It is therefore 
faithfully represented by a model with achiral (C,) symmetly. One may, if one 
chooses, refer to a time-averaged structure at the fast-inversion limit that results 
from the rapid interconversion of enantiomeric structures, but all one really needs 
to know is that the observation (in the absence of accidental isochrony) does not 
demand a model of lower symmetry. Because cyclohexane behaves at room 
temperature as if it had D6,, instead of D3d ~ymmetry?~ what is actually observed 
is the physical manifestation of a symmetry higher than the “true” (i.e., static) one. 
To the objection that knowledge of structural chemistry demands an asymmetric 
model for cis- 1,Z-difluorocyclohexane, in which one fluorine atom is axial while 
the other is equatorial, the response is that the failure to observe more than a single 
resonance line is merely the result of the particular conditions of observation: 
Lower the temperature sufficiently, and the multiplet predicted by the static (i.e., 
asymmetric) model at the slow-exchange limit will be observed. Although the 
ground-state geometries of these molecules are asymmetric, under the dynamic 
conditions described above, the achiral C, model is a proper representation of the 
system under observation because it is chemically achiral. In that sense the 
dynamic model differs in no significant way from the model of a conventionally 
achiral system, such as methane, which is also chemically achiral. We thus have 
two faithful representations for the same chemical system, one chiral and the other 
achiral, and which one applies depends on the particular conditions of 
measurement. 

In the preceding example, one can at least conceive of a C,-symmetric structure 
for cis- 1,2-difluorocyclohexane and of a D6h-symmetric structure for cyclohexane 
within the conformational spaces of these two molecules. Yet there are cases in 
which the symmetry of a nonrigid molecule on the fast-exchange time scale cannot 
be portrayed by the point-group formalism. The classic example is that of ethane 
undergoing free internal rotation. In this case the dynamic symmetry is given by a 
permutation-inversion group46 of order 36 that is isomorphic to the direct-product 
group D3 x D3. This group is not isomorphic to the point group of any conceivable 
conformation of ethane, or indeed to any point group at all-even though ethane 
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is obviously chemically achiral. In such a case, establishment of chirality or 
achirality of the model is far from straightforward. 

As an example, consider a compound of the type 4-[(R)-Cabc]-4’-[(S)-Cabc]- 
2,2’,6,6’-tetra-R-biphenyl, such as ( 1R)-menthyl ( lS)-rnenthyl-2,2’,6,6’-tetranitro- 
4,4‘-diphenate, in which conformational racemization cannot proceed via an 
achiral intermediate (Figure The four blocking groups (R) in the 2,2’,6,6’ 
positions are large enough so that the two benzene rings cannot become coplanar. 
Under these conditions, the only achiral conformation of the biphenyl moiety, 
taken by itself, is D,,, with the two (3 planes intersecting at the central bond axis. 
At the same time, the only achiral conformations that are available to the two 
substituent groups -Cabc at the biphenyl 4,4‘ positions (taken together as a unit 
separate from the biphenyl) are either C,, with a (3 plane perpendicular to the central 
bond axis (as shown in Figure lo), or Ci. Applying Curie’s principle of 
superposition, the identity is the only element common to the point groups of D2, 
and Ci, and the same is true of D2d and C,y because the G plane in C, is perpendicular 
to both of the (3 planes in D2& It follows that the molecule is asymmetric in all 
realizable conformations and that the compound exists as a mixture of transient DL 

pairs. These DL pairs can, however, interconvert by torsion around the bonds to 
-Cabc; for example, either one of the two enantiomorphous conformations in 
Figure 10 (related by the mirror line rn) can convert into the other by a 90” twist of 
the biphenyl moiety (or, equivalently, of the two -Cabc end groups) in either 

Figure 10. Top: Schematic drawings of two biphenyls with bulky substituents (R) in the 
2,2’,6,6’-positions and enantiomorphous -Cabc groups in the 4,4’-positions. The two 
mirror-image-related (m)  molecules are interconverted by a 90” conrotatory twist about the single bonds 
to the -Cnbc groups. Bottom: (1 R)-Menthyl (lS)-menthyl 2,2’,6,6‘-tetranitro-4,4’-diphenate!7 
Reprinted with permission from K. Mislow, Croat. Chern. Acta 1996,69,485. Copyright 1996, Croatian 
Chemical Society. 
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direction. Like cis- 1,2-difluorocyclohexane, this molecule is chemically achiral. In 
contrast to cis- 1,2-difluorocyclohexane, however, there is no realizable achiral 
structure within the conformational space of the biphenyl, and conformational 
enantiomerization must therefore take place exclusively by chiral pathways. The 
dynamic symmetry of this molecule cannot be expressed by any point group but 
only by supergroups patterned after the molecular symmetry group of Longuet 
Higgins,“6 such as Ugi’ s “chemical identity group”44 or Gunthard’s “isometric 

Although the time-averaged symmetries of the biphenyl, Ci, C,, or S4, 
express the chemical achirality of the molecule, no conceivable conformation of 
the molecule belongs to these point groups. 

C. Retournons h Pasteur 

Pasteur’s discovery, as noted above, connected chirality on the macroscopic scale 
to chirality on the molecular scale. Unlike the chiral morphology of quartz and 
tartrate crystals, “dissymitrie moliculaire” is not apparent to the eye, yet Pasteur3 
provided the key insight on the essential requirement for molecular chirality well 
before the advent of structural theory and the asymmetric carbon atom of Jacobus 
Henricus van ’t Hoff 

Les atomes de l’acide [tartrique] droit sont-ils groupts suivant les spires d’une htlice 
dextrorsum, ou placCs aux sommets d’un tktrakdre irregulier, ou disposts suivant tel 
ou tel assemblage dissymttrique dktermint? Nous ne saurions rkpondre ?I ces 
questions. Mais ce qui ne peut &tre l’objet d’un doute, c’est qu’il y a groupement des 
atomes suivant un ordre dissymktrique ii image non superposable. Ce qui n’est pas 
moins certain, c’est que les atomes de I’acide gauche rtalisent prCcisCment le 
groupement dissymktrique inverse de celui-ci. 

[Are the atoms of the right [tartaric] acid grouped on the spirals of a right-handed 
helix, or placed at the summits of an irregular tetrahedron, or disposed according to 
some particular dissymmetric grouping or other? We cannot answer these questions. 
But there cannot be any doubt that there exists an arrangement of atoms in a 
dissymmetric order, with a nonsuperposable [mirror] image. What is no less certain 
is that the atoms of the left acid precisely realize a dissymmetric grouping that is the 
inverse of this.] 

As forcefully stated by Pasteur, whatever the precise arrangement of atoms in the 
molecule, “ce qui ne peut &tre l’objet d’un doute” is that the chirality of the atomic 
arrangement is the necessary and suficient condition for molecular 
enantiomorphism and for its manifestation in a pseudoscalar property such as 
optical activity. It cannot be emphasized too strongly that no recourse to structural 
theory was needed to arrive at this conclusion, which was based purely on a 
symmetry argument and which F. M. Jaeger has referred to as “la loi de Pasteur” 
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(Pasteur’s law).”9 In modern terms, Pasteur’s law tells us that the location and 
nature of the bonds between the atoms is immaterial because all that matters is 
whether the spatial arrangement of the atoms, taken as a whole, is chiral under the 
conditions of observation. Thus it is futile to search for a local “source of chirality” 
in the structure of a molecule for the excellent reason that there is no such thing. 
By the same token, the so-called elements of chirality described in the 
Cahn-Ingold-Prelog (CIP) system of nomenclatures0 cannot be identified or 
characterized by any physical or chemical measurements but are defined arbitrarily 
on the basis of local bonding arrangements; they are in fact stereogenic elements 
that are not and cannot be symmetry adapted and thus do not depend on local or 
molecular ~h i r a l i t y .~~  

An immediate consequence of Pasteur’s law is that the relationship between 
enantiomers is established by symmetry alone and does not require any knowledge 
of molecular bonding connectedness (constitution). This is in contrast to 
diastereomers, the other class of stereoisomers: Diastereomers are not related by 
symmetry, and their relationship can be defined only by first specifying that their 
constitutions are the same-otherwise, there would be nothing to distinguish them 
from constitutional isomers. Thus enantiomers, which have identical scalar 
properties and differ only in pseudoscalar properties, have more in common with 
homomers than with diastereomers, while diastereomers, which differ in all scalar 
properties, have more in common with constitutional isomers than with 
enantiomers.sl, s2 It therefore makes more sense, in an isomer classification 
scheme, to give priority to isometry rather than to con~ti tut ion.~~ In such a scheme 
there is no need for the concept “stereoisomer;” the concept retains its usefulness 
only because it normally proves convenient, in chemical reaction schemes, to 
combine enantiomers and stereoisomers in a common class. 

The explosive development of structural theory since Pasteur’s day has yielded 
the tremendous diversity of chiral molecular structures that fill chemical journals 
and stereochemistry textbooks at the end of this century-yet all of them, without 
exception, conform to Pasteur’s law. In the intervening years, the growing pains of 
conceptual developments in stereochemistry, and much of the attendant confusion, 
could to a large extent have been avoided if more attention had been paid to 
Jaeger’s exhortation “Retournons B Pasteur!” [Let’s return to P a ~ t e u r ] . ~ ~  Indeed, 
one might go so far as to argue that, had the present-day collection of these 
structures been available at the end of Pasteur’s life (1895), it would have been 
possible, with the help of the ball-and-stick models then developed by Friedrich 
August KekulC and Johann Friedrich Wilhelm Adolf von Baeyer, to visualize the 
chirality of the great majority of these organic and inorganic molecules and to 
predict their optical activity. Admittedly, there are exotic molecules of more than 
routine interest from the standpoint of structural chirality that could not have been 
envisioned by Pasteur’s contemporaries. Among these are molecules whose 
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chirality depends on differences in isotopic masses, such as chiral acetic acid, 
CHDTCOOH,53 as well as the innumerable molecules that owe their chirality to the 
presence of naturally abundant stable isotopes such as 2H, I3C, 15N, and I S 0 .  The 
minute percentages of CH3CHDOH in ethanol and of (12CH3)(13CH3)CHOH in 
2-propanol are examples in this class. The chirality of these “contaminants” plays 
a far from trivial role in NMR spectroscopy. For example, consider the isopropyl 
derivative, ROCH(CH&, of a chiral molecule, ROH. The anisochrony of geminal 
methyl groups observed in the 13C NMR spectra of such a derivative would 
normally be considered as being due to the presence of doubly labeled molecules 
of the type ROCH( l3CH3)(l3CH3). It is highly improbable, however, that two 
13CH3 groups would reside in the same molecule in a sample of natural isotopic 
composition. The measurement therefore actually compares I3CH3 groups in 
diastereomers of ROCH( 12CH3)( 3CH3).54 

Equally beyond the ken of a nineteenth-century chemist would have been the 
notion that irradiation of an achiral molecule with circularly polarized light can 
result in an asymmetric distribution of electrons in the photoexcited state and, 
hence, in molecular chirality. In a classic e~per iment ,~~ P. H. Schippers and H. P. 
J. M. Dekkers irradiated an achiral 1,7-ketone (Figure l la)  with circularly 
polarized light and found a large differential polarization. The slowness of the 
energy transfer between the two carbonyl groups (kET I lo7 s-l) is due to the 
relatively large distance between them. These observations fully support their 
claim that local n + n* excitation of such achiral (RS)-ketones gives rise, in 
principle, to “two enantiomeric forms, R*S and RS*, provided the excitation energy 
remains localized at the carbonyl group.” In a related experiment, E. W. Meijer and 
co-workers prepared a lfi-diketone, another example of a molecule that is chiral 
in the yt -+ n* excited state only, by thermal decomposition of enantiopure 
1,Zdioxetanes (Figure I lb)? The phenomenon that they observed is an 
exceptionally subtle example of the generation of enantiomers through 
modification of one of a pair of enantiotopic groups.57 

Although contemporaries of Pasteur would not have been able to anticipate the 
dramatic discoveries of modern physics that proved relevant to chirality studies, 
they would nevertheless have been in a position to appreciate some recent 
out-of-the-ordinary developments in stereochemistry. For example, a few years 
after the discovery of c60, Harold Kroto speculated that the most stable 32-atom 
cluster should be “handed,” with D3 symmetry.5S In 199 1, Franqois Diederich and 
co-workers succeeded in isolating and characterizing D2-C76, the first example of 
a chiral allotrope of an element (Figure 12p9  The enantiomers of chiral D2-C76, 
D3-C78, and D2-CS4 were later separated by kinetic resolution.60 These and some 
hypothetical chiral clusters with icosahedral ( I :  C140). tetrahedral (T:  CM and C52), 
dihedral (D3: C32, Cd2, c48, and C54), and monoaxial (C3: c46) symmetries are 
considered “textbook examples of interesting point group symmetries.”61 
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Figure 11. Molecules that are chiral in the excited state only. (a) (lS,3R,7R,9,pqicyclo- 
[7.3i0.03, 7]dodecane-S,1 1 -dione in the electronic ground state, (RS), and in locally excitedn -+ 7c states, 
(RS ) and (R*S)?5 (b) 3-(’nn*)-( IS,6R)-bicyclo[4.4.0.]decane-3,8-dione prepared by thermal 
decomposition of enantiopure 12-dioxetanes. ’‘ 

We next turn to another recent and exciting development in stereochemistry: the 
synthesis and characterization of chiral molecular knots, links, and graphs, and the 
discovery of these molecules in Nature. 

IV. TOPOLOGICAL CHIRALITY 

A. Rubber-Sheet Geometry 

The models discussed thus far all adhere to what we might call “essential shape 
conservation.” That is, bond distances and angles in such models remain invariant 
within reasonable limits, while intramolecular deformations (mainly of torsion 
angles) are limited to those that are energetically feasible. Thus a molecule is 
chemically achiral if its geometrical structure can be deformed to that of its mirror 
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Figure 12. Enantiomers of Oz-C76.‘ 59 

image by way of normally realizable internal molecular motions; otherwise it is 
chemically chiral. 

None of these constraints on shape and energy apply to topological models of 
molecules. The most common of these is the molecular graph. A graph is a set of 
vertices together with a set of edges that connect some or all of the vertices; vertices 
so joined are said to be adjacent. The spatial graph of a molecule is a visualization 
of the molecule’s constitution, with differently labeled vertices representing 
different kinds of atoms and differently labeled edges representing different types 
of chemical bonds. As a topological object, a molecular graph is infinitely 
deformable, provided only that the vertices remain connected in the same way and 
that no edges are broken and reformed or passed through one another. The various 
images or presentations that can thus be obtained are topologically equivalent. 

This feature of topology is popularly described as “rubber-sheet geometry.” 
What is meant by this phrase is that an object can be changed into a topologically 
equivalent one by a process of continuous deformation, called ambient isotopy, 
which may entail unlimited bending, stretching, twisting, squeezing, and the like, 
but not cutting, breaking, or tearing. Objects that are related by an ambient isotopy 
are said to be isotopic-the adjective has a different meaning in chemistry-and 
to belong to the same isotopy type. 

The unlimited flexibility of a molecular model as a topological object introduces 
significant changes in the way that we view molecular chirality and achirality. It 
is, as we saw, generally a simple matter to establish the chirality or achirality of a 
molecule modeled as a rigid body or a time-averaged structure. In the case of a 
topological object, however, one has to deal with infinitely many presentations, all 
of them interrelated by ambient isotopy. To establish topological chirality or 
achirality is therefore, in general, a substantially more difficult The 
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following definition applies not only to molecular models but to any topological 
construction, whether it represents a molecule or not: 

An object, such as a knot, or a link, or a graph, is topologically chiral if and only if it 
cannot be converted into its mirror image by continuous deformation (ambient 
isotopy) in the object’s space; otherwise it is topologically achiral. 

As an example, consider one of the simplest of topological objects, the trefoil knot. 
Is it topologically chiral or achiral? Johann Benedict Listing, a student of Carl 
Friedrich Gauss at Gottingen, who introduced the subject of topology (including 
the name) into the l i terat~re?~ recognized that trefoil knots exist in two and only 
two distinct, mirror-image-related types, individual presentations of which are 
related by a “perversion,” the term that Listing used for reflection through a plane. 
As an aside, the same year, 1848, saw publication both of Listing’s work and of 
Pasteur’s momentous discovery: truly an annus mirabilis for stereochemistry! 

Listing conjectured that these two knot types cannot be transformed into one 
another by ambient isotopy. Figure 13 shows the two enantiomorphous isotopy 
types, arbitrarily designated as R and L. For each type, individual presentations are 
shown as projections in the plane, called diagrams. Crossings in these diagrams 
represent transverse double points, with over- and under-characteristics clearly 

L R 

Figure 13. Diagrams of left-handed (L) and right-handed (R) trefoil knots. 
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indicated. The diagrams are topologically equivalent because they can all be 
interconverted by ambient isotopy in R3, even though they differ in the number of 
crossings and in other ways. Note that the diagrams in the two isotopy types can 
be interconverted by reflection in the plane of projection, which changes every 
overcrossing in one to an undercrossing in the other. 

Now, it might seem obvious to the reader, as it did to Listing, that there is no 
way in which the enantiomorphous knots in Figure 13 can be interconverted by 
continuous deformation in R3. This empirical and common-sensical observation 
does not, however, constitute an acceptable proof of topological chirality because 
there are infinitely many presentations and infinitely many deformation pathways, 
and one cannot rule out the possibility, however faint, that interconversion might 
take place by way of one of them. And so it was not until 1914, after further 
developments in combinatorial topology, that Listing’s empirical observation 
could be supported by a rigorous mathematical proof.66 

B. Molecular Graphs 

As was remarked above, a molecular (spatial) graph is deformable into infinitely 
many shapes (presentations or images). A graph that can be embedded in the plane 
without the crossing of any edges is said to be planar; otherwise it is n ~ n p l a n a r . ~ ~  
A planar graph is like the constitutional formulas (line diagrams) that chemists 
write on blackboards. Such a graph cannot be topologically chiral because any 
chiral presentation can be isotoped to its mirror image by way of a planar and 
therefore rigidly, that is, geometrically, achiral presentation. Thus a necessary (but 
not sufficient) condition for topological chirality in a graph is the absence of planar 
presentations among its embeddings in R3. 

The vast majority of molecular graphs are planar, no matter how unreasonable 
or even bizarre the embedding in the plane may appear from a chemical 
perspective. The molecular graphs of tetrahedrane, cubane, dodecahedrane, and 
buckminsterfullerene, for example, are all planar because the edges in a molecular 
graph can be stretched and bent without limit-so long as they are not severed and 
rejoined. It follows that, with few exceptions, the constitutions of geometrically 
chiral molecules are represented by topologically achiral graphs. For example, the 
molecular graph of geometrically chiral CHFClBr can be represented in a 
stereochemically realistic fashion, with four differently labeled vertices at the 
corners of a tetrahedron and a fifth at its center, or it can be represented with all 
five vertices in a plane. The last image, though stereochemically unrealistic, is 
topologically equivalent to the first. As a further example, depicted in the top row 
of Figure 14 are geometrically realistic structures for twistane,68 tritwi~tane,6~ and 
[6]cho~hin,7~ while the bottom row depicts the images of the corresponding planar 
molecular graphs. Since attainment of planarity is a sufficient (but not necessary) 
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(a) (b) 6) 

Figure 14. Top row: Molecular structures of (a) twistane, (b) tritwistane, (c) [6]chochin. Bottom row: 
planar images of the corresponding molecular  graph^.^' Reprinted with permission from K. Mislow, 
Croat. Chenz. Acta 1996, 69, 485. Copyright 1996, Croatian Chemical Society. 

condition for topological achirality, it follows that these three molecules, all of 
which are geometrically chiral and have been obtained in optically active form, are 
topologically a ~ h i r a l . ~ ~  

Our asides, that nonplanarity is not a sufficient condition for topological 
chirality and that planarity is not a necessary condition for topological achirality, 
now demand an explanation. The reason is that even though planarity might be 
excluded among the presentations of a given graph, if, among the nonplanar 
presentations that can be attained by ambient isotopy, there exists at least one that 
is geometrically achiral-that is, a presentation that belongs to one of the achiral 
point groups-then any chiral presentation can be isotoped to its mirror image by 
way of such a rigidly achiral presentation. The corresponding molecular graph is 
therefore topologically achiral. Figure 15 presents a few examples of this type.72 

In short, the absence of rigidly achiral presentations, planar or otherwise, is a 
necessary condition for the topological chirality of a molecular graph. Yet, as we 
shall later see, it is still not a sufficient one. 

Figure 16 depicts some molecules that meet the minimum (i.e., the necessary) 
requirement for topological chirality: Their graphs cannot attain rigidly achiral 
presentations. David Walba’s insightful conjecture73 that the graphs of the 
Simmons-Paquette molecule74 [Figure 16(a)J, of the three-rung Mobius ladder 
molecule75 [Figure 16(b)], and of the ferrocenophenone in Figure 1 6 ( ~ ) ~ ~  are 
topologically chiral was subsequently proved by Jonathan Simon and Keith 
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Figure 15. Examples of molecules with nonplanar graphs that have rigidly achiral pre~entat ions.~~ 
Their highest attainable symmetries are: (a) Td, (b) D3h, (c) D2d, (d) Dzd, (e) D3h. (6 Dzd,  (g) C,, (h) 
D u .  and (i) Ss. Reprinted with permission from C. Liang and K. Mislow, J. Marh. Chem. 1994,15,245. 
Copyright 1994, Baltzer Science Publishers. 

W ~ l c o t t , ~ ~  even though “there is no known [general] algorithm for deciding 
whether or not a given graph is topologically ~ h i r a l . ” ~ ~ ”  It has also been shown that 
the C2-symmetric triple-layered naphthalenophane7* in Figure 16(d) is 
topologically ~ h i r a 1 . ~ ~  Details of these proofs are beyond the purview of this 
chapter. In addition, there are numerous topologically chiral  protein^?^ 
representative examples of which are depicted in Figure 17. 
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Figure 16. Some topologically chiral molecular graphs. (a) The Simmons-Paquette molecule.74 (b) 
Walba’s 3-rung Mobius ladder molecule.75 (c) [4]( 1,1’)[4](3,3’)[3](4.4’)-Ferrocenophan-16-0ne.~~ (d) 
Triple-layered naphthalen~phane.’~ Unlabeled vertices represent carbon atoms, and hydrogen atoms 
are suppressed for clarity. Only one enantiomer of each molecule is shown. 

(a) (b) (C) 

Figure 17. Schematic diagrams of some representative topologically chiral proteins.79 (a) Condensed 
schematic drawing of the L subunit of the quinoprotein TV-MADH. The looped line represents the 
polypeptide backbone with N and C terminals. Cysteine (or half-cystine) residues are numbered, and 
their a-carbons are indicated by filled circles. Intrachain disulfide bonds are shown as dashed lines 
joining a pair of filled circles. The heavy line symbolizes an intrachain cofactor link. (b) Chromatiurn 
high potential iron protein (HiPIP), one of several FaS4 cluster-containing proteins. (c) Toxin I1 from 
the scorpion Androctonus australis Hector. Reprinted with permission from C. Liang and K. Mislow, 
J .  Math. Chem. 1994,15,245. Copyright 1994, Baltzer Science Publishers. 
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C. Molecular Knots 

MOLECULAR CHIRALITY 

As defined in topology, a nontrivial knot, such as the trefoil knot, is a simple closed 
polygonal or smooth closed curve in R3 that does not intersect itself anywhere but 
that cannot be embedded in the plane without crossings.62 A circle or a polygon is 
also a closed curve in R3, but it can be embedded in the plane without crossings. It 
is therefore called the trivial knot or the unknot. A nontrivial knot thus resembles 
a nonplanar graph. The word closed is crucial to this definition, for a curve that is 
knotted but not closed can be unknotted, like a tied shoelace, by continuous 
deformation, whereas a knot as defined above cannot be unknotted without cutting 
the curve. Thus, from the point of view of topology, only a closed curve can be 
“truly knotted.”63a We have defined a molecular knot as a closed or open knot in a 
molecular graph, where an open knot is a closed knot that has been cut but has not 
yet been unknotted.gO Discussion in this chapter will be restricted to closed knots 
because open knots are not topologically significant. 

Trefoil knots are the classic examples of topologically chiral structures. The 
rational synthesis of molecular trefoil knots, suggested as long ago as 1953,*’ was 
finally achieved in 1989, by Christiane Dietrich-Buchecker and Jean-Pierre 
Sauvageg2 (Figure 18); the enantiomers of this knot were subsequently resolved.83 

Figure 18. Top: enantiomers of the synthetic trefoil knot K-86.** Unlabeled vertices represent carbon 
atoms, and hydrogen atoms are suppressed for clarity. Bottom: Abstract versions of the same knot. 
Reprinted with permission from K. Mislow, Croat. Chem. Acfu 1996,69,485. Copyright 1996, Croatian 
Chemical Society. 
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This milestone in chemical topologyR4~ 85 and topological stereo~hemistry~~. 86, 87 

was followed in 1991 by the first rational synthesis of trefoil and figure-eight knots 
made from single-stranded DNA (Figure 19).88, 89 

Single- and double-stranded DNA knots in Nature were first observed in 
197690; a variety of knotted circular DNAs have subsequently been observed in 
diverse biological systemsg1 and by now have become a commonplace in 
biochemical topology.92 Knots consisting of polypeptide chain segments 
combined with cofactors and disulfide intrachain cross-links have recently been 
observed among some metalloproteins (Figure All these natural products are 
topologically chiral. 

How can we tell whether a knot is in fact topologically chiral? Before we 
address this question we need to introduce some terminology.62-64 

(C) (a) 

Figure 19. (a) Synthetic single-stranded DNA trefoil knots88289 in which a = 
(A-C-T-G-G-A-C-C-T-C-T), p = (C-G-T-A-G-C-C-G-C-A-T) or (dCpdGp)6, a’ and p’ 
refer to sequences that complement a and p by Watson-Crick hydrogen bonding, respectively, and z 
= dTis symbolizes a single-stranded linkage between a (a’) and p (p’). (b) An abstract version of (a) 
under denaturing conditions. (c) A synthetic single-stranded DNA figure-eight in which p = 
(dCpdGp)6, and a, a’, p’, and 7 have the same significance as in (a). (d) An abstract version of (c) under 
denaturing conditions. Reprinted with permission from K. Mislow and C. Liang, Croat. Chem. Acta 
1996,69, 1385. Copyright 1996, Croatian Chemical Society. 
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173 

Figure 20. Top left: Condensed schematic diagram of human lxtoferrin (hLf), with the C-lobe shown 
on the right and the N-lobe on the left. The a-carbons of cysteine and selected noncysteine residues are 
symbolized by filled and open circles, respectively. Cystine cross-links are shown as dashed lines. 
Unlabeled vertices symbolize carbon atoms, and hydrogen atoms are suppressed for clarity. Top right: 
The trefoil knot derived from the C-lobe of hLf. Bottom: Stereoview (Ca  trace plus cross-links) of the 
knot shown on the top right!3 Reprinted with permission from C. Liang and K. Mislow, J. Am. Chern. 
SOC. 1995,117,4201. Copyright, 1995 American Chemical Society. 

1. Prime Knots and Their Crossing Numbers 

The number of crossings in a knot K may be reduced to a minimum, by an ambient 
isotopy, to yield a minimal diagram with the fewest number of crossings, the 
crossing number c(f0.  For example, c(K) = 3 for the trefoil knot. The crossing 
number is a knot invariant, that is, a mathematical object that can be 
unambiguously associated with an individual knot type, independent of any 
particular diagram. Knots are characterized by the symbol c(K>,, where n is a 
numerical index; this is needed because, as shown in Figure 21, two or more 
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6 2  63 

7 ,  7 2  7 3  7 4  

75 7 6  7 7  

Figure 21. Diagrams of prime knots with up to seven crossings. 

nonequivalent knots may share the same crossing number for c( f0  > 4. The 
crossing number is therefore a weak invariant. A knot is alternating if overpasses 
alternate with underpasses all along the curve in the minimal knot diagram; 
otherwise it is nonalternating. For example, all the knots in Figure 21 are 
alternating. Incidentally, all the knot types shown in Figure 21 (including both 
enantiomers of the chiral knots) have been observed in circular DNA.91 

The knots in Figure 21 are all prime knots because they cannot be divided 
(factored) into smaller, nontrivial knots. Prime knots are the building blocks of 
composite knots and of links. Like prime numbers, which yield composite numbers 
upon multiplication, or like atoms in chemistry, which yield molecules upon 
combination, prime knots are the elementary units of knot theory. Composite knots 
are exemplified by the topologically achiral square knot and the topologically 
chiral granny knot (Figure 22). In each of these knots, a plane perpendicular to the 
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Figure 22. 
Enantiomorphs of the granny knot. 

Diagrams of composite knots with c(K) = 6. (a) Square, or reef knot. (b) and (c) 

plane of projection and pierced in exactly two points cuts the knot in half. If the 
open ends on both sides of the plane are then joined to form closed curves, two 
trefoil knots result. Composite knots are symbolized by K1 # K2, and their factors, 
K ,  and K2, are prime knots other than the unknot. For example, if 37 denotes the 
enantiomorph of 31, then Figure 22(a) = 31 # 3T = 3;  # 31, Figure 22(b) = 31 # 3], 
and Figure 22(c) = 3; # 3;. Three topologically chiral composite knots, 31 # 31, 31 
# 41, and 41 # 51,  plus their enantiomers, have been identified among the circular 
DNAs?~ and a mixture of molecules whose graphs are abstractly symbolized by 
the three composite knots in Figure 22 has been obtained by dimerization of an 
open knot structurally related to the molecular knot depicted in Figure 18.94 

Topologically achiral (amphicheiral) knots are vastly outnumbered by 
topologically chiral ones: Of the 12,965 prime knots with c(K) I 13, only 78 are 
amphi~heira1.l~ One reason is that, with a single exception, no amphicheiral knot 
with an odd crossing number is known up to the present. All alternating 
amphicheiral knots must have an even crossing number; the lone exception known 
so far is a nonalternating amphicheiral knot with c(K) = 15,95 though other such 
exceptions are sure to be lurking among the hordes of knots with c(K) > 15. 
Another reason is that the density of amphicheirals decreases as the crossing 
number increases. It is instructive, in this connection, to compare the census of 
topologically chiral and achiral prime knots13 with a census of chiral and achiral 
alkanes CnH2n+2 and monosubstituted alkanes CnH2n+l Xg6 (Table 1): In alkanes, as 
in knots, the proportion of chiral members in each class increases with an increase 
in the size of the class, that is, with an increase in structural complexity. 

2. How to Prove a Knot’s Chirality or Achirality 

The existence of a rigidly achiral presentation suffices as proof of the knot’s 
amphicheirality because all chiral presentations can be isotoped to their mirror 
images by way of the achiral one. The only possible point group for rigidly achiral 
presentations of prime (but not composite) knotsf3 is SZnr n = 1,2, . . . . Figure 23 
depicts diagrams of such presentations for a selected number of amphicheiral prime 
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Table I .  
Census of Chiral and Achiral Prime Knots and Alkanes" 

Prime Knotsh CnH2n+2 CnH2n+1X 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

0 
1 
0 
1 
0 
5 
0 

13 
0 

58 
0 

274 

2 
0 
4 
4 

14 
32 
98 

304 
1104 
4236 

19976 
93396 

1 
1 
I 
2 
3 
5 
7 

14 
21 
40 
61 

118 
186 
365 

0 
0 
0 
0 
0 
0 
4 

10 
34 
96 

284 
782 

4226 
6198 

1 
1 
2 
3 
5 
8 

14 
23 
41 
69 

122 
208 
370 
636 

0 
0 
0 
2 
6 

20 
60 

176 
510 

1484 
4314 

12624 
37126 

109864 

a Data from references 13, 95, and 96 cn = number of c h i d  members. c,/2 = number of 
enantiomorphous pars an = number of achiral members 
11 = crossing number. 

knots.13 Note that these diagrams are not minimal compare, for example, the 
minimal diagrams of 4, and 63, the two amphicheiral knots among the 14 prime 
knots in Figure 21, with the diagrams of their rigidly achiral presentations in Figure 
23. The S2, diagrams of amphicheiral knots can be converted into their mirror 
images in two ways: either by reflection through the plane of projection, an 
improper isometry that switches all over- and undercrossings in the diagram, or by 
a 36Oo/2rz rotation about the C, axis, a proper isometry. Only the latter qualifies as 
a continuous deformation because the improper isometry is both discontinuous and 
physically nonperformable. 

Alternatively, proof that a knot is amphicheiral can be supplied by 
demonstrating that enantiomorphous presentations can be interconverted by 
continuous deformation, and not necessarily by way of a rigidly achiral 
presentation. An empirical proof of amphicheirality can therefore be arrived at 
simply by, say, manipulating a piece of string or wire in the form of a knot. For 
example, interconversion of the enantiornorphous presentations shown in Figure 
24 suffices as proof that 41, the figure-eight (or Listing's) knot, is amphicheiral. 
Note, however, that although there are no rigidly achiral presentations along the 
indicated interconversion pathway, there are other pathways in which inter- 
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Figure 23. Rigidly achiral presentations of some topologically achiral prime knots. (a) 41 (S4 

Symmetry); (b) 63 (S4 symmetry); (c) 12427 (S? = c, symmetry); 121019 (S6 symmetry); (e) 818 (S8 
symmetry); (f) 10123 (Sio symmetry). 

t 
@-@-@ 

Figure 24. 
presentations. 

Proof of the amphicheirality of 41 by continuous interconversion of enantiomorphous 
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conversion takes place by way of the rigidly achiral (S4) presentation in Figure 
23(a). The question then arises whether there exist topological objects whose every 
presentation is chiral but which are nevertheless topologically achiral; 
interconversion of enantiomorphous presentations by continuous deformation 
could in that case proceed onZy by way of rigidly chiral states. The answer, 
surprisingly, is yes: There are indeed arnphicheiral knots that are asymmetric in all 
their  presentation^.^^ Objects in this class have been dubbed “topological rubber 
gloves.”87 The classic example is the knot 817 (Figure 25).64,98 A molecular version 
of a topological rubber glove is single-stranded DNA tied into a figure-eight knot 

@> 
t 

t 

t 

t 

Figure 25. Proof of the amphicheirality of 817 by continuous inkrconverion of enantiomorphous 
presentations. Reprinted with permission from K. Mislow, Croat. Chern. Acra 1996,69,485. Copyright 
1996, Croatian Chemical Society. 
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knot [Figure I ~ ( C ) ] ~ ~ ;  we shall later describe in detail the example of a chemically 
achiral [2]catenane that is also a topological rubber glove. 

The existence of topological rubber gloves proves that the absence of rigidly 
achiral presentations is a necessary but not a sufficient condition for topological 
chirality. 

One approach to the problem of establishing a knot’s chirality or achirality is 
through the use of knot invariants. The first invariant capable of distinguishing 
between enantiomorphs, a one-variable Laurent polynomial (a polynomial that has 
both positive and negative powers), was discovered only as recently as 1985, by 
Vaughan Jones.loo More powerful two-variable polynomials have subsequently 
been developed by others.l0’9 Io2 

As illustrated by the example of the Jones polynomial for the figure-eight knot, 
the polynomial of an amphicheiral knot must be palindromic with respect to the 
coefficients63a: 

v,, ( t )  = f2 - f’ + 1 - t + t2 

In contrast, as illustrated by the example of the Jones polynomial for the trefoil 
knot, the polynomial of a chiral knot is in principle, and indeed in the majority of 
cases, not palindromic: 

v ( t )  = -t4 + tr3 + t-’ 
3, 

Nevertheless, even though these polynomials are normally capable of detecting 
topological chirality, none of them is infallible: In several cases, chiral knots yield 
palindromic  polynomial^.'^ The cause for these anomalies is still unknown. 

In summary, failure to detect a rigidly achiral presentation does not mean that 
such a presentation cannot be found among the infinitely many presentations of a 
knot; failure to interconvert enantiomorphous presentations by ambient isotopy 
does not exclude the possibility that an interconversion pathway can be found 
among the infinitely many pathways that are available; and a palindromic knot 
polynomial does not necessarily mean that the knot is amphicheiral. Consequently, 
it may be impossible in certain cases to determine with complete certainty whether 
a knot is topologically chiral or not. The fundamental task of the theory of knots 
was stated over a hundred years ago by its foremost pioneer: “Given the number of 
its double points, to find all the essentially different forms which a closed curve can 
assume.”15 Yet to find invariants that will definitively determine whether or not a 
knot is chiral remains an unsolved problem to this day.63a Vassiliev invariants have 
been conjectured to be such “perfect” in~ariants .6~~ 
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D. Molecular Links 

45 

When Edel Wasserman reported the first synthesis of a molecule with two 
interlocked rings (a [2]catenane) in 1960, he provided “the first demonstrated 
example of a compound in which the topology of the system must be considered 
in describing its At about the same time, in a classic paper with H. L. 
F r i s ~ h , 8 ~ ~  Wasserman introduced the concept of isomerism between knotted and 
unknotted and between interlocked (catenated) and noninterlocked rings, and thus 
launched the subject of topological chemistry. Numerous organic catenanes have 
since been prepared, thanks largely to the implementation of ingenious synthetic 
strategies devised by the groups of Jean-Pierre Sauvage, Gottfried Schill, Fraser 
Stoddart, and Fritz Vogtle. Although these synthetic products are for the most part 
[2]catenanes, a number of higher catenanes, such as [3]catenanes,Io3 a 
[4]catenane,Io4 and the [5]catenane “~lyrnpiadane ,”~~~ have also been prepared. 
The disjoint rings are held together by what Frisch and Wasserman have called 
“topological bonds.”x4b 

Chemical catenanes are modeled by topological links. A topological link is a 
finite union of mutually disjoint knots (including the unknot). A knot is therefore 
the special case of a link with only one component. Links are nontrivial if and only 
if they cannot be embedded in the plane without crossings. All the links referred to 
in this chapter are nontrivial, but the components are usually unknots. 

Link types are characterized by their crossing numbers according to a 
convention in which c(K) is superscripted by the number of components in the link 
and subscripted by a numerical index, needed because two or more nonequivalent 
links may share the same crossing number for links with c(K) > 5. For the case of 
one-component links, that is, for knots, the superscript I is omitted. If directions 
(denoted by arrows along the curves) are assigned to all the component curves that 
constitute a link, that link is said to be oriented. Otherwise it is nonoriented. We 
begin our discussion by a consideration of nonoriented links. 

I .  Nonoriented Links 

The simplest nonoriented, nontrivial link is the 2-crossing Hopf link, 2f [Figure 
26(a)]. This link is the abstract representation of the vast majority of reported 
chemical [2]catenanes, one of which is depicted in Figure 26(b).Io5 The link, and 
hence the molecule, is topologically achiral because it can attain a rigidly achiral 
presentation [Figure 26(c)]. A topologically achiral link of exceptional interest is 
the Borromean link (63).Io6 This link is among the most fascinating of topological 
constructions: Three mutually disjoint simple closed curves form a link, yet no two 
curves are linked [Figure 27(a)]. Thus, if any one curve is cut, the other two are free 
to separate. As shown in Figure 27, the Borromean link can assume rigidly achiral 
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Figure 26. 
2:. (c) A rigidly achiral (D2d symmetry) presentation of 2:. 

(a) Minimal diagram of the Hopf link, 2f. (b) A [ 2 ] ~ a t e n a n e ' ~ ~  abstractly represented by 

presentations with a variety of symmetries. It is of interest to note that three golden 
rectangles in mutually perpendicular planes (whose twelve vertices are the twelve 
vertices of the regular ico~ahedron)'~' constitute a Th-symmetric version of the 
Borromean link [Figure 27(d)]. In addition to presentations with Th subsymmetries 
[including S6, Figure 27(b)], the Borromean link can also assume D2, symmetry 

Figure 27. The Borromean link (62). A minimal diagram (a), and rigidly achiral presentations with 
(b) S6, (c) D z ~ ,  and (d) Th symmetry. Reprinted with permission from C. Liang and K. Mislow, J.  Math. 
Chem. 1995,18, 1. Copyright 1995, Baltzer Science Publishers. 
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[Figure 27(c)]. It remains to be noted that Borromean links composed of metric 
circles are impossible,lo8 that Borromean links composed of three triangles or three 
squares have inspired sculptures by John Robinson,’o9 and that this link, in the form 
of three interlocked triangles, was known to the ancient Scandinavians as “Odin’s 
triangle” or the “Walknot” (meaning “knot of the slain”).110 

Given its unique construction, it comes as no surprise that realization of the 
Borromean link in molecular form has long been considered a synthetic goal well 
worth achieving. As Martin Gardner put it,”’ “Who can guess what outlandish 
properties a carbon compound might have ... if its molecules were joined into 
triplets, each triplet interlocked like a set of Borromean rings?” More than 30 years 
ago, Wasserman expressed the view that molecular Borromean links “require a 
minimum string of 30 carbons” in each of the three rings, and van Gulick discussed 
the 3-braid approach to the synthesis of such a link.84b The synthetic goal was 
finally reached by an assembly of three single-stranded DNA rings into a 
Borromean link (Figure 28).”* 

As in the case of knots, a demonstration that enantiomorphous presentations can 
be interconverted by continuous deformation suffices as proof of a link’s 
amphicheirality. This may be the only option if no rigidly achiral presentations are 
attainable. An example is the [2]catenane depicted in Figure 29.’13 The ring 
containing the p-tolyl-substituted 1,lO-phenanthroline is oriented, thanks to the 
asymmetric positioning of the substituent. The ring containing the 1,5-dioxy- 
naphthalene, however, is not oriented because it can attain a conformation with C, 
symmetry. All achiral presentations available to the two rings in isolation have 
C, symmetry, but the CJ planes of the two components cannot become coplanar in 
the catenated condition. Accordingly, every conceivable presentation of the 

Figure 28. 
different circular single-stranded DNA components. 

A condensed schematic diagram of a synthetic Borromean link”’ made up of three 
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m 

H3C' 

Figure 29. Enantiomorphous conformations of a [2]catenane that is a topological rubber glove."3 
Unlabeled vertices represent carbon atoms, and hydrogen atom are suppressed for clarity. The 
enantiomorphs are related by the mirror plane (m) and are interconverted by rotation of the 
1,5-dioxynaphthalene moiety about the C-0 bonds (arrows). 

[2]catenane is asymmetric. As shown in Figure 29, and as confirmed by 
variable-temperature NMR spectroscopy,' l 3  enantiomorphous conformations are 
readily interconverted by rotation of the 1,5-dioxynaphthalene plane by 180". 
Hence, the 121catenane is chemically and topologically achiral, even though all 
chemically accessible conformations encountered along this or any other 
enantiomerization pathway, as well as all topologically accessible presentations, 
are asymmetric. The [2]catenane is therefore properly characterized as a 
topological rubber glove. In contrast to the [2]catenane, the figure-eight knot made 
from single-stranded DNA [Figure 19(c)], which has been similarly 
~haracterized,~~ is incapable of attaining chemical achirality because, in order to 
convert the DNA strand to its enantiomorph, it is necessary to flatten the sugars so 
that they are planar, like the purine and pyrimidine bases. There is, of course, no 
way in which this topological transformation can be achieved by any feasible 
chemical operation. Furthermore, while it has long been recognized that certain 
knots and graphs are topologically achiral but not rigidly a ~ h i r a l , ~ ~  the [2]catenane 
represents the first example of B link in this class. 

The time-averaged symmetry of the [2]catenane is C,, which expresses the 
chemical achirality of the molecule, even though no individual conformation or 
presentation of the catenane belongs to this point group. It thus resembles 
(1R)-menthyl (IS)-menthyl 2,2',6,6'-tetranitro-4,4'-diphenate, in which con- 
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formational racemization also cannot proceed via an achiral intermediate. The 
crucial difference between the two molecules is that the biphenyl has presentations 
that are planar and therefore rigidly achiral, whereas no such presentations exist for 
the [2]catenane. For all the above reasons, the [2]catenane is sui generis.l13 

Like knots, links may be prime or composite. The Hopf and Borromean links 
are examples of prime links because they cannot be divided (factored) into smaller, 
nontrivial links. Figure 30(a) is the minimal diagram of a composite link that is the 
abstract representative of some [3]catenanes, one of which is depicted in Figure 
30(b).103b That the three-component link is a composite link is shown by the fact 
that a plane perpendicular to the plane of projection (dashed line) and pierced in 
exactly two points cuts the link in half If the open ends on both sides of the plane 
are now joined to form closed curves, two Hopf links result. In analogy to 
composite knots, the three-component link in Figure 30(a) is denoted by 27 # 27, 
and the five-component composite link that represents ol ympiadane by 

With few exceptions, all nonoriented chemical links reported in the literature 
are topologically achiral. One of the rare exceptions is the two-component 
4-crossing link 4: (Figure 3 1). l4 The molccule in the depicted conformation, and 
indeed in any imaginable conformation, is geometrically chiral. It is therefore 
reasonable to conjecture that it is also topologically chiral. Proof that 47 is indeed 
topologically chiral was provided after the development of suitable 
polynomials.' 15 

27 # 27 # 27 # 21. 

Figure 30. (a) Minimal diagram of a composite link, 2: # 2:. The dashed line is a projection of the 
plane that cuts the link into two component Hopf links (after the open ends are joined). (b) A 
[3]~a tenane"~~ abstractly represented by 2: # 2:. Reprinted with permission from C. Liang and K. 
Mislow, J .  Math. Chem. 1995, 18, 1.  Copyright 1995, Baltzer Science Publishers. 
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Figure 31. (a) Minimal diagram of the simplest topologically chiral, nonoriented link, 4:. (b) The 
enantiomorph of (a). (c) A [2]~atenane"~ abstractly represented by (a). (d) The enantiomer of (c), 
abstractly represented by (b). Reprinted with permission from C. Liang and K. Mislow, J. Math. Chen. 
1995,18, 1. Copyright 1995, Baltzer Science Publishers. 

2. Oriented Links 

Orientation may impart topological chirality to a link that is otherwise 
amphicheiral. For example, the Hopf link [Figure 26 (a)] becomes topologically 
chiral when both rings are oriented (Figure 32). Orientation of only one ring leaves 
one plane of symmetry intact, and this construction therefore has a rigidly achiral 
presentation. For example, the [2]catenane depicted in Figure 29, in which only one 
of the two rings is oriented, is topologically achiral. Nor can topological chirality 
in a nonoriented [2]catenane be attained merely through introduction of 
conformationally chiral features1I6 or through attachment of geometrically chiral 
but topologically planar residues1I7: Orientation of both cyclic components 
remains the unavoidable requirement for topological chirality. This condition is 
satisfied for the molecule shown in Figure 32118 because both rings contain 
I ,  10-phenanthrolines asymmetrically substituted by phenyl groups and both are 
therefore oriented. The direction that is assigned to the rings follows an arbitrary 
convention, in which the head of the arrow in the phenanthroline moiety points in 
the direction of the phenyl-bearing ring so that Figure 32(a) matches Figure 32(c), 
and Figure 32(b) matches Figure 32(d). 
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00 00 

Figure 32. (a) Minimal diagram of an oriented Hopf link. (b) The enantiomorph of (a). (c) A 
[2]catenane' ' *  abstractly represented by (a). (d) The enantiomer of (c), abstractly represented by (b). 
Reprinted with permission from C. Liang and K. Mislow, J. Math. Chem. 1995, 18, 1. Copyright 1995, 
Baltzer Science Publishers. 

While orientation normally imparts topological chirality, as in the case of the 
Hopf link, this is not always the case. For example, the Borromean link remains 
amphicheiral even after orientation.' 15, 119 This is easily demonstrated with 
reference to the S, presentation of the nonoriented link [Figure 27(b)]: No matter 
in which direction the three rings are oriented, the resulting diagram remains 
centrosymmetric and therefore rigidly achiral. 

Polypeptides in native proteins and polynucleotides in nucleic acids are oriented 
chains with an asymmetric distribution of monomeric components. Molecular 
links made from circular variants of these chains are therefore topologically 
~ h i r a l . ~ ~  Catenated molecules in Nature were first discovered in the mitochondria1 
DNA of human cells by Jerome Vinograd and co-workers in 1967.120 A great 
variety of catenated DNAs have since been obseived in diverse biological 
systems,91b for example, a 5-crossing DNA link composed of two unknots, and a 
6-crossing DNA link composed of one oriented unknot and one figure-eight 
knot.92% 121 A number of catenated structures have also been recently observed 
among proteins"; an example is shown in Figure 33. Nadrian Seeman and 
co-workers designed and carried out the synthesis of intricately interlaced 
structures made up of single-stranded DNA; the most spectacular examples are 
polyhedra (a [6]catenane in the form of a cube8*, 12* and a [ 14lcatenane in the form 
of a truncated ~c tahedron '~~)  whose faces are made up of cyclic DNAs interlinked 
with their nearest neighbors. 
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Figure 33. (a) Condensed schematic diagram of the P-subunit of human chorionic gonadotropin 
(hCG). Cysteiiie a-carbons are represented by filled circles. Intrachain disulfide linkages are shown as 
dashed lines. (b) A topological link derived from (a), in which disulfide linkage Cys9-Cys57 penetrates 
the ring (Cys34-X3-Cys38-Cys9O-X1 -Cys88-Cys34), where Xn represents n contiguous amino acid 
residues. (c) Another topological link, in which the two component rings in (a) penetrate one another 
through their polypeptide segments instead of their disulfide  linkage^?^ Reprinted with permission 
from C. Liang and K. Mislow, J. Am. Chem. SOC. 1995, IZ 7,4201. Copyright 1995, American Chemical 
Society. 

E. Limitations of the Topological Model 

1. On the Choice of Topologically Significant Bonds 

There is no problem in identifying the vertex set in a molecular graph that 
represents the constitutional formula of a molecule because each vertex bears a 
one-to-one correspondence to an appropriately labeled atom in the molecule. 
The relationship of edges in the graph to bonds in the molecule is, however, far 
less well defined. This point warrants a reiteration of earlier remarks on this 
theme52, 71, 72, 79, 93 because it has an important bearing on the subject of topological 
chirality in molecules. 

The crucial question is: Which bonds in the molecule are to be regarded as 
“topologically ~ignif icant?”~~~ 87 Different authors differ in their answers to this 
question?2 The root of the difficulty “lies in the historical sanction of localized 
valence bond formulas, which, for all their virtues of convenience, imply a 
sharpness of definition that is physically unsound: For the sake of simplicity, 
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degrees of atomic interaction in a molecule are ignored, and pairs of atoms are 
regarded as either bonded or not.”52 The problem is in principle solvable by 
edge-weighting the complete graph, with each atom bonded to every other atom in 
the molecule and the set of edges mapped one-to-one onto a set of real numbers that 
express in some manner the nature and extent of bonding interactions between 
pairs of atoms.52 In practice, however, the question remains: Which of these bonds 
are to be included in the edge set of the molecular graph? Inevitably, therefore, 
considerable fuzziness is built into the definition of a molecular graph. According 
to Walba, only covalent bonds are to be regarded as topologically significant, 
whereas “H bonds, ion-ion bonds, ion-dipole bonds, or dipole-dipole bonds are 
not considered edges of a molecular graph.”73 While this definition has the 
advantage of being consistent with common usage in organic chemistry, where 
“molecular graph” carries the same meaning as “constitutional formula” or 
“localized valence bond diagram,” there is no good reason to limit the edge set to 
covalent bonds. Thus, as Walba remarked, “even the term covalent bond is 
arbitrary,”73 since there is, in the general case, a continuum between covalent and 
ionic bonds. “Indeed, in a trivial sense, crystalline sodium chloride is rich with 
topological networks, if each coulombic interaction is viewed as a c~nnect ion.”’~~ 

As an illustration of the sort of quandary that one may have to face in the choice 
of topologically significant bonds, consider the hypothetical derivative of 
[ 1. 1. l]propellane shown in Figure 34.71 The bridgehead atoms of this derivative 
are different isotopes of carbon, and the remaining carbons are bridged by three 
polymethylene chains of different lengths. There is no question whatsoever that 
this molecule is geometrically chiral, regardless of whether or not there is a bond 
between the isotopic bridgehead carbons. The topological chirality of this 
molecule, however, depends crucially on whether or not this bond is represented 
by an edge in the molecular graph. If the bond is thought to exist, and the edge is 
therefore included in the graph, the molecular graph [Figure 34(a)] becomes 
nonplanar. Under these conditions, the graph, and hence the molecule, is 
topologically chiral because all the vertices are nonequivalent. If the bond is 
thought not to exist, and the edge is therefore not included in the graph, the 
molecular graph becomes planar [Figure 34(b)], and the molecule is topologically 
achiral. The question of whether or not there is a central bond in [I .  1. llpropellane 
has been studied at length,125 but there is no universal consensus since “all of the 
arguments put forward for the existence of a central bond in [ 1.1. llpropellane can 
be matched with a counterargument except for the heat of formation.”125c On the 
one hand, the charge-density distribution points to the existence of a bond between 
the bridgehead carbons.’2sd On the other hand, this electron density makes no 
contribution to holding the bridgehead carbons together. ’ 2sa Hence, whether this 
molecule is considered to be topologically chiral or not depends entirely on what 
criteria are used to define the central bond. 
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Figure 34. (a) Molecular graph of a hypothetical derivative of [I. 1. l]propellane. The graph is 
topologically chiral. (b) The same graph without the central edge is planar and therefore topologically 
achiral. Reprinted from K. Mislow, Croat. Chem. Acra 1996, 6Y, 485. Copyright 1996, Croatian 
Chemical Society. 

2. On the Relevance of Topological Chirality to Chirality Properties 

While uncertainties in defining membership in the edge set are virtually un- 
avoidable, once the members of the edge set are selected all uncertainty vanishes. 
The molecular graph is then treated exactly as a topological object7’la in which 
considerations of metrics and internal energy play no role. For example, whereas 
it is physically impossible to flatten the molecules in Figure 14 so that all the atoms 
lie in a plane while all the bonds remain intact, planarization of the corresponding 
molecular graphs is a perfectly unexceptionable topological operation. 

The topological chirality or achirality of a molecule thus refers exclusively to 
its molecular graph, and not necessarily to a physically realistic model. Yet, as 
remarked above, the concept of chirality in chemistry has a well-defined meaning 
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only in relation to experiment, and it is the geometrical chirality of the molecule 
(Pasteur’s dissymktrie molCculaire), and not the symmetry of the molecular graph, 
that is responsible for all observed chirality properties. In the world of observables, 
chirality is a geometrical pro pert^,'^ and this property is in no way dependent on 
molecular con~titution.~~ In stark contrast, topological chirality, as we saw above, 
is critically dependent on a description of bonding connectivity. 

Chirality properties (pseudoscalar observables) are therefore tied exclusively to 
the geometrical model. For example, even though the molecules in Figure 14 are 
topologically achiral, they exhibit properties (enantiomerism and optical activity) 
that are manifestations of their geometrical chirality. And any chirality properties 
observed for topologically chiral molecules, such as the optical activity observed 
for resolved molecular trefoil knots,*’is due entirely to the chiral arrangement of 
the atoms (nuclei and electrons) in space, that is, to the geometrical chirality of the 
molecule: The molecule’s topological chirality is in this respect totally irrelevant. 

F. A Note on Definitions of Chirality 

We have encountered a number of different definitions of chirality. In the spirit of 
making “everything as simple as possible, but not simpler,”126 we suggest a concise 
and at the same time general definition for a chiroid (and hence of chirality) whose 
very simplicity makes it broadly applicable in geometry and topology, as well as 
in the natural sciences: 

An object is chiral if and only if it is not superposable on its mirror image; otherwise 
it is achiral. 

In this definition, “object” is meant to encompass all the “varied and widespread” 
items listed by Whyte,12 including abstract mathematical figures, models of 
molecules or of molecular ensembles, bodies in motion, topological objects such 
as an overhand knot, and even atoms that, as was mentioned, are inherently chiral. 
“Superposable” refers to superposition of enantiomorphs by rigid motions or by 
continuous deformation, and “mirror imagf” to the prc$tt of an isometry of the 
second kind (including space inversion P )  or to a CPT operation, whichever 
applies. This comprehensive definition captures the crux of the matter: The single 
essential characteristic of the property that Kant referred to when meditating on the 
incongruence of counterparts, that Pasteur called dissymmetry, and that today we 
call chirality or handedness, is enantiomorphism, that is, the existence of 
nonsuperposable mirror images. 

The breadth in scope of this definition comes at the cost of requiring flexibility 
and judgment in the interpretation of “object,” “superposable,” and “mirror 
image.” The model must suit the occasion of its use. Chirality, with respect to an 
isolated molecule, is a quantum-mechanically undefined concept, but, because we 
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deal with the reality of enantiomeric molecules, chemists resort to the classical 
model. Matter (or antimatter) is inherently chiral, so that, strictly speaking, there is 
no such thing as an achiral molecule, either in our world or in the antiworld. Yet 
chemists normally choose the classical model in which this feature is suppressed, 
so that individual aioms arr legarded as being achiral. By the same token, the 
difference between P and CPT enantiomers is normally ignored, other than in the 
context of the origin of biomolecular chirality. It is clear that context always needs 
to be taken into account. For example, we saw that whether a molecular model is 
chiral or achiral depends on the conditions of observation, that the geometrical 
model of a molecule such as alanine is chiral but the topological model is achiral, 
and that the chirality of a spinning molecule is time-noninvariant if it is stationary 
but time-invariant if it is not. Bearing in mind that the universe of discourse 
determines the meaning or connotation of the wording, all the various attributes of 
chirality are subsumed under the all-encompassing umbrella of this definition. That 
the spareness of this working definition thereby engenders a degree of fuzziness 
and latitude of interpretation is by no means an undesirable feature in a scientific 
statement’27 and is in any event inevitable in scientific classifications outside of 
mathematics. 

V. SENSE OF CHIRALITY 

The chirality of objects such as scalene triangles and oriented circles in R2 (Figure 
1) and helices in R3 (Figure 3 )  is a property shared by both enantiomorphs; the 
difference between them is their sense of chirality. In what follows, we shall for 
simplicity use the term con$gurution to stand for “sense of chirality.” Two 
enantiomorphs are thus said to have opposite configurations. 

A. Absolute Configuration and the Meaning of Right and Left 

The absolute configuration of a chiroid is a representation in the appropriate 
reference space that differentiates the object uniquely from its enantiomorph. For 
example, the absolute configuration of what we call a right-handed helix (Figure 
3 )  is given by the descriptions “clockwise as viewed by the observer along the 
screw axis” with respect to the axial vector and “away from the observer” with 
respect to the polar vector. The assignment is unambiguous because we all agree 
on the conventional meaning of “clockwise,” since clocks normally run the same 
way and are viewed in the same way. We are thus able to connect configuration in 
the abstract world of helices with orientation in the macroscopic world of 
experience. Similar considerations apply to the description of molecular 
configuration. The tartrates provide an example of historic significance. Pasteur’s 
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HO-C-H 

success in the manual separation of sodium ammonium tartrate crystals depended 
on his success in visually identifying the configuration of the hemihedral facets 
(Figure 35, top). Pasteur showed that the sense of hemihedry was correlated to the 
sign of rotation of the tartaric acids, but he had no way of establishing a relationship 
between sign of rotation and molecular configuration. This last step had to await 
the development of modem crystallographic methods. A little over 100 years after 
Pasteur’s 1848 report, J. M. Bijvoet and co-workers12* were able to show, using 
anomalous scattering of the Rb atoms in sodium rubidium (+)-tartrate, that 
(+)-tartaric acid has the 2R,3R configuration (Figure 35, bottom). By saying that 
the absolute configuration of (+)-tartaric acid has the 2R,3R configuration, we 
mean no more than to assert that the spatial arrangement of atoms in (+)-tartaric 
acid shown in Figure 35 is consistent with the Configuration of macroscopic 
chiroids in the same world, a world in which human hearts are located on what we 
arbitrarily call the left side. The same holds true for the helicities assigned to 
particles and antiparticles, as in left-handed electrons and right-handed positrons. 

H-C-OH 

r 

Figure 35. 
marked by an “h.” Bottom: (+)-(Z7,3R)-tartaric acid (left) and (-)-(2S,3S)-tartaric acid (right). 

Top: Enantiomorphous crystals of sodium ammonium tartrate. Hemihedral facets are 
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In discussions dealing with the semantic content of words,*O it is customary to 
cite the famous exchange between Alice and Humpty Dumpty, “a philologist and 
philosopher skilled primarily in linguistic matters”’29: 

“When Zuse a word,” Humpty Dumpty said, in rather a scornful tone, “it means just 
what I choose it to mean-neither more nor less.” 

“The question is,” said Alice, “whether you can make words mean so many different 
things.” 

“The question is,” said Humpty Dumpty, “which is to be master-that’s all.” 

Humpty Dumpty is right: Words mean “neither more nor less” than what they are 
intended to mean. According to Martin Gardner, “Lewis Carroll was fully aware 
of the profundity in Humpty Dumpty’s whimsical discourse on semantics. Humpty 
Dumpty takes the point of view ... that universal terms do not refer to objective 
existences but are nothing more than flatus vocis, verbal utterances. This view ... 
is now held by almost all contemporary logical  empiricist^."'^^ Thus we are in 
principle at liberty to call a given chiroid either right-handed or left-handed, 
whichever we prefer, so long as internal consistency is preserved. In summary, 
there is no intrinsic meaning to the words left and right, and all configurational 
assignments are based on a commonly agreed-upon but arbitrarily chosen 
(“right-handed”) coordinate system. 

B. Homochirality Classes 

Consider a set of chiroids and their respective enantiomorphs. A sense of chirality 
can be defined for the members of each heterochiral pair, so that one member 
within each pair may be designated as “right-handed” (R) and the other as 
“left-handed” (L). A homochirality class is one in which all the members have the 
same configuration, either R or L. It seems evident that the existence of 
homochirality classes requires a uniform rule or procedure, some characteristic 
feature that is shared by the members of the set and that makes it possible to assign 
a common sense of chirality. Kelvin’s definition provides the most stringent 
example: Two chiroids are homochiral if and only if they are properly congruent. 
Seen from another perspective, this definition seems unduly restrictive; for 
example, we saw that the various diagrams of trefoil knots (Figure 13), though 
clearly not isometric, can nevertheless be assigned to homochiral (R or L) classes 
if they can be interconverted by ambient isotopy in R3. The situation is 
analogous to one encountered in chemistry, where different conformations (i.e., 
various geometrical shapes that result from bond angle deformations, bond 
stretching, and bond torsion) of a given chiral molecule are assigned to a single 
class, for example, R or S. As another example, if some standard helix were 
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to be arbitrarily defined as right-handed (Figure 3) ,  we could easily recognize 
right- or left-handedness in all sorts of helices, regardless of pitch and radius, and 
we should be able to partition all of them into two (R and L) homochirality classes. 
Similarly, all human hands, though clearly never identical, can nevertheless be 
readily classified as right or left, regardless of differences in size, shape, or color, 
because they all share an easily recognizable property, appropriately enough called 
handedness. It is clear from these examples that even though a set of chiroids may 
not be isometric, they may nevertheless share some characteristic feature that 
makes it possible to recognize a common sense of chirality. 

And so it is with molecules as well, though what we call right-handed or 
left-handed depends on the necessarily arbitrary choice of a convention. For 
example, statements such as “amino acid residues in proteins occur only as 
left-handed molecules” presumably refer to their L-configuration, in which the 
amino group is on the left of the Fischer projection formula, with the carboxyl 
group on top. Thus naturally occurring a-amino acids may be regarded as 
belonging to a single homochirality class characterized by the L configuration. 
Note, however, that although we are free to call L-amino acids left-handed, there is 
nothing wrong with calling them right-handed instead (with reference, say, to a 
different projection formula): As noted above, internal consistency remains the 
sole requirement. 

Homochirality classes provide a unifying overview of objects with a common 
configuration (e.g., all right hands or all L-amino acids); their usefulness lies in 
collecting homochirally similar objects without regard to individual differences 
among the members in each class. But the features that characterize the various 
classes are not necessarily commensurate: While there is a family resemblance 
between, say, left hands and left-handed gloves, there is no obvious commonality 
between left-handed trefoil knot diagrams and left-handed a-amino acids. Each 
class thus requires its own internal standard. 

The members of a homochirality class are chirally connected; that is, they are 
in principle interconvertible by continuous deformations or by other appropriate 
transformations along chiral pathways, that is, along pathways that do not contain 
achiral points. They cannot, however, be chirally connected to the 
enantiomorphous (heterochiral) set, for enantiomorphs would in that case be 
homochirally similar, which is a contradiction. In practice, this constraint severely 
limits the application of the homochirality concept. What may be called the 
homochirality problem’30 arises whenever there exists a pathway of continuous 
deformation that connects two enantiomorphous objects but that does not require 
passage through an achiral point. Under these circumstances, it becomes 
meaningless to speak of the set of objects anywhere along the deformation path 
(except at the termini) as right-handed or left-handed; the reason is that no 
privileged point can be defined, other than arbitrarily, where right switches to left 



60 MOLECULAR CHIRALITY 

and vice versa. The asymmetric tetrahedron with unlabeled vertices is the simplest 
example. While conversion of such a tetrahedron to its enantiomorph by way of an 
achiral tetrahedron is certainly not excluded, achiral pathways are easily 
circumvented because the set of achiral unlabeled tetrahedra in R3 does not form a 
boundary between heterochiral sets. An asymmetric tetrahedron can thus be 
converted to its enantiomorph by continuous deformation along a chiral pathway 
without ever having to pass through an achiral intermediate131. Enantiomorphous 
unlabeled tetrahedra are therefore chirally connected. Accordingly, it becomes 
impossible to isolate a geometrical characteristic that would allow the partition of 
unlabeled tetrahedra into homochirality classes R and L: Where, along the chiral 
pathway that connects two enantiomorphous tetrahedra, would one cross the 
boundary between R and L? It therefore makes no sense to speak of chiral 
unlabeled tetrahedra in general as being either right-handed or left-handed. Indeed, 
it can be shown that no unlabeled geometrical object in R3 or higher dimensions 
can be assigned to homochiral R or L classes.132 In contrast to unlabeled tetrahedra, 
however, enantiomorphous tetrahedra with four differently labeled (indexed) 
vertices can be partitioned into homochiral R or L classes because any chiral set of 
four differently labeled points ABCD in R3 cannot be converted to the 
enantiomorphous set without passage through a planar and therefore achiral 
state.130, 132 

In their classic studies on the subject of homochirality in chemistry, Ernst Ruch 
and co-workersls% 133 developed a model in which a set of n ligands is partitioned 
among the n sites of an achiral permutation skeleton. The permutations are 
transpositions of ligands on sites that are related by mirror planes of the skeleton. 
The skeletons are of two types133b: Those in which every mirror plane contains n - 
2 sites (category a), and those in which there are also mirror planes that contain 
fewer than n - 2 sites (category b). Skeletons in category a are exemplified by the 
regular tetrahedron ( Td), the trigonal pyramid ( C3,), the trigonal bipyramid (L&), 
and the tetragonal disphenoid (DZd), while skeletons in category b are exemplified 
by the square pyramid (C4J, the octahedron (Oft), and the cube (Oh). 

Consider now the transposition of two ligands at the vertices of a regular 
tetrahedron. All six mirror planes of the regular tetrahedron contain n - 2 = 2 
vertices, and the skeleton therefore belongs to category a. Each ligand is associated 
with a continuously varying, scalar parameter h. As Ruch has pointed out,ls ligands 
may be symbolized by spheres of variable diameter h that are centered at the 
vertices of the achiral polyhedron. If the transposition of the two ligands at any two 
sites is then visualized as a continuous change in the diameters of the 
corresponding spheres, there inevitably comes a point at which the two diameters 
are the same and the model becomes achiral. In general, the pathway of continuous 
deformation that connects two enantiomorphs in models belonging to category a 
necessarily requires passage through an achiral model. The requirement for an 
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acceptable division between right- and left-handed objects is thus satisfied for all 
skeletons in this category, and the models can be assigned to homochiral R and L 
classes. 

In contrast to the tetrahedron, two of the four mirror planes of the square 
pyramid contain only the apical vertex and therefore fewer than n - 2 = 3 ligand 
sites. This skeleton thus belongs to category b. If the transposition of the two 
ligands at sites a and b in Figure 36 is also visualized as a continuous change in the 
diameter of the corresponding spheres, there is no point at which the model 
becomes achiral. The same is true of the subsequent step, the transposition of 
ligands at sites c and d. Hence, the enantiomorphs are chirally connected. In 
general, the pathway of continuous deformation that connects two enantiomorphs 
in models belonging to category b need not entail passage through an achiral 
model. The requirement for an acceptable division between right- and left-handed 
objects is therefore not satisfied for skeletons in this category, and the models 
cannot be assigned to homochiral R and L classes. 

Ruch’s classification scheme, though theoretically sound, is severely limited in 
its application to chemistry. The principal reason is that routine skeletal 
deformations, which are beyond the scope of Ruch’s theory, account for the vast 

Figure 36. Conversion of an asymmetric square pyramid (top left) into its mirror image (top right) 
along a chiral pathway. Four spheres with different but variable diameters are centered at the vertices 
of the square base. The spheres labeled a and b sh r ink  and expand, respectively, until their diameters 
are switched. This is followed by a similar switch in the diameters of spheres c and d. 
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majority of molecular enantiomerizations, and it is through the agency of these 
deformations that enantiomers are most often chirally connected. Thus, while 
enantiomerization of chiral molecules composed of four different atoms 
unavoidably requires the intermediacy of achiral structures, as, for example, in the 
racemization of NHDF by inversion at nitrogen, any chiral molecule composed of 
five or more different atoms is in principle capable of conversion to its enantiomer 
by chiral as well as achiral pathways, provided that a feasible route exists on the 
potential-energy hypersurface.‘”, ‘35 Consider, for example, a conformation of the 
deuteriated hydroxylamine derivative NHDOH in which the N-0-H plane bisects 
the H-N-D angle and the 0-H hydrogen points at the base of the nitrogen 
pyramid. By a combination of rotations about the N-0 bond and inversions at the 
nitrogen atom, this conformation can be converted to its enantiomer either by 
achiral or by chiral pathways.130 Enantiomerization by an achiral route can take 
place by way of a transition state in which all five atoms lie in a single plane. 
Enantiomerization by a chiral route is achieved by a 180” rotation about the N-0 
bond, followed or preceded by pyramidal inversion. 

The existence of chiral pathways in NHDOH is made possible by the existence 
of the two independent degrees of freedom that govern internal motion: rotation 
and inversion. As molecular complexity increases, the number of degrees of 
freedom also increases, and, unless an achiral pathway is energetically much 
preferred, it becomes more and more likely that enantiomerization proceeds by a 
chiral pathway. For example, it is extremely improbable that reversal of helicity in 
a polymeric chain involves an achiral intermediate or transition state. A formal 
limit is reached when, due to structural constraints, all achiral pathways along the 
enantiomerization trajectory become energetically inaccessible under normal 
laboratory conditions. Under these conditions we may be dealing with chemically 
achiral compounds that are composed exclusively of asymmetric conformations. 
Examples, in addition to the previously discussed (1R)-menthyl (IS)-menthyl 
2,2’,6,6’-tetranitro-4,4’-diphenate and the [2]catenane characterized as a 
topological rubber glove, are asymmetric molecular propellers whose 
enantiomerization by the two-ring flip mechanism involves an exclusively chiral 
pathway,136 certain bis(9-triptycy1)methane derivatives, in which the two triptycyl 
groups behave as highly mobile and tightly meshed bevel gears,137a and cyclo-Se 
SSOS which undergoes one-step enantiomerization by pseudorotation via a chiral 
transition state. 137b 

The absence of an achiral boundary along the conformational enantiomerization 
trajectory of chemically achiral compounds, such as the ones discussed above, 
precludes partitioning of conformations along the path into homochirality classes. 
As noted above, under such circumstances it becomes meaningless to speak of 
these conformations as right-handed or left-handed because no point can be 
defined, other than arbitrarily, where right switches to left and vice versa. 
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Enantiomers, in the world of observables, have oppositely signed pseudoscalar 
properties-properties that remain invariant under proper rotation but change sign 
under improper rotation. It is therefore unavoidable that any given pseudoscalar 
property of a chiral system, such as optical rotation, becomes exactly zero at some 
point in the conversion of a molecule into its enantiomer along a chiral pathway. 
That point is called a chiral zero, but it is not the only switching point. The reason 
is that in principle there are countless pseudoscalar properties, and they all differ 
in the point along the enantiomerization path at which their value becomes zero. 
Hence, there is no unique chiral zero, and the switching point remains undefined. 

Our discussion of enantiomerization along chiral pathways has been limited to 
conformational interconversions, but there is no sharp dividing line, in principle, 
between such interconversions and reaction sequences that connect enantiomers 
exclusively by chiral intermediates or transition structures. The classic example is 
the conversion of (+)- into (-)-isopropylmalonamic acid by a reaction sequence 
reported in 1914 by Emil Fischer and Fritz B r a ~ n s . ’ ~ ~  The individual steps are 
shown in Figure 37, along with configurational descriptors S and R for each 
molecule. Although the actual configurations are still unknown, the ones shown in 
Figure 37 represent an “enlightened g u e ~ s . ’ ’ ~ ~ ~  Judging by the configurational 
descriptors, it might appear as though the three compounds at the top of Figure 37 
belong to one homochirality class ( S  = L) and the three at the bottom to the other 
(R  = R). This impression would, however, be mistaken. The six compounds shown 
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configuration changes from S to R is boxed. 

Conversion of (+)- into (-)-isopropylmalonamic acid.”’ The step at which the 
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in Figure 37 represent particular stationary points on the multidimensional 
potential-energy surface and are chirally connected through a continuous reaction 
pathway that involves no achiral intermediates: If this were not the case, the 
product of the reaction sequence would be racemic. Hence, these molecules cannot 
be partitioned into R and L homochirality classes. The S and R forms of each 
individual chiral compound-for example, the enantiomeric isopropylmalonamic 
acids-always belong to heterochiral classes in the restricted sense of Kelvin’s 
definition, but this classification cannot be consistently extended beyond 
individual enantiomeric pairs and the component conformational sets. 

C. Specification of the Sense of Chirality 

The sense of chirality of a geometrical model may be specified in a variety of 
ways.140 Foremost among these, at least in organic chemistry, is the CIP scheme.50 
This scheme, also known as the “steering wheel” reference system, is based on the 
combination of polar and axial vectors that, as we saw, is intimately related to the 
generation of helices (Figure 3). In the simplest version of this scheme, four 
fiduciary atoms associated with a given stereogenic unit are numbered in a 
descending order of priority, 1 > 2 > 3 > 4. The three atoms of highest priority 
define a plane and effectively represent the oriented circle of an axial vector (the 
“steering wheel”). The sense of orientation is given by 1 + 2 -+ 3 and defines the 
direction of this vector. The atom of lowest priority (4) is then placed to one side 
of the 1-2-3 plane and viewed from the other; the direction of view represents the 
polar vector or “steering-wheel column.” The clockwise or anticlockwise sense of 
orientation of 1 + 2 -+ 3, as viewed from the side away from 4, then yields the 
stereochemical descriptor, R or S. 

The steering-wheel concept is physically embodied in the chiral 
“wheel-and-axle” [2]rotaxane prepared by Ralf Jager and Fritz VOgtlel4’ (Figure 
38): the “axle” and the “wheel,” whose orientations are given by the unsymmetrical 
positioning of the amide and sulfonamide groups, symbolize polar and axial 
vectors, respectively. The enantiomers of this remarkable rotaxane, which might be 
dubbed the “CIP molecule,” have recently been ~epara1ed.l~~ 

Another reference system consists of two nonoriented skewed line segments 
arranged in a D2 array (Figure 39). The C2 axis normal to and intersecting both lines 
serves as an axis of rotation. The chirality of the array is a function of the torsion 
angle 8 subtended by the two lines. Its measure, x(8) = sin 28, may also be taken 
as a measure of helicity if one of the pair of lines is the tangent of a cylindrical helix 
and the other is collinear with the screw axis, as shown in Figure 39. The skew-lines 
reference system has been applied to assign A and A configurations to 
chelate-bridged octahedron edges in bis- and tris(bidentate) complexes, depending 
on whether x(8) has positive or negative values. 
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Figure 38. 
Arrows indicate the atom sequence (N 4 S). Adapted from Refs. 14 I and 142. 

Enantiomers of a [2]rotaxane composed of an oriented “axle” and an oriented “wheel.” 

Orientation of the two line segments results in a reference system whose 
chirality measure is x(0) = sin 0. In contrast to the array shown in Figure 39, the 
chirality for the oriented-skew-lines reference system’40 does not vanish when 0 = 
90”. This system is used in configurational assignments to knots and links. 
Crossing points in knot diagrams are associated with a two-valued characteristic, 
E = +1 or - 1, obtained by assigning a direction to, that is, orienting, the curve-the 
choice of direction is immaterial-and then labeling the crossing points with the 
appropriate signs in accordance with the convention in Figure 40. Thus, for 
example, all three crossings are positive in the minimal diagrams of the trefoil knot 
with the R configuration (Figure 13) and negative in the corresponding L 
diagrams. The writhe w(K) of a knot K is the arithmetic sum of the crossing point 
characteristics, w(K) = 2. For example, the writhes of the diagrams depicted in the 
top row of Figure 21 are -3,0, -5, and -5 for 3’, 4], 51, and 52, respectively. The 
writhe of a knot can, to a limited extent, be used to assign configuration. In 1963, 
Stephen J. Tauber1Ig proposed a scheme based on the conjecture, subsequently 
proven to be true,143 that the minimal diagrams of all amphicheiral alternating 
knots have an equal number of over- and undercrossings. The writhe of such a knot 
must always be zero. It follows immediately that if the writhe is not zero, then the 
alternating knot is topologically chiral. Furthermore, because over- and 
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Figure 39. Top: Two nonoriented line segments in a skewed Dz array. Bottom: One of the pair of 
lines (t)  is the tangent of a cylindrical helix and the other (s) is collinear with the screw axis of the helix. 

undercrossings are switched upon reflection in the plane of projection, it also 
follows that the writhe of a chiral knot and that of its enantiomorph are oppositely 
signed. Tauber proposed that the absolute configuration of a knot be designated R 
if ZE > 0 and S if ZE < 0, using the descriptors of the CIP convention. Walba73a 
subsequently proposed a convention for the specification of chirality in knots that 
was in all essential respects the same as Tauber’s, with E = 6 and h replacing +1 
and - 1, and A and A replacing R and S .  

In support of his proposal, Tauber pointed out that “For certain knots ZE = 0. 
This is exactly as it should be, for precisely these knots are identical with their 
mirror images.” Similarly, Walba asserted that “The number of 6s and hs are 
summed arithmetically. If there are the same number of 6 and h crossings, then the 
knot must be topologically achiral.” Contrary to these assertions, however, 
alternating knots whose writhe is zero are not necessarily amphicheiral: The 
simplest example is knot g4. Nineteen of the 32 10-crossing prime knots with 
writhe zero are topologically chiral, and 13 of these are alternating.’@ Two hundred 
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Figure 40. Convention used to assign characteristics (E = +1 or - I )  to crossings in knot diagrams. 
Reprinted with permission from C. Liang and K. Mislow, J.  Muth. Chem. 1994, IS, 1. Copyright 1994, 
Baltzer Science Publishers. 

sixty-two of the 320 12-crossing prime knots with writhe zero are chiral, and 159 
of these are alternating.95 In short, a writhe of zero is a necessary but not a sufficient 
condition for the amphicheirality of alternating knots. Furthermore, a writhe of 
zero is not even a necessary condition for the amphicheirality of nonalternating 
knots. Because a writhe of zero does not necessarily imply a knot's 
amphicheirality, the Tauber-Walba scheme is limited in its application to 
alternating knots whose writhe is not zero. While a scheme has been developed'45 
for assigning chirality descriptors to oriented and nonoriented chiral links and 
knots that overcomes this particular difficulty, the problem of assigning 
configurations to nonalternating knots remains substantially unsolved. In much the 
same way, the CIP scheme works well enough for routine organic structures, but 
significant difficulties are encountered in attempts to assign configurations to 
unconventional or highly complex structures, such as inorganic or metallorganic 
compounds, or clusters. In such cases, special schemes have to be designed on an 
ad hoc basis, as, for example, in the configurational description of chiral 
fullerenes. 146 

The difficulties described above are symptomatic of a fatal flaw that is common 
to all schemes designed to specify the configuration of a chiroid: Without 
exception, they are no more than empirical adaptations to particular structural 
features of the chiroid. For example, the CIP scheme depends primarily on the 
identification of bonding arrangements in the molecular graph, which, as noted 
above, are not always unambiguously defined, and involves an elaborate algorithm 
for priority orders that requires for its execution reference to arbitrary rules 
designed purely to meet practical ends. Similarly, the scheme for assigning 
chirality descriptors to chiral links and knots145 is limited to alternating 
constructions: No theory is available to handle nonoriented, nonalternating knots 
and links. 

The unavoidable absence of the theoretical underpinning that would be required 
for an all-inclusive general application of configurational schemes is akin to the 
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impossibility of finding a characterizing feature common to the diverse 
homochirality classes. The problem of designing a general scheme for assigning 
configurations to geometrically or topologically chiral molecules is therefore 
fundamentally intractable, and we have to be content with the design of empirical 
“local rules” that can be usefully applied to a restricted set of molecular structures. 
Pragmatism rules! 

VI. QUANTIFICATION OF CHIRALITY 

It is natural to attach a quantitative meaning to the chirality of molecular structures 
and to speak of such structures as being “more” or “less” chiral and as differing in 
“degree of chirality.”2s. 147, 14* That 1 -stearoyl-2,3-dipalmitoylglycerin, for example, 
exhibits no measurable optical activity in the visible and ultraviolet regions, even 
though this natural triglyceride is enantiomerically pure, is easily understandable 
because the fatty acid residues in the 1- and 3-positions are “very similar . . . and 
hence the asymmetry of the molecule is very slight.”149 Similarly, the “very slight 
asymmetry” of enantiomerically pure 14CH3(CH2)sCH(CH3)(CH2)sCH3 leads to 
the prediction that this compound “would have zero rotation within experimental 
error on the most sensitive polarimeter now a~ai lab le .” ’~~ By extension, it is 
possible to rank the degree of chirality of closely related compounds with reference 
to molecular structures and to chirality properties. It is reasonable to assert, for 
example, that because the CH3(CH2), and 14CH3(CH2), groups in 
I4CH3(CH2),CH(CH3)(CH2),CH3 resemble each other more closely as II increases, 
the degree of chirality of ‘‘CH3CH2CH(CH3)CH2CH3 is greater, and that of 
14CH3(CH2)loCH(CH3)(CH2)l&H3 is less, than the degree of chirality of 
14CH3(CH2)5CH(CH3)(CH2)5CH3. Never mind that the chiroptical properties of 
none of these compounds are likely to be observable with currently available 
instrumentation: The model still demands different levels of optical activity below 
the threshold of detection. 

How can chirality be quantified? There are two minimum requirements. First, 
recall that an object X (no matter whether physical or mathematically abstract) is 
chiral if and only if it is nonsuperposable on its mirror image X ( X  # X). It follows 
that any chirality measure x that quantifies this property can equal zero if and only 
if the object is achiral; any function that does not satisfy this conditio sine qua non 
fails to qualify as a measure of chirality’47- 14? 

Second, the absolute value of x(X) must be the same for X and X. 

approaches to the problem of quantification. 147, 148 

Additional features are optional, and this allows room for a wide variety of 
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A particularly transparent example of a chirality measure is the function x(8) = sin 
28, discussed above, of the torsion angle 8 subtended by two nonoriented skewed 
line segments. This real-valued, continuous function is a measure of the chirality 
of a helix, that is, of its helicity, and its value, the degree of chirality (or degree of 
helicity), is zero if and only if the tangent line is either parallel or perpendicular to 
the screw axis. In the first case (8 = O”) ,  the helix has degenerated to a straight line 
(infinite pitch), and in the second case (0 = 90”) to a circle (zero pitch): In either 
event the construction has become achiral. For all intermediate values of 8 the 
degree of chirality is nonzero and has its maximum value [ x ( O )  = 11 at 8 = 45”. The 
function ~ ( 0 )  = sin 28 thus also meets the objective of similarity invariance, which 
is desirable because the chirality of helices is measured by shape and not by size. 

It has been recognized’47 that chirality measures can be subdivided into two 
types: those that gauge the extent to which a chiroid differs from an achiral 
reference object (measures of the first kind) and those that gauge the extent to 
which two enantiomorphs differ from one another (measures of the second kind). 
In chirality measures of the first kind, the question to be answered is: How 
dissimilar are the chiroid and its achiral reference object? In chirality measures of 
the second kind, the question is: How dissimilar are the two enantiomorphs of a 
chiroid? In both cases the underlying concept is that of a distance, measured either 
between a chiral and an achiral object or between two enantiomorphous chiroids. 
That is, the degree of chirality of a chiroid X is defined in relation to another, chiral 
or achiral, reference object X,,,: The less these two objects match, the more chiral 
is X .  

The chirality measure x(0)  = sin 28 is an example of a measure of the first kind, 
with X,,, the achiral (degenerate) helix. This function is one of a family of chirality 
measures that take the general form ~ ( 8 )  = sin a8 and that are continuous, 
normalized in the interval [ 1,-11, oppositely signed for enantiomorphs, and that 
vanish if and only if the objects are a~h i ra1 . l~~  As noted above, the measure ~ ( 8 )  = 
sin 8 may be associated with two oriented line segments. The function ~ ( 8 )  = sin 
48, where 8 is one of the acute angles in a right triangle, measures the chirality of 
a right triangle in R2. 

“Overlap” or “common volume” measures are examples of measures of the 
second kind. Let K and K’ denote mirror-image-related solids. When K and K‘ are 
overlapped, K* = K n K‘ represents the volume common to the two solids. Let 
K”,,, denote the intersection for which the ratio of volumes R = [ K * ] / [ f l  is at a 
maximum (R,,,,,). Under this limiting condition, r,,, fills K to its maximum 
capacity, and K is achiral if and only if r,,, = K and R,,, = 1. The degree of 
chirality of K is given by x(K) = 1 - R,,,. That is, the fraction of nonoverlapping 
volumes under conditions of maximal overlap becomes a measure of the 
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degree ofchirality, andX(K) expresses the extent to which K and K' differ from 
one another. 

The variety of functions that can in principle be employed to quantify chirality 
is potentially limitless, 148 but the very richness of this assortment also means that there 
is no such thing as a unique scale by which chirality can be measured. Because no one 
measure has a theoretical advantage over any other, the choice among measures is 
governed by purely pragmatic considerations, such as, for example, convenience in 
computation or suitability with respect to some particular experiment. 

Consider, for example, the question: What is the shape of the most chiral right 
triangle in R2? The answer to this question depends on the particular function that 
is chosen as the chirality measure: According to measures based on geometric 
chirality products,151 on symmetry  coordinate^,'^^ on common volumes,153 and on 
Hausdorff distances,l3l$ 154 the smallest internal angles are 18.8", 30.0", 37.5", and 
35.2", re~pective1y.l~~ The function x(8)  = sin 48 mentioned earlier achieves its 
maximum [x(8) = 11 at 8 = 22.5'. Because there are as many answers to this 
question as there are functions that can measure the chirality of a triangle, and 
because there is, in principle, no limit to the number of such functions, the question 
remains, in a deep sense, unanswerable. 

Similar difficulties are encountered in response to the question: What is the 
shape of the most chiral triangle in R2? According to the Hausdorff measure, the 
internal angles of the most chiral triangle are 21.02", 43.69", and 115.29".154 A 
dramatically different answer is provided by the other measures mentioned above: 
According to these measures, the extremal triangles that correspond to the 
supremum of their respective functions are only approached in the limit, and the 
most chiral triangles are therefore infinitely flat.147 Once again, an answer to the 
question is bound to elude us. 

A further consequence of the multiplicity of functions that are available for the 
measurement of chirality is that relative rankings of chirality become ambiguous. 
Consider, for example, the question: Which of two right triangles, A and B, with 
internal angles of 18.8"/71.2"/90" and 30"/60'/90", respectively, is more chiral in 
R2? Let us calculate their degrees of chirality, x, by two different measures. 
According to a measure based on geometric chirality products,lS1 A (x = 0.074) is 
more chiral than B (x = 0.057). But according to a measure based on symmetry 
 coordinate^,'^^ B (X = 0.500) is more chiral than A (X = 0.3 13). As shown by this 
example, the relative ranking of objects according to degree of chirality depends 
on the particular function that is chosen as a chirality measure. 

The same uncertainty attaches to functions designed to measure the chirality of 
geometrical objects in three dimensions. As a simple example, we saw that the 
degree of chirality of a helix can be expressed by a function, x(e) = sin 28, that 
achieves its maximum value at 8 = 45". Alternatively, the degree of chirality of a 
helix can be given by the volume of a cylinder on the surface of which is inscribed 
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one complete turn of a helical thread.155 Let L denote the height of the cylinder, that 
is, the pitch of the helix, and D the length of the thread. Then the volume of the 
cylinder is zero if and only if L = 0 or L = D,  that is, under extremal conditions 
analogous to those that obtain for ~ ( 8 ) .  According to this model, the volume is at 
a maximum when L = D / 6 .  The maximum degree of chirality (helicity) is 
therefore attained when the angle of rise 8 = arcsin 3-”2 = 35.3’. Which one of the 
two values, 45” or 35.3”, is to be preferred? Both values are correct from the point 
of view of theory, and the question can therefore be answered only on a pragmatic 
level: It depends on which of the two models seems more appropriate in connection 
with some particular observation. 

If chirality measures are to have any relevance to the world of observables, a 
choice must be therefore made among the innumerable functions that can in 
principle be devised. Such a choice can be justified only on the purely empirical 
grounds that the measure is successful in correlating the calculated degree of 
chirality with some experimentally determined chirality property. While there has 
been no shortage of precedents for this type of correlation, beginning with Guye’s 
“produit d’asymetrie” in 1890156 and continuing to the present day,148 any such 
attempt to bridge the gap between the results of chiral shape analysis and 
experimental observables is likely to be stymied by two insuperable difficulties. 

First, as we saw, different chirality measures give incommensurable values for 
the shape and the relative degree of chirality of a triangle, the simplex in 
two-dimensional space, and similar results are obtained for the helix, the 
quintessential representative of chirality in three dimensions. If these difficulties 
are unavoidable for such simple geometrical objects, it is blindingly obvious that 
they cannot be avoided for the vastly more complex models of molecules. The 
mutual inconsistency among chirality measures, amply illustrated above, places a 
daunting burden on the “right” choice. Under these circumstances, it is hard to 
avoid the conclusion that numerical values calculated for degrees of chirality 
associated with experimental observables are at best of questionable significance. 

Second, recall that no unlabeled geometrical object in R3 or higher dimensions 
can be assigned to homochiral R or L ~ 1 a s s e s . I ~ ~  This has immediate implications 
for the choice of functions suitable for use as chirality measures: In principle, no 
sign-changing continuous functions, and, in particular, no continuous pseudoscalar 
functions, ~ ( x )  = -q(X), can be used as chirality measures in three and higher 
dimensions because such functions necessarily have chiral zeroes 
[q(X) = 0 forX # XI, in violation of the condition that the value of any chirality 
measure can be zero if and only if the object is a ~ h i r a l . ’ ~ ~  Thus only sign-preserving 
functions can in principle be used as chirality measures for geometrical figures or 
sets of points. This requirement can be circumvented only by the imposition of 
constraints, and such constraints may be severely limiting. As an example, the 
partitioning of skeletons into categories a and b in Ruch’s 133 becomes 
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possible only if the ligands differ by no more than one continuously varying scalar 
parameter, or, as mentioned above, if the skeletons remain geometrically rigid; 
relaxation of either constraint destroys the theoretical basis for the quantification 
of chirality by the use of this model. 

B. Topological Chirality Measures 

In stark contrast to the numerous functions that are available to measure 
geometrical chirality, no measure has yet been reported for the quantification of 
topological chirality. In analogy to geometrical chirality measures, topological 
chirality measures x(K)  must satisfy two minimal conditions: They can be equal to 
zero if and only if the knot or link is achiral, and they have to have the same 
absolute value for two topological enantiomorphs. 

It would seem that a topological chirality measure should be readily derivable 
from one of the numerous knot or link invariants that are sensitive to chirality; 
examples are numerical invariants (e.g., the writhe) or polynomial invariants (e.g., 
the Jones polynomial). The simplest chirality measure of this kind is the value of 
the writhe Iw(K)I, which obeys the double inequality -N 5 Iw(K)I 5 N, where N is 
the minimal number of crossings of the knot or link diagram. With this method, the 
highest degree of chirality of a link with N crossings is attained when all crossings 
have the same sign, so that Iw(K)I = W. The trouble is, however, that all knot or 
link invariants devised up to now fail in some instances to detect the chirality of a 
knot or link115; as an example, we saw that a writhe of zero does not necessarily 
imply a knot’s amphicheirality. The ever-present possibility of chiral zeroes, that 
is, x(K) = 0 even though the knot or link is topologically chiral, precludes the use 
of this approach. 

An alternative approach that carries some promise of success is a measure of the 
first kind, in which the degree of topological chirality is gauged by a procedure 
involving “cutting and pasting” of strings in a string m0de1.l~~ These 
“cut-and-paste operations” are continued until an achiral knot or link is reached. 
The least number of such operations is then used as a measure of topological 
chirality. The cut-and-paste (equivalently unknotting or unlinking) operation is 
represented on a knot or link projection by a switch of an over- to an undercrossing 
that can be illustrated with reference to Figure 40 by removal of the orientations 
from the skewed lines, followed by a crossing switch from left to right. A 
topological chirality measure x ( K )  can then be defined as follows: A knot or link 
K has a degree of chirality x ( K )  if there exists a diagram of K such that changing 
x(K) crossings in the diagram by the unknotting/unlinking operation turns K into 
an achiral knot or link, and there are no diagrams of K in which fewer than x(K) 
changes would have turned K into an achiral link. This definition exactly parallels 
the definition of “unknotting number,”63a with “knot” substituted by “knot or link” 
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and “unknot” substituted by “achiral knot or link.” This measure, which has the 
crucial advantage that it satisfies the two minimal conditions mentioned above, 
remains to be implemented. 

While measures of topological chirality have yet to be developed, there is no 
shortage of hierarchical systems in which topological constructions, including 
molecular graphs, are ranked as “more” or “less” ~ h i r a l . ~ ~  Although there are 
differences among the various systems, all agree on one point: that the “most 
chiral” topological object is one that is “intrinsically chiral.” In mathematics, a 
property that is independent of local embeddings is called “intrinsic.” An object 
that is chiral in all embeddings is therefore said to be “intrinsically chiral”; 
otherwise it is “extrinsically chiral” because its chirality depends on a particular 
embedding. Specifically, a topologically chiral knot can also be embedded in R3 as 
a circle, which is topologically achiral; knots are therefore extrinsically chiral. The 
same is true of chiral links, which can be embedded as disjoint circles in the plane. 
(In another sense, of course, chirality is always an extrinsic property because, as 
noted above, an object that is chiral in Rrl is achiral in Rn+l.) There are, however, 
molecular graphs that are intrinsically chiral: Erica Flapan proved that all 
embeddings in R3 of the graphs of the Simmons-Paquette molecule74 [Figure 
16(a)] and of Walba’s 3-rung Mobius ladder molecule75 [Figure 16(b)] are 
intrinsically chiral. I s 8  The molecular graphs of the C2-symmetric triple-layered 
naphthalenophane in Figure 1 6(d)78 and of numerous topologically chiral 
proteins79 also belong to this class?2 It can therefore be claimed, with some 
justification, that these graphs are “more chiral” than topologically chiral molecular 
knots or links such as, for example, those shown in Figures 18,31, and 32. 
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I. INTRODUCTION 

Enzymes are, in many ways, ideal asymmetric catalysts. They are inherently chiral 
and typically provide exacting control over the regio- and stereochemical course 
of the reactions they promote. Exceptional efficiency and mild and 
environmentally benign reaction conditions are additional bonuses. It is therefore 
no surprise that enzymes are being used increasingly in organic synthesis for the 
production of diverse natural products,'. and the synthetic challenges posed by 
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structurally complex and biologically important substances such as carbohydrates, 
nucleic acids, and proteins offer many exciting opportunities for biocatalysis in the 
future. 

Currently, more than 2000 enzymes are known, and the number continues to 
grow as the complete genomic sequences of familiar and exotic organisms become 
available. These catalysts promote a wide range of interesting chemical 
transformations, from simple hydrolyses to carbon-carbon bond-forming 
reactions. Several hundred of these proteins are commercially available, and many 
others are accessible with the tools of molecular biology. Nevertheless, natural 
enzymes may not exist for every transformation of interest, and the narrow 
substrate specificity and limited stability of many existing enzymes represent 
significant disadvantages for the chemist seeking general synthetic tools. 

Engineered protein catalysts have the potential to circumvent some of these 
limitations. Approaches for tailoring the properties of existing enzymes or for 
designing new catalysts from first principles are now being developed in many 
laboratories. One promising strategy for catalyst design exploits the specificity and 
diversity of the mammalian immune system to create antibody molecules with 
catalytic proper tie^.^,^ The microevolutionary principles that govern the maturation of 
the immune response to a foreign antigen-together with modem hybridoma 
methods-enable the routine production of antibodies capable of high-affinity 
recognition of virtually any m o l e c ~ l e . ~ - ~  When the foreign antigen is a small 
molecule (more properly called a hapten) that mimics the transition state of a 
particular chemical transformation, antibodies configured for catalysis can 
result.'.4 In practice, this has proved to be a powerful and versatile approach for 
creating catalysts for a broad array of chemical reactions on a laboratory time scale. 

Catalytic antibodies, like natural enzymes, are well suited for asymmetric 
synthesis. The ability of antibodies to discriminate between closely related 
configurational or stereochemical isomers has been recognized since the 
pioneering work of Landsteiner.x Extensive shape and chemical complementarity 
between the binding pocket and its preferred ligand 9, I"  means that enormous 
binding energies (between 10 and 20 kcal/mol) are potentially available for 
molecular recognition, only a fraction of which would be necessary to achieve 
preferential stabilization of a single enantiomeric or diastereomeric transition state. 
Furthermore, the programmable nature of the antibody binding site allows both 
mechanism and selectivity to be specified a priori through appropriate design of the 
hapten. As a consequence, transformations that cannot be achieved efficiently or 
selectively with available chemical methods are particularly attractive targets of 
investigation. I 

This review surveys the progress toward tailoring the selectivity of diverse 
chemical transformations that has been made in the decade since catalytic 
antibodies were first described. General considerations relevant to practical 
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applications of this technology-including limitations and strategies for 
overcoming them-are discussed in the concluding section. 

11. ASYMMETRIC REACTIONS 

A. Acyl Transfer 

I. Ester Hydrolysis 

Hydrolytic enzymes are widely used in organic synthesis as a consequence of their 
ability to form ester and amide bonds with high stereoselectivity under mild 
conditions. Esterases, lipases, and amidases, for example, are frequently exploited 
as catalysts for stereoselective acylations and kinetic resolutions of alcohols and 
amines.' Enzymatic coupling of unprotected peptide fragments, on the other hand, 
is being developed for the assembly of large synthetic proteins and other 
oligopeptides.I2 Because hydrolytic antibodies with tailored specificities could 
significantly extend the scope of these naturally occurring enzymes, their 
development has been the focus of much r e~ea rch .~  

Ester hydrolysis (acyl transfer to water) has been investigated in particular 
detail. This reaction is energetically less demanding than amide cleavage, and its 
mechanism is well understood. In addition, many potent inhibitors of natural 
esterases are known. Tetrahedral transition-state analogs in which a phosphorous 
or a secondary alcohol is used to mimic the tetrahedral geometry of the transition 
state for hydrolysis have proved especially reliable as haptens for preparing 
catalytic antibodies. Well over 50 esterolytic antibodies have been generated to 
date using phosphonate or phosphonamidate haptens alone.4 They typically display 
classical Michaelis-Menten kinetics, rate accelerations of up to 106-fold, and 
substrate specificity mirroring the structure of the original hapten. When the hapten 
contains stereogenic centers, high levels of stereospecificity can also be attained. 

The development of lipaselike antibodies illustrates the potential of antibody 
catalysis for promoting reactions that require stereochemical control. Lerner and 
co-workers employed the racemic phosphonate hapten 1 to generate antibodies that 
catalyze the cleavage of unactivated esters like 2 with rate enhancements in the 
range 103-105 over background.13 Even though the catalytic efficiencies of the 
antibodies do not approach those of natural lipases (which can be as high as lo1() 
over background), the reactions are highly selective. Of particular note is the fact 
that the racemic hapten yielded antibodies that exclusively hydrolyze either the (R)  
or (S) isomer of 2. For the two catalysts studied in detail-the (R)-specific antibody 
2H6 and the (S)-specific antibody 2 1 H3-hydrolysis of the preferred stereoisomer 
was catalyzed at a rate >50 times that of its antipode. These high 
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enantioselectivities are more than sufficient for practical resolutions of chiral 
alcohols. Conceivable applications of such catalysts, provided they could be 
prepared inexpensively on a large scale, might include deprotection of orthogonal 
protecting groups differing only in their chirality. 

Racemic haptens have the advantage of synthetic expedience, but they do not 
always yield (R)- and (S)-specific catalysts in a single experiment. The eighteen 
catalytic antibodies obtained with the tripeptide phosphonate 6,14 for example, only 
catalyzed the hydrolysis of substrates (7) containing D-phenylalanine at the 
cleavage site. Depsipeptides containing leucine or tryptophan in place of 
phenylalanine were not hydrolyzed. The selectivity for D- over 
L-phenylalanine-containing substrates was at least 40 to 1 and, for three of the five 
catalysts characterized in detail, the D isomer was cleaved more than 200 times 
faster than the corresponding L isomer. To account for this preference, Schultz and 
co-workers postulated that peptides containing analogs of noncoded D-amino acid 
analogs might be more immunogenic than those containing the L-isomers. 
However, broad extrapolations from this conclusion are probably premature, given 

/ 6 

/ 7 
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that only a single immunization was performed and a relatively small panel of 
antibodies tested. 

To ensure that antibodies with the desired selectivity are obtained, 
enantiomerically pure haptens can be used to elicit the immune response. This was 
the approach taken by Kitazume and colleagues to prepare antibody catalysts for 
the stereoselective synthesis of fluorinated esters." Because antibodies raised 
against racemic 8 were insufficiently discriminating to be useful for asymmetric 
synthesis, the R and S enantiomers were used individually as haptens. The resulting 
antibodies were highly stereoselective, promoting the hydrolysis of racemic 
fluoromethylated esters like 9 to give 1 -(fluoroalkyl)-alkanols in > 90% yield and 
98% ee. Resolution of diastereomeric mixtures by antibodies prepared individually 
with the four possible stereoisomers of 10 and 11 was equally successful.I6 
Moreover, these antibody-mediated reactions were found to be superior to 
alternative methods using commercially available enzymes. 

Enantioselection with catalytic antibodies is also possible, as demonstrated by 
the enantioselective hydrolysis of meso diester 12 to ( lR,4S)-(+)-4-hydroxy-2- 
cyclopentenyl acetate 13 (> 98% ee) in the presence of an antibody raised against 
phosphonate 14.17 In other applications, anti-phosphonate antibodies have been 
developed for the resolution of glycerol derivatives,I8 the degradation of cocaine 
to the inactive metabolite ecgonine methyl ester,". *O and for the conversion of 
biologically inactive esters of chloramphenical and 5-fluorodeoxyuridine into their 
bioactive  form^.^'-^^ Extrapolating from the foregoing examples, high 
enantioselectivity (diastereoselectivity) is likely to be a general feature of these and 
other antibody-catalyzed hydrolytic reactions. 

A flurry of recent structural studies on esterolytic antibodies is providing 
valuable insight into the structural origins of the activity and selectivity of the 
induced binding p o ~ k e t s . ~ ~ - ~ ~  The catalyst 17E8, prepared by Scanlan and 
co-workers using the norleucine-based arylphosphonate transition-state analog 15 
as h a ~ t e n , ~ ~  is a case in point (Figure 1). Antibody 17E8 accelerates the 

-0,c 
CHF, 

-0,c 

8 9 

10 11 
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enantioselective hydrolysis of unactivated phenyl esters of N-formyl-L-norleucine 
(16a, X = CH2) and N-formyl-L-methionine (16b, X = S) with rate accelerations of 
=lo4 over background; hydrolysis of the corresponding D enantiomers was not 
detectably catalyzed. Not surprisingly, the active site of the antibody, as revealed 
by X-ray crystallography,26 is complementary to the L-enantiomer of phosphonate 
15 but not to the D-enantiomer. The carboxylate-containing linker arm used as an 
attachment site to the carrier protein lies at the entrance of the binding cleft, while 
the aryl group and the hydrophobic n-butyl side chain of 15 bind deeply in adjacent 
apolar pockets formed at the interface of the antibody heavy and light chains. This 
binding mode positions the phosphonate moiety for favorable electrostatic and 
hydrogen bonding interactions with several polar residues in the active site, and 
suggests a simple mechanism in  which the antibody facilitates direct hydroxide 
attack on the substrate by electrostatically stabilizing the oxyanionic intermediate 
and flanking transition states3' Hydrophobic interactions with the pro-S Ca 

Figure 1. Schematic view of the 1788-15 complex 
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16a, X=CH, 
16b, X=S 

16a, R=H, R’=n-Bu 
17, R=R’=H 
18, R=R’=CH, 

substituent are apparently important for catalysis, as shown by the inability of 17E8 
to cleave the glycine ester 17, but the pro-R substituent can be no larger than 
hydrogen, since the aminoisobutyric acid ester 18 is not a substrate either.32 
Unfavorable steric interactions apparently block binding of the “incorrect” 
substrate enantiomer, while productive van der Waals interactions with the 
hydrophobic portion of the acyl group are used to position the “correct” isomer 
properly within the active site. Thus, like natural enzymes, antibodies apparently 
exploit binding interactions remote from the reaction center to control 
enantioselectivity and stabilize the hydrolytic transition state. The remarkable 
similarities between 17E8 and six other independently-derived esterolytic 
antibodies3’ suggest that these conclusions are likely to be general. 

Although high selectivity is the hallmark of biological catalysis, narrow 
substrate specificity is disadvantageous for general applications in organic 
synthesis unless the product of interest is of unusually high value or the 
transformation cannot be accomplished by standard chemical methods. In general, 
catalysts that couple high enantio- or diastereoselectivity with broad substrate 
specificity have the greatest utility, since they obviate the need to develop new 
agents for each new application. 

Fuji  and co-workers have exploited the emerging structural understanding of 
antibody-antigen interactions to devise a clever strategy for eliciting highly 
selective antibody catalysts that also exhibit broad substrate ~pecificity.~~, 34 They 
reasoned that two sufficiently large hydrophobic groups linked to a stereogenic 
center in the hapten-for example, to the alcohol leaving group and to the amine 
protecting group common to a diverse panel of a-amino acid esters-would 
suffice to induce a deep, chiral pocket capable of providing the desired 
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stereochemical control over the target reaction. The nature and point of attachment 
of the linker through which the hapten is coupled to camer proteins could then be 
chosen to accommodate broad structural modifications elsewhere in the molecule. 

To apply this approach to the preparation of catalytic antibodies that 
enantioselectively hydrolyze amino acid esters possessing different a-substituents, 
the Fujii group designed racemic hapten 19." The relatively bulky and 
hydrophobic benzyl leaving group and the carbobenzyloxy protecting group were 
envisioned as the primary epitopes for immune recognition, leaving the C a  
position for attachment of the linker moiety. Anti-19 antibodies 3G2 and 7G12 
were found to accelerate the hydrolysis of D-20 and L-20, respectively, and 
preparative scale kinetic resolutions of racemic 20 yielded the chiral acid in greater 
than 94% ee. In addition to having high enantioselectivity, these two antibodies 
accept a broad range of substrates (Table 1). Variation in the values of the steady 
state parameters, k,,, (0.03 to 0.12 min-') and K,,, (5 to 70 pM) is relatively modest, 
showing that different a-substituents have little effect on activity or 
enantioselectivity. The nonselective hydrolysis of lysine derivative 21i by antibody 
3G2 (the &-amino group presumably interferes with substrate recognition by the 
catalyst) and the failure of either antibody to catalyze the cleavage of proline ester 
derivatives are exceptions to this general statement which can be sensibly 
interpreted in terms of unfavorable electrostatic or steric interactions within the 
antibody-substrate complex. Overall, however, the results show convincingly how 
ingenious design strategies can be exploited to afford antibody catalysts with broad 
recognition properties. 

The Fujii group has also applied their strategy to the regio- and stereoselective 
deprotection of acylated sugars.34 They designed the phosphonylated glucose 
derivative 22 in which the two 4-(N-acetylamino)phenylacetyl groups at C-3 and 
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Table 1 
Ratio of Initial Velocities for the Enantioselective Hydrolysis of 

Esters 21 with Antibodies 3G2 and 7GI2" 
- ~ 

21 

21a 
21b 
21c 
21d 
21e 
21f 

21h 
21i 
21j 

~ 

21g 

Substrate R- 

CH3- 
(CH&CHCH,- 

CH3(CH2)3- 
CH,SCHZCH,- 
PhCH,- 

Ph- 

HzN(CHAt- 

(CH,),CH- 

4-HOPh- 

H,NCH,CONH( CH,),- 

3G2 L-21:D-21 7G12 L-21:D-21 

5:95 88:12 
5:95 98:2 
4:96 98:2 
6:94 955 
7:93 98:2 
23:77 91 :9 

:99 > 99:< 1 
3 1 :69 98:2 
4852 97:3 
2:98 

~ 

"Reaction conditions, reference 33: (L- or D-substrate) = I00 pM for Lla,e,f,g,i 
and 200 pM for Zlb,d,e,f, [antibody] = 10 pM (active site), 10% DMSO/5O 
inM Tris-HCI (pH 8.0), 25°C. 

C-4 were expected to serve as the anchoring recognition elements. Consistent with 
this expectation, antibody pockets induced in response to 22 exhibit high 
selectivity at C-3 and C-4 but have greater tolerance to substitutions elsewhere in 
the sugar ring. For example, antibody 17E11 hydrolyzes the glucopyranoside 
derivative 23 but not its galactopyranoside counterpart 24. Moreover, the antibody 
is completely regioselective, cleaving only the ester at C-4, even in the presence of 
chemically identical groups at C-2 and C-3. Glucopyranosides with a bulky ester 
group at C-2 or the P-configuration at the anomeric center were also substrates for 
17E11, in accord with the experimental design. 

Although the antibodies described here are still too inefficient to be useful as 
general reagents in organic synthesis (kcat/kUncat = lo3 to lo4), the results 
demonstrate that broad substrate specificity and high enantioselectivity can be 

AcNH 

AcNH 

J 

AcN H mo?o.. - 
Ac 
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successfully combined. If improvements in catalytic efficiency can be achieved, 
families of catalysts for the preparation of a wide variety of natural and unnatural 
a-amino acids or complex oligosaccharides in enantiomerically and 
diastereomerically pure form could conceivably be produced. 

2. Trunsacylation Reactions 

Acyl transfer to alcohols and amines is related mechanistically to ester hydrolysis 
but yields a complementary set of products that are useful in their own right and as 
chiral synthons for the preparation of more complex materials. Such 
transformations can be difficult to achieve in water, however, because the solvent, 
which is present in vast excess, can participate directly in the reaction as a reactant. 
Enzyme-like specificity is thus required to favor the bimolecular reaction between 
alcohol and ester and prevent spontaneous hydrolysis of the acyl donor. 

Although the phosphonate transition-state analog suggests a simple hydrolytic 
mechanism in which hydroxide attacks the scissile carbonyl group of the ester 
substrate, individual antibodies raised against such compounds occasionally 
exploit more complex mechanistic pathways. For example, the S-specific lipase 
antibody 2 1H3 described above, which was generated against hapten 1, apparently 
accelerates ester hydrolysis by a two-step mechanism involving transient acylation 
of an amino acid within the binding pocket.35 This mode of reactivity has been 
successfully exploited by Lerner and co-workers3s to achieve stereoselective 
transesterifications. Vinyl ester 25 and alcohol (S)-26 react efficiently in the 
presence of 21H3 in water to give 27. The acyl-antibody intermediate formed from 
25 has also been trapped by a variety of alcohols other than 26 to yield a series of 
optically active esters.36 This transesterification reaction, which is not observed in 
the absence of antibody catalyst, can also be performed in mixed aqueous-organic 
media. Moreover, the efficiency of 2 1 H3 in water is comparable to that of the lipase 
SAM I1 in methylene chloride.36 The lipase does not catalyze transesterifications 
in water because of rapid, competing substrate hydrolysis. 

The serendipitous transesterification chemistry and mechanistic sophistication 
of 21H3 reveal the chemical potential of the immune system. Nevertheless, 
induction of essential catalytic groups within an antibody pocket is unpredictable 
and generally expected to have a low probability. The requirement for a specific 
and properly oriented nucleophile or general base can be circumvented if the 

25 26 CH,CHO 
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substrate carries the necessary functionality into the active site every time it binds. 
“Substrate assisted catalysis” was first demonstrated with an engineered variant of 
the serine protease subt i l i~ in ,~~ but this strategy has also been used for antibody 
catalysis by Napper et al.38 They designed the racemic cyclic phosphonate ester 30 
and used it to generate antibodies for the lactonization of 6-acetamido- 
5-hydroxyhexanoate 28. Of the 24 immunoglobulins that bound the hapten, one 
enhanced the rate of the intramolecular cyclization by a factor of 170. In this case, 
the reduction of the conformational degrees of freedom available to the flexible 
substrate upon binding at the active site of the antibody is believed to be a 
significant factor in catalysis. Not surprisingly, only 50% of the racemic 6-hydroxy 
acid is converted to product in the presence of the antibody. ‘H-NMR spectroscopy 
with a chiral lanthanide shift reagent confirmed that product 6-lactone 29 was 
predominantly a single enantiomer, obtained with an enantiomenc excess of about 
94%. 

Phosphonate ester 30 can also be considered as a mimic of the transition state 
for subsequent esterolysis and aminolysis of the &lactone. In fact, the antibody that 
promotes ring formation was shown to catalyze the stereoselective reaction 
between 29 and 1,4-phen~lenediaminc.~’ The kinetic mechanism of the 
bimolecular process involves random equilibrium binding of lactone and amine, 
and the observed turnover rate could be approximated from the measured 
difference between the binding of reactants and the TSA. Again, entropic factors 
are presumed largely responsible for the observed rate acceleration, with minimal 
contributions derived from specific catalytic groups at the active site. 

Neutral phosphonate diesters, such as 30, are potentially better surrogates for 
the transition state for transesterification (and the reaction of esters with amines) 
than simple phosphonates since they contain structural equivalents of both the 
nucleophile and the leaving group. One might therefore expect that such 
compounds would be generally useful for sculpting active sites tailored to the steric 
demands of bimolecular reactions. Among the experiments designed to test this 
prediction, the production of an unusually effective artificial aminoacyl 
tRNA-synthetase by Schultz and c o - w ~ r k e r s ~ ~  stands out. Phosphonate 31 was 
used as a mixture of diastereomers to elicit antibodies that aminoacylate the 
3’-hydroxyl group of thymidine (32) with an activated alanyl ester (33). Four of the 
antibodies preferentially accelerated the reaction of L-alanine ester 33, three 
preferred the D-isomer, and one was unselective. Interestingly, the L-selective 
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antibody 18R. 136.1 binds the L- and D-amino acid esters with comparable affinity, 
as judged by their similar K,,, values, but it discriminates between the 
diastereomeric transition states for transesterification, achieving a 22-fold 
difference in k,,, values. Furthermore, the effective molarity for acyl transfer in the 
induced pocket is 50,000 M, indicating highly successful preorganization of the 
two substrates. Unfortunately, severe product inhibition by 34 (Ki = 18 nM) 
probably limits the synthetic potential of this first-generation catalyst. 

Product inhibition is not unique to 18R.136.1; it limits the effectiveness of many 
antibody-catalyzed reactions, and special strategies are often needed to overcome 
this complication. Extensive screening of the immune response often succeeds in 
identifying catalysts that are not crippled by inhibition. Product inhibition was not 
observed, for example, in the peptide bond-forming reactions catalyzed by one of 
28 antibodies raised against the neutral phosphonate diester 35.4' This antibody 
accelerates the condensation of phenylalanine derivatives with an acyl azide 
derived from L-alanine (the corresponding phenyl ester is not sufficiently reactive) 
with modest selectivity for L- versus D-alanine, but it is relatively inefficient, as 
judged by an effective molarity of 0.16 M and a rate acceleration [(kcat/K,,,)/k,,,,,at] 
of only lo2. 

In special cases, product inhibition can be avoided by taking advantage of 
chemical or conformational changes in the initially formed product. An example 
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of the latter strategy was recently reported by Oda and co -worke r~ .~~  The 
esterolytic antibody 1C7 was raised against phosphonate 36. Although it 
enantioselectively hydrolyzes the R-isomer of ester 37, it does so in a nearly 
stoichiometric fashion because the resulting carboxylic acid binds tightly at the 
active site. In contrast, the carbonate ester 38 is an excellent substrate for 1C7. 
Upon hydrolysis, the initially formed carboxylate undergoes rapid decarboxylation 
to give a neutral alcohol that is a poor ligand for the antibody. Consequently, more 
than 100 turnovers per active site are observed with no loss of catalytic activity 
after 72 hours. Furthermore, the stereoselectivity of 1C7 towards 38 was even 
higher than towards 37: (R)-38 is hydrolyzed 120 times faster than (S)-38. An 
analogous mechanism likely accounts for the efficiency of one of the first catalytic 
antibodies de~cribed?~ although this point was not explicitly investigated. 

Large structural units in the hapten that do not find a direct match in either the 
product or the leaving group can also be used to facilitate the dissociation of 
sterically less demanding products from antibody catalysts. This approach was 
adopted by Hirschmann and colleagues44 to catalyze the formation of peptides. 
They designed compound 39 with the expectation that the cyclohexyl group would 
induce a generic, hydrophobic pocket that would accommodate a variety of acyl 
donors. In accord with this design, the anti-39 antibody 16G3 catalyzes the 
coupling of 4-nitrophenyl esters (40) of N-acetyl valine, leucine, and phenylalanine 
with tryptophan amide (41) to form the corresponding dipeptides (42). It achieves 
high turnover rates and also accelerates the reaction of activated amino acids and 

EtO’ 
H 

36 

anti body 

H -EtOH EtO 

38 

H 
EtO 

37 



96 STEREOSELECTIVE REACTIONS WITH CATALYTIC ANTIBODIES 

,CONHe 

A. 

42 
40 R = CHMe, CH&HMe2, CHZPh 

dipeptides with another dipeptide to give tri- and tetrapeptides, respe~t ively.~~ 
Neither racemization of the activated esters nor hydrolysis of the final products was 
observed, but all possible stereoisomeric combinations of ester and amide 
substrates were coupled at comparable rates. The lack of selectivity in the coupling 
reactions was rationalized in terms of the small size of the substrate compared to 
the hapten. Although fortuitous, weak chiral recognition on the part of the antibody 
is potentially advantageous with respect to the development of general reagents for 
the synthesis of polypeptides insofar as it expands the repertoire of possible 
reaction partners. The relative cost of broad selectivity appears small in this case: 
The effective molarities for these reactions are consistently in the range lo2 to lo3 
M, and product yields of 80% were typically observed. The synthesis of 
L-leucine-D-tryptophan amide on a 1 mM scale underscores the relatively low level 
of product inhibition observed with the antibody.44 These results thus establish an 
encouraging precedent for the development of tailored peptide ligases for the 
condensation of unprotected peptide segments. 

3. Amide Hydrolysis 

Amide hydrolysis is energetically more demanding than ester hydrolysis or 
transacylation, and its catalysis by antibodies represents a formidable challenge. 
Although phosphonamidates would appear to be excellent transition-state analogs, 
numerous attempts in many laboratories to use these compounds to produce 
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amidases have had only limited success. The difficulty encountered in making 
amidases presumably reflects the intrinsic stability of the amide bond and the low 
probability of eliciting an effective constellation of catalytic groups within the 
antibody pocket. 

The most efficient and best characterized antibody amidase is 43C9.46 It was 
generated with the achiral phosphonamidate transition-state analog 43 and 
accelerates the hydrolysis of an activated 4-nitroanilide (44) by a factor of 2.5 x 
105.47 More recently, Martin and co-workers have identified an antibody that 
catalyzes the enantioselective hydrolysis of an unactivated primary amide.48 A 
rapid throughput assay that allowed large numbers of immobilized antibodies to be 
screened directly for catalysis undoubtedly contributed to their success. Antibody 
13D11, one of 68 antibodies raised against the dialkylphosphinate hapten 45, was 
found to promote the cleavage of a dansyl derivative of (R)-phenylalaninamide.46 
At pH 9.0, the rate enhancement for this substrate (kCat/ku,& was only 132. 
However, neither the S isomer of 46 nor a shorter acylated derivative 47 was 
hydrolyzed by 13D11, demonstrating that specific binding interactions are 
essential for catalysis. The preferred substrate enantiomer is opposite that of most 
natural amino acids, making it unlikely that the observed activity is due to 
contaminating proteases. This conclusion was strengthened by several additional 
control experiments. These included studies showing that two independently 
purified batches of the full-length 13D11 immunoglobulin as well as its Fab’ 
fragment had identical specific activities. Furthermore, the amidase activity was 
found to be resistant to nine inhibitors of common proteolytic enzymes but was 
effectively and selectively blocked by a single hapten enantiomer ( K ,  = 14 pM). 

These results establish the feasibility of cleaving unactivated amide bonds with 
antibodies. Nevertheless, given the low activity of 13D11, the often-stated goal of 
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creating site-specific antibody proteases remains more hope than reality. 
Realization of this goal will require more sophisticated approaches. Introduction of 
catalytic functionality into the active site, either through more clever hapten design 
or by site-specific mutagenesis, will likely be a key feature of such strategies. 
Incorporation of external cofactors, particularly metal ions,"9 into the antibody 
active site can also be expected to significantly extend the capabilities of these 
catalysts. 

As in the lactonization reaction described above, the peptide itself can be 
recruited to assist in amide cleavage. Deamidation of asparagine residues in 
proteins and the rearrangement of an asparaginyl-glycine peptide bond are 
biologically relevant examples of substrate-assisted catalysis that have been 
implicated in the denaturation and degradation of proteins in vivo. Benkovic and 
c o - w ~ r k e r s ~ ~  designed the bifunctional cyclic phosphinate 48 to mimic the 
transition state for the formation and subsequent hydrolysis of the key succinimide 
intermediate in this process; by virtue of its two tetrahedral moieties-the 
phosphinate and the secondary alcohol-this hapten potentially programs for both 
hydrolytic pathways available to the succinimide leading, respectively, to 
aspartyl-glycinamide and isoaspartyl-glycinamide. In fact, 48 yielded several 
antibodies that accelerate the rate-limiting step of succinimide formation 
(=200-fold) and also direct the course of imide ring opening to give various 
isoasparate-to-aspartate ratios (Scheme 1, Table 2). These catalysts exhibited 
considerable stereochemical diversity as well, selectively processing either the D- 
or L-substrate stereoisomers (14A8 and 39F3, respectively) or catalyzing the 

H OH 

0 Asn-Gly 

Scheme 1. 
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Table 2 
Isoaspartate versus Aspartate Product Ratios of 

RG2 Antibodiesu 

IsoAsp/Asp product ratios 

Antibody L-isomer D-isomer 

39F3 8.3 3.6b 
14A8 3.4b 1.4 
23C7 16.4 1.2 
40H4 1.9 5.7 
2Fi4 2.4 4.7 
24C3 2.1 4.8 

'Gibbs, R.A.; Taylor, S.; Benkovic, S. J. Science 1992, 

bSpontaneous reaction. 
258,803-805. 

hydrolysis of both isomers. The stereoselectivities and activity patterns of the 
promiscuous antibody 23C7 have been explained in terms of a simple model 
involving a bifunctional binding site.5' Perhaps the most significant outcome of 
these experiments, however, is the demonstration that bifunctional transition-state 
analogs can be used to induce antibodies that effectively deal with the problem of 
multiple transition states. 

B. Glycosyl and Phosphoryl Group Transfer 

In comparison with acyl group transfer, catalysis of glycosyl or phosphoryl group 
transfer reactions has received relatively little attention. In part, this reflects the 
high activation barriers for these transformations and the paucity of good 
transition-state analogs. The difficulty of generating high-affinity antibodies to 
very polar molecules like sugars is an additional practical complication. 
Nevertheless, given the potential utility of tailor-made enzymelike catalysts for the 
synthesis of complex carbohydrates, sequence-selective manipulations of genes, 
and targeted post-translational modification of proteins, we can expect much more 
activity in this area in the future. 

1. Glycosyl Transfer 

Several groups have investigated the hydrolysis of aryloxytetrahydropyrans as 
a model for the cleavage of glycosidic bonds (e.g., 49 -+ 51). This is a two-step 
reaction limited by the rate of acid-catalyzed expulsion of the leaving group to give 
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an oxocarbenium intermediate (50). Lerner52 and S c h ~ l t z ~ ~  have independently 
shown that haptens containing a positive charge corresponding to the anomeric 
center of the acetal, like the piperidinium derivatives 52 and 53, are able to induce 
antibodies with weak hydrolytic activity. Rate accelerations 60-70-fold over the 
hydrolysis rate in acetate buffer were observed. The acid dependence of these 
reactions, together with chemical modification data, indicate the probable 
involvement of an ionizable carboxylic acid at the antibody active sites. Although 
data on the stereoselectivity of catalysis were not reported, inhibition studies of 
antibody 14D9, generated to 52, with the four possible diastereomers of a 
disubstituted tetrahydropyran provided circumstantial evidence for hydrolysis 
occurring via the more labile substrate conformer, in which the phenolate leaving 
group is axiaL5* If correct, these results implicate stereochemistry as a critical 
feature in hapten design for this class of reactions. 

Consistent with this notion, the positively charged amidine-containing hapten 
54 and the neutral D-galactal derivative 55, which mimic the half-chair 
conformation of the oxocarbenium intermediate, failed to yield giycolytic 
an t ibodie~ .~~ It was suggested that the planar structure of these haptens does not 
permit the leaving group in the corresponding substrates to adopt a favorable axial 
geometry in the induced active site. Another transition-state analog, azetidine 56, 
was designed by Masamune and co-workers to mimic the desired half-chair 
geometry and an appropriately disposed leaving group.54 Antibody ST-8B 1 
derived from this compound catalyzes the hydrolysis of the enantiomerically and 
diastereomerically pure substrates (1R,4R)-57 and (lR,4S)-57 with rate 

52 a R, = CH2Ar, R, = CH3 
b R1 = CH3, R2 = CH2Ar 

0 

0 

H Ar = 
04 

OMe 
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56 (1 R , ~ R )  or (1 s,4s)-57a X’=OH, X ~ = H  
(1 R,4S) or (1 S,4@-57b X’=H, X2=OH 

enhancements of 100-200-fold, but not the other stereoisomers. In contrast to the 
antibodies prepared against 52 and 53, ST-8B 1 is independent of pH between 5.4 
and 7.0, and no evidence could be adduced for the participation of an acidic residue 
at the active site. 

Lerner and co-workers used a fundamentally different approach to prepare 
antibodies with bone fide glycosidase activity.55 They employed the 
mechanism-based inhibitor 58 to trap antibodies displayed on filamentous phage, 
which promoted glycosidic bond cleavage covalently (Scheme 2). The phage 
library was constructed from the genes of approximately 100 monoclonal 
antibodies, prepared with conventional hybridoma techniques, which bind 59, an 
iminocyclitol inhibitor of P-galactosidase. One of the successful catalysts, Fab 
fragment 1 B, was shown to catalyze the hydrolysis of 4-nitrophenyl- 
P-galactosidase with a rate enhancement (kcaJkunC,,) of 7 x 104 and some turnover. 
This catalyst is substantially better-by two orders of magnitude-than the 
antibodies identified by screening hapten binders. Although the stereoselectivity of 
the catalyst was not investigated, it seems likely that the antibody will exhibit at 
least modest preferences for certain sugar stereoisomers. 

0 
HO OH 

H O S o &  OH \ 

BAA 
/ / / / / / /  
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Scheme 2. 

2. Phosphoryl Group Transfers 

The hydrolysis of phosphate esters is an energetically demanding process that 
proceeds via a pentacoordinate transition state. The half-life for the hydrolysis of 
dimethylphosphate at pH 7, for example, is 3 x 1O'O years?6 which can be 
compared with a half-life of only (!) 168 years for the hydrolysis of a typical 
~ e p t i d e . ~ ~  Because of the difficulty of fashioning stable analogs that correctly 
mimic the steric and electronic characteristics of the pentacoordinate transition 
state, a variety of compromises have been necessary in designing templates for 
generating antibodies capable of hydrolyzing phosphate mono-, di- and triesters. 
Among the haptens that have been investigated are nonhydrolyzable substrate 
analogs?* amine oxides:9. 6o and a pentacoordinate oxorhenium(V) 
The low activities of the resulting catalytic antibodies (kcat/kuncat < lo3) may reflect 
the poor resemblance of the hapten and the targeted transition state. In evaluating 
the claims for phosphataselike antibodies, a note of caution is also warranted. 
Extremely small amounts of contaminating natural phosphatases could easily 
account for the low activities observed. In our experience, highly active 
phosphatases are ubiquitous and extremely difficult to remove from 
immunoglobulin samples (C.  Lewis, unpublished results); so an extraordinary 
level of rigor with regard to sample purification and characterization is mandatory. 
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In any case, the reactions reported in the literature to date have exploited achiral 
substrates and products; so no information is available on the degree of 
stereochemical control possible with phosphorolytic antibodies. It would be 
remarkable, though, if these catalysts proved to be less discriminating than other 
hydrolytic antibodies. 

In analogy with early studies by an Israeli group in which antibodies raised 
against steroid esters were found to be covalently modified by their hapten,62 
Lerner and co-workers have recently identified a set of antibodies that reacts 
covalently with haptenic phosphonate diesters (e.g., 60).63 The immunoglobulins 
apparently contain reactive nucleophiles within their active sites that can be 
exploited for ester hydrolysis (kcat/hncat = 102-104), presumably via a two-step 
mechanism involving transient acylation of the catalyst. The phosphonylation 
reaction itself depends on the nature of the leaving group (e.g., 
4-methylsulfonylphenol), but additional stereoelectronic factors within the 
antibody pocket must also be important for transition-state stabilization. The 
covalent phosphonyl-antibody species undergoes slow hydr0lysis,6~ but potent 
inhibition by the resulting phosphonate monoester 62 prevents turnover. As 
expected for a chiral binding site, antibody modification is highly stereoselective: 
Only 50% of racemic phosphonate 61 reacts with excess antibody, permitting 
stoichiometric resolution of the racemic mixture. 
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C. Additions, Eliminations, and Substitutions 

The enviable efficiency of natural enzymes can be attributed to their successful 
orchestration of carefully timed proton transfers and their utilization of 
preorganized acids and bases to stabilize selectively the altered charge distribution 
in the transition state. The development of general methods for creating binding 
sites intentionally functionalized with catalytic groups has consequently been an 
important goal of research in the field of catalytic antibodies. One promising 
approach exploits charge complementarity between antibody and antigen to induce 
acids and bases within the immunoglobulin combining site. This strategy has been 
applied to the production of catalysts for a diverse set of addition, elimination, and 
substitution reactions. 

Haptenic charge was first used by Schultz and co-workers to catalyze the 
elimination of HF from P-fluoroketone 63 to give the unsaturated ketone 64.@ The 
positively charged hapten 65, in which an ammonium ion mimics a methylene 
group with an acidic proton, was used to elicit a complementary negatively charged 
carboxylate capable of serving as a base. Antibody 43D4-3D12 appears to function 
in accord with this design, catalyzing the elimination in a pH-dependent manner 
with a rate acceleration over the non-enzymatic reaction of 63 with acetate of =lo5. 
Framework residue Glu46 in the heavy chain was identified as the catalytic base 
by affinity labeling.65 This residue has a somewhat elevated pKa (6.2), suggesting 
that it sits in a relatively apolar active site pocket. To ascertain the extent to which 
the inherently chiral environment surrounding the carboxylate base influences the 
reaction, the stereochemistry of proton abstraction and fluoride release was probed 
using the four possible C-3 monodeuterated diastereomers of substrate 63.65 
Antibody 43D4-3D 12 was found to exhibit surprisingly little stereofacial 
selectivity, abstracting either the pro-R or pro-S proton, implying considerable 
conformational flexibility for the substrate bound at the antibody active site. An 
anti elimination geometry was favored over the syn process for each of the 
substrate diastereomers, however. Because hapten 65 itself is a conformationally 

0 
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flexible molecule, the modest stereochemical preferences exhibited by 43D4-3D 12 
must reflect good fortune rather than design. Conformationally restricted haptens 
should, in theory, lead to better control over the reaction pathway and would be 
expected to benefit chemical efficiency as well. 

Catalysis of an energetically demanding syn elimination by antibodies derived 
from the conformationally restricted hapten 66 supports this contention.66 As in the 
previous example, 66 contains an ammonium group to induce a catalytic base; its 
bicyclic ring system was expected to elicit a binding site that would lock the 
flexible P-fluoroketone 67 into an energetically unfavorable eclipsed conforma- 
tion. The anti-66 antibody 1D4 converts 67 exclusively to the Z-olefin 69 via the 
desired syn pathway-albeit slowly (kcat = 3 x min-I). By contrast, 
base-catalyzed elimination (pH 9.0, buffer) gave exclusively the E-olefin 68. 
Further, the inability of the antibody to convert substrate 70 to 69 through an 
otherwise favored, staggered transition state demonstrates strong preference for the 
eclipsed conformation of the substrate in the binding pocket. Although this 
antibody-catalyzed syn elimination is not synthetically useful (the uncatalyzed 
elimination via the anti pathway actually produces more product under the reported 
assay conditions than the 1D4-catalyzed reaction), the ability of the antibody to 
overcome the estimated 5 kcaVmol energy difference between the syn and anti 

ph&i;3 H p h 5 c H 3  

H Ph 

Staggered 68 
P h q P h  transition state 

CH3 

Eclipsed 69 
transition state 

66 70 
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transition states is altogether remarkable and suggests exciting opportunities for 
this technology in channeling reactants down preordained reaction pathways. 

Improvements in hapten design will presumably help to augment the efficiency 
of these catalysts. Note that the ammonium ion in 66 corresponds to the a-keto 
proton of 68; so its N-H bond is not congruent with the substrate C-H. A 
carboxylate induced in response to this group would not be expected to be 
positioned optimally for catalysis, possibly explaining the low rates attained by 
1D4. That highly efficient antibody catalysis of proton transfer reactions can be 
achieved is shown by the greater than 108-fold acceleration of benzisoxazole 
decomposition (71 + 73) by antibody 34E4.67 The latter catalyst was identified by 
extensive screening of the immune response to the benzimidazolium hapten 74, 
which effectively mimics the geometry of the reacting bonds at the transition state 
(72) and also contains a strategically placed cation for eliciting an antibody 
carboxylate poised to abstract the C-3 proton of substrate. Minimal resemblance to 
the reaction product accounts for the large number of substrate molecules (> lo3) 
processed by each 34E3 active site. Although medium effects undoubtedly 
contribute to the unusually high efficiency of the anti-74 antib0dy,6~3~~ an 
experimental Brprnsted analysis and quantum mechanical calculations indicate that 
preorganization of the catalytic base and the substrate within the active site, as 
programmed through hapten design, is crucial (K. Kikuchi, J. Na, K.N. Houk, D. 
Hilvert, unpublished data). 

Ammonium ions have also been used as templates for creating pockets capable 
of stabilizing positively charged transition states. For example, antibodies raised 
against hapten 77 accelerate the dehydration of P-hydroxy ketone 75 to give enone 
76.70 The ammonium group in 77 served as a surrogate for the protonated alcohol 
formed in the acid-catalyzed elimination reaction, and evidence obtained with 
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Ab 20A2F6 - 4 N  $J++++ 
76 

a N  
75 

antibody 20A2F6 is consistent with a mechanism involving a transition state with 
oxonium ion character. Interestingly, 20A2F6 also catalyzes the stereoselective 
addition of hydroxylamine to 4-nitroacetophenone, favoring formation of the syn 
oxime rather than the anti isomer by 9:1.71 Antibody 43D4-3D12, raised against 
65,@ also catalyzes this reaction but with a reversed syn:anti ratio (1:9).71 The pH 
dependence of the 20A2F6-catalyzed oxime formation indicates that an active site 
group with a pKa of approximately 7.5 either stabilizes the protonated transition 
state or acts as a general acid. The active site of 43D4-3D12 contains an ionizable 
carboxylic acid, as discussed above, which may play a similar role. 

Antibody 14D9, studied originally as a glycosidase mimic (see Section II.B), is 
also quite versatile in its ability to stabilize positively charged transition states. 
Recall, it was generated in response to the piperidinium hapten 52.52 In addition to 
cleaving cyclic acetals, 14D9 catalyzes the hydrolysis of ketals?* enol  ether^?^-^^ 
and e p o x i d e ~ . ~ ~  In each of these reactions, the antibody is believed to protonate the 
substrate and stabilize the resulting oxocarbenium ion with its active-site 
carboxylate. Although the rates of the antibody-catalyzed conversions are 
generally low (kc,t/ku,cat 5 lo3), the chemo- and stereoselectivities can be quite 
high. The hydrolysis of enol ethers, for instance, proceeds enantioselectively with 
protonation at the carbon74. 75 and has been carried out on a preparative scale.77, 78 

As shown for 78, a proton is delivered exclusively to the re face of the enol ether 
to produce the optically active ketone (-)-(S)-79. Interestingly, the observed 
selectivity arises solely by discrimination of the competing enantiomeric transition 
states (made diastereomeric by binding at the active site), since the antibody binds 
the chiral products of the reaction with equal affinity (K(+)-(R)-78 = K(-)-(s)-78 = 100 
P M ) . ~ ~  Moreover, a broad variety of enol ethers is processed, provided they retain 
the aromatic group found in the original hapten as a recognition element. The best 
substrates also have the 2 configuration at the double bond and an alkyl substituent 
at the site of protonation. 
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The conversion of enol ether 80 to cyclic ketal 83 in water in 12% yield 
exemplifies the chemoselectivity possible with 14D9.79 Although 83 is the normal 
product of the acid-catalyzed hydrolysis of 80 in organic solvents, it is never 
observed in water because the highly reactive oxocarbenium intermediate is 
rapidly trapped by the solvent to give ketone 82 (via hemiacetal 81) as the sole 
product. The ability of the antibody to protect the reactive oxonium ion 
intermediate from hydrolysis and partition it toward a product that is not typically 
observed under these conditions (i.e., 83) mimics the capabilities of rather 
sophisticated enzymes. Extension to other reactions involving reactive, 
water-incompatible intermediates can be easily imagined. 

Cationic cyclizations of acyclic unsaturated compounds provides another 
illustration of the potential of catalytic antibody technology for generating and 
controlling the fate of highly reactive intermediates. Lerner and colleagues used the 
cyclic amine oxide 86, which loosely resembles the presumed transition state for 
the cationic cyclization of olefinic sulfonate ester 84 to 85, as a hapten to elicit an 
immune response.80 In addition to mimicking the conformation of the substrate in 
the transition state (87), the amine-oxide moiety was expected to induce polar 
functionality in the antibody that might stabilize the departing sulfonate and the 
developing carbocation. In the event, several anti-86 antibodies were found to 
accelerate the target reaction in a biphasic medium (83:2: 15 
pentane:chloroform:50 mM bis-tris buffer, pH 7). Multiple products are generally 
observed for cationic cyclizations carried out under solvolysis conditions, but 
cyclohexanol85 was formed almost exclusively (98%) in the presence of antibody 
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SiPhMe 

- Ab4C6 

+ 0 
(98%) 

84 85 

(2%) 

4C6. Moreover, although its absolute configuration is still unknown, only the trans 
isomer was detected. Given that many synthetic strategies require control of 
carbocation reactivity, these preliminary results are quite promising. 
Antibody-catalyzed cationic cyclizations could conceivably be useful for the 
formation of carbon-carbon and carbon-heteroatom bonds in a variety of 
multiring molecules, including steroids and heterocyclic compounds. 

The related hapten 88, which contains a quaternary ammonium ion in place of 
the amine oxide of 86, also yielded an antibody, TM1-87D7, that catalyzes the 
cationic cyclization of 84.81 In this case, however, the principal product was 
cyclohexene (90%); trans-cyclohexanol was formed in only 10% yield. Subtle 
steric features at the active site of the new catalyst presumably allow the substrate 
to dock in a conformation that stereoelectronically facilitates the elimination of the 
silicon moiety from the initially formed carbocation. When the silicon atom in 84 
is replaced with carbon, blocking the elimination pathway, the trans-cyclohexanol 
derivative 91 is formed in 60% yield.R2 Introduction of a methyl substituent at the 
terminal olefin influences the course of reaction in a far more dramatic way, 
yielding either the exocyclic alcohol 92 as a single diastereomer (80% from cis 
olefin 89b) or the cyclopropane derivative 93, again as a single isomer (63% from 
trans olefin 8 9 ~ ) . ~ ~  The latter result is particularly notable, since formation of 
strained cyclopropanes is unprecedented in many studies of cationic cyclizations 
in simple chemical systems. Although these results could not have been predicted 
a priori from the structure of the hapten, they indicate the extraordinary extent to 
which an antibody can exert conformational and chemical control over the course 
of a reaction. In the present instance, the product distribution can be rationalized 
after the fact by invoking a protonated cyclopropane intermediate (90) that 
partitions differently depending on its pattern of substitution.82 

Although formally a substitution reaction, the 6-endo-tet ring closure of 
epoxy-alcohol94 to form tetrahydropyran 95 is related conceptually to the cationic 
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cyclization of 84. An antibody (26D9) generated against the amine oxide 97 
reverses the normal preference for formation of five-membered rings in this 
reaction (that is to form 96) and gives enantiomerically pure 95.83 Calculations 
suggest that the catalyst must stabilize the disfavored 6-endo transition state by 3.6 
kcal/mol more than the 5-ex0 transition state.84 Antibody 26D9 also catalyzes the 
cyclization of the related substrate 98 via a 7-endo-tet process to yield the oxepane 
99 in greater than 98% yield and with an enantiomeric excess of 78%.85 Under 
acidic conditions, in contrast, 98 undergoes 6-exo-tet ring closure to give 100. The 
(SJ) epoxide of substrate 94 and the (R,R) epoxide 98 were the preferred substrates 
for the antibody; in both cases the stereostructure of the products was consistent 
with direct attack of the alcohol on the epoxide with net inversion of configuration 
at the reacting center. 

Finally, Kitazume and colleagues86 have used antibody catalysis to promote 
another class of cyclization reactions: the exo- and endo-lactonization of 
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a-trifluoromethyl-y,&unsaturated acid (101). They elicited monoclonal antibodies 
against the sulfoxide-containing molecules 104 and 105, which catalyzed the 
regiospecific formation of the y- or &lactones (102 and 103, resp.) from the 
corresponding unsaturated acid. Mechanistic details were not reported; so the 
nature of the proton donor needed to initiate this reaction is unknown, but the 
antibody-dependent exo-lactonization reaction was found to proceed with high 
diastereoselectivity (>96% de). Together with the studies cited above, these 
antibody-catalyzed cyclizations provide striking examples of the immune system's 
ability to discriminate between two (or more) competing transition states and 
control their relative energies. 

D. Aldol Reactions 

Preparation of diverse glycosidase inhibitors and other highly functionalized 
molecules using aldolases' has highlighted the potential of enzyme-catalyzed 
carbon-carbon bond-forming reactions in organic synthesis. Antibodies capable of 
effecting aldol condensations (and retro aldol reactions) would be quite useful, 
particularly if they extended the repertoire of selectivities available from natural 
sources. Aldol reactions pose special difficulties for antibody catalysis, not only 
because they require the intervention of acids and bases, but because they proceed 
via a series of consecutive transition states. 
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Reymond and Lernel-8’ have shown that the multistep nature of the aldol 
reaction is not an insurmountable impediment for this technology. They screened 
46 antibodies elicited by the versatile piperidinium cations 52, which previously 
yielded catalysts for several transformations involving acid-base chemistry (see 
Sections 1I.A and II.B), and found two that promote the intramolecular aldol 
condensation of keto-aldehyde 106 to give a substituted 2-benzyl- 
3-hydroxy-cyclohexanone 107 and subsequently 108. As illustrated, this 
conversion involves four individual reaction steps. Antibody 7886 (anti-52a) 
apparently accelerates the deprotonation reactions and the elimination of water but 
not the carbon-carbon bond-forming step. Thus, in the presence of the catalyst, all 
four possible stereoisomers of the aldol product 107 are formed in equal amounts, 
but the elimination sequence is catalyzed with complete anti-selectivity for a single 
enantiomer of substrate 107a. Evidence for the participation of an active-site 
carboxylate in catalysis was presented, and even though the specificity constants 
are very low (k,,JK, = 0.0065 M-’ s-’)-even by antibody standards-78H6 is 
approximately 2 x lo5 times more reactive than acetate. 

Reymond and ChenEE have investigated the same set of antibodies for their 
ability to catalyze bimolecular aldol condensation reactions. The antibodies were 
assayed individually at pH 8.0 for the formation of aldol 111 from aldehyde 109 
and acetone. None catalyzed the direct reaction, but in the presence of amine 110 
three anti-52a and three anti-52b antibodies showed modest activity. In analogy 
with natural type I aldolase enzymes, the reaction is believed to occur by formation 
of an enamine from acetone and the amine, followed by rate-determining 
condensation of the enamine with the aldehyde. As in the previous example, the 
catalyst, which was characterized in detail, is not very efficient in absolute terms 
(kcat = 3 x s-l for the anti-5% antibody 72D4), but it is approximately 600 
times more effective than amine alone. Moreover, the reactions with the antibody 
are stereoselective: The enamine adds only to the si face of the aldehyde to give 
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(4S,5S)-lll (>95% de) from (S)-109 and (4S,5R)-lll from (R)-109 (65% de). 
When racemic aldehyde is used, these products are formed in a 1:2.8 ratio. 

The aldol reaction is readily reversible, with the equilibrium between starting 
materials and products easily controlled by adjustments in acetone concentration. 
Reymondg9 has shown that antibody 72D4 accelerates the retro aldol reactions of 
111 in the presence of amine 110, as expected for a true catalyst (Table 3). 
However, the elimination of water to form 112 competes with the retro aldol to 
varying extents depending on the stereoisomer examined (Table 3). With the 
(4S,5R)-lll isomer, for example, this pathway is unimportant, whereas with 
(4R,5S)-lll p-elimination is the only reaction observed. For the other two 
stereoisomers, p-elimination and aldol cleavage occur at competing rates. The two 
reaction pathways require different conformations of 111, suggesting that 
chemoselectivity in this system is the consequence of conformational control 
imposed by the antibody pocket. Elucidation of the relevant factors, however, will 
have to await detailed structural information. 

The exogenously added amine in the preceding examples serves as a cofactor 
for the antibodies, mimicking the role of the catalytically essential lysine in the 
active site of natural type I aldolases. However, the fact that the added amine is 
neither activated (its pK, is unchanged within the complexg8) nor covalently 
attached to the catalyst necessitates the entropically daunting task of preorganizing 
three reactants within the binding pocket and may explain the relatively low 
efficiency of catalysis. More effective antibody aldolases, which exploit a reactive 
lysine as well as the mechanism of the natural enzymes, have been identified by 
Wagner et al.90 using the reactive diketone 113 as the hapten. This molecule reacts 
covalently with the &-amino group of a lysine within the binding pocket of two 
different antibodies to form a stable vinylogous amide 114 (Lax 316 nm, E 15,000 
M-I cm-I). This same amino group, which has an apparent pKa of 7.2, reacts with 
ketone substrates to form an enamine that can be efficiently trapped by a variety of 

OH 0 

CHO 110 + Ab72D4 

AcHN AcHN 

(4S,5S)-111 (295% de) (4S,5R)-111 (65% de) O9 (25% conversion) 

1 : 2.8 

QH 0 0 

110 (4/7,55)-111 11 2 (43%de) 
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Table 3 
Apparent Second-Order Rate Constants for Catalysis by Antibody 72D4 in the Presence 

of Amine l l O a  

Aldol Retro Aldol P-Elimination 
Substrate (M-I min-') (M-' min-') (M-' min-') 

(4S,5S)-lll 2.1 0.078 0.044 
(4S,5R)-lll 5.0 0.22 - 
(4R,5S)-lll - 

(4R,5R)-lll 1.1 0.028 0.022 
- 0.1 1 

'Reference 8. 

aldehydes to form a new carbon-carbon bond. The rates of reaction are typically 
two to three orders of magnitude faster than those reported for the same reactions 
by the anti-52 antibodies,ss presumably reflecting both the enhanced reactivity of 
the mine  and the entropic advantage of fixing it in place within the active site. 
Again, even though the hapten provided no stereochemical information, the 
antibodies exhibit excellent stereoselectivity . Thus they catalyze the addition of 
acetone to the si-face of aldehyde 109 regardless of the configuration at C-2 of this 
substrate (i.e., the same selectivity as the Reymond antibodiesss). In the reaction 
between racemic 109 and acetone, for example, antibody 38C2 yielded a roughly 
1:l mixture of (4S,5S)-lll (>95% de) and (4S,5R)-lll (83% de) after 30% 
conversion; the diastereofacial selectivity of the second catalyst, 33F12, was 
somewhat lower for the energetically more demanding formation of the 
anti-Cram-Felkin product (4S,5R)-lll (65% de). Recent work from this group 
suggests that these aldolase antibodies exhibit unusually broad substrate specificity 
and can catalyze the formation of a wide range of interesting c o r n p o ~ n d s . ~ ~ ~ J ~ *  

N/ LYs-Ab 
0 0  

& H o o c y ; ~  R& HzN--Lys-Ab 

R 

114 0 

113 A,,, = 316 nm (E 15,000 M-' cm ') 

OH 0 OH 0 

Ab38C2 

AcHN mH? acetone, p H 7 . c  AcHN 

109 (45,55)-111 (>95% de) (4SSR)-111 (83% de) 

-1 : 1 
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115 syn-116 

Formation of the Wieland-Miescher ketone via an enantioselective Robinson 
annulation represents but one interesting example.91 

Although attempts to catalyze bimolecular aldol condensations without 
resorting to enamine chemistry have not yet been successful, the Schultz group92 
has prepared an antibody against the phosphinate hapten 115 that catalyzes the 
retro aldol reaction of 116 (kcat/K,,, = 125 M-I s-I). The equilibrium in this case 
strongly disfavors the condensation product, and a histidine induced in response to 
the phosphinate may be involved in catalysis. Interestingly and in contrast to the 
previous examples, the stereoselectivity of the antibody is modest. The syn 
diastereomer of 116 was found to be the better substrate for the antibody by 2:l 
over the anti diastereomer, but no evidence of enantioselectivity was observed. 

E. Pericyclic Reactions 

Pericyclic processes comprise a broad and important class of concerted reactions 
of both theoretical and practical interest. These transformations, which are 
especially useful in the construction of carbon-carbon include 
electrocyclic reactions, sigmatropic rearrangements, and cycloadditions. Because 
they are not typically subject to general acid-general base chemistry but can be 
highly sensitive to strain and proximity effects, they are attractive targets for 
antibody catalysis. 

1. Sigmatropic rearrangements 

The unimolecular Claisen rearrangement of ally1 enol ethers is a [3,3]-sigmatropic 
process in which formation of a carbon-carbon bond is accompanied by breaking 
of a carbon-oxygen bond. Although pericyclic reactions are rare in cellular 
metabolism, the conversion of chorismate (117) into prephenate (119) is an 
example of a biologically important Claisen rearrangement. This transformation is 
the committed step in the biosynthesis of the aromatic amino acids phenylalanine 
and tyrosine in lower organisms.94 Analogs of the conformationally constrained 
transition state 118 have been developed as inhibitors of the natural enzyme, 
chorismate r n ~ t a s e . ~ ~ - ~ ~  The best of these, oxabicyclic dicarboxylic acid 120,96 
yielded catalytic antibodies that accelerate the rearrangement lo2- to 104-fold over 
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background with high enantiosele~tivity.~~~ 99 For the two antibodies characterized 
in detail, only the natural (-)-isomer of chorismate is accepted as a substrate; in 
both cases, enantioselectivities of greater than 40: 1 were observed.i00, I o i  Even 
though the hapten was racemic, catalysts for the rearrangement of (+)-chorismate 
were not identified. Isolation of “unnatural” chorismate mutases will require the 
screening of larger libraries of antibodies raised against racemic 120. 

Spectroscopic and X-ray crystallographic investigations of the chorismate 
mutase antibody 1F7 have shown that the induced pocket faithfully reflects the 
design of the transition-state analog.’02 The active site is complementary in shape 
and charge to a single isomer of 120, explaining the preferential binding of the 
(-)-chorismate enantiomer in the pseudodiaxial conformation (117b) needed for 
reaction. The antibody also exhibits strong mechanistic parallels to natural 
chorismate mutases, although it appears to be a poorer entropy trap, exploiting 
fewer specific hydrogen bonding interactions to fix the flexible substrate in place, 
and has poorer electrostatic complementarity to the transition state. Nevertheless, 
the antibody’s selectivity for (-)-chorismate proved useful for in vitro experiments. 
Overproduction of IF7 in the cytoplasm of a yeast strain lacking the natural 
enzyme corrected the metabolic defect and permitted cell growth in the absence of 
exogenously added aromatic amino acids.lo3 Apparently, the antibody is able to 
function in vivo and participate in the normal metabolism of the cell. 

Catalytic antibody technology is not limited to reactions for which natural 
enzymes are known. Schultz and co-workers, for example, have generated 
antibodies that catalyze the abiological Cope rearrangement of the disubstituted 
1,Shexadiene 121 to l2ZLo4 This transformation is another [3,3]-sigmatropic 
process, and the cyclohexanol derivative 123 was used as a hapten to mimic the 
chairlike six-membered ring geometry of the corresponding pericyclic transition 
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state. As for the Claisen rearrangement of chorismate, k,,, values were on the order 
of several hundred to 5300-fold over the rate constant for the uncatalyzed reaction, 
and high stereoselectivities were 0 b s e r ~ e d . l ~ ~  Structural analysis of the antibody 
AZ-28 suggests that the catalytic effects are achieved by a combination of 
stereoelectronic effects, which are controlled by an extensive network of binding 
interactions in the active site.'06 Interestingly, the germ line precursor of AZ-28 is 
substantially more active (kcaJkuncat = 3 x lo5), despite its weaker affinity for the 
hapten.Io6 

Antibody catalysts have also been developed for [2,3]-elimination 
reactions.107, lo8 In one example, Zhou et al. employed substituted proline 
derivatives 124a and 124b to generate a family of antibodies that accelerate the 
selenoxide elimination of 125 to styrenes 126.'07 The rate enhancements over the 
corresponding uncatalyzed reactions (kcat/kuncut 5 1 03) are similar in magnitude to 
those observed for other antibody-catalyzed sigmatropic processes, but are 
probably achieved principally through a medium effect in this case. To explore the 

125 
a R=C02H, X=N02 
b R=CH20H, X = N 4  
C R=CH3, X = N 4  
d R=H, X=N02 
e R=H, X=H 
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extent to which conformational constraints imposed by the carboxylate and 3-aryl 
substituents of the hapten influence the selectivity of the induced catalysts, the 
secondary selenoxide substrate 12% was examined as a substrate. The catalyst 
obtained with the trans-hapten 124b (SZ-truns-28F8) shows no enantioselectivity 
with this substrate (the selenoxide center itself rapidly epimerizes under the 
experimental conditions), but the antibodies derived from the cis hapten 
(SZ-cis-39C11 and SZ-cis-42F7) convert only 50% of racemic 12% to product. 
Furthermore, although formation of the trans olefin is favored in the reaction for 
steric reasons, SZ-cis-39CI 1 affords a 4555 mixture of cis- and trans-anethole. 
The latter result lollows from the hapten design and is notable in light of the severe 
eclipsing interactions that occur in the transition state for formation of the cis olefin. 

2. Cycloadditions 

Diels-Alder reactions are among the most versatile transformations in organic 
chemistry for the construction of six-membered rings. As such, they have found 
wide application in the chemical synthesis of diverse natural and unnatural 
products.93, Io9. 'lo The reaction occurs via concerted addition of a diene to a 
dienophile, a compound containing a multiple bond, and has a highly ordered, 
entropically disfavored cyclic transition state with little charge separation. 
Despite their importance in the laboratory, evidence for the existence of natural 
enzymes for Diels-Alder reactions has been obtained only recently.' 12, 113 

Antibodies raised against neutral bicyclic compounds that mimic the boatlike 
geometry of the Diels-Alder transition state, on the other hand, have achieved 
significant catalytic effects, including multiple turnovers, high effective molarities, 
and exacting control of reaction pathway and absolute stereochemistry.' 14-1 l6  

As for any bimolecular synthetic reaction, product inhibition is a potentially 
serious complication that must be addressed at the stage of hapten design. 
Successful approaches to minimize this problem have exploited chemical1 l4  or 
conformational' l 5  change to drive product release. The latter strategy is illustrated 
in the design of haptens for the Diels-Alder reaction between the acyclic diene 127 
and olefin 128.' l 6  Substituted bicyclo[2.2.2]octene derivatives 131 and 132 
contain an ethano bridge that constrains the cyclohexene ring into the requisite boat 
conformation, allowing induction of antibody pockets capable of preorganizing the 
diene and olefin for reaction. Product dissociation from the active site is then 
facilitated by an energetically favorable conformational change of the cyclo- 
hexene, from boat to twist boat. Appropriate substitution of the bicyclooctene 
molecule can then be used to control the stereochemical course of the reaction. For 
instance, hapten 131 corresponds to the transition state for endo addition of 
acrylamide 128 to diene 127, while hapten 132 mimics the transition state for ex0 
addition. As programmed, antibodies raised against these molecules selectively 
catalyze the formation of either the endo adduct 129 (anti-131 antibodies) or the 
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normally disfavored ex0 product 130 (anti-132 antibodies). ' I 6  In both cases, the 
endo and ex0 products are formed with greater than 98% enantioselectivity. These 
results show the superb control over exolendo ratios and absolute configuration of 
the reaction products that can be achieved with antibodies. With appropriate 
modifications to the hapten it is likely that the regiochemical course of the 
Diels-Alder reaction can be similarly controlled. 

Pandit and co-workers adopted the same strategy to catalyze a 
hetero-Diels-Alder reaction in which an aryl-nitroso derivative serves as the 
dienophile.' 17. ' I 8  Antibodies generated against the bicyclic transition-state analogs 
133 and 134 accelerated the reaction between the trans-diene 135 and 136, but the 
ratio of the two product regioisomers 137 and 138 was the same as for the 
uncatalyzed reaction (58:42). In experiments with stoichiometric amounts of 
trans-135 and antibody 309-1G7, derived from hapten 134, this ratio was altered 
somewhat in favor of product 138 (47:53), in accord with the structure of the 

134 R1=H, R2=Me 

CONH(CH&COzH 

138 0 
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hapten. Antibody 309-lG7 also accepts cis-135, and in this case, excellent 
selectivity is observed: Product 138 is formed regioselectively (137:138 = <5:> 95) 
as well as enantioselectively (>82% ee). 

F. Oxidation and Reduction 

Naturally occurring redox enzymes have been successfully exploited for 
asymmetric synthesis for some years.' Although impressive chemo-, regio-, and 
enantioselectivities have been achieved in some cases, these biocatalysts have 
prescribed selectivity and often require expensive cofactors that must be recycled 
for preparative work. Catalytic antibodies offer an attractive alternative, since they 
are not limited a priori by Nature's choices. Thus the need for cofactor recycling 
can be circumvented through the use of inexpensive oxidants and reductants, and, 
as we have seen above, selectivity can be tailored through appropriate hapten 
design. 

The ability of antibodies to catalyze the stereoselective reduction of ketones 
with hydride reagents indicates what might be possible. Arata and co-workers have 
shown that the highly immunogenic dansyl group can be exploited as an anchor to 
position a side-chain carbonyl group within the chiral environment of an 
anti-dansyl monoclonal antibody.119 In the presence of stoichiometric amounts of 
this antibody, (S)-5-(dansylamino)-levulinic acid 139 is reduced by excess sodium 
borohydride to give 5 [(dansylamino)methyl]-2-oxotetrahydrofuran 140 with 36% 
enantiomeric excess. The antibody thus serves as a kind of chiral auxiliary. 
Substoichiometric amounts of antibody were not investigated, and the rates of the 
reaction on and off the antibody were not compared, but this specific system is not 
likely to be catalytic because tight binding of the dansyl moiety (Ki = 22 nM) will 
preclude efficient turnover. 

Schultz and co-workers have, however, successfully extended this basic 
approach to obtain antibodies that act as bona fide catalysts. Using phosphonate 
141 as a hapten, they generated an antibody that accelerates the reduction of keto 
amides (142) by sodium cyanoborohydride at pH 5.0 with multiple turnovers.120 
In one case, the product a-hydroxy amide 143s was obtained with greater than 
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99% diastereoselectivity. For comparison, the corresponding uncatalyzed reaction 
proceeds with opposite stereoselectivity, yielding product 143R with a 
diastereomeric excess of 56%. As in analogous experiments to generate hydrolytic 
antibodies, the negatively charged phosphonate moiety apparently induces an 
active site capable of polarizing the substrate carbonyl and activating it for attack 
by the external hydride reagent. Because this microenvironment is inherently 
chiral, the two faces of the carbonyl can be discriminated with high selectivity, 
presumably through simple steric shielding of one face. Although inactivation of 
the antibody by the borohydride reagent might have been a concern, the 
observation of more than 25 turnovers shows that this is not a significant problem. 
Further improvements in hapten design are likely to help boost catalytic efficiency 
(kcat/kuncat = 290). More extensive screening of the immune response to racemic 
haptens should also allow catalysts with different stereochemical preferences to be 
identified. 

This basic strategy is attractive because it provides a simple and easily 
generalized method for controlling chemical reactivity. Regioselective reduction 
of substrates like 146 containing two nearly identical ketone moieties, for instance, 
is difficult to achieve using conventional chemical methods. Thus, in the absence 
of catalyst, sodium cyanoborohydride preferentially reduces the methoxybenzyl 
carbonyl group over the nitrobenzyl group by a factor of 1.35. In the presence of a 
properly tailored antibody, however, this preference can be easily overridden: 
Antibody 37B39.3, which was raised against racemic N-oxide 144, accelerates the 
reduction of the nitrobenzyl carbonyl group of 146 with greater than 75:l 
regioselectivity.lZ1 The antibody-catalyzed reaction is also stereoselective, 
affording the S-isomer of 147 in 96% ee. Again, the hapten serves to induce a chiral 
environment capable of discriminating the enantiotopic faces of the prochiral 
carbonyl group and of stabilizing the tetrahedral transition state resulting from 

ozNwia / 

142 0 cH3 "2Nw;%i / 

Ab A5, NaBH3CN * 143 R CH3 
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c OCH, 
NaBH,CN 

Ab 37839.3 
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hydride attack (i.e., 145). The amine oxide appears more effective in this capacity 
than the phosphonate 141 described above, as judged by the high 
enantioselectivities obtained with a series of nitrobenzyl ketones (86-96% ee) and 
the large rate accelerations observed at low substrate concentrations (= 1 06-fold 
over background). Of course, the comparatively large catalyst concentrations 
needed to drive the reaction to completion is a limitation in practice, but more 
extensive screening of the immune response and improvements in hapten design 
may again yield preparatively useful catalysts. 

Antibody catalysis has also been used to promote oxidative reactions involving 
inexpensive oxidants as well. The asymmetric epoxidation of olefins and the 
oxygenation of sulfides are cases in point. Koch et al. have shown that the versatile 
antibodies raised against the piperidinium haptens 52 also activate alkenes toward 
epoxidation by peroxycarboximidic acid.122 The oxidant, which is compatible with 
both the antibody and an aqueous milieu, was formed in situ from hydrogen 
peroxide and acetonitrile. Several of the anti-52 antibodies modestly accelerated its 
reaction with a variety of substituted olefins like 148 (to form 149), possibly as the 
consequence of interactions with the same active-site carboxylate/carboxylic acid 
required for their hydrolytic chemistry described above. Depending on the olefin 
substrate, the enantioselectivity of antibody 20B 1 1, which was characterized in 
some detail, was estimated to be in the range 67 to >98% after correction for the 
large amount of racemic product formed via the uncatalyzed reaction under the 

CH CN 
+ &O CH&(O)NHp 

I [CH&(NH)OOH] 

Ab 2081 1 p. H3C CH2Ar 
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assay conditions. Even though the activity of 20B 1 1 is still too low to compete with 
highly efficient synthetic catalysts like Jacobson's (sa1en)Mn system,123 the results 
illustrate the ease with which a chiral antibody environment can be exploited for 
asymmetric reactions. Haptens that better mimic the geometry of the epoxidation 
reaction should yield improved catalysts, which would be particularly useful for 
alkenes that are poor substrates for the best synthetic catalysts. 

An impressive level of catalysis has been achieved for the reaction of sulfides 
with sodium periodate using antibodies raised against aminophosphonic acid 
150.124 The amino group in the hapten, which is protonated under physiological 
conditions, was expected to induce stabilizing interactions for the positive charge 
that develops on sulfur in the transition state 151, whereas the phosphonic acid 
moiety was expected to elicit a binding site for the periodate. Antibody 28B4.2 
accelerates the oxidation of sulfide 152 to sulfoxide 153 with a rate enhancement 
of 2.2 x 105-fold, indicating the success of this design. In fact, the reported turnover 
number kcat (8.2 s-') is comparable to that of some naturally occurring 
monooxygenase enzymes. However, selectivity is low: The enantiomeric excess 
for chiral sulfoxide formation by 28B4 is only 16%.Iz5 

Structural work on this sulfide oxidase antibody provides some insight the 
origins of the catalytic effects. The X-ray crystal structure of 28B4 was solved in 
the presence and absence of hapten 150 at 1.9 and 2.2 A, respe~tive1y.l~~ As with 
other antibodies raised against haptens with aromatic groups: the nitroaryl moiety 
of 150 sits in a deep hydrophobic pocket. The aliphatic linker, in contrast, is 
relatively solvent exposed, and its interactions with the active site are rather 
nonspecific. The positively charged ammonium group is stabilized by an 
interaction with the aromatic x-system of a tyrosine residue, and recognition of the 
negatively charged phosphonate is achieved through favorable electrostatic and 
hydrogen-bonding interactions with the side chains of appropriately positioned 
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arginine, lysine, and tyrosine residues. The latter interactions are of direct 
relevance to the mechanism of action of the antibody and suggest the importance 
of cation-n interactions to stabilize developing charge on sulfur and 
complementary electrostatic effects to position the periodate properly within the 
active site. The structural data have been marshaled in support of the importance 
of precise alignment of the thioether substrate and oxidant for catalysis, but this 
conclusion appears at odds with the poor enantioselectivity of the catalyst. Instead, 
the limited complementarity between antibody and hapten in the region occupied 
by the linker may allow some conformational flexibility to the “short” methyl 
thioether moiety of the substrate. This would be consistent with the intuitive notion 
that high enantioselectivity requires rigid conformational ~0nstraint . I~~ If so, 
greater enantioselectivity might be achieved in reactions of 28B4 with substrates 
containing longer aliphatic substituents (i.e., analogous to the linker portion of the 
hapten). 

Many other redox reactions are potentially amenable to antibody catalysis. For 
example, the chemistry of the P-450 cytochromes, including the hydroxylation of 
alkanes and the epoxidation of alkenes, can be mimicked with synthetic 
porphyrins. Incorporation of such molecules into antibody active sites could 
conceivably yield new catalysts that combine the intrinsic reactivity of the cofactor 
with the tailored selectivity of the binding pocket. Work is just beginning in this 
area, but preliminary studies with porphyrin haptens have yielded some interesting 
r e s ~ l t s . ~ ~ ~ - ’ ~ ~  Novel redox chemistry can also be anticipated for antibodies 
containing metal ions, flavins, nicotinamide analogs, and other reactive moieties. 

G. Cofactor-Dependent Processes 

Vitamins, cofactors, and metals have the potential to broaden the scope of antibody 
catalysis considerably. In addition to hydrolytic and redox reactions, they facilitate 
many complex functional group interconversions in natural enzymes.’31 Pyridoxal, 
for example, plays a central role in amino acid metabolism. Among the reactions 
it makes possible are transaminations, decarboxylations, racemizations, and 
P,y-eliminations. It is also essential for ethylene biosynthesis. Not surprisingly, 
then, several groups have sought to incorporate pyridoxal derivatives into antibody 
combining sites. 

One of the earliest published attempts to create antibodies with catalytic activity 
had as its goal the generation of a transaminase. Raso and Stollar prepared 
N-(5-phosphopyridoxyl)-3’-amino-~-tyrosine 154 as a mimic of the Schiff‘s base 
intermediate that is formed during the pyridoxal-dependent transamination of 
tyrosine and showed that it was a site-directed inhibitor of the enzymes tyrosine 
transaminase and tyrosine decarboxylase.132 Partially purified polyclonal 
antibodies, elicited against y-globulin conjugates of the hapten, recognized both the 
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cofactor and tyrosine portions of the hapten, and although they did not catalyze 
Schiff's base formation between pyridoxal and tyrosine, they enhanced the rate of 
tyrosine transamination by about fivefold. This modest result may reflect the use 
of polyclonal rather than monoclonal antibodies. 

Schultz and co-workers have shown, in fact, that a monoclonal antibody 
prepared against the structurally analogous hapten 155 can promote aldimine 
formation in a stereoselective fa~hion. ' )~ Antibody 17C5- 11C2 accelerates the 
reaction between p-nitro-D-phenylalanine 156 and 5'-deoxypyridoxal 157 to give 
the Schiff's base 158 at pH 7.0 by a factor of =300-fold over background as judged 
by comparison of apparent second-order rate constants. Surprisingly, 
p-nitro-L-phenylalanine is not a substrate for the antibody, even though the hapten 
was derived from this enantiomer. The fact that both hapten enantiomers inhibit 
catalysis (Ki,L = 6 nM; Ki,D = 17 nM) indicates that the antibody must differentiate 
the diastereomeric transition states for aminal formation or subsequent dehydration 
better than it differentiates enantiomers of hapten 155. None of the antibodies 
catalyzed any other reactions typical of pyridoxal-dependent enzymes. 

Gramatikova and Christen have similarly prepared monoclonal antibodies 
against NOL-phosphopyridoxyl-L-lysine 159.'34, 135 To compensate for the dis- 
advantage of using a reduced Schiff s base as a transition-state analog, they 
employed a two-step screening protocol in which prospective catalysts were first 
tested for their ability to bind the aldimine 160 and then screened directly for the 
easily monitored pyridoxal-dependent a,p-elimination of P-chloroalanine 
(Scheme 3) .  They identified two catalysts out of 24 that promote this reaction; both 
of these accelerated aldimine formation between pyridoxal and a variety of 
hydrophobic amino acids, and one of them (antibody 15A9) catalyzed the 

RCONH 

HO 

154 155 



126 STEREOSELECTIVE REACTIONS WITH CATALYTIC ANTIBODIES 

RCoNHTCoP' 
(NH2' 

vcoi , NH+ 

f 

=o,po* 

+; CH3 

159 160 

transamination of alanine. A third antibody only catalyzed aldimine formation. The 
rate accelerations achieved by 15A9 for the conversion of P-chloroalanine and 
alanine transamination are on the order of lo3 over the corresponding reactions in 
the absence of protein. Interestingly, as seen with the Schultz antibody 17C5-11C2, 
only D-amino acids are accepted as substrates by this catalyst, even though both 
enantiomers of the hapten analog 5'-phosphopyridoxyl-alanine are recognized 
with comparable affinity. Since proton transfers from C(a) are essential features 
of both the a$-elimination of P-chloroalanine and transamination reactions, the 
Ca-H bond of the L-amino acid substrate may simply be sterically shielded by the 
antibody surface. The importance of effective screening for the identification of 
catalysts with desirable attributes is perhaps the most valuable lesson to be drawn 
from these experiments. 

Scheme 3. Pyridoxal-dependent a,P-elimination or 0-chloroalanine. 
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111. FUTURE CHALLENGES 

The field of catalytic antibodies has made impressive gains over the past decade. 
The progression from simple reactions with well-studied mechanisms to processes 
difficult to achieve via existing chemical methods is particularly noteworthy." 
Because both catalytic mechanism and reaction stereochemistry can be controlled 
at the stage of hapten design, antibody catalysis has the potential to provide 
practical solutions to many problems in organic synthesis. However, broad 
implementation of this technology will require overcoming a number of 
formidable obstacles. 

First, the repertoire of catalyzed reactions must be greatly increased. Most of the 
transformations accelerated by antibodies to date have utilized small substrates of 
limited structural complexity, and many reactions of interest to the synthetic 
chemist, including aldol condensations, SN2 displacements, and glycosyl group 
transfers, have been insufficiently explored. Moreover, existing strategies to 
generate catalysts for some reactions, like amide hydrolysis, are clearly inadequate. 
New approaches for tackling such transformations are needed. Narrow substrate 
specificity-the flip side of the high stereochemical fidelity that characterizes most 
catalytic antibodies-is also a liability insofar as it requires the development of a 
new catalyst for each new application. 

Second, catalytic efficiency must be greatly enhanced. Large rate accelerations 
and multiple turnovers have been achieved in a few cases, but catalytic antibodies 
generally exhibit low activities compared with natural enzymes. This is due, in 
part, to their short evolutionary history and to the fact that they are selected for tight 
binding to imperfect transition-state analogs rather than directly for catalytic 
activity. As a result, even when excellent mimics of transition-state structure are 
available, as is the case for ester hydrolysis, the best antibodies are still 
substantially less efficient than their natural counterparts. Severe product inhibition 
further limits the efficiency of many antibodies, and strategies for facilitating 
product release must be considered directly in the context of hapten design. 
Statistically meaningful correlations between hapten structure and the probability 
of inducing an active antibody could be helpful in establishing useful guidelines for 
the design of maximally effective templating molecules. 

The requirement for multiple catalytic groups-acids, bases, and 
nucleophiles-makes the design of effective haptens for energetically demanding 
reactions especially challenging. Charge complementarity has been profitably 
exploited to elicit catalytic groups in some cases,67 and mechanism-based 
inhibitors may further refine our ability to select for specific catalytic 
 mechanism^.^^^ 63, It is unlikely, however, that a single hapten will ever elicit 
arrays of residues as sophisticated as the catalytic triad in serine proteases. As a 
solution to this problem, Masamune and co-workers have developed an approach, 
termed heterologous immunization, in which two different but structurally related 
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haptens, each containing a different functional group, are used in series to elicit an 
immune response.136. 137 The subset of antibodies recognizing both haptens should 
ideally possess multiple catalytic groups. Preliminary results suggest that 
antibodies derived from a heterologous immunization experiment are superior to 
those generated in response to a single h a ~ t e n . ' ~ ~ .  137 Since the individual haptens 
need not be structurally complex, this simple strategy can circumvent the need for 
elaborate hapten synthesis. 

Catalytic groups can also be engineered directly into antibody active sites by 
site-directed mutagenesis. 138-141 This approach is likely to grow in importance 
with the increasing availability of structural data, although our limited 
understanding of structure-function relationships within the immunoglobulin 
scaffold may still preclude large enhancements in efficiency. Random mutagenesis 
coupled with genetic selection is potentially an even more powerful tool for 
augmenting the activity of first-generation catalytic antibodies.lo3. L42, 143 

Antibodies can be produced in living cells as single-chain F, or Fub fragments, 
where they are able to participate directly in cellular metabolism, and selection 
schemes can be imagined for a wide range of metabolic processes as well as for 
transformations involving the creation or destruction of a vital nutrient or toxin. 

The third challenge for catalytic antibody technology is to harness the available 
sequence diversity within the immune system more effectively. Specifically, more 
thorough screening of the immune response to individual haptens will be essential 
to the identification of more active catalysts. Because the most active catalysts may 
also be the rarest, the probability of finding them will increase with the number of 
candidates assayed. As many as lo3 antibody-secreting hybridoma cell lines can be 
obtained using standard fusion protocols, while combinatorial libraries of 
immunoglobulin fragments containing >lo6 members can be constructed using the 
polymerase chain reaction (PCR). Only a tiny fraction of these libraries is assayed 
for catalytic activity in a typical catalytic antibody experiment, however. Sensitive 
immunoas~ays ,~~~,  14* tagging methods,146 and biological  election'^^^ 142* 143 are 
likely to improve this situation greatly, enabling substantially larger populations of 
antibodies to be screened directly for function. 

Finally, it would be helpful to make the basic techniques for generating, 
manipulating, and assaying antibodies more accessible to the practicing organic 
chemist. Production of monoclonal antibodies is time consuming, labor intensive, 
and expensive under the best of circumstances, and while the availability of easily 

make catalytic antibodies more user-friendly, considerable expertise in molecular 
biology will still be necessary. In practice, the experimental protocols are relatively 
straightforward and highly repr~ducible , '~~ but without special training or 
collaborators, they may seem insurmountably difficult. Of course, individual 
catalytic antibodies could be made commercially available were there sufficient 

manipulated combinatorial libraries of antibody fragments on phage147, 14* may 
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demand. In principle, antibodies can be produced at very high levels in 
microorgani~rns;~~~ so production costs should not be a limiting factor. However, 
access to catalysts described in the literature is generally limited. For this reason, 
establishing a central repository for catalytic antibodies with novel activities, such 
as the American Type Culture Collection, is desirable. Such a facility would allow 
interested researchers to explore the specificity and activity of novel catalysts with 
comparatively little investment of time and effort. It would also lend the field a 
degree of accountability that is currently lacking. 

If these challenges can be met, catalytic antibodies could greatly extend the role 
enzymes play in organic synthesis. Possible applications might include regio- and 
enantioselective manipulations of functional groups in high-value, structurally 
complex molecules for which conventional methodologies are inadequate. 
Synthesis and/or modification of large macromolecules, such as carbohydrates, 
nucleic acids, and proteins, represents an especially attractive playing field for 
antibody catalysis given the specific recognition attainable by the large inducible 
antibody binding. Comparable selectivity is likely to be difficult to achieve with 
small synthetic catalysts. Finally, the biocompatibility of antibody molecules may 
make metabolic engineering of novel biosynthetic pathways in vivo a viable 
alternative to more conventional laboratory syntheses. 

Antibodies combine some of the best features of synthetic and enzymatic 
catalysts. By fusing programmable design with the powerful selective forces of 
biology, this new technology has the potential to provide many valuable tools for 
stereoselective organic synthesis in the next century. 
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I. INTRODUCTION 

The presence of donor and acceptor groups in organic molecules often results in 
interesting and unusual chemical and spectroscopic properties. These properties 
arise from interaction between filled orbitals on the donor group and electron- 
deficient orbitals on the acceptor group. The interactions can be broadly described 
as occurring directly through space, or by transmission through the organic 
framework (through bond), or perhaps by a combination of the two.'. The former 
interaction is exemplified by the structure of clivorine3 1 for which the close 
transannular contact between the amino group and the carbonyl carbon and the 
lengthened C=O distance is evidence for a through-space ItN - n*(c=o) interaction. 

A through-bond interaction between the nitrogen lone pair and the developing 
carbocation orbital is believed to be responsible for the hugely different reactivities 
of the bicyclic chlorides 2 and 3 towards unimolecular solvolysis.4 

Whichever of the above types of interaction occurs, a strong dependence of the 
magnitude of the interaction upon the relative orientation of the donor and acceptor 
fragments is observed. The results of these interactions are often referred to as 
stereoelectronic effects, a description that reflects the electronic basis of these 
effects, and recognizes their dependence upon stereochemistry. 

Perhaps the most well-known stereoelectronic effect is the anomeric effect:-7 
which describes the preference for electronegative substituents at the 2-position of 
a tetrahydropyran ring to adopt the axial conformation (Figure 1). This 
conformation, which is counter to steric predictions, is believed to be favored 
partly because it optimizes overlap between one of the lone pairs of the ring oxygen 
(donor) and the low-lying C-X antibonding orbital (acceptor). More generally the 
anomeric effect describes the preference for the R-X-C-Y fragment to be gauche, 
where X is a heteroatom, Y is an electronegative substituent, and C is a saturated 
carbon. 

The gauche effects% 8, is a stereoelectronic effect that was initially recognized 
in molecules containing vicinal polar bonds. Molecules containing these fragments 
often show a strong bias towards conformations that are counter to steric 

1 2 3 
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X 

Figure 1. 
between the no and 0;-x. 

Axial conformation of a 2-substituted tetrahydropyran ring allowing maximum overlap 

predictions, and that result from maximization of the interaction between the best 
donor bond and the best acceptor bond. A simple example9 is 1,2-difluoroethane, 
for which the preferred conformation is that shown in Figure 2, where there is a 
gauche relationship between the fluorine substituents; this conformation, which is 
expected to be disfavored from steric and electrostatic considerations, maximizes 
overlap between the best donor orbitals (C-H bonds) and the best acceptor orbitals 
(the C-F antibonding orbitals) across the C-C bond. 

The degree of influence that stereoelectronic effects can have on the 
ground-state and reactivity properties of a given molecule depends not only upon 
the stereochemical relationship between the donor and acceptor group, but also on 
their intrinsic donor and acceptor abilities. A good donor is one that has weakly 
held electrons; that is, the electrons (or electron) occupy a high-energy orbital. 
Typical examples include heteroatom nonbonded electron pairs, electron-rich 7c 
systems, and high-energy sigma-bonding orbitals. A good acceptor has an unfilled 
low-energy orbital, and is typified by carbocation p orbitals, the 7cc orbitals of an 
electron-deficient alkene or aryne, and the antibonding orbital of a C-X bond, 
where X is an electronegative group. 

The C-M (r bonds (where M = Si, Ge, Sn, Pb) in the fragment C-MR3 (R = 
alkyl, aryl) are powerful (3 donor orbitals; the electrons in the C-M bond are 
weakly held and easily ionized, and, importantly, the C-M bonding electrons are 
polarized towards the carbon. As a result, the presence of group 4 metal 
substituents in organic compounds has long been recognized to have very profound 
effects on both the ground-state properties and reactivities of the corn pound^.^^-^^ 
The most well known of these effects is the silicon p-effect,l03 l 2  which is the 

H H  

Figure 2. 
( ~ c - H )  and best acceptor (&-F). 

Gauche conformation of 1,2-difluoroethane with maximum overlap between the best donor 
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remarkable ability of silicon to stabilize positive charge at the P-position, and 
which is probably the most important electronic effect of silicon in organic 
chemistry. The p-effects of silicon, and of germanium and tin, in addition to other 
significant effects (e.g., the y- and &effects) that arise from the presence of these 
metals in organic compounds, can be rationalized on the basis of the strong donor 
ability of the C-M (M = Si, Ge, Sn) (5 bonds and their interactions with acceptor 
groups and other donor groups within the molecule. 

11. THE DONOR ABILITY OF THE C-MR3 (M = Si, Ge, Sn, Pb) BOND 

(Pb is included in this series for comparison purposes, although the effects of Pb in 
organic molecules will not be treated in any depth in this chapter.) 

Information on the donor abilities of nonbonded electrons or bonded electrons 
can be obtained from a number of sources, one of which is photoelectron 
spectroscopy. According to Koopman's theorem,14 the energy (and hence donor 
ability) of the C-M (5 bond can be estimated from the ionization potentials of 
suitable model compounds containing the bond. The ionization energies of C-M 
bonds (M = Si, Ge, Sn) and some selected heteroatom lone-pair orbitals (for 
comparison) are summarized in Table 1. These values suggest that a C-Si bond has 
a donor ability slightly less than that of an oxygen lone pair, a C-Sn bond has a 
donor ability similar to a pyramidal nitrogen lone pair, and a C-Ge bond is 
intermediate between these two values. The strong donor abilities of the C-M 
bonds are also apparent from the Hammett o+ values for the R3M-CH2- substituents 
shown in Table 2. For example, the Hammett c$ value for the trimethylsilylmethyl 
substituent was determined by Eaborn et from the measured rates of cleavage 
of the aryl-Si bonds in the series (Me3Si),CHo-,,-C6H4-SiMe3 to be -0.62. The 

Table 1 
Selected Vertical Ionization Energies (eV) 

Et,Si 
Et,Ge 
Et4Sn 
Me,Si 
Me,Ge 
Me4Sn 
Me4Pb 
1 -aza-[2.2.2] bicyclooctane 
Me,O 

IP (eV) 
~ 

10.5", 10.617 
9.3'7 
8.717 
10.618 
10.218 
9.718 
9.1'' 
8.0219.20 
10.0421 
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Table 2 
Selected Hammett Substituent Constants 

Substituent 

Me3SiCH2 

Me3GeCH2 
Me,SnCH, 

NH2 

0;; 
-0.62 22 

-0.62’’ 
-0.76 21 

-0.54 24 

-0.63 24 

-0.92 25 

-0.82 24 

-1.3 

Substituent 

Me,PbCH2- 
Ph,SiCH2 
Ph,GeCH, 
Ph3GeCH2 
Ph,SnCH, 

OMe 
Ph,PbCH, 

% 
- 1 .0324 
-0.3824 
-0.5 124 

-0.73” 
-0.9024 
-0.7826 

-0.5 124 

resonance component calculated from the difference c$ - op was -0.41. The 
entries in Table 2 demonstrate that the c$ values for the R3M-CH2- substituents 
increase down the series M = Si < Ge < Sn < Pb and are also dependent on the 
nature of the substituents on the metal. The resonance electron donating power of 
the R3M-CH2- substituents in the ground state is provided by the aR values, which 
are given in Table 3, and which were determined by a combination of infrared, 13C, 
and 19F NMR. spectroscopic techniques. It is clear that the donor ability of the 
C-M bond increases down the group, and is dependent on the nature of the other 
groups attached to the metal. 

Table 3 
Selected @A Values 

Substituent 0“R 
Me3SiCH, -0.17 23 

-0.19 2’ 
-0.20 27.28 

-0.20 2’ 

-0.21 27 

Me3SnCH2 -0.25 2’ 

-0.26 28 

-0.23 ’* 
Ph,SiCH, -0.16 2’ 

Ph,GeCH, -0.17 ’ I  

Me3GeCH2 -0.22 23 

Me3PbCH2 -0.22 21 

Ph,SnCH, -0.22 ’’ 
Ph,PbCH, -0.21 21 
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111. INTERACTION OF C-M& BONDS WITH ACCEPTOR 
ORBITALS AT THE p POSITION 

A. Reactivity Effects 

1. Interaction of Group 4 Metal Substituents with Positive Charge at the p 
Pusition 

The presence of group 4 metals P to a carbenium ion has a dramatic effect on the 
stability of the carbenium ion, a remarkable phenomenon known as the 
p-effect.12- 29, 30 The silicon P-effect was discovered in 1937 by Ushakov and 
Itenberg,”] who noted the exceptional reactivity of P-silyl-substituted halides 
R3SiCH2CH2X towards elimination (Scheme 1). The effect has since been the subject 
of many m e c h a n i ~ t i c ~ ~ - ~ ~  and theoretical s t ~ d i e s ~ ~ - ~ ~  and several reviews.l0-l23 29 

The majority of these studies support an El-like mechanism involving 
rate-limiting C-X bond heterolysis forming a (P-silyl-stabilized) carbocation 
intermediate followed by the rapid loss of the metal substituent. The p-effects of 
the lower group 4 metals (Ge and Sn) are even larger than that of silicon, and are 
among the strongest neighboring group effects known. The magnitude of the group 
4 metal p-effects is nicely demonstrated by the relative rates of unimolecular 
solvolysis of the P-Me3M-substituted cyclohexyl esters 4,4O 5 and 6,4l which react 
at rates 10l2, IOl3, > > 1014relative to the corresponding unsubstituted esters. 

In addition to a relatively small inductive effect, two modes of stabilization of 
positive charge by the P-R3M substituent have been suggested. The first involves 
the classical cation 7, where the positive charge is stabilized by hyperconjugation 
(0 -p  conjugation) between the C-M 0 bonding orbital and the vacant carbocation 

R3s7---k - H 
Scheme 1. 

OCORl 

4: R = t-Bu, M = Si, R1 = CF, 
5: R = H, M = Ge, R1 = CF, 
6: R = H, M = Sn, R, = CH3 

+ R,Si-X 
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p orbital: this is often referred to as vertical stabilization because it does not require 
significant nuclear movement. The second mode of stabilization involves the 
nonclassical ion 8 and is often referred to as nonvertical stabilization. Both modes 
of stabilization involve the donation of electron density from the C-M CT orbital to 
the p orbital on the electron-deficient carbon, and simply differ in the degree of 
interaction between these two orbitals. 40 and theoretical 
studies37. 38 have been carried out (particularly for M = Si) to differentiate between 
the two ions 7 and 8. For example, in the gas phase the nonclassical ion 8 is 
calculated by high-level ab initio methods to be 2.4 kcaVmol more stable than the 
classical ion 7 for the p-silyl-substituted primary carbenium ion 9.37 Both cations 
are significantly more stable (ca. 38 kcalfmol) than the corresponding silicon-free 
carbenium ions. For the secondary and tertiary carbenium ions 10 and 11 the order 
is reversed, with the open cation of type 7 calculated to be slightly more stable than 
the nonclassical ion of type 8.38 Again, both cations are significantly more stable 
(28 and 18 kcal/mol, resp.) than the corresponding silicon-free cations. The 
structures of the p-silyl cations suggested from these theoretical studies are 
qualitatively supported by solution studies. For example, the unimolecular 
solvolysis of trimethylsilylethyl bromide 1233 exhibits a secondary deuterium 
isotope effect considered to be consistent with the formation or partial formation 
of a bridged cation for this primary system. 

The bridged cation was proposed to be involved on the path to the rearranged 
products 12 and 13 when the alcohol 14 was treated with PBr3 (Scheme 2).34 It was 

7 

MejSi4D Br 

12 



I44 STEREOELECTRONIC EFFECTS OF THE GROUP 4 METALS 

Me3Si 
PBr, * M e 3 S i 4 D  + bBr 

Br DD 
12 13 14 OH 

\ SIM% / 
,,, +\, 

,+D 
D 

Scheme 2. 

recognized, however, that a rapid 1,2 migration of the trimethylsilyl substituent 
occurring in the open cation would give the same result. Yukawa-Tsuno analysis 
of the rates of solvolysis of a series of 2-(aryldimethylsily1)ethyl chlorides 1542 in 
aqueous acetone gave an r value of - 1.42 with a high resonance demand (r = 1.48). 
These values suggested a significant buildup of positive charge on the silicon at the 
transition state, which was proposed as providing support for a bridged cation 
intermediate 16. However, a significant charge buildup on the silicon is also 
expected for the open cation 17 due to the 0 - p  interaction. Evidence for the open 
cation structure 7 in a secondary p-silyl cation was provided by Davis and 
J a n ~ c k s . ~ ~  They found that the second silicon in the acid-catalyzed deoxy silylation 
of 1,3-bis(trimethylsilyl)-2-propanol had about the same p effect as the single 
silicon substituent in 1 -trimethylsilyl-2-propanol. Whereas both silyl substituents 
can concurrently stabilize a carbenium ion by hyperconjugation (Figure 3), it is 

Figure 3. Vertical and nonvertical stabilization in the 1,3-bis(trimethyl- silyl)-2-propyl cation. 
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likely only one can realistically stabilize it by bridging. Traylor came to similar 
conclusions based on the measured rates of hydride abstraction from 1,3- 
bis-Me3M-substituted pro pane^.^^ 

Lambert and co-workers measured a secondary a-deuterium isotope effect 
kH/kD of 1.17 in 97% trifluoroethanol for the p-silyl ester which is consistent 
with a transition state leading to a classical carbenium ion such as 19, which is 
stabilized by hyperconjugation. A displacement like transition state leading to the 
nonclassical carbenium ion 20 was expected to show small or negative isotope 
effects, typically in the range 0.95-1.05. Shimizu and c o - ~ o r k e r s ~ ~  observed a 
similar secondary a-deuterium isotope effect kH/kD of 1.18-1.19 in the uni- 
molecular solvolysis of the p-silyl benzyl trifluoroacetates 21; notably this was 
almost identical to the isotope effect observed in the solvolysis of the nonsilylated 
substrate 22, giving further support for the open cation structure. Although 
secondary a-deuterium isotope effects in the range 1.1 7- 1.20 are consistent with 
the formation of classical ions in the solvolysis of 18 and 21, there has been some 
discussion as to whether this indeed rules out the involvement of the nonclassical 
ion in these ~o lvo lyses .~~  The bridged cation is a three-center two-electron species, 
which might formally be described as an R3Si+ cation coordinated to an alkene 
ligand. Those neighboring group effects for which kinetic isotope effects in the 
range 0.96-1.05 are observed involve the formation of a more conventional 
three-membered ring structure (e.g., the bromonium ion) with a total of four 
electrons in the two CJ bonds. 

Attempts to observe p-silyl carbenium ions of the general structure 23 in 
solution directly have generally been thwarted by the ready desilylation of these 
species.48 Desilylation is believed to result from attack of the silaphilic counterions 

18 

R 
OCOCF, 

21: R = SiMe, 
22: R = H 
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at the silicon.48. 49 For example, subjection of the alcohol 24 to super acid 
conditions gave the methyl-substituted cation 25 after desilylation and protonation. 
Lambert and Zhaoso avoided the problem of desilylation by generating the f3-silyl 
carbenium ion 26 by addition of Et3Si+ to the neutral precursor 27 in the presence 
of the non-nucleophilic counterion tetrakis(pentafluorophenyl)borate, (C6F5)4B-. 
The 29Si and 13C NMR data for the ion 26 were argued to be consistent with an open 
structure, with some transfer of positive charge to the silicon by hyperconjugation. 
In particular, the 29Si signal at 6 46.2 ppm, which is significantly deshielded 
compared to the neutral precursor 27, and the methylene carbon 13C resonance, 
which occurs at 6 56.2 ppm, is 26 ppm higher in frequency than the methyl carbon 
in cation 25. Both indicate significant contributions of the resonance structure 28. 
The observation of the classical ion structure for 26 is not surprising for this system, 
where the open cation is also doubly benzylically stabilized. The silicon analog of 
the nonclassical 2-norbornyl cation 29 has recently been generated in solution by 
hydride abstraction from the silane precursor 30; on the basis of its 13C and 'H 
NMR data, the cation 29 was described as an intramolecularly a-complexed silicon 
cation.51 

In a series of experiments utilizing geometrically constrained five- and 
six-membered rings, Lambert et al. examined the dependence of the unimolecular 
solvolysis rates of P-trimethylsilyl-substituted esters upon the Si-C-C-OR 
dihedral angle. The substrates 31,52 32,'*3 40 33,53 34,52 and 4,12, 40 which had 

23 24 25 

Et3Sif - Ph 
Ph 

phKph 
Et3Si 

CH2 

26 27 28 

i-Pr 

SiMe2H 

0 
29: M = SiMe, 30 
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31 32 33 34 

dihedral angles constrained to be ca. 0", 60", 90", 120", and 180", respectively, 
were used in these studies. The p-effect was determined for each geometry by 
comparing the reaction rates with the corresponding silicon-free esters. A plot of 
the p-effect versus dihedral angle revealed a cosinelike dependence (Figure 4)53 
that is flattened on the syn-penplanar side. The cosinelike dependence of reaction 
rate upon dihedral angle is qualitatively consistent with hyperconjugative 
stabilization of the p-cation. 

The p-effect is much weaker for syn-periplan&* than for anti-periplanar 
geometries. It has been suggested that the diminished p-effect in the syn-periplanar 
geometry could be due to steric repulsion between the leaving and trimethylsilyl 
groups hindering optimal O-C* hyperconjugation on the way to the solvolysis 
transition state. While this suggestion has not been disproveli, the relatively weaker 
syn-periplanar p-effect is consistent with the o-o* hyperconjugation model. 
Extended Huckel  calculation^^^ predict that orbital interactions across a C-C bond 
are stronger in the anti-periplanar geometry than in the syn-periplanar geometry, 

Dihedral angle (deg.) 

Figure 4. The dihedral angle dependence of the p-effect of silicon. Reprinted from J. B. Lambert, X. 
Zhao, J. Orgunomet. Chem. 1996,521, 203, with permission from Elsevier Science, Kidlington, UK. 
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leading to the prediction that vertical stabilization should be more effective in the 
anti-periplanar geometry than the syn-periplanar geometry. 

Further examination of Figure 4 shows that the silicon p-effect in the orthogonal 
geometry is negligible, suggesting that the contribution of the inductive effect of 
the silicon substituent to the stability of the carbenium ion intermediate is very 
small in these secondary systems; this is in agreement with conclusions from 
theoretical  calculation^.^^ 

A similar dependence of reactivity towards unimolecular solvolysis upon the 
R3M-C-C-OR dihedral angle has also been observed for j3-gemyl and P-stannyl 
esters$1 demonstrating the importance of hyperconjugation in stabilizing the 
p-cation by Ge and Sn. For example, esters derived from cis-2-tiimethyl- 
germylcyclohexanol35 , where the Ge-C-C-OR dihedral angle is constrained to 
be ca. 60°, solvolyze lo5 times faster than the corresponding unsubstituted 
derivatives, but very much slower than the trans isomer 36, for which the germyl 
substituent provides an acceleration of (This includes a correction factor of 
400 to allow for the small population of the reactive diaxial conformation.) The 
P-stannyl substituent provides an acceleration of 10l1 in esters derived from 
cis-2-trimethylstannylcyclohexmol37, which has an enforced synclinal geometry, 
whereas the esters derived from the trans P-stannyl alcohol 38 are too reactive to 
measure accurate reaction rates, but a lower limit for the accelerating effect of the 
j3-stannyl of lOI4 in the anti-periplanar geometry was estimated. The rates of the 
thermally induced elimination of the neat P-tributylstannyl esters 39, 40, and 41 
were determined by Jousseaume et aL55 The ester derivatives of trans-2- 
(tributylstanny1)cyclohexanol (40), which have an anti-periplanar Sn-C-C-OR 
dihedral angle, were too reactive to be isolated, whereas derivatives of (39) 
(Sn-C-C-OR 60") and (41) (Sn-C-C-OR ca. 0") were much less reactive. 

The unimolecular solvolysis of a-(pentamethyldisilany1)benzyl halides 
provides evidence for stabilization of positive charge by hyperconjugation with a 

TMR3 
OR1 

35: M=Ge, R=Me, R, = H  
37: M = Sn, R = Me, R1 = H 
39: M = Sn, R = BU, R1 = C(O)f-BU 

36: M = Ge, R = Me, R,, R, = H 
38: M = Sn, R = Me, R1 = H, R2 = f-Bu 
4 0  M = Sn, R = Bu, RI = C(0)f-Bu, R, = H 

OC(0)f-Bu 

41 
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42 43 44 45 

Si-Si bond.56 For example, the relative rates of unimolecular solvolysis of 
a-(pentamethyldisilany1)benzyl bromide 42, a-(trimethylsily1)benzylbromide 43, 
and a-(t-butyldimethylsily1)benzyl bromide 44 are 1.07 x 1O5:O.S4: I .O in trifluoro- 
ethanol at 25°C. When the Si-Si bond is constrained to be close to orthogonal to 
the developing carbocation orbital, as is the case in the solvolysis of the 
disilaindane derivative 45, significant rate enhancements were not observed. 

2. Reactions Involving C-H Bonds p to Group 4 Metal Substituents 

The C-H bonds at the p position relative to R3M- (M = Si, Ge, Sn, Pb) substituents 
are activated towards attack by electrophilic reagents. Two types of electrophilic 
attack at a p C-H bond are considered in Scheme 3: Path 1 involves hydride 
abstraction by the electrophile, resulting in the formation of a carbenium ion 
intermediate, a process that is assisted by the metal p-effect. Such a pathway might 
be expected to be followed by strongly Lewis acidic reagents, such as carbenium 
ion reagents. 

Path 2 involves the insertion of an electrophilic carbene reagent into the p C-H 
bond. Although this pathway does not involve the development of a formal positive 
charge on the p carbon, it is well known that there is a significant buildup of 
positive charge on the carbon at the transition state for the insertion reaction.57 Both 
pathways should, then, display significant p-metal effects. In a hypothetical 
situation in which there is more than one C-H bond p to the metal substituent, the 

+ E-H 

Scheme 3. 
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C-H bond that is anti-periplanar to the metal substituent should to be more 
activated towards electrophilic attack because the developing carbocation orbital 
receives maximum stabilization by hyperconjugation to the p C-M bond. 

a. Hydride Abstraction Reactions of Group 4 Metal-Substituted 
Hydrocarbons. TrayloS8. 59 demonstrated that the organometallic compounds 
Et4M (M = Si, Ge, Sn, Pb, Hg) react readily with the trityl cation to give ethylene 
by a mechanism involving abstraction of the P-hydrogen followed by 
demetallation of the resulting cation (Scheme 4). The reaction rates (M = Si < Ge 
c Sn < Pb) correlated with the charge-transfer frequencies for the complexes 
R3MCHzPh-tetracyanoethylene, consistent with the driving force for hydride 
abstractions being the vertical stabilization of the intermediate cation by the metal 
substituent. Simultaneous vertical stabilization of the developing carbenium ion 
during hydride abstraction by two metal substituents was suggested from the rates 
of hydride abstraction from a range of 1,3-dimetaIlo-substituted propanes 
Me3MCH2CH2CHzMMe3 (M = Si, Ge, Sn). The rates of hydride abstraction were 
found to correlate with the sum of the constants for both metal 
substituents.44 The preference for an anti-periplanar geometry between the metal 
substituent and the hydride that is abstracted is suggested by the relative rates of 
hydride abstraction from 46 and 47 of ca. 3.45: 1; the latter must adopt the twist boat 
conformation 48 to fulfill this req~i rement .~~ In later studies the preference for 
hydride abstraction anti-periplanar to the trimethylstannyl substituent was more 
clearly demonstrated by the reaction of threo-3-deuterio-2-(trimethylstannyl) 
butane 49 with trityl cation,59, 6o which gave trans-2-deuterio-2-butene 50 and 
cis-2-butene 51 as the only products arising from hydride abstraction at C3 
(Scheme 5) .  The trans alkene 50 arises from hydride abstraction anti-periplanar to 
the tin substituent from conformation 49a, while the cis alkene arises from 

, t-Bu 
t - B u m S n M g  

46 

I 
Me3Sn 

47 48 

CH,=CH2 

+ Ph&+ Et3M, 
Et3M-C H2C H3 - H,C-CH,+ - 

Scheme 4. 
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M q S n - f H  H D  

Me 

49 

52 

/ 
,Me 

49a 

I Ph&+ 

H 
Me w;e 

50 

49b 
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51 

Scheme 5. 

conformation 49b. Small amounts of 3-deuterio-1-butene (52) arose from hydride 
abstraction from C 1. 

b. Directing Effects of Group 4 Metals on Carbene C-H Insertion 
Reactions. Seyferth et al. investigated the reaction of dichlorocarbene derived 
from phenyl(bromodichloromethy1)mercury with a wide range of tetraalkylsilanes 
and stannanes.61. 62 It was found that both silicon and tin substituents strongly 
directed dichlorocarbene insertion into the C-H bonds at the p position. For 

/ ‘.3 
53: M = Si 55: M = Si 
54: M=Sn 56: M=Sn 

CCIJ-I q M e 3 M A  

CChH 

57: M = Si 59: M = Si 
58: M = S n  60: M = S n  
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example, reaction of 53,54,55,  and 56 with dichlorocarbene gave 57,58,59,  and 
60, respectively, as the only insertion products in generally good yields. Insertion 
into the p C-H bond of 1,1 -dimethylsilacyclobutane (61) was accompanied by the 
formation of a large amount of the silacyclopentane 62h3 arising from insertion into 
the strained C-Si bond of the four-membered ring, a similar result was observed 
more recently in the reaction of 61 with 1CH2-64 Reaction of the corresponding 
di-tert-butyl analog 63 with dichlorocarbene and dibromocarbene gave only the p 
C-H insertion products 64,65 presumably due to the bulky substituents on the 
silicon disfavoring insertion into the strained C-Si bond. Stannyl substituents were 
found to be more effective at directing dichlorocarbene insertion to the 0-C-H 
bond than For example, in 65 where the P-C-H bond is competing with 
a tertiary C-H bond further displaced from the tin substituent, only insertion into 
the p-C-H bond is observed, whereas in the analogous silicon compound 66 a 
mixture of products arising from insertion into the P-C-H and the tertiary C-H 
bond are obtained. On the basis of their studies, Seyferth et al. proposed that the 
directing effects of these substituents can be best explained by hyperconjugation 
between the C-M bond (M = Si, Sn) and the partial positive charge on the P-carbon 
at the transition state for the insertion reaction. 

Tentative evidence that the insertion of dichlorocarbene occurs preferentially 
into the C-H bond which is anti-periplanar to a p-silicon or tin is suggested from 
an examination of the stereochemistry of its reaction with sec-butyltrimethylsilane 
67: M = Si and sec-butyltrimethylstannane 67: M = Sn (Scheme 6).66 Both 
substrates gave an uneven mixture of the erythro-68 and threo-69 
diastereoisomers, but the diastereomeric product ratio derived from the silicon 
compound was opposite to that obtained from the tin compound. The 
diastereoselectivity was rationalized as reflecting the preferential insertion of 
dichlorocarbene into the anti-periplanar C-H bond (with retention of 
configuration) in the most stable conformation. By the predictions of molecular 

I Me t-BU 
I 

- CI 

61 62 63 

64: X = CI, Br 65: M=Sn 
66: M=Si  
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69 68 

Scheme 6. 

mechanics,66 this is conformation 67a for sec- butyltrimethylsilane and 
conformation 67b for sec-butyl-trimethylstannane. Thus the major insertion 
product for 67: M = Si was tentatively assigned as the threo diastereomer 69, while 
the major isomer obtained from the stannylated substrate 67: M = Sn was assigned 
as the erythro diastereomer 68. 

Reaction of the 6-end0 deuterium-labeled silabicyclo[2.2. llheptane derivative 
70 with dichlorocarbene gave the product 71 by insertion exclusively into the C-H 
bond anti-periplanar to the C-Si bond (Scheme 7).67 The stereoselectivity in this 
case was rationalized in terms of stabilization of the partial positive charge in the 
ex0 direction in the transition state, due to 0 - p  conjugation with the strained C-Si 
o bond, in addition to a steric effect favoring approach to the ex0 C-H bond. 

Activation by silicon of a P-C-H bond to an intramolecular carbene insertion 
reaction is exemplified by the silicon-directed Bamford-Stevens reaction.68 For 
example, thermal decomposition of P-trimethylsilyl N-aziridinyl imines 72 in 
toluene (Scheme 8) [with or without Rh2(0Ac)4 catalyst] results in the formation 
of allylic silanes 73 as major or exclusive products by the preferential insertion of 
the carbene intermediate into the C-H bond P to the silicon substituent. 

70 

Scheme 7. 

71 
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N. NbPh 145', Toluene M4SiM ' CHpR 
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73 MWSi A R  or Rh,(OAc)4 
72 

L J 

Scheme 8. 

3. Group 4 Metal-Directed Reactions 

Of the group 4 metal p-effects, it is the silicon p-effect that has been most exploited 
in synthetic organic chemistry. Silicon has been shown to be very useful for 
controlling the course of reactions that involve carbenium ion (or developing 
carbenium ion) intermediates. These reactions generally follow a pathway that 
(when possible) places the positive charge p to the silicon s ~ b s t i t u e n t . ~ ~ - ~ ~  For 
example, the electrophilic addition to vinylsilanes and allylsilanesg13 82 occurs at 
the site that generates a cationic center p to the silicon atom; subsequent loss of the 
silyl group results in the formation of a substituted alkene (Scheme 9). Vinylsilanes 
and allylsilanes have proven to be very useful synthetic intermediates, particularly 
as vinyl and ally1 transfer reagents. The silyl substituent not only controls the 
regiochemical course of addition of electrophiles to allylsilanes but also has the 
potential to control the stereochemical outcome.83 This is demonstrated by the 
stereochemical course of the electrophilic substitution of the optically active 
(I?)-(@ allylsilanes 74 and (R)-(Z) allylsilanes 75, which gave the products (9-76 
and (R)-77, respectively, in high enantiomeric enrichments (Scheme 10). The 
stereochemical course of the reaction was consistent with electrophilic attack on 
the double bond selectively anti to the trimethylsilyl substituent in an S,l reaction. 

Scheme 9. 
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I H 76 I 74 H 

77 
75 

Scheme 10. 

This outcome is rational since the (R)-allylsilanes 74 and 75 are expected to exist 
in conformation 78 (Scheme 1 I) ,  in which the C-Si bond overlaps with the 7t bond. 
This conformation maximizes the 6-7t interaction between the C-Si bond and the 
n: systems4 (see also later section on allylsilanes). Attack of the electrophile from 
the opposite face to the trimethylsilyl group in 78 gives the carbenium ion 
intermediate 79, which is stabilized by a 6-n: interaction with the C-Si bond 
s ~ b s t i t u e n t ' ~ . ~ ~ , ~ ~ ;  loss of silicon from this intermediate gives the E olefin products. 
Anti selectivity has also been observed in the trifluoroacetolysis of 2-cyclohexenyl- 
silanes, germanes, and s tannane~.~~ 

Trialklysilyl groups control the course of the Nazarov cyclization?8-s0 For 
example, the presence of the trimethylsilyl substituent in 80a results in the 
exclusive formation of the less stable cyclopentenone isomer 817s (Scheme 12) 
arising from desilylation of the P-trimethylsilyl carbenium ion intermediate 82, 
whereas in the absence of the silyl substituent in 80b the thermodynamically more 
stable cyclopentenone 83 is obtained. 

A series of angular-substituted octalins 84 and 85 were studied using 
electron-impact mass spectroscopy.s6 It was found that the major fragmentation 
pathway of the derivatives 84 having a trans relationship between the silyl 
substituent and the angular substituent involved loss of the angular substituent 

78 79 

Scheme 11 .  
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FeCI&H2CI2 
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FeCI, R = Me,Si / CH,CI, d 3  81 
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80a: R = Me,S\ /Me3Si+ 
806: R = H  Me3Si p I - 3  

Scheme 12. 

radical (Scheme 13). In contrast, the major fragmentation pathway of derivatives 
85 having a cis relationship between the silyl and angular substituents involved loss 
of a methyl radical from the silicon substituent. This differing behavior was 
explained in terms of stabilization by hyperconjugation between the C-Si bond and 

M q S j  

IR2@ 
85 

+. 

I- 
Scheme 13. 
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Scheme 14 

the developing carbenium ion at the bridgehead carbon: The trans derivatives 84 
have favorable geometry for this interaction, whereas the less than optimal 
alignment of orbitals in the cis isomers 85 allows other fragmentation pathways to 
compete. 

A P-trialkylsilyl moiety enhances the migratory aptitude of groups in the 
Baeyer-Villiger reaction,87, 88 as is demonstrated by the reaction of l-trimethyl- 
silylpentan-3-one (86) (Scheme 14) with rn-chloroperoxybenzoic acid, which 
results in the exclusive formation of 2-trimethylsilylethyl propanoate (87). The 
migratory aptitude of groups in the Baeyer-Villiger reaction is related to the ability 
of the migrating group to bear a positive charge. The presence of p-silicon is 
expected to enhance this ability, and in fact the migratory aptitude of the primary 
carbon in Me3SiCH2CH2 was shown to be between that of secondary and tertiary 
alkyl groups.89 

Oximes derived from p-silyl and P-stannyl ketones undergo unusual Beckmann 
rearrangement, giving rise to nitriles as predominant products. For example, 
Beckmann rearrangement of 3-trimethylsilylcyclohexanone oxime 88 (Scheme 
15) proceeds to the formation of the acyclic alkenyl nitrile 89 as the major 
product.90 The nitrile is believed to be formed by fragmentation of the protonated 
oxime, giving the P-silyl-stabilized cation 90, followed by desilylation. Our 

88 90 89 

Scheme 15 

NI)H 

gNitrobenzoyl chloride - 
Pyridine 

L M %  91 89 

Scheme 16. 
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attemptsg1 to prepare the p-nitrobenzoate ester derived from 3-trimethyl- 
stannylcyclohexanone oxime 91 for X-ray analysis resulted in the exclusive 
formation of 89, presumably by a similar mechanism (Scheme 16). 

B. Ground-State Effects 

1. P-Trimethylmetal-Substituted Esters, Alcohols, and Ethers 

The presence of an R3M (M = Si, Ge, Sn) P to an oxygen substituent in organic 
compounds has a profound influence on the structure and preferred conformation 
of the molecule. These effects can be attributed to the interaction between the C-M 
(3 bond and the C-0 (T* orbital. Manifestations of these effects are described below. 

a. Structural Studies of P-Trimethylsilyl Esters and Ethers. The X-ray 
crystal structures of the 2-trimethylsilylethyl esters 92, 93,92and 9493 reveal that all 
exist in the solid state in the expected anti conformation. The C1-0 bond distances 
for 92-93, which were 1.464(2), 1.466(2), and 1.476(2) A, respectively, were all 
significantly lengthened (by ca. 0.015 A) relative to the corresponding distances for 
the unsubstituted derivatives 95-97. The origin of the bond lengthening is believed 
to be the GO* interaction between the C-Si bonding orbital and the C-0 
antibonding orbital. The anti-periplanar relationship between the C-Si bond and 
the C-0 of 92-94 ensures maximum interaction between the two orbitals. 

Similar studies have been carried out using the cyclohexane framework to 
control the stereochemical relationship between the silicon and oxygen 
substituents. Low-temperature X-ray structural on the esters and ethers 
98-102, in which the trimethylsilyl and oxygen substituents are constrained to be 
anti-periplanar, so maximizing the overlap between the C-Si bond and the C-0 
antibonding orbital, again reveal significant lengthening of the C(alky1)-0 bond 
compared to the C-0 bond distance (observedgx or predictedg3) for corresponding 
silicon-free derivatives 103-107. If, however, the C-Si bond is constrained to be 
gauche to the C-0 bond, as is the case for structures 108-111,94 then no systematic 
lengthening of C-0 bond distance is observed. This result reflects the poor overlap 

92: R = SiMe, 
95: R = H 

93: R=SiMe, 94: R=SiMe, 
96: R = H  97: R = H  
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110 111 

between the C-Si bonding orbital and the C-0 antibonding orbital in this 
geometry. 

Constraining the C-Si bond to be syn-periplanar to the C-0 bond has been 
achieved within the norborneol framework.95. 99 The X-ray structures of the esters 

112: R = SiMe3 113: R=SiMe, 
114: R = H  115: R = H  
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iMe, 
OR 

Figure 5. The oc-s-oz-o interaction in the syn-periplanar geometry. 

112 and 113 derived from e~zdo-trimethylsilyl-endo-2-norborneol, for which the 
Si-C-C-0 dihedral angles were -1 732) and -9.4(2) respectively, showed no 
significant lengthening relative to the silicon-free analogs 114 and 115.100 This 
result suggests that the interaction between the C-Si (T orbital and the C-0 (T* 

orbital in the syn-periplanar geometry is very small when compared to the 
anti-periplanar geometry, and is very likely the result of the reduced overlap 
between these two orbitals in the syn-periplanar geometry (Figure 5). 

The interaction between the C-Si (T orbital and the C-0 (T* orbital can be 
qualitatively represented by the molecular-orbital interaction diagram in Figure 6. 
The strength of the interaction is inversely proportional to the energy difference 
between the C-Si (T orbital (donor) and the C-0 G* orbital (acceptor).lo' The 
energy of the orbital decreases with increasing electron demand of the 
substituent OR. An increase in the electronegativity of -OR therefore should 
increase the strength of the ( ~ ~ - ~ ~ - o & ~ ~  interaction. A measure of the relative 
electronegativities of the RO- substituents is provided by the pK,, values for the 
parent acids ROH. A plot of the C-OR bond distances versus the pK, value for 
ROH (Figure 7, for the series 98-102) is linear over the pK, range studied (ca. 
1-7.5) and shows that the C-OR bond-length increases as the electronegativity of 
the OR- substituent  increase^.'^ The C-OR distance is related to the pK, value for 
ROH by the equation: 

r(C-OR) = 1.502 - (5.338 x pK,(ROH) (1) 

Figure 6. Interaction between a C-Si bonding orbital and a C-0 antibonding orbital. 
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Figure 7. Plot of C-0  bond distance versus pKa for the compounds 98-102. 

Associated with the increase in the C-OR bond distance with increasing 
electronegativity of the -OR substituent is a smaller but nonetheless significant 
increase in the C-Si distance. These structural effects are consistent with the 
oc-a-oc-o interaction; as the electronegativity of the -OR substituent increases, 
the energy of the &*C4R orbital decreases; the degree of o-o* interaction increases; 
consequently there is greater electron donation from the C-Si o orbital, and so the 
C-Si bond also lengthens. These systematic structural effects represent the early 
stages of the heterolytic bond breaking of the C-OR bond, which occurs in the 
unimolecular solvolysis of P-trimethylsilyl esters (Scheme 17). Linear relation- 
ships between C-OR bond distances and pK,s for ROH have been demonstrated 
in other systems.Io2, lo3 For example, esters and ethers derived from cyclohexanol 

OR 
I 

116 117 118 
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6.3' 
SiM+ SiMe-j SiM% 

OR - ~R~ J-y 
Scheme 17. 

116933 lo2 and 2-hydroxytetrahydropyran 1171°3 show linear responses of the 
C-OR bond distances with pK, (ROH). 

(2) 
116; r(C-OR, A) = 1.475 - (2.90 x pKa(ROH) 

(3) 
117; r(C-OR, A) = 1.493 - (6.495 x pKa(ROH) 

The differences in the constants of these relationships reveal useful information. 
The slopes indicate the sensitivity of the C-OR bond distance to the electron 
demand of the substituents -OR, and the intercepts are the predicted bond distance 
for C-OR when pKa (ROH) is zero. 

The strongest response (largest slope) of the C-OR bond distance to the electron 
demand of the OR substituent occurs for 117, which has an oxygen lone pair 
anti-periplanar to the C-OR bond. The cyclohexyl esters 116 in which the C-C 
bond is anti-periplanar to the C-OR bond show a much weaker response of the 
C-OR distance to the electron demand of the OR substituent. Thus the slopes of the 
lines [r(C-OR) vs. pKa (ROH)] appear to provide qualitative measures of the donor 
abilities of orbitals that are anti-periplanar to the C-OR bond. 

Comparison of Eq. (1) derived from the r(C-OR) versus pKa (ROH) plot for the 
anti-periplanar p-trimethylsilyl esters 98-102 with Eq. (3) derived for the 
2-substituted tetrahydropyran derivatives 117 reveals a similar response of the 
C-OR bond distance to the electron demand of the OR substituent. This is 
consistent with the similar energies (and hence donor abilities) of a C-Si bond and 
an oxygen lone-pair orbital (Tables 1 and 2). Thus the above structural data suggest 
that the oc-a-@c4 interaction in 98-102 is similar in magnitude to the no-@4 
present in 117. Also consistent with the present interpretation is the plot of C-OR 
distance versus pKa (ROH) for structures derived from the gauche P-trimethylsilyl 
alcohol 1NLg7 

r(C-OR) = 1.48 - (2.571 x pKa(ROH) 
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0 NO2 
119 120 

which indicates a much weaker response of C-OR distance to the electron demand 
of the substituent OR than was observed for the anti-periplanar P-trimethylsilyl 
esters 98-102 but is similar to that observed for the derivatives of cyclohexanol 
116. 

b. Structural Studies of P-Trimethylgermyl Esters. Structud parameters 
obtained from accurate low-temperature structural studies on the P-trimethyl- 
germyl esters 119 and 120g6 reveal that the presence of the p-trimethylgermyl 
substituent results in significant lengthening of the C-0 bond distance when 
compared with the corresponding unsubstituted derivatives 103 and 107. This 
lengthening is consistent with the expected structural effects of the oc-~~-&c- 
interaction. Comparison of the C-GeMe3 bond distance in the two structures shows 
that the C-Ge bond distance is slightly longer in the more electron-demanding 
sulfenate ester 120 than in 119. The C-0 bond-lengthening effects observed for 
119 and 120 are similar in magnitude to the effects observed in the corresponding 
P-trimethylsilyl esters 98 and 102, suggesting similar ground-state effects of 
trimethylsilyl and trimethylgermyl substituents. Despite the fact that the C-Ge 
bond is a better donor orbital than a C-Si bond, the ~ ~ - ~ ~ - d ~ ~  interaction does 
not lead to any extra effects on the C-OR bond distance compared to the 0c-a- 
o&, interaction. Given that the relative reactivities of P-trimethylgermyl esters, 
P-trimethylsilyl esters, and corresponding nonsubstituted esters towards 
unimolecular solvolysis are ca. 10L3:1012: 1, and given that a trimethylsilyl 
substituent lengthens C-0 bonds at the P position by ca. 0.017 A relative to the 
corresponding nonsubstituted esters, any extra effects of a trimethylgermyl 
substituent are not surprisingly too small to be detected by X-ray crystallography. 

c. Conformational Studies of P-Trimethylsilyl Alcohols and Esters. The 
stabilizing oc-si-oE4 interaction described above is maximized when the C-Si 
and C-OR bond are anti-periplanar. Therefore, incorporation of the Si-C-C-OR 
moiety into a flexible organic framework should result in a bias towards the 
conformation having these two bonds anti-periplanar. This effect is demonstrated 
by the conformational analysis of the mobile P-trimethylsilyl alcohol 121 and its 
derived esters 122a-m, which incorporate the C5-methyl as a counterpoise 
sub~ti tuent . '~~ The position of the equilibrium (Figure 8) is determined by steric 
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M = Si, Ge 

Figure 8. Conformation equilibrium of @-imethylmetalcyclohexanol and derivatives. 

and dipole effects, which favor the diequatorial conformation, and the 6c-si 

- o : ~  interaction, which is maximized in the diaxial conformation. The parent 
alcohol 121 and the derived esters 122a-m were predicted by molecular mechanics 
calculations (which take into account steric and dipole effects only) to favor the 
diequatorial conformation. The conformational equilibria of 121 and 122a-m 
were measured by the coupling constant method,lo5 and the resulting 
conformational equilibrium data are summarized in Table 4. The ester derivatives 
in Table 4 all showed a clear preference for the &axial conformation consistent 
with the presence of ( J ~ - ~ ~  - o : ~  interactions, and, furthermore, there was a distinct 
relationship between the electron demand of the ester function and the proportion 
of the diaxial conformation. For example, the sequential replacement of the methyl 
hydrogens of the acetate derivative 122b with chlorines (Table 4, entries 2-5) was 

Table 4 
Conformational Data for 121 and esters 122a-122m 

SiMe, Me 

~ e +  
= +siMe, 

OR OR 

Compound % Diaxial % Diequatorial -1% Keq 

121 41.2 58.8 -0.154 
122a 58.0 42.0 0.140 
122b 70.0 30.0 0.367 
122c 80.8 19.2 0.624 
122d 87.0 13.0 0.825 
122e 68.5 31.5 0.337 
122f 70.0 30.0 0.367 
122g 67.0 33.0 0.307 
122h 70.0 30.0 0.367 
122i 72.9 27.1 0.429 
122j 81.8 18.2 0.647 
122k 74.5 25.5 0.466 
1221 73.0 27.0 0.43 1 
122m 72.9 27.1 0.429 
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accompanied by an increasing proportion of the diaxial conformation. This type of 
relationship was also apparent with the substituted benzoate esters (entries 6-14); 
a plot of log K, for the parent acids against log Keq for the corresponding esters 
showed a reasonably linear relationship with a slope of 0.1. A similar relationship 
was observed for the P-trimethylsilyl esters 124a-d derived from 2-trimethyl- 
silylethanol 123. The solution conformational equilibria were determined by 
analysis of the AA'BB' splitting pattern in the 'H NMR spectra and determination 
of the JAX and JAX, coupling constants.'06 It was found that in all cases studied the 
anti conformation was preferred, and that the relative proportions of the gauche and 
anti conformers depended on the electron demand of the ester. Thus as the 
electronegativity of the ester increased, so did the proportion of the anti 
conformation. 

The relationship between the proportion of the anti-periplanar conformation 
and the electron demand of the ester substituent in flexible systems containing the 
Si-C-C-OR moiety is consistent with the b C - S i - 0 ; 3 a R  interaction: Increasing the 
electron demand of the ester substituent decreases the energy of the ~ ; 3 -  orbital, 
resulting in a better energy match with the oc-si orbital and hence a stronger oc-si 
-c&c4)R interaction. Furthermore, the coefficient of the oEaR orbital on the carbon 
increases with increasing electron demand of OR, leading to more effective overlap 
with the adjacent oc-si orbital. 

d. Conformational Studies of P-Trimethylgermyl Alcohols and Esters. 
Conformational analysis of the P-trimethylgermyl alcohol 12S07 and its derived 
esters 126a-g revealed a bias towards the diaxial conformation (Figure 8), in 

SiMe, 

MqSi,,, 
Me+ OR OR 

123: R = H  
124a: R = 4-NO&H,CO 
124b: R = 3,5-(NOz)pCeH3CO 
124C: R = 2,4-(NOz)&H&O 
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Table 5 
Conformational Data for Germanium Alcohol 125 and Derived Esters 126a-h 

Compound 

125 
126a 
126b 
126c 
126d 
126e 
126f 
126g 

% Diaxial 

52.1 
67.3 
78.5 
78.5 
81.3 
81.3 
84.2 
87.5 

% Diequatorial 

47.9 
32.7 
21.5 
21.5 
18.7 
18.7 
15.8 
12.5 

-1% Kq 
0.04 
0.3 1 
0.56 
0.56 
0.64 
0.64 
0.73 
0.85 

contrast with that predicted by molecular mechanics (Table 5). This is consistent 
with the presence of stabilizing oC-Ge-c$4)R interactions, which are optimum in 
the diaxial conformation. Comparison with the corresponding P-trimethylsilyl 
esters 126a-g shows a slightly greater bias towards the diaxial conformation for 
the P-germyl esters, due in large part to the smaller conformational A value for the 
trimethylgermyl substituent (2.1 k~al / rnol ) '~~  compared with the trimethylsilyl 
substituent (2.5 kcal/mol). 

2. a-Stannylated Methyleneboranes 

Studies on the distannylmethyleneborane 1271°9 using llB and I3C NMR 
spectroscopy provides evidence for strong C-Sn hyperconjugation with the boron 

GeMes Me 
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p orbital. Systematic effects on the "B and 13C 6 values suggested significant 
contributions of the resonance form 127a to the ground-state structure of 127. Also 
consistent with this interpretation was the small coupling constant ' J  ('l9Sn, 13C) 
of 127, which is only 198 Hz. In the 4-tert-butylpyridine adduct 128, where the 
boron p-orbital is no longer available for hyperconjugation with the C-Sn bond, 
the corresponding coupling constant of 325 Hz lies in the range typical for C-Sn 
bonds in geminal trimethylstannyl groups (ca. 298 Hz). Structural evidence for 
strong C-Sn hyperconjugation with a p  orbital on boron is provided by the crystal 
structure of the stannylmethyleneborane 129. ' lo Hyperconjugation between the 
C-Sn bond and the p orbital on the boron of the B=C double bond is reflected in 
(1) a small B-C(sp*)-Sn bond angle of 105.6", (2) a long C(sp2)-Sn bond distance 
of 2.16 A, and (3) a short B=C double bond distance of 1.31 A. In the 
4-tert-butylpyridine adduct 130, the C-Sn distance is shortened (2.12 A), the C=B 
distance is lengthened (1.42 A), and the B-C(sp2 )-Sn bond angle opens up to 
119". 

IV. INTERACTION OF C-M& BONDS WITH ACCEPTOR 
ORBITALS AT THE y POSITION 

A. Reactivity Effects 

1. Interaction of Group 4 Metal Substituents with Positive Charge a t  the y 
Position 

The possibility that a y-silicon substituent could stabilize positive charge was 
recognized as early as 1946 by Sommer and Whitmore' ' ' when they found that the 
y-chlorosilane 131 was more reactive than the a-isomer 132. A quantitative 
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131 132 133 
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R ~ O B S  

Me3Si 
W O E S  

Me3Si 

135: R = H  
134 136 137: R = f-Bu 

understanding of the mechanism by which silicon and tin substituents interact with 
y-positive charge has been the subject of more recent ~ t u d i e s . ~ ~ ~ - ~ ~ ~  Grob 
concluded from substituent effects on the unimolecular solvolysis rates of 
1 -adamantyl bromide' that rate enhancements by the y-trimethylsilyl substituent 
in 133 were greater than predicted from its GI value. This suggested some form of 
conjugative electron release from the trimethylsilyl substituent to stabilize the 
developing carbocation. Studies of the unimolecular solvolyses of stereo- 
chemically well-defined y-Me3M (M = Si, Sn) cyclohexyl esters demonstrated that 
the y-effect of silicon and tin is strongly dependent upon geometry.ll23 113, 117 For 
example, cis-3-trimethylsilylcyclohexyl-4-bromobenzenesulfonate 134 (in 97% 
trifluoroethanoVwater) reacts at a rate 452 times faster than the corresponding 
carbon analog 135112, l13; this contrasts with the trans isomer 136, which shows no 
significant rate enhancement. Important differences in the solvolyses of 134 and 
136 also manifest both in the secondary deuterium isotope effects exhibited by 
these substrates and in the nature of their solvolysis products. Whereas the 
solvolyses of 134 and 136 show similar secondary a-deuterium isotope effects, 
they have vastly different secondary P-deuterium isotope effects. The trans isomer 
136 exhibits a large secondary fl-deuterium isotope effect (kH/kD = 2.86), indicating 
significant involvement of the p C-WD bonds at the transition state, leading to the 
carbocation intermediate consistent with reaction occurring from the conformation 
having the OBs leaving group axial. Similar results were also obtained for both the 
carbon analogs 135 and 137. 

The major reaction product formed from the solvolysis of the trans y-silyl ester 
was cyclohexene formed from the carbocation 138 (Scheme 18) by 1,2-hydrogen 
migration to give the P-silyl cation 139 followed by loss of the silicon substituent. 
In contrast to the behavior shown by 136, the cis y-silyl ester 134 exhibited a small 
inverse p-d4 isotope effect (kH/kD = 0.97) attributed to the inductive effect of the 
P-deuteriums and implies that there is very little hyperconjugative stabilization of 
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Scheme 18. 

the developing carbocation by the p C-D/H bonds. It was concluded that 134 reacts 
from the diequatorial conformation having a W relationship between the C-Si 
bond and the C-OBs bond. Based on these results, it was suggested that during the 
solvolysis of the cis isomer 134 the y-silyl substituent stabilizes the developing 
carbocation by a through-space interaction between the back lobe of the C-Si bond 
and the developing carbocation p orbital. This type of participation is often referred 
to as percaudal (through the tail) hornohyperconjugation,'*l and the carbenium ion 
can be represented by the valence-bond forms in Scheme 19. The tail of a C-M 
bond (M = Si, Ge, Sn) has significant electron density due to the polarization of the 
C-M bond, which is in the direction of the carbon. This mode of participation is 
supported by retention of configuration in the major product 141, and by the 
consistent formation of small quantities of bicyclo[3.1 .O]hexane 140 as products of 
the solvolysis of 134 (Scheme 20).1129 1 1 3  

Inductively enhanced C-C hyperconjugation (Scheme 2 1) may also contribute 
to the higher reactivity of the cis isomer 134 compared to the trans isomer 136."* 
Information that allows the relative contributions of inductively enhanced C-C 
hyperconjugation (Scheme 21) and homohyperconjugation (Scheme 20) to the y 
effects of silicon and tin has been provided by a number of experimental and 
theoretical studies: 

Scheme 19. 

134 140 141 

Scheme 20 
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Scheme 21. 

1. The y-effect of silicon in the adamantane framework is small by comparison 
with the y-effect in the relatively flexible cyclohexane framework 134.112s l13. 

For example, the relative rates of unimolecular solvolysis of 1-bromo-3-trimethyl- 
silyladamantane (133) and the nonsilicon analog are only 8.6: 1 120 The reduced 
y-effect of silicon in the rigid adamantane skeleton is consistent with there being 
reduced overlap between the backlobe of the C-Si bond and the developing 
carbenium ion. If the mode of stabilization of y-positive charge was substantially 
due to inductively enhanced hyperconjugation, the y-effects in the adamantane and 
cyclohexane frameworks would be expected to be similar. 
2. A theoretical study of the 3-silaprop-1-yl cation 142116 suggested partial 
bridging with a distance of 1.82 8, between the y-carbon and the carbenium ion, 
together with a high degree of positive charge on the silicon, consistent with the 
percaudal interaction. The carbenium ion 142 was calculated to be 10 kcaymol 
more stable than the 1-propyl carbenium ion 143, and the C2-C3 bond distance 
was no longer than the corresponding distance for the 1-propyl carbenium ion 143, 
indicating that the stabilizing effect of the silicon in 142 is not due to increased 
C-C hyperconjugation in this case. 
3. The relative rates of unimolecular solvolysis of the cis- and trans- 
y-trimethylstannylcyclohexyl nosylates 144 and 145 versus the nonstannylated 
derivative 146 were determined to be > 53,000:3.1: 1, respectively.lZ2 Whereas the 
developing carbenium ions formed during the solvolyses of 144 and 145 
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potentially are both stabilized by C-C hyperconjugation, the cis isomer 144 is also 
stabilized by Sn-C percaudal homohyperconjugation; this suggests that 
inductively enhanced C-C hyperconjugation is of minor importance in this system 
also. 

Shiner et al. studied the y-effect of silicon using the optically active acyclic 
substrate (R)-(4-trimethylsilyI)-2-butyl 4bromobenzenesulfonate (147).' 14, l5 The 
y-trimethylsilyl-substituted substrate 147 showed significant rate enhancements 
compared with the carbon analog 148 (130: 1). The racemic nature of the solvolysis 
products was interpreted as arising from participation from the back lobe of the 
y-carbon-silicon bond from both the "W' conformation 147a and the endo 
sickle123 conformation 147b in equal proportions. This result contrasts with the 
cyclic systems discussed above for which only the W geometry is attainable. 

The presence of bridgehead Me3M (M = Si, Sn) substituents has a huge effect 
on the stability of the 1-norbornyl cation 149.124 The relative rates of unimolecular 
solvolysis for 152, 151, and 150 are 20,486:1,319:1, respectively, in 97% 
trifluoroethanoUwater, which indicates that y-tin has a substantially larger effect 
than y-silicon. The stabilization of the 1-norbornyl cation by the bridgehead Me3M 
(M = Si, Sn) substituents was attributed predominantly to the through-space 
back-lobe interaction (Scheme 22), with perhaps some stabilization due to 
through-bond, double hyperconjugation involving the ethano bridges (Scheme 23). 

F O T s  
MeaSn 

R 

155 

R 

149: R = H  150: R = H  
153: R = Me,Si 151: R=Me,Si 
154: R = Me,Sn 152: R = Me,Sn 

M =Si, Sn 

Scheme 22. 
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Scheme 23. 

The through-bond and through-space interactions, however, have differing 
symmetry requirements? 

In the parent norbornyl system the C1. . 424 distance is ca. 2.28 A, and the 
internuclear angle is favorable for the through-space interaction, while the 
geometry for the through-bond interaction is less than optimum.2 High-level ab 
initio calculations carried out on the cations derived from 151 and 152 were 
presented as part of the same study. These provided evidence for substantial 
involvement of the resonance contributor B (Scheme 22), a result of the interaction 
of the back lobe of the C-M bond with the cationp orbital. The greater involvement 
of the resonance contributor B (Scheme 22) for M = Sn is suggested by the greater 
contraction of the C 1. . C 4  distance in the formation of the stannylated cation 154 
(1 .SO2 A) compared with the silylated cation 153, for which the corresponding 
distance is 1.866 A. 

The greater stabilizing effect of tin on y positive charge compared with silicon 
suggests that the C-SnR3 bond donates electron density through the back lobe 
more effectively than the C-SiR3 bond and would imply a greater contribution of 
cyclopropanelike resonance forms (e.g., Schemes 19 and 22 B) to the overall 
structure of the cation. It is interesting to note therefore that cyclo- 
propane-containing products feature much more prominently in the reaction 
products of y-tin systems compared with their y-silicon analogs. For example, 
bicyclo[3.1.O]hexane (140) makes up only 8% of the products from the solvolysis 
of the y-silyl ester 134 in 97% trifluoroethanol/water,' 12, '13 whereas under the 
same conditions the corresponding y-tin ester 155 gives the bicycle 140 as the sole 
product. l7 

Fleming noted that y-stannyl tertiary and benzylic alcohols form cyclopropanes 
stereospecifically on treatment with acid, with inversion of configuration at both 
carbon atoms, 125, 126 whereas y-silyl tertiary alcohols undergo a silicon-controlled 
carbenium ion rea~angement . '~~ Cylopropanes feature in many reactions of 
organic compounds bearing a stannyl substituent y-disposed to a leaving group, 
provided the W geometry can be a t t a i ~ ~ e d . ' ~ ~ - ' ~ ~  

The y-effect of silicon is implicated in the silicon-promoted Nef r ea~ t i0n . l~~  The 
Nef reaction of 5-nitrobicyclo[2.2.l]hept-2-ene 156 yields none of the expected 
ketone 157 (Scheme 24), whereas Nef reaction of the corresponding 
trimethylsilyl-substituted nitro compound 158 results in the formation of high 
yields of the ketone 159. The silicon is believed to promote the breakdown of the 
hydrated intermediate 160 by stabilizing the y-carbenium ion 161 (Scheme 25). 
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B. Ground-State y-Effects 

Analysis of the 19F NMR substituent chemical shifts134, 135 (SCS) for a range of 
3-substituted l-fluoroadamantane derivatives 162 demonstrate the presence of 
significant residual contributions ( 19F sCS-r,s~), when R = SiMe3 and SnMe3. 

These effects were interpreted in terms of either ( 1) homohyperconjugation, 
where electron density is donated from the back lobe of the C-M (M = Si, Ge, Sn) 
o-bonding orbital into the C-F o* orbital (as represented by the resonance form 
162a) , or (2) C-C hyperconjugation involving the resonance form 162b, where the 
Group 4 metal substituent stabilizes the resonance form 162b by inductive electron 
donation. Low-temperature X-ray structural studies on the y-silyl 163 and 
y-stannylcyclohexyl esters 144 and 164, which have a W relationship between the 
y C-M (M = Si, Sn) bond and the C-OR bond,’22 reveal small but significant 
lengthening of the C-OR bond distance relative to nonmetal-substituted esters 
16598 and 166.136 

In contrast, the esters 145 and 167 show no significant effects on the C-OR 
bond distance. These structural effects are consistent with a significant percaudal 
interaction, as represented by the resonance form 168. 
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The lack of any effects in 145 and 167 implies that any inductive effects that the 
trimethylstannyl substituent has on the 6-0* interaction between the C2-C3 6 
bond and the C-OR 6* orbital represented by the resonance form 169 is relatively 
small. 

V. INTERACTION OF C-M BONDS WITH ACCEPTOR ORBITALS 
AT THE 6 POSITION 

A. Reactivity Effects 

1. Interaction of Group 4 Metal Substituents with Positive Charge at the 6 
Position 

Solvolysis of 4-metalloidal [M(CH&, M = Si, Ge, Sn] substituted bicyclo 
[2.2.2]oct-l-y1 mesylates (170)-(172)137 provides evidence for the stabilization of 
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carbenium ions at the 6 position by silicon and to a larger extent by germanium and 
tin. Thus the relative rate of solvolysis (in 97% trifluoroethanol/water) of the 
4-trimethylsilyl mesylate 170 and the nonsubstituted parent compound 173 is 49: 1 ; 
the trimethylgermyl derivative 171 is slightly more reactive at 7 1 : 1 (relative to 173, 
and the trimethylstannyl derivative 172 is by far the most reactive (2841:l). The 
stabilization by &silicon, germanium, and tin substituents is believed to be through 
double hyperconjugation (through-bond stabilization); such an interaction can be 
represented by the resonance structures l74,174a, and 174b, and was proposed to 
account for the very large &-deuterium isotope effect (kH/kD = 1.050 in 
trifluoroethanoVwater) observed for the solvolysis of 4-~-bicyclo[2.2.2]oct- 1 -yl 
mesylate. 137 Support for this interpretation came from calculations on 4-substituted 
bicyclo[2.2.2]oct- 1-yl cations.13* 

Further evidence for the through-bond stabilization of positive charge by 
6-Me3M substituents was obtained from solvolysis of E and 2 5-(trimethylsilyl)- 
and 5-(trimethylstannyl)-2-adamantyl sulfonates. 139 Significant rate accelerations 
were observed for the E isomers 175 and 176 (with Me3Sn > Me3Si) (for which the 

175: M = Si 
176: M = S n  

177: M = S i  
178: M = S n  

179 
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stereoelectronic requirements of the through-bond interaction are fulfilled)*. 140 

compared with the Z isomers 177 and 178 (for which through-bond participation 
in the developing carbenium ion are not possible). The major product obtained 
from the (E)-stannyl-substituted isomer 176 was the fragmentation product 
7-methylenebicyclo[3.3.l]non-2-ene 179, providing further support for the 
through-bond mode of participation of the 6-stannyl substituent in this geometry. 

Lambert et al.’ l7 demonstrated the presence of a small rate-enhancing effect of 
the trimethylstannyl substituent on the unimolecular solvolysis of truns-4- 
trimethylstannylcyclohexyl tosylate 180 compared to the cis-isomer 181. 

B. Ground-State &-Effects 

The transmission of polar electronic effects over the three bonds in the adamantane 
ring system has been monitored by I9F NMR studies on a range of 5-substituted 
2-fluoroadamantanes 182 and 183.l4I The 19F substituent chemical shifts for the 
isomer 182 were factored into polar field contributions PFOF and residual 
contributions ( 19F SCS-pgF) referred to as pxo,; the latter contribution 
predominated in the series 182 but not for the series 183. In the trimethylsilyl (R = 
Me3Si) and trimethylstannyl (R = Me3Sn) substituted derivatives the pxox 
contributions to the 19F SCS suggested contributions from the resonance structures 
182a and 182b to the ground-state structure; here the C-Si (C-Sn) o-bonding 
electrons are donated by a “double hyperconjugative” mechanism through the 
intervening C-C framework bonds to the C-F o* acceptor orbital. The 
CJC-FCJC-C-CYC-S~ and GC-+&---OC-S~ orbitals, whose interactions are 
responsible for these effects, are optimally aligned in the isomer 182 but not the 
isomer 183; hence the residual effects for the isomer 183 are insignificant. The 
pxox contributions for the Me3Si and Me3Sn substituents to the 19F SCS of 
4-substituted bicyclo[2.2.2]oct-l-yl fluorides (184)142 similarly suggest con- 
tributions from the resonance structures 184a and 184b (shown for one of the 
ethano bridges). 

Accurate low-temperature X-ray structural studies on the 
trans-4-trimethylmetalcyclohexyl nosylates (185: M = Si, and 186: M = Sn)’43 
gave no evidence of any significant structural effects associated with a through- 
bond interaction between the C-M CJ orbital and the C-ONs o* orbital. Thus the 
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C-ONs distance in 185 and 186 was not significantly different from the cis-stannyl 
derivative 187 or the 4-tert-butyl derivative 166. 

VI. INTERACTION OF C-MR3 BONDS WITH REMOTE 
ELECTRON-DEFICIENT ORBITALS 

Interaction of donor bonds with remote acceptor orbitals conceivably can occur by 
through-bond or through-space mechanisms. In an effort to find evidence for a 
through-6-bond interaction (or triple hyperconjugation), with a trimethylstannyl 
substituent as the donor and a carbenium ion p orbital at the z (zeta) position as the 
acceptor, Lambert et al. investigated the solvolyses of the cis, trans,cis-6- 
(trimethylstannyl)-2-decalyl tosylate 188.'& 188 showed no rate enhancement 
compared to the cis, truns,trans-stereoisomer 189 and the corresponding 
nonstannylated analogs 190 and 191, and its rate was found to be sensitive to 

188: R=Me,Sn 
190: R = H  

189: R=Me,Sn 
191: R = H  
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Figure 9. The transannular percaudal interaction in cis-5-trimethylstannylcyclooctyl mesylate 192. 

1 92 1 93 

solvent nucleophilicity, suggesting a bimolecular process. Thus in this system the 
effect of the stannyl substituent was not great enough to raise the rate of the 
unimolecular solvolysis reaction for 188 above that of the competing bimolecular 
reaction. 

Kitching et al. have provided evidence for significant carbon-tin o participation 
in the solvolysis of cis-5-mesyloxycyclooctyltrimethylstannane 192.145 The 
mesylate 192 was found to react 800 times faster than the trans isomer 193 in 80% 
ethanollwater and gives rise to bicyclo[3.3.0]octane as the only product. The rate 
enhancement observed for the cis isomer 192 was accounted for by a stabilizing 
transannular percaudal interaction (Figure 9) (through space), which is formally an 
&-effect; this interpretation was supported by the formation of bicyclo [3.3.0]octane 
as the major solvolysis product. The trans isomer 193 cannot achieve a 
conformation that allows the percaudal interaction to assist the departure of the 
leaving group. 

VII. INTERACTION OF C-MR3 BONDS WITH IF SYSTEMS 

A. Ally1 Group 4 Metal Derivatives 

The structures and properties of allyl-MR3 (M = Si, Ge, Sn) are dominated by the 
6-IF interaction between the high-lying C-M o orbital and the a* orbital of the 
double bond. This interaction is maximized in the conformation where the C-M 
bond is orthogonal to the a system (Figure 10). The observed conformation of ally1 
and allyl-like metal systems tends to represent a compromise between the 
requirements of the o-n interaction and steric repulsion. For example, the observed 
conformation of allyltrimethylsilane 194*46, 147 is characterized by the Si-C-C=C 
dihedral angle, which lies in the range 102-106"; this conformation represents a 
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Figure 10. Conformation of ally1 group 4 metal derivatives that maximizes a-rr conjugation. 

compromise between the skew conformation (Si-C-C=C 120") and the 
conformation required to maximize 6-x  overlap (Si-C-C=C 90"). Evidence that 
allyltrimethylgermane 195 and allyltrimethylstannane 196 exist in a similar 
conformation to 194 has been provided by photoelectron spectroscopy studies.I7 
Crystal structures of the allylic stannane derivatives 197,198,199, and 200148-151 
illustrate the dominating influence that the CJC-~ , , -~ *  interaction has on the 
preferred ground state conformations of these structures. 

In all these structures the Sn-C-C=C angle is close to optimum for 6 - x  
interaction between the C(ally1)-Sn (T bond and the x system. In the two 
crystallographically independent molecules of cyclopenten-2-yl-triphenylstannane 
197 and cyclohepten-2-yltriphenylstannane 199, the stannyl substituent takes up a 
pseudoaxial orientation. Although cyclohex-2-enyltriphenylstannane 198 exists in 
the solid state with the stannyl substituent in a pseudoequatorial orientation 
(Sn-C-C=C 120"), it exists in solution predominantly in a pseudoaxial 
conformation. Analysis of the structural parameters in 198 and 199 provides some 
tentative structural evidence for the presence of the 0 - x  interaction in these 
compounds; the Sn-C(ally1) bond distances, which are 2.189(5) and 2.182(5) A, 
respectively, are slightly longer than the normal Sn-C(a1iphatic) distance, which 
is typically of the order of 2. I 3  A, consistent with the expected structural effects of 
electron donation from the c ~ ~ - ~ ~  orbital into the x* orbital. 

The 6 - x  interaction manifests in a number of other interesting ground-state 
properties of ally1 group 4 metal compounds. For example, the energy of the 

194: M = S i  197 198 
195: M = Ge 
196: M = Sn 

199 



180 STEREOELECTRONIC EFFECTS OF THE GROUP 4 METALS 

HOMO of the n system is raised, as is clear from photoelectron spectra of the 
allyltrimethylmetal compounds 194, 195, and 196.l7, 152-156 The first ionization 
energy of allyltrimethylsilane appears at 9.0 eV, that of allyltriethylgermane at 8.8 
eV and that of allyltributylstannane at 8.4 eV, and these values can be compared to 
propene (10.0 eV) and ethylene (10.5 eV).156 The energies of the isolated C-M B 

orbitals involved in the IS-n interaction as obtained from the photoelectron spectra 
of the Et4M compoundsl63 l7 are 10.5 eV for C-Si, 9.3 eV for C-Ge, and 8.7 eV 
for C-Sn. Thus the closest energy match between the interacting orbitals occurs in 
the  IS^-^^-^ interaction of allyltrialkylsilanes, where the HOMO is raised by 1.5 
eV. The  IS^-^^-^ interaction raises the HOMO by 0.5 eV in allyltriethylgermane 
(relative to the  IS^-^^ orbital energy) and ~ ~ - ~ ~ - n  interaction raises the HOMO by 
0.3 eV in allyltributylstannane (relative to the  IS^-^,, orbital energy). The strength 
of the IS-n interaction is also dependent on the nature of the other substituents 
attached to the metal inasmuch as these influence the energy of the M-C(ally1) B 

bond and hence the energy match with the n* orbital.155 The B C - M - ~  interaction in 
allylsilanes, -germanes, and -stannanes manifests also in increased the basicity of 
the C=C double bond relative to propene; this has been demonstrated from the 
0-H stretching frequencies in the infrared spectra of the phenol complexes of these 
unsaturated systems. 157 

The effects of the B-n interaction on the ground-state properties of 
allyltrimethylmetal compounds are paralleled by the effect on reactivity towards 
electrophilic reagents. Mayr demonstrated that allyltrialkylsilanes, allyltrialkyl- 
germanes, and trialkylstannanes react with diphenylcarbenium ions at rates 1 05, 5.6 
x lo5, and lo9, respectively, relative to propene.15* The reaction rates were also 
found to be sensitive to the inductive effects of the other substituents attached to 
the metal. A theoretical evaluation of the factors determining the regiochemistry 
and stereochemistry of electrophilic addition to allylsilanes and other ally1 systems 
is reported by Hehre et They predict a preference for electrophilic attack anti 
with respect to the silane substituent, a prediction that is supported by many 
experimental studies.82. I6O 

B. Benzyl Group 4 Metal Derivatives 

The C-M bonds (M = Si, Ge, Sn, Pb) interact by strong hyperconjugation with the 
adjacent n system of an aromatic ring in the neutral ground state."J61J62 This has 
been referred to as sacrificial or isovalent hyperc~njugation'~~ and can be 
represented by the valance structures 201a-201d. The aromatic ring of benzyl 
group 4 metal derivatives is therefore very electron rich. Evidence for this is 

~ p e c t r o s c o p y , ' ~ ~ - ~ ~ ~  electron spectroscopic studies of the charge-transfer 
complexes of benzyl group 4 derivatives with n-deficient species,] 22, 23, 25, 175, 176 

provided by 19F,15,27, 164-166 119Sn,l67 119Hg,167 13C,27, 168, 169 1H NMR,l1 infrared 



JONATHAN M. WHITE AND CHRISTOPHER I. CLARK 181 

and the influence of these substituents on the magnetic circular dichroism of the 
benzene Lb band.177 Studies of 13C chemical shifts in benzyl-, a-naphthyl-, and 
P-naphthyl-substituted group 4 metals, and of 19F chemical shifts in the 
corresponding fluorinated derivatives, established the rather surprising order for 
electron release in the neutral ground state for the R3MCH2 substituent as Pb - Sn 
> Ge - The dependence of the 0-K interaction on hE, which is the difference 
E ( ' ~ : ) - - E ( O ~ - ~ )  would suggest that the order of electron release should be Pb > > Sn 
> > Ge > > Si, since DE decreases in distinct steps from M = Si to Pb (cf Table l), 
however, the 0-n: interaction depends also on other factors, including a2(n) and a2 
(o), which are the electron densities in thep orbitals of the connecting atoms of the 
interacting 'x: and 0 systems.27 It was proposed that the order of electron release for 
C-M bonds in the neutral ground state results from variation of the a2(o) parameter 
from M = Si to Pb in a manner that offsets the trends dictated by the AE term. In 
contrast with the neutral ground state, hyperconjugation of C-M bonds with 
positively charged 'x: systems does follow the order Pb > > Sn > Ge > > Si,15, 22-26 

suggesting that the AE term is more important when the electron demand is high. 
This is evident from the o+ values for the R3MCH2 substituents determined from 
electronic spectroscopy of charge-transfer complexes of group 4 benzyls with 
various acceptors, and from the rates of electrophilic substitution of R3M-CH2- 
substituted aromatics. 19F substituent chemical shift studies of 4-(trimethyl- 
silylmethy1)fluorobenzene 202 and the bicyclic structures 203 and 204 
demonstrate the stereoelectronic requirements of 0-n: conjugation.166 The 19F 
chemical shift observed for 202 (where the favored conformation has the C-Si 
bond aligned with the 'x: system) indicates significant electron release by the 
trimethylsilyl substituent, whereas for 203 and 204, where the five- and 

Me-M. - Me3M+ Me3M+ Me3M' 

201 a 201 b 201 c 201 d 
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six-membered rings constrain the C-Si bond to be close to the nodal plane of the 
x: system, the effects are significantly diminished. 

A similar dependence of 0-x conjugation on stereochemistry is evident from 
the charge-transfer spectroscopy of benzyltrimethylstannane 205 and the bicyclic 
stannane 206 (where the C-Sn bond is constrained to lie in the nodal plane of the 
x: system)'75; whereas the charge-transfer frequency of 206 is identical with the 
parent hydrocarbon 207, in benzyltrimethylstannane 205, in which 0-7c 

conjugation is possible, the charge-transfer frequency is lowered by 6800 cm-l 
compared with toluene. 

The stereoelectronic requirements of the 0-x: interaction are also reflected in the 
barriers to rotation about the Ar-CH2MR3 bond.178, 179 These barriers have been 
determined for a number of benzyl group 4 metal derivatives from the long-range 
coupling constants between the methylene protons and the para ring protons, and 
by ab initio calculations. These rotational barriers are shown to be dominated by a 
twofold term that is consistent with the 0-x: interaction; the magnitudes of the 
barriers are in the order M = Si < Ge < Sn. 

interaction raises the HOMO level of the aromatic x: system, as 
evidenced by a lowering of the ionization potential of group 4 metal benzyls 
relative to the corresponding carbon analogs. Vertical ionization potentials for 
group 4 metal benzyl derivatives have been determined by a number of techniques 
including photoelectron spectroscopy, 180-185 mass spectroscopy, lS6 and charge- 
transfer spectroscopy.' 1, 22, 233 2 5 9  175, 176 Ionization potentials for compounds 
PhCH2MMe3 have been determined to be 8.40-8.42 eV for Si, 8.36-8.40 eV for 
Ge, 8.08-8.21 eV for Sn, and 7.87 eV for Pb, which may be compared with toluene 
(8.82 eV) and neopentyl benzene (8.77 eV).'833 184 Schweig et al. showed that the 
destabilization of the x: molecular orbitals in ally1 and benzyl compounds of silicon, 
germanium, and tin can be quantitatively accounted for on the basis of the 0 - x  
interaction. 154 The difference in the ionization potentials for silicon-substituted 
indane derivative 208 and the related silaindane 209, which are 8.13 and 8.42 eV, 
respectively, reflect the differing degrees of overlap between the C-Si bond and the 
aromatic x system in 208 and 209.187 Multiple substitution of benzene with 
trimethylsilylmethyl substituents lowers the ionization potential further; for 
example, 1,4-bis(trimethylsilylmethyl)benzene (210) and 1,2,4,5-tetrakis- 
(trimethylsilylmethy1)benzene (21 1) have remarkably low ionization potentials of 
7.45 and 7.10 eV, respectively.180 

The 
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The observation of an intense absorption at 43,300 cm-I (E = 10,900) in the 
electronic spectra of phenylpentamethyldisilane 212 and a red shift of this 'Laband 
of 6000 cm-1 relative to benzene has been suggested to be due to 6-x: interaction 
between the Si-Si bond and the aromatic ring.188 Support for this interpretation 
was provided by the electronic spectra of the stereochemically constrained 
disilanes 213 and 214. The disilane 214, which can achieve a conformation 
allowing overlap between the Si-Si bond and the n: system, displays an intense 
absorption at 42,900 cm-l ( E  = 11,000) similar to 212. However, disilane 213, in 
which the constraints of the five-membered ring place the Si-Si bond close to the 
nodal plane of the benzene ring, did not display this absorption. 

Further spectroscopic evidence for neutral hyperconjugation between 
Me3MCH2 (where M = Si, Ge, Sn) and an adjacent aromatic ring has been 
claimed189 from the one-bond 13C-M ( M = 29Si, l19Sn) and 13C-13C coupling 
constants in the series of I-substituted benzyl-silanes, -germanes, and -stannanes 
215, 216, 217 (see also Ref. 190). When the substituent was held constant, there 
was an increase in the 13CH2-13Ci,,,, coupling constant for the series M = Si < Ge 
c Sn consistent with increasing (T-Z conjugation from Si to Sn. For the 
4-substituted benzyltrimethylsilanes 215, the 29Si-13CH2 coupling constant 
decreased along the series X = OMe > Me > H > CN, indicating the increasing 
importance of the resonance form 215a as the electronegativity of the substituent 
X increases. 

21 2 21 3 21 4 
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VIII. INTERACTION OF C-MR3 BONDS WITH ELECTRON RICH 
ORBITALS AT THE p POSITION 

A. Interaction of C-MR3 with Heteroatom NonBonding Orbitals at the p 
Position 

The interaction of C-M bonding orbitals with heteroatom lone-pair orbitals is a 
two-center-four-electron interaction. This is destabilizing and raises the energy of 
the HOMO relative to the unperturbed orbitals, and hence lowers the ionization 
potential of the heteroatom lone-pair electrons. The interaction is qualitatively 
represented by the molecular orbital interaction diagram shown in Figure 1 1. The 
strength of the interactions depends on a number of factors but most importantly 
on the orientation of the C-M bond with respect to the lone-pair orbital and on the 

, 
W - S n  , 

GC-Ge 

, 

Figure 11. Energy-level diagram for the interaction of the c-M CJ orbital and a heteroatom lone-pair 
orbital. 
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energy difference between the interacting orbitals. Orbital energies of C-M (M = 
Si, Ge, Sn)Ih-l8 bonds and of various heteroatom lone-pair  orbital^'^-^^ have been 
obtained from photoelectron spectroscopy on model compounds. These suggest 
that a C-Si bond should interact most strongly with an ether oxygen lone-pair 
orbital, for in this case there is a close energy match between the oc-si and no 
orbitals. Interaction of the oc-si orbital with nonbonded orbitals on heteroatoms 
such as nitrogen or sulfur is expected to be weaker, as these lie at higher energies. 
The lower group 4 metals, Ge and Sn, for which the oC-M orbitals lie at higher 
energies, interact more strongly with nN and ns lone-pair orbitals than silicon. The 
effects that the interaction between a C-M bond and a heteroatom lone-pair orbital 
have on the properties of 0,191-194 N,191* 195 S,196, 197 and PlS5 containing 
compounds have been studied by a number of techniques, including photoelectron 
spectroscopy,Ix0, 193, 1943 196, 198 electr~chemistry,~~~. 199 electron spin resonance 
spectroscopy.2m 

1. Organosilicon Compounds with Heteroatom Lone Pairs at the p Position 

Block et al.194 examined the effects of trimethylsilyl substitution on the first 
vertical ionization potentials by photoelectron and Penning ionization electron 
spectroscopy studies of a range of cyclic and noncyclic sulfides and ethers. It was 
shown that substitution of oxirane 218 with a trimethylsilyl substituent as in 219 
lowered the ionization potential by 0.90 eV (20.8 kcdmol), while similar 
substitution of dimethyl ether 220 in 221 lowered the ionization potential by 0.64 
eV (14.8 kcdmol). By comparison, the effects of silyl substitution on sulfur lone- 
pair ionization potentials was found to be smaller; thus the ionization potential of 
dimethyl sulfide 222 is lowered by 0.37 eV upon trimethylsilyl substitution in 223, 
and the trimethylsilyl-substituted thiirane 225 is lowered by 0.59 eV relative to 
thiirane 224. The raising of the energy of the sulfur lone-pair electrons in the 
thiirane 225 is also apparent from its UV spectrum, where there is a bathochromic 
shift in the absorption maximum compared to the parent 224. 

determined the electrochemical oxidation potentials of a range 
of silyl-substituted ethers and alcohols and found that silyl substitution lowered the 
oxidation potentials relative to the corresponding nonsilylated compounds. In the 
ethers 226-230 the effect of the silicon was shown to depend strongly on the 
Si-C-0-C dihedral angle. Maximum effects were found for 229, where the C-Si 
bond was close to eclipsed with the oxygen p lone-pair orbital; much smaller 
effects were seen for 227 and 230, where the C-Si bond overlaps less effectively 
with the oxygen p lone-pair orbital. Further evidence for the dependence of the 
oxidation potential on the conformation of the Si-C-0-C fragment was provided 
by the temperature dependence of the oxidation potential of the acyclic ether 231. 
At low temperature the most stable conformation of 231 has the Si-C-0-C 
dihedral angle 180"; however, this conformation has the C-Si bond orthogonal to 

Yoshida et 
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Figure 12. Stabilization of a heteroatom radical cation by hyperconjugation with the C-Si o orbital. 

the oxygen p lone-pair orbital and is unfavorable for electron transfer. As the 
temperature is raised, the oxidation potential of 231 decreased due to increasing 
population of a less favored conformation that is energetically more favorable for 
oxidation. 

Theoretical calculations on the simple model compound 232 showed that the 
HOMO energy varied with the Si-C-0-H dihedral angle and was at a maximum 
when the Si-C-0-H angle was 90" (where the C-Si bond eclipses the oxygen p 
lone-pair orbital) and minimum at 180" (where the C-Si bond and oxygen p 
lone-pair orbitals are orthogonal). These calculations also suggested that the 
lowering of the oxidation potentials for 226-230 was due in most part to the raising 
of the energy of the oxygen lone-pair electrons by the destabilizing four-electron 
interaction with the C-Si bond (see Figure 11). Stabilization of the radical cation 
233 by hyperconjugation (Figure 12), which would also contribute to a lowering 
of the oxidation potential, appeared to be of less significance. The C-Si bond was 
calculated to stabilize the P-radical cation by only 0.12 eV at the STO-3G* level of 
theory, which is similar to the stabilization of carbon radicals by p-silicon 
substituents201; in contrast, the HOMO is destabilized by 0.9 eV due to the 
two-center-four-electron interaction. Theoretical calculations on the analogous 
sulfur-containing model compound 234 also showed that the HOMO energy level 
varied with Si-C-S-C angle but that the effect was much less dramatic than was 
the case for 232. This outcome is consistent with the much poorer energy match 
between a oC-si orbital and a sulfur p lone-pair orbital. Sakurai and Kira2O0 
determined the ESR spectra of the radical cations 235 and 236 generated from their 
corresponding neutral precursors by 6oCo y-irradiation in frozen CFC13 matrices. 
From analysis of the fine structure of the spectra of 235 and 236, it was deduced 
that the preferred conformation of these radicals had the C-Si bond eclipsing the 
heteroatom singly occupied p orbital. For the sulfur radical cation 236 the SOMO 

232 234 235 236 
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was described as an S-centered nonbonded orbital, perturbed moderately by 
c ~ ~ - ~ ~ - n ~  orbital mixing. However, for the 0 radical cation 235 the SOMO could 
not be regarded as an oxygen nonbonded orbital, but as one including large 
contributions from the oc-si bonding orbital, this result is consistent with better 
mixing of the similar energy orbitals, C L - ~ ~  and no. 

Interaction of the C-Si bond with the nitrogen lone-pair orbital in 237 and 
2381913 lg5 causes only a moderate decrease of the oxidation potential (0.33 eV for 
2371g5 and 0.14 eV for 23819') relative to the parent amines. Interestingly, the 
effects of silyl substitution on the oxidation potentials of carbamate nitrogen 
lone-pair electrons is larger; for example, the oxidation potential of 239 is lowered 
by 0.5 eV relative to the parent 240. This can be rationalized by the lowering of the 
energy of the nitrogen p orbital by conjugation with the carbonyl group, resulting 
in a better energy match with the oc-si orbital. 

The interaction of the c ~ ~ - ~  bonding orbital with the carbonyl oxygen p 
lone-pair orbital is proposed largely to account for the bathochromic shift for the 
n-%* transition in the UV-VIS spectra of acylsilanes, -germanes, and -stannanes 
compared with simple alkyl ketones. l g 8 9  202-204 The c~C-M-no interaction raises the 
energy of the lone-pair electrons on the carbonyl group and consequently decreases 
the n-%* energy gap. Evidence for the raising of the energy of the oxygen 
nonbonded electrons in these compounds has been provided by photoelectron 
spectroscopy198 and electrochemistry.202 For example, Bock et measured the 
vertical ionization potentials of the acylsilane 241 and the acylgermane 242 and 
found these to be 8.6 and 8.5 eV, respectively, which represents a decrease of 1.1 
and 1.2 eV, respectively, relative to acetone (9.7 eV). The very broad photoelectron 
bands (0.5 eV) for 241 and 242 were seen to be consistent with significant mixing 
of the C J C - ~  (M = Si, Ge) bonds with the oxygen p lone pair, and in fact the 
longest-wavelength transitions in acylmetalloids are better regarded as O-K* 

transitions rather than no--%* transitions. It has been proposed that the 

241: M = S i  243 
242: M = G e  

244 
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bathochromic shifts in the UV-VIS spectra of acylmetalloids is also due in part to 
the lowering of the energy of the LUMO of acyl metalloids from mixing of the 
carbonyl n* orbital with the vacant d orbitals (or CY&-~)  on the silicon.204* 205 For 
example, Bock et al. have measured the half-wave reduction potentials of various 
acylsilanes and found stabilization of the LUMO of ca. 0.2-0.3 eV due to the 
presence of the silicon. The oxidation potentials of the acylsilanes 243 (1.23 V) and 
244 (1.24 V) determined by rotating disk techniques202 were dramatically lower 
than octanal and 2-octanone, both of which have oxidation potentials greater than 
2.0 v. 

2. Organogermanium Compounds with Heteroatom Lone Pairs at the p 
Position 

Electrochemical studies of a-alkoxygermanes and acylgermanes202, 203 show that 
these compounds are more easily oxidized than their parent germanium-free 
compounds and the corresponding silicon-containing compounds. For example, 
the oxidation potential of (menthoxylmethy1)trimethylgermane (245)203 occurred 
at 1.67 eV, while that of the parent 247 occurred at 2.16 eV, and the corresponding 
silane 246 at 1.83 V. The oxidation potential of the acylgermane 248202 was 
determined to be 1.3 1 V compared 1.62 V for the corresponding acylsilane 249 and 
the parent, which is > 2.0 V. Mixing between the oC-Ge orbital and no orbitals, 
raising the energy of the HOMO, is proposed to account for these observations. 

3. Organostannane Compounds with Heteroatom Lone Pairs at the p Position 

Electrochemical studies of (menthyloxymethy1)trimethylstannane (250)206 reveals 
an oxidation potential of 1.09 V, which is lower than the corresponding silane 246 
and germane 245 and the parent 247. The oxidation potential of tetrabutylstannane 
251 was determined to be 1.52 V, which is higher than the alkoxystannane 250; 
thus the decrease in the oxidation potential for 250 was attributed to the oC-Sn-nO 
interaction. It can be argued that the oC-sn-nO interaction raises the energy of the 

Bu Bu 

0 Bd ‘Bu 
CioHziyMM% Sn’ 

Me 
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HOMO in 250 by ca. 0.4 V (the difference between the oxidation potentials of 250 
and 251); this is a much smaller effect than the corresponding oc-si-no interaction, 
which lowers the oxidation potential of a-alkoxysilanes by as much as 0.9 V. This 
is consistent with the better energy match between the oc-sl and no orbitals. 

The effects of stannyl substituents on the ionization potentials and oxidation 
potentials of the (higher-energy) sulfur lone pairs at the p position is much larger 
than the effects of silicon. For example, introduction of a trimethylstannyl 
substituent onto the 2-position of the 1,3-dithiane 252197 results in a dramatic 
decrease in the oxidation potential, and this effect was shown to be geometry 
dependent. The dithiane 253 in which the trimethystannyl substituent is 
constrained to be axial (with efficient overlap between the C-Sn bond and the 
sulfur p lone pairs) has an oxidation potential of 0.4 V, which represents a decrease 
in oxidation potential of 0.78 V compared with the parent dithiane 252 (1.18 V), 
whereas the isomer 254 in which the trimethylstannyl substituent is equatorial (and 
overlaps less effectively with the sulfur p lone-pair orbitals) displays an oxidation 
potential of 0.75 V, which represents a much smaller effect. The oxidation potential 
of the 2,2-bis(Uimethylstannyl)dithiane 255 is lowered by a remarkable 1.0 V 
relative to the parent dithiane 252. The vertical ionization energy of 255 was also 
investigated by measuring its photoelectron spectrum, which revealed a lowest 
ionization band for removal of a sulfur p lone-pair electron that was lowered by ca. 
1 eV compared to dithiane 252. 

B. Interactions between Adjacent C-MR3 Bonds 

Interactions between vicinal C-Si and C-Sn bonds in the fragment 
R3M-C-C-MR3 raises the energy of the HOMO relative to reference compounds 
containing a single equivalent metal substituent. These interactions, and their 
dependence upon stereochemistry, have been revealed by spectroscopic studies on 
model c0mpounds.2~~ For example, in the photoelectron spectrum of 
1,2-bi~-(trirnethylstannyl)ethane~~~ (256) the first ionization energy [which 
corresponds to ionization of the antibonding combination of the vicinal oc-sn 
orbitals (Figure 13)] occurs at 8.0 eV compared with ethyltrimethylstannane (257) 
of 9.1 eV; ionization of the bonding combination for 256 occurs at 10.6 eV. This 
splitting indicates an interaction between the two C-Sn o orbitals of 2.6 eV. In 
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Figure 13. In-phase and out-of-phase combinations of vicinal C-Sn orbitals. 

contrast, 1,3-bis-(trimethylstannyl)propane (258) shows a single ionization band 
corresponding to the Me3Sn-CH2 (3 orbital at 9.4 eV. The photoelectron spectrum 
of trans-2,3-bis(trimethylstanny1)[2.2.1]bicycloheptane (259) reveals a first 
ionization band at 8.0 eV. The splitting between the in-phase and out-of-phase 
combinations of the aC-Sn orbitals was estimated to be 1.2 eV. The much smaller 
splitting observed for 259 compared with 256 is consistent with the reduced 
overlap between the csC-Sn orbitals in the former; Sn-C-C-Sn -120" for 258 and 
180" in 256. The (3-0 interactions in 256 and 259 were compared with the n-n 
interaction in the bicyclic tetraalkylhydrazines 260 and 261, shown in Figure 14. 
The obvious similarity in the 6-a interaction between vicinal C-Sn bonds and 
vicinal nitrogen lone-pair orbitals suggests that polarized C-metal bonds behave 
like nonbonded electrons in delocalization. Interactions between vicinal C-Si 
bonds are apparent in the photoelectron spectrum of 1,2-bis(trimethylsilyl)ethane 
(262), which has a first ionization band at 8.7 eV compared with that of 
1,3-bis(trimethylsilyI)propane (263), which occurs at 9.4 eV. 

Yoshida et a1.208 determined the oxidation potentials of a range of 1,2-bis 
(trialkylsily1)-1 ,Zdiphenylethane derivatives using rotating disk voltammetry. 
They found that the oxidation potentials of the two isomers 264 and 265, which 
were 1.23 and 1.32 V relative to the reference Ag/AgCl electrode, were less 
positive than for benzyltrimethylsilane (201: M = Si) ((3-n interaction system) and 
1,2-bis(trimethylsilyl)ethane (262) (a (3-0 interaction system). This result 
suggested some conjugation between the 0-n interaction system and the (3-0 

interaction system in 264 and 265. This was supported by molecular orbital 
calculations, which showed that the HOMO for 264 and 265 is delocalized through 
the two C-Si bonds and the two benzene rings. 

260 261 

AE 2.6 eV 1.8eV 

Figure 14. Lone-pair-lone-pair interactions in tetraalkyl hydrazines. 
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IX. COMMENT: INTERACTION OF GROUP 4 METAL 
SUBSTITUENTS WITH SINGLY OCCUPIED ORBITALS 

Interaction of group 4 metal substituents with singly occupied orbitals will not be 
dealt with in any depth in this chapter. It is worth pointing out, however, that it has 
been well established that these substituents stabilize carbon-centered radicals at 
the a and p positions,30, 38, 201, 209 by ca. 1-5 kcal/mol, the former by p-d 
conjugation, and the latter by B-X conjugation and/or p-d homo- 
c o n j ~ g a t i o n . ~ l ~ - ~ l ~  Interaction with singly occupied orbitals on oxygen191~200,216 
and sulfur2O0 have been studied by electron spin resonance and by theoretical 
calculations. The stabilizing effect of silicon on both a- and P-carbon-centered 
radicals has been used to advantage to direct the course of organic reactions 
involving free radical  intermediate^.^^'. 21 
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I. INTRODUCTION 

The lanthanoids are composed of a series of 15 analogous elements from La 
(atomic number 57) to Lu (atomic number 71). These are amphoteric elements, 
which are stable in the +3 oxidation state, are widely recognized as strong Lewis 
acids on the basis of their high oxophilicity. The ionic radius of these 
octa-coordinated trivalent lanthanoids decreases from 1.18 8, in La to 0.97 A in Lu 
as the atomic number increases, demonstrating the so-called lanthanoid 
contraction. Meanwhile, the ionic radius increases as the coordination number 
increases. In recent years, catalytic asymmetric synthesis using chiral lanthanoid 
complexes has received much attention. It is envisioned that by varying the 
lanthanoid element in a chiral catalyst, it would be possible to modify slightly the 
metal-oxygen bond characteristics in an appropriate asymmetric environment 
without changing the fundamental structure of the catalyst. Therefore, utilization 
of chiral lanthanoid complexes may provide a unique opportunity for creating 
tailor-made asymmetric catalysts. Moreover, some of the lanthanoid elements are 
abundant and nontoxic, which also make them desirable as the key component of 
an asymmetric catalyst. 

The first part of this chapter describes recent advances in the use of novel, chiral, 
alkali metal free-lanthanoid-BINOL derivative complexes for a variety of 
efficient, catalytic, asymmetric reactions. For example, using a catalytic amount of 
chiral Ln-BINOL derivative complexes, asymmetric Michael reactions and 
asymmetric epoxidations of enones proceed in a highly enantioselective manner. 

The second part of the chapter deals with several kinds of asymmetric reactions 
catalyzed by unique heterobimetallic complexes. These reagents are 
lanthanoid-alkali metal hybrids which form BINOL derivative complexes (LnMB, 
where Ln = Ianthanoid, M = alkali metal, and B = BINOL derivative). These 
complexes efficiently promote asymmetric aldol-type reactions as well as 
asymmetric hydrophosphonylations of aldehydes (catalyzed by LnLB, where L = 
lithium), asymmetric Michael reactions (catalyzed by LnSB, where S = sodium), 
and asymmetric hydrophosphonylations of imines (catalyzed by LnPB, where P = 
potassium) to give the corresponding desired products in up to 98% ee. 
Spectroscopic analysis and computer simulations of these asymmetric reactions 
have revealed the synergistic cooperation of the two different metals in the 
complexes. These complexes are believed to function as both Bransted bases and 
as Lewis acids may prove to be applicable to a variety of new asymmetric catalytic 
reactions.'? 

The third part of this chapter reviews previously described catalytic asymmetric 
reactions that can be promoted by chiral lanthanoid complexes. Transformations 
such as Diels-Alder reactions, Mukaiyama aldol reactions, several types of 
reductions, Michael addition reactions, hydrosilylations, and hydroaminations 
proceed under asymmetric catalysis in the presence of chiral Ianthanoid complexes. 
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11. CHIRAL, ALKALI METAL FREE-LANTHANOID-BINOL 
DERIVATIVE COMPLEXES 

A. Basicity of Lanthanoid Alkoxides 

The evolution of lanthanide-BINOL complexes emerged from the desire to 
develop a new class of basic asymmetric catalysts from early transition metal 
alkoxides. Early investigations focused on the use of the amphoteric zr(O-t-B~)~,  
a group 4 metal alkoxide for the direct preparation of zirconium enolates from 
ketones. With zr(O-t-B~)~,  various reactions of ketones and aldehydes proceeded 
smoothly to give aldol products, indicating that the direct formation of zirconium 
enolates was occurring (Figure l).3 These reactions, however, proceeded 
efficiently only when stoichiometric quantities of Zr(0-~-Bu)~ were used. Attempts 
to carry out aldol reactions using catalytic amounts of Zr(O-t-Bu)4 were 
unsuccessful. Clearly, metal alkoxides more basic than group 4 metal alkoxides 
were needed. Lanthanoid alkoxides were expected to exhibit enhanced basicity due 
to their lower ionization potentials (ca. 5.4-5.6 eV) and lower electronegativities 
(1.1-1.2) compared to group 4 metals. Moreover, this increased basicity was 
expected to increase the utility of lanthanoid alkoxides for catalysis of organic 
reactions. This expectation was borne out in fact. As shown in Figure 2, lanthanoid 
and group 3 metal alkoxides were suitable for use as a base in aldol-type reactions, 

Zr(O-t-6~)~ 
(1.3 mol equiv) 

Ph THF,-30'C 
6 + OHC- 

1 2 3 (77%) 

4 5 6 
(64%, 100% based 
on recovered 4) 

Zr(0-~-Bu)~ 
(2.0 mol equiv) 

THF, -30 'C - rt 

7 8 (78%) 

Figure I .  Aldol reactions with Zr(O-t-Bu)d. 
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P h v  
rare earth alkoxides 

PhCHO + CIJ THF 

9 10 11 
CI 

[La3(O-1-Bu)g (3.3 rnol %), -72 'C, 74%] 
[Y3(0-f-Bu)&I (3.3 rnol %), 4 3  "C, 
50%] 

La3(O-f-Bu)g 

p h N C H 0  + CH$IO2 (3.3 mol %) 2 NO2 
THF.0-C * Ph 

2 12 13 (85%) 

rare earth alkoxides 
(3.3 mol %) 

THF, -30 'C 

14 15a 15b 

[La3(O-t-Bu)g : 15a 40%, 15b 30%] 
[Y5(O-i-Pr)130: 15a loo%] 

Figure 2. Typical aldol-type reactions catalyzed by lanthanoid and/or yttrium alkoxides 

and moreover that the catalytic use of these alkoxides was feasible, suggesting the 
possibility for developing basic asymmetric catalysts from lanthanoid alkoxides. 

B. Preparation of Ln-BINOL Complexes 

The first basic asymmetric catalysts of type A were prepared from LnCI3 (Ln = Y 
or La) and enantiopure bidentate diol derivatives such as 164 under the conditions 
outlined in Figure 3. Although the structures of the type A catalytic species were 
still open to conjecture, they nonetheless proved effective for catalytic asymmetric 
reactions. Thus treatment of 14 with the yttrium catalyst of type A in THF at -52 
"C for 6 days gave a 60% yield of 15a with 52% ee.5 However, it was shown that 
the enantiomeric purity of isolated 15a decreased when further exposed to the type 
A catalyst at -30 "C, suggesting that the product had a tendency to undergo a retro 
aldol reaction. 

The nitroaldol (Henry) reaction6 was next examined, and it too proceeded 
efficiently in the presence of a catalytic amount of lanthanoid alkoxides. 
Specifically, by using type A catalysts the reaction of 2 with nitromethane (12) 
gave the desired nitroaldol product, however, in racemic form. The stereorandom 
course of this reaction could be understood by NMR spectroscopic analysis of the 
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NaO-t-Bu 
(1 equiv) 

1 THF 
r 1 

L type  catalyst J 
14 * 15a 

52% ee (60%) 

Figure 3. Preparation of type A asymmetric catalysts and a catalytic asymmetric intramolecular aldol 
reaction. 

reaction mixture. A 13C NMR spectrum of a mixture of the asymmetric catalyst and 
nitromethane showed clearly that an undesired exchange of the asymmetric ligand 
for (acidic) nitromethane was occumng, producing an achiral nitronate. This result 
suggested the preparation of a chiral lanthanoid complex from commercially 
available Ln(O-i-Pr), by exchanging an isopropoxide moiety with an acidic chiral 
BINOL (17). The inexpensive La metal was chosen as the lanthanoid. Thus to a 
stirred solution of La(O-i-Pr)3 (1.0 mmol) in anhydrous THF was added 1 mol 
equiv of (S)-17 at 0 "C, which resulted in the formation of the La-17 complex. The 
preparation of the La-17 complex is found to be highly dependent on the lot of 
La(O-i-Pr)3 employed. Occasionally a suspension is obtained that is also an 
efficient catalyst for the asymmetric Michael reaction described in the following 
section. The complex La-17 (albeit of unknown structure) displays excellent 
catalytic activity in a number of asymmetric reactions. 

C. Catalytic, Asymmetric Michael Reaction Promoted by the La-BINOL 
Complex 

Michael reactions have been found to proceed in a highly enantioselective manner 
with a catalytic amount of the La-17 ~ornplex.~ For example, dibenzyl 
methylmalonate (18) reacted with cyclopentenone (4) in the presence of 10 mol % 
of the La-17 complex (-20 "C for 48 h) to give the Michael adduct 19 in 70% ee 
in 86% yield. Tetrahydrofuran (THF) was found to be the solvent of choice. A 
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1 La-BINOL complex 
17 (La-(S)-l7) 

La(O-CPr)3 

r B n O v O B n  Oc: 

0 

19 0 

0 0  

B n O V O B n  

CH3 
18 

cH3 Ir"' 
0 

I1 

8 
4 

Figure 4. Proposed mechanism for the La-BINOL (La-l'l)-catalyzed asymmetric Michael reaction. 

plausible mechanism for this reaction is shown in Figure 4. In the first step, 
dibenzyl methylmalonate (18) is deprotonated with La-17 to give the 
BINOL-lanthanum ester enolate I. This enolate would then react with 
cyclopentenone (4) to give the lanthanum enolate I1 in the stereochemistry- 
determining step. A critical turnover event is the proton transfer to the enolate I1 
from 18, which should be favorable due to the difference in their pK, values. This 
key step forms the Michael adduct 19 and simultaneously regenerates the 
lanthanum ester enolate I, thus making the catalytic cycle possible. These 
mechanistic speculations suggested that the intermediate lanthanum ester enolate 
I is the real asymmetric catalyst and could be more directly prepared starting with 
La(O-i-Prb, dibenzyl methylmalonate (18), and BINOL (17). This indeed proved 
to be the case.' 

The independent preparation of the catalytic complex involved combination of 
equimolar amounts of 18 and La(O-i-F'r)3 in THF at 0 "C, followed by addition of 
(S)-17 (1 mol equiv). The residue obtained after removal of the solvent was 
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redissolved in THF and used as a catalyst. For example, this complex (10 mol %) 
was used to catalyze the reaction between dibenzyl methylmalonate (18) and 
cyclopentenone (4) (-10 "C, 84 h) to afford the Michael adduct 19 in 91% ee in 
91% yield. Representative results of Michael reactions with this catalyst complex 
and various substrates are shown in Table 1. Although the reactions are slow 
(60-84 h), the yields and enantioselectivities are extremely high for both 
cyclopentenone (4) and cyclohexenone (22). 

Previous studies on asymmetric Michael reactions with a chiral lanthanoid 
catalyst are on record. Scettri et al. have reported the use of (+)-Eu(tfc)#ris(3- 
(trifluoromethylhydroxymethylene)-(+)-camphorato)e~pium~] as a catalyst with 
modest enantioselectivities.8 

Table 1 
Catalytic, Asymmetric Michael Reactions Promoted by La-(9-17 Enolate I (10 mol %) 

Michael Temp. Time Yield ee 
Entry Enone donor Product ("C) (h) (%I 

B n O y n  QOBn -10 -20 

OBn 
19 0 0 

B n u O B n  q O B n  OBn -20 

21 0 20 

v 
22 

84 
60 

72 

84 

84 

84 

84 

91 
97 

96 

83 

94 

100 

97 

91 
95 

92 

87 

92 

75 

78 
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D. Catalytic, Asymmetric Epoxidation of Enones Promoted by 
Ln-BINOL Derivative Complexes 

Catalytic, asymmetric epoxidations are one of the most important asymmetric 
processes. In 1980 Katsuki and Sharpless reported a stoichiometric asymmetric 
epoxidation of allylic alcohols, a method that was later improved to become a 
catalytic proces~ .~  Moreover, catalytic asymmetric epoxidations of 
unfunctionalized olefins using salen-manganese complexes have been reported 
independently by several groups. In striking contrast to these successful 
achievements, an efficient catalytic asymmetric epoxidation of enones with broad 
generality has not been d e ~ e l o p e d . ' ~ - ~ ~  

In view of the successful demonstration of La-17 as an efficient asymmetric 
catalyst for Michael reactions, it is reasonable that an Ln-17 complex might be 
useful for the asymmetric epoxidation of enones using hydroperoxides such as 
tert-butyl hydroperoxide (TBHP). Since this type of epoxidation proceeds through 
a Michael-type addition of hydroperoxides to enones, the mechanistic analogy is 
clear. The catalyst for this purpose [La-(R)-171 was prepared by combining 
La(O-i-Pr)3 with (R)-17 in the presence of powdered, activated 4A molecular 
sieves (MS) in THF (Figure 5). The reaction of chalcone (33) with TBHP (1.5 
equiv) at rt for 0.5 h catalyzed by La-(R)-17 (10 mol %) afforded 34 with 62% ee 
in 90% yield. Moreover, the use of cumene hydroperoxide (CMHP) instead of 
TBHP improved the asymmetric epoxidation, giving 34 with 83% ee in 93% yield 
(5 mol % of the La-17 complex).23 These reactions are clearly accelerated by the 
addition of MS 4A, though the origin of the effect is not clear at present. 

This type of chiral lanthanum catalyst was found to be applicable for 
epoxidation of a range of enone substrates. Thus 35 was converted to 36 with 86% 
ee and in 93% yield, and 37 was transformed to 38 with 85% ee in 85% yield (Table 
2, entries 1,4, and 6). The enantioselectivity of the asymmetric epoxidations could 
be substantially improved by the use of (R)-3-hydroxymethyl-BINOL (32) instead 
of 17 (Table 2, entries 2, 3, 5, and 7). Namely, 34, 36, and 38 were obtained in 
excellent yields with 91,94, and 83% ee, respectively. 

La-BINOL cat. (La-17) 

Ln(O-kPr)s + 

Ln = La or Yb Yb-3-hydroxymethyl-BlNOL cat. (Yb-32) 

17: R = H (1 equiv) 
32: R = CH20H (1 25 - 1.4 equiv) 

Figure 5. Preparation of chiral lanthanoid-BINOL derivative catalysts. 
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Table 2 
Catalytic, Asymmetric Epoxidations Using Alkali Metal-Free Lanthanoid Complexes 

~ 

Entry 
__ 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  

R ’ A $  
(R)-Lncat. 0 

R’4R2 + MS4A,rt,THF 
(1.5 equiv) 

33.34: R’ =Ph, R2= Ph 41,42: R’ = Ph, R2 = CPr 

35,38: R’ = CPr, R2 = Ph 

37,38: R’ = Ph. R2 = oMOMOCsH4 

39,40: R’ = Ph, R2 = CH, 

43,44: R’ = Ph(CH&, R2 = CH, 

45,46: R’ = CH3(CH2)4, R2 = CH3 

Ln cat. 
Enone Epoxide (mol %) ROOH Time (h) Yield (%) ee (%.)” 

33 
33 
33 
35 
35 
37 
37 
39 
41 
43 
45 

34 
34 
34 
36 
36 
38 
38 
40 
42 
44 
46 

La-17 (5) 
La-32 ( 5 )  
La-32 ( 1 )  
La-17 (5) 
La-32 (5) 
La-17 ( 5 )  
La-32 (5) 
Yb-32 ( 5 )  
Yb-32 (8) 
Yb-32 (8) 
Yb-32 (8) 

CMHP 
CMHP 
CMHP 
CMHP 
CMHP 
CMHP 
CMHP 
TBHP 
TBHP 
TBHP 
TBHP 

6 93 83 
7 93 91 

44 95 89 
12 93 86 
7 95 94 

20 85 85 
96 78 83 
96 83 94 

159 55 88 
118 91 88 
67 71 91 

“Absolute configurations were determined to be (CLS,pR). 

In contrast to the results presented above, the enones shown in Table 2 bearing 
aliphatic groups at R2 (entries 8, 9, 10, and 11) were best converted to the 
corresponding epoxides by using the ytterbium complex generated from 
Yb(O-i-Pr)3, (R)-32, and MS 4A in THF at 40 “C for 1 h (Figure 5, Yb-32). 
Treatment of 39 with TBHP (1.5 equiv) in the presence of 5 mol % of Yb-32 in 
THF at rt for 96 h was found to give 40 with 94% ee in 83% yield. Gratifyingly, 
42, 44, and 46 were obtained in excellent yields with 88, 88, and 91% ee, 
respectively (Table 2). In contrast, the use of the La-CMHP system afforded 40 
with less satisfactory results. These variations may be due to the difference in ionic 
radii between lanthanum and ytterbium, as well as the difference in their Lewis 
acidities. 

Empirical experimentation has revealed that the catalyst formed from a 
1:l-1:1.4 ratio of Ln(O-i-Pr)3 (Ln = La or Yb) and 17 provides the maximum 
enantiomeric excesses for epoxidation (Figure 6) .  The 13C NMR spectrum of 
La-17 was not interpretable, suggesting that both the chiral Yb-17 catalyst and the 
La-17 catalyst exist as oligomers. Moreover, the catalytic epoxidation of 39 with 
Yb-17 displays a pronounced nonlinear effect (Figure 7). (For a treatment of 
nonlinear effects, see Chapter 5 in this volume.) Thus the oligomeric structure of 
these lanthanoid-BINOL catalysts may play a key role in the catalytic asymmetric 
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17/La 17Nb 

Figure 6. Influence of the ratio of Ln(O-i-h)3 and 17 on yield and ee. Left: epoxidation of 33 
catalyzed by the La-17 catalyst. Right: epoxidation of 39 catalyzed by the Yb-17 catalyst. 

epoxidations of these enones. In other words, the Ln-alkoxide moiety in the 
catalysts appears to act as a Brgnsted base, to activate the hydroperoxide moiety 
for the Michael reaction. Simultaneously, another Ln metal ion may act as a Lewis 
acidic site, both activating and controlling the orientation of the enone. However, 
other interpretations, such as a “reservoir-effect’’ have not been ruled out. 

The Ln-BINOL derivative complexes are efficient asymmetric catalysts for 
Michael reactions and the epoxidations of enones. However, as was mentioned 
above, almost racemic products are obtained in the case of the asymmetric 
nitroaldol reaction of 2 with 12. For this transformation, a new class of catalysts, 
heterobimetallic species, have been developed. 

1001 
8 
Y 

3 

8 
.c 
0 

Figure 7. Asymmetric amplification in the epoxidation of 39 catalyzed by the Yb-17 catalyst. 
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111. CHIRAL LANTHANOID-ALKALI METAL-BINOL 
COMPLEXES (LnMB) 

A. Catalytic, Asymmetric Nitroaldol Reaction Promoted by the 
Lanthanoid-Lithium-BINOL Complex (LnLB) 

This class of hybrid lanthanoid complexes is prepared from inexpensive lanthanoid 
trichlorides. Remarkably, the reaction of anhydrous LaC13 in THF with the 
dilithium salt of BINOL 47 or the disodium salt of BINOL 48 did not proceed even 
at reflux. However, the reaction of anhydrous LaC13 with the dialkali metal salts of 
BINOL proceeded smoothly in the presence of a small amount of water! 
Accordingly, an excellent catalyst 49 for nitroaldol reactions was prepared from 47 
and LaCl,, as shown in Figure 8.5 This catalyst enabled the first examples of a 
catalytic asymmetric nitroaldol reaction to be realized. The results summarized in 
Figure 9 do not specify the loading of the catalyst 49, sinoe its structure is not 
known. The ee’s are high (73-90%) for aliphatic and branched aldehydes. 

B. Structural Determination of the Heterobimetallic Lanthanoid 
Complexes 

LDI-TOF mass spectral analysis of 49 revealed that the structure was a 
heterobimetallic complex consisting of one lanthanum, three lithiums, and three 
BINOL moieties.24 The relevant spectra are shown in Figure 10. LDI-TOF mass 

47: M = Li (1 mol equiv) 
48: M = Na (1 mol equiv) 

NaO-t-Bu (1 mol equiv) 
HpO (1 1 rnol equiv) 

THF 

New La-BINOL 
complex49 

OLi 
LaCI3 + 

47 (1 mol equiv) 

Figure 8. Reparation of a new chiral La-BINOL catalyst 49. 
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catalyst 49 
RCHO + CHzNOz 

THF. 4 2  'C, 18 h 
(10 equiv) 

2 : R = PhCHZCH2 
50: R = i P r  
52: R = cC$i ,, 

13: 79% (73% ee), R = PhCHzCH2 
51: 80% (85% ee), R = iPr 
53: 91% (90% ee), R = DGH,, 

Figure 9. Catalytic asymmetric nitroaldol reactions promoted by catalyst 49. 
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Figure 10. Laser desorptiodionization time-of-flight mass spectra of La-Li-BINOL complex in anionic 
(top) and cationic (bottom) modes. 
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spectrometry has a mass accuracy of approximately *O. 1 %. However, the proposed 
structural framework was strongly supported by the similarity of the mass spectra 
of various other lanthanoid complexes, since lanthanoid elements have their own 
atomic weight and isotope abundance distribution. 

Early attempts at obtaining an X-ray-quality crystal of a lanthanoid complex 
were largely unsuccessful. One reason for the low crystalline character of these 
lanthanoid complexes might be contamination due to the presence of LiCl in the 
catalyst solution. Accordingly, a more successful effort was the preparation of 
crystals under Li-free conditions. From the combination of lanthanoid trichlorides, 
disodium (R)-binaphthoxide (48), NaO-t-Bu, and H20, several lanthanoid 
complexes could be crystallized from THF. Elemental analyses suggested a 
stoichiometry of LnNa3tris(binaphthoxide)-6THF-2H20, which was confirmed 
by X-ray crystallographic analyses of La, Pr, Nd, and Eu complexes.24, 25 Figure 
1 1 contains the X-ray structures of four lanthanoid-sodium-BINOL complexes 
(LnSB, S = sodium). The diffraction analyses showed that these substances are 
structurally homologous, differing only in the distance of the atoms around the 
central lanthanoid metal. In each lanthanoid-(9-BINOL complex the lanthanoid 

Figure 11. Structure of lanthanoid-sodium-BINOL complexes (LnSB). 
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Figure 12. Preparation of LLB from LSB. 

metal is a stereogenic center, so that the complexes can exist as metal-centered 
diastereomers. Nevertheless, it is interesting to note that La, Pr, Nd, and Eu 
complexes starting from (8)-BINOL exist only in the A configuration, most likely 
due to the greater thermodynamic stability of this configuration compared to the A 

All the above-mentioned LnSB crystals showed similar mass patterns to those 
of the Ln-Li-BINOL complexes, although they contained sodium instead of 
lithium. LnSB complexes were basic and acted as catalysts for the nitroaldol 
reaction. However, the nitroaldols thus obtained were mostly racemic mixtures. 
Interestingly, it is possible to generate the lithium-containing heterobimetallic 
complexes from the LnSB complexes by treatment with 3 equiv. of LiCl in THF at 
room temperature for 3 days (Figure 12). Under these conditions, the complete 
exchange of sodium for lithium was achieved, as was detected by LDI-TOF MS. 
These lithium-containing heterobimetallic catalysts gave almost identical results in 
catalytic asymmetric nitroaldol reactions to those obtained from the same catalyst 
prepared directly from LnC13. The role of NaOH in the catalyst preparation appears 
to be simply that of a buffer, neutralizing the HC1 generated by the reaction of 
Lac& with H20. Furthermore, it seems likely that the presence of H20 accelerates 
the catalyst formation (Figure 13).26 

OLi 

catalyst & 
t bi -'I formation 

I NaoH - NaCl 1 neutralization 

hydrolysis 

O=La-CI+ HCI 

1 in the absence of NaOH 

LLB and/or * COL~ OLi (47) J decomposition *(:: (17) I 
Figure IS .  Schematic view of the role of Hz0 and NaOH in the formation of the optically active La 
complex. 
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NaO-tau 

LaCI3*7H2O + 
THF, 50 "C. 72 h 

La(0-Wr), + 

47 (2.7 mol equiv) 

BuLi (3 mol equiv) 

then H20 
(1 mot equiv) 

17 (3.0 mol equiv) 

Figure 14. Best preparative procedures for LLB. 

With indirect structural information on the LnLB complex and an 
understanding of the role of H20 in catalyst formation, it was possible to formulate 
the conditions for the preparation of the lanthanum-lithium-BINOL complex 
(LLB) (Figure 14). Treatment of LaC13.7H20 with 2.7 mol equiv. of dilithium salt 
of BINOL (47), and NaO-t-Bu (0.3 mol equiv.) in THF at 50 "C for 50 h gave the 
LLB complex most effi~iently.~' The second procedure shown in Figure 14 
combines La(o-i-P~-)~, 3 mol equiv. of BINOL, and 3 mol equiv. of butyllithium. 
Interestingly, the addition of 1 equiv. of water to LLB was found to improve the 
activity of the catalyst. By these two procedures a variety of heterobimetallic 
asymmetric complexes such as PrLB, NdLB, SmLB, EuLB, GdLB, and YbLB 
were also efficiently prepared. A crystal of the SmLB complex was recently 
obtained, and the preliminary X-ray crystallographic analysis of the SmLB 
complex is shown in Figure 15. This structure also suggests that the effective 
asymmetric catalyst for nitroaldol reactions is the LnLi3tris(binaphthoxide) 
complex (LnLB)F8 It is noteworthy that these heterobimetallic asymmetric 
complexes, including LLB, are stable in organic solvents such as THF, CH2C12, 
and toluene that contain small amounts of water, and that these complexes are also 
insensitive to oxygen. 

The lanthanoid and group 3 metals, the so-called rare earth elements, are 
generally regarded as a group of 17 elements with similar properties, especially 
with respect to their chemical reactivity. However, in the above-mentioned 
catalytic asymmetric nitroaldol reactions, pronounced differences were observed 
both in the reactivity and in the enantioselectivity of the various rare earth metals 
used.29 For example, when benzaldehyde (54) and nitromethane (12) were used as 
starting materials, the EuLB complex gave 55 in 72% ee (91% yield) compared to 
37% ee (81% yield) in the case of LLB (-40 "C, 40 h). The unique relationship 
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Figure 15. X-ray structure of SmLB. 

between the ionic radii of rare earth metals and the enantiomeric purities of the 
nitroaldols is depicted in Figure 16. These results show that small changes in the 
structure of the catalyst (ca. 0.1 A in ionic radius of the rare earth cation) cause 
drastic changes in the enantiomeric purity of the nitroaldols produced. Although, 
in general, nitroaldol reactions are regarded as equilibrium processes, in the 
LLB-catalyzed, asymmetric nitroaldol reactions no detectable retro-nitroaldol 
reaction was observed. 

C. Application of Catalytic, Asymmetric Nitroaldot Reactions Using 
Nitromethane 

The nitroaldol (Henry) reaction6 is a powerful synthetic transformation and has 
been utilized in the construction of numerous natural products and other useful 
corn pound^?^-^^ As shown in Figure 9, as little as 3.3 mol ?h of the LLB complex 
is a general and effective catalyst for the asymmetric nitroaldol reaction. The 
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+3 tonic radius of rare earth elements (A) 

Figure 16. Effects of the ionic radii of rare earth elements on the optical purities of nitroaldol 
derivatives. 

product nitroaldols are readily converted into p-amino alcohols and/or a-hydroxy 
carbonyl compounds. The utility of the LLB-catalyzed nitroaldol reaction is 
illustrated by the convenient syntheses of three kinds of enantiomerically enriched 
P-blockers, as presented in Figure 17.29- 32-34 For example, by combining 10 mol 
equiv. of nitromethane (12) and 62 at -50 "C in the presence of 3.3 mol % of the 
(R)-LLB catalyst, a 76% yield of nitroaldol63 in 92% ee was obtained. Reductive 
alkylation of the nitroaldol 63 to 64 was accomplished in 88% yield by a 
R02-catalyzed hydrogenation in the presence of 5 mol equiv. of acetone in 
methanol. (S)-(-)-Pindolo1 64 was thus synthesized in only four steps from 
4-hydro~yindole.~~ Interestingly, the nitroaldols 57,60, and 63 were found to have 
the S-absolute configuration when (R)-LLB was used. The nitronates thus appear 
to react preferentially with the Si face of the aldehydes, in contrast to the 
enantiofacial selectivity that might have been expected on the basis of previous 
results (cf. Figure 9). These results suggested that the presence of an oxygen atom 
at the p position had a great influence on the enantiofacial selectivity. 

Nitroaldol reactions of enantiomerically pure a-amino aldehydes with 
nitromethane using a catalytic amount of LLB were found to proceed in a highly 
diastereoselective manner.35 The adducts (3-amino-2-hydroxy- 1 -nitro derivatives) 
are attractive intermediates for the synthesis of unnatural erythro-amino- 
2-hydroxy acids, which are important components of several biologically active 
compounds. As an example, the promising HIV-protease inhibitor KNI-272 (65)36, 37 
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CH3N02 (10-50 equiv) 
(R)-LLB (3.3 mol%) ArxO/\rNO2 

Ar,O*CHO t 
-50 'C. THF OH 

56 
59 
62 

Hz, PtO2, CH30H 
Ar. 

O - N  
OH 

acetone, 50 'C 

Figure 17. Catalytic, asymmetric syntheses of p-blockers using (R>LLB as a catalyst. 

contains (2S,3S)-3-amino-2-hydroxy-4-phenyl-butanoic acid (erythro- AHPA, 66) as 
a subunit (Figure 18). As shown in Table 3, treatment of N-phthaloyl-L-phenylalanal 
(67) with nitromethane at -40 "C in the presence of (R)-LLB (3.3 mol %) gave 
almost exclusively a single stereoisomer of (2R,3S)-2-hydroxy-4-phenyl-3- 
phthaloylamino- l-nitrobutane (68) in 92% yield (>99: 1 erythro-selectivity). The 
enantiofacial selectivity for the C(2) hydroxyl group of 68 agreed with results 
previously observed in enantioselective nitroaldol reactions for non-p-oxy 
aldehydes using LLB. Interestingly, the reaction of the aldehyde (S)-67 with 
nitromethane, using the (9-LLB complex as a catalyst, led to a reduced 
diastereoselectivity. Conversion of the nitroaldol adduct 68 into carboxylic acid 66 
was achieved in 80% yield (Figure 19). 

LLB-type catalysts were also able to promote diastereoselective and 
enantioselective nitroaldol reactions starting from substituted nitroalkanes. In 
preliminary work, however, LLB itself gave unsatisfactory results in terms of both 
diastereoselectivity (synlanti ratio 63:37 to 77:23) and enantioselectivity (<78% 
ee).32 To address the problem of modest enantio- and diastereoselectivities with 

6 5  KNI-272 66 

Figure 18. Structures of HIV protease inhibitor KNI-272 and its component (2S,3S)-3-amino- 
2-hydroxy-4-phenylbutanoic acid (eryrhro-AHPA, 66). 
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Table 3 
Diastereoselective Nitroaldol Reaction Catalyzed by LLB 

219 

catalyst (3.3 mol p+No2 Y 
P v  + CH3N02 

NPhth (20 equiv) THFs -40 "c, 72 h NPhth 
67 68 

Entry Catalyst Yield (%) erythro (% ee):threo 

1 (R)-LLB 92 99 (96): 1 
2 (5')-LLB 96 74 (90):26 

substituted nitroalkanes, new catalysts that bore substituents on the BINOL 
skeleton were investigated. The preparation of these complexes followed by 
analogy with LLB from La(O-i-Pr)3; 3 mol equiv. of butyllithium and 3 mol equiv. 
of various (R)-BINOL derivatives in which certain positions were substituted by 
alkyl, alkenyl, alkynyl, aryl, and/or cyan0 groups. The utility of these new catalysts was 
first assessed in a nitroaldol reaction with nitromethane (12) and hydrocinnamaldehyde 
(2). The 3,3'-dimethyl-BINOL3*- and 3,3'-bis(trimethylsilyl)BINOL39-derived 
complexes gave racemic 13, and the BIPOLm-derived catalyst gave 13 in only 39% 
ee. Surprisingly, however, substitution at the 6,6' position of BINOL proved effective 
in obtaining a superior asymmetric catalysts.4' The structures of these 
lanthanoid-lithium-6,6'-disubstituted-BINOL complexes (as elucidated by 'H and 
I3C NMR) are similar to those of the (R)-LLB complex depicted in Figure 20. Results 
obtained for the nitroaldol reaction (-40 "C for 91 h) in THF using 3.3 rnol % of 
the various catalysts and 10 equiv. of nitromethane are shown in Table 4. Using 
catalysts 69e-69i, which bear silylalkynyl groups, nitroaldols were routinely 
obtained with enantiomeric purity superior to that of adducts obtained using LLB. 

Another advantage was conferred by introducing 6,6'-substituents to BINOL. In 
general, catalytic asymmetric syntheses of fluorine-containing compounds are 
rather However, an effective asymmetric nitroaldol reaction of the 
rather unreactive a,a-difluoro aldehydes proceeded satisfactorily when using the 
heterobimetallic asymmetric catalysts generated from 6,6'-bis[(triethylsilyl)- 
ethynylIBlNOL, as shown in Table 5?3 The S-configuration of the nitroaldol 
adduct 71 showed that the nitronate reacted preferentially on the Si face of the 

OH OH 12N HCI 
Ph 7 COOH 100 'C, 46 h 

NPhth NH2 
68 66 

Figure 19. Synthesis of erythro-AHPA (66). 
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R 

LLB: R = H 6%: R = C&Ph 
69a: R = Br 
69b: R = CH3 

69d: R = C S H  

69f: R = CsCSi(CH& 
699: R = C=CSiEt3 

69i: R = CZCS~(CH~)~P~ 
69C: R = CaN 69h: R = CsCTBS 

Figure 20. Structural modification of LLB. 

aldehyde in the presence of (R)-LLB. In contrast, (R)-LLB generally causes the 
nitronate to attack the aldehydes preferentially on the Re face; so it is noteworthy 
that the enantiotopic face selection for a,a-difluoro aldehydes is reversed from that 
of the nonfluorinated aldehydes. The stereoselectivity for a,a-difluoro aldehydes 
is identical to that of the p-oxy aldehydes, suggesting that the fluorine atoms at the 
a position have a great influence on the enantioface selection. 

D. Diastereoselective and Enantioselective Nitroaldol Reactions 

In all cases described up to this point, nitromethane has been employed as the 
nucleophile. Consequently the nitroaldol adducts bear a single stereogenic center. 

Table 4 
Catalytic, Asymmetric Nitroaldol Reactions Promoted by Various LLB-type Complexes 

Ph dHo + CH3N02 p p h a N 0 2  
catalyst (3.3 mol %) OH 

13 
(10 equiv) THF, 4 0  “C, 91 h 

2 

Entry Catalyst Yield (%) ee (%) 

1 LLB 79 73 
2 69a 80 67 
3 69b 84 63 
4 69c 67 55“ 
5 69d 69 71 
6 69e 14 79 
7 69f 85 88 
8 69g 84 85 
9 69h 59 85 

10 69i 54 86 

‘6,6’-Dicyano-BINOL of 93% ee was used. 
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Table 5 
Catalytic, Asymmetric Nitroaldol Reactions of a,a-difluoro Aldehydes 

catalyst 
CH3NO2 (10 equiv) R&NO2 

R&cHo THF,4O0C,96- 168h F F 

70: R = PhCHZCH2CHz 
72: R = CH3(CH2)6 
74: R = PhCHzO(CHZ), 

71 : R = PhCH,CH,CH, 
73: R = CH&H2)6 
75: R = PhCHzO(CHz)2 

76: R = i-PrSCH, TI: R = i-PrSCH2 
70: R = C-C6Hii 79: R = c-C~H,~ 

Catalyst 
Entry Aldehyde (mol %) Product Yield (%) ee (%)n 

70 
70 
70 
70 
70 
72 
74 
76 
78 

__ 
71 
71 
71 
71 
71 
73 
75 
77 
79 

74 
77 
67 
58 
55 
73 
52 
55 
58 

~ 

55 
87 
74 
94 
92 
70 
80 
85 
95 

Catalyst: A = LLB; B = SmLB; C = SmLi3tris((R)-6,6'-bis((triethylsilyl)ethynyl)binaphthoxide). 
aAbsolute configuration of 71 was determined to be (S) by X-ray crystallography of a derivative. 

With substituted nitroalkanes, the formation of diastereomers becomes a 
possibility. 

The new complexes 69f and 69g were found to be effective catalysts for these 
diastereoselective nitroaldol reactions; in all cases, high syn-selectivity and 
enantioselectivity were obtained using 3.3 mol % of the catalysts 69?l 
Representative results are shown in Table 6. As expected, much higher 
syn-selectivity and enantioselectivity were obtained using the new catalysts than 
with LLB (entry 1). It is noteworthy that structurally simple aldehydes such as 
hexanal (which has no neighboring group to assist asymmetric induction) produced 
nitroaldols in high enantiomeric purity. The enantiomeric purities of the minor 
anti-adducts were lower than those of the syn-adducts, indicating that the former 
were not generated by an epimerization of the nitro group. In fact, treatment of the 
syn-adducts with catalysts such as LLB and its derivatives resulted in the 
near-quantitative recovery of the unchanged nitroaldols without detectable 
epimerization. It appears that the syn-selectivity in the nitroaldol reaction can best 
be explained as arising from steric hindrance in the bicyclic transition state-as can 
readily be seen in the Newman projection (Figure 21). In the favored transition 
state (leading to the syn-adduct), the catalyst is believed to act simultaneously at 
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Table 6 
Diastereoselective and Enantioselective Nitroaldol Reactions 

c0lalYSi OH OH 

RCHO + R ' C k N 4  (3.3 m'%) + 

THF syn NQ anfi N 4  
R' = C& 
R' = Et 

2: R = PhCYCb 
89: R = C&(Cy), 

80: R' = CH3 
83: R' = Et 

81(sp), 82 (anh): R = PhCHZCHZ. 
84(Syn). 85 (anb): R = PhCHzCHZ, 

WSYil), 91 (anh): R = CH3(CHz)a. 

86: =CH20H 87(sp), 88 (anh): R =  PhCHzCH2. R' = O H  

R' = CYOH 

Alde- Nitro- Time Temp. Yield ee of 
Entry hyde alkane Catalyst (h) ("C) Nitroaldols (%) syn:anti syn (%) 

1 2 80 LLB 75 -20 81+82 79 74~26 66 
2 2 80 69b 75 -20 81+82 80 74:26 65 
3 2 80 69d 75 -20 81+82 77 84~16 90 
4 2 80 69f 75 -20 81 +82 72 8515 92 
5 2 80 69g 75 -20 81+82 70 89:11 93 
6 2 80 69g 115 -40 81+82 21 94:6 97 

8 2 83 69g 138 -40 84+85 85 93~7 95 

10 2 86 69g 111 -40 87+88 97 92:8 97 

12 89 86 69g 93 -40 90+91 96 92:s 95 

7 2 83 LLB 138 -40 84+85 89 85:15 87 

9 2 86 LLB 111 -40 87+88 62 84116 66 

11 89 86 LLB 93 -40 90+91 79 87:13 78 

different sites as both a Lewis acid and Brcdnsted base. In contrast, the 
non-chelation-controlled transition state appears to afford anti-adducts with lower 
enantiomeric purities. 

The syn-selective asymmetric nitroaldol reaction was successfully applied to the 
catalytic, asymmetric synthesis of tho-dihydrosphingosine (94), which elicits a 
variety of cellular responses by inhibiting protein kinase C (Figure 22).44 The 
nitroaldol reaction of hexadecanal 92 with 3 equiv. of nitroethanol (86) in the 

Figure 21. Proposed transition states of diastereoselective and enantioselective nitroaldol reactions. 
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CHs(CH2)14CHO + 02~-OH 

92 86 

OH 

catalyst (10 rnol %) 

4 0  ’C, 163 h 
.m 

93 ( + anti-adduct) threedihydrosphingosine (94) 

catalyst 699: 
78% (syn I anti = 91 :9), syn: 97% ee 

LLB catalyst: 
31% (synl anti= 86:14), syn: 83% ee 

Figure 22. Catalytic, asymmetric synthesis of threo-dihydrosphingosine. 

presence of 10 mol % of 69g gave the corresponding nitroaldol adducts in high 
sydunti-selectivity (91:9) and in 78% yield, with the syn-adduct 93 being obtained 
with up to 97% ee. The LLB-catalyzed reaction under similar conditions proceeded 
much more slowly to give an 86: 14 ratio of the syn and anti adducts in 31% yield, 
and with lower enantiomeric purity (83% ee). Hydrogenation of 93 in the presence 
of 10% Pd on charcoal afforded threo-dihydrosphingosine (94) in 71% yield:l 

The reasons for the salutary effects of the 6,6’-substituents on BINOL remain 
obscure. Nevertheless, it may be speculated that the introduction of 6,6’-bis- 
(trialkylsi1yl)ethynyl substituents completely suppresses undesired ligand 
exchange between nitroalkane and BINOL, whereas this exchange does appear to 
occur in the case of LLB (albeit in only tiny amounts). The support for this 
explanation was provided by the following observation: In general an excess of 
nitroalkanes is required for efficient nitroaldol reactions. However, in the case of 
nitroethanol (86), only ca. 1 equiv. of the nitroalkane is sufficient, with the 
undesired ligand exchange clearly being noncompetitive and thus avoided. In this 
case, even using unmodified LLB gave high diastereoselectivity and enantiomeric 
excess, in a quite practical synthetic procedure (Figure 23). 

E. Second-Generation LLB Catalyst (LLB-11) 

The LLB catalysts described above served an important role in demonstrating the 
proof of principle for catalysis with lanthanide-BINOL complexes. In addition, 
they were the first catalysts for the enantioselective nitroaldol reaction and gave 
respectable selectivities in synthetically useful yields. However, the reactions 
required at least 3.3 mol % of the catalysts for efficient conversion, and at that 
loading the reactions are rather slow. Clearly, the need for more effective catalysts 
is indicated. Consideration of the mechanism for the catalytic asymmetric 
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(RJ-LLB (5 mol %) 
+ O,N-OH Ph * 

2 86 (1 .I equiv) THFg 4o ''y 

-CHO 

(5.0 mL, 38 mmol) (3.0 mL, 41.8 mmol) 

recrystallization PhwOH , 
OH 

87: 50% (98% ee) 

No, (4.31 9) 

87: 79% (89% ee) 
(syn : anti= 11.5 : 1) 

Figure 23. Practical procedure for the synthesis of 87. 

nitroaldol reaction suggested a possible strategy, Figure 24. In this proposal, a 
lithium nitronate is generated by deprotonation (either before or after aldehyde 
coordination). All attempts to detect the postulated intermediate I using various 
methods proved to be unsuccessful, probably owing to the low concentrations of 
the intermediate. The low concentration of I might be ascribable to the presence of 
an acidic OH group in close proximity to the nitronate. To remove a proton from 
I, almost 1 equiv. of base was added to the LLB catalyst. Optimally, 1 mol equiv. 
of H20 and 0.9 rnol equiv. of butyllithium were used to generate LiOH in situ 

R'CHO 

Figure 24. A possible mechanism for catalytic asymmetric nitroaldol reactions. 
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together with LLB. Indeed, the new "second-generation LLB" (LLB-11) efficiently 
promoted catalytic asymmetric nitroaldol reactions at loadings as low as 1 mol %, 
albeit still rather slowly (24 h at -50 "C; Table 7).45 However, we also found that 
the use of 3.3 mol % of LLB-I1 accelerated catalytic asymmetric nitroaldol 
reactions within a shorter time span (4 h at -50 "C). However, to achieve optimal 
selectivities with substituted nitroalkenes low temperatures and consequently long 
reaction times were necessary (entries 6 ,8  and 10). The use of other bases such as 
NaO-f-Bu, KO-f-Bu and Ca(O-i-Pr)2 gave less satisfactory results. 

The structure of LLB-I1 is still not secure. However, a reasonable proposal is 
that it is composed of a complex of LLB and LiOH. A proposed reaction course 
for an improved catalytic, asymmetric nitroaldol reaction is shown in Figure 25. 
The key feature of this proposal is the formulation of a discrete complex (11) 
between LLB and the lithio nitronate. This species is proposed to be a faster-acting 
reagent than the protio-form. In support of this hypothesis is the observation that 
treatment of the lithium nitronate (0.9 mol %) generated from nitropropane and 
butyllithium, with 69g (1 mol %), 2, and nitropropane (83) under similar conditions 
as those described above, gave comparable results (59% yield, sydanti, 94/6,94% 

Table 7 
Comparisons of Catalyst Activity Between Either LLB and Second-generation LLB 

(LLB-11) or 69g and 69g-I1 

O H  
catalyst 

RCHO + R'CbNQ - R-R 

52 R = C C 6 H t 1  12 R ' = H  53 R=&eH,1 ,R '=H 
NQ 

2 R = PhCH2CHz 80 R' = CH, 
83 R =El 
86 R' = C H P H  

81 R = PhCHzCHz, R' = CH:, 
84 R = PhCHZCH2, R' = Et 
87 R = PhCH&Hz. R' = C H P H  

Catalyst Temp. Yield (%) ee (%) of 
Entry Substrate (mol %) Time (h) ("C) Product (sydunti) syn 

1 5 2 + 1 2  LLB(1) 24 -50 53 5.6 88 
2 52+ 12 LLB-II(1) 24 -50 53 73 89 
3 52+ 12 LLB-II(3.3) 4 -50 53 70 90 
4 5 2 + 1 2  A ( l )  42 -50 53 86 51 
5 2 + 8 0  69g(l)  113 -30 81 25 (70/30) 62 
6 2 +80 69g-11(1) 113 -30 81 83 (89/11) 94 
7 2+83  69g(1) 166 -40 84 trace - 
8 2 + 8 3  69g-I1(1) 166 -40 84 84(95/5) 95 
9 2 + 8 6  69g(1) 154 -50 87 trace - 

10 2 + 8 6  69g-11(1) 154 -50 87 76 (94/6) 96 

LLB-11: LLB + HzO (1 mol equiv.) + BuLi (0.9 mol equiv.). 

Catalyst A: LLB + H20 (1 mol equiv.) + BuLi (2 mol equiv.). 

69g-11: 69g + H20 (1 mol equiv.) + BuLi (0.9 rnol equiv.). 
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- 'i\oq 

&Ow!* 

0.. ' ..o, 
*( 04La,o,Li LiOH , , 

SeconbGeneration 
LLB 

RCHpNOp 1 4 

t , .  

LLB and Li-nitronates 

High ee 
Products 

Figure 25. 
LLB-II, or LLB-Li-nitronate. 

Proposed mechanism for the catalytic asymmetric nitroaldol reaction promoted by LLB, 

ee), suggesting the presence of a heteropolymetallic intermediate 11, as shown in 
Figure 25. Although a molecular ion peak was not observed, a fragment ion peak 
for the complex of LLB and lithium nitronate was observed at 816 by FAB mass 
spectral analysis. The above-mentioned results suggest a quite interesting chemical 
phenomenon, namely, the tight complexation of LLB and LiOH and the high rate 
of aggregation between LLB and lithium nitronates. 

The second-generation LnLB catalyst, which consists of 6,6'-bis[(trimethylsilyl)- 
ethynyll- BINOL and Sm, as shown in Figure 26, successfully promoted an efficient 
asymmetric synthesis of dutamine (97)?8 a useful p-agon i~ t .~ .~~  

CH3N02 (1 0 equiv) 
: ~ ~ ~ ~ c H o  SmLB'-II (3.3 mol 

TBSO 
THF,-50 'C,67 h 

95 96: 93%, 92% ee 

SrnLB*-II = SrnLi~tris((R)-6,6'-bis(trimethylsilylethynyl)binaphthoxide) + 
H20 (1 .O rnol equiv to Sm) + BuLi (0.6 mol equiv to Srn) 

97: arbutamine 
64% overall yield 

Figure 26. A catalytic, asymmetric synthesis of arbutamine. 
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F. Tandem Inter-Intramolecular Catalytic, Asymmetric Nitroaldol 
Reaction 

Tandem, catalytic, asymmetric reactions are especially useful because 
enantiomerically enriched compounds containing multiple stereogenic centers can 
be constructed from simple achiral compounds using a chiral catalyst. The 
development of such methods has been recognized as one of the most challenging 
themes in organic s y n t h e ~ i s ? ~ - ~ ~  One illustration of this process is the tandem, 
inter-intramolecular, catalytic asymmetric double nitroaldol reaction using 98 and 
nitromethane (12) (Figure 27).5' In the presence of LLB, the reaction of 98 with 12 
at -20 "C gave intermediates 99a, 99b, and one diastereoisomer of 100. Complete 
consumption of 98 at room temperature led to the complete conversion of lOOa into 
another diastereoisomer, 100b. The structure of the new compound lOOb was 
determined by X-ray structural analysis, as shown in Table 8. The enantiomeric 
purity of lOOb was found to be 39% ee. Crystallization of the reaction mixture from 
CH2C12 produced lOOb with 4 I % ee in 59% yield. 

The use of many other heterobimetallic asymmetric catalysts such as LnLB, 
LnSB, and LnPB was examined under a variety of reaction conditions. Of these, 
LnLB was shown to be the most useful asymmetric catalyst for the present purpose. 
Entries 1 and 2 in Table 8 reveal that only modest results were obtained using LLB 
in THF. An increase in reaction temperature to 50 "C caused an expected decline 
in the ee of lOOb (entry 2). A survey of various lanthanoid metals led to an 
improvement in the ee of lOOb (entries 3-7). When PrLB was used as the catalyst, 
the enantiomeric purity of lOOb was improved to 48% ee. The initial temperature 
also appeared to be important. That is, when the initial temperature was -40 "C, 
the enantiomeric purity of 100b increased to 58% ee (entry 8). Moreover, it was 
possible to reduce the amount of (R)-PrLB; when 5 mol % of PrLB was used, lOOb 
with 53% ee was formed (entry 9). An increase in the amount of nitromethane was 
surprisingly found to improve the ee of 100b. That is, lOOb with 65% ee was 
produced by the reaction of 98 and 30 mol equiv. of nitromethane catalyzed by 5 
mol % of (R)-PrLB (-40 "C for 1 12 h and then at room temperature for 24 h) and, 
after crystallization, lOOb with 79% ee was isolated in 41% yield (entry 10). The 
enantiomeric purity of lOOb (69% ee) increased to 96% ee (57% recovery) after 
recry~tallization.~ 

Figure 27. Tandem inter-intramolecular catalytic asymmetric nitroaldol reaction. 
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Table 8 
Catalytic, Asymmetric Tandem Inter-Intramolecular Nitroaldol Reaction of 98 with 

Nitromethane (12) 

Entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10" 

Catalyst 
(mol %) 

LLB (10) 
LLB (10) 
PrLB (1 0) 
SmLB (10) 
GdLB (10) 
DyLB (10) 
YbLB ( 10) 
PrLB (10) 
PrLB (5) 
PrLB (5) 

ee of crude 
Temp. ("C) [Time (h)] lOOb 

-20 (1 15) to rt (24) 
-20 (1 15) to 50 (24) 
-20 (1 19) tort (24) 
-20 (1 19) to rt (24) 
-20(119) tOrt(24) 
-20 (1 19) to rt (24) 
-20 (119) tort (24) 
-40 (1 15) to rt (24) 
-40 (145) to rt (71) 
-40 (1 12) to rt (24) 

39 
-5 
48 
28 
36 
34 
7 

58 
53 
65 

Yield of 
lOOb (%) 

59 
56 
47 
43 
47 
34 
37 
42 
45 
41 

ee of lOOb 
(%) 

41 
7 

60 
51 
41 
43 
12 
71 
66 
79 

a30 rnol equiv. of nitromethane were used. 

A mechanistic proposal for the production of lOOb is shown in Figure 28. 
Compound PrLB is a multifunctional heterobimetallic asymmetric catalyst; the Pr 
atom works as a Lewis acid, and the Li-naphthoxide portion functions as a 
Bronsted base. Thus 98 is activated by the Pr atom, and nitromethane is 
deprotonated by the Li-naphthoxide portion, resulting in the formation of I. Both 
98 and 12 then react intermolecularly to give 11. In addition, a lithium nitronate, 
again formed from 11, reacts rapidly with one of the carbonyl groups (-40 or 
-20 "C) to give 111, followed by the generation of lOOa and a regeneration of PrLB. 
At room temperature, however, an equilibrium appears to exist among 111, 11, and 
IV, and the reaction proceeds toward the generation of the thermodynamically 
more stable isomer 100b. 

In fact, the reaction of lOOb (42% ee) and 30 mol equiv. of nitromethane in the 
presence of 10 mol % of PrLB at room temperature for 7 days generated a trace 
amount of 99a and 99b, allowing for the recovery of lOOb with 42% ee, supporting 
the hypothesis that lOOa is the kinetic product and that an equilibrium exists among 
III-II-IV at room temperature. The subsequent reaction of a mixture of 99a and 
99b, isolated after the reaction of 98 and nitromethane in the presence of PrLB at 
-40 "C, with nitromethane in the presence of PrLB at -40 "C for 59 h and at room 
temperature for 28 h, gave lOOb with 65% ee, whereas the reaction of a mixture of 
99a and 99b obtained under similar conditions, in the presence of NaO-t-Bu 
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Figure 28. Proposed mechanism for the tandem inter- and intramolecular catalytic asymmetric 
nitroaldol reaction. 

instead of PrLB, generated lOOb with 66% ee. These results suggest that the 
enantiomeric purity of lOOb depends only on the enantioselectivity of the 
intermolecular nitroaldol reaction and that, in an intramolecular reaction, there is 
no kinetic resolution of 99. The cyclization of 99 to lOOb is controlled by the 
configuration of the 99a hydroxy group. 

Because 98 was easily prepared from 2-methyl- I ,3-~yclopentanedione and 
acrolein in one and because after recrystallization the adduct 100b can be 
obtained in a highly enantiomerically pure form, this tandem inter-intramolecular 
catalytic asymmetric reaction could be useful for the preparation of chiral 
intermediates in the synthesis of natural products and/or chiral ligands. 

G. Catalytic, Asymmetric Michael Reactions Promoted by LSB 

Catalytic, asymmetric Michael reactions are among the most important 
carbon-carbon bond-forming reactions associated with the creation of new 
stereogenic centers.53, 54 1,3-Dicarbonyl compounds in particular are highly 
promising Michael donors for the enantioselective construction of carbon 
frameworks. Although LSB (L = lanthanum, S = sodium) was ineffective as an 
asymmetric catalyst for nitroaldol reactions,24 it proved to be very useful for the 
catalytic asymmetric Michael reaction of various enones with malonates. The 
corresponding Michael adducts were produced in up to 92% ee and almost 
quantitative yield.25 Representative examples are summarized in Table 9. In 
general, THF was found to be the best solvent. However, in the case of the 
LSB-catalyzed reaction of trans-chalcone (101) with 25, the use of toluene was 
essential to afford 102 in good enantiomeric excess. Metal-center effects were also 
investigated for the Michael reaction of 101 with 25. Lanthanum was shown to give 
superior results in LnSB-catalyzed, asymmetric Michael reactions. 
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Table 9 
Catalytic, Asymmetric Michael Reactions Promoted by (R)-LnMB (10 mol %) 

22: n = 2  
4 n = 1 

20: R' = Bn, R2= H 
18: R' = Bn, R2 = CH, 
25: R' = CH,, R2 = H 
2 7  R' = Et, R2 = H 

24: n=2,  R' =En, R 2 = H  
23 n = 2, R' = Bn, I? =CH3 
26: n = 2, R' = CH,, R2 = H 
28: n = 2, R' = Et, R2 = H 
19: n =  1, R' =Bn, R2 =CH3 

O P h  H Lph + 25 5 P h q 3  
COOCH, Ph mwrn 

101 1 02 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Michael Catalyst Temp. 
Enone donor Product Solvent ("C) 

22 20 24 LSB THF 0 
22 20 24 LSB THF rt 
22 20 24 LSB toluene rt 
22 20 24 LLB THF rt 
22 20 24 LPB THF rt 
22 18 23 LSB THF 0 
22 18 23 LSB THF rt 
22 25 26 LSB THF rt 
22 27 28 LSB THF rt 
4 18 19 LSB THF -40 

101 25 102 LSB THF -50 
101 25 102 LSB toluene -50 
101 25 102 PrSB toluene -50 
101 25 102 GdSB toluene -50 

Time 
(h) 

24 
12 
12 
12 
12 
24 
12 
12 
12 
36 
36 
24 
24 
24 

Yield 
@b) 

97 
98 
96 
78 
99 
91 
96 
98 
97 
89 
62 
93 
96 
54 

ee (%) 

88 
85 
82 
2 

48 
92 
90 
83 
81 
72 
0 

77 
56 
6 

What is the origin of the catalytic activity and mode of enantioselectivity in the 
LSB-catalyzed Michael reactions? To clarify the nature of the interaction between 
the enone and the asymmetric catalyst, the complexation was studied by 'H NMR 
spectroscopy. A mixture of cyclohexenone (22) and the asymmetric bimetallic 
complexes was examined, noting the chemical shift of the a-proton of the enone 
22 (Figure 29). It is well known that, in general, praseodymium complexes induce 
an upfield shift, while europium complexes induce a downfield shift. In addition, 
ordinary Lewis acids such as La(OTQ3 and Et2AlC1 also induce a downfield shift. 
Complexation with LSB induced a small downfield shift on the a-proton of 22, and 
PrSB, a moderately effective asymmetric catalyst for Michael reactions, induced a 
large upfield shift. Interestingly, in the case of either EuSB or LLB, which gave 
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22 + LLB 
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Figure 29. Chemical shift of a-proton on cyclohexenone (22). 

only nearly-racemic Michael adducts, the 'H NMR spectra showed no changes in 
the chemical shift of the a-proton of 22.25 These NMR studies indicated that the 
carbonyl group of the enone is coordinated to the lanthanum and/or praseodymium 
metal in the LnSB molecule, while the enone did not coordinate to either LLB or 
EuSB. These changes in chemical shift were observed even in the presence of 25. 
The chemical phenomenon described above might be understood by considering 
the differing dihedral angles with which the BINOL moiety binds to the central 
metal in each case. 

Taking the X-ray structure of LnSB as a reference point, computational 
simulations of the enantioselection process were carried out using RappC's 
universal force field 55-58 As shown in Figure 30, with enone 22 
coordinated to the lanthanum metal cation, the plane of the cyclohexenone ring 
should be almost parallel to the nearest of the naphthyl ring systems, facilitating an 
attack by the coordinated sodium enolate of 25 to give the Michael adduct 26. UFF 
calculations and conformational searching for models of the pro-(R)- and 
pro-(S)-adduct systems clearly indicated that (R)-LSB complexes better as a 
pro-(R) adduct than as a pro-(S) adduct (AE = 4.9 kcaumol). LSB can thus generate 
an intermediate such as that shown at the top of Figure 30, giving high ee. The 
resultant sodium enolates of the enantiomerically enriched Michael adducts appear 
to abstract a proton from an acidic OH so as to regenerate the LSB catalyst. Thus 
the basic LSB complex also acts as a Lewis acid, controlling the orientation of the 
carbonyl function and so activating the enone for attack. It appears that the 
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Na i2.500 r 
22 + 25 

L 
26 

Figure 30. UFF computational simulations of the Michael reaction of 22 with 25 catalyzed by 
(R)-LSB. Top: Pro-(R) model (favorable model). Bottom: Pro-(S) model (unfavorable model). Enlarged 
pictures of the reaction sites are drawn on the each right side of the stereoviews. 

multifunctional nature of the LSB catalyst makes possible the formation of 
Michael adducts with high enantiomeric excesses even at room temperature. 

In both catalytic, asymmetric Michael reactions and nitroaldol reactions, enones 
and/or aldehydes appear to coordinate to the lanthanoid metal. Why, then, is LSB 
more effective for catalytic, asymmetric Michael reactions, whereas LLB is more 
effective for catalytic, asymmetric nitroaldol reactions? This disparity might arise 
from slight differences in bond lengths in the chelated intermediate, as well as 
slight differences in “bite” angle for the BINOL moiety caused by varying the 
alkali metal. 

LSB was next applied to another type of catalytic, asymmetric Michael reaction, 
in which the new stereogenic center is induced on the side of the adduct originating 
from the Michael donor. In a preliminary study, it was found that the reaction of 
103 with 29 in THF using 10 mol % of LSB gave 104 with 23% ee, while carrying 
out the reaction in toluene afforded 104 with 75% ee (Table 10). However, when 
the amount of LSB was reduced to 5 mol %, the enantiomeric excess of 104 
declined to a more modest 25% ee. To offset this decline while still using a smaller 
amount of catalyst, the effect of the slow addition of 103 was examined. This 
proved effective to give 104 with high enantiomeric excess. In addition, the 
asymmetric Michael reaction catalyzed by 5 mol % of LSB in C H 2 Q  gave 104 in 
89% yield and with 91% ee, without the need for the slow addition. Moreover, in 
this solvent it was found that the catalytic asymmetric Michael reaction for 104 was 
not so affected by the choice of lanthanoid 
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Table 10 
LSB-Catalyzed Michael Reactions of 103 with 29 under Various Conditions 

Catalyst amount 
Entry Solvent (mol %) Time (h) Yield (%) ee (%) 

1 THF 10 21 81 23 
2 toluene I0 14 97 75 
3 toluene 5 14 83 25 
4" toluene 5 22 76 89 
5 CHzClz 10 19 85 93 
6 CHzClz 5 19 89 91 
7 EtZO 10 14 85 71 

"Compound 103 was added slowly using syringe pump methods over 8 h. 

As shown in Table 1 1, the slow addition of a p-keto ester and the use of CH2C12 
as the solvent are generally quite effective methods for suppressing the reduction 
in enantiomeric excess for the various Michael adducts. On the other hand, 
malonates give adducts with high enantiomeric excesses regardless of the solvent 
used.25 These results can be explained by comparing the pK, of a p-keto ester with 

Table 11 
Catalytic, Asymmetric Michael Reactions Promoted by LSB in CHzC12 

Catalyst 
Michael Michael amount Temp. Time Yield ee 
donor acceptor Product (mol%) ("C) (h) (%) (%) 

0 0  
5 -50 19 89 91 

1 03 29 0 104 

@: 29 10 -50 12 73 91 

0 0  
29 

5 -50 16 98 89 107 

0 110 10 O + r t  17 60 76 109 
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that of a malonate; the former is more acidic than the latter. Therefore, the 
concentration of the resulting Na-enolate can be expected to be greater in the case 
of the P-keto ester, and, moreover this Na-enolate will react with an enone more 
slowly than the Na-enolate derived from a malonate. This combination of more 
rapid formation and longer lifetime increases the Iikelihood of a dissociation of the 
Na-enolate from the chelated ensemble, thus giving a product with lower ee. On 
the other hand, in the less polar CH2C12, the Na-enolate would, even in this case, 
remain as part of the ensemble, thereby affording the product with high ee (Figure 
31). Furthermore, tbe slow addition of the p-keto ester also acts to limit undesired 
ligand exchange between BINOL moieties and the Michael donor. 

In both types of catalytic asymmetric Michael reactions, the use of 
6,6'-substituted BINOL-derived LSB-type catalysts did not result in significantly 
improved results. 

The heterobimetallic chiral catalysts such as LLB and LSB promote various 
asymmetric reactions efficiently by means of a synergistic cooperation between 
two different metals and a chiral template. In addition to the above-mentioned 
chiral lanthanoid complexes, another type of heterobimetallic complexes 
containing group 13 elements as the center metal have been developed. The 
aluminum-lithium-BINOL complex (ALB) and the gallium-sodium-BINOL 
complex (GaSB) are representative of this class and have been prepared as shown 
in Figure 32.45, 6o Structures of these complexes were determined by either X-ray 
crystallography or NMR spectroscopy, which indicated that these complexes 
consist of one group 13 metal and one alkali metal, and two molecules of BINOL. 
These are efficient catalysts that afford Michael adducts in up to 99% ee (Figure 
33). Moreover, tandem Michael-aldol reactions of cyclopentenone (4), diethyl 
methylmalonate ( l l l ) ,  and hydrocinnamaldehyde (2) have been realized. In these 
cases, neither LLB, LSB, nor La-17 gave satisfactory results. 

in CH2C12 in THF 

n 

high ee 
* 

low ee 

Figure 31. Proposed mechanism for the catalytic asymmetric Michael reaction promoted by LSB. 
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48 (2 mol equiv) 

Na 

Figure 32. Preparation of AlLibis[(R)-binaphthoxide] (ALB) and GaNabis[(R)-binaphthoxide] 
(GaSB). 

COOBn -b COOBn 
22 20 24: 88% (99% ee) 

(COOBn ALB (10 mol%) 

COOBn 

(R)-ALB H oH 

rt, 36 h 
4 + 111 + 2 

112: 64% (91% 99) 

Figure 33. Three-component coupling reaction using hydrocinnamaldehyde (2) as an electrophile. 
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H. Catalytic, Asymmetric Hydrophosphonylations of Aldehydes 

In recent years, chiral a-hydroxy phosphonates have attracted much attention due 
to their wide-ranging biological activity and their usefulness as synthetic 
intermediates for other biologically important a-substituted phosphoryl 
compounds. Two groups have independently reported enantioselective 
hydrophosphonylations of aldehydes using LLB.61-63 Because the purity of the 
LLB catalyst in these reports appears to be rather low, the reactions were 
reinvestigated. It was found that in the presence of 10 mol % of LLB, 
hydrophosphonylation of benzaldehyde (54) and cinnamaldehyde (124) with 1.3 
equiv. of dimethyl phosphite in THF at -40 "C gave the corresponding a-hydroxy 

Table 12 
Catalytic, Asymmetric Hydrophosphonylation of Aldehydes 

54:R=Ph 113: R =  Ph 
114: R = pNOa-Ph 
116: R = pCI-Ph 

115: R = pNO2-Ph 
117: R = pCI-Ph 

118: R = pMe-Ph 
120: R = pMeO-Ph 
122: R = pMeZN-Ph 

119: R=pMe-Ph 
121: R = pMeO-Ph 
123: R = pMe,N-Ph 

124: R = (E)-PhCH=CH 
126: R = (E)-PhCH=C(CH3) 
128: R = (€)-CH&H2)2CH=CH 
130: R = CH,(CH2)&H, 

125 R = (E)-PhCH=CH 
127 R = (E)-PhCH=C(CH,) 
129: R = (E)-CH3(CH2)~CH=CH 
131: R = CH,(CHz)&H2 

LLB (-78 "C) ALB (-40 'CY 

Yield (%) Yield (%) 
Entry Aldehyde Product Time (h) [ee (%)I Time (h) [ee (%)I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

54 
114 
116 
118 
120 
120 
122 
122 
124 
126 
128 
130 

113 
115 
117 
119 
121 
121 
123 
123 
125 
127 
129 
131 

8 
12 
8 
7 
9 
8 

12 
12 
8 
8 
8 
8 

88 (79) 
85 (36) 
80 (63) 
93 (78) 
83 (88)" 
87 (93) 
88 (95)" 
80 (95) 
90 (84) 
94 (92) 
63 (75) 
88 (61) 

51 
40 
38 
92 

115 

no reaction 

83 
61 
39 
41 

95 (90) 
85 (71) 
80 (83) 
82 (86) 
88 (78) 

85 (82) 
47 (56) 
53 (55) 
95 (16) 

'Aldehyde was added at one portion. 
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phosphonates 113 and 125 in 76% ee (79% yield) and 72% ee (78% yield), 
respectively (Table 12).@ Shibuya62 and Spilling63 have reported that 
hydrophosphonylation of 54 using the LLB prepared in their groups gave the 
corresponding a-hydroxy phosphonates in less than 30% ee under similar 
conditions. It is noteworthy that with slow addition of the aldehydes, the 
enantiomeric excesses of both 113 and 125 at -40 "C were increased to 83% ee 
(73% yield) and 79% ee (88% yield), respectively. Furthermore, it was found that 
ALB is also effective at generating a-hydroxyphosphonates from aldehydes, 
especially ones with an electron-withdrawing s~bs t i tuent .~~  ALB and LLB can thus 
be used in a complementary manner for asymmetric catalysis of the 
hydrophosphonylation of a wide variety of aldehydes. Representative results 
obtained at -78 "C for LLB and -40 "C for ALB are summarized in Table 12. It is 
clear from the comparisons that while ALB is as selective as LLB in most cases, 
the reaction rates are significantly lower. The use of neither 6,6'-bis[(triethylsilyl)- 
ethynyl1BINOL nor the second-generation LLB catalyst produced a significant 
improvement. 

The effects of the slow addition of the aldehydes on enantioselection can be best 
explained as follows. Heterobimetallic catalysts such as LLB are believed to 
activate both nucleophiles and electrophiles. For the hydrophosphonylation of 
comparatively unreactive aldehydes, the activated phosphite can react only with 
aldehydes that are precoordinated to lanthanum. However, in the case of reactive 
aldehydes such as 54 and 124, the Li-activated phosphite may be able to undergo 
a competing reaction with the unactivated aldehyde. If such aldehydes are added 
in one portion, the ee of the product will thus be reduced. Slow addition of the 

RCHO 

Figure 34. A proposed catalytic cycle for asymmetric hydrophosphonylation. 
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aldehyde, in contrast, has the effect of maximizing the ratio of activated to 
unactivated aldehyde present in the solution, by allowing time for the catalytic 
cycle to complete and regenerate the catalyst, thereby facilitating aldehyde 
activation. Reactive aldehydes should, therefore, be added slowly in order to avoid 
the side reaction that proceeds without activation of the aldehyde by LLB (Figure 
34). 

I. Catalytic, Asymmetric Hydrophosphonylation of Imines Promoted by 
the Lanthanoid-Potassium-BINOL Catalyst (LnF'B) 

a-Aminophosphonic acids are interesting compounds for use in the design of 
enzyme inhibitors. The concept of mimicking the tetrahedral transition structures 
of enzyme-mediated peptide bond hydrolyses has led to the successful design and 
synthesis of phosphonamide-containing peptides as a promising new class of 
proteinase inhibitors.66, 67 Heterobimetallic complexes have also been successfully 
employed in catalytic, asymmetric hydrophosphonylation of imines using to 
produce enantiomerically enriched a-aminophosphonates in modest to high 
enantiomeric excesses.68 

The catalytic, asymmetric hydrophosphonylation of imines was found to be 
highly dependent on the imine nitrogen substituent. For example, reaction of 
N-trityl imine 132 with dimethyl phosphite was found to proceeded at 60 "C only 
in the presence of a stoichiometric amount of the heterobimetallic complexes; 
LaK3tris[(R)-binaphthoxide] (LPB) and LSB (Table 13). However, reaction of the 
modified benzhydryl imine 134 proceeded at room temperature in the presence of 
even a catalytic amount of the heterobimetallic complexes, in particular LPB. Thus 
treatment of imine 134 with 1.5 equiv. of dimethyl phosphite and 10 mol % of LPB 
in THF-toluene (1 :7) at room temperature for 96 h gave a-aminophosphonate 135 
with 96% ee in 70% yield. Moreover, with imine 136, the use of 5 mol % of LPB 
gave 137 with 92% ee in 82% yield. It appears that the slightly weaker coordination 
of amine 137 to lanthanum with respect to that seen with 135 improves the catalyst 
turnover. As shown in Table 13, several imines were converted effectively to the 
corresponding optically active a-aminophosphonates. For the cinnamaldehyde- 
derived imine 144, the GdK3tris(binaphthoxide) complex (GdPB) gave better re- 
sults. Finally, for the 4methoxyaniline imine 146, the use of RPB gave the best results. 

The proposed mechanism for this catalytic asymmetric hydrophosphonylation 
is shown in Figure 35. The first step of this reaction is the deprotonation of 
dimethyl phosphite by LPB to generate potassium dimethyl phosphite. This 
potassium phosphite immediately coordinates to a lanthanoid to give I due to the 
strong oxophilicity of lanthanoid metals. The complex I then reacts (in the 
stereochemistry-detennining step) with an imine to give the potassium salt of the 
a-aminophosphonate. A proton-exchange reaction affords the product 
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Table 13 
Catalytic, Asymmetric Hydrophosphonylation of Acyclic Imines 

132:R’=Et,F?=Tr 
134: R’ = CPr, F? = CH(pCH3%H4)2 
138: R’ = CPr, + = CHPh2 

133: R‘= Et. R2 =Tr 
135: R’ = CPr. Rz = CH(pCH3%H& 
137: R‘ = CPr, i+ = CH!+ 

138: R’ = CH3, R2 = CHPh2 
140: R’ = Et, R2 = CHPhp 
142:R1=C&111,F?=CHPh2 143:R’ =GHtl,R2=CHPhp 
144: R’ = (&phcHCH, # = CHPhz 
146: R’=DC&1, F?=pCH3%H4 
148: R’ = CipHZ,  R2 = CHPhp 

139: R’ = CH3, R2 = CHPhp 
141: R’ = Et, R2 = CHPh2 

145: R’ = (Q-PhCHCH, F? = CHPhp 
147: R’ = D C ~ H , ~ , F ? = ~ C H $ ~ € &  
149: R’ = C1pH25, R2 = CHPh2 

Cat. 
Entry Imine (mol %) Conditions Time (h) Yield (%) 

1 132 LSB(100) A 18 133: 47 
2 134 LSB (20) B 18 135: 25 
3 134 LPB(20) B 18 135: 27 
4 134 LPB(20) C 21 135: 62 
5 134 LSB (20) C 21 135: 38 
6 134 LLB(20) C 21 135: 46 
7 134 LPB (10) C 96 135: 70 
8 136 LPB(20) C 63 137: 97 
9 136 LPB(5) C 143 137: 82 

10 138 LPB(20) C 70 139: 73 
1 1  140 LPB (20) C 63 141: 88 
12 142 LPB (20) C 63 143: 57 
13 144 GdPB (20) D 40 145: 86 
14 146 PrPB (20) C 68 147: 75 
15 146 LPB(20) C 89 147: 71 
16 148 LPB (20) C 84 149: 50 

ee (%) 

69 
55 
71 
91 
49 
38 
96 
97 
92 
75 
94 
92 
66 
66 
49 
89 

All reactions were performed in the presence of 5 equiv. of dimethyl phosphite except enhies 7 and 8 
(1.5 equiv.). Condition A: 60 “C in THF. Condition B: Room temperature in THF. Condition C: Room 
temperature in THF-toluene (1:7). Condition D: 50 “C in THF-toluene (1:7). 

a-aminophosphonate and LPB, thereby completing the catalytic cycle. Although 
the mechanism is reasonable, it does not offer insight into the origin of 
stereoselection nor reveal why LPB is the best catalyst for asymmetric 
hydrophosphonylations of imines. The use of neither a second-generation LPB 
catalyst nor an LPB derivative derived from modified BINOLs gave better results. 

The hydrophosphonylation of cyclic imines (thiazolines) has also been 
reported.69 Representative results are shown in Table 14. For example, reaction of 
150 with dimethyl phosphite in the presence of 20 mol % of LPB gave 151 in only 
modest yield (53%) and enantioselectivity (Table 14, entry 1). The rate of the 
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Figure 35. Proposed catalytic cycle for hydrophosphonylation of imines. 

Table 14 
LnF'B-Catalyzed Asymmetric Hydrophosphonylation of 150 

Entry 

catalyst (5 - 20 mol %) H3xk1: H3 

150 

Catalyst 
(mol %) 

LPB (20) 
LPB (20) 
PrPB (20) 
SmPB (20) 
GdPB (20) 
DyPB (20) 
YbPB (20) 
YbPB (20) 
YbPB (5) 

Temp. 

rt 
50 "C 
50 "C 
50 "C 
50 "C 
50 "C 
50 "C 
rt 
50 "C 

(R)-l51 

Time (h) 

144 
50 
50 
40 
50 
50 
50 
50 
40 

Yield (%) 

53 
55 
51 
97 
77 
76 
90 
86 
63 

ee (%) 

61 
64 
84 
93 
95 
97 
96 
98 
95 
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reaction could be improved by increasing the reaction temperature to 50 "C without 
adversely affecting the yield or selectivity (entry 2). Further optimization of the 
reaction using Sm, Gd, or Dy catalysts at 50 "C leads to a significant increase in 
enantioselectivity with ee values of up to 97% ee and good chemical yields being 
obtained (entries 4-6). In addition, the phosphite adduct (R)-151 could be obtained 
with both excellent enantioselectivity (96% ee) and high chemical yield by using 
the (R)-YbPB complex as the heterobimetallic lanthanoid catalyst (entry 7). This 
catalyst could also effect the phosphite addition at room temperature; the product 
151 was obtained with similarly high 86% chemical yield and in an excellent 98% 
ee (entry 8). These are among the highest enantioselectivities reported to date for 
catalytic, asymmetric hydrophosphonylation. 

J. Direct Catalytic, Asymmetric Aldol Reaction 

The aldol reaction is generally regarded as being among the most powerful 
carbon-carbon bond-forming reactions, and the development of a range of 
catalytic, asymmetric aldol-type reactions has thus proven to be a valuable 
contribution to asymmetric s y n t h e ~ i s . ~ ~ - ~ ~  In all these asymmetric aldol-type 
reactions, however, preconversion of the ketone moiety to a more reactive species 
such as an enol silyl ether, enol methyl ether, or ketene silyl acetal is an 
unavoidable n e c e ~ s i t y . ~ ~ - ~ ~  Development of a direct catalytic, asymmetric aldol 
reaction, starting from aldehydes and unmodified ketones, is thus a worthwhile 
endea~or.7~. 87 Such reactions are well-documented enzymatic transformations,88 
with the fructose-l,6-bisphosphate and/or DHAP aldolases being characteristic 
examples. The mechanism of these reactions is thought to involve the cocatalysis 
by a Zn2+ cation and a basic functional group in the enzyme active site, with the 
latter abstracting a proton from a carbonyl compound and the former functioning 
as a Lewis acid so as to activate the other carbonyl component. These aldolases can 
thus be thought of as multifunctional catalysts displaying both Lewis acidity and 
Bronsted basicity, thus malung possible efficient catalytic asymmetric aldol 
reactions under typically mild in vivo conditions. An analogous cooperative mode 
of action can be seen in reactions mediated by any of several heterobimetallic 
asymmetric catalysts having both Lewis acidity and Brgnsted basicity, which have 
been discussed in this chapter. 

The design for a direct catalytic asymmetric aldol reaction of aldehydes and 
unmodified ketones with bifunctional catalysts is shown in Figure 36. A Bronsted 
basic functionality (OM) in the heterobimetallic asymmetric catalyst (I) could 
deprotonate the a-proton of a ketone to generate the metal enolate (11), while at the 
same time a Lewis acidic functionality (LA) could activate an aldehyde to give 
(111), which would then react with the metal enolate (in a chelation-controlled 
fashion) in an asymmetric environment to afford a P-keto metal alkoxide (IV). 
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0-LA 

I 

LA : Lewis acid 
M : Metal of Br$nsted 

base 

* (: : Chiral ligand 0-LA' 
IV 

Figure 36. Catalytic cycle of direct catalytic asymmetric aldol reactions. 

Proton exchange between the metal alkoxide moiety and an aromatic hydroxy 
proton or the a-proton of a ketone could then lead to the generation of an 
enantiomerically enriched aldol adduct and regeneration of the catalyst (I). 

Several types of direct catalytic, asymmetric aldol reaction proceeded smoothly 
in the presence of 20 mol % (R)-LLB to afford aldol adducts with good to high 
enantiomeric purities.89 Typical examples are shown in Table 15. Catalytic 
asymmetric aldol reactions of aldehydes with a single a-hydrogen also proceed 
without significant self-aldolization. Thus reaction of 52 with 8.0 equiv. of 153 in 
the presence of 20 mol % of LLB was found to give 159 with 44% ee in 72% yield, 
with no self-condensation products of 52 being detected (entry 7). For this 
example, other heterobimetallic catalysts were quite unsatisfactory (LSB: 16%. 
13% ee; LPB: 49%, 0% ee; ALB: trace; LnLB: Ln = Pr, Sm, Gd, Dy, or Yb, low 
enantiomeric excesses). The reaction of isobutyraldehyde (50) with 153 also 
proceeded smoothly, to give 160 with 54% ee and in 59% yield (entry 8). The 
reaction of aldehydes that possess two a-hydrogens, for example, 
hydrocinnamaldehyde (2), proved more difficult; 161 was obtained with 52% ee; 
however, the yield was low (28%) due to the formation of self-condensation 
by-products (entry 9). 

Aldol reactions that utilize acetone (162) as a starting material are generally 
difficult to control. However, in this case the reaction of aldehyde 157 and 10 
equiv. of 162 with LLB was found to give 163 with 74% ee in 82% yield (entry 
10). The reaction of 152 with 10 equiv. of 162 gives 164 with 73% ee in 53% yield 
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Table 15 
Direct Catalytic, Asymmetric Aldol Reactions Promoted by (R)-LLB (20 mol %) 

(R)-LLB 
20 rnol % R'CHO + 'R2 

&F, -20'; - R 

152: R' =tBu 153: R2 = Ph 154: R' = f-Bu, R2 = Ph 

158: R' =PhCH2C(CH& R2 = Ph 
159 R' =@C,jHii, $ = Ph 

161. R' =Ph(CH&, R2 = Ph 
163. R' =PhCHZC(CH&, R2 = CH3 
164: R' = t-Bu, R2 = CH3 
166: R' = PhCHzC(CH3)2, R2= El 

157: R' = PhCH,C(CH,), 155 R2 = 1-naphthyl 156. R' = t-Bu , F? = 1-naphthyl 
52: R' = CCBHl1 
50: R' = i-Pr 

162: F? = CH3 
165: R2 = Et 

2: R' = Ph(CH2)2 160: R' = CPr, $ = Ph 

Entry Aldehyde Ketone Product Time (h) Yield (%) ee (%) 

1' 
2 
3 
4 
5 
6 
7 
8b 
9 
10 
11 
12 

152 
152 
152 
152 
152 
157 
52 
50 
2 

157 
152 
157 

153 (5  equiv.) 
153 (5  equiv.) 
153 (1.5 equiv.) 
153 (10 equiv.) 
155 (8 equiv.) 
153 (7.4 equiv.) 
153 (8 equiv.) 
153 (8 equiv.) 
153 (8 equiv.) 
162 (10 equiv.) 
162 (10 equiv.) 
165 (50 equiv.) 

154 
154 
154 
154 
156 
158 
159 
160 
161 
163 
164 
166 

88 43 
88 76 

135 43 
91 81 

253 55 
87 90 

169 72 
277 59 
72 28 

185 82 
100 53 
185 71 

89 
88 
87 
91 
76 
69 
44 
54 
52 
74 
73 
94 

'Hydrated (R)-LLB by an addition of 1 mol equiv. of H20. 

bThe reaction was carried out at -30 "C. 

(entry ll), and the reaction of 157 and 50 equiv. of 2-butanone (165) affords the 
adduct 166 with excellent ee (94%) in 71% yield (entry 12). Acetone (162) and 
2-butanone (165) are widely used as solvents, and are much cheaper than the 
corresponding en01 silyl ethers and/or methyl enol ethers, which are used as 
substrates in the catalytic asymmetric Mukaiyama-aldol reaction. The use of large 
excesses of the ketone can thus be justified in this particular case. 

According to the hypothetical catalytic cycle (Figure 36), the lanthanum atom 
is believed to function as a Lewis acid and a lithium binaphthoxide moiety as a 
Brcansted base. The nature of the coordination of the aldehyde appears to be of first 
importance. This coordination provides activation of the aldehyde for reaction with 
the hypothetical LLB-enolate (11) (which on the basis of pK, values can be present 
at most in low concentration), and also controls of the orientation of the aldehyde 
for enantioselective reaction. A 'H NMR study also supports the existence of the 
coordination between aldehydes and the lanthanum cati0n.8~ 
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IV. PREVIOUS EXAMPLES OF ASYMMETRIC CATALYSIS WITH 
CHIRAL LANTHANOID COMPLEXES 

A. Catalytic Asymmetric Diels-Alder-Type Reactions 

The first report of the use of enantiomerically pure lanthanoid complexes as chiral 
Lewis acids for Diels-Alder-type reactions appeared in 1983.90 As shown in 
Figure 37, in the presence of (+)-Eu(hfc)~(tris(3-(heptafluoropropylhydroxy- 
methy1ene)-(+)-camphorato)europium(III)), usually utilized as a chiral shift 
reagent for NMR study, the hetero-Diels-Alder reaction of benzaldehyde (54) with 
compound 167 has been found to give 168 in 50% ee. 

Since that early report, the enantioselectivity of catalytic asymmetric 
Diels-Alder reactions has been greatly improved. Kobayashi et al. have developed 
a quite efficient chiral lanthanoid catalyst for Diels-Alder 9 1 ,  92 The 
catalyst is prepared from Yb(OTo3, (R)-BINOL, and a tertiary amine (Figure 38). 
Using the chiral Yb-catalyst, Diels-Alder adducts from 169 and cyclopentadiene 
(170) are obtained in high yields with high diastereo- and enantioselectivities. 
Representative examples are shown in Table 16. Interestingly, achiral additives 
greatly affect the enantiofacial selectivity. Therefore, both enantiomers are 
accessible from a single chiral source and different achiral additives?’. 93 The 
proposed structure of the catalyst depicted in Figure 39 is based on spectroscopic 

Heterobimetallic catalysts have also been examined as Lewis acids in the 
asymmetric Diels-Alder reaction. Thus LaLi3tris[(R)-6,6’-dibromobinaphthoxide] 
catalyzed the reaction of 172 with 170 to give 173 in high endo selectivity and in 
high enantiomeric excess (Figure 40). The same reaction promoted by LLB 
afforded 173 in 82% yield (endo:exo = 15:1) with 63% ee.94 

As shown in Figure 41, Kobayashi’s catalysis was also effective for asymmetric 
aza Diels-Alder reactions, and in this case 2.4 equiv. of DBU was used instead of 
1,3,5-trirnethylpiperidine. 2,6-Di-tert-butyl-4-methylpyridine appeared to be most 
effective Mark6 et al. have reported that these catalysts are also effective 
for asymmetric inverse electron-demand Diels-Alder reactions of 2-pyrone 

H 3 c q ” 3  + HKPh 0 
2. 1. TFA E~(hfc)3 H 3 c 4 ,  Ph 

(H3C)3Si0 \ 0 

CH3 CH3 
167 54 168: 50% ee 

Figure 37. Catalytic, asymmetric hetero-Diels-Alder reaction. 
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0 I 

chiral Yb triflate m Yb(0Tf)S + 3:; MS4A - 2.4(moi equiv! 

\ 

17 (1.2 rnol equiv) 

Figure 38. Preparation of a chiral Yb-catalyst for the Diels-Alder reaction. 

Table 16 
Catalytic, Asymmetric Diels-Alder Reaction 

245 

"chiral Yb catalyst" 0 0  ,,++,kNAo + Q + additive (20 mol %) * 

MS 4A, CH2CI2.0 'C 
169 170 

U 
(2S, 3R)-171 

(2R, 35)-171 

2S,3R-171/2R,3S-171 
Entry Additive Yield (%) endolexo (ee (%)I 

1 

2 83 
Ph 

9317 9.5190.5 (81) 

Yb(0Tf)s 

Figure 39. Proposed structure of the chiral Yb-catalyst. 
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(1 0 mol %) 
+ 170 - 

-20 'C. 20 h 
o u  

~. 

172 
173: 86% ee (1 00%) 
enddexo = 36:l 

(R)-LLB': LaLi~tris((R)-6,6'-dibromobinaphthoxids) 

Figure 40. 
complexes. 

Catalytic, asymmetric Diels-Alder reaction promoted by La-Li-BINOL derivative 

"chiral Yb catalyst" (20 mol %) 
additive (100 mol %) 

additive: 

176: 74% (cidtrans>99/1) 91% ee 

Figure 41. Catalytic, asymmetric aza-Diels-Alder reaction reported by Kobayashi et a1 

derivative 177 with phenyl vinyl sulfide (178) (Figure 42).96, 97 In addition to the 
above-mentioned Yb-BINOL catalysis, Sc-BINOL catalysis, a group 3 metal 
catalysis, is quite effective for asymmetric Diels-Alder reactions.93 

Inanaga et al. have reported the preparation of the new chiral Yb(II1) phosphate 
complex 180 (Figure 43), which is an efficient catalyst for asymmetric hetero- 
Diels-Alder reactions of 181 with aromatic aldehydes and/or a$-unsaturated 
aldehydes. 2,6-Lutidine is found to be an effective additive to obtain high 
enantioselectivities.98 Another asymmetric catalysis for hetero-Diels-Alder 
reaction was reported by Mikami et aLg9 An illustrative example is shown in Figure 
44, wherein the interesting effects of water as an additive were observed to increase 
not only the enantioselectivity but also the chemical yield. 

0 

"chiral Yb-catalyst" 

pSPh (i-Pr)2EtN, MS 4A, CH2Cl: 
1 70 

177 179: >95% ee (92%) 

Figure 42. Catalytic, asymmetric Diels-Alder reaction of 2-pyrone derivatives. 
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(CH3)3Si0 

181 

H b  OCH3 

182 
2) H30+ OCH3 

183: 93% ee 

Figure 43. Catalytic, asymmetric hetero-Diels-Alder reaction reported by Inanaga et al. 

1 ) Ln-bis-trifluorornethanesulfonylamide 
fH: 1 -78 'C, toluene/water 

TBSO H COoBU 2)TFA 0 D ' ' ! G O O B "  

184 185 186 

Figure 44. Catalytic, asymmetric hetero-Diels-Alder reaction reported by Mikami et al. 

B. Catalytic, Asymmetric Mukaiyama Aldoi Reactions 

As discussed in Section IKJ, in general, catalytic asymmetric aldol reactions have 
been studied using enol silyl ethers, enol methyl ethers, or ketene silyl acetals as a 
starting material. So far several types of chiral catalysis have been r e p ~ r t e d ? ~ - ~ ~  
The chiral lanthanoid complex prepared from Ln(OTQ3 and a chiral sulfonamide 
ligand was effective in promoting an asymmetric Mukaiyama aldol reaction with 
a ketene silyl acetaLg6 The preparation of the catalyst and a representative reaction 
are shown in Figure 45. 

Yb(0Tf)s / THF 

LPh YNHTf 
pump-up PhANHTf 

0 OH 0 OSi(CH& 

-40 'C, CHpCI2 E t O y  Ph + E t O y  Ph 

added slowly 
I CHzCI- 

Yb-catalyst (20 mol %) 
PhCHO 

54 . .  
51% ee (41%) 4 8 k  ee (43%) 
I 

total 49% ee (84%) 

Figure 45. Catalytic, asymmetric Mukaiyama aldol reaction promoted by the chiral Yb  complex. 
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Bn 
2 ph’,<lo + PhCH2NH2 100°C Ph,.,p!,,-yPh 

OH OH 
187 188 189 

1) BuLi 

2) Smls P h , . , r i y P h  
Bn 

THF 0-S,m-0 
I 

Figure 46. Catalyst preparation for an asymmetric Meerwein-Pondorf-Verley reduction. 

Fujiwara has reported a unique chiral lanthanoid(I1) alkoxide-promoted 
asymmetric Mukaiyama aldol reaction.38 Stoichiometric amounts of the chiral 
alkoxide, however, were required for good enantioselectivity. 

C. Catalytic, Asymmetric Reduction of Ketones with a Chiral Lanthanoid 
Complex 

An intriguing chiral samarium complex for the Meerwein-Pondorf-Verley (MPV) 
reduction of ketones has been reported by Evans. loo The soluble catalyst, prepared 
as indicated in Figure 46, promoted the asymmetric MPV reduction of aryl methyl 
ketones in up to 97% ee with as little as 5 mol % loading (Figure 47). 

A new type of lanthanoid complex, prepared from BINOL and SmC13, served 
as an asymmetric catalyst for MPV reduction of aryl methyl ketones in the presence 
of molecular sieves. Moderate enantioselectivity was obtained.lol 

A chiral lanthanoid complex, which was prepared similarly to La-(R)-17,7- 23 is 
an effective catalyst for asymmetric reduction of ketones.lo2 With 10 mol % of the 
catalyst, borane reduction of ketones proceeds very smoothly to give alcohols in 
up to 62% ee (Figure 48). 

191 192: 97% ee (100%) 

@ 

190,CPrOH 

rt, 1-2 h 

193 194 73% ee (66%) 

Figure 47. Catalytic, asymmetric MPV reduction. 
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P u m P - u P 

249 

c_ La(O-i-Pr)3 

THF 

Figure 48. Catalytic, asymmetric borane reduction with the new chiral La complex. 

D. Chiral Organolanthanoid Complexes for Olefin Hydrogenation, 
HydroaminatiodCyclization, and Hydrosilylation 

A series of fascinating asymmetric organolanthanoid catalysts for enantioselective 
additions to olefins have been developed by Marks. Their first enantioselective 
hydrogenation in the presence of precatalyst 197 gave the desired alkanes in good 
to excellent enantiomeric excesses with high turnover frequencies (Figure 49). lo3 

This catalytic system has been extended to asymmetric hydroaminationkyclization 
of amino olefins and olefin hydrosilylation.104-106 The mechanism for the catalytic 
asymmetric hydroaminationkyclization has been proposed as shown in Figure 50. 

E. Other Catalytic Asymmetric Reactions Using Chiral Lanthanoid 
Complexes 

Diastereotopic differentiation of two leaving groups has been achieved for the first 
time by the reaction of (dichloromethy1)borates with BuLi in the presence of 
Yb(OTf)3 and the chiral bisoxazoline ligand 2O3.'Os As shown in Figure 51, 
pinacol dichloromethyl boronate (204) gave 205 in up to 88% ee. The reaction can 
be said to be catalytic, as the use of 0.5 equiv. of chiral ligand 203 and 0.2 equiv. 
of Yb(OTf), provided 205 in 55% ee and 86% yield. 

Figure 49. C h i d  organolanthanoid complexes, 
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201 

Figure 50. Proposed mechanism for catalytic asymmetric hydroaminationkyclization. 

V. SUMMARY 

Conceptually new multifunctional asymmetric two-center catalysts, such as the 
Ln-BINOL derivative, LnMB, AMB, and GaMB have been developed. These 
catalysts function both as Brgnsted bases and as Lewis acids, making possible 
various catalytic, asymmetric reactions in a manner analogous to enzyme catalysis. 
Several such catalytic asymmetric reactions are now being investigated for 
potential industrial applications. Recently, the catalytic enantioselective opening 
of meso epoxides with thiols in the presence of a heterobimetallic complex has 

Figure 51. Enantiotopic differentiation of a prochiral compound by chiral Lewis acids. 
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been reported. This new complex, a gallium derivative GaLibis(binaphth0xide) 
(GaLB), shows excellent catalytic activity and high enantiomeric excesses for a 
range of cyclic and acyclic meso epoxides.lo9 The successful development of the 
heterobimetallic concept has opened up a new field in asymmetric catalysis. In 
addition, recent progress in chiral lanthanoid catalysis has allowed for the 
development of a number of asymmetric reactions, in which lanthanoid complexes 
act primarily as Lewis acids. 
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I. INTRODUCTION 

The development of modern organic chemistry increasingly involves single 
enantiomers of chiral compounds as starting materials for synthesis or as the 
desired target. Pharmaceuticals, agrochemicals, fragrances, and materials are the 
main areas involved with the chemistry of enantiopure compounds. A fascinating 
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question, however, remains open to speculation-how and why did biomolecules 
evolve as single enantiomers of a defined absolute configuration? Enantiopure 
compounds may, in principle, be obtained by the use of a chiral auxiliary (in 
stoichiometric or catalytic amounts) that will control the resolution of a racemic 
mixture or the transformation of achiral compounds. Classically the chiral 
auxiliary is provided by the “chiral pool” as an enantiopure compound [alkaloids, 
a-amino acids, (-)-menthol, etc.] although some natural products may sometimes 
be of various enantiomeric excesses (e.g., a-pinene 70-90% ee according to its 
origin). In this chapter will be considered some cases where enantiomerically 
impure chiral auxiliaries are involved in asymmetric synthesis or kinetic 
resolution. One expects a degradation in the stereoselectivity of the chiral auxiliary 
because its enantiomeric excess (ee,,) is inferior to 100%. However, the results are 
not always as expected-sometimes the ee of the product can be higher or lower 
than that anticipated from using a chiral auxiliary of given ee. If the ee of the 
product of an asymmetric synthesis (eep,ducJ or ee of recovered substrate in a 
kinetic resolution (ee,) is higher than expected [based on the ee,,,,), one says that 
there is an asymmetric amplijication.‘. If the ee is lower than expected, this 
deviation is termed an asymmetric diminution (or depletion).2 In this chapter we 
will concentrate on asymmetric amplification, an expression that needs to be 
properly defined (vide infra). 

11. DEFINITION OF ASYMMETRIC AMPLIFICATION 

To amplify is defined in dictionaries as to increase or to enlarge. Its meaning is not 
so different from multiplication, which is defined as “the action of increasing the 
number or the amount of things belonging to the same  specie^."^ The term 
asymmetric amplification (or amplification of chirality) has been used in the 
literature in various ways (for some examples see Refs. 5-8), usually to describe 
processes giving rise to an increase in the amount of enantioenriched material, or 
to the enhancement of enantiomeric excess (or enantiomeric ratio)? or to a 
combination of the both. Here we will consider that there is an amplification of 
chirality when a reaction provides a compound with an enantiomeric excess higher 
than expected. The convenient but less precise expression asymmetric 
amplification is now widely used and will also be used in this chapter.I2 

The size of an asymmetric amplification is difficult to quantify. The most 
convenient way is to compare the enantiomeric excess (ee) or enantiomeric ratio 
(er) of a product generated in an experiment to the ee (or er) expected on the basis 
of classical laws. Thus if a product of 40% ee is expected from an asymmetric 
synthesis but a product with 90% ee is obtained, the amplification factor is 2.5. If 
this calculation is based upon enantiomeric ratio (2.33 and 8.26 for 40% ee and 
90% ee, respectively), the amplification factor is 3.54. The latter calculation based 
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upon er is more convenient because it gives an expanded scale for highly 
enantioenriched products. Comparing ees of 95% and 99%, for example, suggests 
a weak amplification (1.04), while comparison of the corresponding ers (39 and 
199) gives the more informative amplification factor of 5. l.14 

111. ENANTIOENRICHED VERSUS ENANTIOPURE AUXILIARIES 

As mentioned in the introduction, a chiral auxiliary for asymmetric synthesis or 
kinetic resolution may not necessarily be enantiomerically pure. Even natural 
products considered to be composed of a single enantiomer may later be proven to 
be contaminated by minor amounts of the other enantiomer. Currently available 
techniques are estimated to allow the measurement of ees up to 99.99% (er = 
20,000).16, These numbers define, for the time being, the experimental border 
between enantiopure and enantioimpure compounds. 

Many asymmetric syntheses have been performed with partially resolved chiral 
auxiliaries (enantiomeric excess eeaux < 100%). The enantiomeric excess of the 
product (eeproducJ of the reaction is lower than that obtained (ee,) in the reaction 
with enantiopure chiral auxiliary. The maximum value ee, was traditionally 
calculated by “correcting” eeproduct with ee,,: 

This assumption (to our knowledge there is no demonstration of this calculation) 
is easily established by considering the case of a simplified model of asymmetric 
catalysis (Scheme 1). In process I the asymmetric reaction is controlled by a chiral 
catalyst, cat& while in process I1 it is the enantiomeric catalyst, cats, that is 
working. The two systems are mirror images and will generate products of opposite 
absolute configuration but with the same enantiomeric excess (absolute value). 

It is possible to calculate the ee of the product (eeproduct = ee,) in system I using 
the following equations (2)-(6). 

-- d[R1 - k,  catR[A] [B] 
dt 

-- d[S1 - k2 catR[A] [B]  
dt 

(3) 

Hence, 
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@ Catalysts 
kl  cat S 

R- S S 5 R eeproduct = E- = -eeo A + B--(-: R + S  
k2 cat S 

Scheme I. Asymmetric catalysis from achiral reactants A and B under the influence of a chiral catalyst 
(cam or c a a .  

which after integration gives 

Thus the ratio of the enantiomeric products is independent of time. The 
enantiomeric excess ee, is given by 

[RI- [SI s-  1 
[R] + [a - s + 1 

ee, = 

The same calculations can be applied to system I1 by exchanging kl and kz, giving 

The enantiomeric excess for this system is -ee,. 
If the catalyst is a mixture of enantiomers (catR and cas ,  with catR being the 

major enantiomer), one can calculate eeproduct by combining the equations 
describing systems I and I1 (which lead to products of opposite absolute 
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configuration). The ee of the catalyst, eeaux, can be expressed in terms of the 
relative amounts of its two enantiomers catR and cats (with catR predominating) 

- catR - cats 
eeaux - catR + cats 

The product will be the result of parallel reactions through systems I and I1 giving 
rise to the R enantiomer (ee, in system I) and S enantiomer (-ee, in system 11). The 
overall result is equivalent to mixing two samples with different ees giving rise to 
one mole of product with eepmduct This ee may be calculated by applying equation 
(9).'0. l8 

In this formula (RI + SI) and (RII + S,,) are the fractions of products obtained through 
systems I and I1 giving 1 mole of product. The corresponding ees are eeI, eeII, and 
-roduct (with absolute values I 1 for simplicity). 

Applying the above definitions gives 

R,+S,+R,+S,= 1 

Thus 

1 + eeaux (12) 
, where a = ___ R, + S, = - and R,+S -- a 1 

l+a 'I- 1 + a  1 - eeaux 

Replacing these values for (R, + S,) and (RII + SII) in Eq. (9), and taking eeI = ee, 
and eeu = -ee,, gives 

a-1 
a + l  eeproduct = eeo - 

Using the definition of a in Eq. (12) gives 
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This relationship shows that there is a linear correlation between the enantiomeric 
excess of theproduct of an asymmetric synthesis and the enantiomeric excess of the 
chiral auxiliary. As pointed out in Ref. 10, such a simple relationship does not exist 
if enantiomeric ratios (er) are used to describe the enantiomer distributions. It was 
classically Eq. (14), or the equivalent Eq. (l), which was implicitly used to 
extrapolate the enantiomeric excess of the product (ee,) prepared under the 
influence of enantiopure chiral auxiliary. 

The main assumption behind the calculations leading to Eq. 14 is that the 
catalysts are working independently from each other, with catalysts of opposite 
absolute configuration giving rise to enantiomeric products. In other words, the 
mixing of enantiomeric catalysts has been treated as an ideal mixing of compounds, 
without perturbation terms. This is also reflected in the use of the simple law of 
mixing for chiral compounds (Eq. 11). Is this assumption valid, however? 

There were various indications in the literature that a nonideal behavior of 
mixtures of enantiomers could sometimes occur. Let us consider the specific 
rotations associated with various mixtures of enantiomers. 

The optical purity (op) of a compound has been calculated, since the time of 
Pasteur and Biot, by 

where [a],,, and [aImax are the values for the specific rotations of a partially 
resolved sample and the enantiopure sample, respectively. The optical purity was 
assumed to be equivalent to the ee, given by the ratio 

if the R enantiomer is in excess. For a long time polarimetry was the only tool 
for measuring the relative amounts of each enantiomer in a mixture. The 
equation op = ee, however, is not always valid. The first breakdown of this law 
was observed by Horeau in 1969 when studying the optical rotation of samples 
of 1-ethyl-1-methylsuccinic acid of various ees in chloroform (Scheme 2).19 It has 
been interpreted by intermolecular interactions (H bonds) between the enantiomers 
of the acid affording diastereomeric  aggregate^.'^. 2o Methanol, however, ef- 
fectively solvates the acid and disrupts this aggregation, restoring the additivity 
rule based upon the contributions of the enantiomeric species. 

Interactions between enantiomers in solution have also been observed in NMR 
spectroscopy. Uskokovic et al. discovered that the 'H NMR spectra of 
dihydroquinine of various ees are different.21 Chromatography of enantioenriched 
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optical purity (%) 

0 20 40 60 80 100 

ee (Yo) 
Scheme 2. Nonequivalence of o tical purity (op) and enantiomeric excess (ee) for l-ethyl-l- 
methylsuccinic acid in chloroform. 8 

mixtures under achiral conditions may give a fractionation of the enantiomeric 
excess.22 This has been interpreted as the result of diastereomeric interactions in the 
mobile or stationary phases. Finally, the fractionation of ee by distillation of a 
partially resolved sample of isopropyl trifluorolactate is evidence for the 
importance of diastereomeric  association^.^^ 

The potential perturbations afforded by diastereomeric interactions between 
enantiomers during reactions were pointed out by Wynberg and Feringa in 1976.24 
They stated that “when a chiral substance undergoes a reaction, the reaction rate 
and the product ratio will depend-inter alia-upon the enantiomeric excess 
present in the starting material.” 

The authors provided some experimental support for their hypothesis by 
performing various diastereoselective reactions on racemic or optically active 
compounds. Indeed, they found some differences in stereoselectivity between the 
two cases. Reduction of DL-camphor or D-camphor with lithium aluminum hydride, 
for example, gave ratios of isoborneol to borneol of 7.93 and 9.20, respectively. 

Izumi and Tai discussed in their book published in 1976 the case of asymmetric 
syntheses performed with partially resolved reagents or catalysts. They concluded 
that some complications may occur for catalysts bearing several chiral l i g a n d ~ . ~ ~  

The first experimental studies of asymmetric catalysis with enantiomerically 
impure ligands were disclosed in 1986 by one of us in collaboration with C .  
AgamL2 The deviations observed with respect to Eq. (14), which defines a straight 
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line in the graph eeproduct =f(ee,,,), were called nonlinear effects (NLE). We later 
gave approximate models for the analysis of NLEs and for making predictions with 
regard to their behavior.26 Since then many examples of NLEs have been 
discovered in a diverse range of reaction systems.27 In the next section we will 
present the basic features of nonlinear effects. 

IV. NONLINEAR EFFECTS 

A. Graphical Representation 

Equation (14) plotted on a graph of eeproduct versus eeaux gives a straight line (1 in 
Scheme 3). On this graph, and those that follow, eeaux and eepmduct are considered, 
for clarity, as taking values between 0 and 100% (by multiplying the values of eeaux 
and eeproduct in the various formulas by 100). When for a given eeaux the 
corresponding value of eeproduct is always found experimentally to lie above line 1, 
as for curve 2, this phenomenon is termed a positive nonlinear effect, (+)-NLE. If 
the experimental values of eeproduct are below line 1, as for curve 3, there is a 
negative nonlinear effect, (-)-NLE. The denominations “positive” or “negative” 
were suggested in order to recall that the deviation from linearity occurs above or 
below line 1. 

80 
y2 

60 

40 

y1 20 

0 
0 20 40 60 80 100 

X 
ee a”x (“w 

Scheme 3. Graphical representation of nonlinear effects. 
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eeprod. (%.) 
(R)-enantiomer (or S) 

eeprod. (YO.) 
(S)-enantiomer (or R) 

Scheme 4 .  Graphical representation of a (+)-NLE when successively using both enantiomers of a 
chiral auxiliary. 

Usually NLEs are studied for a chiral auxiliary of a given absolute configuration 
by variation of its ee between 0 and 100%. The graph is presented in a standard way 
in Scheme 3, which is irrespective of the absolute configuration of the chiral 
auxiliary and product. Sometimes experiments are performed with both 
enantiomers of the chiral auxiliary. In this case the results may be plotted as in 
Scheme 4 or 5. Symmetry relationships relate the curves in Schemes 4 and 5, since 
experiments performed with enantiomeric catalysts are strictly mirror image. 

Let us compare curves 2 and 3 in Scheme 3. At a given value (n) of eeaux there 
are two corresponding values of eeproduct, y1 and y2, on curves 1 and 2, respectively. 
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Scheme 5. Graphical representation of a (+)-NLE when successively using both enantiomers of a 
chiral auxiliary. 

The value y2 is much higher than the “normal” value yl obtained in the linear 
correlation, hence the term (+)-NLE. Oguni et al. introduced in 1988 the expression 
asymmetric amplification as being synonymous with (+)-NLE in order to describe 
these effects. Although this expression is now widely used in the context of 
nonlinear effects, its validity is questionable (vide supra). 

B. Early Examples of Asymmetric Amplification 

We showed in 1986 that the Sharpless epoxidation of geraniol gives a well-defined 
(+)-NLE, although the amplification is moderate (Scheme 6).2 Curiously, however, 
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Scheme 6. (+)-NLE in the Sharpless epoxidation of geraniol.’ 

asymmetric oxidation of methyl p-tolyl sulfide in the presence of a water-modified 
Sharpless reagent provided a sulfoxide with a (-)-NLE.2 

Very strong asymmetric amplifications have been observed in the addition of 
diethylzinc to benzaldehyde catalyzed by various p-amino alcohols. The first 
experiments were published by Oguni et al. in 1988l and by Noyori et al. in 1989.32 
The experimental results are shown in Scheme 7. Using (-)-DAIB 2 of 15% ee, for 
example, gave the addition product in 92% ee, while using enantiopure (-)-DAIB 
gave the product in 98% ee. 

C. Index of Amplification 

In reactions exhibiting a (+)-NLE, some authors have quantified the magnitude of 
the amplification by comparing the ee of the product obtained with that expected 
if there were a linear correlation between catalyst and product ees. However, as 
previously mentioned, the ratio of ees gives a less informative index of 
amplification than when compared with ers. Thus we propose to define routinely 
the size of an amplification (the amplification index I )  as the ratio of the 
enantiomeric ratio (er) of the product experimentally observed to the er of the 
product expected for a linear relationship. This amplification index I has been 
plotted against eeaux in the case of the diethylzinc addition to benzaldehyde 
catalyzed by (-)-DAIB 2, as described by Noyori et al. (Scheme 8, top). Here the 
maximum amplification (with I = 32) occurs when DAIB has an eeaux of 
approximately 20%. Expressing the amplification in terms of the ratio of ees, 
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Cat' 

Cat' = (-)-PDB (R) 
Cat' = (-)-DAIB (S) 

PhCHO +Etgn - PhCHOHEt 

(-)-PDB (-)-DAlB 
1 2 

Scheme 7. (+)-NLEs in the PDB,' and DAIB32 catalyzed addition of diethylzinc to benzaldehyde. 

however, gives a misleading view of the size of the amplification (Scheme 8, 
bottom). 

The ene reaction between 1 -methylstyrene and methyl glyoxylate, catalyzed by 
a BINOL-titanium complex, gives a considerable amplification, as reported by 
Nakai and Mikami (Scheme 9).33 Many reports of asymmetric amplifications have 
subsequently been published for a wide range of reactions (vide infra). 

D. Mechanisms for Asymmetric Amplification 

We have described two fundamental models for explaining the phenomenon of 
asymmetric amplification. In the kinetic model we proposed that the unusual 
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Amplification index, I 

35-v- 

'i 0 
0 20 40 60 80 100 

eeaux PA) 

Scheme 8. Amplification index I (top) and ratio of product ee to expected ee for a system with no NLE 
(bottom) versus enantiomeric excess of auxiliary (eeaux) in the (-)-DAIB catalyzed addition of diethyl 
zinc to benzaldehyde. 
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(R)-BINOL 
(kPrOhTiBr2 

(1 mol% each) 
MS4A 

Cat' = (R)-BINOL = 

Scheme 9. (+)-NLE in the glyoxylate-ene reaction catalyzed by a BINOL-Ti reagent.33 

behavior of the chiral auxiliary reflects the formation of catalytic species involving 
several chiral ligands.2 If LR and Ls are the two enantiomeric ligands of a metal (M) 
bearing n ligands (L), one may simply represent the complexes as ML,. M b  
complexes, or the dimers (ML)2, are the simplest ways of assembling two chiral 
ligands in a molecular species. This model, however, does not take into account 
other co-ligands or additional possibilities of stereoisomerism. Three 
stereoisomeric complexes are generated, namely, two homochiral complexes 
(MLRLR and MLsLs) and one heterochiral complex (MLRLs), assumed to have a 
meso structure. The chiral products PR and Ps are obtained from these three 
catalysts (Scheme 10). The meso catalyst will give a racemic mixture of products, 
whereas the two homochiral catalysts will give products of opposite absolute 
configuration with enantiomeric excess eeproduct = ee,. The overall enantiomeric 
excess of the product will depend on the relative amounts of the three catalysts 
present (x, y, and z) and on their relative reactivities (khomo = kRR= kss, k,,,,,, = k ~ s ) .  

A simple calculation has been performed2 to express eeproduct as a function of the 
relative amount of meso catalyst present p and of its relative reactivity g: 
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Scheme 10. Complexes formed between the two enantiomers of a chiral ligand and a metal 

‘RS and g=- Z 

kRR 

An additional parameter K is needed to calculate the distribution of the three 
complexes. It is defined as the equilibrium constant of interconversion between the 
three complexes and is related to the relative amount (P) of meso catalyst. The 
lunetic calculations give equation (18), where ees are defined as being I 1. 

In order to achieve an amplification of chirality, it requires that f > 1. If p = 0 
(no meso catalyst) or g = 1 (same reactivity of meso and homochiral catalysts), 
thenf= 1. The conditionf> 1 is achieved for 1 + P > 1 + go, or g < 1. Thus the 
necessary condition for asymmetric amplification in the above model is for the 
heterochiral or meso catalyst to be less reactive than the homochiral catalyst. If the 
meso catalyst is more reactive, then f < 1, and hence a negative nonlinear effect is 
observed. The size of the asymmetric amplification is regulated by the value off, 
which increases as K does. The more meso catalyst (of the lowest possible 
reactivity) there is, the higher will be eeproduct This is well illustrated by computed 
curves in Scheme 11. The variation of eeproduct with eeaux is represented for various 
values of g (the relative reactivity of the meso complex) with K = 4 (corresponding 
to a statistical distribution of ligands; Scheme 11, top). The variation in the relative 
amounts of the three complexes with eeaux is also represented for a statistical 
distribution of ligands (Scheme 11, bottom). 

The asymmetric amplification is a consequence of an in situ increase in the ee 
of the active catalyst, since racemic ligand is trapped in the unreactive or weakly 
reactive meso catalyst. In the reservoir efect a similar phenomenon occurs outside 
the catalytic cycle. Let us assume that part of the initial chiral ligand, characterized 
by eeau,, is diverted into a set of catalytically inactive complexes (Scheme 12). 

If this reservoir traps some of the initial ligand with an enantiomeric excess 
(ee,,) different from ee,,, then the remaining ligand will have an effective 
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Scheme 11. Variation of eeproduct with eeaux in ML2 model with various values of g (top) and the 
dependency of the relative amounts of homochiral and heterochiral catalysts on the eeaux (bottom). 

enantiomeric excess (eeeff). The usual case is the formation of inert species of 
racemic composition by, for example, autoassociation of a complex into a meso 
dimer. The available ligand for catalysis will then have an ee given by Eq. (19), 
where a is the molar fraction (4) of the initial ligand that exists as a racemic 
mixture in the reservoir. 



DAVID R. FENWICK AND HENRI B. KAGAN 273 

LR+ Ls 

chiral auxiliary 
1 mole of L with eeaux 

reservoir of inactive species 
a mole of L with eereS 

catalytically active species 
I-a mole of L with eeeff 

Scheme 12. ReSeNOu effect. 

eeaux eeeff = __ 
1 - a  

The classical equation for the correlation of eeproduct and ee,,, Eq. (14), can now 
be used but replacing eeaux by eeeff. The size of the reservoir is crucial for the value 
of the amplification. Equation (19), shows that a ligand of eeaux = 20% will have 
an eeeE = 80% if a = 0.75 (75% of storage). The value a is a function of the initial 
enantiomeric excess of the ligand (ee,,). A common scenario is a pre-equilibrium 
between monomers and dimers (inactive) with an equilibrium constant K, which 
fixes the size of the reservoir as a function of ee,,. Using these assumptions leads 
to 

Keeaux 
eeeff = d l  + K(K ee:,,+ 2) - 1 

Strong amplifications at low eeaux may be achieved using suitable values of K. 
In conclusion, asymmetric amplification is essentially generated by the 

“annihilation” of two ligands of opposite configuration in unreactive species 
(inside or outside the catalytic cycle).26 A direct consequence of the reservoir effect 
or of the lower reactivity of meso species is the enhancement of the enantiomeric 
excess of the reactive species. This beneficial effect, however, is balanced by a 
decrease in the reaction rate, since a smaller amount of active catalyst is available 
for reaction. The lowering of reaction rate will be especially strong for low eeaux 
due to the greater formation of meso species. This effect has been experimentally 
observed34 and recently quantitatively discussed by Blackmond in connection with 
ML, models.35 In the ML2 model (Scheme 10 and Eq. 17), for example, it is 
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possible to calculate the values of x, y ,  and z,  which define the relative amounts of 
the three catalysts (as a function of K and ee,,,, Scheme 11). The overall rate of 
formation of products may then be obtained as a function of K and ee,,,. The 
comparison of calculated and experimental rates should provide a simple tool for 
the support of a mechanistic model. 

These mechanisms for the in situ enhancement of the catalyst ee bear a 
similarity to the “Horeau duplication,” which can be used for the enhancement of 
ee.36 In this approach a mixture of enantiomeric monomers R and S are coupled 
with an achiral bifunctional linker to give a mixture of dimers R-R, S-S, and R-S. 
The R-S dimer (diastereomeric to the homochiral combinations R-R and S-S) is 
separated and the remaining enantiomeric mixture of dimers cleaved to give a 
mixture of monomers R and S of enhanced ee (even if the coupling reaction gives 
a statistical distribution of products). A generalization of the Horeau duplication 
principle has been discussed by Rautenstrauch in cases where a chiral catalyst acts 
on a substrate bearing several prochiral sites, giving an apparent amplification of 
the stereoselectivity .I5 A symmetrical diketone, for example, may be reduced to a 
chiral diol of much higher ee than expected from the ee of the monoreduction. The 
amplification arises from the formation and separation of the meso diol. 

V. CATALYTIC REACTIONS WITH ASYMMETRIC 
AMPLIFICATION 

A. Organozinc Additions 

Asymmetric amplification in the 1,2- or 1,4-addition of dialkylzincs is very 
commonly observed. As previously mentioned, the expression asymmetric 
amplification originated with experiments performed by Oguni et al. in the reaction 
of diethylzinc with benzaldehyde catalyzed by chiral p-amino alcohols. 

The most fully understood system in this class of reactions, however, is the 
DAIB-catalyzed addition of diethylzinc to aldehydes, due to the very detailed 
mechanistic studies performed by Noyori et al.323 343 37 They were able to determine 
the structure of several intermediates involved in the reaction and established the 
kinetic law. Part of the catalytic cycle is depicted in Scheme 13. The origin of the 
asymmetric amplification lies in the formation of dimers of DAIB-zinc alkoxides. 
The heterochiral dimer is quite stable in the concentration range of the experiment 
(2 x 10-l to 5 x lo-’ M in toluene for DAIB), whereas the homodimers are prone 
to dissociation and react further with diethylzinc to give a di-zinc complex that is 
the active species in the catalytic cycle. They react with benzaldehyde and give rise 
to the asymmetric transfer of the ethyl group. The final product, as a zinc alkoxide, 
does not interfere with the reaction (and hence there is no autoinduction), since it 
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Scheme 13. Reservoir effect in the DAIB-catalyzed addition of diethylzinc to benzaldehyde. 32 

autoassociates into a stable tetramer. From the experimental data given by the 
authors, one can model the system (as far as DAIB is concerned) as a reservoir 
connected to a catalytic cycle. For eeDAIB = 20%, which gives eeproduct = 90%, one 
calculates a = 0.77, which means that 77% of the ligand is stored in the reservoir. 
It was shown, however, that the mesu dimer can react under some experimental 
conditions, leading to a minor amount of racemic product. 

Asymmetric amplification in the diethylzinc addition to aldehydes has been 
observed with many &amino alcohols as catalyst, presumably because of a 
reservoir effect similar to that discovered by Noyori et al. Asymmetric 
amplification has also been found for other classes of chiral catalysts-diamines, 
diols, titanium complexes, etc. The various examples are collected in Table 1. The 
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Table 1 
Asymmetric Amplification in the 1 ,ZAddition of Diethylzinc to Benzaldehyde 

Ligand, Etgn  

Ligand Addition product 
Amplification 

Structure mol % ee (%) Yield (%) ee (%) indexza Ref. 

ENQ 2 20.5 96 
&BU 

m u  ENM% 2 19.8 82 

10.5 

4.6 

3.0 

30.3 

3.1 

11.2 

1 

32 

38 

39 

Me 

81' 3.4 40 

b - 
6h  

8 1 b  

84 (9 

3.4 

3.2 

40 

41 

aEither maximum value calculated directly from the experimental data or estimated from the graph 

'Not determined. 
showing the (+)-NLE in the paper. 
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Table 2 
Asymmetric Amplification in the 1 ,4-Addition of Diethylzinc to Chalcone 

Ligand, Etgn Et 0 
1 mol% Ni(aca& 

Ligand Addition product 
Amplification 

Structure mol % ee (%) Yield (%) ee (%) index Ia Ref. 

fiBU 20 32 77 66 (R)  2.9 42 
/ OH 

'Either maximum value calculated directly from the experimental data or estimated from the graph 

bNot determined. 

showing the (+)-WE in the paper. 

size of the maximum amplification has also been given by calculating the 
amplification index I: 

where erlinear is the expected enantiomeric ratio for a linear correlation, calculated 
from Eq. (14), while erproduct is the experimental value. 

The 1,6addition of diethylzinc to a,&unsaturated ketones is catalyzed by 
nickel (11) complexes. Bolm showed in 1991 that a c h i d  amino alcohol derived 
from pyridine and Ni(acac)2 catalyzed the addition of diethylzinc to chalcone with 
a moderate asymmetric amplification?* Mb-type species are assumed, with the 
meso complex being the less reactive. Other examples of this reaction are collected 
in Table 2. 

Table 3 contains the two known examples of systems exhibiting (+)-NLEs in the 
1 ,Caddition of organocuprates to a,&unsaturated ketones. 
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Table 3 
Asymmetric Amplification in the 1,4-Addition of Organocuprates to a$-Unsaturated 

Ketones 

Ligand, RLi, Cul 

Addition product 
Amplification 

Q 
Ligand 

Structure mol % ee (%) Yield (%) ee (%) index Ia Ref. 

n = 2, R = Bu 

M ~ , ~ & N  Ph 9 125 84 - 9407 3.5 46 

H 

aEither maximum value calculated directly from the expeimental data or estimated from the graph 

bNot determined. 

showing the (+)-NLE in the paper. 

B. Oxidations 

Sharpless asymmetric epoxidation of allylic alcohols, asymmetric epoxidation of 
conjugated ketones, asymmetric sulfoxidations catalyzed, or mediated, by chiral 
titanium complexes, and allylic oxidations are the main classes of oxidation where 
asymmetric amplification effects have been discovered. The various references are 
listed in Table 4 with the maximum amplification index observed. 

C. Ene Reactions 

This was one of the first classes of catalyzed reactions that were shown to give rise 
to strong asymmetric amplifications (vide supra, Scheme 9).33 Many subsequent 
studies have been performed with variations in the structure of the chiral 
catalyst, generated from BINOL and titanium s a l t ~ . ~ O - ~ ~  Asymmetric 
amplification is frequently observed with these catalysts in the glyoxylate-ene 
reaction (Table 5) .  
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Table 4 
Asymmetric Amplification in Oxidation 

Ligand Oxidation product 
Amplification 

Structure mol % ee (%) Yield (%) ee (%) indexza Ref. 

-OH 

HO,,COZEt 

Q C Q H  7.5 

H 

Ph &Me 

* 
Ti(O-i-Pr)4, TBHP, Ligand 

b 2 71 ( 2 9 3 4  2.1 - 50 

CU(OAC)~, ElCOzH, t-BUOOH, 0 
Anthraquinone, Ligand 

Yb(O-i-Pr)3, Ligand, MS 4A, CMHP 
* 

(R)-BINOL 5 64 - 75 (US, pR) 2.0 48 

0 

Ti(O-kPr)4, Ligand, H20, TBHP D s - M e  

M D-,. Me 

b (R)-BINOL 20 50 - 75 (RI 2.6 49 

"Either maximum value calculated directly from the experimental data or estimated from the graph 

bNot determined. 

showing the (+)-NLE in the paper. 

D. Cycloadditions 

Many Diels-Alder or hetero-Diels-Alder reactions (catalyzed by chiral Lewis 
acids) have been described in the literature. The first example involving an 
asymmetric amplification was disclosed by Narasaka et al. in 1989.53 

These authors used titanium taddolate as a chiral catalyst, under heterogeneous 
conditions, giving partial precipitation of an inactive meso dimer. Titanium 
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Table 5 
Asymmetric Amplification in the Glyoxylate-Ene Reaction 

0 LiganMi 

Ligand Addition product 

c 

Ph A + H%o*Me 

(R)-BINOL + 
TiBr2(0-CPr)2 + MS 4A 

0 
(BINOL)Ti< ;Ti(BINOL) 

0 

0 
(BINOL)Ti< ;Ti(BINOL) 

0 

0 
(BINOL)Ti< ;Ti(BINOL) 

0 

1 33 92 91.4(R) 11.7 50 

0.2 45 - 90(R) 7.3 52 

5 25 - 85(R) 7.5 57 

20 56 - 91 (R) 6.3 57 

‘Either maximum value calculated directly from the experimental data or estimated from the graph 
showing the (+)-NLE in the paper. 

%ot determined. 

binolate has also been successfully used as a chiral catalyst in Diels-Alder 
reactions?l It is interesting to note that according to the preparation of the 
Ti-binolate catalyst there can be either asymmetric amplification or complete 
linear it^.^^.^^ The treatment of BINOL (of various ees) with Ti(O-i-Pr)2C12 in the 
presence of molecular sieves (MS4W), followed by filtration of the sieves, gives a 
catalyst that exhibits asymmetric amplification. The preparation of the two 
enantiopure catalysts, under the same conditions as above, followed by mixing of 
the two catalysts in various amounts, gives a system devoid of an NLE. The 
explanation lies in the formation of dimeric Ti complexes (with C1 or oxygen 
bridges). In the first procedure diastereomeric dimers are generated, leading to 
asymmetric amplification. In the second method there is only a mixture of 
enantiomeric dimeric catalyst, and hence normal behavior is observed. However, 
the addition of molecular sieves to this mixture catalyzes the interconversion 
between titanium complexes, with the concomitant formation of diastereomeric 
complexes and the subsequent appearance of an asymmetric amplification. 
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Table 6 
Asymmetric Amplification in Cycloadditions 

~ 

Ligand Addition product 

Yield Amplification 
Structure mol% ee (%) (%) ee ($6) indexP Ref. 

0 0  
LigandrTi or Sc 

Me &NK0 + 0 
U 

0 0  

M e x o y A k  

b Me 0 '+KOH 10 50 68 (2S3R) 2.1 - 
Ar Ar 

+ TiCl,(O-i-Pr), + MS 4A 

Ar = 2-Naphthyl 

(R)-BINOL + sc(0~9, 2o 
+ MS 4.4 + TMP 

80 b - 

54 

55 

56 

0 0  Me 
&NKo +yMe Liganui 

MeQC u /  
0 0  

b 
200 25 83 ( 1 9  2R) 7.1 53 - 

+ TiCI2(0-CPr), + MS 4A 

0 

LigandrTi M e A r ,  . 

50 50 74 ( lR,  29 2.4 51 
(R)-BINOL+ 
TiC12(0-CPr)2 

aEither maximum value calculated directly from the experimental data or estimated from the graph 

bNot determined. 

showing the (+)-NLE in the paper. 
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Table 7 
Miscellaneous Examples of Asymmetric Amplification 

Ligand Addition product 
Amplification 

Structure mol % ee (%) Yield (8) ee (%) index 1" Ref. 

CI 0 LigandSm + x  
Bn 

p h r , , r N T p h  OLi 
LiO 

+ Sm13 

QCHO + 

(Rj-BINOL + 
Ti(O-CPr)4 + MS 4A lo 

QCHO + e S n B %  

(Rj-BINOL + 
Ti(O-CPr), + MS 4A 30 

IFC,H,~-CHO + eSnBu3 

EC12(O-CPr)2 + MS 4A 20 
(S)-BINOL + 

(S)-BINOL + 
Zr(0-CPr),.CPrOH + 20 

MS 4a 

(S)-BINOL + 
Zr(O-i-Pr),.CPrOH 2o 

(4-BINOL + 
Ti(O-i-Pr), + MS 4a 20 

0-CHO 

+ CH3NO2 

(a-BINOL.Li + 
LaC13.7H20 + NaOH lo 

Liganmi 
c 

Ligand 

70 >95 >95 (Rj 

LigandfTi or Zn 

- 70 92 ( R j  

52 (R j  - 40 

73 (R j  70 - 

LigandiTi 

50 50 91 (9 

Ligandlla and Li - 
56 65 68 (4 

1.2 58 

5.3 59 

OH 

0"" 

4.9 61 

1.5 61 

1.6 61 fl S-t-BU 

7.4 62 

dTNoz 
1.7 63 

(continued) 
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Table 7 
(Continued) 

Ligand Addition product 
Amplification 

Structure mol % ee (%) Yield (%) ee (%) index I" Ref. 

LigandTi 
t-BlrCHO + e S i M %  

10 (s)-BINOL + 
TiF4 + CH&N 

50 b - 82 ( R )  3.7 

OSiM% - +  LigandTi 
+ M%SiCN 

HO''' 100 50 83 70 ( R )  2.3 

+ Ti(O-i-Pr)4 

Ligand/Cr 

0 0  + TMSb * 0 ' : M s  

64 

65 

b 70 - 77 (1R,2R) 3.1 66 

'Either maximum value calculated directly from the expeimental data or estimated from the graph 

bNot determined. 

showing the (+)-NLE in the paper. 

Examples of asymmetric amplification in Diels-Alder or hetero-Diels-Alder 
reactions are listed in Table 6 (see page 281), together with an example of 
amplification during a 1,3-dipolar cycloaddition. 

E. Miscellaneous Reactions Exhibiting Asymmetric Amplification 

Asymmetric amplification has been observed in organotin-catalyzed C-C bond 
formation. Keck, for example, discovered that allylation of aldehydes with 
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allyltri-n-butylstannane catalyzed by titanium binolate catalysts gives a strong 
(+)-NLE.59 The size of the asymmetric amplification is very sensitive to the solvent 
and the concentration.62 The more concentrated the Ti catalyst, the greater the 
amplification, presumably due to increased dimerization into meso complexes. 

Table 7 (see page 283) collects all the examples of asymmetric amplifications 
not quoted in the previous sections. 

VI. AUTOINDUCTION OR AUTOCATALYSIS WITH ASYMMETRIC 
AMPLIFICATION 

Autoinduction has been defined by Albert and Wynberg as the case where the 
product of the reaction modifies the further course of the reaction by changing the 
nature of the reagent or the ~atalyst.6~. 68 In catalytic reactions (the only type 
considered here) the autoinduction can involve the formation of product different 
from, or identical to, the catalyst. This last situation has been termed autocatulysis. 
These two cases are illustrated in Scheme 14. 

Cat Cat-P 
A + B - P then A + B - P Autoinduction 

Cat = P 
A + B - P  Autocatalysis 

Scheme 14. Mechanisms of autoinduction and autocatalysis. 

The asymmetric version of these two catalytic processes is possible, and a few 
examples have been described in the literature, 

Danda et al. studied the formation of the cyanohydrin (9-4 from 3-phenoxy- 
benzaldehyde 3 and HCN in the presence of catalytic amounts of the diketopiperazine 
(R&)-S (Scheme 15).69 They established that the diketopiperazine is modified by the 
cyanohydnh product, giving the active chiral catalyst. The diketopiperazine (R,R)-5 
(100% ee, 2 mol %) gave the cyanohydrin (9-4 in 92% ee. When (R,R)-S with 2% 
ee was used in the presence of 4 mol equiv. of (S)-4 of 92.0% ee, (S)-4 was 
generated with 8 1.6% ee, whereas in the presence of 4 mol equiv. of (R)-4 of 84.9% 
ee (R)-4 was generated with 74.0% ee. This shows that the initially added 
cyanohydrin is the stereocontrolling factor in the reaction. The authors discovered 
that diketopiperazine of 2% ee is almost inactive on its own, presumably due to 
conglomeration into an inert meso structure. Addition of a small amount of (8-4 
dissociates this dimer to give the combination (R,R)-5*(9-4, which is more active 
than (R,R)-S alone. Thus the active catalyst is generated by the in situ combination 
of one enantiomer of the initial diketopiperazine with the major enantiomer of 



DAVID R. FENWICK AND HENRI B. KAGAN 285 

OH 

0.02 mol eq. cat* * “~O\O/\CN 

0.09 mol eq. 
(9-cyanohydrin 

toluene, 5°C 

p h o ~ c H o  + HCN 

(9-4 3 

(RJ3-5 

Scheme 15. Asymmetric catalytic autoinduction in the addition of HCN to benzaldehyde in the 
presence of the (R,R)-diketopiperazine 5.69 

the added cyanohydrin. Experiments established that both (R,R)-5(S)-4 and 
(S,S)-5(R)-4 are catalytically active. Asymmetric amplification may be operating 
in this catalytic system since eepmduct can be greater than the ee of the two initially 
added components. More experiments, however, are required to rigorously 
demonstrate the existence of an asymmetric amplification. This interesting reaction 
works well under heterogeneous conditions, though its exact mechanism has not 
yet been fully elucidated. Shvo et al. proposed that two adjacent imidazole bases 
function as the reactive sites within an H-bonded insoluble polymer.70 

The self-reproduction of a chiral catalyst is called asymmetric autocatalysis and 
was proposed by Calvin as being the means by which homochirality was 
propagated in prebiotic times.71 This model, however, requires that complete 
transfer of chirality occurs during reactions and that the ee of the products is 
maintained at loo%, a situation unlikely to be observed in any reaction. A minor 
departure from 100% ee will cause the ee of the catalyst to decrease, which will be 
further amplified as the reaction proceeds, ultimately giving a product close to a 
racemic composition. To overcome this difficulty, Frank proposed the kinetic 
scheme illustrated in Scheme 16.72 This proposal is based on the autocatalytic 
formation of the enantiomers R and S followed by an inhibition reaction, involving 
the coupling of R and S to give a product C, which then takes no further part in the 
reaction scheme (by, for example, the precipitation of an insoluble racemate). In 
this way racemic material is continuously removed, and a small initial 
enantiomeric excess is increasingly enlarged, as clearly shown on computed 
curves. This approach recalls both the reservoir effect, since racemic material is 
trapped in an inactive “ ~ 0 0 1 , ” ~ ~  and the Horeau d~pl ica t ion .~~ 

Examples of asymmetric autocatalysis are difficult to find. Only quite recently 
have Soai et al. shown that a catalyzed diorganozinc addition to aldehydes may be 
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Scheme 16. Frank model of asymmetric autocatalysis. 

suitably modified to lead to asymmetric a~tocatalysis.7~~ 74 The basic features of 
this process are indicated in Scheme 17. This process is particularly efficient 
because there is a (+)-NLE that compensates for the incomplete (although high) 
enantioselectivity of the reaction (99% ee). The asymmetric amplification is the 
indispensable companion of an efficient autocatalysis starting from a catalyst of 
low ee. The pyrimidyl zinc alkoxide 7 (R = H or Me) acts as a catalyst for the 
addition of diisopropyl zinc to a pyrimidyl carboxaldehyde 6,  generating 7 in high 
ee and with the same configuration. The alcohol precursor of alkoxide 7 (R = H) 
was used in 5% ee as an asymmetric autocatalyst (20 mol %).73 It produced an 
alcohol 8 (R = H) of 39% ee in 62% yield, meaning that the newly created alcohol 
is of 55% ee (calculated by subtracting the contribution from the initially added 
alcohol). In a similar reaction, a catalyst of 39% ee gave a product of 76% ee 
(alcohol formed with 87% ee during the reaction), and a catalyst of 89% ee 
provided alcohol of 89% ee (alcohol formed with 90% ee during the reaction). The 
curve showing the ee of the newly formed product as a function of the ee of the 
catalyst is typically that of (+)-NLE, that is, a reaction with a strong asymmetric 
amplification. The case of 5% ee giving 55% ee corresponds to an amplification 
index I of 7. In the previously described experiment where the ee of the pyrimidyl 
alcohol increases from 5 to 89%, one can calculate that the amount of S-enantiomer 
increases by a factor of 94, while the R-enantiomer increases only by a factor of 8. 
An improvement to the experimental procedure was subsequently discovered by 
Soai et al. in the case of a 2-methylpyrimidyl alcohol 8 (R = Me).74 A one-pot 
reaction, employing several consecutive additions of diisopropyl zinc and 

0.02 rnol 
ea. 7 

6 

1 rnol 1 mol 
equiv. equiv. 

Scheme 17. Soai’s a~tocatalysis.’~’ 74 
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aldehyde and with a small amount of (R)-8 catalyst of low ee (6.4%) gave a large 
amount of (R)-8 with 93.1% ee. In the case of using only 3 mg of (R)-8 with 0.18% 
ee as catalyst, 323 mg of (R)-8 with 93.1% ee was obtained. Asymmetric 
autocatalysis sustained by an asymmetric amplification is a fascinating class of 
reactions, and a few impressive examples have now been well established. It can 
be expected that further reports of this phenomenon, which is especially relevant 
to the problem of the generation and propagation of biomolecular homochirality on 
earth, will be seen in the near future. 

VII. ASYMMETRIC AMPLIFICATION IN CHIRAL POISONING OR 
CHIRAL ACTIVATION OF A RACEMIC CATALYST 

A chiral catalyst may be generated in situ from racemic ligand by the inclusion of 
controlled amounts of chiral additives. The various possibilities are presented in 
Scheme 18. 

A chiral poison will destroy part of the racemic ligand or catalyst, in situ, by 
kinetic resolution. The remaining enantioenriched material will then act as the 
chiral catalyst. Chiral activation of a catalyst, on the other hand, generates a new 

kinetic 
resolution R-cat* ..._...._. 

zR* subzrate * Product (x% ee) 

k *  
IS-cat'] + ZRt 

Racemic 

R -cat' 

Racemic 

I /  

subgrate Product (x% ee) Fl + zR* 

k *  

chiral poisoning of a catalyst by a chiral additive ZR* 

OR 

kinetic 
resolution -1 A+ 

substrate Product (Y% eel 
S -cat* - + zR* - 

Racemic 

Racemic 

chiral activation of a catalyst by a chiral additive ZR' 

Scheme 18. Asymmetric amplification in the chiral poisoning or chiral activation of a racemic 
catalyst. 
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Racemic 

Cat' 
Me00 A C O O M e  + %  Me00 

49% ee 

Scheme 19. Faller's chiral p0isoning.7~ 

ph;, + 0.7 eq. inactive complex < 0.3 eq. catalyst, (R,R)-chiraphos 

[ zl,xk 1 + chiral (0.7eq.) poison 

Cat' 
___c 

Ph Ph 

Activator Yield (%) ee (%) 
Cat' = 

(R)-BINOL 89.8 

Racemic 10 mol% 5 mol% 

Scheme 20. Mikami's chiral drugging.53 
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chiral catalyst by kinetic resolution that is more active than the initial catalyst. In 
both cases a (+)-NLE can occur that amplifies the enantioselectivity of the active 
catalyst. 

Faller et al. found that a racemic cationic rhodium-chiraphos complex can be 
poisoned by half an equivalent of (R)-cysteine (Scheme 19).75 The remaining 
rhodium-chiraphos complex catalyzes an asymmetric hydrogenation of dimethyl 
itaconate with 49% ee. The ee is higher than that expected solely on the basis of a 
kinetic resolution. Independent experiments demonstrated that [Rh-chiraphos]+ 
gives rise to asymmetric amplification. Chiraphos of 33% ee, for example, gives a 
product of 60% ee rather than the 30% ee calculated for a linear correlation. This 
has been explained by an equilibrium between rhodium dimers, with the hetero or meso 
dimer being of higher stability, thus removing racemic material from the reaction. 

Mikami et al. studied the Diels-Alder reaction between a-methylstyrene and 
n-butyl glyoxylate catalyzed by a titanium binolate c a t a l y ~ t . ~ ~ - ~ *  Addition of 0.5 
equivalents of (R)-BINOL to 1 equivalent of the racemic catalyst accelerated the 
reaction and gave the product with 89.8% ee (Scheme 20). Enantiopure catalyst 
derived solely from (R)-BINOL gave the product with 94.5% ee. Here the 
amplification originates from the creation of a new chiral complex 9 of higher 
efficiency (rate and enantioselectivity) with respect to each enantiomer of the 
original racemic catalyst. 

VIII. ASYMMETRIC AMPLIFICATION FOR CHIRAL REAGENTS 

In reactions involving stoichiometric quantities of chiral auxiliary, nonlinear 
effects may arise if there are possibilities for the formation of diastereomeric 
reagents (by aggregation, dimerization, or other processes). The ee of the product 
will depend upon the relative amounts of reagent and substrate and upon the 
conversion. This is due to changes in the concentration of chiral reagents with 
conversion. If there are diastereomeric reagents made in situ from auxiliaries not 
enantiopure, the more reactive diastereoisomer will be used first by the prochiral 
substrate. The only case studied thus far involves the H. C. Brown reagent Ipc2BC1. 
It was used to reduce ketone 10 or acetophenone 12 by a research group at 
M e r ~ k ~ ~ . * O  and by one of us,81 respectively (Scheme 21). There is a strong 
asymmetric amplification in both cases. Using (-)-a-pinene of 70% ee, for 
example, provided alcohol 11 with 95% ee (against 98% ee if pinene of 99% ee is 
used). Similarly, carbinol 13 was obtained in 94% ee when a-pinene of only 80% 
ee was used (Curve B, Scheme 21). It is interesting to note that mixtures of 
enantiomerically pure reagents did not give rise to NLEs (Curve A, Scheme 21).*l 
This suggests that, once formed, the stereoisomeric reagents do not interconvert 
during the reduction of ketones and that the meso reagent is a very slow reacting 
species. A practical application of asymmetric amplification is well demonstrated 
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CI 

10 

CI 

11 

d 12 rt, 2h 

OH 

M~ 1 .  IpCzBCI, THF, -25°C 

2. Et20, diethanolarnine W M e  

13 

0 2 0  40 6 0  8 0  100 

ee.J%I 

eeprod versus eeaux in reduction of 12 to 13 
using mixtures of enantiomerically pure 

Ipc2BCI 

eeprod versus eeaux in reduction of 12 to 
13 using IpcnBCl prepared from mixtures 

of enantiomerically pure (+)- and 
(-)-a-pinene 

Various stereoisomeric Ipc,BCI: 

meso IpqBCl 

Scheme 21. Asymmetric amplification in stoichiometric reductions with I ~ c ~ B C ~ ? ~ - ~ '  
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here, since commercial a-pinene is usually of 70-90% ee-the improvement in ee 
conveniently occurs during the preparation of the reagent. The price to pay, 
however, is the decreased reactivity of the reagent and the necessity to use an 
excess of IpczBCl with respect to the ketone. 

IX. USE OF ASYMMETRIC AMPLIFICATION IN MECHANISTIC 
STUDIES 

The presence of a nonlinear effect, either negative or positive, is a useful piece of 
information for the mechanistic study of a reaction. It implies that diastereomeric 
species are formed from the chiral auxiliary. If an asymmetric amplification is 
observed, it can be indicative of the formation of meso dimers (or tetramers etc.) 
of low reactivity. When the kinetic study of an asymmetric catalysis shows a rate 
second order with respect to catalyst concentration, it may be useful to investigate the 
possibility of nonlinear effects in the system. Jacobsen et al., for example, studied the 

2 mol% cat' 

TMSN3, Et20 

Cat* = 

& 

L 

15 

/ 
't-Bu t-Bu 

14 

Scheme 22. Asymmetric amplification in the opening of meso epoxides with TMSN3 catalyzed by a 
chiral chromium-salen complex.66 
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asymmetric opening of meso epoxides using TMSN3 and catalyzed by a chiral 
chromium-salen complex.66 The reaction was found to involve the formation of a 
chromium-azido complex 14 (Scheme 22). The kinetic investigation showed a 
second-order dependency upon the chromium-salen complex concentration. The 
authors then suspected the participation of two chromium-salen complexes in a 
bimetallic rate-determining step-one acting as a Lewis acid for epoxide 
activation, the other delivering the azido group. This hypothesis was nicely 
confirmed by an NLE study. A respectable asymmetric amplification was observed, 
in agreement with model 15, where the heterochiral combination is disfavored with 
respect to the homochiral one, the latter giving an excellent asymmetric induction. 

X. CONCLUSION 

Asymmetric amplification in reactions involving partially resolved chiral 
auxiliaries is now a well-established phenomenon that is very attractive since it 
gives improved enantioselectivities with respect to expectations based upon the ee 
of the auxiliary. It may have practical application in that enantiomerically pure 
chiral auxiliaries are not always required for highly selective asymmetric synthesis. 
Asymmetric amplification is also of fundamental importance in order to achieve 
efficient asymmetric autocatalysis. Finally, evidence of an asymmetric 
amplification is a very useful piece of information in mechanistic studies. 

Asymmetric amplification is the direct consequence of species of racemic 
composition being stable and of low reactivity. It should be found in all reactions 
dealing with chiral auxiliaries. One can expect such a phenomenon in diastereo- 
selective reactions performed on chiral substrates ( eg ,  reduction of a keto steroid by 
a chiral catalyst) or kinetic resolution, a hypothesis that has just recently been 
confirmed.82* 83 

It is important to remember that the advantage of increased enantiomeric purity 
gained during an asymmetric amplification is always accompanied by the 
disadvantage of reduced reaction rates when compared with the enantiopure chiral 
auxi1ia1-y.~~ Although this reduction in reaction rate may not present a problem for 
fast reactions, it may be necessary to increase the amount of catalyst or chiral 
reagent in slower reactions in order to have reasonable reaction times. 
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asymmetric amplification, calculations, 

homochirality classes, 61-64 
Pasteur's law and, 27-29 

chiral and achiral structures, classical models, 

chiral point groups, 18-21 
classical models, 12-14 
defined, 4 
dimension dependence, 8-10 
homochirality classes, 59-64 
motion-dependent chirality, 14-18 
time-dependent vs. time-independent, 14-18 
topological chiralit v: 

Enantiomers: 

substitutions, 107-1 11 

260-264 

Enantiomorphs: 

13-14 

achiravchiral structures, 41-44 
molecular links, 47-50 
rubber-sheet geometry, 31-32 

Enantioselection: 
acyl transfer, ester hydrolysis, 87-92 
aldehyde hydrophosphonylation, 237-238 
nitroaldol reaction: 

asymmetric catalysis, 220-223 
nitromethane, 218-220 

organolanthanoid catalysts, 249-250 
endo-cyclization reactions: 

antibody catalysis, 109-1 11 
cycloadditions, 119-120 

Endo sickle conformation, acceptor orbitals at y 
position, group 4 metal substitutent positive 
charge interaction, 171-173 

280 
Ene reactions, asymmetric amplification, 278, 

En01 ethers, antibody catalysis, 107-1 11 
Enones, asymmetric catalysis: 

lanthanoid-BINOL derivative complexes, 

lanthanoid-sodium-BINOL (LSB) Michael 

Enzymes, catalytic antibodies, stereoselective 

Ester hydrolysis, acyl transfer, 85-92 
Euclidean space, dimension dependence of 

208-210 

reactions, 230-235 

reactions, 83-85 

chirality, 8-10 
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em-cyclization reactions: 
antibody catalysis, 109-1 1 I 
cycloadditions, 119-120 

Fab fragments, glycosyl transfer, 101-102 
Faller’s chiral poisoning, 287-289 
Ferrocenophenone molecule, topological 

Figure-eight knot, molecular links, 48-50 
Fluorinated esters, acyl transfer, 87-92 
P-Fluoroketone, asymmetric reactions, 104- 1 I 1 
Frank model, asymmetric autocatalysis, 

features, 33-35 

285-287 

D-Galactal derivatives, glycosyl transfer, 100 
Gallium lanthanoid binaphthoxide catalyst 

(GaLB), meso epoxides, 251 
Gallium-sodium-BINOL (GaSB), 

lanthanoid-sodium-BINOL (LSB) Michael 
reactions, 234-235 

y effect, acceptor orbitals at yposition, group 4 
metal substitutent positive charge 
interaction, 168-173 

Gauche conformation: 
donor-acceptor molecules, 138-139 
ground-state effects, trimethylsilyl 

alcohoVester conformational analysis, 
164- 165 

Geometrical chirality, 2-10 
bond selection and, 53-54 
chirality properties, 54-55 
defined, 4-6.8 
dimension dependence, 8-10 
incongruent counterparts concept, 2-3 
measurement, 69-72 
reflections and isometrics, 6-8 

Geraniol, asymmetric amplification, Sharpless 

Germanium compounds, heteroatom 
epoxidation, 266-267 

nonbonding orbitals, p position, C-MR3 
interactions, 189 

0-Germyl esters, acceptor orbitals at P position, 
group 4 metal positive charge substituents, 
148-149 

hydrolysis, 90-92 
Glucose derivatives, acyl transfer, ester 

Glycosyl transfer, catalytic antibodies, 99-102 
Glyoxylate-ene reaction, asymmetric 

Ground-state effects: 
amplification, 278, 280 

acceptor orbitals at p position, 158-167 
a-stannylated methyleneboranes, 166-1 67 
P-trimethylmetal-substituted esters, 

acceptor orbitals at 6 position, 176-177 
acceptor orbitals at y position, 173-174 

acceptor orbitals at P position: 

alcohols and ethers, 158-166 

Group 4 metal substituents: 

C-H bonds to group 4 metal substituents, 

carbene insertion reactions, 15 1-154 
hydride abstraction reactions, 150-151 
metal-directed reactions, 154-158 

ground-state effects, 158- 167 
positive charge substituents, 142-149 
reactivity effects, 142-158 

acceptor orbitals at 6 position, reactivity 
effects, positive charge interaction, 

149-154 

174-176 
C-M bonds: 

interactions, 139- 140 
silicon p-effect, 139-140 

ally1 group 4 metal derivatives, 178-180 
benzyl group 4 metal derivatives, 180-1 84 

C-MR3 bonds, n system interactions: 

singly occupied orbitals, 192 

Hammett sigma values, C-MR3 bonds, donor 

Handedness: 
ability, 140-141 

absolute configuration and, 56-58 
geometrical chirality, 2-3 
homochirality classes, 58-64 

Hausdorff measurement, geometrical chirality 

Hemihedry, absolute configuration and, 57-58 
Henry reaction. See Nitroaldol reactions 
Heteroatom nonbonding orbitals, p position, 

quantification, 70-72 

C-MR3 bonds, 184- 190 
organogermanium compounds, 189 
organosilicon compounds, 184-1 89 
organostannane compounds, 189-190 

Heterochiral catalysts, asymmetric 

Heterologous immunization, catalytic 

Highest occupied molecular orbitals (HOMO): 
ally1 group 4 metal derivatives, 179- 180 
benzyl group 4 metal derivatives, 182-184 

amplification, 270-274 

antibodies, 127-129 
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heteroatom nonbonding orbitals, p position: 
C-MR3 interactions, 184-190 
silicon compounds, 187-190 

Hornochirality: 
asymmetric amplification, 270-274 
asymmetric autocatalysis, 285-287 
classification, 58-64 

non-oriented links, 45-50 
oriented links, 50-52 

Hopf molecular link, topological chirality: 

Horeau duplication, asymmetric amplification, 

Hund, Friedrich, 12 
Hydride abstraction reactions, group 4 

Hydroaminationkyclization, olefin 

Hydrocarbons, hydride abstraction reactions, 

Hydrophosphon ylation: 

274 

metal-substituted hydrocarbons, 150-151 

organolanthanoid complexes, 249-250 

150- I51 

aldehyde asymmetric catalysis, 237-238 
imine asymmetric catalysis, 238-241 

Hydrosilylation, olefin organolanthanoid 

Hydroxylamines, homochirality classes, 6 1-64 
Hyperconjugation: 

acceptor orbitals at p position, group 4 metal 

acceptor orbitals at yposition: 

complexes, 249-250 

positive charge substituents, 148-149 

ground-state effects, 173-174 
group 4 metal substitutent positive charge 

interaction. 169-173 

Ideal compound mixing, asymmetric 
amplification, enantiomeric auxiliaries, 
262-264 

lmines, lanthanoid-Potassium-BINOI, (LnPB) 
catalyst, hydrophosphonylation, 238-241 

Improper isometry: 
defined, 6 
products of, 7 

Index of amplification, nonlinear effects (NLE), 

Inversion, homochirality classes, 62-64 
Isoaspartate vs. aspartate ratios, acyl transfer, 

Isomerism, molecular links, 45 
Isometry: 

267-268 

amide hydrolysis, 98-99 

defined, 6 
geometric chirality, 6-8 

Isotopic masses, molecular chirality and, 27-29 

Jones polynomial, topological 
chirality/achirality, 44 

Kant, Immanuel, 2-4 
Kelvin, Lord (Sir William Thomson), 4-5 
Ketone molecules: 

asymmetric amplification, organozinc 

catalytic antibodies, oxidation and reduction, 

chirality of, 28-29 
chiral lanthanoid asymmetric catalysis, 

Kinetic model, asymmetric amplification, 

Kinetic resolution, chiral poisoning, 287-289 
Knot invariants, topological chirality/achirality, 44 
Koopman’s theorem, C-MR3 bonds, donor 

additions, 275-278 

120- 124 

248-249 

2 6 8 - 2 7 4 

ability, 140-141 

Lanthanoid-alkali metal-BINOL (LMB) 
complexes: 

diastereoselective and enantioselective 

heterobimetallic lanthanoid complexes, 

nitroaldol reactions: 

complexes, 220-223 

21 1-216 

lanthanoid-lithium-BINOL (LLB) complex, 

nitromethane, 216-220 
21 1 

Lanthanoid alkoxides, basicity characteristics 

Lanthanoid-BINOL complexes: 
enone epoxidation, 208-210 
Michael reactions, 205-207 
preparation procedures, 204-205 

Lanthanoid-lithium-BINOL (LLB) complex: 
aldehyde hydrophosphonylation, 236-238 

tandem inter-intramolecular asymmetric 

direct asymmetric aldol catalysis, 242-243 
nitroaldol reaction, 21 1 
second-generation LLB catalyst (LLB-II), 

203-204 

catalysis, 221-229 

223-226 
nitromethane, 21 6-220 

complex, imine hydrophosphonylation, 
Lanthanoid-potassium-BINOL (LnPB) 

238-241 
Lanthanoids, characteristics of, 202 
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Lanthanoid-sodium-B WOL complexes, 
Michael reactions, 229-235 

Laurent polynomial, topological 
chirality/achirality, 44 

Ligands, homochirality classes, 60-64 
Linear correlations, asymmetric amplification, 

enantiomeric auxiliaries, 262-264 
Lipase antibodies, acyl transfer, ester 

hydrolysis, 85-92 
Lone pair orbitals: 

C-MR3 bonds: 
adjacent electron rich interactions, 191 
donor ability, 140-141 

heteroatom nonbonding orbitals p position: 
germanium compounds, 190 
silicon compounds, 188-190 
stannane compounds, 190-191 

Lowest unoccupied molecular orbitals 
(LUMO), heteroatom nonbonding orbitals 
p position, silicon compounds, 189 

Mechanistic effects, asymmetric amplification, 

Meenvein-Pondorf-Verley (MPV), ketone 
291-292 

reduction, chiral lanthanoid asymmetric 
catalysis, 248-249 

Meso catalysts: 
asymmetric amplification, 270-274 

chiral reagents, 289-291 
mechanistic effects, 291-292 

autoinductiodautocatalysis, 284-287 
gallium lanthanoid binaphthoxide catalyst 

Michaelis-Menten kinetics, ester hydrolysis, 

Michael reaction: 

(GaLB), 25 1 

acyl transfer, 85-92 

enone epoxidation, lanthanoid-BINOL 

lanthanoid-BINOL complexes, 205-207 
lanthanoid-sodium-BINOL catalysis, 229-235 

complexes, 208-210 

Mikami’s chiral drugging, 287-289 
Minimal diagrams, prime knots, topological 

Mirror image, improper isometry and, 7 
Mobius, August Ferdinand, 9 
Mobius ladder molecule: 

chirality, 38-40 

topological chirality measurement, 73 
topological features, 33-35 

historical background, 2 
Molecular chirality: 

~tructure~, 10-29 
model selection, 21-29 
molecular models, 10-21 

Molecular graphs: 
bond selection, 52-54 
planarization, 54-55 
topological Chirality: 

planar/nonplanar conformations, 32-35 
rubber-sheet geometry, 30-32 

Molecular knots: 
chirality/achirality, 40-44 
topological chirality: 

chirality/achirality, evidence of, 40-44 
prime knots, crossing numbers, 38-40 

topological chirality measurement, 72-73 
two-valued crossing points, 65-68 

nonoriented links, 45-50 
oriented links, 50-52 
topological chirality measurement, 72-73 

chiral and achiral structures, 10-21 
classical models, 12-14 

Molecular links: 

Molecular models: 

Molecular sieves, asymmetric amplification, 

Monoclonal antibodies: 
cycloadditions, 280-283 

antibody catalysis, 11 1 

catalytic reactions, future research, 128-129 
Motion-dependent chirality, chiral and achiral 

Mukaiyama aldol reactions, asymmetric 

cofactor dependence, 125-126 

structures, 14-18 

catalysis, 247-248 

Nazarov cyclization, acceptor orbitals at p 
position, group 4 metal-directed reactions, 
155-158 

Nef reaction, acceptor orbitals at y position, 
group 4 metal substitutent positive charge 
interaction, 172-1 73 

Nitroaldol reactions: 
lanthanoid-BINOL complexes, 204-205 
lanthanoid-lithium-BINOL (LLB) complex, 

21 1 
diastereoselective and 

enantiostereoselective reactions, 
220-223 

nitromethane, 216-220 
second-generation LLB catalyst (LLB-11), 

223-226 
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tandem inter-intramolecular catalysis, 
227-229 

Nitroalkanes, nitroaldol reaction, 
diastereoselective and enantioselective 
reactions, 220-223 

Nitromethane, nitroaldol reactions, 2 16-220 
inter-intramolecular asymmetric catalysis, 

Nonideal behavior. asymmetric amplification, 

Nonlinear effect (NLE): 

228-229 

enantiomeric auxiliaries, 262-264 

asymmetric amplification: 
chiral reagents, 289-291 
graphical representation, 264-266 
index of amplification, 267-268 
mechanisms for, 268-274 
organozinc additions, 277-278 

asymmetric autocatalysis, 286-287 

skew-lines reference system, 66-68 
topological chirality, 45-50 

Nonoriented molecular links: 

Nonplanar graphs, topological chirality, 32-35 
Nontrivial knots, topological chirality, 36-45 
Nonvertical stabilization, acceptor orbitals at p 

position, group 4 metal substituents with 
positive charge, 143-149 

Norbomeol framework, ground-state effects, 
trimethylsilyl ester and ether structural 
studies, 159-163 

Octalins, acceptor orbitals at p position, group 4 
metal-directed reactions, 155-158 

Odin’s triangle, topological chirality, 47-50 
Olefins, oxidation and reduction, catalytic 

antibodies, 122-124 
Optical purity, asymmetric amplification, 

enantiomeric auxiliaries, 262-264 
Organolanthanoid complexes, olefin 

hydrogenation, 249 
Organotin catalysis, asymmetric amplification, 

Organozinc additions, asymmetric 

Oriented links, topological chirality, 50-52 
Orthogonal geometry, acceptor orbitals at p 

position, group 4 metal positive charge 
substituents, 147- 149 

quantification, 69-72 

283-284 

amplification, 274-278 

Overlap measurements, geometrical chirality 

Oxidation: 
asymmetric amplification, 278-279 
catalytic antibodies, 120-124 

Oximes, acceptor orbitals at p position, group 4 
metal-directed reactions. 157-158 

Parity-violating energy difference (PEVD), 
chiral and achxal structures, classical 
models, 13-14 

Pasteur, Louis, 13-14, 18,26-29.56-57 
Pasteur’s law, 26-29 
Peptides, acyl transfer: 

amide hydrolysis, 97-99 
transacylation reaction, 95-96 

cycloadditions, 118-120 
sigmatropic rearrangements, 115-1 I8 

Phosphatases, phosphoryl group transfers, 

Phosphonate esters, acyl transfer, transacylation 

Phosphoryl group transfers, catalytic antibodies, 

Photoelectron spectroscopy, C-MR3 bonds, 

IT system interactions, C-MR3 bonds, 178-184 
ally1 group 4 metal derivatives, 178-180 
benzyl group 4 metal derivatives, 180-184 

Planar graphs, topological chirality, 32-35 
Point groups: 

Pericyclic reactions: 

102-103 

reaction, 93-96 

102- 103 

donor ability, 140-141 

chiral point groups, 18-21 
isometrics, 7 

Polymerase chain reaction (PCR), catalytic 

Polynucleotides, topological chirality, 5 1-52 
Polypeptides, topological chirality, oriented 

Positive nonlinear effect, asymmetric 

antibodies, 128-129 

molecular links, 51-52 

amplification, graphical representation, 
264-266 

Praseodymium-lanthanoid BINOL complex, 
nitroaldol reactions, inter- intramolecular 
catalysis, 227-229 

Prelog, Vladimir, 8 
Prime knots, topological chirality: 

achirality, 41-44 
crossing numbers, 38-40 

Product inhibition: 
acyl transfer, transacylation reaction, 94-96 
pericyclic reactions, cycloadditions, 118-120 
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Proper isometry: 
defined, 6 
products of, 7 

Pyramidal structures, homochirality classes, 

Pyridoxal, antibody catalysis, cofactor 
61-64 

dependence, 124-126 

Remote electron-deficient orbitals, C-MR3 bond 

Reservoir effect, asymmetric amplification: 
interaction, 177- 178 

meso catalyst, 271-274 
organozinc additions, 274-278 

Resonance contributors, acceptor orbitals at y 
position, group 4 metal substitutent positive 
charge interaction, 172-173 

bonds, donor ability, 141 
Resonance electron donating power, C-MR3 

Reymond antibodies, aldol reactions, 113-1 15 
Rigid-body approximation, molecular models, 

Robinson annulation, aldol reactions, 1 15 
Rotation: 

22-24 

absolute configuration and, 57-58 
homochirality classes, 62-64 

Rotation-translation, defined, 7 
Rubber-sheet geometry, topological chirality, 

Rubidium molecules, absolute configuration 
29-32 

and chirality in, 57-58 

Quantitative analysis, chirality, 68-73 
Quantum mechanics, chiral and achiral 

structures, classical models, 12-14 

Racemic catalysts, asymmetric amplification, 

Racemic haptens: 
acyl transfer: 

287-289 

amide hydrolysis, 97-99 
ester hydrolysis, 85-92 
transacylation reaction, 92-96 

asymmetric reactions, 104-1 1 1  
glycosyl transfer, 99-102 
oxidation and reduction, catalytic antibodies, 

12 1 - 124 
pericyclic reactions, sigmatropic 

rearrangements, 115-1 18 
phosphoryl group transfers, 102-1 03 

Rare earth elements, nitroaldol reaction, 

Reactivity effects: 
nitromethane, 217-220 

acceptor orbitals at p position: 
C-H bonds to group 4 metal substituents, 

group 4 metal substituents, positive 
149-154 

charges, 142-149 
acceptor orbitals at 6 position, group 4 metal 

substituents, positive charge interaction, 
174-176 

acceptor orbitals at yposition, group 4 metal 
substitutent positive charge interaction, 
167-173 

Redox enzymes, catalytic antibodies, oxidation 

Reduction mechanisms, catalytic antibodies, 

Reflection: 

and reduction, 120-124 

120- 124 

defined, 6 
geometric chirality, 6-8 

Regioselective reduction, catalytic antibodies, 
12 1 -1 24 

Sacrificial hyperconjugation, benzyl group 4 
metal derivatives, 180-184 

Scandium-BINOL (ScB) complexes, 
Diels-Alder asymmetric catalysis, 246-247 

Schrodinger equation, chiral and achiral 
structures, classical models, 12-14 

Screw displacement, defined, 7 
Second-order rate constants, aldol reactions, 

Sequence diversity, catalytic antibodies, 

Shape analysis, geometrical chirality 

Sharpless epoxidation: 
asymmetric amplification, 266-267 
oxidations, 278-279 

ally1 group 4 metal derivatives, 179-180 
benzyl group 4 metal derivatives, I8  1-1 84 

acceptor orbitals at P position, group 4 metal 

113-115 

128-129 

quantification, 7 1-72 

Sigma-pi (o-n) interactions: 

Sigmatropic rearrangements: 

substituents with positive charge, 
143-149 

catalytic antibodies, 115-1 18 

C-M bonds, 139-140 
Silicon P-effect: 
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C-MR3 bonds, acceptor orbitals at P position, 

C-H bonds to group 4 metal substituents, 

group 4 metal-directed reactions, 154-158 
Silicon compounds, heteroatom nonbonding 

orbitals, P position, C-IvIR3 interactions, 

142-149 

149- 154 

185- 189 
Silicon yeffect, acceptor orbitals at yposition, 

group 4 metal substitutent positive charge 
interaction, 168-173 

Simmons-Paquette molecule: 
topological chirality measurement, 73 
topological features, 33-35 

Singly occupied orbitals, group 4 metal 

Site-directed mutagenesis, catalytic antibodies, 

Skeletal structures: 

substituents, 192 

128-129 

geometrical chirality quantification, 71-72 
homochirality classes, 59-64 

chirality specifications, 64-68 
R system interactions, C-MR3 bonds, ally1 

group 4 metal derivatives, 179-180 
Soai’s autocatalysis, mechanisms of, 286-287 
Solvolysis, acceptor orbitals at p position, group 

4 metal positive charge substituents, 

Skew conformation: 

142-149 
Solvolysis, unimolecular: 

acceptor orbitals at p position, group 4 metal 
positive charge substituents, 247-249 

acceptor orbitals at yposition, group 4 metal 
substitutent positive charge interaction, 
170-173 

Space-filling model, chiral and achiral 

Space inversion, motion-dependent chirality, 

Stannane compounds, heteroatom nonbonding 

structures, 1 1-2 1 

14-18 

orbitals, P position, C-MR3 interactions, 
190- 191 

a-Stannylated methyleneboranes, ground-state 
effects, 166-167 

P-Stannyl esters, acceptor orbitals at P position, 
group 4 metal positive charge substituents, 
148-149 

Static models, enantiomeric molecules, 23-24 
Stationary spinning bodies: 

achirality of, 15-1 8 

chiral point groups, 19-21 

specification, 64-68 

molecules, 138-140 

and reduction, 120-124 

Steering wheel reference system, chirality 

Stereoelectronic effects, donor-acceptor 

Stereoselectivity, catalytic antibodies, oxidation 

Steroid esters, phosphoryl group transfers, 103 
String models, topological chirality 

Structural theory, chirality and, 26-29 
Substituent chemical shifts (SCS), acceptor 

measurement, 72-73 

orbitals at y position, ground-state effects, 
173-174 

Substrate assisted catalysis, acyl transfer, 
transacylation reaction, 93-96 

Substrate specificity, acyl transfer, ester 
hydrolysis, 88-92 

Sulfides, oxidation and reduction, catalytic 
antibodies, 122-124 

Supermagnification, chiral and achiral 
structures, 11-21 

Superposition principle, molecular models, 
25-26 

Symmetry: 
chiral point groups, 18-21 
cyclohexane molecular models, 24-26 

defined, 7 
molecular model selection, 21 -26 

motion-dependent chirality, 14-16 
structural theory and, 26-29 

catalytic antibodies, 105-1 11 
nitroaldol reactions, diastereoselective and 

Syn elimination: 

enantioselective reactions, 221-223 

acceptor orbitals at P position, group 4 metal 

ground-state effects, trimethylsilyl ester and 

Syn-periplanar geometries: 

positive charge substituents, 147-149 

ether structural studies, 159-163 

Tandem inter-intramolecular catalysis. 
nitroaldol reactions, 227-229 

Tetrahedral structures, homochirality classes, 

Three-dimensional measurement, geometrical 
60-64 

chirality quantification, 69-72 
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Through-bond interaction: 
acceptor orbitals at 6 position, reactivity 

effects, positive charge interaction, 
175-176 

characteristics of, 138 
Through-space interaction, characteristics of, 

Time reversal, motion-dependent chirality, 

Titanium complexes, asymmetric amplification, 

Topological chirality: 

138 

14-18 

cycloadditions, 279-283 

definitions of, 55-58 
homochirality classes, 58-64 
limits of, 52-55 

bond selection, 52-54 
chirality properties, 54-55 

molecular graphs, 32-35 
molecular knots, 36-45 

chiralitylachirality, evidence of, 40-44 
prime knots, crossing numbers, 38-40 

molecular links, 45-52 
nonoriented links, 45-50 
oriented links, 50-52 

quantitative measurement, 72-73 
reference systems for, 64-68 
rubber-sheet geometry, 29-32 

Topological rubber glove models: 
chiralitylachirality, 42-44 
molecular links, 47-50 

Transacylation reaction, acyl transfer, 92-96 
Transaminase generation, antibody catalysis, 

Trans conformation: 
cofactor dependence, 124-126 

acceptor orbitals at P position, group 4 metal 

C-MR3 bond interaction, remote 

hydride abstraction reactions, group 4 

Transesterification reaction, acyl transfer, 
transacylation reaction, 92-96 

Trefoil knots, topological chirality: 
molecular knots, 36-44 
rubber-sheet geometry, 31-32 

positive charge substituents, 248-249 

electron-deficient orbitals, 177-178 

metal-substituted hydrocarbons, 150-15 1 

Triakylsilyl groups, acceptor orbitals at P 
position, group 4 metal-directed reactions, 
155-158 

P-Trimethylmetal-substituted compounds, 
ground-state effects, 158-166 

P-trimethylgermyl esters structural studies, 

P-trimethylsilyl alcohols and esters, 163-165 
trimethylgermyl alcohols and esters 

conformational analysis, 165-166 
trimethylsilyl ester and ether structural 

studies, 158-163 
Trivial knot, topological chirality, 36-44 
“Truly chiral” systems, motion-dependent 

Two-valued reference system, chirality 

163 

chirality, 14-18 

specifications, 65-68 

Universal force field (UFF), 
lanthanoid-sodium-BIL complexes 
(LSB) Michael reactions, 231-235 

Velocity ratios, acyl transfer, ester hydrolysis, 

Vertical stabilization, 142-149 
Vinylsilanes, 154-158 

90-92 

Wavefunctions, chiral and achiral structures, 

W geometry, acceptor orbitals at y position, 
classical models, 12-14 

group 4 metal substitutent positive charge 
interaction, 171-173 

Wheel-and-axle rotaxane, chirality 
specification, 64-68 

Wieland-Miescher ketone, aldol reactions, 1 15 
Wittgenstein, Ludwig, 10 

X-ray structures, molecular model selection, 
22-23 

Ytterbium (Yb)-BINOL complexes: 
Diels-Alder asymmetric catalysis, 244-247 
Mukaiyama aldol reactions, 247-248 

Yukawa-Tsuno analysis, 144-149 

Zinc cations, direct asymmetric aldol catalysis, 
241-243 




