


Asymmetric Synthesis--a foreword 

Asymmetric synthesis, the selective generation of new chirality elements (as one 
definition goes), has developed from a specialty pursued by outsiders to an art 
cultured by some learned ones, and now may be considered a standard laboratory 
methodology for everybody's use. This development has taken place exponentially 
(explosively!) in the last two decades, triggered by a number of circumstances. Also 
the practitioners of pharmaceutical, vitamin, and agro synthesis need to produce 
enantiopure, rather than racemic active compounds (for registrationt). 

For many chemists (and, too often, for those making decisions about funding 
research), the invention of new reactions, the development of synthetic method- 
ology, the systematic (retrosynthetic) analysis of target structures, the investigation 
of reaction mechanisms, and the total synthesis of complex natural products have 
lost their glory. Chemists' attention has shifted to areas such as combinatorial 
synthesis (driven by robot, computer, and miniaturization), material sciences, 
supramolecular chemistry, the origin of life, the biological and even the medical 
sciences. Yet, in all these fields chirality plays a central role--the molecules of life 
are chiral. 

Organic synthesis has merged with transition-metal chemistry and with catalysis 
(homogeneous, heterogeneous, enantioselective). The increasing demand for 
efficient enantioselective synthetic methods was accompanied by, and it has in fact 
necessitated, a similarly dramatic development of the analytical tools for the 
determination of enantiomer ratios. In a 1990 Angewandte Chemie article I have 
stated: 'The primary center of attention for all synthetic methods will continue to 
shift toward catalytic and enantioselective variants; indeed, it will not be long 
before such modifications will be available with every standard reaction for 
converting achiral educts into chiral products.' A demonstration of this ongoing 
process are the volumes of monographs dedicated to the subject (see also the 
introduction of the present book): 450 pages in 1962 (Eliel, 'Stereochemistry of 
Carbon Compounds') and 450 pages in 1971 (Morrison-Mosher, 'Asymmetric 
Organic Reactions'), 1800 pages in 1983/84 (Morrison, 'Asymmetric Synthesis'), 
900 pages in 1993 (Brunner-Zottimeier, 'Handbook of Enantioselective 
Catalysis with Transition Metal Compounds'), 1250 pages in 1994 (Eliel-Wilen, 
'Stereochemistry of Organic Compounds'), 6000 pages in 1995 (Helmchen et al., 
Houben-Weyl, 'Stereoselective Synthesis'). Numerous smaller works, some 
specialized (some superficial), new journals ('Chirality', 'Tetrahedron" 
Asymmetry'), and treatises in review organs have appeared concomitantly. 

The authors of 'Principles of Asymmetric Synthesis' have managed to cover the 
theme (on ca. 350 pages) in a most condensed and masterly way. In contrast to 
many a competitor they have chosen well-defined topics (enolate alkylations, direct 
and conjugate addition to carbonyl compounds with formation of one or 
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two new chirality centers, rearrangements and cycloadditions, reductions and 
oxidations), they use clear-cut concepts and language to present not only synthetic 
results but also mechanistic considerations (with due care). They include a glossary 
of stereochemical terms (with some recommendations about which ones not to use: 
fight the brutalization of chemical language!), and they present a chapter on 
analytical methods. All of this is accompanied by extensive referencing (up to 217 
per chapter, over 1300 total) to the very latest literature, and, in spite of the broad 
coverage, there are some insightful and profound sections (close to the authors 
heart of interest, cfi the discussion of the stereochemical course of the Wittig 
rearrangement). 

The book meets the requirements for today's teaching of stereoselective 
reactions, and it is of a quality and competence which will make it a handy 
reference work even for those experts doing research in the various areas covered. 

Dieter Seebach 
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Preface 

The field of asymmetric synthesis evolved from the study of diastereoselectivity 
in reactions of chiral compounds, through auxiliary-based methods for the synthesis 
of enantiomerically pure compounds (diastereoselectivity followed by isomer 
separation and auxiliary cleavage), to asymmetric catalysis. In the former case, 
diastereomeric mixtures ensue, and an analytical technique such as chromatography 
is used for isomer purification. In the latter instance, enantiomers are the products, 
and chiral stationary phases can be used for chromatographic purification. Further- 
more, many methods have now been developed that generate numerous stereo- 
centers in a single step. Highly selective reactions that produce one or more 
stereocenters with a high degree of selectivity (>90%), along with modern 
purification techniques, allow the preparation - in a single step - of chiral substances 
in >98% ee for many reaction types. 

In this book, we introduce one new paradigm: the recognition of a distinction 
between interligand and intraligand asymmetric induction. Briefly (see Section 1.3), 
this distinction recognizes the intimate involvement of metals in nearly all highly 
stereoselective reactions, and reflects the evolutionary development of modern 
asymmetric synthesis from issues of simple stereoselectivity to asymmetric catalysis. 
We hope that readers - after they become cognizant of this distinction - will find it 
useful in their efforts to improve on the methods described in this book. 

The field continues to grow at an exponential rate, so that comprehensive 
coverage in a monograph is no longer possible. To even address the topic in a 
significant way is a formidable task, and to render the subject manageable, decisions 
had to be made about what to include and what to leave out. 

In the end, we have selected several reaction categories, which comprise many of 
the most useful synthetic tools. As the title implies, the focus is on the principles 
that govern relative and absolute configurations in transition state assemblies. There 
are only a few principles, but they recur constantly. For example, organization 
around a metal atom, A 1,3 strain, van der Waals interactions, dipolar interactions, 
etc., are factors affecting transition state energies, and which in turn dictate stereo- 
selectivity via transition state theory. One might call these analyses molecular 
recognition at a saddle point. 

In writing this book, we have adhered to fairly strict limitations regarding 
terminology (and ask others to do the same). Sloppy terminology (e.g. "optically 
active synthesis") serves no useful purpose and intended meanings are often 
obscured (especially to future generations). To help readers understand our 
wording and to guide proper usage, a detailed, annotated glossary of stereochemical 
terms is included (and highlighted at the page margin for easy reference). This 
glossary will be useful to readers who are unfamiliar with the precise definitions of 
stereochemical terms (or their source). Included also are a number of 
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stereochemical terms that are not in current usage, but which are included for 
reference purposes. 

The book comprises 8 chapters. The first provides background, introduces the 
topic of asymmetric synthesis, outlines principles of transition state theory as 
applied to stereoselective reactions, and includes the glossary. The second chapter 
details methods for analysis of mixtures of stereoisomers, including an important 
section on sample preparation. Then follow four chapters on carbon-carbon bond 
forming reactions, organized by reaction type and presented in order of increasing 
mechanistic complexity" Chapter 3 is about enolate alkylations, Chapter 4 
nucleophilic additions to carbonyls. Chapter 5 is on aldol and Michael additions (2 
new stereocenters), while Chapter 6 covers rearrangements and cycloadditions. The 
last two chapters cover reductions and oxidations. 

In addition to tables of examples that show high selectivity, a transition state 
analysis is presented to explain - to the current level of understanding - the 
stereoselectivity of many of the reactions covered. Examination of these rationales 
often exposes the weaknesses of current theories, in that they cannot always explain 
the experimental observations. These shortcomings provide a challenge for future 
mechanistic investigations. 

The decision has been made to omit details about auxiliary and/or catalyst 
preparation, auxiliary attachment and removal, and details of experimental 
procedures. Although we usually do not comment on the ease of auxiliary or 
catalyst preparation or removal, we have tried to focus on methods where this issue 
is not a problem - at least not on a laboratory scale. Also, when comparing 
selectivity data among various reagents for a given reaction, the reader should 
recognize that the indicated selectivities are for individually optimized experimental 
conditions (i.e., solvent, temperature, time, etc.)that may not be the same from 
entry to entry, making relative selectivity comparisons tenuous. Examples included 
in the tables and schemes do not necessarily reflect the scope and limitations of a 
reaction; in some cases only the more stereoselective examples are included. We 
also do not include much detail on synthetic applications of the methods described. 
Figures that illustrate synthetic targets prepared using asymmetric synthesis as a key 
s tep-  with the relevant stereocenters highlighted- are included, but outlines of the 
synthetic plans are not. Names of specific target molecules may be found in the 
index. 

This book is intended for advanced undergraduate or graduate students, and 
other chemists needing a guide to the principles of asymmetric synthesis and stereo- 
selectivity, and for experts who seek leading references to the primary literature. 
The book could be used for a course in organic mechanisms, stereochemistry, 
reactions, or synthesis. 

REG wishes to thank his coauthor for his help in this project, which has taken 
five years to complete, and which would never have seen the light of day had it not 
been for Jeff's cheerful encouragement and constructive criticism all along the way, 
and for his willingness to jump in and help finish it by contributing the last chapter 
and taking responsibility for the index. 
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funded in part by a Fogarty Senior International Fellowship from the National 
Institutes of Health, in part by a sabbatical leave from the University of Miami, and 
in part by the ETH. This financial support is warmly acknowledged, with thanks. 
Special thanks are also due to Professor Dieter Seebach for his generous hospitality 
during the sabbatical year, and to his colleagues, Professors Arigoni, Diederich, 
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Many of our friends and colleagues have contributed to this work with helpful 
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Chapter 1 

Introduction 

I.I Why we do asymmetric syntheses 

The world is chiral [1-3]. Most organic compounds are chiral. Chemists working 
with perfumes, cosmetics, nutrients, flavors, pesticides, vitamins, and pharmaceuti- 
cals, to name a few examples [4-8], require access to enantiomerically pure com- 
pounds. In the pharmaceutical industry [8,9], more than half of the drugs available 
on the market in 1990 (worldwide) were chiral, and roughly half of those were sold 
as a single enantiomer. But of those drugs sold as a single enantiomer, roughly 90% 
were natural products or semisynthetic derivatives. By contrast, nearly 90% of all 
chiral synthetic drugs sold at that time were racemic [ 10]. 

As our ability to produce enantiomerically pure compounds grows, so does our 
awareness of the differences in pharmacological properties that a chiral compound 
may have when compared with its enantiomer or even its racemate [11,12]. We 
easily recognize that all biological receptors are chiral, and as such can distinguish 
between the two enantiomers of a ligand or substrate. Enantiomeric compounds 
often have different odors or tastes [13-15]. ~ Thus, it is obvious that two 
enantiomers should be considered different compounds when screened for 
pharmacological activity [8,12,16]. The demand for enantiomerically pure 
compounds as drug candidates is not likely to let up in the foreseeable future. 

How might we obtain enantiomerically pure compounds? Historically, the best 
answer to that question has been to isolate them from natural sources. Hence the 
dependence on natural product isolation for the production of enantiomerically pure 
pharmaceuticals. Derivatization of natural .products or their use as synthetic starting 
materials has long been a useful tool in the hands of the synthetic chemist, but it has 
now been raised to an art form by practitioners of the "Chiron" approach to total 
synthesis, wherein complex molecules are dissected into chiral fragments that may 
be obtained from natural products [ 17-25]. 

So if the objective is to obtain an enantiomerically pure compound, one has a 
choice to make: synthesize the molecule in racemic form and resolve it [26], find a 
plant or bacterium that will make it for you, start with the appropriate chiron (but 
beware of racemic or partly racemic natural products), or plan an asymmetric 
synthesis. Among the factors to consider in weighing the alternatives are the amount 
of material required, the cost of the starting materials, length of synthetic plan, etc., 
factors which have long been important to synthetic design [27,28]. For the 
purposes of biological evaluation, it may be desirable to include a resolution so that 
one synthesis will provide both enantiomers. But for the production of a single 

For example, the enantiomers of limonene smell and taste like oranges or lemons, the enantiomers 
of phenylalanine taste bitter or sweet, the enantiomers of carvone taste like spearmint or caraway, 
all depending on the absolute configuration. 
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enantiomer, resolution will have a maximum theoretical yield of 50% unless the 
unwanted enantiomer can be recovered and recycled. In most cases, the chiron and 
enzyme/organism approaches will be restricted to the production of only one 
enantiomer by a given route, notwithstanding the talent of some investigators to 
produce both enantiomers of a target from the same chiral starting material. The 
chiron approach consumes the chiral natural product, while the asymmetr ic  
synthesis routes (historically) do not. However, the lines of distinction between 
these categories are fading. 

1.2 What is an asymmetric synthesis? 

The most quoted definition of an asymmetric synthesis is that of Marckwald [29]" 

'Asymmetrische' Synthesen sind solche, welche aus symmetrisch constituirten Verbindungen 
unter intermedi~irer Benutzung optisch-activer Stoffe, aber unter Vermeidung jedes 

�9 2 analytischen Vorganges, optlsch-activ Substanzen erzeugen. 

In modem terminology, the core of Marckwald's definition is the conversion of 
an achiral substance into a chiral, nonracemic one by the action of a chiral reagent. 
By this criterion, the chiron approach falls outside the realm of asymmetric  
synthesis. Marckwald's point of reference of course, was biochemical processes, so 
it follows that modern enzymatic processes [30-32] are included by this definition. 
Marckwald also asserted that the nature of the reaction was irrelevant, so a self- 
immolative reaction or sequence 3 such as an intermolecular chirality transfer in a 
Meerwein-Pondorf-Verley reaction would also be included: 

OH O O OH 
.11.. 

R l - -  R2 R3 R4 R! R2 R3 R4 

Interestingly, the Marckwald definition is taken from a paper that was rebutting 
a criticism [33] of Marckwald's claim to have achieved an asymmetric synthesis by a 
group-selective decarboxylation of the brucine salt of 2-ethyl-2-methylmalonic acid 
[34,35]: 

HO2C~CO2H b r u ~ i ~ e ~  HOoC~.H 

I achiral ~ i optically active 

Thus from the very beginning, the definition of what an asymmetric synthesis 
might encompass, or even if one was possible, has been a matter of debate. On the 
latter point, the idea that a chemist could synthesize something in optically active 
form from an achiral precursor was doubted in some circles, even in Marckwald 's  

2 'Asymmetric' syntheses are those which produce optically active substances from symmetrically 
constituted compounds with the intermediate use of optically active materials, but with the 
avoidance of any separations. 

3 Self-immolative processes are those that generate a new stereocenter at the expense of an existing 
one, either in a single reaction or in a sequence whereby the controlling stereocenter is deliberately 
destroyed in a subsequent step. 
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time. That doubt, expressed in a published lecture in 1898 [36] was one of the last 
tenets of the vitalism theory to die. 

When one considers that historically, isolated natural products were the major 
source of chiral nonracemic chemicals, and when the labor of extraction was also 
considered, it is no wonder that recovery of the chiral reagent was important. 
Nowadays, the source of a reagent is the nearest chemical catalog, and it makes little 
difference if the chiral substance, whether to be used as a chiron or as a recoverable 
or consumable reagent, is obtained by isolation, enzymatic synthesis, or resolution. 
For the purposes of synthetic planning, the most important variable is the cost of 
the process relative to the value of the product. Also, the scale of the planned 
synthesis must be considered: an affordable cost for the preparation of a few grams 
of product may not be feasible for the production of several hundred kilos. It may 
also be important to consider the availability of either enantiomer of the chiral 
reagent. 

In 1974, Eliel proposed the following criteria for judging an asymmetric 
synthesis [37]: 

1. The synthesis must be highly stereoselective. 
2. If the chiral auxiliary (adjuvant) is an integral part of the starting material, 

the chiral center (or other chirality element) generated in the asymmetric 
synthesis must be readily separable from the auxiliary without racemization 
[of the new stereocenter]. 

3. The chiral auxiliary or reagent must be recoverable in good yield and 
without racemization. 

4. The chiral auxiliary or catalyst should be readily and inexpensively available 
in enantiomerically pure form. 

Several comments [38] are appropriate regarding these guidelines. The first is 
obviously the most important, and is universally applicable to all synthetic 
strategies. Chromatographic or other purification techniques often provide a 
practical solution to low selectivity in unfavorable cases, however. Points 2 and 3 
address auxiliary-based techniques, and are predicated on the higher cost of chiral 
reagents. Condition 3 is less important when a chiral catalyst has a high turnover 
number or when the chiral auxiliary is very inexpensive. Point 4 also becomes less 
important in catalytic processes as the turnover number increases. 

The simplicity of the Marckwald definition has been its most enduring feature, 
but our understanding of structure and mechanism has evolved since Marckwald's 
time, 4 and spectroscopic and chromatographic techniques have displaced polari- 
metry as the primary determinant of enantiomeric purity. In light of these 

As a point of reference, consider that in Marckwald's time the van't Hoff- le Bel theory of 
tetrahedral carbon was accepted, but what we now know as an sp 2 or trigonal carbon, was not. It 
was thought, at least by some, that the fourth site of a carbonyl carbon was an unoccupied site on 
a tetrahedron. For example, under the term 'asymmetric induction' in the first collective index of 
Chemical  Abstracts,  we find reference to a paper (8:34311) entitled "Preparation of l- 
benzaldehyde through asymmetric induction . . ."  (E. Erlenmeyer, F. Landesberger, G. Hilgen- 
dorff Biochem. Z. 1914, 64, 382-392). The formula for benzaldehyde was PhCHL.OL, where 
L indicates an unoccupied position. 
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developments, as well as the new applications of double asymmetric induction (vide 
infra) that are not addressed by the Marckwald definition, a broader definition is 
appropriate" 

Asymmetric synthesis is a reaction or reaction sequence that selectively creates one 
configuration of one or more new stereogenic elements by the action of a chiral reagent 
or auxiliary, acting on heterotopic faces, atoms, or groups of a substrate. The stereo- 
selectivity is primarily influenced by the chiral catalyst, reagent, or auxiliary, despite 
any stereogenic elements that may be present in the substrate. 

In 1933, two short monographs [39,40] summarized virtually everything known 
about asymmetric synthesis and asymmetric induction. By 1971, the field was 
summarized in another short monograph of about 450 pages [41], but by then the 
art of organic synthesis was ready for a rapid advance: ten years later, a five 
volume treatise [42] was necessary (~1800 pages). The literature continues to grow 
at such a rate that comprehensive coverage is increasingly difficult. Although not 
restricted to asymmetric synthesis, the recent nine volume Comprehensive Organic 
Synthesis encyclopedia [43] subtitled 'Selectivity, Strategy, and Efficiency in 
Modern Organic Chemistry' is --7000 pages. In 1995, a 6000-page treatise entitled 
Stereoselective Synthesis and advertised as "the whole of organic stereochemistry" 
appeared as part of the Houben-Weyl series [44]. 

It is the primary aim of the present work to provide a concise analysis of the 
stereochemical features of transition states in a variety of reaction types. These 
control elements are only partly understood at present, but as the intra- and 
intermolecular forces that govern transition state assemblies come further into 
focus, the principles outlined in this book will be refined and improved. The 
ultimate (attainable?) goal is clear: the production of any relative and absolute 
configuration of one or more stereogenic units through the use of chiral catalysts 
that do not require consideration of chirality elements extant in the substrate. 

1.3 Stereoselectivity: intraligand v s .  interligand asymmetric induction 

It is the primary goal of this book to analyze the factors that influence 
stereoselectivity when one stereoisomer predominates over others. For illustrative 
purposes, consider the addition of a nucleophile to a carbonyl. The faces of 
unsymmetric carbonyls are heterotopic, either enantiotopic (if there are no stereo- 
centers in the molecule) or diastereotopic (if there are), as shown in Figure 1.1 (see 
also glossary, Section 1.6). In order to achieve a predominance of one stereoisomer 
(enantiomer or diastereomer) over the other, the transition states resulting from 
attack from the heterotopic Re or Si faces must be diastereomeric. This will be the 
case if either the carbonyl compound or the reagent (or both) is (are) chiral. 

It is useful to classify stereoselective reactions as a preliminary step to identify- 
ing the factors influencing stereoselectivity. Metals are intimately involved in 
almost all highly stereoselective reactions, 5 so our classification will begin there. 

5 For a review of stereoselective reactions of free radicals, see ref. [45,46]. 
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Enantiotopic faces 
No stereocenters 

0 

Re-'~![..i_i'~--Si 

achiral ~ ~chiral 

Enantiomeric Diastereomeric 
transition states transition states 

Diastereotopic faces 
R* contains stereocenter 

0 

Re "J!" ' /  

achiral ~ ~chiral 
r e a g y  ~ g e n t  

Diastereomeric Diastereomeric 
transition states transition states 

Figure 1.1. Additions to heterotopic faces of an aldehyde. 

The first step is to examine the ligands on the metal. The most important ligand 
will be the substrate; other ligands may simply be solvent, monodentate or bidentate 
"spectator" ligands, or a ligand that is involved in the reaction (a "player"). Take 
the addition of a Grignard reagent to an aldehyde as an example (Scheme 1.1). The 
Grignard reagent (ignoring Schlenck processes) has an organic ligand (e.g., Me), a 
halide (X), and several bound solvent molecules (Ln) in its coordination sphere. 
Addition to a carbonyl does not occur, however, until the aldehyde coordinates to 
the magnesium. Notice that four types of ligand are now apparent in the 
intermediate shown in brackets: the aldehyde substrate, the methyl group that adds 
to the carbonyl, the halide, and the bound solvent. The aldehyde and the methyl are 
the "players" while the halide and the solvent ligands are "spectators". 

I + 

Me Me Me 

Scheme 1.1. The addition of a Grignard reagent to an aldehyde. 

Several examples of carbonyl additions (see also Chapter 4) serve to illustrate a 
further ligand classification that has tremendous bearing on stereoselectivity, and 
which illustrates in a nutshell the history of asymmetric synthesis while also point- 
ing us toward its future. In the 1950s, Cram examined the influence of an adjacent 
stereocenter on the stereoselectivity of nucleophilic additions to carbonyls [47,48]. 
In the example illustrated (Scheme 1.2a, taken from Eliel's later work, [49], one 
diastereomer is formed to the near exclusion of the other. The chirality sense (R/S) 
of the new stereocenter is determined by the chirality center adjacent to the 
carbonyl. Both the "old" and the "new" stereocenters are within the same ligand on 
the metal, however, so the asymmetric induction is intraligand. Later, the auxiliary 
shown in Scheme 1.2b was developed for use in an asymmetric synthesis of o~- 
hydroxy aldehydes. Here, the oxathiane fragment is removed after directing the 
selective formation of one of two possible diastereomers [50]. Note, however, that 
this example is also a case of intraligand asymmetric induction, and that both of 
these examples have diastereomeric transition states because the carbonyl-containing 
substrate is chiral. Scheme 1.2c shows the addition of a Grignard to an ketone, after 
modifying the reagent with a chiral dio|. Here, since the ketone is achiral, the two 
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+ 3 EtMgBr, then 
M e . ~  
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Ph Me Ph 

Et OMgL n 

enantioselectivity >99:1 

(d) Ph Ph 

+ Et2Zn i(Oi-Pr)2 m~  

O __ , , , t ' ~  .x"A"O 20mo1% Et OML n 
Ph Ph catalyst enantioselectivity 99:1 

Scheme 1.2. Intraligand vs. interligand asymmetric induction: (a) Diastereoselective 
addition via Cram's cyclic model ([49], cf., Section 4.2). (b) Asymmetric synthesis of a 
pure enantiomer via diastereoselective addition to a carbonyl with a chiral auxiliary [50]. 
(c) Enantioselective addition of ethyl Grignard to an aldehyde using a chiral ligand on 
magnesium [51]. (d) Catalytic enantioselective addition of diethylzinc to an aldehyde 
using a chiral ligand on titanium [52]. 

faces of the carbonyl are enantiotopic, and the transition states are rendered 
diastereomeric by the chiral diol ligand. Although the details of the reaction are 
unknown, the only chirality element present in the reactants are in the diol ligand, 
making this interligand asymmetric induction. 6 

In principle a metal atom may also be stereogenic (and therefore influence the stereoselectivity), 
but a separate category is not needed since chiral nonracemic metal complexes containing achiral 
ligands are rare in asymmetric synthesis [53]. 
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The mental process of "removing" the stereocenter from the substrate and 
putting it on another ligand of the metal allows the introduction of the element of 
asymmetric catalysis [54,55], as shown by the diethylzinc addition in Scheme 1.2d 
[56]. Here, the chiral reagent is used in less than stoichiometric quantities. Catalytic 
processes are, of course, more cost-effective than stoichiometric processes, and 
have the added advantage of decreasing the environmental impact of disposing of 
(or recycling) byproducts produced in stoichiometric quantities. 

These four examples illustrate the progress made in stereoselective reactions in 
the last few decades, and which has evolved through several distinct phases: (i) Dia- 
stereoselective synthesis by addition of nucleophiles to carbonyls having a neigh- 
boring stereocenter; (ii) the extension of the same notion to the synthesis of a single 
enantiomer via diastereoselection and auxiliary removal; and (iii) enantioselective 
addition to an achiral substrate by a stoichiometric reagent; and (iv) enantioselective 
addition mediated by a chiral catalyst. Extrapolation of the trend that is apparent in 
these simple examples points inexorably toward the goal stated at the end of the 
previous section: the production of new stereogenic units through the use of chiral 
catalysts that do not require consideration of existing chirality elements. 

1.4 Selectivity: kinetic and thermodynamic control 

The means by which stereoselectivity is achieved in various reactions and 
processes are widely variable. However, the asymmetric induction that results in 
any given process must fall into one of only two categories: thermodynamic or 
kinetic control, the latter being the more common. 

Consider a starting material, A, that may give two possible products, B and C. 
Figure 1.2a illustrates how equilibration might occur to afford an equilibrium 
mixture of B and C by one of two possible routes. The reactions A ---> B and A --> 
C might be reversible, or A and C could equilibrate by a route that does not 
involve A. Either way, the product ratio (C/B) is given by 

CfB = [C] = K = e-AG/RT [13] ' (1.1) 

where AG is the free energy difference between C and B: AG = GB- Gc. Processes 
such as this are under thermodynamic control. 

Under conditions of kinetic control (Figure 1.2b), the conversion of A into 
either B or C is irreversible, the relative rates of formation of each product 
determine the outcome, and the product ratio (C/B) is given by 

kl -AAG~:/RT C/B = ~2 = e , (1.2) 

where k~ and ke are the rate constants for the formation of B and C, respectively. 
AAG* is the difference in the transition state energies for each process: 

AAG* = AG*~ AG* - c , ( 1 . 3 )  

where AG*a and AGtc are the free energies of activation for the formation of B and 
C, respectively. 
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r 

(a) A . - . -  / / \ \  A -~-~ C or 

B .;/ .-~ C 

A 

(b) 
B.~.-- A.-----~ C 

C 

Figure 1.2. (a) Conversion of A into a mixture of B and C under thermodynamic control. Note 
that B and C may equilibrate via A or by another route (dashed line). (b) Conversion of A into B 
and C under kinetic control. 

Two types of selectivity may used to establish new stereogenic units in a 
molecule: diastereoselectivity and enantioselectivity. In diastereoselective reactions, 
either kinetic or thermodynamic control are possible, but in enan t iose l ec t i ve  
reactions, the products are isoenergetic and only kinetic control is possible. 7 

Equations 1.1 and 1.2 establish the exponential dependence of selectivity on free 
energy and temperature. Figure 1.3 shows plots of these equations at three different 
temperatures. 8 The curves of Figure 1.3 illustrate a number of points: 

1. The steepest part of the curves occurs in the region where the selectivity (K 
or k t/k2) is <10. Because of the exponential relationship, a doubling of the 
free energy difference at 10:1 will increase the selectivity to 100:1. 

2. The total energy differences that afford 100:1 selectivity are not great. For 
comparison, recall that AG for the cis and trans isomers of the dimethyl- 
cyclohexanes or between the axial and equatorial conformations of methyl- 
cyclohexane is 1,600-1,700 cal/mole. 

3. In the "flat" part of the curves, small differences in energy will produce large 
differences in selectivity. For example at 0 ~ an increase in AG or AAGr of 
873 cal/mole increases selectivity from 20:1 to 100:1. By comparison, AG for 
the gauche and anti forms of butane is 900 cal/mole. 

4. At lower temperatures, the selectivity curves "flatten out" more quickly. 
Thus for a given process, subtle changes in the stereochemical control ele- 
ments will usually have a greater influence if the reaction is carried out at 
low temperature. Note that this does not necessarily mean that lowering the 
temperature of a reaction will result in increased selectivity (vide infra). 

5. Selectivities may be expressed in any of several ways: as K or k~/k2, % enan- 
tiomer excess (ee), % diastereomer excess (de), or the percentage of the 
major enantiomer (% es) or diastereomer (% ds). 9 It is worth keeping these 

7 Unless the reaction is conducted in a nonracemic chiral solvent. 
8 Strictly speaking, these equations and the curves in Figure 1.3 are valid only for a unimolecular 

reaction in the gas phase, but to a first approximation they serve as useful tools for our purposes. 
9 Use of enantiomer excess (the excess of one enantiomer over its racemate) to describe selectivity 

is inappropriate since it implies that the minor enantiomer and an equal amount of the major enan- 
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Figure 1.3. The relationship between selectivity and free energy (for the competitive formation of 
two products) at -100 ~ 0 ~ and 100 ~ C. The free energy values for product ratios of 100:l are labeled 
on the right ordinate (cal/mole). 

parallel scales in mind when evaluating selectivities, as all are used 
interchangeably in the literature. Since routine purification techniques can 
often remove 5 to 10% of isomeric impurities, selectivities higher than 95% 
(ds or es) may not be required from a practical standpoint. 

Regarding the effect of temperature on selectivity, reliance on equations such as 
1.1 and 1.2 can be misleading, since free energy itself is temperature dependent: 

G = H -  TAS. (1 .4 )  

Combination of equations 1.2 and 1.4 [38] gives 

k2k~ _- ( e  _AAH~/RT)(e aaS~/R ),  (1 .5 )  

where AAH r and AAS ~ are the differences in enthalpy and entropy of activation for 
the formation of B and C, defined as was AAG ~ in equation 1.3. l~ Equation 1.5 
shows that only the enthalpy term is temperature dependent. An example of the 
effect this can have is shown in the additions of organolithiums to lactaldehyde 
shown in Scheme 1.3 [57]. The addition of methyllithium has AAH~=-260  cal/mole 
and AAS* = 0. Since AAH* is negative, the exponent of the first term is positive and 
lowering the temperature from 308 ~ to 208 ~ results in an increase in k l / k 2 .  In 
contrast, the addition of phenyllithium has AAH~= +340 cal/mole and AAS * = +28 
e.u. With a positive AAH * and AAS ~, C is favored by enthalpy and B is favored by 
entropy. In this case, the reaction is entropy controlled: since the exponent of the 
first term is negative, lowering the temperature decreases the preference for B; 

tiomer are formed in a random process. In this book, percent enantioselectivity (% es) and percent 
diastereoselectivity (% ds) will be used to describe selectivity. These terms suffer the drawback 
that a process that forms two stereoisomers randomly is nevertheless 50% "selective." On the 
other hand, few of the processes discussed in this book are stereorandom, and the correlation 
with the familiar concept of "% yield" has obvious advantages. ~c' 

10 AAH~ = AH~ - AH~ c, negative if B is favored; AAS~: = AS~ - AS positive if B is favored. 
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OH 

Me A CHO 
RLi 

OH OH R R.R/R.S (OK) 
~ Me 60:40 (308) 

R R Me 65:35 (208) 
Me + Me : Ph 73:27 (308) 

R,R OH R,S OH Ph 68:32 (213) 

Scheme 1.3. Effect of temperature on addition of organolithiums to R-lact- 
aldehyde [57]. 

nevertheless, the entropic preference prevails and B is still the major product, albeit 
in lower amount [57]. Thus, although lowering the temperature often increases 
selectivity, it does not necessarily do so in all cases. 

1.5 Single and double  asymmetr ic  induct ion 

For the purposes of illustration, Figure 1.4 illustrates two reaction types in 
generic form. Single asymmetric induction occurs if a single chirality element 
directs the selective formation of one stereoisomer over another by selective 
reaction at one of the heterotopic (Re/Si) faces of a trigonal atom. 

0 LnMQ, X 

Re ---~!~"----Si  ")I.~__ - 
6 R  Re----" 

H R 

Si 

Nucleophilic addition Electrophilic addition 
to carbonyls to enolates 

Figure 1.4. Two types of reactions that distinguish hetero- 
topic faces. 

An interesting circumstance develops when two of these techniques are combined 
in the same reaction, such as when the second reactant also contains a chirality 
element (e.g., when a chiral nucleophile reacts with a chiral carbonyl compound): 
the chirality elements of each reactant may influence stereoselectivity either in 
concert or in opposition. This phenomenon is known [58,59] as double asymmetric 
induction. A simple illustration is shown in Scheme 1.4 and involves the reaction of 

M e ~  MgBr 

Ph 

~.,S O ~ [  ,~ n'C9H19 

O + 

Me~,,......,../MgBr 

Ph 

~,S O ~ ~  n'C9HI9 

O + 

) n-C9Hl9 

Selectivity = 98% ds M e ~ . . J  

Ph 
n-CgH19 

"Selectivity - 89% ds M e ~  .~ 
l 

Ph 

Scheme 1.4. Double asymmetric induction" changing the absolute configuration of a chiral 
nucleophile affects the stereoselectivity of addition to a chiral ketone [60]. 



Chapter 1. Introduction 11 

the two enantiomers of a chiral Grignard reagent with a chiral ketone [60]. II Note 
the difference in diastereoselectivity observed for the two reactions, clearly 
resulting from the change in absolute configuration of the remote stereocenter of 
the Grignard. 

In order to understand the phenomenon of double asymmetric induction, we 
need to have a clear picture of the inherent selectivities of each of the chiral 
partners in closely related single asymmetric induction processes. Consider for 
example the kinetically controlled aldol addition reactions shown in Scheme 1.5 
[58]. ~2 The first two illustrated reactions are examples of single asymmetric 
induction with inherently low selectivities. Scheme 1.5a is the reaction of a chiral 
Z(O)-enolate with an achiral aldehyde [61], and illustrates the Si-facial preference 
of the S enantiomer of the enolate of 78"22. In Scheme 1.5b, an achiral enolate that 
is structurally similar to the chiral enolate of Scheme 1.5a is allowed to react with a 
chiral aldehyde [62]. The 73:27 product ratio reflects the Re-facial preference of 
the aldehyde. 13 Note that the absolute configuration of the new stereocenters in the 

( a ) Q + Me,~Ph 
H M e ' ~  OTMS 

O OLi 

(b) Me Me(ll~Me = .e 
+ Me~1"" OTMS 

~ 0  H OLi 

(C) Me 
" H 

= , ~ , , P h  + ~ , P h  

78:22 

" o' Me = -. ,,, Me 

OTMS OTMS 

73:27 

.e  :. . . . .  Ph " " . . . .  Ph 
OLi OTMS OTMS 

matched pair 89:11 

td) M, p ~ M o  M~I Mel Ph M e ~  Ph 
~ ~ 0  H +Me .~ = .... Me == .... Me 

-~--- 
OTMS ~ ~ + " 1  

OLi OTMS OTMS 

mismatched pair 40:60 

Scheme 1.5. Examples of single and double asymmetric induction in the aldol addition 
reaction. (a) Reaction of a chiral enolate and an achiral aldehyde; (b) Reaction of an achiral 
enolate with a chiral aldehyde; (c) Matched pair double asymmetric induction with a chiral 
enolate and a chiral aldehyde; (d) Mismatched pair double asymmetric induction with a chiral 
enolate and the aldehyde enantiomeric to that shown in (a). (After ref. [58]). 

l l The selectivity of the reactions illustrated in Scheme 1.4 are rationalized by Cram's cyclic model, 
discussed in Section 4.2. 

12 In these examples, two stereocenters are created, but only two of the four possible stereoisomers 
are formed. As will be explained in detail in Chapter 5, the two syn isomers are produced 
stereoselectively from the Z(O)-enolate. (See glossary, section 1.6, for definition of this term.) 

13 Obviously if the absolute configuration of either of the chiral reactants in Schemes 1.5a or 1.5b 
were reversed, the absolute configuration of the new stereocenters would also be reversed i.e., 
the enantiomers of the illustrated products would be produced in the same ratio. 
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major products are the same. Since both chiral reactants, the enolate of the first 
reaction and the aldehyde of the second both prefer the same absolute configuration 
in the addition product, we may expect that reaction of the chiral enolate with the 
chiral aldehyde would afford product having the same absolute configuration. 

When the S-enolate and the S-aldehyde (Scheme 1.5c) were allowed to react, the 
expected product was indeed formed, but the selectivity was higher (89:11) than in 
either of the previous examples because the inherent selectivities of the two chiral 
species are mutually reinforcing [58]. This is an example of matched pair double 
asymmetric induction. A mismatched double asymmetric induction would result 
from reversing the absolute configuration of either of the two chiral reactants. For 
example, when the S-aldehyde and now the R-enolate (Scheme 1.5d) were allowed 
to react, the two products were formed in a ratio of 40:60 [58]. The higher 
selectivity of the enolate (78% ds) over the aldehyde (73% ds) is manifested in the 
absolute configuration obtained as the major isomer in Scheme 1.5d. 

With this example in mind, let us reexamine the principles of selectivity 
presented earlier and apply them to the case of double asymmetric induction. In 
Figure 1.2b, two possible products are formed under kinetic control. This reaction 
diagram is applicable to the examples of Schemes 1.5a and 1.5b, in that a single 
chiralitv element operates to render the two transition structures diastereomeric. 
Now imagine what the effect of a second chirality element might be. Figure 1.5a 
illustrates the case of a matched pair: the second chirality element increases AAGr 
by lowering the energy of the already favored transition state (A ---> B) and/or 
raising the energy of the disfavored one. The previously favored isomer is formed 
with increased selectivity. Figure 1.5b illustrates the mismatched case, wherein the 
second chirality element decreases AAG~ by increasing the energy of the favored 
transition state and/or decreasing the energy of the disfavored one. In this example, 
the second chirality element decreases AAG~ but does not change its sign. 
Obviously, additional perturbation of the transition states could reduce AAG* to 
zero, or reverse the selectivity by changing the sign of AAGr 

(a) (b) 

I..4 

t~  

U., 

C 

Figure 1.5. Double asymmetric induction. The dashed lines represent a hypothetical case of 
single asymmetric induction. (a) Matched pair: AAGr is increased by the influence of a second 
chirality element; (b) Mismatched pair: AAGr is decreased by the influence of a second chirality 
element. 
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There are two important lessons here. The first is that a matched pair will afford 
higher selectivities than either chiral reactant would afford on its own. The second 
lesson is more subtle. In considering the two single asymmetric induction reactions, 
suppose that one of the chiral reagents is much more selective than the other. In this 
instance, the mismatched pair may still be a highly selective reaction. Figure 1.6 
illustrates an energy diagram wherein the stereoselectivity due to the second 
chirality element completely overwhelms that of the first. The dotted lines indicate 
a preference, in single asymmetric induction, for product B. Under the influence of 
a much more highly selective reagent, the double asymmetric induction (bold line) 
favors A by "changing the sign" of AAG~ t. Even though this is a mismatched pair, it 
still may be very selective. In such cases, the chiral reagent is the primary 
determinant of the absolute configuration of the new stereocenter(s) in the product! 

;;m 

tD 

~D 

Figure 1.6. Reagent-based stereocontrol in 
' double asymmetric induction. 

In a general sense, if the species having an overwhelmingly higher "inherent 
selectivity" is the chiral auxiliary, chiral reagent or chiral catalyst, and the less 
selective species is a synthetic intermediate being carried on to a target, then the 
reagent can be used to determine the absolute configuration of  the product, 
independent o f  the chirality sense and bias of  the substrate. This concept is known as 
"Reagent-Based Stereocontrol"  [58,59]. As we will see throughout this book, a 
number of reagents deliver high enough selectivities to achieve this important goal. 

Two examples of such processes are shown in Scheme 1.6. One is the titanium 
TADDOLate-catalyzed addition of diethylzinc to myrtenal (see Section 4.3, [52]; the 
other is the Sharpless asymmetric epoxidation (see Section 8.2.2, [58,63]i. In both 
cases, the diastereoselectivity for the reaction of the substrate with an achiral 
reagent is low (65-70% ds), while the catalysts have enantioselectivities of >95% 
with achiral substrates. In these cases of double asymmetric induction, the catalyst 
completely overwhelms the facial bias of the chiral substrate. 
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S c h e m e  1.6. Matched and mismatched double asymmetric induction demonstrating 
"Reagent-Based Stereocontrol"" (a) The diethylzinc addition catalyzed by titanium 
TADDOLates (Chapter 4, [52]). (b) The Sharpless asymmetric epoxidation (Chapter 8, 
[58,63]. 
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1.6 Glossary of stereochemical terms z4 

A values: The free energy difference (-AG ~ between equatorial and axial 
conformations of a substituted cyclohexane, positive if equatorial is preferred. 
For a compilation of values, see ref. [64], and references cited therein. 

A 1,2, A1,3 strain: see allylic strain. 

Absolute asymmetric synthesis: A synthesis in which achiral reactants are converted 
to nonracemic, chiral products, and where the enantioselectivity is induced 
only by an external force such as circularly polarized light in a photochemical 
reaction [65]. 

Absolute configuration: The arrangement in space of the ligands of a stereogenic 
unit, which may be specified by a stereochemical descriptor such as R or S, D 
or L, P or M. See also chirality sense, chirality element, stereogenic element 

Achiral: See chiral. 

Achirotopic: See chirotopic. 

Allylic strain: The destabilization of a molecule, or an individual conformation, by 
van der Waals repulsion between substituents on a double bond and those in an 
allylic position [66]. Two types have been identified (see bold bond in figure): 
AI,2 strain occurs between substituents on an allylic carbon and the adjacent 
sp 2 carbon. A1,3 strain occurs between substituents on an allylic carbon and 
the distal sp2 carbon. The latter effect can be quite strong [67]. Originally [66], 
the terms were defined in the context of cyclohexane derivatives, but more 
recently the effects have been recognized as important factors in 
conformational dynamics of acyclic systems [67]. 

A 1'2 strain: 

! | 
i ! I 
t J [ J 

Alternating symmetry axis (Sn): An axis about which a rotation by an angle of 
360/n, followed by a reflection across a plane perpendicular to the axis results 
in an entity that is indistinguishable from (superimposable on) the original. 
Also called a rotation-reflection axis. See also symmetry axis. 

Alpha (or), beta (fl)" Stereodescriptors used commonly in carbohydrate [68] and 
steroid [69] nomenclature to describe relative configuration. In steroids, "any 
[substituent] that lies on the same side of the ring plane as the C3-hydroxyl 
group of cholesterol [see illustration] is described as 13-oriented, and the 
carbon to which the group is joined has the l-configuration. The opposite 
orientations and configurations are designated a"  [69]. The a, 13 nomenclature 
is often extended to other ring systems, but a reference stereocenter must be 

14 Note that other terms defined in this glossary are italicized. 
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specified, either explicitly or by convention (see for example ref. [70]). Often, 
reference is made to a 2-dimensional drawing in which a reference plane is 
specified. If the reference plane is horizontal, 13 is above and o~ is below the 
plane, as illustrated below. If the plane is vertical, [3 is toward the viewer. 

In carbohydrates, the ~-anomer has the Cl-hydroxyl or alkoxyl group on the 
opposite side of a Fischer projection as the substituent (,) that defines D o r  L 

(see Fischer-Rosanoff convention); this need not be the position at which the 
ring is closed. The tx-anomer has the two on the same side [68]. 

steroids Me R 

M e ~ ~  t i M e  fl 

- , 

specified plane 
within other molecules 

carbohydrates, ot anomers: 

m OH 
CH2OH CH2OH 

H * O HO-- ~ H 

H OH I OR H OH H * OH ] OH 
CH2OH OH 

carbohydrates, fl anomers: 

CH20 H CH2OH 

. o  _ 

oH ~ ."o I o .  OH OH 
CH2OH 

Angle strain: Destabilization of a molecule due to a variation of bond angles from 
"optimal" values (109 ~ 28' for a tetrahedral atom). Also called Baeyer strain. 

Anomeric effect: Originally, the unexpected stability of a C-1 alkoxy group of a 
glycopyranoside occupying the axial position. This effect is now more 
generally considered to be a conformational preference of an X - C - Y - C  
moiety for a synclinal (gauche)conformation (where X and Y are hetero 
atoms, and at least one is a nitrogen, oxygen, or fluorine). See illustration, 
below [71,72]. 

X X 

synclinal 
(gauche) 

antiperiplanar 
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Antarafacial, suprafacial: In a reaction where a molecule undergoes two changes in 
bonding (either making or breaking), the relative spatial arrangement is 
suprafacial if the changes occur on the same face of the molecular fragment 
and antarafacial if on opposite faces [73]. 

Anti: See torsion angle; syn, anti. Also used to describe antarafacial addition or 
elimination reactions [74]. Formerly used to describe the configuration of 
azomethines such as oximes and hydrazones (See E, Z). 

Anticlinal: See torsion angle. 

Antiperiplanar: See torsion angle. 

Aracemic: Synonym for nonracemic [75]. See also scalemic. 

Asymmetric: Lacking all symmetry elements, i.e., belonging to symmetry point 
group C 1. 

Asymmetric carbon atom: van't Hoff's definition for a carbon atom having four 
different ligands (i.e. Cabcd). See also stereogenic center, stereogenic element. 

Asymmetric center: See stereogenic center. 

Asymmetric destruction: See kinetic resolution. 

Asymmetric induction: The preferential formation of one enantiomer or diastereo- 
mer over another, due to the influence of a stereogenic element in the 
substrate, reagent, catalyst, or environment (such as solvent). Also, the 
preferential formation of one configuration of a stereogenic element under 
similar circumstances. When two reactants of a reaction are stereogenic, the 
stereogenic elements of each reactant may operate either in concert (matched 
pair) or in opposition (mismatched pair). This phenomenon is known [58,59] 
as double asymmetric induction, or double diastereoselection. See Section 1.5. 

Asymmetric synthesis: A reaction or reaction sequence that selectively creates one 
configuration of one or more new stereogenic elements by the action of a 
chiral reagent or auxiliary, acting on heterotopic faces, atoms, or groups of a 
substrate. The stereoselectivity is primarily influenced by the chiral catalyst, 
reagent, or auxiliary, despite any stereogenic elements that may be present in 
the substrate. See Section 1.2. 

Asymmetric transformation: The conversion of a mixture (usually 1:1) of stereo- 
isomers into a single stereoisomer or a mixture in which one isomer 
predominates. An "asymmetric transformation of the first kind" involves such 
a conversion without separation of the stereoisomers. An "asymmetric trans- 
formation of the second kind" also involves separation, such as an equilibra- 
tion accompanied by selective crystallization of one stereoisomer [76]. The 
terms "first- and second-order asymmetric transformations" to describe these 
processes are inappropriate. See also stereoconvergent. 

Atropisomers: Stereoisomers arising from restricted rotation around a single bond 
(i.e., conformers), with a high enough rotational barrier that the isomers can 
be isolated (16 - 20 kcal/mole at room temperature), such as ortho- 
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disubstituted biaryls [77]. The chirality sense of a conformation may be 
described using the P, M system. 

Axial, equatorial: Bonds or ligands of a cyclohexane (or saturated 6-membered 
heterocycle) chair conformation. The axial bonds are parallel to the C3 ($6) 
axis of cyclohexane (or the corresponding position of a heterocycle), and each 
equatorial bond is parallel to two of the ring bonds. In a cyclohexene, the 
corresponding allylic bonds or ligands are called pseudoaxial (ax') and pseudo- 
equatorial (eq'). In a trigonal bipyramidal structure, the three ligands in a 
plane with the central atom are also known as equatorial. 

a x  a x  

e e q ' \ ~  _._/ eq 
eq q / - - - - ~  eq' eq eq 

eq ax' 
a x  a x  

Axis of chirality: See chirality element, stereogenic axis, stereogenic element. 

Baeyer strain: See angle strain. 

Bisecting and eclipsing conformations: In a structure with the grouping R3C-C=X, 
the conformation in which a torsion angle R-C-C=X is antiperiplanar, and the 
torsion angles to the other two R groups is equal or nearly so is the bisecting 
conformation. The conformation in which a torsion angle R-C-C=X is 
synperiplanar is called eclipsing. 

x 
R ~ ~ I  R R 

bisecting 
conformation 

R R 

eclipsing 
conformation 

Boat: See chair, boat, twist; and half-chair, half-boat. 

Bond opposition strain: See eclipsing strain. 

Bowsprit, Flagpole" In the cyclohexane boat conformation the ligands on the two 
carbons that are out of the plane of the other four. Endocyclic ligands are 
flagpole, exocyclic ligands are bowsprit. 

f f 

Biirgi-Dunitz trajectory: The angle of approach of a nucleophile toward a carbonyl 
carbon, 107 ~ (probably more accurately 105_+5 ~ [78-80]. See Section 4.1. 

The Biirgi-Dunitz trajectory 

~ -.xl07 ~ 
R",,~ O 

R,~" 
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Cahn-Ingold-Prelog method: See CIP method. 

CDA, chiral derivatizing agent: A reagent of known enantiomeric purity that is 
used for derivatization and analysis of enantiomer mixtures by spectroscopic 
or chromatographic means. See Section 2.3.1. 

Center of chirality: See stereogenic center. 

Center of symmetry, center of inversion (i): A point in an object that is the origin 
of a set of Cartesian axes, such that when all coordinates describing the object 
(x, y, z) are converted to (-x, - y , - z ) ,  an identical entity is obtained. 
Equivalent to a two-fold alternating axis ($2). 

H H H 

Centers of inversion (o) 

Chair, boat, m, ist-boat: The cyclohexane conformation (point group D3d) in which 
carbons 1, 2, 4, and 5 are coplanar and atoms 3 and 6 are on opposite sides of 
the plane is the chair. When atoms 3 and 6 are on the same side of the '1-2-4- 
5' plane, and also lie in a mirror plane, the conformation (point group C2v) is 
called a boat. If atoms 3 and 6 are moved to either side of the boat's '3-6' 
mirror plane, the conformation (point group D2) is the twist-boat. The chair 
and twist-boat conformations are at energy minima (AG = 5.6- 8.5 kcal/mole 
for cyclohexane [81]) while the boat is at a higher energy saddle-point. The 
twist-boat is sometimes called the skew conformation (however, see torsion 
angle). These terms are also applied to similar conformations of substituted 
cyclohexanes and to heterocyclic analogs. See also axial, equatorial. 

6 ~ 1  2 6 3 l,,,'~' . / 6 ~  3~.  -.--- 6~  / 3 ..... 3 

3 5 " - ' 4  1 4 1 4 4 ! 

chair boat twist-boat 

Chair-chair inversion: See ring reversal 

Chiral: A geometric figure, or group of points is chiral if it is nonsuperimposable 
on its mirror image [82]. A chiral object lacks all of the second order 
(improper) symmetry elements, ~ (mirror plane), i (center of svmmeto,), and 
S (rotation-reflection axis). In chemistry, the term is (properly) only applied 
to entire molecules, not to parts of molecules. A chiral compound may be 
either racemic or nonracemic. An object that has any of the second order 
symmetry elements (i.e., that is superimposable on its mirror image) is 
achiral. It is inappropriate to use the adjective chiral to modify an abstract 
noun: one cannot have a chiral opinion and one cannot execute a chiral 
resolution or synthesis. 

Chiral auxiliary: A chiral molecule that is covalently attached to a substrate so as to 
render enantiotopic faces or groups in the substrate diastereotopic. After the 
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diastereoselective reaction, the auxiliary should be removable and recoverable 
intact. See Section 1.2. 

Chirality" The property that is responsible for the nonsuperimposablility of an 
object, or a group of points, with its mirror image. 

Chirality axis: See chirality element. 

Chirality center." See chirality element. 

Chirality element, element of chirality: A stereogenic axis, center, or plane that is 
reflection variant. See also stereogenic element. 

Chirality plane: See chirality element. 

Chirality sense: The property that distinguishes enantiomorphs such as a right or 
left threaded screw. For molecules, the chirality sense may be described by R, 
S; or P, M. See also absolute configuration. 

Chirality transfer: Asymmetric induction in which one stereogenic element is 
sacrificed as another is created. 

Chiroptic" Referring to the optical properties of chiral substances, such as optical 
rotation, circular dichroism, and optical rotatory dispersion. 

Chirotopic: The property of "any atom, and, by extension, any point or segment of 
the molecular model, whether occupied by an atomic nucleus or not, that 
resides in a chiral environment" [83]. Achirotopic is the property of any atom 
or point that does not reside in a chiral environment (see also [84]). 
"Chirotopic atoms located in chiral molecules are enantiotopic by external 
comparison between enantiomers. Chirotopic atoms located in achiral 
molecules are enantiotopic by internal and therefore also by external 
comparison .... All enantiotopic atoms are chirotopic" [83]. 

CIP (Cahn, lngold, Prelog) method, CIP system: The CIP sequencing rules 
establish the conventional ordering of ligands for the unambiguous description 
of absolute configuration by descriptors such as R, S; P, M; E, Z. 

There are several steps in the method, which is abbreviated as follows (for the 
definitive rules, see ref. [85,86]" 

Ligancy complementation: All atoms other than hydrogen are complemented 
to quadriligancy by providing one or two duplicate representations of any 
ligands which are doubly or triply bonded, respectively, and then adding the 
necessary number of phantom atoms of atomic number zero [85]. For 
example, the representation of a carbonyl is expanded as follows" 

I I 
~ == 0 complement --- C "0  add phantom atoms --- C (~oo 

! 

(o) (c) (o)000 (c)000 

where o denotes a phantom atom. 
Sequence rules: 
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0. Nearer end of axis or side of plane precedes further. 

1. Higher atomic number precedes lower. 

2. Higher atomic mass precedes lower. 

Q Cis (Z) precedes trans (E). Some special cases require the following 
qualification [86]: when two ligands (indistinguishable by rules 1 and 2) 
differ by one having the ligand of higher rank in a cis position (Z) to the 
core of the stereogenic unit, and the other in a trans position (E), the 
former takes precedence. 

0 Like pair precedes unlike pair. (For a listing of like and unlike pairs, see 
l,u in this glossary). 

5. R precedes S; and M precedes P 

To implement the sequence rules, it is useful to construct a digraph of the 
ligands to be compared, as shown below. The ligands of the proximal atoms (1 
and 2) are placed in the digraph such that 11 has precedence over 12, 12 over 
13, 21 over 22, etc. Another layer of ligands, labeled 111, 112 .... 233, could 
be constructed if necessary (only one such set is shown below). In 
implementing the sequence rules, 1 is first compared with 2. If there is no 
difference, 11 is compared with 21, then 12 with 22, etc., until a decision is 
reached. If comparison of ligands in the next sphere is necessary, the branches 
of highest priority are followed [85,86]. 

- -1  12--122 ---2 22~ 222 
\ \ 

13 123 23 223 
For the vast majority of cases, CIP rank can be determined using only ligancy 
complementation and sequence rule 1. The rules result in the following 
(descending) sequence of CIP rank for several common functional groups [87]: 
COOCH3,  COOH, COPh, CHO, CH(OH)2, o-tolyl, m-tolyl, p-tolyl, Ph, 
C=--CH, t-Bu, cyclohexyl, vinyl, isopropyl, benzyl, allyl, n-pentyl, ethyl, 
methyl, D, H. 

For the assignment of CIP descriptors, see R, S; P, M; and E, Z. 

cis, trans: A stereochemical prefix to describe the relationship between two ligands 
on a double bond or a ring: cis if on the same side, trans if on opposite sides. 
For alkenes, the cis-trans nomenclature can be ambiguous and the E, Z 
descriptor is preferred. In a ring, the reference conformation (real or hypo- 
thetical) is planar, and approximates a circle or an oval, not a kidney. See cis- 
trans isomers. 

cis 

(circle~oval) (kidney) 

trans 
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cisoid conformation (usage discouraged): See s-cis, s-trans. 

cis-trans isomers: Stereoisomeric alkenes or cycloalkanes (or heterocyclic analogs), 
that differ in the position of ligands relative to a reference plane: cis if on the 
same side, trans if on opposite sides. 

R R 

trans cis 

H H 

cis H cis (-I trans 

Clinal: See torsion angle. 

Configuration: The arrangement of atoms in space that distinguishes stereoisomers, 
excluding conformational isomers. Atropisomers are a special case of 
conformational isomers that, because they are isolable at room temperature, 
may have an absolute configuration descriptor assigned to the stereogenic axis. 
See also absolute configuration, chirality sense, relative configuration. 

Conformation: In a molecule of a given constitution and configuration, the spatial 
array of atoms affording distinction between stereoisomers that can be 
interconverted by rotation around single bonds. The chirality sense of 
conformations may be specified using the P, M nomenclature. 

Conformational analysis: The analysis of the chemical and physical properties of 
different conformations of a molecule. 

Conformational isomers (conformers): Stereoisomers at potential energy minima 
(local or global) having identical constitution and configuration, which differ 
only in torsion angles. 

Constitution: The description of the number and kind of atoms in a molecule and 
their bonding (including bond multiplicities, but not relative or absolute con- 
figuration, or conformation). 

Constitutional isomers: 
CH3OCH3. 

Isomers that differ in connectivity, such as CH3CH2OH and 

Cram's rule (cyclic model): A model for predicting the major stereoisomer 
resulting from nucleophilic addition to an aldehyde or a ketone having an 
adjacent stereocenter that is capable of chelation (especially 5-membered ring 
chelation). After chelate formation, the nucleophile adds from the side 
opposite the larger of the remaining substituents on the ot-stereocenter [48]. 
See Section 4.2. 

R1 

O'" t R2 ' ",,M~ ~% ~ OR2 
OR 2 ~ -~ R! 

S L L S 
L S Ri 
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Cram's rule (open chain model)" A model to predict the major stereoisomer 
resulting from nucleophilic addition to a ketone or aldehyde having an adjac- 
ent stereocenter. The rule originally formulated by Cram in 1952 [47] has 
evolved into the current Felkin-Anh formulation [79,88,89], illustrated below. 
In the transition structure, the largest substituent of the stereocenter, or the 
substituent having the lowest-lying c~* orbital (L) is perpendicular to the 
carbonyl, and the nucleophile attacks from the opposite side, on a trajectory 
that places it approximately 107 ~ away from the carbonyl (the Biirgi-Dunitz 
trajectory). The favored transition structure (a), has this trajectory nearly 
eclipsing the site of the smaller of the two remaining substituents. See Section 
4.1. 

(a) (b) 
0 0 

Nu Nu 

favored TS 

CSA (Chiral solvating agent): A diamagnetic additive of known enantiomeric purity 
used to induce anisochrony in enantiomers of a racemate for NMR analysis. 
See Section 2.3.4. 

CSP (Chiral stationary phase): A nonracemic chiral stationary phase for the 
chromatographic separation of enantiomers. See Section 2.4. 

CSR (Chiral shift reagent): A paramagnetic lanthanide complex of known 
enantiomeric purity used to induce anisochrony in enantiomers of a racemate 
for NMR analysis. See Section 2.3.3. 

D, L: See Fischer-Rosanoff convention 

d, 1, dl: Obsolete alternatives for (+)- and (-)- used to designate the sign of rotation 
of enant iomers  at 589 nm (the sodium D line), and (+)- for a racemate. 
Sometimes used as arbitrary descriptors for a single enantiomorph. 

Diastereoisomers: See diastereomers. 

Diastereomer excess (percent diastereomer excess, % de): In a reaction in which 
two (and only two) diastereomeric products are possible, the percent dia- 
stereomeric excess, % de is given by: 

ID 1 - D21 
% d e =  D I + D 2  . 1 0 0 = I % D l - % D 2 1  . 

where D I and D2 are the mole fractions of the two diastereomeric products. If 
a reaction can produce more than two diastereomers, the ratio should itself be 
reported, or the selectivity reported as % ds, i.e., with the product ratio(s) 
normalized to 100%. See diastereoselectivity. 

Diastereomers (diastereoisomers): Stereoisomers that are not enantiomers 
(including alkene E, Z isomers). 
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Diastereoselectivity (percent diastereoselectivity, % ds): In a reaction in which 
more than one diastereomer may be formed (with mole fractions D1, D2, ... 
Dn produced) the diastereoselectivity is the mole fraction formed of the major 
product (or the desired product), expressed as a percent: 

D* 
% ds = .100 

D1 + D 2 . . .  + Dn 

where D* is the mole fraction of the desired isomer [90]. See Section 1.4. See 
also enantioselectivity. 

Diastereotopic: The relationship of two ligands of an atom that are constitutionally 
equivalent, but in positions that are not symmetry related. Replacement of 
either ligand yields a pair of diastereomers. Also, faces of a trigonal atom that 
are not symmetry related, such that addition to either face gives a pair of dia- 
stereomers. Reflection variant faces may be specified as Re or Si, and ligands, 
L, may be specified as LRe or Lsi, by noting on which face of a triangle the 
ligand in question sits (see heterotopic). Note that addition of a ligand to the 
Re face of a trigonal atom affords a tetrahedral array with the new ligand in 
the LRe position. Reflection invariant descriptors are re, si, as illustrated 
below [91,92]. See also Re, Si, homotopic, and enantiotopic. 

Reflection variant Reflection invariant 

H~,~H ' ~\~ .H. Hre Si i HRe ; . ~  
M e ~  ', Me Me ' "" Me 

Me i M e ~ - ~ "  sI',..._~|R 
! 

OH ' OH OH OH 

,', Hre ~ .n 
, Me Me 
! 

,' s 1 ~ - 1  R 
! 

,' OH OH 

Si " HRe 
Me ~ -, 1 Me Me Me ! 

T2Y e ',, - J : . : s  
! 

OH ' OH OH OH 

! 

, Hsi _ H~  
I o ' ~  I 
, Me Me 
! 

' - - ._A_--  , R S 
I 

', OH OH 
ff 

D I A S T E R E O T O P I C  L I G A N D S  

Reflection variant 

' e ! 
! 
! 
! 
! 

OH , OH 
ff 

Reflection invariant 
r e  si - 0 

o i l  t # �9 

Me.. ,,'At,,', Me Me Me 
s y - - -  -s 

off-" OH ~ . _ ~  OH OH 
flip 

Dihedral angle: The angle between two defined planes. The term is most commonly 
applied to vicinal bonds on a Newman projection. See also torsion angle. 

Dissymetric: Obsolete synonym for chiral. Not equivalent to asymmetric, since 
chiral substances may have symmetry. See also asymmetric. 
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Double asymmetric induction: See asymmetric induction. 
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Dunitz angle: See Biirgi-Dunitz trajectory. 

E, Z: Descriptors for the arrangement of ligands around double bonds. On either 
end of the double bond, the group of highest CIP rank is identified. If the two 
higher-ranking groups are on the same side of the double bond, the descriptor 
of the stereoisomer is Z (zusammen = together); if on opposite sides, E 
(entgegen = apart). See also cis, trans isomers. For enolates, some authors 
modify this rule such that the OM ligand (anionic oxygen with its metal) takes 
the highest priority. See E(O), Z(O). 

E isomers." Z isomers: 

p h ~ M e  Ph'/"~N~OH Ph/~BrMe Ph/'~'NMe Ph ~NOH Ph~/MeBr 

E(O), Z(O): Descriptors for the arrangement of ligands around enolate double 
bonds. The standard E/Z stereochemical descriptor is modified such that the 
OM group is given priority over the carbonyl substituent, independent of the 
metal and the other substituent [93]. The priority descriptors for the a-carbon 
are maintained, as illustrated by the following examples: 

Z(O)-enolates: OLi OLi 
OMe SMe 

Eclipsed, Eclipsing" Two ligands on adjacent atoms are eclipsed if their torsion 
angle is near 0 ~ (i.e., synperiplanar). See also bisecting conformation, eclip- 
sing strain, torsion angle. 

Eclipsing conformation" See bisecting conformation. 

Eclipsing strain: See torsional strain. 

Element of chirality: See chirality element 

Enantioconvergent: See stereoconvergent 

Enantiomer: A stereoisomer that is not superimposable on its mirror image. See 
also enantiomorphous. 

Enantiomer excess, ee (percent enantiomer excess, % ee): For a mixture of a pure 
enantiomer and its racemate, the percent excess of the pure enantiomer over 
the racemate. % ee is given by: 

IE1 - E21 
% ee = E1 + E2 .100 = I%E1 - %E21 , 

where E1 and E2 are the mole fractions of the two enantiomers. See enantio- 
mer purity. 

Enantiomer purity: A description of the enantiomer composition of a sample, 
historically expressed as % ee. Because this term implies that the impurity is 
the racemate (not the minor enantiomer), many authors prefer to use 
enantiomer ratio, er, normalized to 100%. 



26 Principles of Asymmetric Synthesis 

Enantiomer ratio, er: The ratio of two enantiomers. When used as an expression of 
enantiomer purity, this ratio is often normalized to 100% (i.e., 99:1, 80:20). 

Enantiomerically enriched (enantioenriched): A sample that has one enantiomer in 
excess. 

Enantiomerically pure, enantiopure: A sample which contains (within the limits of 
detection) only one enantiomer. Note that this is not synonymous with 
homochiral [94]. 

Enantiomorphous: Not superimposable on its mirror image. 

Enantioselectivity (percent enantioselectivity, % es): In a reaction or reaction 
sequence in which one enantiomer (El)  is produced in excess, the 
enantioselectivity is the mole fraction formed of the major enantiomer, 
expressed as a percent: 

E1 
% e s =  E1 + E2"100 . 

See also diastereoselectivity. 

Enantiotopic: The relationship of two ligands of an atom that are related by a 
mirror plane, center of symmetry, or alternating axis, but not by a simple 
(proper) symmetry axis. Replacement of either ligand yields a pair of 
enantiomers. Also, faces of a trigonal atom that are not symmetry related, 
such that addition to either face gives a pair of enantiomers. Note that addition 
of a ligand to the Re face affords a tetrahedral array with the new ligand in the 
LRe position. The faces may be specified as Re or Si, and reflection variant 
ligands are best specified as LRe or LSi, as illustrated below [91,92]. See also 
Re, Si, homotopic, heterotopic, and diastereotopic. 

Reflection variant Reflection variant 

!si 1 ,O',, Re iSt 
I �9 11 

" o " , L k .  . ' C L 3 , " o "  . 
! 

! ! 

G G 

ENANTIOTOPIC LIGANDS (H) 1 I ENANTIOTOPIC FACES 

endo, exo: The stereochemical prefix that describes the relative configuration of a 
substituent on a bridge (not a bridgehead) of a bicyclic system. If the sub- 
stituent is oriented toward the larger of the other bridges, it is endo; if it is 
oriented toward the smaller bridge, it is exo. 

e x o  

endo 

ent: A prefix to the name of a chiral molecule to indicate its enantiomer. 
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Envelope: The conformation of a five-membered ring in which four atoms are 
coplanar, and the fifth (the flap) is out of the plane. 

Epimerization" The interconversion of epimers. 

Epimers: Diastereomers that differ in configuration at one of two or more stereo- 
genic units. 

Equatorial: See axial equatorial. 

erythro, threo: Terms used to describe relative configuration at adjacent stereo- 
centers. Originally, the term was derived from carbohydrate nomenclature 
(cf erythrose, threose). In this sense, if the molecule is drawn in a Fischer 
projection, the erythro isomer has identical or similar substituents on the same 
side of the vertical chain and the threo isomer has them on opposite sides. In 
the early 1980s, proposals appeared to redefine these terms based on zig-zag 
projections [95] and CIP priority [96], but the latter usages are now dis- 
couraged [97]. See l, u; pref, parf," syn, anti. 

exo: See endo, exo. 

Felkin-Anh model: See Cram's rule (open chain model). 

Fischer Projection (or Fischer-Tollens projection): A planar projection formula in 
which the vertical bonds lie behind the plane of the paper and the horizontal 
bonds lie above the plane. Used commonly in carbohydrate structures, where 
each carbon in turn is placed in the proper orientation for planar projection. 

Fischer projection hash/wedge view ball and stick stereo view 

CHO CHO 

H OH ' : H ~ ' ~  OH ..... 

CH 3 CH 3 

Fischer-Rosanoff convention: A method for the specification of absolute configura- 
tion, still in common use for amino acids and sugars. When drawn in a Fischer 
projection with C 1 at the top, if the functional group of the specified stereo- 
center is on the right, the absolute configuration is D, if on the left, it is L. For 
amino acids, the reference stereocenter is C2; for sugars it is the highest 
numbered stereocenter [98]. 

CHO CHO 

H, OH HH _H 
HO, H OH 

OH HO H 

CH2OH CH2OH 

D-glucose L-glucose 

CO2H CO2H 

H + N H  2 H2N [* H 

CH2OH CH2OH 

D-serine L-serine 

* Reference stereocenter 

Flagpole: See bowsprit, flagpole 
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Free rotation, restricted rotation" In the context of an experimental observation, 

free rotation is sufficiently fast (i.e., the rotational barrier is sufficiently low) 
that different conformations are not observable. Conversely, restricted 
rotation is sufficiently slow (the barrier is sufficiently high) that con- 
formational isomers can be observed. 

Gauche: Synonomous with a synclinal alignment of groups attached to adjacent 
atoms (i.e., a torsion angle of near +60 ~ or-60~ See torsion angle. 

Geometric isomers: Synonym for cis-trans double bond isomers. 

Half-boat: See half-chair, half-boat. 

Half-chair, half-boat: Terms used most commonly to describe conformations of 
cyclohexenes in which four contiguous carbon atoms atoms lie in a plane. If 
the other two atoms lie on opposite sides of the plane, the conformation is a 
half-chair; if they are on the same side, it is a half-boat, as shown below. Also 
used for 5-membered rings, where three adjacent atoms define the plane. 

cyclohexene ~ cyclopentane 
half-chair " , ~  half-chair " ~ ~  

Helicity: The chirality sense of a helix. May be specified by P, M. 

Heterochiral: See homochiral. 

Heterotopic: Either diastereotopic or enantiotopic. Refers to either the Re or Si half 
space of a two-dimensionally chiral triangle, as shown below [91,92]. See also 
Re, Si, enantiotopic, diastereotopic. 

b 

Si---" ~/,c Re 

a CIP rank a>b>c 
Homochiral: A descriptor for objects and molecules having the same chirality sense 

[99]. Thus, "two equal and similar right hands are homochirally similar. Equal 
and similar right and left hands are heterochirally similar..." [82]. A set of 
right shoes, or an assembly of molecules (such as a mixture of amino acids) 
that have the same relative configuration or chirality sense are homochiral 
[99,100]. This term should not be used to describe enantiomerically pure 
compounds, since the term homochiral describes a relationship, not a property 
[94]. 

Homofacial, heterofacial: The relative configuration of stereocenters (in different 
molecules) having three identical ligands and one different is homofacial if the 
fourth ligand is on the same heterotopic face in both, and heterofacial if on 
opposite faces, as shown below. [91,92,101 ]. See also relative configuration. 
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b~",~dRe U~~eRe 
homofacial: d and e both reside on 
the Re face of the abc triangle 

a a 

heterofacial: d is on the Re side of the 
abc triangle, whereas e is on the Si face. 

Homotopic: Ligands that are related by an n-fold rotation axis. Similarly, faces of a 
trigonal atom that are related by an n-fold rotation axis. Replacement of any 
of the ligands or addition to either of the faces gives an identical compound. 
See also heterotopic, enantiotopic, and diastereotopic. 

Inversion: See Walden inversion, pyramidal inversion, and ring inversion. 

Isomers: Compounds that have the same molecular formula but which have 
different constitutions (constitutional isomers), configurations (enantiomers, 
diastereomers), or conformations (conformational isomers), and therefore 
have different chemical and/or physical properties. 

Kinetic resolution: The separation (or partial separation) of enantiomers due to a 
difference in the rate of reaction of the two enantiomers in a racemic mixture 
with an nonracemic chiral reagent. 

l, u: Descriptors for the specification of relative configuration. A pair of stereo- 
genic units has the relative configuration 1 (for like) if the descriptor pairs are 
RR, SS, RRe, SSi, ReRe, SiSi, MM, PP, RM, SP, ReM, or SiP. The pair is 
specified as u (unlike) if they have descriptor pairs RS, RSi, ReS, ReSi, MP, 
RP, SM, ReP, and SiM [86]. Reflection invariant descriptors (r, s, re, si, p, 
and m) may be substituted in place of the reflection variant descriptors above. 
Note the use of lower case l and u letters, implying a reflection invariant 
relationship. 

lk, uh An extension of the/ ,  u nomenclature to describe topicity. If a reagent of 
configuration R (or the Re face of a trigonal atom) preferentially approaches 
the Re face of a trigonal atom, the topicity is lk (like); it is ul (unlike) if it 
approaches the Si face. Similarly, the approach of an achiral reagent to 
diastereotopic faces of a trigonal atom is lk if the Re face is preferred in the R 
enantiomer, and vice versa; the topicity is ul if the Si face is preferred in the R 
enantiomer, and vice versa. In short, if the first letters of the two stereo- 
chemical descriptors are the same, the topicity is lk. If they are different, it is 
ul [ 102]. See the more complete listing of like and unlike pairs under/, u. Note 
the use of lower case 1 and u letters, implying a reflection invariant 
relationship. Lk and U1 would be used if the topicity were reflection variant, 
which would occur if one of the components was reflection invariant. 

M, P: See P, M. 

meso" A stereoisomer that has two or more stereogenic units, but which is achiral 
because of a symmetry plane. The plane reflects enantiomorphic groups. 
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Newman projection: A projection formula that represents the spatial arrangement 
of the ligands on two adjacent atoms as viewed down the bond joining them. 

2-butanol: 

OH 

zig-za g projection 

CH 3 

H / 2..._ 

OH 

C t t  3 

Newman projection ball and stick stereo view 
of one conformer 

Nonbonded interactions: Attractive or repulsive "through space" forces between 
atoms or groups in a molecule (intermolecular or intramolecular) that are not 
directly bonded to each other. 

Nonracemic: Not racemic. 

Optical activity: The property of a substance to rotate plane polarized light. See 
Section 2.2 

Optical purity (op, % op): The ratio of the observed specific rotation of a substance 
to the maximum possible rotation of the substance, expressed as a percent: 

% o p =  [O~]max .100 . 

Usually (but not always) it is equal to enantiomer excess, or % ee. This term is 
less frequently used now, as enantiomer ratios are often determined by non- 
polarimetric methods. See Section 2.2. 

Optical yield: For a chemical reaction, the enantiomer excess of the products 
relative to that of the starting material, expressed as a percent. In asymmetric 
synthesis, the denominator may be the ee of the chiral reagent or catalyst. 

P, M: Descriptors of chirality sense of a helix. Once the axis of the helix is 
identified, one chooses the ligands of the highest CIP rank. If the smallest 
angle between the ligands (i.e., < 180 ~ in a projection is clockwise going from 
front to rear, the chirality sense is P (plus), if counterclockwise, it is M 
(minus) [85,103]. Additionally, P, M may be used to describe the chirality 
sense of a helix of any sequence of atoms as long as they are explicitly 
identified. Note that it does not matter which end of the helix is viewed. 

These descriptors can be used to specify enantiomeric conformers, such as 
gauche butane, and the absolute configuration of stereogenic axes and planes. 
Prelog and Helmchen have recommended the use of P,M instead of R,S for 
specifying the absolute configuration of planes and axes of chirality [86]. See 
also ref. [101], Ch. 14. 
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CH3"~ 

H ~ / ~ H 3  

H 

P-butane 

Me', N Me 

/ "-'~---'~ H 
H 

OH H O - - ~  

M-2-hydroxyparacyclophane 

H 

Me 

M e - ~  H 

M-2,3-pentadiene 

Pitzer strain: See torsional strain. 

Planar chirality: See stereogenic element. 

H 

C() o 
P-binaphthol 

Point group (symmetry point group): The symmetry classification of a molecule 
based on its symmetry elements (axes, planes, etc.). 

Pref, parf: Descriptors of relative configuration based on CIP priority. The 
relationship between two chirality centers is pref (priority reflective) if the 
order of decreasing priority of the three remaining groups at one chirality 
center is a reflection of the order of decreasing priority of the groups at the 
other center. When the orders of decreasing priority are not reflective of each 
other, the relative configuration is parf (priority antireflective). If the 
chirality centers are not adjacent, the intervening bonds are neglected and the 
two centers are treated as if they were directly linked. If the two centers are 
part of a ring, they are treated as if connected by a bond that replaces the 
shorter path [ 104]. 

c ~ 2- 

a a a a 

a a 

Priority reflective (pref) 

a -a ~ R e  a~'- 

Priority antireflective (parf) 

Prochiral: Tetrahedral atoms having heterotopic ligands, or heterotopic faces of 
trigonal atoms, may be described as being prochiral. Note that it is inappro- 
priate to describe an entire molecule as being prochiral [105]. Heterotopic 
faces are described using Re, Si if reflection variant, and re, si if reflection 
invariant [91]. If the CIP priority of the three ligands is clockwise, the face 



32 Principles of Asymmetric Synthesis 

(toward the observer) is Re; if counterclockwise, it is Si [ 105]. For heterotopic 
ligands, two conventions have been used to describe prochirality. Both use the 
CIP rank of the ligands to specify the "prochirality sense" of each ligand. The 
broader rule is that of Prelog and Helmchen [91,92]. In this method, a 
tetrahedron is constructed of the four ligands around the prochiral center. If 
the ligand 'L' is sitting on the Re face of the triangle formed by the other three 
ligands, it is specified LRe (or Lre if reflection invariant); similarly, the ligand 
would be specified Lsi or Lsi if on the Si face. See also enantiotopic, 
diastereotopic, heterotopic, and relative configuration. 

b ~ ~  R e ' S i  ~ b  b~"X " 
: / X  ' c CRe : C 

a : a // ' ~ ',//~ 
, ~ ', a a ff a 

[ PROCHmAL FACES/ 
CIP rank a > b > c 

FPROCHIR~ ATOMS (X), and [.IGAND LABELS | 
I I I I I L  I I - -  

Another convention, used in biochemistry to specify the hydrogen atoms of a 
prochiral methylene, replaces a hydrogen with a deuterium. If such replace- 
ment results in the R configuration, the ligand position is pro-R. If the S 
configuration is obtained, it is pro-S [105]. If reflection invariant, the 
descriptors are pro-r and pro-s. 

! 
! 

pro-S H 
J , I 

! 

H(D) H b 
! 

I ' ! 
! 

a 

Pseudoasymmetric 

pro-R H, ,~ 

b~,. H~ H(D) 
X 
I a 

atom: A stereogenic atom of a stereoisomer that has two 
enantiomorphic ligands (reflection invariant), and two other different ligands. 
Exchange of any two ligands generates a diastereomeric compound. The CIP 
descriptors for pseudoasymmetric atoms are r, s. Use of this term is dis- 
couraged in favor of stereogenic center. 

CO2H : CO2H CO2H : CO2H 
, ! ! 

[C3isapseudo". | H OH ,, HO H H OH : HO : S H 
[ i a s y m m e t r i c  H -  C r OH i HO-  C r H H O-  ~ -  H [ H -  C s OH 
a,om " ' t , H O H  , H O  H H OH ', HO- R H 

I I 

CO2H i CO2H CO2H i CO2H 
(~ J k_ _ cr j 

C3 is reflection invariant C 3 is reflection invariant 

Pseudoaxial, pseudoequatorial: See axial, equatorial. 
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Pseudorotation" Term used by some authors to describe the out of plane motion of 
the ring atoms in cyclopentane during fast conformational interchange of the 
many envelope and twist conformers. Usage is discouraged. 

Pyramidal inversion" The change of bond directions in a trivalent central atom 
having a pyramidal (tripodal) arrangement with the central atom at the apex of 
the pyramid. The inversion appears to move the central atom to a similar 
position on the other side of the pyramid. If the central atom is stereogenic, 
pyramidal inversion reverses its absolute configuration. 

ab~"c ~ b ~ . ~  c 

r, s: See pseudoasymmetric atom. 

R, S: CIP descriptors for the specification and description of absolute configura- 
tion, as follows: 

Stereogenic center: After the CIP rank of ligands is determined (see CIP 
method), the tetrahedron is arranged so that the ligand of lowest priority is to 
the rear. If the order of the other three ligands (highest to lowest) is 
clockwise, the absolute configuration is R (latin rectus, right); if counterclock- 
wise, it is S (latin sinister, left). 

CIP rank a>b>c>d 

Stereogenic axis: The descriptors may be modified to Ra, Sa when applied to a 
stereogenic axis [85], although it is usually more convenient to use the P, M 
system to specify the configuration of stereogenic axes and planes [86]. 

Stereogenic plane: The descriptors may be modified to Rp, Sp when applied to 
a stereogenic plane [85], although it is usually more convenient to use the P, M 
system to specify the configuration of stereogenic axes and planes [86]. 

The symbols R* and S* may be used to describe relative configuration. Thus, 
R*,R* describes a racemate of I configuration and R*,S* describes a racemate 
of u configuration. See I,u. 

rac: A prefix to the name of a chiral moleculeto indicate that it is the racemate. 

Racemate (racemic mixture): An equimolar mixture of two enantiomers, whose 
physical state is unspecified [26]. Some authors restrict the term 'racemate' to 
a crystalline compound whose unit cell contains equal numbers of enantio- 
meric molecules and 'racemic mixture' to a mechanical mixture of two 
crystals that form a eutectic of two enantiomers. The latter is now referred to 
as a conglomerate [26]. 

Racemization: The conversion of a nonracemic substance into its racemate. 
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Re, Si (re, si): Stereochemical descriptors for heterotopic faces. If the CIP priority 
of the three ligands is clockwise, the face (toward the observer) is Re (latin 
rectus, right); if counterclockwise, it is Si (latin sinister, left) [ 105]. 

Si---- Re ~. 
! 

'u, ' a a ,, 
(J 

CIP rank a>b>c 

The descriptors may be used to describe the faces of trigonal atoms, 

b ~ R e  ' Si X ~  b i ' Y ! 

I 
! 
! 
! 

a ' / 
, a 
, ~ 

or the ligand position of a tetrahedral stereogenic unit, 

Re i S i ~  ,; 
~ a 

Lower case descriptors (re, si) are used for the rare cases that are reflection 
invariant [91 ]: 

c 
, re 
! 
! 

si -"--- re 
! 

a ,I ~'x..___ a 

a ands are enantiomorphous groups 
CIP rank a > ~> c 

For examples of reflection invariant stereogenic centers and faces, see dia- 
stereotopic, and pseudoasymmetric atom. 

Reflection variant, reflection invariant: The terms used to describe an object and its 
relationship with its mirror image. If the two are identical, the object is 
reflection invariant. If the object is enantiomorphous to its mirror image, it is 
reflection variant. 

Relative configuration: The configuration of any stereogenic element with respect 
to another. Relative configuration is reflection invariant. The relative 
configuration of pairs of stereogenic units in the same molecule may be 
described as R*, R* or I if they have the same CIP descriptor, and R*, S* or u 
if they are different. (See l, u for a complete list of like and unlike descrip- 
tors.) The term can also be used in an intermolecular sense as follows: if the 
two molecules contain stereogenic units abcd and abce, and if e and d both sit 
on the same heterotopicface, the two stereogenic units have the same relative 
configuration. If not, they have the opposite relative configuration. The term 
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may be applied to starting material and products of a reaction sequence. See 
also homofacial, heterofacial. 

c \  c 

Same relative configuration 

dge e s i ~  

a 

Opposite relative configuration 

Resolution: The separation of a racemic mixture into (at least one of) its component 
enantiomers. See also kinetic resolution. 

Restricted rotation: See free rotation. 

Retention of configuration: The product of a chemical reaction has retained its 
configuration if the product has the same relative configuration as the starting 
material. See also Walden inversion, relative configuration. 

Ring inversion (ring reversal): The interconversion of cyclohexane conformations 
having similar shapes (chair - chair), accompanied by interchange of the equa- 
torial and axial substituents. Similarly, the interchange of any such similarly 
shaped conformations in a cyclic molecule. 

Rotamers: Stereoisomers of the same constitution and configuration, that differ 
only by torsion angles. 

Rotation angle (ct)" The rotation of the plane of polarized light after passing 
through an optically active sample. If the angle of rotation is clockwise, the 
sample is dextrorotatory and the sign of rotation is positive (+). If the angle is 
counterclockwise, the sample is levorotatory, and the sign of rotation is (-). 
See also optical activity, specific rotation, and Section 2.2. 

Rotation-reflection axis: See alternating symmet~, axis. 

Rotational barrier: The energy barrier between two conformers. 

s-cis, s-trans: Conformational descriptors for the single bond linking two double 
bonds (darkened below). The synperiplanar conformation is s-cis, and the 
antiperiplanar conformation is s-trans. See torsion angle. 

s-cis ~ s-trans 

Sawhorse formula: A perspective drawing that indicates the spatial arrangements of 
the ligands on two adjacent tetrahedral atoms. The bond between the two 
atoms is a diagonal line, with the nearer atom at the bottom. 

d e 

b c 

sawhorse projection ball and stick view 
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Scalemic: Not racemic [106,107]. Synonomous with aracemic, nonracemic. 

Sense of chirality: See chirality sense. 

Sequence rules: See CIP method. 

Si, si: See Re, Si. 

Skew: See chair, boat, twist-boat. 

Specific rotation: The specific rotation of a sample, [t~], is defined as: 

[or = 100a 
l.c ' 

where t is temperature, ~ is wavelength of the light, o~ is the observed 
rotation, 1 is the sample path length (in dm), and c is the concentration (in 
g/100 mL). [o~] is normally reported without units, but the concentration and 
the solvent are usually specified in parentheses after the value of [o~]. See 
Section 2.2. 

Staggered conformation: The conformation of two tetrahedral carbons is staggered 
if the torsion angle between the ligands is approximately +60 ~ 

Stereocenter: See stereogenic center. 

Stereochemical descriptor: A letter-symbol or prefix tO specify configuration or 
conformation, such as R, S, E, Z, P, M, cis, trans, etc. 

Stereoconvergent: A reaction or reaction sequence is stereoconvergent if stereo- 
isomerically different starting materials yield the same stereoisomerie product. 
The sequence may be more specifically labeled either enantioconvergent or 
diastereoconvergent. 

Stereoelectronic effect: An effect on structure and reactivity due to the orientation 
and alignment of bonded or nonbonded electron pairs [ 108]. 

Stereogenic axis: A set of two pairs of tetrahedrally arranged bonding positions (D2 
or C2v point symmetry), each occupied by two different ligands. Exchange of 
the ligands of either pair reverses the absolute configuration. Examples 
include unsymmetrically substituted allenes and 2,6,2',6'-tetrasubstituted 
biphenyls. If the axis is reflection variant, it may be called a chirality axis. The 
absolute configuration may be described by either P, M or R, S. (Note that for 
a stereogenic axis, R = M and S = P). See also stereogenic element. 

x 

"" H ~'. chirality axis chirality axis 

Stereogenic center (stereocenter): An atom in a molecule (or a focal set of atoms) 
with four equivalent tetrahedral bonding positions (Td point symmetry), 
occupied by four different ligands. Exchange of any two ligands reverses the 
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absolute configuration. If the center is reflection variant, it may be called a 
chirality center. If it is reflection invariant, it is sometimes called a 
pseudoasymmetric atom, although usage of this term is discouraged. Stereo- 
genic center is thus an extension of the 'asymmetric carbon atom' of van't Hoff 
and LeBel, and now includes species such as N+abcd and the sulfur atom of 
unsymmetric sulfoxides (where the fourth 'ligand' is a lone pair), as well as 
tetrahedral arrays of ligands with Td symmetry. The absolute configuration 
may be described by the CIP method. See R,S. 

b 

c 
~ ~  " ~  d a-- ~ 

b a a 
c 

Stereogenic element, stereogenic unit: A center, axis, or plane in a molecule in 
which exchange of two ligands leads to a new stereoisomer. If the stereogenic 
element is reflection variant, the elements are chirality center, chirality axis, 
and chirality plane. The bonding positions of stereogenic centers have point 
symmetry Td; the bonding positions of stereogenic axes have point symmetry 
D2 or C2v; the bonding positions of stereogenic planes have point symmetry 
Cs. As a result, there must be four different ligands (abcd) on a Td bonding 
center to create stereogenicity. On an axis, only the two ligands of each pair 
need be different (ab/ab), the two pairs may be the same. In a stereogenic 
plane, only one of the ligands in the plane need be different. See also 
stereogenic axis, stereogenic center, stereogenic plane. 

c 7 ;  a a " 
d --C- C_.~ ,," b,, ..... / " " "  

, ,  ,,'" 
b,_._~ ---- . ., a 

stereogenic center stereogenic axis stereogenic plane 

Stereogenic plane: A planar structural fragment that, because of restricted rotation 
or structural requirements, cannot lie in a symmetry plane. If the stereogenic 
plane is reflection variant, the element may be called a chirality plane. For 
example with a monosubstituted paracyclophane, the stereogenic plane includes 
the plane of the benzene ring. For a 1,2-disubstituted ferrocene, the disub- 
stituted cyclopentadiene lies in a chirality plane. The absolute configuration 
may be specified by either R, S or P, M. See also stereogenic element. 

c 

,," . . . . . .  / - - - ,  / ~ ~ ~  f chiralityplane 
�9 w~,. �9 

, a ~ . - - X . , ,  ~ R \ Me 

stereogenic plane abX chirality plane Et 

Stereoheterotopic: Either enantiotopic or diastereotopic. 



38 Principles of Asymmetric Synthesis 

Stereoisomers: Isomers of the same constitution that differ only in the position of 
atoms and ligands in space (i.e., enantiomers and diastereomers). 

Stereoselectivity: In a reaction, the preferential formation of one stereoisomer over 
another (or others). See also diastereoselectivity, enantioselectivity. 

Stereospecific: A pair of reactions are stereospecific if stereoisomeric educts afford 
stereoisomeric products. A stereospecific process is necessarily 100% 
stereoselective, but the converse is not necessarily true, even if the 
stereoselectivity is 100%. Use of the term to describe a reaction that is merely 
highly stereoselective is discouraged. 

Structure: The constitution, configuration, and conformation of a molecule. 
Formerly, the term was used as a synonym for constitution alone. 

Structural isomers: Obsolete term for constitutional isomers. 

Superimposable, superposable" Two objects are superimposable if they can be 
brought into coincidence by translation and rotation. For chemical structures, 
free rotation around single bonds is permissible. Thus, two molecules of R-2- 
butanol are considered superimposable independent of their conformations. 

Suprafacial: See antarafacial, suprafacial. 

syn, anti: Prefixes that describe the relative configuration of two substituents with 
respect to a defined plane or ring (syn if on the same side, anti if opposite). 
Such planes may be defined arbitrarily, but some that are in common usage 
are illustrated below. Formerly, these terms were used to describe the 
configuration of oximes, hydrazones, etc. (see E, Z). See also torsion angle. 

Me 

Me ~ . O H  anti 

~ C 02 H 

H MeO Me 
AJC and BID rings methyl and hydroxyl anti 
are anti hydroxyl and methoxy syn 

Synclinal: See torsion angle. 

syn dimethyls anti dimethyls 

Me 

Symmetry axis (Cn): An axis of an object, about which a rotation by an angle of 
360/n gives an entity that is superimposable on the original. See also alter- 
nating symmetry axis. 

Symmetry elements: Axes, centers, or planes of symmetry. 

Symmetry plane (or): A mirror plane which bisects an object, such that reflection of 
one half produces a fragment that is superimposable on the other half. 

Thorpe-lngold effect: The original phenomenon observed by Thorpe and Ingold 
was an accelerating effect on cyclizations [ 109,110]. They attributed the effect 
to a bond angle compression, as shown below, whereby geminal substituents 
enlarge bond angle ct by van der Waals repulsion, and thereby compress bond 
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angle 13. (It is likely that this explanation is an oversimplification. For a recent 
study on geminal effects on ring closure rates, see ref. [ 111 ]). 

O~ 1 < 0~ 2 ,,~ 

H M e  

Threo: See erythro, threo. 

Torsion angle: The angle, in a molecular fragment A - B - C - D  (having ABC and 
BCD bond angles < 180~ between the planes ABC and BCD (see the Newman 
projection, below), always defined such that the absolute value is less than 
180 ~ If (looking from either direction) the turn from A to D or D to A is 
clockwise, the torsion angle is positive; if it counterclockwise, it is negative 
(see also P, M). If the torsion angle is 0 ~ to +90 ~ the angle is syn; if between 
+90 ~ and 180 ~ , it is anti. Similarly, angles from 30 to 150 ~ a n d - 3 0  t o - 1 5 0  ~ 
are clinal. Combination gives synperiplanar for angles between 0 ~ and +30~ 
30 ~ to 90 ~ a n d - 3 0  ~ t o - 9 0  ~ are synclinal; 90 ~ to 150 ~ a n d - 9 0  ~ t o -150  ~ are 
anticlinal; and +150 ~ to 180 ~ are antiperiplanar [103]. Often the synperiplanar 
conformation is called eclipsed, the antiperiplanar conformation anti, and the 
synclinal conformation gauche or skew. 

synperiplanar 
0 o 

_30  ~ 

synclinal ? 

anticlin 
- 1 5 0  ~ 

+ 3 0  ~ 

~ synclinal 

4 a;9/c :na' 
+ 1 5 0  ~ 

180 ~ 
antiperiplanar 

Torsional strain: Destabilization of a molecule due to a variation of a torsional 
angle from an optimal value (e. g., 60 ~ in a saturated molecule). Also called 
Pitzer strain, eclipsing strain. 

Torsional isomers: See conformational isomers. 

trans: See cis, trans isomers. 

TransannUlar interaction: Literally: cross-ring interactions. Non-bonded interaction 
between ligands attached to nonadjacent atoms in a ring, for example in a 
cyclohexane boat or in medium-sized rings. 

transition state, transition structure: In a chemical reaction, the transition state is 
the ensemble of molecular structures that are at the free energy saddle point 
between reactants and products. The transition structure corresponds to the 
single set of atomic coordinates at the saddle point of the potential energy 
surface (internal, or enthalpic energy at 0 ~ K). Thus, coordinates of the 
transition state vary with temperature, whereas those of the transition struc- 
ture do not. In a practical sense, a structure that is drawn on a piece of paper 
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(whether derived from a computation or not) should be referred to as a tran- 
sition structure, since it is static. The transition state is an ensemble of similar 
structures undergoing translational, vibrational, and rotational motion. 

transoid conformation (usage discouraged): See s-cis, s-trans. 

twist-boat: See chair, boat, twist-boat. 

u: See/, u. 

ul: See lk, ul. 

van der Waals interactions: Attractive or repulsive interactions resulting from close 
approach of two molecules [112-114]. Modern usage (especially in molecular 
mechanics calculations) also uses the term van der Waals interactions to 
describe the attractive and repulsive interactions created by intramolecular 
approach of molecular fragments [ 115]. See also nonbonded interactions. 

Walden inversion: Conversion of Xabcd into Xabcd (for an identity reaction) or 
Xabce, of opposite configuration. Synonymous with inversion of configura- 
tion. 

b ~ 
X'- '"  d - ' -  , dRe 

I 
I 

a a "  

Walden inversion 
Z: See E, Z 

Z(O): See E(O), Z(O). 

d/e--- ...~k d l e s i ~ ~ ~  

a a 

Zig-zag projection" A stereochemical projection in which the main chain of an 
acyclic compound is drawn in the plane of the paper with 180 ~ torsion angles, 
with substituents above the plane drawn with bold or solid wedges, and hashed 
lines for substituents behind the plane. 

OH OH OH 

~ ~ ~ ' , ~  CO2H zig-zag projection 

Me 
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Chapter 2 

Analytical Methods 

2.1 The importance of analysis, and which method to choose 

Central to the art and practice of stereoselective synthesis is the analysis of the 
outcome of the reaction. Given the results, we may compare them to our intent (or 
hope) and act accordingly. Additionally, we may try to understand the factors that 
governed the formation of the observed products. 

The separation of the enantiomorphous crystals of racemic sodium ammonium 
tartrate by Pasteur in 1848, and his observation that the two forms were optically 
active in solution, linked the concept of molecular chirality to optical activity [1 ]. 
When Emil Fischer began the first serious attempts at asymmetric synthesis in the 
latter 19th century, the polarimeter was the most reliable tool available to evaluate 
the results of an enantioselective reaction (by determination of optical purity), and 
it remained the primary tool for nearly 100 years. Only recently has analytical 
chemistry brought us to the point where we can say that polarimetry has been 
superceded as the primary method of analysis in asymmetric synthesis. 

It is apparent from the preceding chapter that the analysis of enantiomers (by 
whatever means) addresses only part of the problem: often, a stereoselective 
reaction produces a mixture of diastereomers, and polarimetry is an inappropriate 
technique. Thus, asymmetric synthesis requires the means for the analysis of both 
enantiomeric and diastereomeric mixtures. Ultimately, the ratio of isomers and the 
co~figuration of each new stereocenter should be determined. 

~In choosing a technique for the analysis of a stereoselective reaction, a number 
of questions must be addressed: 

1. How much material is available for the analysis, and what limits of detection 
are desired? 

2. Are the stereoisomers enantiomeric or diastereomeric, and how many 
possible stereoisomers are there? 

3. Do the products have a chromophore that might aid analysis by CD/ORD or 
UV spectroscopy, or detectability by HPLC? 

4. Do the products have a functional group available for derivatization by a 
chiral or achiral reagent, or for interaction with a stationary phase in 
chromatography or with a chiral agent in solution? 

5. If polarimetry is to be used for the analysis of enantiomers, is the specific 
rotation of the pure enantiomer known with certainty, or will it have to be 
determined? 

6. Once the ratio of stereoisomers is determined, how will the configuration of 
each new stereocenter be assigned? Can the same method be used for the 
determination of product ratio and the assignment of configuration? 

45 
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It should be recognized from the outset that an important aspect of any analysis 
of stereoisomer distribution is that the analysis reflect the ratio in the crude product 
without unintended enrichment by chromatographic means during sample purifica- 
tion and preparation. Most readers are probably aware that chromatography can 
separate diastereomers, so that care must be taken to insure that the diastereomer 
mixture being analyzed is the same as that produced in a reaction. In 1983, Crooks 
reported that enantiomer enrichment occured upon chromatographic purification of 
a partly racemic nicotine sample [2]. Such enrichment has since been recorded for 
sulfoxides [3], amino acid derivatives [4-6], biaryls [5], alcohols [5,7], ketones such 
as the Wieland-Mischer ketone [8], and drugs such as chlormezanone and cam- 
azepam [5], and the list is growing (see Figure 2.1). The phenomenon is not 
observed with totally racemic samples. A likely explanation for this type of 
enrichment is that the chromatography is separating a heterochiral dimer of the 
analyte from the monomer (or a homochiral dimer). In support of this hypothesis, 
Matusch and Coors [5] showed that the phenomenon was more pronounced with 
higher column loadings (higher concentration). On the other hand, Dreiding and 
colleagues were unable to find any evidence for dimerization of the Wieland- 
Mischer ketone, either polarimetrically or spectroscopically [8]. In the latter case, it 
may be that the aggregation is taking place in the higher concentrations that occur at 
or near the surface of the stationary phase. Thus, when preparing a sample for  
analysis, pooled fractions should include those eluting before and after the "main 
band" so as to minimize any adventitious stereoisomer enrichment. 

nicotine binaphthol (BINOL) Pirkle's CSA Wieland-Mischer ketone 

CH3CONH j CO2t-Bu C11H23CON ONHt-BuPhCONH ~'~ 

N-acetyl amino acid esters and amides 

CO2Me 

~ 
cl 

NMe 

0 chlormezanone 

• 
OCONMe 2 

CI N 

camazepam 

n e 

Me 

Figure 2.1. Compounds known to undergo enantiomeric enrichment upon chromatography on 
an achiral stationary phase such as silica gel [2-8]. 
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Two types of analysis exist: those that separate the stereoisomers and those that 
do not. Polarimetry of course, fits the latter category. Separation is also not 
necessary for NMR analysis of a derivatized sample or with the aid of a chiral 
solvating agent or shift reagent. Chiral stationary phase (CSP) chromatographic 
techniques such as capillary GC or HPLC obviously do  separate the analyte isomers, 
and may also facilitate the assignment of absolute configurations. The sections 
which follow describe the advantages and disadvantages of some of the more 
popular methods. If possible, more than one technique should be employed when a 
new synthetic method is being developed; use of procedures whose stereochemical 
consequences are well established may often rely on a single type of analysis. 

1 2.2 Polarimetry, the old-fashioned way 

Polarimetry measures the rotation of a plane of monochromatic polarized light 
after having passed through a sample, as shown schematically in Figure 2.2. 

Monochro- ~ _ ~  Plane Polar- I f~Rotated Polar. t 0 .... Light ,~~- ~ Light ~'( Sample " 

Polarizing filter, Polarizing filter, 
fixed rotating 

Figure 2.2. Schematic representation of a polarimeter. 

It is not intuitively obvious why a chiral medium should have this effect, until 
the linearly polarized light beam, represented by the sine wave in Figure 2.3a, is 
broken down into the two circularly polarized components shown in Figures 2.3b 
and c. 2 When the linearly polarized beam passes through a perpendicular plane, the 
point of intersection moves along a line. When the circularly polarized beams pass 

(a) (b) 

Linearly polarized light = Right circularly polarized light + 

(c) 

Left circularly polarized light 

Figure 2.3. Representations of the waveforms of polarized light beams passing through a 
perpendicular plane. 

through the same plane (the helices are moved without being rotated), the point of 
intersection describes a circle, moving either to the right or the left depending on 
the chirality sense of the helix. Note that the vector sum of the right- and left- 
circularly polarized beams equals the linearly polarized beam. The right- and left- 
circularly polarized beams are refracted equally by an achiral medium; that is, their 
refractive indices ne and nL (which measure change in velocity), are equal. As 
shown in Figure 2.4a, the vector sum of the two refracted circularly polarized 
beams remains in the plane of the incident polarized light, i .e.,  the plane is not 

I Monographs: [9-15]. 
2 This analysis is an oversimplification. For a thorough treatment, see ref. [16]. 
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rotated. In a medium where nL and nR are not equal, the two beams are shifted out 
of phase, and their vector sum is rotated out of plane by an angle, t~, as shown in 
Figure 2.4b. A medium which produces this effect is circularly birefringent. A 
solution of a pure enantiomer is circularly birefringent. In contrast, an equimolar 
mixture of two enantiomers will have an equal number of refractions to the right 
and left, and the net result will be t~ = 0. Thus, a polarimeter cannot distinguish an 
achiral compound from a racemate. It was Pasteur 's  discovery of circular bire- 
fringence in solutions of enantiomorphous crystals of racemic sodium ammonium 
tartrate [1] that set the stage for the development of stereochemical theory by 
establishing the presence of chiral molecules in an optically inactive compound. 

(a) , (b)  i 
! 

nL n R 
I ! 

I ! 

! 
! ! 
! ! 

nR 

Figure 2.4. The effect on the transmitted plane by 
refraction of circularly polarized light beams relative to the 
incident plane of polarized light (dashed line). (a) When n~ 
= nR, the vector sum (solid arrows) of the two circularly 
polarized beams (dashed arrows) remains in the same plane 
as the incident beam. (b) When n~ ~: nR, the vector sum of 
the two waves is rotated ct ~ away from the plane of the 
incident light. 

To summarize, the differential refraction of right- and left-circularly polarized 
light by a chiral nonracemic substance results in the rotation of the plane of the sine 
wave that is the vector sum of the two circularly polarized beams. That the two 
circularly polarized beams should be refracted differently by a chiral substance is 
apparent if one considers their helicity and imagines the interaction of a helix with a 
chiral substance in the context of double asymmetric induction explained in the 
previous chapter" any chiral entity will interact differently with the t w o .  
enantiomeric forms of another chiral entity. On a macroscopic scale, we can easily 
perceive with our right hand the difference between a right- and left-handed screw, 
just as a chiral molecule may detect the difference between right- and left- 
circularly polarized light. On the molecular scale, whether nR and nL differ enough 
to be measured depends on the system. If the 'refractivity '3 of the various ligands 
around a stereocenter in a chiral molecule are nearly the same, the difference 
between nR and nL may be too small to detect, and no rotation will be observed. 
From a practical standpoint, it may be possible to change the wavelength to increase 
the difference in nR and nL. 

This term is used loosely, and is related to the polarizability of each ligand. Interestingly, before 
the days of IR and NMR spectroscopy attempts were made to quantify the refractive index of 
individual functional groups as a means of deducing structure. For a summary of 'Molar 
Refraction,' see S. Glasstone Physical Chemistry, Van Nostrand: Princeton (1946) pp. 528-534, 
and other texts of the same period. 
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In addition to polarimetry, other chiroptical properties may be useful for the 
assignment of absolute configuration, although they are rarely used to determine 
enantiomeric purity [9-12,17,18]. Optical rotatory dispersion, ORD, measures the 
optical rotation of a compound as a function of wavelength, and its theory is the 
same as for simple polarimetry described above. Circular dichroism, CD, is 
similar, but differs in that the substrate must have a chromophore that absorbs at 
the wavelengths employed. In this special case, the molar absorptivities (extinction 
coefficients) of the right- and left-circularly polarized beams are different. Thus, in 
addition to being out of phase, the vectors of the transmitted beams are also of 
unequal magnitude. As a result, the emergent beam no longer traverses a line, but 
describes an ellipse, and the emergent light is elliptically polarized. In the region of 
rsuch a CD band, the ORD exhibits 'anomalous' behavior (a Cotton effect) due to the 
absorption. The mean wavelength between an ORD peak and trough [9] is close to 
the ~max of the chromophore absorbing the light. It is not unusual for the ORD 
curve to change sign in such a region. Because ORD measures a rotation, it is 
theoretically finite at all wavelengths, but since CD measures a difference in 
absorption, it only occurs in the vicinity of an absorption band. 

The degree of rotation observed in a polarimeter, ix, is dependent on the number 
of chiral species the light encounters on its passage through the sample chamber, as 
well as the wavelength of the light. Thus, analytical accuracy dictates strict control 
of a number of experimental parameters, such as temperature, concentration, light 
source, and path length. To minimize the effects of these variables and to increase 
the reproducibility, specific rotation, [ix], is defined as: 

[o~]~ = 100oc 
l.c ' (2.1) 

where T is the temperature, ~, is the wavelength of the light (often the D lines of 
sodium at 589.0 and 589.6 nm and abbreviated simply 'D'), a is the observed 
rotation, 1 is the sample path length in decimeters, and c is the concentration in 
grams per 100 milliliters of solution. To insure reproducibility, it is common 
practice to report the concentration and solvent along with the specific rotation, and 
the units are understood. 4 For example, if a solution of 0.014 g in 1.0 mL of 
ethanol solution afforded a measured rotation of +1.375 ~ the specific rotation 
would be reported as: 

[ct~ 5 +98 (c = 1.4, EtOH). 

This denotes a specific rotation of +98 deg.mL/g.dm measured at the D line of 
sodium, temperature 25 ~ at a concentration of 1.4 grams per 100 milliliters of 
ethanol. For pure liquids (or solids), the equation 

[tx]~ = l.p (2.2) 

is used, where p is the density in grams per milliliter. 

4 
It is incorrect to report specific rotation in "degrees." 
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Specific rotation was defined over 150 years ago, which accounts for the unusual 
units of path length and concentration: decimeters were used because a long path 
length was needed to get an accurate measurement, and mass was used instead of 
molecular weight because molecular weights were uncertain in the early 19th 
century. The D line of sodium was chosen because it is easily produced in a flame 
and is nearly monochromatic. Now that molecular weights are no longer an 
unknown, molecular rotation, [~], may be used instead of [0~]" 

[~]~ = M[o~] 
100 ' (2.3) 

where M is the molecular weight. Molecular rotation is commonly used in ORD. 
Sign of rotation reflects absolute configuration (and is often used to assign it), 

and the magnitude of the rotation is used to determine the optical purity, usually 
expressed as a percent: 

T 
100[c~]~ 

% optical purity = [O~o]~ ' (2.4) 

r 
where [o~]~ is the observed specific rotation, and [~o]x is the specific rotation of the 
pure enantiomer under identical conditions. The optical purity of an 
enantiomerically pure compound is 100%, and 0% for a racemate. Ideally, the 
specific rotation of a partly racemic mixture varies linearly with enantiomeric 
composition. Thus, a 3:1 mixture of a enantiomers whose [O~o] = +98 should exhibit 
[ct] = +49, and the optical purity would be 50%. 

For a chiral compound, percent enantiomer excess (ee) is defined as: 

R-S 
% enantiomeric excess = 100 R+S' (2.5) 

where R and S represent the amounts of the two enantiomers. Thus, a 3"1 mixture 
of two enantiomers is 50% ee, which expresses the excess of one enantiomer over 
the racemate. 

The optical purity is usually, but not always, equal to enantiomer excess. In 
order for the two to be equal, it is necessary that there be no aggregation. It is 
possible, for example, that a homochiral or heterochiral dimer (see Glossary, 
Section 1.6, for definitions) would refract the circularly polarized light differently 
than the monomer (or each other). In 1968 [19] Krow and Hill showed that the 
specific rotation of (S)-2-ethyl-2-methylsuccinic acid (85% ee) varies markedly 
with concentration, and even changes from levorotatory to dextrorotatory upon 
dilution. In 1969 [20], Horeau followed up on Krow and Hill's observation, and 
showed that the "optical purity" (at constant concentration) and enantiomer excess 
of (S)-2-ethyl-2-methylsuccinic acid were unequal except when enantiomerically 
pure or completely racemic. This deviation from linearity is known as the Horeau 
effect, and its possible occurence s h o u l d b e  remembered when determining 
enantiomeric purity by polarimetry. 

For optical purity to accurately reflect enantiomeric purity, it is obvious that the 
sample must be free of any chiral impurities. It may not be as obvious that achiral 
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impurities can also cause significant error. For example, Yamaguchi and Mosher 
[21] showed that the specific rotation of enantiomerically pure 1-ohenylethanol 

20 
could be enhanced from [~]o +43.1 (c = 7.19, cyclopentane) to [~]~0 +58.3 (c = 
2.64, cyclopentane) by the addition of 10.6 g/100 mL of acetophenone. Presumably, 
this enhancement is due to an interaction between the alcohol and the ketone, either 
through hydrogen bonding or hemiacetal formation. 

In order to determine optical purity, it is necessary to know [o%]. In natural 
product synthesis, the rotation of the target is usually known, but the original 
authors may not have established that the isolated material was enantiomerically and 
chemically pure. One course of action is to resolve a sample and measure [0~o] 
yourself. This may prove tedious, but it has the advantage of eliminating any 
ambiguities between sample and standard. Another possibility is to calculate [ao] by 
isotopic dilution or kinetic resolution. 

In the isotopic dilution technique [22], an enantiomerically enriched sample of 
unknown %ee is diluted with a second, isotopically labelled sample of the same 
compound of known %ee (usually a racemate) and known isotope content. 
Measurement of the isotopic content after dilution, and comparison of rotations 
before and after dilution, allows extrapolation to rotation at 100% ee. 

Kinetic resolution may be used to determine [ao] in two ways [23,24]. The 
results of two kinetic resolutions of a racemic compound, allowed to go to different 
(known) extents of conversion, can be used to calculate the specific rotation of the 
enantiomerically pure compound. Alternatively, one may use two 'reciprocal' 
kinetic resolutions: racemic A is resolved by B and  racemic B is resolved by A. If 
the racemate is used in large excess in both cases, and the stereoselectivities of the 
resolutions are not too high, [ao] for A may be calculated if [ao] for B is known, or 
vice versa. 

The discovery of the anomalies mentioned above are partly responsible for the 
declining popularity of polarimetry for the determination of enantiomer ratios. 
Even if the experimentalist is alert to these sources of error, the possibility still 
exists that an early determination of specific rotation, against which a new value 
must be compared, is itself in error. Thus, caution is advised. Nevertheless, if used 
carefully, polarimetry can provide a simple, efficient, and inexpensive method for 
the analysis of enantiomeric purity. 

2.3 Nuclear magnetic resonance 

For the analysis of diastereomeric mixtures, NMR is an obvious choice, and 
derivatization of enantiomers with a chiral reagent can also be an excellent method 
of analysis (reviews: [25,26]). In the 1960s, a number of discoveries were made that 
facilitated the direct observation of diastereomeric and enantiomeric mixtures by 
NMR. The development of chiral derivatizing agents, lanthanide shift reagents, and 
chiral solvating agents made it possible to observe (and integrate) separate signals 
for enantiomers. The following discussions elaborate on each. 
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2.3.1 Chiral derivatizing agents (CDAs) 
The derivatization of a mixture of enantiomers with a chiral reagent produces 

diastereomers that may be analyzed by NMR spectroscopy or by chromatography 
[27]. In order to be useful, a number of requirements must be met: 

1. The CDA must be enantiomerically pure, or (less satisfactorily) its 
enantiomeric purity must be known accurately. 

2. The reaction of the CDA with both enantiomers must go to completion under 
the reaction conditions, or (again less satisfactorily) the relative rate of 
reaction for each enantiomer must be known. 

3. The CDA must not racemize under the derivatization or analysis conditions, 
and its attachment should be mild enough so that the substrate does not 
racemize either. 

4. If analysis is by HPLC, the CDA should have a chromophore to enhance 
detectability. If analysis is by NMR, the CDA should have a functional group 
that gives a singlet and that is remote from other signals for easy integration. 

The importance of the first point is evident if we consider the following 
reactions of an analyte with a CDA: 

Analyte (R + S) + CDA (R') ---> Diastereomeric derivatives R-R '  + S -R '  (2.6) 

Analyte (R) + CDA (R'+S') ---> Diastereomeric derivatives R-R'  + R-S '  (2.7) 

Equation 2.6 illustrates the derivatization of a mixture of R and S enantiomers of 
analyte with an enantiomerically pure derivatizing agent R'. If the reaction is 
complete for both enantiomers of analyte, the ratio of diastereomeric derivatives R-  
R' and S-R '  will equal the ratio of enantiomers R and S of the analyte. Equation 2.7 
shows how a CDA that is not enantiomerically pure can cause problems. If there is 
no kinetic resolution of the CDA by the analyte, the ratio of diastereomeric 
derivatives R-R '  and R-S '  will reflect the diastereomer ratio of the CDA. Note that 
S - R '  (Eq. 2 .6)and R - S '  (Eq. 2.7) are enantiomeric and standard methods of 
analysis will not distinguish them. If both the analyte and the CDA are 90% ee (95:5 
ratio of enantiomers), the four possible diastereomers will have the statistical ratio 
of .9025/.4075/.4075/.0025 (Eq. 2.8). Since the products are two diastereomeric 
racemates, combination of the enantiomers yields a .9050/.0950 ratio, or 81% ee. 

.95R/.05S +.95R'/.05S' ---> R-R'  + S-R'  + R-S'  + S-S'  (2.8) 
Analyte CDA .9025 .0475 .0475 .0025 

Although a number of CDAs have been developed over the years [28], by far the 
most popular is Mosher's acid [29-31 ], o~-methoxy-tx-(trifluoromethyl)phenylacetic 
acid, abbreviated MTPA. It is commercially available in either enantiomeric form, 
and is used for the derivatization of alcohols and amines. Two recent reports 
[32,33] indicate that the enantiomeric purity of commercially available material 
may vary from 94 to 99.8% ee, and one might expect similar levels of enantiomeric 
purity from the original preparation [29]. The enantiomeric purity of MTPA may 
be determined by esterification of diacetone glucose and examination of the NMR 
[33], or more accurately by chiral stationary phase gas chromatography of the 
MTPA methyl ester [32]. 
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Derivatization of chiral alcohols and amides of general structure RCHZR' (Z = 
OH or NH2) yields esters and amides that are frequently referred to as 'Mosher 
esters' or 'Mosher amides.' IH, ~3C, or 19F NMR may be used to observe the dia- 
stereomeric derivatives [29,34]. Most commonly, the -OCH3 is observed by I H 
NMR or the -CF3  is observed by 19F NMR. In most cases, one or the other of these 
nuclides will be well enough separated that accurate integration will be possible. In 
problematic cases, additional spectral dispersion may be obtained by adding a 
lanthanide shift reagent such as Eu(fod)3 ( fod=  6,6,7,7,8,8,8-heptafluoro-2,2- 
dimethyl-3,5-octanedionato ligand) to the NMR sample [21,35-37]. 5 

Models have been proposed to correlate chemical shift data with absolute 
configuration [30]. In 1973, Mosher observed that derivatization of 
enantiomerically pure esters and amides with both enantiomers of MTPA and 
comparison of chemical shifts produced some interesting trends. With reference to 
the top structures in Figure 2.56 (L2 is smaller than L3), two experimental trends 
were observed: 

1. When R-MTPA was used, the 19F chemical shift was at lower field than when 
the S enantiomer was used [39]. 

2. When R-MTPA was used, the IH signals in L2 were at higher field than the 
lH signals in L2 when the S-enantiomer was used [30], a trend that holds 
except when the secondary alcohol or amine is significantly hindered [40,41 ]. 

Two situations may arise in practice" determination of absolute configuration of 
a pure enantiomer, and assignment of configuration of the major enantiomer of a 
mixture. When a steric difference exists between L2 and L3 (L3 larger), the absolute 
configuration can be determined by correlation with the known examples. 
Assuming that the Cahn-Ingold-Prelog priority of the ligands around the unknown 

]'CIP rank: X>L3> L 2 > H | 

Absolute configuration: 

Relative configuration: 

Absolute configuration: 
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Figure 2.5. Diastereomeric MTPA derivatives. Note that 1 or u isomers may 
be obtained by derivatization of a single enantiomer with racemic MTPA 
(horizontal pairs) or by derivatization of a racemate with enantiomerically pure 
MTPA (vertical pairs). 

Note that this technique was applied in the mid 1970s using low-field spectrometers. It may not 
be useful on high-field spectrometers. See Section 2.3.3, especially pp. 56-57. 
A crystal structure of an O-methylmandelate ester has been obtained [38] that supports this 
shielding model. 
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center is X>L3>L2>H, derivatization with both enantiomers of MTPA will give R-R 
(relative configuration l )and  S-R diastereomers (relative configuration u), 
illustrated by the top two structures in Figure 2.5. By derivatizing a pure 
enantiomer with racemic MTPA, the absolute configuration may be determined. 
From the data gathered by Mosher and Yamaguchi, the following empirical rules 
can be stated: 

1. The 1H L2 signals of the I diastereomer will be upfield of the L2 signals of the 
u isomer. 

2. The I H L3 signals and the 19F CF3 signals of the l diastereomer will be 
downfield of the corresponding signals of the u isomer. 

If an unequal mixture of enantiomers is present, symmetry considerations dictate 
that derivatization with only one MTPA enantiomer is necessary, since (Figure 2.5) 
derivatization of a racemate with one enantiomer of MTPA also produces an 1/u 
mixture. Thus either the two left structures or the two right ones could be used to 
establish configurations. Again assuming the Cahn-Ingold-Prelog priority of the 
ligands around the unknown center is X>L3>L2>H, the following empirical rules 
apply" 

1. If R-MTPA is used, the R configuration at the unknown stereocenter will 
give L2 signals upfield of the S diastereomer and L3 and CF3 signals 
downfield of the S-diastereomer. 

2. If S-MTPA is used, the S-configuration at the unknown stereocenter will give 
L2 signals upfield of the R diastereomer and L3 and CF3 signals downfield of 
the R-diastereomer. 

As a model for assignment of absolute configuration of Mosher esters and 
amides in the presence of Eu(fod)3, Yamaguchi proposed the equilibria shown in 
Figure 2.6. For both diastereomers, the europium is chelated by the MTPA 
carbonyl and methoxy oxygens. In the top case, the smaller carbinol ligand, L2, is 
closest to the europium and is more deshielded than L3. In the bottom case, (larger) 
L3 is closer to the europium, causing steric repulsion and disfavoring the 
equilibrium as drawn. Because of this repulsive interaction, KR is larger than Ks, 
and the top ester-europium complex is more abundant. This model therefore 
predicts that the sterically less demanding ligand should be more deshielded in the R 
configuration. 

Me \ 
MTPA-O KR Ph ~ ~ 0 . . .  

Eu(fod)3 + ~ CF O'" Eu(f~ 

L3 ~ L2 O 

L L2 

Me \ 
Ph O. 

MTPA-O K s ~ " " ;  Eu(fod)3 

Eu(fod) 3 + " ~ CF3 / ~ , O "  
L2 ~ L 3 ~ 0 n 

Figure 2.6. A predictive model of the equilibria between diastereo- 
meric Mosher esters and a europium shift reagent. 
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In conclusion, two points must be emphasized. First, the rationales presented in 
Figures 2.5 and 2.6 are only models, and do not necessarily represent preferred 
conformations. 6 Second, it should be restated that in order for the CDA method to 
be accurate, any adventitious kinetic resolution in the derivatization must be 
quantitated or eliminated. For example, Heathcock has noted that MTPA derivatiza- 
tion of a racemic alcohol (0% ee) afforded a 1.7:1 mixture of Mosher esters (26% 
de) and the % ee determinations had to be corrected accordingly [42]. More 
recently, Svatos used a five-fold excess to force a derivatization to completion [43]. 
If the appropriate control experiments are done, derivatization with Mosher's 
reagent can be a very reliable method for determination of enantiomer ratios and 
absolute configuration of amines and alcohols. For the derivatization of ketones, 
chiral diols may be used [44], but similar control experiments should be undertaken. 

2.3.2 Achiral derivatizing agents 
Imaginative tricks can also be used to analyze enantiomeric mixtures. For 

example an achiral, bifunctional derivatizing agent may be used to randomly dimer- 
ize a mixture of enantiomers. If a statistical ratio can be proven in control experi- 
ments, the ratio of the chiral to meso diastereomers can be used to calculate the 
enantiomer composition [45]. Figure 2.7 shows several derivatizing agents that are 
available. In principle, the ratio could be determined by chromatographic or 
spectroscopic methods. 1H, 13C and 31p NMR provide a particularly facile method 
for the analysis of alcohols [45-47]. The following generic reaction indicates the 
process: 

stoichiometry: 
R + S + AX2 ----) R A R  + SAS + R A S  + SAR 
1 x probabilities." 1.1 x2 1.x 1.x 

(2.9) 

where R and S indicate the absolute configuration of the alcohols, AX2 is the 
'dimerization'  reagent. R A R  and S A S  are a d,l pair, while R A S  and S A R  are 
meso. The latter may or may not be identical, 7 but it is necessary to recognize 
(statistically) that either an 'SAX + R' or an 'RAX + S' sequence would produce a 
meso isomer. If the S/R ratio is x, then the probability for the formation of the d,! 
pair is (1 + x 2) and 2x for the meso isomer(s). Thus the d,1/meso ratio is given by 

d,l 1 + x 2 
meso = y = 2x " (2.10) 

Solving for x gives 

x - enantiomer ratio = 
2y + ~/4y2 - 4  

2 " (2.11) 

There is an ambiguity in this determination in that the mathematics is oblivious 
to absolute configuration, hence the "+" in the quadratic formula. Thus, although x 
was defined as S/R, the solutions will be S/R and R/S. 

If 'A' is stereogenic in the products, the two will be diastereomers. For example, derivatization of 
alcohols with PCI3 affords phosphonates in which the phosphorus is stereogenic and two meso 
isomers are produced [46]. 
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R*OH + AX 2 -~ 
(R*O)2A 
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d, lpair ~ R*OH 

(R*O)2A meso 

AX 2 = COC12, CH2(COCI) 2, C6H4(COCI) 2, Me2SiCI 2, Ph2SiCl 2, PCI 3 

Figure 2.7. Achiral derivatizing agents for the determination of enantiomer 
ratio and partial resolutions [45-47]. 

It is also of interest to note that, on a preparative scale, this method may be used 
to enrich the enantiomer ratio of a partially resolved racemate [45]. For example, 
dimerization of a 9:1 mixture (80% ee), followed by separation and then cleavage 
of the d,l isomer affords an 81:1 mixture of enantiomers (98.8% ee) with an 82% 
theoretical yield. 

2.3.3 Chiral shift reagents (CSR) 
The notion that enantiotopic groups would be anisochronous in a chiral 

environment was first suggested by Mislow in 1965 [27], and is the basis for the 
analysis of enantiomer ratios by chiral shift reagents and chiral solvating agents. 
Figure 2.6 illustrated that two diastereomeric complexes between an achiral lantha- 
nide shift reagent and a ligand may afford differential deshielding of nuclides in the 
ligand. In these examples, enantiotopic nuclides were rendered diastereotopic (i.e., 
placed in a chiral environment) by virtue of the MTPA derivatization. A simpler al- 
ternative is to use a chiral additive that renders the nuclei diastereotopic in a supra- 
molecular complex. Two types of additive will be discussed: chiral shift reagents 
(CSR) and chiral solvating agents (CSA). Advantages of the CSR method are: 

1. The chiral shift reagent need not be enantiomerically pure. 
2. There can be no accidental resolution, deresolution, or racemization during a 

derivatization (but beware of enantiomer enrichment during sample purifi- 
cation, vide supra). 

3. A wide range of functional groups can be analyzed with this technique, since 
all that is required is a Lewis basic atom to coordinate to the lanthanide. 

Disadvantages are that absolute configurations cannot generally be determined 
without reference to a known sample, and that both enantiomers must be available 
to insure peak separation. An additional disadvantage has developed with the advent 
of high-field NMR spectrometers" the technique is not as effective at high fields, as 
explained below. 

The first CSR was introduced by Whitesides in 1970 [48]. A 1973 monograph 
covered the details of lanthanide shift reagents [49], and two reviews have since 
covered chiral lanthanide shift reagents [50,51]. For our purposes, there are a few 
things we ought to know about shift reagents themselves, and about how they 
interact with ligands. Lanthanide shift reagents are tris complexes of IB-diketonate 
ligands. For symmetrical, achiral diketones, the complexes exist as an equilibrating 
mixture of two enantiomeric forms, the A and A. If the ligand is an unsymmetrical 
diketone, the A and A isomers each exist as cis and trans (fac, mer) isomers. If the 
diketone ligand is chiral, the A and A forms are diastereomers. Thus, a lanthanide 
(chiral) tris-(diketonato) complex is an equilibrating mixture of four diastereomers. 
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Assuming that coordination of an additional ligand is an outer sphere phenomenon, 
each face of each octahedron is a potential binding site. For reasons of symmetry, a 
cis complex (of an unsymmetrical diketone) has four unique binding sites and a 
trans complex has two. These are illustrated for the cis-A and trans-A isomers in 
Figure 2.8 (there are six more for the A isomer). Thus, the four equilibrating 
lanthanide isomers may produce as many as twelve 1"1 complexes. To complicate 
matters further, the lanthanide-ligand stoichoimetry may not be 1"1, the shift 
reagents may not be monomers, and their structure may change on complexation 
with the extra ligand. Fortunately, a detailed understanding of CSR-ligand binding 
is not necessary for their use, although equilibration has sometimes been observed 
during the first few minutes after mixing [51 ]. Because the equilibration is fast, we 
can consider the chiral shift reagent as a single species, although the experimentalist 
should be aware of the possible complexity of the equilibrating systems in the event 
they are observed at the spectrometer. The important point to remember is that the 
fast equilibria yield time-averaged spectra. 

Because the phenomenon of lanthanide induced shift results from a fast exchange 
phenomenon, the linewidths of the peaks are governed by the fast exchange approx- 
imation, Equation 2.12 [52,53]" 

linewidth = 6v =/r 2k ' (2.12) 

where 6v is the linewidth, A5 is the chemical shift difference (in Hz) for the nuclide 

C i" ; \  A I 
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t 

," ~ I /  
B . . . . . .  C 

E . . . . . . .  E 
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Figure 2.8 Schematic representation of the two A- 
diastereomers of an octahedral complex of an unsym- 
metrical bidentate ligand, showing the six (A - F) unique 
outer sphere coordination sites. 

in question, and k is the rate constant for exchange. Since chemical shift aniso- 
chrony (A~5) is directly proportional to the field strength, H 0, it is clear that 
linewidth will increase with the square of the field strength; this problem is 
especially severe when A8 is large, as is often the case in lanthanide shift reagents. 8 
Since accurate integration is the objective of a CSR analysis, broad lines are 
undesirable and analysis is actually better accomplished at low field [54,55]! Since 
low field NMRs (<100 MHz) are becoming increasingly rare, it is useful to note 

This problem is exacerbated by the fact that the lanthanide atom is paramagnetic and its complexes 
have broad lines to start with. 
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that there is also a temperature dependence hidden in Equation 2.12. Since k is 
related to energy of activation, the following proportionality holds" 

linewidth = tSv o~ H02 e AG~t/RT , (2.13) 

which shows that linewidth is proportional (not only) to the square of the field 
strength, but also to the temperature. Although increasing the field of the spectro- 
meter broadens the lines, raising the temperature tends to counteract this effect. 
Operationally, it is wise to conduct a CSR analysis on the lowest field spectrometer 
available; if line broadening is a problem, warming the sample may help [55-57]. 
Failing that, spin-echo techniques may be used to eliminate broadened lines [54]. 

The interaction of a ligand with a lanthanide complex may result in a change in 
chemical shift, AS, for some of the nuclides of the ligand, especially those that are 
in the spatial vicinity of the coordinating atom. If the shift reagent and the ligand 
are chiral, there may be different lanthanide-induced shifts for corresponding 
nuclei in the two enantiomers of the ligand (nuclides that are enantiotopic by 
external comparison). This induced anisochrony (chemical shift difference) is AA~5. 
Equation 2.14 illustrates a simplified view of the equilibration of a racemate with a 
chiral shift reagent, in which the equilibria of the CSR are ignored so that the CSR 
may be considered as a single species. 

KR Ks 
(+)-CSR.R ~ (+)-CSR + R,S ~ (+)-CSR.S (2.14) 

Two possible mechanisms have been suggested as the source of AAS" KR ~: Ks, or 
(+)-CSR.R and (+)-CSR.S have different geometries [58]. It is likely that both of 
these mechanisms operate to differing extents in various systems. Regarding KR and 
Ks, note that nuclei that are enantiotopic by internal comparison, such as the 
methylene protons of benzyl alcohol or the methyls of dimethyl sulfoxide, can be 
differentiated by CSRs [59]. Clearly no stability difference is required for inducing 
anisochrony. An important consequence of this fact is that the enantiomeric purity 
of compounds that are chiral by virtue of isotopic substitution (e.g., C6HsCHDOH) 
may be evaluated by this method (as well as by the CSA method described in the 
next section). 

Since the spectrum observed is a time average of the free and CSR-bound ligand, 
the combination of the enantiomeric forms of a CSR with the enantiomeric forms of 
a ligand is a dynamic phenomenon. Because of this dynamic relationship, and in 
contrast to the 'static' derivatization discussed in the preceeding section, the CSR 
need not be enantiomerically pure. Consider the two extremes: the CSR is 
enantiomerically pure, and the CSR is racemic. 9 Equation 2.14 illustrates the 
binding of an enantiomerically pure (+)-CSR with the two enantiomers of a 
ligand. 1~ The observed spectrum is a time average of the spectrum of each free 

10 

For simplicity, we will consider only homochiral tris complexes (i.e., only complexes in which 
all three diketones have the same chirality sense). Dynamic exchange would in fact produce a 
number of heterochiral complexes, but on average their effects would cancel. 
A similar set of equilibria would result from analysis of an enantiomerically pure ligand by a 
racemic CSR (cf. Figure 2.5). 
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enantiomer and its (+)-CSR complex. On the other hand, if the CSR is racemic and 
both enantiomers of the ligand are present, Equation 2.15 applies. The spectrum of 
the R enantiomer would now be a time average of the free R enantiomer, the (+)- 
CSR.R complex, and the (-)-CSR.R complex. Likewise, the spectrum of the S 
enantiomer would be a time average of the free S enantiomer, the (+)-CSR.S 
complex, and the (-)-CSR.S complex. For reasons of symmetry (e.g., (-)-CSR.R = 
(+)-CSR.S) ,  the two time-averaged spectra will be identical, and the lanthanide- 
induced shifts will be the same (i.e., AA8 = 0) if the CSR is 0% ee. An intermediate 
case, such as where the CSR is 80% ee, would produce a different time average, 
such that AA8 would decrease, but the integral of the peaks corresponding to the 
two enantiomers of the ligand would be the same. 

(+)-CSR.R + (-)-CSR.R ~ (+)-CSR + R,S ~ (+)-CSR.S + (-)-CSR.S (2.15) 

Lanthanides are 'hard' Lewis acids, and the best binding occurs with ligands that 
contain 'hard' Lewis basic atoms. Approximate binding affinities are primary amine 
> hydroxyl > ketone > aldehyde > ether > ester > nitrile [50]. Chiral shift reagents 
have also been used with sulfoxides, arsine sulfides, amino acids, and certain 
transition metal complexes [51 ]. Carboxylic acids decompose lanthanide diketonato 
complexes [58], and so they should be esterified before analysis. Other functional 
group interconversions may aid the analysis (increase AAS) by changing the binding 
characteristics [50]. Such a change might be desirable in several circumstances. For 
example, weak binding of a sterically hindered hydroxyl might be increased by 
acetylation (the binding site becomes the more accessible ester carbonyl). In 
multifunctional molecules, it might be worthwhile to block binding at one site in 
order to improve binding at another. This might be accomplished by trifluoro- 
acetylation of an alcohol or amine or by ketalization of a carbonyl. 

Figure 2.9 illustrates the three ligands found in the most common and 
commercially available chiral shift reagents, and the abbreviations used for each. 
The tfc [60] and hfc [61] ligands are sold as the europium, ytterbium or 
praseodymium complexes, while the dcm ligand [58] is sold as the europium 
complex. Since AA8 is a function of concentration, temperature, and ligand, a 
comparison of "resolving power" among the different reagents is difficult. 
Nevertheless, for 1-phenylethanol and 1-phenylethyl amine, the largest AA8 for 
europium complexes was found for the dcm complex Eu(dcm)3, I1 while Eu(tfc)3 
and Eu(hfc)3 were about the same [51]. In choosing lanthanides, europium and 
ytterbium induce downfield shifts while praseodymium induces upfield shifts. 
Additionally, the three metals may also cause line broadening to differing extents 
[50]. For 1-phenylethanol and 1-phenylethyl amine, Pr(hfc)3 induced larger shifts 
than Eu(hfc)3, and did so at lower concentration [51 ]. Still, the concensus appears to 
be that no single CSR is superior with all possible ligands. 

Since the dcm ligand is a C2-symmetric 13-diketone, there is no cis/trans (fac/mer) isomerization in 
the complex. As a result, the number of outer sphere coordination sites is reduced from 12 to 4 
(two for the A and two for the A isomers). Spectral averaging of fewer isomeric complexes may 
account for the larger differentiation by this ligand. 
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2 

o ffc o hfc o dcm 

Figure 2.9 The most common ligands for chiral shift reagents: trifluoro- 
acetylcamphor (tfc) [60], heptafluorobutanoylcamphor (hfc) [61], and 
dicampholylmethane (dcm) [58]. 

Fraser recommends the following experimental protocol [51]: 
1. Try as many as four CSRs, the approximate order of capacity being 

Eu(dcm)3 > Pr(hfc)3 = Yb(hfc)3 > Eu(hfc)3. 
2. Try changing the temperature. Lower temperature can have a 

substantial influence on lanthanide-induced shifts [58,61,62], while 
warming may sharpen lines [55]. 

3. If still unsuccessful, try derivatizing the ligand to make it a stronger, 
harder, Lewis base. 

Before conducting a CSR study, the experimentalist should consult Sullivan's 
review for detailed experimental guidelines [50]. Briefly, the guidelines suggest: 
dry the substrate, the solvent, and the CSR (by sublimation if prepared fresh or 
over phosphorous pentoxide in vacuo if purchased); keep the substrate concen- 
tration low (--0.1 - 0.25 M); add the CSR (either as a solid or as a concentrated 
solution) in small increments, and filter the solution after each addition (the molar 
ratio needed for a good induced shift is rarely >1" 1, and too much lanthanide can 
broaden lines and even cause the induced shifts to decrease); re-shim the 
spectrometer after the CSR is added to compensate for the presence of the 
paramagnetic ions, and check for paramagnetic precipitates after the sample has 
been spinning for several minutes. Additionally, recall (vide supra) that the method 
is usually more effective at low field. 

2.3.4 Chiral solvating agents (CSA) 
Mislow's 1965 suggestion [27] that enantiotopic nuclides would be anisochronous 

in a chiral solvent was reduced to practice the next year by Pirkle [63], in the form 
of a chiral solvating agent. 12 In the intervening years, analysis of enantiomer ratios 
and the assignment of absolute configuration by chiral solvating agents has become 
a very useful tool. There are a number of features that distinguish the CSAs from 
the CSRs, and which highlight the complementarity of the two techniques [64]: 

1. In contrast to the complex equilibria of the CSRs, CSAs are simple dia- 
magnetic compounds. Since the dynamics of a CSA and its interaction with a 
solute may be reasonably well understood, deduction of absolute 
configuration is often possible. 

12 Note the distinction between the terms 'shift reagent' and 'solvating agent.' Because of the 
differences in the mechanism of binding and induced anisochrony, the former is reserved for 
lanthanide complexes and the latter for diamagnetic compounds. 
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2. Anisochrony in CSAs is usually induced in enantiotopic groups of a ligand by 
the presence of an anisotropic moiety in the CSA, such as an aromatic ring 
(as opposed to a paramagnetic metal atom). 

3. The induced chemical shift changes of diamagnetic CSAs are not usually as 
large as with CSRs, and the range of structural types that can be addressed is 
not as broad. An advantage of smaller A8 is that the effect of field strength 
on linewidth (cf. Equations 2.9 and 2.10) is not as problematic. 

4. Because CSAs are diamagnetic, line broadening is not as much of a problem 
as with CSRs. Therefore, it is often possible to deduce enantiomer ratios by 
comparison of peak height, obviating the need for a complete separation of 
all lines in a shifted pair of multiplets. 

As with CSRs, both enantiomers should be available to insure the presence of 
induced anisochrony. 13 

By far the most studied CSAs are the 1-(aryl)trifluoroethanols and the 1- 
(aryl)ethyl amines (aryl = phenyl, 1-naphthyl, 9-anthryl) that associate primarily 
through hydrogen-bonding mechanisms. Chiral acids are finding increased use for 
the analysis of amines as their diastereomeric salts, 14 although assignment of 
configuration is risky due to aggregation and other dynamic phenomena [64]. 
Figure 2.10 lists several of the readily available CSAs along with some of the 
structural types with which they have been used for determination of enantiomer 
excess and absolute configuration. 15 

The equilibria that describe the 1"1 interactions of a CSA and a pair of 
enantiomeric solutes (Equation 2.16) is similar to the one used to explain shift 
reagents (Equation 2.11). An important distinction is that we assumed, for the sake 
of simplicity, that the CSR was a single species. For chiral solvating agents, that 
assumption is not necessary, because it is fact. As a result, the analysis of the 
geometry of the diastereomeric solvates, (+)-CSA.R and (+)-CSA.S, often allows 
determination of absolute configuration. 

KR Ks 
(+)-CSA.R ~ (+)-CSA + R,S ~ (+)-CSA.S (2.16) 

As was the case with chiral shift reagents, preferential population of one 
diastereomer over the other (KR ~: Ks) is not a prerequisite for induced anisochrony 
of enantiotopic groups. Additionally, since the CSA is diamagnetic, it may be used 
in excess over the analyte. A five-fold excess is usually sufficient to drive the 
equilibria of Equation 2.16 to the "outside," such that the solute is present only as 
its two diastereomeric solvates. Since the observed spectra are time-averages of all 
the species in solution, this chemical trick simplifies analysis of absolute configura- 
tion by focussing on the diastereomeric solvates alone. 

13 In principle, induced anisochrony could also be established by studying an enantiomerically pure 
analyte with racemic CSA (cf. Figure 2.5). 

14 Chiral acids are often used for classical resolution of racemic amines. It is evident from this 
discussion that anisochrony in soluble diastereomeric salts might possibly be used to monitor the 
progress of such a classical resolution. 

15 For a more complete list organized by solute type, see ref. [65]. 
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The first rationale for "recognition ''16 of enantiomers was the three-point model 
proposed by Easson and Stedman in 1933 to explain the interaction of racemic 
drugs with biological receptors [66]. A similar model was proposed by Ogston in 
1948 to explain the enantioselectivity of enzyme reactions [67]. These simplistic 
models proposed three simultaneous binding interactions to explain enzyme enantio- 
specificity. Similarly, the best rationale for understanding induced anisochrony in 
enantiomers is based on three interactions, although all three do not have to be 
binding [64]. 

CF3 

Ar A OH 
Hydroxy esters [681 
Arylalkylamines [721 
Amino esters [76] 
Oxiranes [791 
Lactones [81,82] 
Phosphine oxides, 
Amineoxides, 
RS(=O)XR, X = N, O, S [86] 
Sulfoxides [87,88] 
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Benzylic alcohols [89] 
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Figure 2.10 Common chiral solvating agents and some classes of compounds they have 
been used with. For a more complete listing, see ref. [65]. 

16 The anthropomorphic notion that a chiral molecule can somehow 'recognize' or 'discriminate' the 
chirality sense of another chiral molecule is a convenience that is used commonly, realizing that it 
is the observer that does the recognizing, not the molecules [64]. 
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Figure 2.11 illustrates the principle with two specific binding interactions and a 
third, which provides the anisotropy for enantiomer discrimination. 17 In this 
example, there are two hydrogen bond donors in the CSA: the hydroxyl and the 
benzylic hydrogen (which has been rendered acidic by the neighboring 
trifluoromethyl group). Suppos e for example, that the solute is dibasic and binds 
preferentially such that OH and B1 interact and CH and B2 interact. Note that the 
solute substituent that is syn to the aryl group on the CSA will be shielded relative 
to the other (R2 on the left and R1 on the right). This is the third point required for  
discrimination o f  enantiomers. Because of the shielding cone above the aromatic 
ring, the time-averaged spectrum will have R2 at higher field in the absolute 
configuration on the left. If the preference of the two bonding interactions between 
the CSA and the solute are known, then the absolute configuration of the CSA can 
be used to determine the absolute configuration of the solute. Once again, there 
need be no difference in stability between the two solvates, since protons that are 
enantiotopic by internal comparison can also be differentiated by CSAs [91]. 
Detailed models for the assignment of absolute configuration have only been made 
for the 1-(aryl)trifluoroethanols and the 1-(aryl)ethyl amines, and the reader is 
referred to Pirkle's review for further details [64]. 

O H  . . . .  . . . .  

Figure 2.11 The interaction of a 1-aryltrifluoroethanol 
chiral solvating agent and the two enantiomers of a dibasic 
solute. 

Although much of the usefulness of CSAs is for analysis of enantiomeric excess, 
the principles described above may manifest themselves in other ways. For example 
in 1969, Williams et al. demonstrated that dihydroquinine can serve as a chiral 
solvating agent for itself [94]. Thus, the NMR spectrum of the racemate and the (-)- 
enantiomer were not superimposable, and a 3"1 mixture of enantiomers exhibited 
anisochronous signals for several enantiotopic protons. The spectra of racemic, 
100% ee, and 50% ee dihydroquinine are shown in Figure 2.12. Clearly, the three 
spectra are different. Although the spectra of both the pure enantiomer and the 
racemate are similar and easily interpreted, they do not match. The spectrum of the 
partially enriched enantiomer is unexpectedly complex. Assuming binary 
association, the phenomenon can be understood in terms of the following equilibria, 

S* + S* ~_ S*.S* (2.17) 

S* + R* ~_ S*.R* (2.18) 

R* + R* ~_ R* .R*  , (2.19) 

where R* and S* represent the two enantiomers. Since the molecule also contains an 
anisotropic perturbing function, anisochrony of the homochiral ( S * . S * ) a n d  the 

17 This example illustrates two binding interactions, although one attractive and one repulsive 
interaction would also suffice, so long as a third is present as well. 
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Figure 2.12 Portion of the 100 MHz NMR spectrum of dihydroquinine. Top left, natural (-)- 
enantiomer; top right, racemate; bottom left, 3:1 mixture of the two enantiomers (50% ee). 
Reprinted with permission from ref. [94], copyright 1969, American Chemical Society. 

heterochiral (S*.R*) dimers ensues. The observed spectrum is a time-average of the 
species from Equations 2.17-2.19 that are present in the samples. The pure 
enantiomer represents the time average of the species in Equation 2.17 (or 2.19) 
alone, whereas the racemate represents the time average of all three equilibria. In 
the present case, these time-averaged spectra are not identical. When the enantio- 
mers are not present in equal amounts, the weighting factors for each equilibrium's 
contribution to the time averaged spectrum are unequal. For example, if the S* 
enantiomer predominates, the primary interactions will be equilibria 2.17 and 2.19, 
and the time-averaged spectra for the enantiomers are different (S*, S*.S*, S*.R* 
vs. R*, S*.R*). In other words, the spectrum of enantiomerically enriched 
dihydroquinine is the result of 'self-induced nonequivalence' whereby the enantio- 
mer in excess acts as the CSA for both enantiomers of the racemate. 

Williams also noted [94] that the spectral anomalies of the dihydroquinine 
enantiomer, racemate, and various mixtures were solvent dependent (CH3OD 
reduced the anisochrony, as did O-acylation) and became identical at high dilution. 
In synthesis, such anomalies should be remembered when interpreting spectra and 
when comparing spectra of synthetic materials with literature data if one is enantio- 
merically pure and the other is fully or partly racemic, or if the spectra were 
recorded at different solute concentrations. 
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2.4 Chromatography 

Asymmetric reactions and processes give rise to two kinds of stereoisomeric 
products: diastereomers and enantiomers. The physical separation of these isomers 
with simultaneous analysis of isomer distribution (peak integration) is an excellent 
way to determine the selectivity of a reaction. For the analysis of diastereomers, 
standard chromatographic techniques suffice, although the chromatographic method 
should be accompanied by another technique that determines the configuration of 
the new centers. Diastereomer analysis also ensues in cases of double asymmetric 
induction, and the configuration of known centers in the reactants may be used as a 
point of reference for determination of the new stereocenter(s) by NMR or X-ray. 

Early methods for chromatographic analysis of enantiomers called for 
derivatization with a chiral reagent. This is a method that is still used, although the 
problems of kinetic resolution discussed in Section 2.3.1 should be recalled when 
planning such an analysis. A much more appealing method is the direct separation 
of enantiomers by gas or liquid chromatography on a chiral stationary phase (CSP). 
The growing popularity of this method is evidenced by the number of monographs 
published on the subject in the last few years [95-102]. This method has a number of 
appealing features: 

1. No kinetic resolution arises as a result of double asymmetric induction in a 
chiral derivatization scheme, although care must still be taken to avoid 
enantiomer enrichment (or depletion) during workup (cf. Figure 2.1 and 
accompanying discussion). 

2. The order of enantiomer elution for a given class of compounds is often 
known, so that enantiomeric purity and absolute configuration can be 
determined simultaneously. 

3. The sensitivity of GC or HPLC detectors are such that very small amounts of 
analyte, as little as a few micrograms under favorable circumstances, may be 
analyzed. This is far below the limits of detection in polarimetry and NMR. 

4. Integration of chromatographic peaks is usually much more accurate than 
measurement of rotations or integration of NMR peaks. Therefore 
chromatography is the method of choice when accuracy is important, and is 
especially applicable to the analysis of samples of high enantiomeric purity. 

5. Scale-up may allow for preparative purification to 100% ee. 
Of course for new classes of compounds being studied on a chiral stationary 

phase, that a mixture of enantiomers are separable must be proven by analyzing a 
racemate, and the order of elution must be established by correlation with 
compounds of known configuration. In certain instances, derivatization may be 
necessary to improve chromatographic behavior and/or detectability. 

In order to appreciate the forces that are responsible for chromatographic 
resolution, we need to review some of the principles of chromatography. 18 The 
elution of a sample through a chromatography column is accomplished by a 
partitioning of the sample between a stationary phase and mobile phase. In GC the 

18 For a comprehensive treatment, see ref. [ 103]. 
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stationary phase is a liquid and the mobile phase is a gas, while in HPLC the 
stationary phase is a solid and the mobile phase is a liquid. In the extreme, a sample 
that does not interact with the stationary phase is eluted in the amount of time it 
takes the mobile phase to travel the column, to. Samples that d o  interact with the 
stationary phase will obviously take longer. Their retention may be expressed as tR 

(retention time), VR (retention volume), or to' (capacity ratio). 
The latter is defined as 

A~ 
~:' = , ( 2 . 2 0 )  

Am 

where A~ and Am represent the amount of solute in the stationary and mobile 
phases, respectively. Thus the capacity ratio is the equilibrium constant for the 
partitioning of the analyte between the mobile and stationary phases. The capacity 
ratio can also be expressed in terms of retention times, 

tR -- to 
~r = tO ' ( 2 . 2 1 )  

where to is the retention time of an unretained compound, usually visible as the 
solvent front (see Figure 2.13). 

For two peaks to be 'resolved' chromatographically, the capacity ratios, tc/' and 
tr must be different. For analytical purposes, two interdependent chromatogra- 
phic properties must be considered" the chromatographic separability factor, ix, and 
the resolution, Rs.  The chromatographic separability factor is defined as 

to2' 
a = , , ( 2 . 2 2 )  

If/ 

where x'/' and tr are the capacity ratios of the first and second eluting peaks, 
respectively. Combination of Equations 2.18 and 2.19 gives 

t R 2 -  tO 
a = ( 2 . 2 3 )  

t R l  -- t o  ' 

where tRt and tR2 are the retention times of the first and second eluting peaks, 
respectively. Using Equations 2.21 and 2.22, capacity ratios and separability factors 
can be easily obtained from a chromatogram, as shown in Figure 2.13. 

i 
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Inject to 

(solvent front) 
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tR I 
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t 
tR2 

~r I ' = y / z  

r2' = x/z 
a = x/y 

IN 

Figure 2.13 A hypothetical chromatogram, showing the 
retention time of an unretained compound (to), the retention 
times of two analytes, tRt and tg 2, and the relationship of 
these quantities to the capacity ratios, ~r and tr and the 
chromatographic separability factor, ix. 
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Because the capacity ratios reflect the equilibrium between two analytes and the 
stationary phase, the separability factor, a, is directly related to the free energy 
difference between the analyte.stationary phase complexes, according to 

AAG =-RTlnt~. (2.24) 

Rearrangement gives 

ct = e -AAG/RT (2.25) 

which is the same exponential relationship described in the previous chapter (cf. 
Equations 1.1 and 1.2). For the interaction of chiral stationary phases with enantio- 
mers, the complexes are diastereomeric; in order for separation to occur, they must 
not  be isoenergetic. 19 Separability factors of 1.1 are common in CSP chroma- 
tography, which translates to a free energy difference, AAG (at 25 ~ C), of only 56 
cal/mole (cf. Figure 1.3)! It is the a m p l i f i c a t i o n  of this difference during the 
chromatographic process that accounts for the separation. 

Resolution, R s, of chromatographic peaks is the ratio of the peak separation to 
the average peak width" 

2(tR2 - tR1) 
R s = , (2.26) 

W I + W 2  

where w t and w2 are the widths of the first and second peaks, respectively. Thus, 
the resolution is dependent on both the separation factor, ct, and the column 
efficiency (number of theoretical plates). As shown in Figure 2.14, the same 
resolution may give rise to two closely spaced narrow peaks or to two broader 
peaks that are more widely separated. 

Racemization of either the analyte or the chiral stationary phase may give rise to 
peak coalescence, but the two are easily distinguished by their appearance, as shown 
in Figure 2.15. Over time, racemization of the CSP may occur, and this will reduce 

(a) (b) 

Figure 2.14 Hypothetical chromatograms of 
identical resolution. (a) Large t~ on a low efficiency 
column. (b) Smaller ct on a high efficiency column. 

the separation factor, t~. If racemization of a CSP is possible (such as with an amino 
acid derived CSP), it is wise to periodically run a standard to check for peak 
coalescence. Another type of peak coalescence is due to racemization of the analyte 
on the column [104,105]. The appearance of such a phenomenon depends on the 
relative rates of racemization and separation [105]. The two extremes are fast and 

19 Recall that the diastereomeric complexes of enantiomers with CSRs or CSAs may be isoenergetic 
and still exhibit anisochrony (Sections 2.3 and 2.4). 
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slow racemization, relative to the separation. Fast racemization would yield a single 
sharp peak, and extremely slow racemization would go undetected. Intermediate 
cases might appear as a trough between the peaks, or a hump, as shown in Figure 
2.15b and c [105]. 

The historical origins of CSP chromatography are early in the 20th century 
when it was observed that certain dyes were enantioselectively adsorbed onto 
biopolymers such as wool [106-108]. Although there were isolated instances of 
chromatographic resolutions earlier, 2~ development of CSP chromatography as a 
useful tool did not take place until capillary gas chromatography (GC) and high 
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Figure  2.15 Hypothetical chromatograms showing peak coalescence due to 
racemization. (a) Racemization of the chiral stationary phase causes the peaks to move 
closer together (t~ decreases, ultimately to zero if the CSP is racemic). (b) and (c) 
Racemization of the analyte on the column may produce a trough between the enantiomer 
peaks, as in (b), which may grow to a hump, as in (c), or even a single peak, depending 
on the relative rates of racemization and separation [ 105]. 

performance liquid chromatography (HPLC) were popularized in the 1970s. The 
separation of enantiomers on a CSP requires the formation of diastereomeric 
adsorbate 'complexes' between the analyte and the CSP. A number of CSPs have 
come into use, but only in a few cases has detailed work been done to rationalize the 
relative stabilities of the diastereomeric adsorbates. Indeed, the energy differences 
that are required for enantiomer separation on an efficient column are so small 
(--50 cal/mole, vide supra) that caution is advised in overinterpreting enantiomer 
'recognition' models. 

In 1952, Dalgliesh [111] extended the 3-point model [66,67] to CSP 
chromatography, to explain the separation of amino acid enantiomers by paper 
chromatography. Dalgliesh postulated a 3-point attraction, which now seems to be 
somewhat oversimplified. More recently, Pirkle has argued that, although three 
points are required, all need not be attractive [ 112]. At least one, however, must be 
stereochemically dependent. A detailed study of chiral solvating agents (vide supra) 
has led to fairly exact models of 3-point solvation to explain the chemical shift 
effects of the CSA. Immobilization of one or the other of the CSA components on 
silica gel produced separations having the same order of elution as expected based 
on the selectively solvated species in the NMR experiment. For example, N-(3,5- 
dinitrobenzoyl)leucine amide bonded to silica gel shows a high degree of selectivity 
(t~ = 9.7) for the enantiomers of methyl N-(2-naphthyl)alaninate [113]. The 
converse is also true: N-(2-naphthyl)alanine ester as a CSP shows a high affinity for 
N-(3,5-dinitrobenzoyl)leucine derivatives [114]. The model for the complexation of 

20 For more detailed accounts of the early history of CSP chromatography see ref. [95,109,110]. 
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these two species involves an aromatic n-stacking interaction and two hydrogen 
bonds, as indicated in Figure 2.16a. This model is supported by intermolecular 
NOE enhancements in CDC13 [113], and an X-ray crystal structure of the 
bimolecular complex [ 115]. The latter is illustrated in Figure 2.16b, which confirms 
the three interactions proposed earlier [113,114], and which provides strong 
experimental support for the model. Although detailed models of other CSP 
separations have not been as extensively studied as the Pirkle systems, it is likely 
that they also conform to some variant of the 3-point rule [ 112,116]. 

In CSP-GC and CSP-HPLC, there are only a few categories of chiral selectors 
used as stationary phases. There is a broader variety of CSP columns on the market 
for HPLC than for GC, but most types have been investigated in both media. For 
the most up to date information, literature from vendors of CSP columns should be 

Figure 2.16 Supramolecular complex of N-(3,5-dinitrobenzoyl)leucine n-propyl amide and methyl 
N-(2-naphthyl)alaninate. (a) Schematic representation of the three recognition points deduced from 
NOE data [ 113]. (b) Stereoview of a bimolecular crystal. The orientation of the two species concurs 
with solution NOE data. Reprinted with permission from ref. [115]. 

consulted. In the US, Regis, J. T. Baker, and Daicel have a variety of HPLC 
columns to choose from, and they have published some useful tables on selecting the 
correct column for a given application [1 17,118]. A recent review also lists a 
number of compound types that are resolvable on various CSPs [1 19]. Similar 
information on GC columns and applications is available from Applied Science or 
Supelco, and Souter's monograph [95] also contains an extensive listing of CSPs for 
GC, and the types of compounds separated by each. An expedient method of finding 
a solution to a separation problem may be the use of computerized databases. In 
addition to the standard databases such as those offered by Chemical Abstracts, 
Roussel and Piras have constructed a database dedicated to the enantiomeric 
resolution of racemic mixtures by HPLC [120]. 

Here, only general categories of chiral stationary phases will be mentioned. 2~ 
One of the more popular types of GC and HPLC columns use donor-acceptor 
interactions such as those illustrated in Figure 2.16 for enantiomer separation. 

21 Lough's monograph gives a particularly thorough coverage of CSP types for HPLC [97], while 
Souter's slightly older text is particularly good for GC [95]. 
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Types of donor-acceptor interactions are hydrogen bonding, r~-stacking, dipole 
stacking, etc. Derivatization is usually required for both GC and HPLC applications. 

In HPLC, a large variety of analyte types have been resolved on columns packed 
with derivatized cellulose. Cellulose acetate, benzoate, and carbamate derivatives 
provide CSPs that will separate a very broad range of analyte types, although a 
single CSP may not have broad applicability to a wide variety of analytes, and 
derivatization may be required. Separation is achieved by donor-acceptor 
interactions, with inclusion phenomena sometimes playing a secondary role. 

Microcrystalline cellulose triacetate, cyclodextrin- and crown ether-derived 
CSPs, as well as some chiral synthetic polymers, achieve enantiomer separation 
primarily by forming host-guest complexes with the analyte; in these cases, donor- 
acceptor interactions are secondary. Solutes resolved on cyclodextrins and other 
hydrophobic cavity CSPs often have aromatic or polar substituents at a stereocenter, 
but these CSPs may also separate compounds that have chiral axes. Chiral crown 
ether CSPs resolve protonated primary amines. 

Chiral ligand exchange chromatography utilizes immobilized transition metal 
complexes that selectively bind one enantiomer of the analyte, which is usually an 
amino acid. 

Proteins such as bovine serum albumin, immobilized to silica, achieve 
enantiomer separation primarily via hydrophobic and electrostatic interactions. 
Although the protein-based CSP columns have low capacity and preparative use is 
impossible, these phases offer the analyst the convenience of being able to resolve a 
broad spectrum of analytes with a single column. 

2.5 Summary 

Over seventy five years after the van't Hof f -  Le Bel theory of the asymmetric 
carbon atom was introduced, Bijvoet and colleagues established for the first time 
the absolute configuration of a chiral molecule, sodium rubidium tartrate, using 
anomalous dispersion of X-rays [ 121].22 Recall that Emil Fischer's assignment of 
the absolute configuration of D- and L-tartrate was arbitrary and for the first half 
of the twentieth century was hypothetical. Thus, the assignment of the absolute 
configuration of all known chiral molecules is predicated on this single method. 
More commonly, it is used to establish molecular constitution and relative 
configurations. This is a very powerful tool [122] that should not be overlooked by 
the synthetic practitioner, although its implementation is usually left to a specialist. 

The simplest methods for analysis are polarimetry and NMR, when applicable. 
Advances in chromatographic science continue apace, and it is likely that further 
advancements will be made to ease the burden of analysis. Chromatography is the 

22 It is interesting that tartrate was the first resolved compound [1] as well as the first compound 
whose absolute configuration was established; it is fitting that this seminal work was done at the 
van't HoffLaboratories of the University of Utrecht. Given the role tartaric acid played in the 
establishment of the field of stereochemistry, it was perhaps inevitable that it would also play a 
major role in asymmetric synthesis, as will be seen in a number of examples throughout this 
book. 
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method of choice for analysis of compounds of very high isomeric purity, since it is 
the only method currently available that can accurately detect and quantify <<1% 
contamination. The goal of asymmetric synthesis is to produce very highly selective 
reactions, but when this is achieved the job of identifying the chromatographic 
peaks due to minor stereoisomers becomes more difficult. It is tempting for the 
analyst to assume that the small peak(s) near the major one is the 'other' isomer, but 
this is a risky assumption. The safest bet is to synthesize the 'other' isomer(s) 
independently, but this may not be feasible. The next best thing is to couple the 
chromatograph to some sort of spectroscopic device such as a mass spectrometer or 
a diode array UV-VIS detector. 23 

For the analysis of compounds that are chiral by virtue of isotopic substitution, 
NMR is the method of choice, since energetic differences between diastereomeric 
complexes are not required for induced anisochrony. When it works, NMR is also 
one of the simplest and fastest techniques available. For monofunctional or weakly 
basic solutes, chiral shift reagents are more likely to succeed, whereas chiral 
solvating agents are simpler (when they work) and are better for the assignment of 
absolute configuration. 
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Chapter 3 

Enolate, Azaenolate, and Organolithium 
Alkylations 

Originally, the term 'carbanion' was used to refer to anionic reactive intermedi- 
ates whose actual structure was rather poorly understood. In recent years, 
considerable advances have been made in developing the chemistry of carbanionic 
species and in understanding the structure of 'carbanions,' especially as regards the 
involvement of the metal [1-6]. In this chapter we will focus on three types of 
intermediate that fall into the category of 'carbanion.' Our discussion will be 
further limited to alkylations: carbon-carbon bond-forming reactions with 
electrophiles such as alkyl halides that produce only one stereocenter. Aldol and 
Michael additions are covered in Chapter 5, and reactions with heteroatom 
electrophiles that form carbon-oxygen or carbon-nitrogen bonds are discussed in 
Chapter 8. 

Carbanions that have found use in asymmetric synthesis are stabilized by one or 
more substituents (Figure 3.1). By far the most common 'carbanion stabilizing' 
functional group is the carbonyl. Although early texts (e.g., [7]) referred to the 
conjugate base of carbonyl compounds as carbanions, these species are now 
universally known as enolates (Figure 3.1a). Closely related to enolates are their 
nitrogen analogs, azaenolates (Figure 3.1b). As we will see, the fact that there is a 
substituent on the nitrogen is important to asymmetric synthesis because it provides 
a convenient foothold for attachment of a chiral auxiliary. In recent years, a new 
type of chiral 'carbanion' has emerged: organolithium species in which the carbon 
bearing the metal is stereogenic (Figure 3.1c,d). Again, the negative charge is 
stabilized in these species, but not by resonance as is the case with enolates and 
azaenolates. Instead, heteroatoms on the lithiated carbon provide inductive 
stabilization; in some instances chelation may be involved. 

(a) (b) R . . . M  (c) (d) ~N~ 
0 ~NOLi ~ RX,,,~C_ Li --X~-,,,~C_ L~i 

X=N,O 

Figure 3.1. Enolates, azaenolates, and o~-heteroatom organolithiums. 

3.1 Enolates  and azaenolates  1 

The deprotonation of a carbonyl gives a nucleophilic species that reacts with 
electrophiles such as alkyl halides to afford products of substitution at the oc carbon. 
Because of this reactivity, the intermediate species used to be drawn with a negative 

1 For comprehensive coverage of enolate alkylations, see refs. [8,9]. 
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charge on carbon (Figure 3.2a). Resonance considerations later suggested that the 
negative charge should be placed on the more electronegative oxygen (Figure 3.2b). 
When enolate reactions are carried out in aqueous or alcohol solution, the ionic 
species are separately solvated, and this type of representation is justified. 
Unfortunately, the same usage has persisted, even when the reactions are conducted 
in aprotic solvents where solvent-separated ions are not likely to exist. A more 
appropriate notation is to affix the metal to the oxygen (Figure 3.2c). Spectroscopic 
and X-ray data have revealed that metal enolates are usually (always?) aggregated, 
both in the solid state and in ethereal or hydrocarbon solution (Figure 3.2d). The 
illustrations in Figure 3.2 show the historical progression of these notations, which 
Seebach whimsically calls "the route of the sorcerer's apprentice" [5]. 

(a) (b) (c) M (d) M 
0 O- 0 / O" 

~ ~ .Ly 
R / ~  CHR R R R 

- R R R 

Figure 3.2. Various notations for an enolate, from a naked carbanion or 
enolate, via a metal enolate, to supramolecular aggregates (after ref. [5]). 

Enolates may form supramolecular 2 species such as dimers, tetramers, or 
hexamers, and these species are often in equilibrium (Scheme 3.1). Enolates may 
also form mixed aggregates with added salts or with secondary or tertiary amines. 
The existence of such species has been proven in the solid state by X-ray crystal- 
lography, and colligative effects and NMR studies have confirmed their existence in 
solution (reviews: [5,6,8,12-14]; see also: [15-18]). Interestingly, dimers are even 
found in crystals of tetrabutylammonium malonates and cyanoacetates [19], 
indicating that a metal is not necessary for supramolecular organization! 

R S 
R S R S \ / 

\ / \ / ----- ' -  M 
o ,,,, o-- , , , ,  s ' / ~  / I  
I I - I I - , , , , - - - - o , ,  - _ _  - 

M O N M O N I ,, "" " / / 
S R S R / 0  M \  

O-R = enolate; S = solvent R S 

Scheme 3.1. Equilibrating dimeric and tetrameric enolate aggregates. Formal charges 
are not shown. There is probably more than one solvent molecule coordinated to the 
monomers (left) and dimer (middle). In the tetramer (right), the R moiety is deleted from 
the indicated oxygen (O*) for clarity. 

Chemical evidence also confirms the presence of supramolecular complexes in 
enolate reactions. For example, added salts can affect the product ratio of enolate 
alkylations [20-25]. Evidence of mixed aggregation between enolates and secondary 
amines includes experiments such as those illustrated in Scheme 3.2 where quench- 

The term supramolecular was coined by Lehn to refer to "organized entities ... that result from the 
association of two or more chemical species held together by intermolecular forces" [ 1 O, 11 ]. 
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CH3 ~ CH2Li 
2 LDA .~ 

v -CO2H CO2L i 

~ (HNi-Pr2) 2 D 2 0  ~. 

Seebach: 
o 

O LDA, O o HNi.Pr2 ~ ~ 1~...~/O 

t-Bu t-Bu t-Bu 
< 25% deuterium 

~ CH 3 

CO2H 
no deuterium 

Scheme 3.2. Enolate.diisopropylamine complexes do not incorporate deuterium upon 
quenching with D20. (a) Creger demonstrated the phenomenon with o-toluic acid [26]. (b) 
Seebach showed that lactone enolates behave similarly [27]. 

ing with D20 or MeOD produces little or no deuterium incorporation, indicating 
that the enolate is protonated by the secondary amine from within a supramolecular 
aggregate [26,28-32]. 

The phrase "conducted tour mechanism" was coined by Cram to describe the re- 
moval of a proton by a base and its subsequent return to a different face of the same 
molecule from which it was removed [ 1]. Originally, the conducted tour mechanism 
was postulated to explain the observation that rates of racemization of deuterated 
carbon acids were faster than hydrogen-deuterium exchange in solutions of 
potassium tert-butoxide/tert-butyl  alcohol. Thus, "the basic catalyst takes hydrogen 
or deuterium on a 'conducted tour' of the substrate from one face of the molecule 
to the [other]" (ref. [1 ], p. 101). This process was envisioned as a rotation of the 
carbanion within the solvent cage. We now recognize that the secondary amine 
forms a mixed aggregate with the enolate, such that the reprotonation (and perhaps 
conformational motion) is 'intrasupramolecular.' 

A complete understanding of enolate chemistry must include knowledge of the 
aggregation of the enolate species involved [5]. Consider the reaction of an enolate 
with an alkyl halide as it may have been depicted over the years (Scheme 3.3), 
progressing from the simple carbanion alkylation to the reaction of supramolecular 
aggregates. 

The mechanism depicted in Scheme 3.3d may be the closest to reality for the 
reaction of an enolate with an alkyl halide, but this picture is dependent on the 
individual system under study. For our purposes, we can rationalize most enolate 
reactions by considering metal enolates as monomers (as in Scheme 3.3c), while 
realizing that the other coordination sites of the metal may be occupied by ligands 
that may be solvent molecules, additives such as HMPA, DMPU or TMEDA, 3 

HMPA: hexamethylphosphoramide. DMPU: N,N'-dimethylpropyleneurea. TMEDA: tetramethyl- 
ethylenediamine. Both are additives that coordinate metals and may inhibit aggregation. Note that 
mechanistic interpretation of the effect of additives, especially TMEDA in THF solvent, are risky 
[33]. 
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(a) 

(b) 

(c) 

O 

R~'~ ~...~ CH3- I x ~  
R 

R ~ ' ~  CH3- I x , ~  

R 

M 

~ CH3- I~ ,~  
R 

0 
R ~  Me 

R 

(d) X 
M M 

x / 

O 
x. 

_ .  M / CH3 M 
R x / O 

R 

X 
M M 

x / 

0 

R ~ CH3 

R 

X 
f 

I---M M 
x / 

O 

R 

___o__ 

M"-- I ,,X\ 
\ M I I M , ,  

X-.-- M 0 
0 + 

R ~ , ~  CH3 R 
R R 

Scheme 3.3 Alkylation of an "enolate" (a) naked carbanion; (b) naked enolate; (c) metal 
enolate; (d) supramolecular alkylation and rearrangement (after ref. [5]). 

anions o f  added salts, or another molecu le  o f  enolate.  The interested reader is 
referred to Seebach's  review to see the types of  supramolecular complexes  that may 
arise in the chemistry of lithium enolates [5]. 

3.1.1 Deprotonation of carbonyls 4 
A number of  bases may be used for deprotonation, but the most  important ones  

are lithium amide bases such as those illustrated in Figure 3.3. 5 Although other 
alkali metals may be used with these amides, lithium is the most common. Amide 
bases efficiently deprotonate virtually all carbonyl compounds, and do so 
regioselectively with cyclic ketones such as 2-methylcyclohexanone (i.e., C2 vs. C6 
deprotonation) and stereoselectively with acyclic carbonyls (i.e., E(O)- vs. Z(O) -6 
enolates. If the carbonyl is added to a solution of the lithium amide, deprotonations 
are irreversible and kinetically controlled [36-38]. Under such conditions, the con- 

4 For a review on enolate formation, see ref. [34]. 
5 LDA is stable in both ether and THF at room temperature for 24 hours, but that LTMP has a half- 

life of 12 hours in THF and only 4 hours in ether at room temperature [35]. 
6 See glossary, section 1.6, for the definition of the E(O)/Z(O) descriptors of enolate geometry. 
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A. .o,s, 
N - L i  N--Li  Li \ 

Me3Si 

LDA LICA LTMP LHDS 

Figure 3.3. LDA = lithium diisopropyl amide, LICA = lithium isopropyl 
cyclohexyl amide, LTMP = lithium tetramethylpiperidide, LHDS = lithium 
hexamethyldisilyl amide. 

figuration of an acyclic enolate is determined during the deprotonation step, and 
subsequent isomerization is probably not important [38]. The most commonly cited 
deprotonation model has the lithium amide base and the carbonyl reacting in a 
cyclic, 6-membered transition state such that the o~-proton and the metal are 
transferred simultaneously [39]. This mechanism, proposed by Ireland in 1976, may 
be used to explain the preferred formation of E(O)- or Z(O)-enolates of acyclic 
esters, ketones and amides [14], at least in the absence of coordinating additives such 
as HMPA (vide infra). As shown in Scheme 3.4, the transition states for the 
deprotonation to the E(O)- and Z(O)-enolates are apparently controlled by a bal- 
ance of 1,2-eclipsing interactions between the o~-methyl group and the carbonyl sub- 
stituent, R, and 1,3-diaxial interactions between the nitrogen ligand and or-methyl. 
For esters, the atom attached to the carbonyl is oxygen, and the alkyl group (even 
one as large as a tert-butyl) can rotate away from the a-methyl and have no effect 
on enolate geometry. In such cases, E(O) ~ is more stable than the Z(O) ~ due to the 
1,3-diaxial interaction of the nitrogen ligand and the cx-methyl in the latter. As the 
steric requirements of the carbonyl substituent increase, especially in the plane of 
the forming double bond, van der Waals repulsion increases the A1,3 strain in the 
enolate and E(O) ~ is destabilized relative to Z(O) ~. Thus, for large substituents such 
as tert-butyl, and for substituents such as phenyl or dialkylamides that are coplanar 
with the carbonyl, the Z(O)-enolate is formed exclusively. Molecular mechanics 
calculations confirm the general validity of these arguments [40]. 

O 
,i~, , ,v~ Me LiNL2 

THF 

Kinet ic  ratios: 

0 R 

O -  Li, 
/ .H  L-- N"" 

I 
L E(O)* 

R E(O) /Z(O)  1 
OMe 95/5 
Ot-BUEt 50/5095/5 L2]qH 

i-Pr 40/60 OLi 
t-Bu 0/100 / ~  
Ph 0/100 R 
NEt 2 0/100 Me 

II II I ill E(O)-enolate 

/ -H L-- N-" 
I 
L Z ( O )  ~" 

- o  1 

OLi 

R ~ M e  

Z(O)-enolate 

Scheme 3.4. Ireland model [39] transition structures for the deprotonation of 
acyclic carbonyls (after ref. [ 14]). The gray circles point out the sources of strain in 
the transition states: A1,3 strain increasing as the enolate develops in E(O)r and 1,3- 
diaxial strain in Z(O)~ t. For structural information from X-ray data, see ref. [29]. 
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In the presence of coordinating additives such as HMPA, DMPU or TMEDA, the 

trend outlined in Scheme 3.4 may not hold [36,41-43]. For example, in the presence 
of HMPA, LDA deprotonation of 3-pentanone affords a 5:95 mixture of E(O)- and 
Z(O)-enolates under conditions of thermodynamic control (equilibration by 
reversible aldol addition) [39,41], but a 50:50 mixture under kinetic control [41,42]. 

For esters, thermodynamic equilibration of enolates is less likely, but additives 
can still affect the selectivity. Using LDA in THF for example, deprotonation of 
ethyl propionate is 94% E(O)-selective, but in THF containing 45% DMPU, 
deprotonation is 93-98% Z(O)-selective [36]. Ireland rationalizes this observation in 
terms of the transition states in Scheme 3.4 as follows: in the absence of additives, 
there is a close interaction between the metal, the carbonyl oxygen and the base 
which leads to a tight transition structure and E(O); is favored. In the presence of 
coordinating additives, there is more effective solvation for the lithium, and 
therefore weakened interaction between the lithium and the carbonyl oxygen. The 
cyclic transition structures will be expanded, and may even open to an acyclic 
transition structure. When the association between the base and the ester is 
diminished, the 1,3-diaxial strain in Z(O); is reduced, whereas E(O); (and acyclic 
structures with similar torsion angles) are still destabilized by A1, 3 strain [36]. 

For o~-silyloxyacetates, Yamamoto reported the selective deprotonations shown 
in Scheme 3.5. These examples are consistent with the trend noted by Ireland, in 
that HMPA favors formation of the Z(O)-enolate, but other factors may also be 
involved. In fact, the transition structures proposed by Yamamoto (Scheme 3.5, 
inset) invoke chelation by the silyloxy group in one instance but not the other. Note 
however, that the Ireland argument could also be applied here: with LTMP as the 

O OTMS 
. ~  LTMP, TMSCI.._ ~ 

TBSO OMe THF, -100 ~ "- OMe 

TBSO E(O) 96% ds 

O OTBS 
. ~  1" LHDS, THF/HMPA -- TBSO ~ 

TBSO OMe 2. TBSC1, '100 ~ r OMe 

Z(O) 99% ds 

_ ~ O M e  

H OTBS 

~" \ E(O)* 

.,,,OMe 

TBSO ,~.~ O 

N, 
Me3Si / SiMe 3 

- z ( o ) *  

I I I 

Scheme 3.5. Selective formation of either E(O)-or Z(O)-enolates of 
silyloxyacetates [43]. Inset: The authors suggest that the E(O)-enolate is 
formed according to the Ireland rationale (Scheme 3.4), but that the Z(O)- 
enolate is formed by chelation in the transition state. 
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base, the Z(O)~ Ireland transition structure (Scheme 3.4) would be destabilized 
considerably by 1,3-diaxial interactions between the silyloxy and the bulky tetra- 
methylpiperidine. With LHDS in THF/HMPA, the lithium would by solvated by the 
HMPA, and the 1,3-diaxial interactions would be attenuated as explained above, but 
they could also be diminished because of the longer S i-N bond distance (compared 
to C-N) in the amide. Independent of mechanism, the bottom line is that both ester 
E(O)- and Z(O)-enolates can be produced selectively. 

The Ireland rationale also fails to account for phenomena such as changes in 
selectivity as the reaction proceeds and for the effect of added lithiurla salts. For 
example, the deprotonation of 3-pentanone by LTMP affords a 97"3 'E(O)/Z(O) 
selectivity at 5% conversion, but <90:10 selectivity at >80% conversion [38]. 
Moreover, the presence of 0.3-0.4 equivalents of lithium chloride or >1.0 equiva- 
lents of lithium bromide enhance the E(O)/Z(O) selectivity (at complete conversion) 
to 98:2. 7,8 LTMP is one of the most sterically hindered lithium amides known, and 
there is some evidence that the formation of mixed aggregates is sterically driven: 
mixed dimerization with sterically unhindered LiX species provides a simple means 
to alleviate the steric demands of LTMP aggregates (Scheme 3.6). For example, a 
50:50 mixture of cyclohexanone enolate and LTMP shows significant heterogeneous 
aggregation, whereas a similar mixture with LDA shows <5% mixed dimer [44]. 
The observation of decreased selectivity as enolate accumulates or with added 
lithium halide [38], as well as the observation of equilibrating mixed aggregates of 
LTMP, lithium enolates, and lithium halides [44] led to the conclusion that lithium 
salt dependent selectivities stem from the intervention of mixed aggregates in the 

LiX 

Li 

L ~ L i -  - ~  L 
! ! ! 

Li  - X - -  Li  Li  - X -  Li  Li  - -  X "  Li 

X = enolate, C1, Br 
••tH- Li 

! 

L i - X  

LiX 

Scheme 3.6. Proposed dynamic equilibria of LTMP and added lithium salts (after ref. [44]). 

7 For a simple protocol for the preparation of LTMP/LiBr solutions by deprotonation of TMP.HBr 
with butyllithium, which affords a 50:1 ratio of the E(O) and Z(O) enolates of 3-pentanone, see 
ref. [38]. 

8 Curiously, the presence of >1.0 equivalents of lithium chloride leaves the E(O)/Z(O) ratio 
unchanged from the ratio in the absence of lithium halide [38]. 
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product determining transition state(s) [38]. Lithium bis(2-adamantyl)amide, which 
is even more hindered than LTMP, forms mixed aggregates with ketone enolates 
but not with lithium halides, and enolizes ketones with a very high degree of 
E ( O ) / Z ( O )  selectivity [17]. The E ( O ) / Z ( O )  ratio of ketone enolates is also 
dependent on the amount of hexane in the THF solvent [45]. 

In light of the anomalies described above, it is apparent that the Ireland model is 
an oversimplification, but a clearer picture has not yet emerged. Indeed, expecting 
such a simple model to account for kinetic selectivites in a number of solvent 
systems with a variety of carbonyl substrates and amide bases is asking a lot. There 
is some evidence that an 8-membered ring transition structure may be involved 
(deprotonation by a lithium amide 'open dimer'), and computational studies indicate 
that neither 6- nor 8-membered ring transition structures bear much resemblance to 
carbocyclic 6- or 8-membered rings. For a detailed discussion of these issues, see 
ref. [46]. 

3.1.2 The transition state for  enolate alkylations 
The earliest work on the origin of stereoselectivity of enol and enolate reactions 

was done some forty years ago in the steroid arena [47,48], at the beginning of the 
modern era of stereochemistry. More recent efforts have focussed on the 
stereoelectronic effects exerted by the frontier orbitals on the trajectory of 
electrophilic attack [49]. Specifically, Agami suggested that the approach trajectory 
for the electrophile should be as shown in Figure 3.4a and b [50-52]. Using ab initio 
methods, Houk found a transition structure for the alkylation of acetaldehyde 
enolate with methyl fluoride which agreed with Agami's prediction of Figure 3.4a. 
An 'out of perpendicular' component (~ la Figure 3.4b) was not found, but the 
methyl fluoride transition state is late relative to methyl iodide, and a structure 
associated with an earlier transition state (less bond making between nucleophile and 
electrophile) would probably exhibit this feature [53]. Note the pyramidalization of 
the t~-carbon in Houk's transition structure, a feature that crops up in a number of 
calculated transition structures [54,55] and which appears to be important in other 
reaction types as well [29,56]. Often, pyramidal sp 2 atoms are found in X-ray 
crystal structure structures of ground state reactants such as enones. 9 

(a) (b) E (c) F 

side view end view 

Figure 3.4. Theoretical approach trajectories (drawn in the plane 
of the paper) for electrophilic attack at an enolate carbon. (a) and 
(b) Agami's trajectory [50-52]; (c) Houk's trajectory [53]. 

See the discussion in Section 4.4.3 (Figure 4.23) for a discussion of the phenomenon of 
pyramidalization in nucleophilic additions to trigonal atoms. 
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Studies on the stereoselective alkylation of conformationally rigid cyclohexanone 
enolates (summarized in ref. [ 14]) indicate that the transition state is early. In these 
systems, axial attack affords a product in a chair conformation while equatorial 
attack affords a twist-boat (Scheme 3.7). If the relative stability of these conformers 
were felt in the transition state, significant selectivity would ensue. However the low 
selectivities observed (55:45 for the reaction of the lithium enolate of 4-tert-butyl- 
cyclohexanone with methyl iodide [57]) suggest an early transition state according 
to the Hammond postulate. Somewhat higher selectivity for axial deuteration [57] is 
consistent with a less exothermic reaction. A higher propensity for axial alkylation 
(70:30) with a tetrabutylammonium cation [58] or when the tert-butyl group is in 
the 3-position (80:20) suggest that other factors (aggregation?) are also at work. 

0 Si 
~ equatorial ~ ~ [  axial ~ ~ _ 0  attack attack 

E Re-face [ " ~  O- Si-face H 

Re 

Scheme 3.7. Equatorial and axial approach of an electrophile to a cyclohexanone. 

Stereocenters at the 13-position can have an important effect on the differentia- 
tion of the enolate faces. The conformation of the 2-3 (allylic) bond of an acyclic 
enolate is governed primarily by A l, 3 strain (see glossary, section 1.6, and ref. 
[59]) such that the most stable conformation has the smallest substituent eclipsing the 
double bond, independent of enolate geometry (Figure 3.5). 

Ri 

H O- H X R2 
jt 

E 
Figure 3.5. Ground state (left and center) and transition state 
conformations of [3-substituted enolates. 

In the transition state, the c~-carbon is pyramidalized, and the substituents on the 
13-carbon are rotated such that the substituent that is the better o-donor is per- 
pendicular to the double bond [55,60,61 ]. The opposite face is then preferred by the 
approaching electrophile, as shown on the right in Figure 3.5. This 'antiperiplanar 
effect' is a phenomenon that occurs quite often in organic chemistry, l~ and arises 
because of the favorable overlap of an allylic o-bond with the n-orbital of the 
enolate. The resulting perturbation raises the energy of the enolate HOMO and 
renders it more reactive [61]. For substituents (R1 and R2, Figure 3.5) that differ 
only in steric bulk, the selectivity is small (65:35), but the example in Scheme 3.8 
illustrates how the electronic effect of an alkoxy substituent can profoundly 
influence face selectivity by proper alignment of its lone pairs. 

10 Another type is the Felkin-Anh descendant of Cram's rule, which is discussed in detail in Chapter 
4 (Section 4.1). 
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Scheme 3.8. Stereoselective alkylation of an ester enolate determined solely by 
stereoelectronic effects [61]. 

3.1.3 Enolate and azaenolate alkylations 
In Section 1.3 (pp. 4-7), the relationship of extant chirality in a reacting system 

to any newly created stereocenters was categorized according to the relationship of 
the former and the latter in a metal complex in the transition state. Thus, 
intraligand asymmetric induction occurs when both the "old" and the "new" stereo- 
centers are on the same ligand of the metal, and interligand asymmetric induction 
occurs when the existing stereocenters are on another ligand. Evans [14] had 
grouped chiral enolate systems into three categories, based on the location of the 
existing stereocenter relative to any rings present (intrannular if it is within a ring 
and extrannular if it is not). In the present context, these categories are sub-classes 
of intraligand asymmetric induction, as shown in Figure 3.6" intraannular, in which 
the existing stereocenter is contained in a ring that is bonded to the enolate at two 
points, extraannular, in which the moiety containing the stereocenter is bonded to 
the enolate at one point, or chelate-enforced intraannular, in which the stereocenter 
is contained in a chelate ring containing the enolate metal. 

Intraligand asymmetric induction 
(a) OM OM (b) 

0 
R R 

intraannular 

RI 

MO R 2 OM 

(c) 
M 

R M "~0 

extraannular chelate-enforced intraannular 

Interligand asymmetric induction 
(d) 

M* 

Figure 3.6. Two categories of asymmetric induction are intraligand (a-c) and interligand (d). The 
former may be subdivided [14] into (a) intraannular; (b) extraannular; and (c) chelate-enforced 
intraannular. 

The widespread use of enolate alkylations for carbon-carbon bond formation has 
led to the development of a large number of methods for asymmetric synthesis, and 
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the search goes on. The following discussion is intended to highlight enolate 
alkylation methods that seem to have broad applicability or which illustrate one of 
the categories mentioned above. 

Intral igand asymmetr ic  induction. An instructive introduction to intraannular 
alkylations is the 'self-regeneration of chirality centers' concept introduced by 
Seebach [62-66]. Scheme 3.9 illustrates the concept and Table 3.1 lists several 
representative examples. A chiral educt, such as an amino acid derivative, is con- 
densed with pivaldehyde. This derivatization creates a new stereocenter selectively, 
and this second stereocenter then controls the selectivity of the subsequent alkylation 
by directing the electrophile to the face of the enolate opposite the tert-butyl group, 
a good example of intraannular 1,3-asymmetric induction. After purification of the 
alkylation product, hydrolysis affords enantiomerically pure products. 

(a) Introduction of the 'achiral' auxiliary: 

CHO + ~ - 8 0 %  ds 
Y R! recrystallize to 100% de 

HY R l 

Puckered conformation, ci...~s favored: 

X,Y=S,O 

Planar conformation, tran.s favored: 

X, Y = NHAc 

(b) Asymmetric alkylation and auxiliary removal: 

I O LDA or 
< y  LHDS 

Re (favored) 

si 

H 

H RI 

I ~ Hx o 
I "x ~ R 2  r R-~ 

Y ~  HY "- " 
___90% ds Rl R I 

Scheme 3.9. Self-regeneration of chirality centers [62-66]. 

Tabi e 3.1. Selected examples of Seebach's "self-regeneration" of chirality centers (Scheme 3.9). 
X/Y RI/R2 drl % Yield Reference 

. . . .  ,,,~, , ,  , . . . .  

O/O Me/Et 94:6 82 [62] 
O/O Ph/n-Pr 90:10 84 [62] 
O/S Me/allyl >96:4 92 [62] 

O/NCOPh Me/Bn >96:4 93 [64] 
O/NCOPh Bn/Me >96:4 88 [64] 
O/NCOPh i- Pr/Me 100:0 53 [64] 

MeN/NCOPh Me/Et >90" 10 90 [65] 
MeN/NCOPh Me/Bn >90:10 73 [65] 
MeN/NBOC 2 H/Bn 100:0 64 [63] 
MeN/NBOC 2 H/allyl 100:0 85 [63] 

MeN/Cbz2 H/i-Pr 100:0 59 [63] 
1 Diastereomer ratio after purification. 
2 Obtained enantiomerically pure by resolution. 
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The concept of self-regeneration has been employed by other groups. For 

example, Vedejs has shown that condensation of a formamidino amino acid sodium 
salt with PhBF2 affords a mixture of oxazaborolidine diastereomers that are 
enriched in one isomer by an asymmetric transformation of the second kind. 11 Re- 
crystallization gives the pure diastereomer shown in Scheme 3.10a. Deprotonation 
and alkylation is highly diastereoselective, with alkylation occuring preferentially 
on the Si face, trans to the B-phenyl group. The major product can be separated 
from its diastereomer by crystallization and/or chromatography. Removal of the 
boron and formamidino groups then give the enantiopure quaternary amino acid in 
good yields [67]. A second example is the "dispoke" acetals developed by Ley and 
coworkers and illustrated in Scheme 3.10b [68,69]. Condensation of lactic acid with 
the dihydropyran gives an 85% yield of the spiro tricyclic acetal shown with 92% 
diastereoselectivity. Purification by recrystallization and alkylation gives dialkyl- 
lactates in excellent diastereoselectivity. The more reactive electrophiles (allyl, 
benzyl) afford higher diastereoselectivities. The enolate is preferentially alkylated 
on the Si face, trans to the 1,3-diaxial acetal oxygen [69]. 

(a) NaO 0 F,, /0",fr Re 
~, ,  B\ N'J" R, LDA or Ph [ PhBF2 " KHDS OLi 

N R 1 Ph r " - - - - - -~  B ~-'- O-]/7"" 
/11 JJ Me2N.;~_~ N - ~  RI 

Me2N Me2N F Si (favored) 

F % /O- -~O 1. MeOH, reflux HO ., O 
4' B ..Je-," R2 2. H2NCH2CH2NH 2, MeOH, reflux " ~  

60-84%, Ph N- ~ . . . . . . .  ~ ,,]~11 R E 
75-99% ds ~ Rl RI = Bn, i-Pr H2N 

Me2N R2 = Me, allyl, n-Pr, Bn RI 

(b) 

% H+_W___ M~~//2 ~ 

~ A 

Me o~ 

RX R o% 
67-94%, 

89-98% ds O t ~ [  Z 2 J  

Re 

LDAor M e J ~  ~~k  

Si ~)[ 
~avored) z..." 

Me 
I i  OH 

H3 O+ R ' " ~  R = Et, allyl, n-Pr, Bn 
I A  

O ~  OH 

Scheme 3.10. Extensions of the self-regeneration concept: (a) Vedejs oxazaborolidines 
[67]. (b) Ley's 'dispoke' acetals [68,69]. 

Two groups have developed methods for the asymmetric alkylation of "glycine" 
enolates using intraannular asymmetric induction. The first, developed by 
Sch611kopf [70], involves condensation of two amino acid esters to a diketo- 

l l See glossary, section 1.6, for definition of the two types of asymmetric transformation. 
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piperazine, one of which serves as the chiral auxiliary for 0~-alkylation of the other. 
O-Alkylation gives the bis-lactim ether shown at the top right of Scheme 3.11. 
After deprotonation, alkylation occurs stereoselectively such that the electrophile 
approaches the anion anti to the isopropyl. Typical selectivities for this process are 
listed in Table 3.2. Advantages of this process are that selectivities are high and that 
it makes chiral quaternary carbons. Disadvantages are that the electrophiles must 
often be activated (i.e., allylic, benzylic), and that the alkylated amino ester and the 
amino ester chiral auxiliary must be separated at the end. 

R] 
+ A. 

H2N " CO2Me H2N CO2Me 

.__ Me3OBF4._ N %  OMe 

- -o N 
R] R1 

N L O M e  H § R 1 OMe R2X 2 D R  
BuLi~ Li § ~ [ I  

M OH H N CO2Me MeO MeO 
R I R I = H, _> 90% ds i f ' "  

RI = Me, >97% ds R! R2 

Y 
H2 N - CO2M e 

A second method for amino acid synthesis was developed by Williams [71 ]. As 
shown in Scheme 3.12, the chiral diphenyloxazinone may be alkylated using LHDS 
or NHDS with excellent diastereoselectivity provided the alkylating agent is 
activated, such as a benzyl, allyl, or methyl halide. The stereoselectivity is >98% 
and the conformation shown in Scheme 3.12 was postulated to explain the 
selectivity. After the first alkylation, a second alkylation may be executed. After 
purification of the crystalline oxazinones, reductive cleavage of the benzylic- 
heteroatom bonds liberates the amino acid. This destruction of the "auxiliary" is a 
drawback to this strategy because of the high cost of the amino alcohol (>$15/g). 
Selected examples of this process are listed in Table 3.3. As with the Sch611kopf 
method, the electrophiles must be activated. However, in this self-immolative 
method the separation of the amino acid from the remainder of the auxiliary is not 
a complicating factor. 

Another method for asymmetric alkylation of a masked glycine was reported by 
Yamada, and is shown in Scheme 3.13 [72]. In this example of a chiral glycine 
enolate, the Schiff base of tert-butyl  glycine and an a-pinene-derived ketone is 
dilithiated with two equivalents of LDA. Presumably, the lithium alkoxide is chelat- 

R 1 / R 2  , % ds % Yield 
. . . . . .  

H/Bn 96 81 
H/PhCH=CHCH2 97.5 90 

H/n-C7H15 87 62 
Me/Bn 98 68 

Me/PhCH---CHCH2 98 89 
Me/n-C7H15 98 43 

Scheme 3.11. Sh611kopf's bis-lactim ether amino acid synthesis [70]. 

Table 3.2. Examples of Sh611k0pf's amino acid synthesis (Scheme 3.,,11 [70] 
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Ph 

N OM 
R I =t-BuorBn ~O--~ O [ 
M = Li or Na 

Si 
(favored) 

Ph 
P h ~  O 

-~ 
O R2 

>98% ds 

[n] 

XNH v CO2H 

KHDS 

Ph 
P~~..- O R3X P h ~  O 

- 

R I O 
O R2 R3 

Si 
(favored) 100% ds 

I [H] 

XNH~., CO2H,.,.,, 

R 2 X = H, BOC X = H, BOC R 2 R 3 

Scheme 3.12. William's oxazinone enolate amino acid synthesis [71]. The 
conformation shown in the two bracketed structures has the C-5 phenyl in the axial 
position to avoid A1,3 interactions with the adjacent N-acyl group. 

Table 3.3. Examples of Williams's amino acid synthesis (Scheme 3.12 [71]. In all cases, the dia- 
stereoselectiyity was >98%. 

% Yield % Yield 
R1 R2 R3 , Base (alkylation) (amino acid) % ee 

t-Bu allyl - LHDS 86 50-70 98 
t-Bu Me - NHDS 91 54 97 
t-Bu Bn - NHDS 70 76 98 
Bn Bn - NHDS 77 93 >99 

t-Bu Me allyl KHDS 1 871 70 100 
t-Bu Me Bn KHDSJ 841 93 100 
t-Bu n-Pr allyl KHDS 1 901 60 100 
Bn Me Bn KHDS 1 841 93 100 

I Second alkylation. 

ed to the nitrogen as shown. This tricyclic chelate is rigid and the dienolate must 
adopt the s-trans conformation in order to avoid severe nonbonding interactions 
with the t~-pinene moiety. Nonbonding interactions that restrict conformational 
motion are necessary for high selectivity in examples of extraannular asymmetric 
induction (Figure 3.6) such as these. Approach of the electrophile from the Re face 
gives the configuration shown. Although the authors did not determine the 
configuration of the enolate, if we assume that the enolate is E(O) as shown, then 
the Agami approach trajectory (Figure 3.4) would be slanted towards the back of 
the figure, trans to the alkoxide. Approach from the Si face would not only be on 
the concave face of the structure but would also be slanted back towards the ot- 
pinene moiety. Table 3.4 summarizes the selectivities reported for this asymmetric 
amino acid synthesis. 
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Overall yields 50- 79% 
Selectivity 83 - 91% ds 

Scheme 3.13. Yamada's chiral glycine enolate [72]. 

Table 3.4. Stereoselective alkylations of Yamada's glycine enolate (Scheme 3.13)= 
R (presumed)  % ds I Y ie ld  2 

Me 91 52 
i-Bu 91 50 
Bn 86 79 

3,4-(MeO)2-C6H3CH2 83 62 
l Calculated from %ee of product. 
2 Overall yield of amino acid ester. 

89 

172]. 

During the 1980s, one of the major thrusts of asymmetric synthesis was the 
development of chiral auxiliaries for the alkylation and aldol addition of 
propionates. The following paragraphs describe some of the methods that evolved, 
beginning with two examples of propionate ester alkylations developed by 
Helmchen using chiral alcohols as the auxiliary and ending with propionic imide 
auxiliaries developed by Evans and Oppolzer. 

The two ester enolate alkylation methods developed by Helmchen are illustrated 
in Schemes 3.14 and 3.15 [73-76]. These esters are designed so that one face of the 
enolate will be completely shielded by a second ligand appended to the camphor 
nucleus. As shown in Scheme 3.14, deprotonation by LICA affords the E(O)-enol- 
ate illustrated. Nonbonding steric interactions are thought to hold this enolate in the 
illustrated geometry, la Specifically, the OLi is thought to be syn to the illustrated 
endo carbinol hydrogen, since other rotamers would engender strain between 
various parts of the enolate and the camphor nucleus. Similarly, the most stable 
conformation of the carbamate shielding group has the endo C-H syn to the C=O. 
In this conformation, approach of the electrophile is only possible from the front 
(Re) face. After purification, LAH reduction affords enantiomerically pure alcohols 
as shown [73,74]. Representative examples of this procedure are listed in Table 3.5. 

R2 

Me Me Me 

/...../~ o..i1.. N. ph 

H O 
MMe•e 

Me 

H 

M e  

O N" Ph 

OLi 

1. R2X RI 
2. LAH H O . , ~  LICA 

- E(O)-enolate - 
Scheme 3.14. Helmchen's asymmetric ester enolate alkylation [73,74]. 

12 Note the similarity to the enolate conformations in Figure 3.6. 
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Table 3,5. Stereoselective alkylation of camphor ester enolates (Scheme 3.14). 
. R1 R2 Yield %.,ds Reference ] 
Me n -C16H33 83% 93 [73] I 

n -C  16H33 Me 80% 90 [73] [ 
Me Bn 96% 94 [74] [ 
Bn Me . 95% 95 [74] [ 

Scheme 3.15 illustrates a different auxiliary derived from camphor, and which 
has similar design features, but which affords higher diastereoselectivity [75]. Ad- 
ditionally, Scheme 3.15 illustrates the selective formation of either an E(O)- or 
Z(O)-enolate based on the presence or absence of HMPA in the reaction mixture. 
Thus, deprotonation of the ester with LICA is 98% selective for the E(O)-enolate 
and deprotonation in the presence of HMPA is 96% selective for the Z(O)-enolate. 
Alkylation with benzyl bromide is more selective for the E(O)-enolate than for the 
Z(O), but after diastereomer separation, reduction gives enantiomerically pure R- 
or S-2-methyl-3-phenylpropanol, opposite enantiomers from the same auxiliary 
[75]. 

Me MeAr q 

Z(O)-enolate ..1 

BnBr 
76% ds 

eAr Me. Me Ar 7 
, . . - L j  N' SO2P ~ 

1~1, SOEP h LICA 
THF/HMPA Met-~"H O O'~ Me THF "~ 

96% ds 98% ds i 
(Ar = 3,5-dimethylphenyl) E(O)-enolate d 

x ~  SCI Me J ' / ~ S C I  
Xc, O,,i~,, M e xc, O ~ BnBr 98% ds OTBS OTBS 

Me Me .Ar 

M a ~ o N '  SO2Ph 1^u Bn t~n ,_,~u ~ H O , , ~  ~ Me Me 
0 

Me LAH H O . ~  
Bn MMe•Ar N'SO2Ph 

O ~  Bn 
0 

Scheme 3.15. Controlled stereoselective enolate formation and asymmetric alkylation of a 
"second generation" camphor ester enolate chiral auxiliary [75]. 

The mechanistic rationale for the selectivity of these ester enolate alkylations 
may be summarized as follows (Scheme 3.14 and 3.13 [74]): 

1. Deprotonation in THF solvent gives E(O)-enolates while enolization in 
THF/HMPA solvent gives Z(O)-enolates with a high degree of selectivity. 

2. After deprotonation, the enolate is oriented as illustrated in Schemes 3.14 
and 3.15 such that the H-C-O-C-OLi  moiety is coplanar and the OLi is 
syn to the endo carbinol hydrogen of the camphor. 

3. Similarly, the H-C-O-C-O of the adjacent urethane or the H-C-N-S=O 
sulfonamide moiety is also in the conformation illustrated. 

4. With the rear face of the enolate thus shielded, alkylation occurs from the 
front face (direction of the viewer - Re face of the E(O)-enolate and Si 
face of the Z(O)-enolate. 
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Although accounting for the gross data, this rationale is not completely satis- 
factory. Subsequent studies [75] showed that addition of HMPA after enolate forma- 
tion but before electrophile addition also had an effect on the selectivity of the 
alkylation, leading Helmchen to speculate that the sulfonamide in Scheme 3.15 (or 
presumably the urethane in Scheme 3.14) may be chelated to the lithium. Another 
possibility may be that the enolates are aggregated, and the effect of HMPA is to 
disrupt the aggregation. Additionally, the difference in selectivity between the 
E(O)- and Z(O)-enolate alkylations (Scheme 3.15) remains unexplained. 

Helmchen has used this methodology in asymmetric synthesis of the three 
stereoisomers of the tsetse fly pheromone [73] and the side chain of ct-tocopherol 
[76], illustrated in Figure 3.7. 

n'ClsH31 ~ ~ ~ ' ~  "-C15H31 ~ ' ~ ~ ' ~  OH 

Tsetse fly pheromone ot-Tocopherol side chain 

Figure 3.7. Natural products synthesized using Helmchen's ester enolates: the 
tsetse fly pheromone [73] and the side chain of ot-tocopherol [76]. 

It is generally true that restrictions on conformational mobility minimize the 
number of competing transition states and simplify analysis of the factors that affect 
selectivity. Chelation of a metal by a heteroatom often provides such restriction and 
also often places the stereocenter of a chiral auxiliary in close proximity to the or- 
carbon of an enolate. This proximity often results in very high levels of asymmetric 
induction. A number of auxiliaries have been developed for the asymmetric alkyl- 
ation of carboxylic acid derivatives using chelate-enforced intraannular asymmetric 
induction. The first practical method for asymmetric alkylation of carboxylic acid 
derivitives utilized oxazolines and was developed by the Meyers group in the 1970's 
(Scheme 3.16a), Whose efforts established the importance and potential for 
chelation-induced rigidity in asymmetric induction (reviews: [77-79]). In 1980, 
Sonnet [80] and Evans [81,82] independently reported that the dianions of prolinol 
amides afford more highly selective asymmetric alkylations (Scheme 3.16b). 

(a) 
e ~ ~ S  Ph R O~_~ Ph 

1. BaLi or LDA e ~ - - ~ N  ~ 
M ,,, 2. RX ---- M 

/ / 
MeO MeO 

for example, R = Et, Pr, Bu, Bn: 62-84% yields, 86-89% ds 

(b) 

O .CH2OH O .CH2OH 

Me 2. RX _ Me 
r 

R 

for example, R = Et, Bu, Allyl, Bn: 75-99% yields, 88-96% ds 

Scheme 3.16. Early examples of asymmetric enolate 
alkylations: (a) Meyers's oxazolines [77-79]; (b) Evans's [81,82] 
and Sonnet's [80] proline amide alkylations. 
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In 1982, Evans reported that the alkylation of oxazolidinone imides appeared to 
be superior to either oxazolines or prolinol amides from a practical standpoint, 
since they are significantly easier to cleave [83]. As shown in Scheme 3.17, enolate 
formation is at least 99% stereoselective for the Z(O)-enolate, which is chelated to 
the oxazolidinone carbonyl oxygen as shown. From this intermediate, approach of 
the electrophile is favored from the Si face to give the monoalkylated acyl 
oxazolidinone as shown. Table 3.6 lists several examples of this process. As can be 
seen from the last entry in the table, alkylation with unactivated alkyl halides is less 
efficient, and this low nucleophilicity is the primary weakness of this method. 
Following alkylation, the chiral auxiliary may be removed by lithium hydroxide or 
hydroperoxide hydrolysis [84], lithium benzyloxide transesterification, or LAH 
reduction [85]. Evans has used this methology in several total syntheses. One of the 
earliest was the Prelog-Djerassi lactone [86] and one of the more recent is 
ionomycin [87] (Figure 3.8). 

t M, 
0 0 0 0 

M~ 
L.J LDA or NHDS L_.J 

,,,- ,,,- ---N ---N 
Z(O) enolate 

RX 

I LiOH, LiOOH 1 LiOBn 

O O 

R R 

O O 

L.._/ R ,,,. --X 

, I 

1 
Me ~ , .  OH 

Scheme 3.17. Evans's asymmetric alkylation of oxazolidinone imides [83]. 

Table 3.6. Alkylations of Evans's oxazolidinone imides (Scheme 
3.17 [83]. In all cases, the alkylation products were >99% pure after 
chromatography. ,, 

R %ds 
i 

Bn >99 
methallyl 98 

allyl 98 
Et 94 

, ,  

! Isolated yields after Chromatography. 

Yieldl  

92% 
62% 
71% 
36% 

Me,. ~ H  de 

T OH Ionomycin 
M e ~  "~'' OH 

t,~ OH 0 HO2C'I 

Me Me Me Me Me 

0 
M e ~  0 

�9 ~ ~ _ . .  CO2H 

Me Me 

Prelog-Djerassi lactone 

Figure 3.8. Syntheses using (in part) asymmetric alkylation of oxazo- 
lidinone enolates: Prelog-Djerassi lactone [86] and ionomycin [87]. 
Stereocenters created by alkylation are indicated (,). 
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In addition to these examples of alkylati0ns that employ chelate-enforced 
intraannular asymmetric induction, Evans's imides are useful in asymmetric aldol 
(Section 5.2.2 and 5.2.3), and Michael additions (Section 5.3.2), Diels-Alder 
reactions (Section 6.2.2), and enolate oxidations (Section 8.4), making this one of 
the most versatile auxiliaries ever invented. 

In 1989 Oppolzer reported that the enolates of N-acyl sultams derived from 
camphor afford highly diastereoselective alkylation products with a variety of 
electrophiles including those which are not allylically activated [88]. The sultam is 
deprotonated using either butyllithium with a catalytic amount of cyclohexyl 
isopropyl amine, or butyllithium alone, or sodium hexamethyldisilyl amide. 13 As 
illustrated in Scheme 3.18, alkylation occurs selectively from the Re face of the 
Z(O)-eno la te  to give monoalkylated sultams which can be cleaved by LAH 
reduction or lithium hydroperoxide catalyzed hydrolysis. Representative examples 
are listed in Table 3.7. 

Me . . ~  Me Si Me Me 

See text ~ s o /  ] R-~ 
-- ~"~R'  --B2-~ C 

. N R,  

0 Z(O) enolate Re (favored) . o 

LiOH, LiOOH 1 LAH 

R2 R2 

" H O . v  ~ H~ R, 
0 

Scheme 3.18. Oppolzer's asymmetric sultam alkylation [88]. 

Table 3.7. Asymmetric alkylation of Oppolzer's sultams (Scheme 3.18) 
[88]. 

R1 R2 %ds dr~ Yieldl 
Me Bn 98.5 >9'9" i ......... 89% 
Bn Me 97.4 >99:1 
Me allyl 98.3 >98:2 

allyl Me 97.7 >99:1 
Me methallyl 89.6 >99:1 
Me n-CsHll 98.9 98"2 

n-CsH11 Me 98.1 98"2 
. . . . .  

88% 
74% 

2 

70% 
81% 

2 

1 Diastereomer ratio after recrystallization. 
2 Not reported. 

13 These conditions are necessary to avoid competitive deprotonation at CI0. 
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The selectivity of this reaction is based on the following mechanistic rationale of 
chelate-enforced intraannular asymmetric inductionl4 (Scheme 3.18)" 

1. Following the Ireland model (Scheme 3.4), deprotonation gives the Z(O)- 
enolate. 

2. The lithium of the enolate is chelated to the sultam which also has a 
pyramidal nitrogen. 

3. The Si face is shielded by the bridging methyls, and approach is therefore 
from the Re face, opposite the nitrogen lone pair. 

A versatile method for the synthesis of compounds containing quaternary centers 
(using an intraannular asymmetric induction strategy) was developed by Meyers and 
uses the bicyclic lactams illustrated in Scheme 3.19 [90-96]. The bicyclic lactams 
may be synthesized by condensation of an amino alcohol with a keto acid as 
illustrated [90,95], or by condensation of an amino alcohol with an anhydride 
followed by reductive cyclization [91 ]. Sequential alkylations proceed with differing 
degrees of stereoselectivity. The first alkylation is not very selective, but the second 
is highly so, as shown by the examples listed in Table 3.8. Note that a different 
auxiliary is used for the two ring systems. Specifically, for the 5,5-bicyclic system 
(n=0), an auxiliary derived from valinol is used (R1 = i-Pr, R2 = H). For the 5,6- 
bicyclic system, an auxiliary containing a free hydroxyl group is required in order 
to enable reduction of the carbonyl by intramolecular delivery of hydride at a later 
stage [93]. In all of the cases reported to date, the two diastereomeric dialkylated bi- 
cyclic lactams have been separable by chromatography, insuring enantiomerically 
pure products at the end. Scheme 3.19 details one protocol for the elaboration of 
these bicyclic lactams into cyclohe.':.enones, and Scheme 3.20 summarizes different 
ways that have been developed for the elaboration of the alkylated bicyclic lactams 
into enantiomerically pure cylopentenones and cyclohexenones containing chiral 
quaternary centers of differing substitution patterns [94] (see also ref. [97,98]). 

OH 

R2 .... ~r" NH2 + O ~  

R ! HO2C 

M e  

R2 .... ~ , O ' ~ " ~  ) n 

RI~ N [O~i. LD A 

I 
Me 

R 2 " " ~  N ~ n R 3  

Rl O 

For n = O, R l - i-Pr; R 2 = H 
For n = l, R 1 = CH2OH; R E = Ph 
I I IIII I I I I I I I --OHNH  R2 .... ~w" + )n 

Rl R3 

Me Re 

I R3 

"- L i ~  

si 
(favored) 

Me 

1. LDA ( ~  N ~ ~ _ )  " 
2. R4X R2 .... O N )n 

R 3 
R! O R4 

I. DIBAL 

2. H2PO4-.. ~ 
r 

OH 

R2 .... ~ NH2 + 

RI OHC : R3 . 
R 4 R4 

R3 

Scheme 3.19. Meyers's asymmetric alkylations of bicyclic lactams [90-96]. When n = O, 
Rl = i-Pr and R2 = H; when n = 1, R1 = CH2OH and R2 = Ph. 

14 An alternative explanation, based on analogy of the sultam to a trans-2,5-disubstituted pyrroli- 
dine, has also been offered [89]. 
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Table 3.8. Selected examples of asymmetric alkylation of Meyers's bicyclic lactams 
'Scheme 3.19 [90,92,93]). 

n R3 R4 ...,, %ds 

0 allyl Bn 97 
0 Bn allyl 95 
0 Et Bn 95 
1 Me Bn 97 
1 Bn Me 75 
1 Bn allyl 82 

% yield R e f e r e n c e  

77 [92] 
63 [92] 
74 [92] 
48 [90,931 

"50-80" [93] 
"50-80" [93] 

In all of the examples reported to date, the second alkylation occurs on the Si 

face as illustrated in Scheme 3.19. The origin of this stereoselectivity is not clear, 
and there are a probably a number of subtle factors which combine to produce the 
observed chirality sense. Among the factors that favor approach from the Si face 
are that this is the axial direction, and it is anti to the angular methyl group. On the 
other hand, the Agami trajectory (Figure 3.4a) for the approach of an electrophile 
would be slanted toward the 13-carbon, trans to the enolate oxygen (Figure 3.4b), 
which would seem to favor the Re face (at least in the 6-membered ring), due to the 
axial hydrogen on the y-carbon. Meyers has suggested that the selectivity may be 
due to stereoelectronic factors related to perturbation of the enolate rt bond by the 
nitrogen lone pair [99]. 

Figure 3.9 illustrates a number of targets that have been synthesized using this 
methodology. In each case, the stereocenter formed in the asymmetric alkylation is 
indicated with an asterisk. In all cases, the configuration at this center controlled the 
selective formation of the rest. 

1i4 

c, d J  
O ~ n =  1) ~ R 3 (n = 1) I c, b 

Me 
M e ~ ~  4 

0 

O 

a,b a, b 7  R4 

( ~e A / ( n  = O) 

R3 

R3 

Me 

O 

a, DIBAL 

b, H2PO4-, H20 
c, MeLi 

d, H2PO4-, EtOH 

R3 

Scheme 3.20. Protocols for the elaboration of bicyclic lactams into cyclo- 
alkenones having different substitution patterns [94] (see also [97,98]). 
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0 

0 , , ,  Me Me 

Me 
Cuparenone 

Me 

OMe Me 
OMe ~ .... 

I I i  I 

Me ~ Me 

0 Me Me 
Mesembrine S ilphipeffolene 

Me Me "% 
.,.~H Me N 

Et 
O- "~ Me CO2H 

Ac 
Capnellene Abscisic acid Aspidospermine 

Figure 3.9. Natural products synthesized using Meyers's bicyclic 
lactam methodology" cuparenone [ 100], mesembrine [ 101], abscisic acid 
[ 102], capnellene [ 102], silphiperfolene [94], and aspidospermine [ 103]. 

For the asymmetric alkylation of ketones and aldehydes, a highly practical 
method was developed by the Enders group, and uses SAMP-RAMP hydrazones 
(reviews: [104-107]). SAMP and RAMP are acronyms for S-or  R-l-amino-2- 
methoxymethyll2yrrolidine. This chiral hydrazine is used in an asymmetric version 
of the dimethylhydrazone methodology originally developed by Corey and Enders 
[108,109]. These auxiliaries are available from either proline or pyroglutamic acid 
[104,110]. As shown in Scheme 3.21, S AMP hydrazones of aldehydes [111] and 
ketones [111,112] may be deprotonated by LDA and alkylated. The diastereo- 
selectivity of the reaction may often be determined by integration of the methoxy 
singlet after treatment with a shift reagent. 15 After alkylation, cleavage may be 
effected with a number of reagents [ 105,106]. Among these are oxidative cleavage 
by ozonolysis [105], sodium perborate [113], or magnesium peroxyphthalate [114], 
acidic hydrolysis using methyl iodide and dilute HC1 [111,112], or BF3 and water 
[ 115,116]. Table 3.9 lists a few examples of SAMP asymmetric alkylations. 

Scheme 3.22 illustrates the mechanistic rationale for this asymmetric alkylation. 
Deprotonation by the Ireland model (cf. Scheme 3.2) gives the Ecc,ZcN enolate as 
s h o w n  [117].  16 Cryoscopic and spectroscopic measurements indicate that the 
lithiated hydrazones are monomeric in THF solution [ 118], and a crystal structure 
shows the lithium (~-bonded to the azomethine nitrogen and chelated by the methoxy 
of the auxiliary [119]. The azomethine nitrogen is largely sp2-hybridized, and the 
nitrogen is pulled 'downward' 17.5 ~ below the azaallyl plane by the chelating 
methoxyl. If this structural feature is preserved in the transition state, the approach 
of the electrophile toward the Si face would be hindered by the C-5 methylene of 
the pyrrolidine ring and approach toward the Re face would be favored, as is 
observed [119]. 17'18 Note that this substructure is equally accessible from both 

15 See Section 2.3.3 for a discussion of the use of lanthanide shift reagents. 
16 The deprotonation of hydrazones is not regioselective, so the ZCN geometry results from 

equilibration after deprotonation. 
17 The Agami trajectory (Figure 3.5) would seem to suggest an approach trajectory that is slanted 

away from the pyrrolidine (i.e., towards the viewer), decreasing the effect of the auxiliary in 
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(a) 

(b) 

(c~ 

N" N ~  1. LDA N" N~~_ 
~1 OMe 2. RX R ]1 OMe 

N' ~ 1. LDA N" N~,_  OMe 

Oxidative or O 11 hydrolytic cleavage R~]/ 
. . . . . .  ~ 

_>95% ee 

Oxidative or o 
hydrolytic . . . . .  cleavage. R ~  

85-100% ee 

N" N~'~ 1. LDA N" N~~--~_ OMe 
~ , ]  OMe 2. RX R ~ ,  

o 
Oxidative or R .. ~.,. 

hydrolytic cleavage "el 
_>95% ee 

Scheme 3.21. Asymmetric alkylations of aldehydes and ketones with SAMP 
hydrazones. 

Table 3.9. Asymmetric alkylations of SAMP-RAMP hydrazones (Scheme 3.21 [105]). 
. . . . . . . . . . . . . . . . . .  

_ ,P,roduct Electro,ph~ile % Yield 
' , -  . . . . . . . .  ~ , , 

o EtI 71 
H ~',~,, R C6H 13I 52 

Me 
O ~ ~,,Me MezSO4 66 

o ~ ~,~ye Me2SO4 70 

o 
~ ~ , M e  MeI 59 

o 
M e ~ :  , CO2t_B u BrCH2CO2t-Bu 53 

Me 
O 

~ EtI 44 
Me 

, =  = , , , 

% ee Reference 
. . . . . .  i '~'"~'r, ,L: , " .... ,, 

95 [104,1111 
>_95 

86 [111] 

>99 [111] 

94 [111] 

>95 [104] 

>97 [112] 

directing the approach. On the other hand, gem-dimethyls at the 5-position of the auxiliary 
enhance the selectivity [ 119]. 

18 Another rationale, which postulates a chelated lithium that is situated on top of the 7t-cloud of the 
azaallyl anion, has also been proposed [9,106]. 
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*R2N . 
Me~ ~ ~ Si RX N H 

Me R 
H... N- i-Pr I Re (favored) 

I M e  
i-Pr Ecc,ZcN enolate 

Scheme 3.22. Mechanistic rationale for face-selectivity of S AMP hydrazone 
alkylation [ 119]. 

cyclic and acyclic ketones as well as aldehydes. Approach from the Re face gives the 
configuration shown, which is uniformly predictable independent of the ketone or 
aldehyde educt. 

Figure 3.10 illustrates several natural products which have been synthesized 
using this methodology. These include a number of insect pheromones as well as the 
sesquiterpene eremophilenolide and the antibiotic X-14547A. The latter two 
compounds have multiple stereocenters but the asymmetric alkylation using the 
SAMP-RAMP hydrazone method produces one stereocenter which is then used to 
direct the selective formation of the others. 

0 Me Me 0 

Me O OH Me Me 

S -( +)-4-Methyl-3-heptanone 

(+)-Eremophilenolide 

Me 

Serricornin S,E-4,6-Dimethyl-6-octen-3-one 

.. ,,, Me O. " ~ N  

M e , , , , ~  

Antibiotic X- 14547A Et 

Figure 3.10 Natural product synthesis imploying SAMP-RAMP hydrazones: S-(+)-4- 
methyl-3-heptanone, the leaf cutting ant alarm pheromone [105]; serricornin, the sex 
pheromone of the cigarette beetle [ 120]; S,E-4,6-dimethyl-6-octen-3-one, the defense 
substance of "daddy longlegs" [120]; (+)-eremophilenolide [120] and antibiotic X- 
14547A [121 ]. Stereocenters formed by asymmetric alkylation are indicated by *. 

Interligand asymmetric induction. Group-selective reactions are ones in which 
heterotopic ligands (as opposed to heterotopic faces) are distinguished. Recall from 
the discussion at the beginning of this chapter that secondary amines form 
complexes with lithium enolates (pp 76-77) and that lithium amides form complexes 
with carbonyl compounds (Section 3.1.1). So if the ligands on a carbonyl are 
enantiotopic, they become diastereotopic on complexation with chiral lithium 
amides. Thus, deprotonation of certain ketones can be rendered enantioselective by 
using a chiral lithium amide base [ 122], as shown in Scheme 3.23 for the deprotona- 
tion of cyclohexanones [123-128]. 2,6-Dimethyl cyclohexanone (Scheme 3.23a) is 
meso, whereas 4-tertbutylcyclohexanone (Scheme 3.23b) has no stereocenters. 
Nevertheless, the enolates of these ketones are chiral. Alkylation of the enolates 
affords nonracemic products and O-silylation affords a chiral enol ether which can 
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be further manipulated by a number of means. Although crystallographic and 
spectroscopic characterization of chiral lithium amides have been carried out [125], 
a rationale explaining the relative topicity of these deprotonations has not been 
offered. Note that any heterotopic protons may - in principle - be distinguished by 
this concept. An early contribution to this area was the group-selective deproton- 
ation of cyclohexene oxide, reported by the Whitesell group in 1980 [129], but the 
selectivities were not high, probably because of minimal prior complexation of the 
lithium base with the carbon acid. 

This concept has been extended to the kinetic resolution (selective reaction of 
protons that are enantiotopic by external comparison) [30,130] and to selective 
reaction at proton pairs that are diastereotopic (double asymmetric induction) [131 ]. 

(a) 

H ~ H  ~ L ~ H  i" NR~ ~ / L i"" NR~ Me I~I 

65-76% 
83% es 

" 1 I 0 .  LI-NR2 �9 * Li'- NR'~ 
O X~,,,J Li" NR . 0 / a " 

X = MeN, R = i-Pr H,,, ,,,H 
+ �9 X = CH2, R = CH2t-B 

Me Me 
t-Bu . ~  " A R 51-86% Ph N Ph 

Li 91-98% es 

Scheme 3.23. Enantioselective deprotonation of achiral ketones with chiral lithium amide 
bases: (a) [123]. (b) [124-126,128]. 

A related concept is the selective protonation of enantiotopic faces of an enolate, 
which is possible because of a combination of two factors: 

1. When an enolate-secondary amine complex is quenched with water, the 
enolate is protonated by intemal return from the amine (Scheme 3.2). 

2. Complexation with a chiral amine renders the enolate faces diastereotopic. 
Thus, use of a chiral lithium amide base followed by protonation by internal 

return may be enantioselective because of interligand asymmetric induction. Scheme 
3.24a shows an example reported in 1982 by Hogeveen [30,122]. In competition 
with protonation of the enolate by proton transfer from the amine is direct 
protonation by water, which has the effect of lowering the enantioselectivity of the 
process. A recent contribution by Vedejs [32,132] notes that the intermolecular 
route can be avoided by quenching the enolate.amine complex with an aprotic acid 
such as boron trifluoride, and excellent selectivities were obtained in certain 
instances (e.g., Scheme 3.24b). The aggregate proposed to account for these 
selectivities is illustrated in Scheme 3.24b. The argument is that the amide nitrogen 
(NR2) is rotated out of plane and is hydrogen bonded to the amine NH. 
Complexation of the amine nitrogen by boron increases the acidity of the N-H 
('ammonium-like'), and the proton is then transferred to the nearest (Si) face of the 
enolate. At this point in time, no method offers a substrate-independent asymmetric 
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Scheme 3.24. Intrasupramolecular enantioselective protonation of an enolate. The lithium 
amides are illustrated as monomers for simplicity; the aggregation states are unknown. (a) 
[30,122]. (b) [32,132]. 

protonation protocol, but progress is being made (review: [133]; see also ref. 
[24,32,134-140]). 

A further extension of these concepts is the alkylation of enolate / secondary 
amine complexes. Following several early observations [141-143], 19 systematic 
investigations were undertaken by the Koga group [24,25,147-149]. These efforts 
have resulted in a very selective asymmetric alkylation of cyclohexanone and t~- 
tetralone with activated alkyl halides (Scheme 3.25). As listed in Table 3.10, 
alkylation of these ketones affords up to 96% enantioselectivity. During the 
opt imizat ion studies, Koga observed an increase in enantioselectivi ty and chemical  
yield as the reaction time increased, and ascribed the phenomenon  to the format ion 
of  a mixed  aggregate  that includes the l i thium bromide  formed as the react ion 
proceeds.  Further  exper iments  revealed that addition of one equivalent  of  l i thium 

O 

O 

05 
)) 

1. LiBr 0 LiNR~ �9 
2. LiNff 2, -20 ~ R 
3. RX, -45~ ~ ~ ' ] N  P v ~  

Toluene R ~ X ~  OMe 

90-96% es Li X = O, NMe 

Scheme 3.25. Enantioselective alkylation of lithium enolate/secondary amine/lithium bromide 
complexes by interligand asymmetric induction [ 148,149]. 

19 
It has even been noted that deprotonation of some chiral, nonracemic carbonyl compounds by an 
achiral base affords an enolate that is chiral (having a chirality axis or a chelating atom that 
becomes stereogenic upon coordination to the lithium, for example) and nonracemic, and which 
affords nonracemic products upon alkylation [144-146], but a mechanistic rationale has not been 
established. 
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Table 3.10. Koga's asymmetric alkylation of ketones (Scheme 3.25 [148]) 

101 

Ketone  .... E l e c t r o p h i l e  Y i e l d  % es 

cyclohexanone PhCH2Br 63 % 96 
cyclohexanone PhCH=CHCH2Br 60% 94 
cyclohexanone CH2=CHCH2Br 41% 90 

a-tetralone PhCH2Br 89% 96 
ot-tetralone PhCH---CHCH2Br 93 % 94 
tx-tetralone MeI 71% 94 

bromide at the beginning of the reaction optimizes the stereoselectivity. The 
reactive species is thought to be a lithium enolate / secondary amine / lithium 
bromide mixed aggregate [ 148]. A rationale for the stereoselectivity of this process 
has yet to emerge, and the generality of it is limited. It does, however, foretell of 
more general successes to come. 

A conceptually different approach to interligand asymmetric induction uses 
chiral phase transfer catalysts. Scheme 3.26 illustrates two examples of such a 
process using an N-benzylcinchonium halide catalyst. The first is an indanone 
methylation [150] and the second is a glycine alkylation [151]. Hughes et al. 

reported a detailed kinetic study of the indanone methylation which revealed a 
mechanism significantly more complicated than a simple phase-transfer process: the 
reaction is 0.55 order in catalyst and 0.7 order in methyl chloride, deprotonation of 
the indanone occurs at the interface, and methylation of the enolate (not 
deprotonation) is rate-determining [150]. Nevertheless, the rationale for the 
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CI O 
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up to 83% es 

Scheme 3.26. Enantioselective alkylations using chiral phase-transfer catalysts. (a) 
[150], (b) [151]. 
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enantioselectivity involves a 1" 1 complex of catalyst and enolate, as illustrated in 
Scheme 3.26a. Molecular modeling studies and an X-ray crystal structure suggest 
that the most stable conformation of the catalyst has the quinoline ring, the C9-O 
bond, and the N-benzyl group nearly coplanar [150]. Hydrogen bonding with the 
enolate, dipole alignment, and r~-stacking of the aromatic moieties result in the 
assembly shown. Methylation then occurs from the Re face, opposite the catalyst. 

O'Donnell reported the asymmetric alkylation of the Schiff base of tert-butyl 
glycinate using N-benzylcinchonium chloride (Scheme 3.26b, [151]). This process, 
which works for methyl, primary alkyl, allyl, and benzyl halides (Table 3.11), is 
noteworthy because the substrate is acyclic and because monoalkylation is achieved 
without racemization under the reaction conditions. The observed chirality sense 
may be rationalized by assuming an E(O)-enolate and ~-stacking of the 
benzophenone rings of the enolate above the quinoline ring on the catalyst, and 
approach of the electrophile as before. 

Table 3.11. O'Donnell's asymmetric glycine alkylations 
by chiral phase transfer catalysis (Scheme 3.26b [151 ]). 

RX Y i e l d  % es 

MeBr 60% 71 
n-BuBr 61% 76 

CH2=CHCH2Br 75 % 83 
PhCH2Br 75% 83 

The lack of racemization and dialkylation in this process deserves comment. 
Apparently, the rate of deprotonation of the product is significantly slower than 
deprotonation of the starting material. The reasons for the reduced acidity of the 
product become apparent upon examination of models (Figure 3.11).2~ A1,3 strain 
considerations dictate that the or-carbon-hydrogen bond (nearly) eclipses the 
nitrogen-carbon double bond and also forces the syn phenyl group out of planarity. 
The three lowest energy conformers 2] are illustrated looking down the t~-carbon- 
nitrogen bond. The global minimum (conformation a) has the (x-proton near the 
nodal plane of the carbonyl n-system, and therefore nonacidic. The other two have 
the (t-proton in better alignment with the carbonyl, but shielded from the approach 
of the base by the phenyl group at the top. Note that a proton in the position of the 
a-methyl in conformation a (as in the starting material) would be quite acidic due 
to overlap with both n-systems. Additionally, to the extent that the proximal phenyl 
lies in the plane of the C=N-C=C rt system, the substituted enolate is significantly 
destabilized by A1,3 strain as shown in (d). 

As the factors that influence and control the geometry of supramolecular com- 
plexes become better understood, progress in interligand asymmetric induction will 
be less empirically driven and major advances will undoubtedly ensue. 

20 Molecular modeling calculations were done by the author using the MM2* force field as supplied 
in Macromodel [ 152]. 

21 Three other accessible conformers lie >1.8 kcal/mole above the global minimum. 
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(b) (c) (d) (a 

A 1'3 strain 

Figure 3.11. (a)-(c) Low energy conformations of tert-butyl alaninate-benzophenone Schiff 
base. Only the ix-hydrogen is shown (hydrogen is shaded, nitrogen and oxygen are black). Erel 
(kcal/mole): a, 0; b, +0.10; c, +0.14. (d) Substituted enolate, showing allylic strain due to the R 
group. 

3.2 Chiral organolithiums 

sec-Buty l l i th ium is chiral, but it is usually found in racemic form. 22 Indeed, 
many secondary organolithiums (and Grignard reagents) are chiral, but those used 
in asymmetric synthesis have been mostly limited to o~-heteroatom organometal- 

23 S t r 'C r 1 s ar lics. In contrast to resonance stabilized anion,  a-he e oatom a bah'on e 
stabilized by inductive and dipole effects, or both, and sometimes by chelation 
[156]. The heteroatom may be a first row element such as nitrogen or oxygen, or 
main group elements such as phosphorous, sulfur, selenium, or tellurium. In most 
of these cases, the carbon bearing the metal is tetrahedral, and may be stereogenic. 
The following sections focus on organolithium species, where the heteroatom is 
either an oxygen or a nitrogen. Two types of species are discussed, those in which 
the negative charge on carbon is stabilized by a dipole, so-called dipole-stabilized 
anions, and those in which the inductive electron withdrawal of the heteroatom is 
the major contributor (Figure 3.12). There is ample evidence, both theoretical 
[ 157-159] and structural [160,161], that dipole-stabilized organometallics are 
chelated by the carbonyl oxygen. There is also good evidence that inductively 
stabilized o~-heteroatom organolithiums have the metal bridged across the carbon- 
heteroatom bond [161,162]. Note that a distinction is made between bridging and 
chelation, even though the former might be called ~-chelation. The simple reason is 
that there are distinct differences in stability and reactivity between the two types of 
compounds (e.g., see ref. [163]). 

When contemplating the use of stereogenic 'carbanions' in the synthesis of non- 
racemic compounds, one must consider several factors (Scheme 3.27): 

1. Is the organolithium configurationally stable (Scheme 3.27a)? 
2. Does the reaction with an electrophile proceed with retention or inversion 

of configuration at the carbanionic carbon (Scheme 3.27b)? 

22 

23 

Reich has shown that 2 ~ alkyllithiums possess reasonable configurational stability, even in THF 
[153]. 
An interesting recent development employs an asymmetric transformation to enantioselectively 
alkylate benzylic organolithiums in the presence of sparteine [ 154,155]. 
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Dipole-stabilized organolithiums: 

Id 0 l_J 0 - 

-- " o - J - .  
+ 

ot-oxyorganolithium 

H 0 ld O -  

R R 
a-am inoo rganol i th ium 

Organolithiums stabilized by inductive effects: 

Li Li 

RA-o.R N R  2 

Chelation of the organolithium: 

Li . . . .  0 Li . . . .  OR 
j 

H . . . .  0 

RA-NA. 
R 

Lithium bridging: 

Li 

I 
R 

R 
H. " O,,~ 

R 

Li 

R'~I~R2 

Figure 3.12. Classification of a-oxy- and a-aminoorganolithiums as either dipole-stabilized or 
inductively stabilized. Metal atom bridging and internal chelation may also play a role in both 
stabilization and chemical properties such as configurational stability. 

3. If the electrophile is an aldehyde or an unsymmetrical ketone, does the 
organometallic add selectively to one of the heterotopic faces (Scheme 
3.27c)? 

4. What is the aggregation state of the organometall ic? If there are 
aggregates, are they homochiral or heterochiral? If there is more than one 
species present in solution, which one is responsible for the observed 
behavior (Scheme 3.27d)? 

Answering these questions is not always possible; but without answers,  
mechanistic interpretation is speculative, at best. 

3.2.1 a-Alkoxyorganol i th iums 24 
t~-Alkoxy carbanions can be obtained by deprotonation or by exchange with 

another atom, most commonly with tin. In 1980, Still reported that the oc-alkoxy- 
organolithium reagents derived from tin-lithium exchange of tx-alkoxyorgano-  
stannanes are configurationally stable [165]. 25 The tin-lithium exchange reaction 
takes place with retention of configuration [ 165,167], 26 so obtaining an a-a lkoxy-  
organolithium of known configuration is predicated on having an a-alkoxyorgano- 
stannane of known configuration. These are made by O-alkylation of the corres- 
ponding tx-hydroxystannanes, which are in turn formed by asymmetric reduction 
(Chapter 7) of an acyl stannane [169-171 ], kinetic resolution using a lipase enzyme 
[172], or oxidation of ct-stannylboronates [173]. Enantiomeric purities of the ot- 
alkoxystannanes thus obtained are often in the 95% range. 

24 For a review of ~x-alkoxyorganolithiums in coupling reactions, see ref. [ 164]. 
25 For a theoretical explanation of this stability, see ref. [ 166]. 
26 The stereochemical course at tin depends on the tin ligands and the solvent [ 168]. 
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(c) 

(d) 

X X 
Li RCHO=_ R ~ ' ~ R  or R . ~ :  R 

R'kx o .  o .  
(assuming retention of configuration) 

R X R X 
n 

Scheme 3.27. Factors to consider in evaluating reactions of chiral organo- 
lithiums. 

The reason tin-lithium exchange proceeds with retention may be understood by 
consideration of the two transition structures (Ir and R~) for bimolecular substi- 
tution shown in Scheme 3.28. The SN2 reaction occurs with inversion of configura- 
tion. Note that in the I~ transition structure for the reaction I- + RC1 (Scheme 
3.28a), the nucleophile and the leaving group both carry partial negative charges, 
which are better accomodated by Ir than by Re, simply because of Coulombic 
repulsion. In the tin-lithium exchange (SE2 reaction), the lithium replaces the penta- 
valent tin of an ate-complex, so that in the transition state, the lithium carries a 
partial positive charge, while there is still a partial negative charge on tin. 
Coulombic attraction suggests that R~: should be favored in this case (Scheme 
3.28b). 27 

(a) 

IX ]+ _ inversion e'g'[~_. 5-] ~" x . . . .  . . . . . .  I :  I :  
i t 

(b) 
Y 

X 

5- t- e.g. 
~ ' Y  ~ "SnR4 

s �9 

retention 
x 

Re 

Scheme 3.28. (a) Bimolecular inversion reaction and transition state, typified by SN2 
reaction. (b) Bimolecular reaction with retention, typified by tin-lithium exchange. 

27 In some electrophilic substitutions, reagent X initially coordinates to Y and the Re transition state 
is cyclic. For a thorough account of the many types of electrophilic substitutions, see ref. [ 174]. 
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Deprotonation of ethers is another route to the t~-alkoxy anions, but this pathway 
is often precluded by a kinetic barrier. Unless the cx-carbon is benzylic [175], 
surmounting this barrier usually requires conditions that are not favorable to the 
survival of the anion [ 164]. Notable exceptions are the hindered aryl esters studied 
by Beak [ 176], Figure 3.13a, and the carbamates studied by Hoppe [177], shown in 
Figure 3.13b. In both cases, sec-butyllithium is required for deprotonation, and the 
carbonyls which direct the metalation by a complex-induced proximity effect [178] 
must be shielded from the base by large alkyl groups. Once formed, the organo- 
lithiums are chelated and stabilized by the heteroatom-induced dipole [ 179]. 

(a) i-Pr (b) O~,~Nt/"~ jjx o 

i-Pr H 

\ i -Pr  Me \' / '  

H 

Me 

Figure 3.13. Substrates that may be deprotonated by butyllithium 
bases ct to nitrogen. In both cases the bulk of the carbonyl moiety oppo- 
site the ethoxy group shields the carbonyl from nucleophilic attack. (a) 
Trisopropyl benzoates [ 176]. (b) Oxazolidine carbamates [ 177]. 

Reaction with carbonyl electrophiles is possible, so enantiopure stannanes are 
excellent precursors of enantiopure t~-alkoxy tertiary alcohols [ 165,167], ct-alkoxy 
acids and esters [ 180], and ct-alkoxyketones [ 181 ], and 7-alkoxyhydrazides (precur- 

Table 3.12. Stereospecific reactions of ot-alkoxyorganolithiums with electrophiles. 

Entr Stannane Electrophile .7 Product % Yield Ref. 
Me Me Me Me 

'- B n . ~ . ~  OH l B n ~  SnBu3 acetone 
MOMO MOMO 

OBOM OBOM 

" CO2 . ~  CO2H " ~ S n B u 3  

OBOM OBOM 
" CICO2Me " 

E t / ~  SnBu3 Et ~ CO2Me 

OMOM OMOM 
" RCONMe2 ~ (CH2)3_ / 

Et~SnBu3 Et- " ~  O ~ O  
o k__/ 

OMOM OMOM 0 
" CH2=CHCON2Me3 ~ 

Et ~ SnBu 3 Et (CH2)2 

90 [165] 

93 [180] 

71 [180] 

76 [181] 

5o [182] 
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sors to ?-lactones) [182], as the examples in Table 3.12 illustrate. Note however, 
that addition of these nucleophiles to aldehydes and unsymmetric ketones is not 
diastereoselective. Unfortunately, the reaction of these ct-alkoxyorganolithiums with 
alkyl halides is usually inefficient and not stereoselective due to the intervention of 
single electron transfer processes [ 167]. Methylation can be achieved with dimethyl 
sulfate, however [ 165,167], and silylation is stereospecific [ 165]. 

The carbamates in Figure 3.13b deserve special mention because Hoppe has 
shown that a complex of sec-butyllithium and sparteine (an inexpensive, chiral, 
tetracyclic diamine) deprotonates O-ethyl, O-butyl, O-isobutyl, and O-hexyl (i.e., 
unactivated, nonallylic or nonbenzylic) carbamates to afford stereogenic organo- 
lithiums enantioselectively, as illustrated in Scheme 3.29 (review: [183]). Reaction 
with certain electrophiles affords high yields of product, and the 
oxazolidine/carbamate may be cleaved by acid hydrolysis (review" [184]). The 
authors suggest that the source of the enantioselectivity is the deprotonation [177]. 
Scheme 3.10, in the previous section, illustrated two examples of group-selective 
reactions where enantiotopic groups on a carbonyl were distinguished by a chiral 
base. In this case, the enantiotopic groups are the protons of a prochiral methylene, 
and the chiral base is the sec-butyllithium.sparteine complex. 

(s-BuLi) n + 

sparteine 

o 21 
/ H 

(s-BuLi)~" \ I 
/ 

Electrophile 

52 - 86% yield 

O ~ R  

O"J~ R >97% es 
\ I 

# 

/ R = Me, Et, n-Bu, i-Bu, n-Hex 
E = CO2H, Me3SiC1, Me3SnCI, Mel 

Scheme 3.29. Enantioselective deprotonation and alkylation of carbamates [ 183,184]. 

The rationale for the observed configuration (Scheme 3.29), is based on the X- 
ray structure of another tx-carbamoyloxyorganolithium.sparteine complex [185]. 
After deprotonation, the chelated supramolecular complex shown in the lower left 
is postulated. This structure contains an adamantane-like lithium-diamine chelate, 
and contains new stereocenters at the lithiated carbon and at lithium itself. Note that 
epimerization of the lithiated carbon would produce severe van der Waals repulsion 
between R and the lower piperidine ring, whereas epimerization at lithium produces 
a similarly unfavorable interaction between the same piperidine ring and the 
oxazolidine substituents. Thus, the carbamate is "tailor-made" for sparteine 
chelation of only one enantiomer of the tx-carbamoyloxyorganolithium. These 
effects may provide thermodynamic stability to the illustrated isomer. To the extent 
these effects are felt in the transition state, they are also responsible for the 
stereoselectivity of the deprotonation. 
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It may be tempting to assume that similar organolithiums would also alkylate 

with retention of configuration at the metal-bearing carbon. Not so. Unlike SN2 
reactions, transition states for SE2 electrophilic substitution reactions giving 
retention (Re, Scheme 3.28) and inversion (I~ t) are not far apart in energy [186], 
and both reaction manifolds are common. For example, the carbamate shown in 
Scheme 3.30 affords products of either retention or inversion, depending on the 
electrophile" esters, anhydrides, and alkyl halides afford products of retention 
whereas acid chlorides, acyl cyanides, carbon dioxide, carbon disulfide, isocyanates, 
and tin chlorides afford products of inversion [184,187]. Interestingly, this 
acyloxyorganolithium reacts well with akyl halides, unlike the alkoxyorgano- 
lithiums listed in Table 3.12. 

H O Me3Sn O 

M~h'~ O " ~  Ni.Pr 2 M~h"~ O A Ni-Pr 2 

s-BuLi, TMEDA Li . . . .  O 

ether -- M~h,~ 01J ~ 
Ni-Pr 2 

n-BuLi 
ether 

~ret~n~ion in v e E ~  
E 0 

M~'h" ~ O A  Ni-Pr2 MP,,h$~. O..]1/Ni-Pr 2 
E O 

retention: E + = MeOH, RX, RCO2Me, RCO2COR, 53-96% yield, 65->95% ee 
inversion: E + - HOAc, Ph3CH, Me3SnCI, RCOC1, CICOEMe, CO2,CS 2, 

35-95% yield, 74->95%ee 

Scheme 3.30. The stereochemical course of the alkylation of chiral organo- 
lithiums may depend on the electrophile [ 184,187]. 

The authors speculate that the stereochemical divergence may be related to the 
ability of the electrophile to coordinate with the lithium, coupled with the presence 
or absence of a low-lying LUMO. Curiously, protonation by methanol proceeds 
with retention whereas protonation with either acetic acid or triphenyl methane 
proceeds with inversion. The authors speculate that, in acetic acid, protonation of 
the TMEDA nitrogen and internal return (cf. Schemes 3.2 and 3.24) may occur 
instead of direct protonation [184]. Presumably, direct protonation is the only 
mechanistic course with weak acids such as methanol and triphenylmethane and 
steric effects dictate inversion for the latter. Hoppe also noted that the enantiomeric 
purity of the products also depended on the solvent. In THF, the products were 
nearly racemic, and the enantiomeric purity of several of the other alkylation 
products was variable in solvents such as ether and pentane. This variability is due, 
at least in part, to the degree of covalency of the C-Li bond. In donor solvents such 
as THF, racemization is more facile. 
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3.2.2 ct-Aminoorganolithiums 28 
Because nitrogen is trivalent, it is possible to attach a third substituent, often an 

activating group or a chiral auxiliary that facilitates either deprotonation or 
stereoselective alkylation, or both. Most commonly, dipole-stabilized [ 179,189] tx- 
aminoorganolithiums have been used. As with the ot-oxyorganolithiums discussed in 
the previous section, t~-lithiated amines feature pyramidal carbanionic carbons, and 
can be formed either by deprotonation or by tin-lithium exchange, although 
deprotonation of an unactivated (nonallylic or nonbenzylic) position has a fairly 
high kinetic barrier. 

The barrier to pyramidal inversion of acyclic dipole-stabilized 0t-aminoorgano- 
lithiums is considerably lower than the inversion barrier for ct-alkoxyorgano- 
lithiums, so temperatures near-100 ~ C are necessary to maintain configurational 
integrity [190,191]. For allylic or benzylic dipole-stabilized t~-aminoorgano- 
lithiums, it appears that pyramidal inversion cannot be prevented even at such low 
temperature [192,193]. Recall that an enantioselective deprotonation was the source 
of the enantioselectivity in the alkylation of dipole-stabilized ct-oxyorganolithiums 
(Scheme 3.29), and that benzylic dipole-stabilized t~-oxyorganolithiums were found 
to be configurationally stable (Scheme 3.30). Detailed mechanistic studies of the 
lithiation of tetrahydroisoquinolines having formamidine or oxazoline chiral 
auxiliaries have shown that the deprotonation is stereoselective [ 192,194], but in the 
oxazolines (Scheme 3.31, HRe removal favored via the postulated coordination 
complex shown), the selectivity of the bond-forming step is determined later [ 192]. 
Specifically, stereoselective deuteration at C-1 and analysis of the alkylation 
products for both deuterium content and diastereomer ratio showed t h a t -  even 
when the stereoselectivity of the deprotonation is reduced to zero by an isotope 
effect-  the diastereomer ratio in the product is unchanged. There are two limiting 

~ " l  N ~ ~ r ' n ~  Bu .~ 
..170 =-.BuLi ~ N_[.-~N removal HRe proton 

N..~ ~ Li " % 
Hsi 7 

] -  /--j 
RX 

r 

~ N ~ I ~  O M i n o r  ~ N , I ~ 5  
Diastereomer + 

R " '" .  R - up to 95% ds "- / - -  / - -  

Major 
Diastereomer 

Scheme 3.31. Mechanism for asymmetric alkylation of a tetrahydro- 
isoquinoline using an oxazoline auxiliary [192]. 

28 For a review of alkylations of nitrogen-stabilized carbanions, see ref. [ 188]. 
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possibilities for the source of the observed selectivity: an unbalanced equilibrium of 
organolithium diastereomers and a fast alkylation compared to inversion (thermo- 
dynamic effect), or a fast equilibrium coupled to energetically nonequivalent 
transition states (Curtin-Hammett kinetics [ 195,196]). Because of uncertainties in 
the position of the organolithium equilibrium, the aggregation state of the reacting 
species, and the kinetics of the reaction, further insight is not possible (cf. Scheme 
3.27 and accompanying discussion, pp. 103-4). 

For asymmetric synthesis, the formamidine auxiliary developed in the Meyers 
laboratory has been the most useful, and has been applied to the asymmetric 
synthesis of a number of isoquinoline and indole alkaloids (reviews: [ 197,198]). The 
general process is illustrated in Scheme 3.32, along with several examples of 
tetrahydroisoquinoline [199] and I]-carboline alkylations [200]. Note that the alkyl- 
lithium base selectively removes the Hsi proton from the illustrated isoquinoline 
formamidine [194,201]. Meyers has speculated that, because of the chelation 
illustated, that the organolithium is more stable in the configuration shown, and that 
alkylation occurs by inversion of configuration [194,201]. Figure 3.14 illustrates 
several natural products synthesized using the asymmetric alkylation strategy, with 
the stereocenter formed in the asymmetric alkylation indicated. 

Me2N,~ 

+ 

RX 

t_Bu tO-~ 

RX 

Hsi N ~ , . ~  B u L i  

t-BuO" (Hsi proton removal) 

R N,, , , ,~  ~ .  H + v 

up to 99% ds J R 
t-BuO" 

t-BuO 
I I I 

R o~ e e  

Mel 99 
n-BuBr 96 
allyl-Br 96 

BnCI 98 

t-BuO 
i iii i i 

R %ee  
rv%l 

BnCI 85 

Scheme 3.32. Formamidine approach to asymmetric alkylation of tetrahydroisoquino- 
lines [199] and [3-carbolines [200]. The indicated enantiomeric excesses were determined 
after auxiliary removal, derivatization and CSP-HPLC analysis (Chapter 2). 

Unlike lithiated tetrahydroisoquinolines, ot-lithio derivatives of saturated hetero- 
cycles are configurationally stable [202-204] (review: [163]), and they have a 
considerably higher kinetic barrier to deprotonation. Nevertheless, there have been 
a number of activating groups developed for the alkylation of a-lithio amines. In 
1991, Beak showed that the complex of sparteine and sec -bu ty l l i t h ium 
enantioselectively deprotonates BOC-pyrrolidine, and that the derived organo- 
lithium is a good nucleophile for the reaction with several electrophiles, as shown in 
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O MeO 
O-methylflavinantine, 94-96% ee reframoline, 98-99% ee 
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o yohimbone, 98% ee 

MeO 
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~0 e 

MeO" "~ 
MeO 
ocoteine, 93% ee 

111 

Figure 3.14. Natural products synthesized using the asymmetric alkylation 
strategy: reticuline [205], norcoralydine [206,207], yohimbone [208], O-methyl- 
flavinantine [209], reframoline [207], and ocoteine [206,207]. The stereocenter 
formed by asymmetric alkylation is indicated with *. 

3.33 [204,210]. 29 A limitation of this method is the failure of the 
organolithium to react efficiently with alkyl halide electrophiles. 

The mechanism of this reaction has been studied by Beak and his group. 
Pertinent aspects are illustrated in Scheme 3.34. NMR studies indicate that sparteine 
and isopropyllithium form an unsymmetrical complex wherein one of the lithiums 
of the isopropyllithium dimer is chelated by sparteine while the other is not [211]. 
Kinetic studies indicate that when BOC-pyrrolidine is added to this complex, an 
equilibrium is established with a ternary complex of isopropyllithium, sparteine, 
and BOC-pyrrolidine (favoring the ternary complex with an equilibrium constant > 
300). Although the structure of this complex is not known, it is difficult to imagine 
that coordination of the BOC-pyrrolidine to the distal (unchelated) lithium would 
afford a species that is likely to react enantioselectively, so Beak suggests that the 
most likely possibility is the complex shown in the lower left of Scheme 3.34 
[210,212]. The kinetic data further indicate that the deprotonation step is rate 
determining [212]. Beak suggests that a conformation such as the one illustrated 
presents the Hsi proton to the alkyllithium [210]. 

CO2t_B u s-BuLi.sparteine ~- CO2t.B u .~ CO2t.B u 

THF, -80 ~ ~ 83-100% yield 
Li E 95-98% es 

E § = TMSC1, Me2SO 4, Bu3SnCI, Ph2CO, MeOD 

Scheme 3.33. Asymmetric deprotonation and electrophilic substitution of BOC-pyrrolidine 
[204,210]. 

29 Attempts to enantioselectively deprotonate BOC-piperidine with s-BuLi.sparteine failed [D. 
Hoppe, private communication]. 
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The chemistry of lithiated N-methylpiperidines and N-methylpyrrolidines, ct- 
aminoorganolithiums that are not dipole-stabilized, exhibits features that are quite 
distinct from those found for lithiated dipole-stabilized heterocycles. First of all, 2- 
lithio-N-methylpiperidine and 2-1ithio-N-methylpyrrolidine possess the greatest 
configurational stability of any ct-aminoorganolithium known: in the presence of 
TMEDA, they are configurationally stable at temperatures as high a s - 4 0  ~ C, and 
are more prone to chemical decomposition than racemization [163,213]. Second, 
they react smoothly with alkyl halides (Scheme 3.35) more efficiently than either 
lithiated formamidines [214] or BOC heterocycles [215,216]. Third, the mechanistic 
(and stereochemical) course of their electrophilic substitution reactions depend on 
the electrophile in a unique way [217]. These organolithium compounds are 
obtained by tin-lithium exchange from the corresponding stannane; examples of 
their reactivity are shown in Scheme 3.35 [217]. With most carbonyl electrophiles 
retention of configuration is observed, whereas with alkyl halides, inversion is 
observed. When the electrophile is easily reduced, as with benzophenone or tert- 
butyl bromoacetate, the products are racemic. It is thought that the reactions 
affording racemic products proceed by a single electron transfer (radical) 
mechanism, while the others go by Re or Ir (recall Scheme 3.28) mechanisms, as 
shown in the inset in Scheme 3.35 [217]. Note, however, that the dichotomy 
observed in these reactions bears no resemblance to the dichotomy observed by 
Hoppe in ct-oxyorganolithium reactions, which occured with different carbonyl 
electrophiles and which was attributed to a low-lying LUMO (Scheme 3.30 [184]). 
For both types of organolithium compounds, a firm mechanistic basis for this 
dichotomy has yet to be established. Moreover, comparison of the varied 
reactivities of dipole-stabilized and inductively stabilized 0t-aminoorganolithiums 
reveal a clear difference in reactivity pattern. 

Scheme 3.34. Postulated mechanism for the asymmetric deprotonation of BOC-pyrrolidine 
[2~2]. 

S/I"i 'G 
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Scheme 3.35. 2-Lithio N-methylpiperidines and pyrrolidines are versatile reagents 
in electrophilic substitutions. The stereochemical course of the reaction depends on the 
electrophile. Inset: proposed transition structures for the R~ and 1~ reactions, and SET 
mechanistic proposal for the electrophiles that afford racemic products [217]. 
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Chapter 4 

1,2 and 1,4 Additions to Carbonyls 

Some of the earliest attempts to understand stereoselectivity in organic reactions 
were the rationalizations and predictive models made in the early 1950s by Curtin 
[1], Cram [2] and Prelog [3] to explain the addition of achiral nucleophiles such as 
Grignard reagents to the diastereotopic faces of ketones and aldehydes having a 
proximal stereocenter. 1 In the decades since, there has been a steady stream of 
additional contributions to the understanding of these phenomena. 

In this book, a distinction is made between additions that involve allylic nucleo- 
philes and those that do not. For the purposes of this discussion, the addition of 
enolates and allylic nucleophiles will be labeled n-transfers, and nonallylic 
nucleophiles will be labeled o-transfers, as illustrated in Figure 4.1. Note that for 
o-transfers aggregation is possible, so that the addition may proceed through a 
transition state featuring either a four-membered ring or a six-membered ring. This 
chapter covers 1,2- and 1,4 additions to carbonyls by o-transfer; the addition of 
enolates and allyls (n-transfer) is detailed in Chapter 5. 

M 
o I M  M~ 0 / M  \ o / x o o 

. ~ - R  M ... ..... 
' ~ R  '~ 

"~-transfer" t r a n s i t i o n  s t r u c t u r e s  " ~ - t r a n s f e r  " t rans i t i on  s t r u c t u r e s  

F i g u r e  4.1. Classification of nucleophilic additions to carbonyls. 

This chapter begins with a detailed examination of the evolution of the theory of 
nucleophilic attack on a chiral aldehyde or ketone, from Cram's original "rule of 
steric control of asymmetric induction" to the Felkin-Anh-Heathcock formulation. 
Then follows a discussion of Cram's simpler "rigid model" (chelate rule), then 
carbonyl additions using chiral catalysts and chiral (nonenolate) nucleophiles. The 
chapter concludes with asymmetric 1,4-additions to conjugated carbonyls and 
azomethines. 

4.1 Cram's rule: open-chain model 

About one hundred years ago, the stereoselective addition of cyanide to a chiral 
carbonyl compound, the Kiliani-Fischer synthesis of carbohydrates, was proclaimed 
by Emil Fischer to be "the first definitive evidence that further synthesis with 
asymmetric systems proceeds in an asymmetric manner" [5]. By the mid-twentieth 
century, enough experimental data had accumulated that attempts to rationalize the 
selectivity of such additions could be made. The most useful of these was made by 
Cram in 1952 (Figure 4.2a, [2]). In this model, Cram proposed that coordination of 

For a review of the early literature on the stereoselective reactions of chiral aldehydes, ketones, 
and ct-keto esters, and also of the addition of Grignards and organolithiums to achiral ketones and 
aldehydes in the presence of a chiral complexing agent or chiral solvent, see ref. [4]. 
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the metal of (for example) a Grignard reagent to the carbonyl oxygen rendered it 
the bulkiest group in the molecule. It would tend to orient itself between the two 
least bulky groups, as shown. In 1959 [6], the model was redrawn as in Figure 4.2b, 
which also implies a second, less favored conformation, Figure 4.2c. 

(a) (b) (c) (d) 

S ' ~ R  M RCI RL 
favored TS (1952) favored TS (1959) disfavored TS (1959) dipolar TS 

Figure 4.2. (a-c) Cram's models for predicting the major isomer of a nucleophilic 
addition to a carbonyl having a stereocenter in the 0t position [2,6]. (d) Cornforth's 
dipole model for ~-chloro ketones [7]. S, M, and L refer to the small, medium, and large 
groups, respectively. 

These models correctly predict the major diastereomer of most asymmetric 
additions. A notable exception is Grignard addition to a-chloro ketones, which led 
Cornforth to propose a model where the halogen plays the role of the large 
substituent so that the C=O and C-C1 dipoles are opposed (Figure 4.2d, [7]). 

4.1. I The Karabatsos model 
The predictive value of Cram's rule notwithstanding, the rationale was 

speculative, and as spectroscopic methods developed, it was called into question. For 
example, Karabatsos studied the conformations of substituted aldehydes [8] and 
dimethylhydrazones [9] by NMR, and concluded that one of the ligands at the ot 
position eclipses the carbonyl. It was felt that in the addition reaction, the 
organometallic probably did coordinate to the carbonyl oxygen as Cram had 
suggested, and Karabatsos used the conformations of the dimethylhydrazone as a 
model for the metal-coordinated carbonyl. He concluded that since the aldehyde and 
the hydrazone have similar conformations, so should the metal-complexed carbonyl 
[10]. He also assumed that the transition state is early, so that there is little bond 
breaking or bond making in the transition states (Hammond postulate [ 11 ]), and that 
the arrangement of the three ligands on the ot carbon are therefore the same in the 
transition state as they are in the starting materials: eclipsed. 

Thus Karabatsos concluded that the rationale for Cram's rule was incorrect [ 10]. 
In 1967, he published a new model, which took into account the approach of the 
nucleophile from either side of all three eclipsed conformers [10]. He noted that the 
enthalpy and entropy of activation for Grignard or hydride additions to carbonyls 
are 8 to 15 kcal/mole a n d - 2 0  to -40 eu, respectively. Since the barrier to rotation 
around the sp2-sp 3 carbon-carbon bond is much lower [12], the selectivity must 
arise from Curtin-Hammett kinetics [13,14]. Of the six possible conformers (Figure 
4.3), four were considered unlikely due to steric repulsion between the nucleophile 
and either the medium or large ot-substituents. The two most likely transition states, 
4.3a and 4.3d, have the nucleophile approaching closest to the smallest group on the 
ot carbon, and are distinguished by the repulsive interactions between the carbonyl 
oxygen and the o~ substituent (either M or L), with 4.3a favored. 
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(d) 0 L (e) oS 09 ~ .  

M L S 

Figure 4.3. Karabatsos's transition state models [10]. 

4.1.2 Felkin 's exper iments  
In 1968, Felkin noted that neither the Cram nor the Karabatsos models predict 

the outcome of nucleophilic addition to cyclohexanones [ 15], and fail to account for 
the effect of the size of R on the selectivity [ 16]. The point about cyclohexanones is 
particularly well-taken, since it is unlikely that the mechanisms of Grignard and 
hydride additions to cyclic and acyclic ketones differ significantly. The data in 
Table 4.1 indicate that as the size of the substituent "on the other side" increases, so 
does the selectivity, except for the single example where the "large" substituent is 
cyclohexyl and the carbonyl is flanked by a tert-butyl.  

Table 4.1. Stereoselectivity (% ds) of reductions of R1MeCHC(=O)R2 by LiAIH4 [16]. 

. . . . . . . . . . . .  l! i 
L a r g e  Subs ,. II R2 = Me R2 Et ,R 2 = i-Pr R2 = t-Bu 

= c-c6H   II 6 2  66 8 ( )  62 
R1 = Ph 74 76 83 98 

To explain these results, Felkin proposed a new model [16], in which the 
incoming nucleophile attacks the carbonyl from a direction that is antiperiplanar to 
the large substituent (Figure 4.4), while maintaining the notion of an early 
transition state. Whereas the Cram and Karabatsos models dictate that the 
nucleophile's approach eclipses (Cram dihedral 0 ~ or nearly eclipses (Karabatsos 
dihedral 30 ~ the small substituent on the a carbon, Felkin proposed that the 
nucleophile bisects the bond between the medium and small substituents, as in con- 
formers 4.4a and 4.4b (60 ~ dihedral). Felkin suggested that the factor controlling 
the relative energy of the transition states is the repulsive interaction between R and 
either the small or medium ligands on the stereocenter, and assumed that there is no 
energy differential resulting from the interaction between the carbonyl oxygen and 
either the small or medium substituents on the a carbon. 2 Thus, conformer 4.4a is 

This rationale is a major weakness of Felkin's theory [17]. First, it assumes that intramolecular 
interactions in the substrate are responsible for the selectivity of a bimolecular reaction. Note that 
the following distances are identical in both transition states" Nu-O, Nu-R, Nu-S, Nu-M. 
Second, it is hard to accept that R=H is more sterically demanding than oxygen, as would be 
required for aldehydes (H/S and H/M interactions more important than O/S and O/M). 
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(a) (b) (c) 

0 
M S 0 ~ L 

R ~ R Me "~/~M~,,e O 
favored TS Nu 

Figure 4.4. (a-b) Felkin's transition state models. (c) De- 
stabilized 'favored' transition state with a flanking tert-butyl 
[16]. 

favored. The higher selectivities observed across the board (Table 4.1) when the 
"large" group is phenyl was explained by the greater electronegativity of phenyl 
over cyclohexyl (i.e., increased differential between 4.4a and 4.4b). Felkin also 
postulated that when one of the substituents was a chlorine, it would assume the role 
of the "large" antiperiplanar substituent due to polar effects, thus obviating the need 
for the Cornforth model (Figure 4.2d). To explain the seemingly anomalous result 
with a tert-butyl substituent, Felkin suggested that the normally preferred 
conformation is destabilized by a severe 1,3-interaction between the large substit- 
uent and one of the methyls of the tert-butyl, as in 4.4c. 3 An accompanying paper 
extended these theories to the cyclohexanone problem [15] (see also'ref. [17-19]). 

4.1.3 The Biirgi-Dunitz trajectory: a digression. 
Note that these three models vary in their assumptions about the trajectory of the 

incoming nucleophile, but all are entirely speculative. How might the approach 
trajectory te determined? Professor Dunitz suggested "turning on the lights. "'4 
Btirgi, Dunitz, and Schefter took the position that an observed set of static 
structures, obtained by X-ray crystallography, when arranged in the right sequence 
might provide a picture of the changes that occur along the reaction pathway [21 ]. 
The model system chosen was nucleophilic approach to a carbonyl by a tertiary 
amine. Figure 4.5 illustrates the series of compounds whose crystal structures were 
compared. In the structures of A - E, the nitrogen interacts with the carbonyl 
carbon to varying degrees, while in F it is covalently bonded, making an acetal. It 
was noted that in all cases the nitrogen, and the carbonyl carbon and oxygen atoms 
lie in an approximate local mirror plane (the "normal" plane), but that the carbonyl 
carbon deviates significantly from the plane defined by the oxygen and the two ct 
substituents. This deviation increased as the N-C distance decreased, but the N-C-O 
and R-C-R'  angles varied only slightly from their mean values. 

This is a 2,3-P-3,4-M gauche pentane conformation, which is equivalent to 1,3-diaxial sub- 
stituents on a cyclohexane. Note that-  because the carbonyl substituent is a tert-butyl - it cannot 
be avoided by rotation around the tert-butyl-carbonyl bond. For further elaboration of this effect, 
see Figure 5.5 and the accompanying discussion. For an explanation of the P,M terminology, see 
the glossary, Section 1.6. 
"The difference between a chemist and a crystallographer can be compared to two people who try 
to ascertain what furniture is present in a darkened room; one probes around in the dark breaking 
the china, while the other stays by the door and switches on the light." (J. D. Dunitz, quoted in 
ref. [201). 
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Me Me 
~ A  O Et " Me O Q .,.,. OCONH2 

~ I N ~  ~ ( Me/O" ~ N J,~ NSO2C6H4Br 

Me Me 

D: clivorine E: retusamine F: N-brosylmitomycin A 

Figure 4.5. Compounds whose X-ray structures provided the basis for the 
"Btirgi-Dunitz" trajectory. 

When the coordinates of the carbonyl carbon atoms and the direction of the C-O 
bonds are superimposed on a three dimensional graph, and the position of the 
nitrogen is plotted on the normal plane, the trajectory of approach is revealed: it "is 
not perpendicular to the C-O bond but forms an angle of  107 ~ with it" (Figure 4.6) 
[21]. Also revealed is the variation in C-O bond length and the distortion of the 
RCR plane as the nitrogen nears bonding distance. The small arrows indicate the 
presumed direction of the nitrogen lone pair. 

(a) (b) 
Figure 4.6. (a) Orientation of the 
superimposed carbonyl and nitrogen 
atoms. (b) Superimposed plot of the 
N, C, and O atoms of structures A-F, N 
and the variance of the RRC plane i 
from the RRO plane, ot is the "Btirgi- ', 
Dunitz angle," 107 ~ Reprinted with R',, ...... ' 
permission from ref. [21 ], copyright R I " "  C ~  O 
1973, American Chemical Society. 
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B 

2O' ,  

a 

EFC~ DEF 0 

The crystal structure data are appealing (as far as they go), but the extent to 
which substituent effects and crystal packing forces influenced the arrangement of 
the atoms could not be evaluated. Also, the structural data could provide no 
information about energy variations along (or variant from) the proposed reaction 
path. In 1974 B~irgi, Lehn, and Wipff studied the approach of hydride to form- 
aldehyde using computational methods [22]. Thus, a hydride was placed at varying 
distances from formaldehyde and the minimum energy geometry was located. By 
superimposing these geometries, the theoretical approach trajectory could be 
deduced. The results (Figure 4.7), can be summarized as follows. At H--C distances 
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of >3.0A, the hydride approaches along the X axis. At an H--C distance of 3.0A, 
the H- and formaldehyde hydrogens are about 2.7A apart. At this point, the hydride 
leaves the HCH plane and glides over the formaldehyde hydrogens until it senses the 
optimal direction for its attack on the carbonyl, 105+5 ~ 

" - ' " l 2 9 ~  
/ / ~  " 2.0 

/ l 

. . . . . . . .  

,## "'" ..... ; 1.0 \ t19 o / 

X 115 ~ / 
iA~/ I  .! . , A '~ , Oxygen ~ t i 3 ~  _ , /  

- , . ,  . . . .  a.~"'--.~ Carlx, n IA\\ 3 .~.0 2.0 . . . . .  1.0 t ~ / I  - ~" / I  ABCDE - ~  
X, ~ -E 20 10 Degrees 10 20 

Figure 4.7. (a) Minimum energy path for addition of hydride to 
formaldehyde. Points A, B, C, D, and E correspond to H--C distances of 
3.0, 2.5, 2.0, 1.5, and 1.12/~. The dashed and dotted curves show paths 
that are 0.6 and 6.0 kcal/mole higher than the minimum energy path. (b) 
Energy profiles for lateral displacement out of the normal (XZ) plane. Re- 
printed with permission from ref. [22], copyright 1974, Elsevier Science, 
Ltd. 

Although the energy profile of the trajectory illustrated in Figure 4.7 drops con- 
tinuously and never passes through a transition structure, its similarity to the X-ray 
structural data is striking. Taken together [22], these studies provide strong support 
for an approach trajectory that is at or near the Btirgi-Dunitz angle of 107 ~ 

4.1.4 Back to the Cram's rule problem (Anh's analysis) 
In 1977, Anh [23] used ab initio methods to evaluate the energies of all the 

postulated transition structures (Figures 4.2 - 4.4) for the reaction of 2-methyl- 
butanal and 2-chloropropanal (the former to test the Cram, Karabatsos, and Felkin 
models, and the latter to test the Felkin and Cornforth models). The nucleophile was 
H-,  located 1.5,~ from the carbonyl carbon, at a 90 ~ angle, on each face of the 
carbonyl. Rotation of the C 1-C2 carbon-carbon bond then provided an energy trace 
which included structures close to all of the previously proposed conformational 
models. The results for both compounds clearly showed the Felkin transition states 
to be the lowest energy conformers for attack on either face of the carbonyl. 
Inclusion of a proton or lithium ion, coordinated to the oxygen, produced similar 
results. It therefore appeared that Felkin's notion of attack antiperiplanar to the 
large substituent was correct. 

The Felkin geometries have the lowest energy, but that did not necessarily mean 
that the Felkin rationale was correct. Recall that Felkin assumed that a hydrogen is 
more sterically demanding than an oxygen.2 In their calculations, Anh and 
Eisenstein held the geometry of the carbonyl rigid (in the Felkin conformation) and 
varied the angle of hydride attack on the two aldehydes coordinated to a cation. 
They found optimum angles of 100 ~ but also found that the energy difference 
between the two transition states was amplified in this geometry [23]. Thus, the 
Felkin model was revised to include the Btirgi-Dunitz trajectory. Nonperpendicular 



Chapter 4. 1,2 and 1,4 Additions to Carbonyls . . . . . . . .  127 

attack increases the eclipsing effect with either the small or medium substituents, 
and also increases the interaction of the nucleophile with R, while decreasing the 
interaction with the oxygen. With Anh's modifications, the Felkin transition states 
appear to be on a firm theoretical footing, as illustrated in Figure 4.8. 

(a) (b) 
0 0 

L L 

Nu Nu 

favored TS 

Figure 4.8. The Felkin-Anh transition state 
models for asymmetric induction [ 17,23]. 

4.1.5 Heathcock 's refinement 
Heathcock, in 1983 [24], proposed that the increase in selectivity seen as the size 

of the "other" substituent increased (Table 4.1, [16]), or when the carbonyl is 
complexed to a Lewis acid [24] might be explained by deviations of the attack 
trajectory from the normal plane. In 1987 [25], Heathcock reported the results of a 
semi empirical study of the angle of approach for the attack of pivaldehyde by 
hydride. The results, illustrated in Figure 4.9a, illustrate that the approach deviates 
significantly away from the normal plane, away from the tert-butyl  group. 
Although not illustrated, the Btirgi-Dunitz component was variable, but was about 
the same as found for attack on formaldehyde (108-115~ Although the potential 
surface near the transition state for nucleophilic additions to unhindered carbonyls 
is fairly flat [22,26], and has room for some "wobble" in the approach (cf. Figure 
4.7b), Heathcock showed [25] that constraining the hydride to the normal plane in 
approach to pivaldehyde is higher in energy, especially at longer bond distances. At 
2.5 ,h,, the energy difference reached its maximum of 0.7 kcal/mole. Figure 4.9b 
shows Heathcock's rationale for Felkin's observations [ 16] listed in Table 4.1. When 
R is small, the "Flippin-Lodge angle", ~,5 is large, and the nonbonded interactions 
resulting from interaction of the nucleophile with the substituents in R* are 
diminished. As the size of R increases, the approach trajectory is pushed back 
toward the normal plane, increasing the nonbonded interactions with R*, and 
amplifying the selectivity. 

In his 1977 paper, Anh also addressed the issue of which substituent would 
assume the role of the "large" substituent anti to the incoming nucleophile. A simple 
rule was offered [23]: the substituents should be ordered according to the energies 
of the antibonding, c* orbitals. The preferred anti substituent will be that one 
having the lowest lying c* orbital, not necessarily the one that is the most 
demanding sterically. This rule explains the (~-chloro ketone anomaly, since the (~* 
orbital of the carbon-chlorine bond is lower in energy than a carbon-carbon bond. 
However in 1987, Heathcock tested this hypothesis [28], and concluded that the rule 
is only partly correct. 

Professor Heathcock named this angle after his two collaborators, Lee Flippin and Eric Lodge 
[271. 
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Figure 4.9. (a) Deviation of the attack trajectory from the normal plane in the reaction of 
hydride with pivaldehyde. Reprinted with permission from ref. [25], copyright 1987, 
American Chemical Society. (b) Newman projection of a ketone, with an approaching 
nucleophile, and the Flippin-Lodge angle of deviation from the normal plane, away from 
the larger substituent, R* (after ref. [27]). 

Specifically, Heathcock examined a series of aldehydes designed to evaluate the 
relative importance of steric and orbital energy effects. Aldehydes having a 
substituent with a low energy o* orbital (methoxy and phenyl) as well as a sterically 
variable substituent (methyl, ethyl, isopropyl, tert-butyl, phenyl) were synthesized 
and evaluated. The data are summarized in Table 4.2. 6 

If the antiperiplanar substituents in the Felkin-Anh model (L in Figure 4.8) are 
those with low-lying ~* orbitals (X in Table 4.2), one would expect a gradual 
increase in selectivity as the steric bulk of the remaining substituent (M in Figure 
4.8) increased. The data in Table 4.2 show that this is clearly not the case. In the 
methoxy series, the expected trend is observed for methyl, ethyl, and isopropyl. But 
the tert-butyl and the phenyl groups are anomalous, if one considers the standard A 
values 7 as a measure of steric bulk. In the phenyl series, there is no apparent 
pattern, and when R = tert-butyl, the Anh hypothesis predicts the wrong product. 

These data may be interpreted using the four-conformer model shown in Figure 
4.10. Simply put, both steric and electronic effects determine the favored anti 
substituent. Thus in the methoxy series (Figure 4.10a), conformers A and B are 
favored when R is methyl, ethyl, or isopropyl, and attack is favored via conformer 
A. When R is tert-butyl, its bulk begins to compensate for the o* orbital effect, and 
conformations C and D become important, with D favored. A rationale for the 
observed (93% ds) selectivity for the tert-butyl ligand is that a very high selectivity 
results from the preference of A over B, but is tempered by an offsetting selectivity 
of D over C. When R is phenyl, the bulk of the phenyl as well as its low-lying Csp 3- 

Note that the nucleophile in this study is an enolate, not a Grignard reagent. 
The free energy differences (-AG~ A values, between equatorial and axial conformations of a 
substituted cyclohexane ring are (kcal/mole)" CI = 0.52, MeO = 0.75, Me = 1.74, Et = 1.75, i-Pr 
= 2.15, Ph = 2.7, t-Bu = 4.9 (taken from ref. [29]). 
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Table 4.Z Cram's rule stereoselectivities (% ds) for aldol additions to aldehydes (negative value 
indicates anti-Cram is favored), assuming X is the large substituent in the Felkin-Anh model [28]: 

X OLi 

R CHO t-Bu 

X X 

OH 0 OH 0 

Bu 

"Cram" "anti-Cram" 

X [J R = M e  R = E t  R = i - P r  R = t - B u  R = P h  =1 
, ,  ' : r  

OMe 58 ' 76 93'  93 83 
Ph 78 86 70 -63 - 

Csp 2 13'* orbital play a role. A prediction made on the basis of its bulk alone (A 
values 5) would predict a selectivity greater than when R is isopropyl (still assuming 
an anti methoxy), but the phenyl G* orbital is lower in energy than a Cspa-Csp 3 G* 
orbital, which increases the importance of conformers C and D (anti-Cram D is 
favored). 

In the phenyl series (Figure 4.10b), when R is methyl or ethyl, conformers E 
and F are dominant, with E favored. Note that the selectivity in the phenyl series 
for methyl and ethyl ligands is greater than in the methoxy series (Table 4.2). This 
is because the phenyl group is bulky and has a low energy G* orbital, so that the 
electronic and steric effects act in concert. For the isopropyl and tert-butyl ligands, 
the importance of the G/H conformers increases, and when R is tert-butyl they 
predominate. 

Heathcock refers to conformers C, D, G, and H as "non-Anh" conformations, 
since they have one of the ligands with a higher o* orbital energy anti to the 
nucleophile. The non-Anh conformations are more important in the phenyl series 
because there is less difference in the o* orbital energies between Cspa-Csp 3 and 
Csp3-Csp 2 bonds than between carbon-carbon and carbon-heteroatom bonds. 

(a) (b) 

Cram: anti-Cram: Cram." anti-Cram." 
0 0 0 0 

OMe MeO Ph Ph 

Nu Nu Nu ~ R Nu 
H H H H g A B [ l ~  E F 

. O  R 
~ R  R R 

Nu - -  T "H-Nu Nu 
' H MeO H H H 

qr ~ qr o . 
Nu 

Figure 4.10. Heathcock's four-conformer model for 1,2-asymmetric induction [28]. 
(a) Electronic effects favor methoxy as anti ligand (A and B) while steric effects may 
favor C and D. (b) Electronic effects favor phenyl as anti ligand (E and F) while steric 
effects favor G and H for very large alkyl groups. 
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4.1.6 The bottom line (hasn't been written yet) 
Theoretical investigations into the origins of Cram's rule selectivity continue. 

For example, Dannenberg has shown that the energies of the frontier orbitals 
change as a function of the dihedral angle [19], and Frenking has concluded that 
"the most important factor for the 7t-facial diastereoselectivity in nucleophilic 
addition reactions to carbonyl compounds originates from simple conformational 
effects" [30] (see also ref. [31-33]). 

To predict the major stereoisomer in a "Cram's rule situation", a thorough 
analysis should include consideration of the following points: 

1. The nucleophile will approach along the Btirgi-Dunitz trajectory, 
approximately 100-110 ~ from the carbonyl oxygen (Figures 4.6 and 4.7). 

2. For ketones, the approach may be in or near the normal plane, but for 
aldehydes, there will be a deviation from this plane, toward the hydrogen and 
away from the stereocenter (Figure 4.9). 

3. If there is a strong electronic or steric preference by one ligand that is not 
offset by another ligand, the Felkin-Anh two conformer model (Figure 4.8) 
may be used with the following order of preference for the anti position: 
MeO>t-Bu>Ph>i-Pr>Et>Me>H [28]. 

4. A complete evaluation of the selectivity requires (at least) a four conformer 
analysis (Figure 4.10) with the electronic effect dictating an anti preference 
of MeO>Ph>R>H, while the steric effect leads to the order tert-Bu>Ph>i- 
Pr>Et>Me>H [28]. 

4.2 Cram's rule: rigid, chelate, or cyclic model 

In his 1952 paper [2] Cram also considered a cyclic model that may be invoked 
when chelation is possible. In 1959 [6] the model was examined in detail for ~- 
hydroxy and ~-amino ketones, since the cyclic and acyclic models predict different 
outcomes for these systems. The cyclic model (Figure 4.11) has stood the test of 
time rather well, and has recently received direct experimental confirmation, in the 
form of NMR observation of a chelate as an intermediate in the addition of 
dimethylmagnesium to ot-alkoxy ketones [34]. The cyclic model is applicable to 
cases where there is a chelating heteroatom on the a-carbon, when that carbon is 
also a stereocenter (reviews: [35,36]). 

O"'" , R 2 OR2 

S L L S 
L S R! 

Figure 4.11. Cram's cyclic model for asymmetric induction. L and S are 
large and small substituents, respectively [2,6]). 

Table 4.3 lists selected examples where exceptionally high stereoselection has 
been encountered. Solvent effects play an important role in achieving high 
selectivity. For example the >99% diastereoselectivities for the addition of 
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Grignard reagents to ct-alkoxy ketones in THF (entry 1) were greatly diminished in 
ether, pentane, or methylene chloride [37]. Eliel demonstrated similar selectivites 
for additions by dimethylmagnesium in THF (entry 2). With aldehydes, there have 
been conflicting reports. Still reported a 90% diastereoselectivity in the reaction of 
methylmagnesium bromide with 2-(benzyloxymethoxy)propanal [38], but Eliel [39] 
and Keck [40] observed poor selectivities in THF. Eliel found good selectivities (90- 
94% ds) in ether (e.g., entry 3) for the addition of a Grignard to the benzyl or 
MOM ethers of a 2-hydroxyundecanal. For a number of additions of less reactive 

Table 4.3. Selected examples of nucleophilic addition to ct-alkoxy carbonyls. 

E n t r y  ..... Educt  ' Condi t ions  Product  (%ds) 
,,i , I ,,,,, ' ,  i , i , , ,  , i ,  . . . .  , ' -  . . . . .  i i , ,  i 

Reference  
i 

, , i, , i ,  iii 

O HO. Bu 
~ / O R  1 BuMgBr ~ / O R  

1 Me THF, 2 _78 ~ Me 
C7H15 

C7H15 (>99% ds) 

[37] 

o HO. Me 
2 p h %  OR3 Me2Mg ~ O R  

THF, -70 ~ Ph 
Me 

Me (>99% ds) 

[341 

o OH 

3 H~~.. OR 4 Ph(CH2)3MgBr Ph(CH2)3"~- OR 

C10H21 Et20'5 -78~ (~10H21 
(94% ds) 

0 MgBr2.OEt2 OH 
H~,x~OBn CH2=CHMgBr ~ . ~ O B n  

CH2C12, 5 -78 ~ 
CH2CO2Me CH2CO2Me 

(>99% ds) 

[39] 

[40] 

O OBOM OH OBOM 
H ~ , . J  Me2CoLi Me~,~..J 

Et20, -78 ~ 
Me Me 

(97% ds) 

[38] 

~ , ~  Me2Mg HO, M~ 
Ph OSi(i-Pr)3 THF, -70 ~ Ph OSi(i-Pr)3 

Me Me 
(58% ds) 

[341 

1 R = MEM (methoxyethoxymethyl-), MOM (methoxymethyl-), MTM (methylthiomethyl-), 
CH2-furyl, Bn (benzyl-), BOM (benzyloxymethyl-). 

2 Pentane, ether, and methylene chloride afforded much lower selectivities. 
3 R = Me, SiMe3. 
4 R = Bn, MOM 
5 THF affords much lower selectivity. 
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nucleophiles, Reetz has shown that prior organization of the chelate by 
complexation with a Lewis acid improves results with aldehydes [41 ]. Along these 
lines, Keck has reported [40] that prior coordination of an o~-alkoxy aldehyde with 
magnesium bromide in methylene chloride, followed by addition of a vinyl 
Grignard affords excellent selectivity (entry 4). In order to achieve high selectivity, 
the THF in which the Grignard was formed had to be distilled away and replaced by 
methylene chloride [40]. 

The cyclic model applies mainly for ~-alkoxy carbonyls (5-membered chelate), 
whereas 13-alkoxy carbonyls (6-membered chelate) are less selective in most cases. 
An exception is the addition of cuprates to 13-alkoxy aldehydes having an o~-stereo- 
center (entry 5). 

Two features of the cyclic model are particularly important synthetically. The 
first is that the selectivities can be significantly higher than for the acyclic category. 
Compare entries 2 and 6 of Table 4.3" the methoxy and trimethylsilyloxy groups 
chelate the magnesium (entry 2) whereas the triisopropylsilyloxy group does not 
(entry 6). This poorly selective example reacts by the acyclic pathway (also 
compare entries 1-5 with Tables 4.1 and 4.2). The second noteworthy point is that 
the product predicted by the cyclic and acyclic models are sometimes different. As 
shown in Scheme 4.1, the predictions of the acyclic and cyclic models are different 
for Table 4.3, entry 1 (see also entries 2 and 6). 

O 
I I  

M e ~  OR + BuMgBr 

C7H15 

Y H~MeCTHI 5 

BrMgO~Bu 
Me'~T OR 

C7H15 

�9 O _ ~ H  BrMgO..~ 15 OR 
RO Me 

I " H Nu C7H 5 Me 1 
Scheme 4.1. Cyclic and acyclic models often predict opposite outcomes�9 

Study of the mechanism of Grignard addition (RMgX) via the chelate pathway is 
complicated by the presence of Schlenck equilibria, but Eliel has examined the 
mechanism of the addition of dimethylmagnesium (R2Mg) to o~-alkoxy ketones 
(e.g., Table 4.3, entries 2 and 6) in detail, since dimethylmagnesium is a well- 
characterized monomer in THF solution. Scheme 4.2 summarizes the current 
picture of the mechanism [34]. Beginning with the educt in the middle of the 
scheme, there are two competing pathways for the addition reaction. One involves 
chelated (cyclic) intermediates (to the right of the scheme), while the other involves 
nonchelated (acyclic) intermediates (shown on the left). One should also recognize 
that there are two distinct issues that must be considered for these competing 
pathways" their relative rates, and their stereoselectivities. 
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Scheme 4.2. The acyclic and cyclic mechanisms compete for the consumption of substrate. 

The chelate rule will only be applicable if addition via the chelate is faster than 
addition by the acyclic mechanism (i.e, kc > ka in Scheme 4.2). Because the chelate 
is rigid, it is often considerably more stereoselective as well. 8 However, the relative 
rate issue is independent of the stereoselectivities of the two processes. For example, 
chelation can be used to control regiochemistry" selective reduction of a diester is 
achieved by preferential chelation to a 5-membered ring over a 6-membered ring 
by magnesium bromide (Scheme 4.3, [40]). 

O O'" MgBr21 O O 

H MeO ~ OBn M e o ~ O B n  1. MgBr 2 M e o ~ O B n  ~ ~ O B n  

 .eo . c .  

OMe OMe OMe \notfound / 

Scheme 4.3. Independent of stereochemical issues, chelation can determine reactivity [40]. 

For the chelate path to be faster than the acyclic path, chelation must lower the 
energy of activation relative to the acyclic path, as shown in Figure 4.12 [34]. The 
two individual steps illustrated in this diagram deserve comment. First, note that the 
chelated intermediate is lower in energy and has a smaller energy of activation for 
its formation than the monodentate intermediate on the acyclic pathway. That the 
chelate is more stable than the monodentate complex is no surprise. However, the 
increased organization of the chelated transition state (AS ~ less positive) and the 
increased steric interactions that result (AH * more positive) would seem to dictate a 
slower reaction, 9 but these effects are offset by the enthalpy gained by complexation 
of the alkoxy ligand to the metal and the entropy gained by liberation of an 
additional solvent from the metal by the bidentate ligand. Regarding the second 
step, whereby the chelate reacts faster than the monodentate complex, it is pertinent 
that the kinetics of the addition of dimethylmagnesium are first order in 
organometallic [34]. This requires the intramolecular transfer of an R3 ligand via a 
four-membered ring transition state. The distance between the metal ligand (R3) 
and the carbonyl carbon is greater in the (linear) acyclic transition state than in the 
chelated one, so the chelate is further along the reaction coordinate than the linear 
complex [34]. 

This may seem contrary to the reactivity-selectivity principle, wherein one expects a decrease in 
selectivity to accompany an increase in reactivity, but this principle has a number of limitations. 
For an extensive discussion of the reactivity-selectivity principle, see ref. [42]. 

Recall (Chapter 1)that k = (e-AH*/RT) (e AS*/R). 
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MR3 

i 

~ R  O .. MR 3 
. , ~ O R 2  O" ', 

1 ~-. _ ~ ..OR 2/" ~ x J*- Kl . 

R 3, .OM 
r, ~ OR2 

0 AG~cyclic r,l I"-. 
R I G O R 2  L S 

L S 

Figure 4.12. Energetics of the Cram-chelate (acyclic) model. AG*acyclic > AG*cyclic (after 
ref. [34]). 

The relative energies of the intermediates and transition structures along the 
reaction coordinates are subject to the influence of solvation, which may alter 
relative stabilities and rates. This may explain the solvent effects discussed earlier 
(cf. Table 4.3, entries l, 3 and 4). The energetic features outlined above may also 
explain the lack of selectivity in the nucleophilic additions to ~-alkoxy carbonyl 
compounds. It is possible that even though 6-membered chelates are formed, their 
rates of formation are slower than addition via the nonchelated path, or that they 
are less reactive than a 5-membered chelate. Either of these circumstances (or a 
combination of both) would raise the transition state energy for the chelate path and 
the primary addition mode could be shifted to the less selective nonchelated 
mechanism. 1~ 

Because of the high selectivities observed in chelation-controlled additions, it is 
often used in stereoselective total syntheses. For example, highly selective additions 
of Grignards were used in the synthesis of the ionophores monensin [43,44] and 
lasalocid [45,46], shown in Figure 4.13. 

H O ~  ~ Me OH 
CO2H M= e Me Et ~,__ r-"x f~'~,, ,  Et 

Me .... . ~ = _ .  H O ~  q ~  o A,,, Me 
Me,,,( l(/Ie l~t I O x ~  

Mo Mo OH o ) . , .  OMe 
Me ~ OH 

CO2H 98% ds 100% ds 

monensin 
lasalocid 100% ds 

Figure 4.13. Chelation-controlled addition of Grignards to ketones figured prominently in the 
synthesis of monensin [43] and lasalocid [45,46]. The disconnections used and the selectivities 
achieved are indicated for the stereocenters formed by the Grignard addition. 

4.2.1 Cram's cyclic model in asymmetric synthesis 
Auxiliaries have been designed to exploit the high selectivities of chelation-con- 

trolled processes in asymmetric synthesis. Among these are the oxathiane [35,47-50] 

10 Another possibility is that the intrinsic selectivity of reaction via a 6-membered chelate is lower. 
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and oxazine [51,52] systems developed by Eliel. As shown in Scheme 4.4, the 
heterocyclic system is held rigid by its trans-decalin-like geometry. In both 
heterocyclic systems, the metal is chelated by the carbonyl oxygen and the ether 
oxygen (the latter in preference to either the sulfur or the nitrogen). Approach of 
the electrophile from the less hindered Re face is favored. 

Both auxiliaries are synthesized from (+)-pulegone, with the sulfur version 
available as an Organic Syntheses prep [47]. Hydrolysis of the acetal after the 
addition removes the chiral auxiliary (recovered in good yield) and liberates an ot- 
hydroxy aldehyde, which may be reduced to a glycol or oxidized to an c~-hydroxy 
acid. Table 4.4 lists several examples of the addition. Entries 2/3 and 7/10 illustrate 
the selective formation of either possible stereoisomer by reversal of the "R" and 
"Nu" groups. Entries 4 and 5 illustrate a case of matched and mismatched double 
asymmetric induction (Chapter 1), where the distal stereocenter of the chiral nucle- 
ophile affects the selectivity of the addition. Comparison of entries 1-6 and 7-12 
indicate that both the sulfur and the nitrogen auxiliaries are useful, so that the 
conditions necessary for cleavage may dictate the choice of auxiliary. Figure 4.14 
shows several natural products that have been synthesized using this methodology. 

Re 

R M 
O..I  . O  

M 

X = S ,  N R  

OHC R HO2C R HOCH 2 R 
+ ~ or ~ or 

R' OH R' OH R' OH 

Scheme 4.4. Eliel's asymmetric addition to carbonyls using Cram's chelate model. 

Table 4.4. Asymmetric addition of nucleophiles to oxathianes and oxazines. 

R _ X , R 

Entry X R Nu % ds Reference 
1 S Me CH2=CHMgBr 92 [53] 
2 S Me BnMgBr >98 [54] 
3 S Bn MeMgBr >98 [54] 
4 S n -C9H19  (S)-MeCHPh(CH2)2MgBr 97.5 [55] 
5 S n -C9H19  (R)-MeCHPh(CH2)2MgBr 89 [55] 
6 S n-C 10H21 LiB H(s-Bu)3 91 [39] 
7 NBn Me PhMgBr 95.5 [52] 
8 NBn Me EtMgBr 92 [52] 
9 NBn Me NaBH4 95.5 [52] 
10 NBn Ph MeMgBr >98 [51] 
11 NBn Ph EtMgBr >98 [51] 
12 NMe Ph MeMgBr 96 [52] 
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HO Me 
linalool 

MeO2C Me ,.~.OAc �9 CO2Me 

dimethyl acetylcitramalate 

O O 
~"11~ O O 

L ~ , , ,  CH2OH C lOll2 1 

O n-C9HI9 OAc 

mevalolactone malyngolide mosquito oviposition 
attractant pheromone 

Figure 4.14. Applications of oxathianes: linalool [53], dimethyl acetylcitramalate [54], mevalo- 
lactone [56], malyngolide [55], and the mosquito oviposition attractant [39]. For the latter, the C- 
5 stereocenter was formed by a chelate-controlled reduction while the C-6 position could be 
produced as either epimer by a chelate or acyclic mechanism, depending on the reducing agent. 

4.3 Additions using chiral catalysts or chiral nucleophiles 

The preceding discussion summarizes a great deal of work done over the last 
forty years on the stereoselective additions of achiral carbanionic nucleophiles to 
carbonyls having a neighboring stereocenter. The knowledge gained during these 
studies has aided in the development of two different approaches to stereoselective 
additions to heterotopic carbonyl faces: (i) those using chiral nucleophiles with 
achiral carbonyl compounds [57]; and (ii) a potentially more useful process, one in 
which neither partner is chiral, but a chiral catalyst is used to induce stereo- 
selectivity (reviews: [58-60] and chapter 5 in ref. [61]). 

All of the reactions discussed in this chapter require coordination of a carbonyl 
to a metal. This coordination activates the carbonyl toward attack by a nucleophile, 
and may occur by two intrinsically different bonding schemes: ~ or ~ (Figure 
4.15). The best evidence to date indicates that ~ coordination predominates for 
Lewis acids such as boron or tin [62,63], and (more importantly) o -bonding  
produces a more reactive species [64]. In the following discussions, it will be 
assumed that ~ bonding to the carbonyl oxygen is operative. 

M M ~~a.._ / or-bonding ~~..__% ~z-bonding 
0 more reactive less reactive 

Figure 4.15. Geometries and relative reactivities of coordinated carbonyls [64]. 

The potential utility of an asymmetric addition to a prochiral carbonyl can be 
seen by considering how one might prepare 4-octanol (to take a structurally simple 
example) by asymmetric synthesis. Figure 4.16 illustrates four possible retro- 
synthetic disconnections. Note that of these four, two present significant challenges: 
asymmetric hydride reduction requires discrimination between the enantiotopic 
faces of a nearly symmetrical ketone (a), and asymmetric hydroboration-oxidation 
requires a perplexing array of olefin stereochemistry and regiochemical issues (b). 
In contrast, the addition of a metal alkyl to an aldehyde offers a much more realistic 
prospect (c) or (d). 
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Figure 4.16. Simple retrosynthetic strategies for synthesis of 4-octanol. 
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4.3.1 Catalyzed Addition of organometallics 
A number of organometals have been evaluated for this type of reaction, but 

because of fewer side reactions (such as deprotonation of the aldehyde), the 
substrate studied most often is benzaldehyde. Perhaps the best understood of these 
reactions is the addition of organozincs, especially dimethyl- and diethylzinc 
(reviews: [58-60,65-68]). The reactivity of alkylzincs is low, and at or below room 
temperature the rate of addition of, for example, diethyl zinc to benzaldehyde is 
negligible. Addition of a Lewis acid, however, causes rapid addition. Replacement 
of one of the alkyl substituents with an alkoxide produces a more reactive species as 
well, and amino alcohols have been found to be very useful catalysts for the 
addition reaction [69,70]. At least part of the reason for the increased reactivity is a 
rehybridization of the zinc from linear to bent upon complexation to an alkoxide, 
and to tetrahedral upon bidentate coordination. Additionally, donor ligands such as 
oxygen and nitrogen render the alkyl group more nucleophilic. Figure 4.17 
illustrates some of the catalysts that afford good yields and high enantioselectivities 
in the diethylzinc reaction with benzaldehyde. 

The mechanisms that have been proposed for the amino alcohol-catalyzed 
reaction all involve two zinc atoms, one amino alcohol and three alkyl groups on 
the active catalyst [65,71-74]. A composite mechanism is illustrated in Scheme 4.5 
for a "generic" 13-amino alcohol. 11 NMR evidence [71] indicates dynamic exchange 
of the alkyl groups on zinc as shown in the brackets (a bridged species has also been 
proposed [71]). In experiments done with a polymer-bound amino alcohol catalyst, 
Frechet has noted that the alkoxide product is not bound to the catalyst and that the 
alkyl transfer must have therefore occured from diethylzinc in solution. 

It might be expected that use of an amino alcohol of less than 100% enantiomeric 
purity would place an upper limit on the enantiomeric purity of the product. How- 
ever, Noyori reported that when a catalyst (Figure 4.17b) of 15% ee was used in 
the diethylzinc reaction, 1-phenyl-l-propanol of 95% ee was isolated in 92% yield 
[71 ]. As it turns out, the zinc alkoxide produced after the reaction of one equivalent 
of diethylzinc dimerizes (Scheme 4.6). When both enantiomers of the amino alcohol 
are present, both homochiral and heterochiral dimers may be formed. 

il For a discussion of the various mechanistic models and a detailed analysis, see ref. [58,75]. 



138 

(a) Ph (b) Me Me 

I 

Me Et 98.5% es >99% es 

Princioles o f  Asvmmetr ic  Synthesis  
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Me Et 
97.5% es 99% es 

(e) 09 
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N, Ti. Oi-Pr 
Tf 
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Bu 2 
Me ..... ~. N 

~.. (CO)3 CrC6H 5 ZnEt Ar 
Ar"" O" 
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Figure 4.17. Catalysts for the diethylzinc reaction with benzaldehyde: (a), [76]; (b), [71]; 
(c), [73]; (d), [77]; (e), [78]; (f), [79]; (g), [80]; (h), [81,82]; (i), [83,84]; (j), [85]. 
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Scheme 4.5. Proposed mechanistic scheme for amino alcohol catalyzed diethylzinc reaction 
(after ref. [60]) 

Me2 
/ ~ . y . . -  N x E t  Zno 

o 
Zn 

Et "N 
Me2 

heterochiral dimer 
more stable, does not dissociate 

Me2 Me2 
~ NN / . ' / ' , . _ . . .  N\ Zn Et 

Et N ~ - . ~  5% ee PhCr~OJ 
Me2 

OH - 7  homochiral  d imer  
.. . ~ - ~  92% yield, less stable, dissociates to 

Ph 95% ee active catalyst 

Scheme 4.6. Amplification of enantiomer excess by the Noyori catalyst [71 ]. 
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Entry 

Table 4.5. Catalyzed additions of organometallics (RM) to aldehydes and ketones. Numbers in 
the catalyst column refer to Figure 4.17. 

Carbonyl RM Catalyst %Yield %es Ref 

1 n-C6H13CHO Et2Zn 4.17a 96 95.5 [76] 

Bu 2 Me ) 
2 i-BuCHO Et2Zn i ~  ZnEt 92 96.5 [72] 

p O 

13 PhCHO (MOMO- 4.17i, M = 68 92 [88] 
(CH2)6)2Zn Ti(Oi-Pr)2 

14 PhCHO (C2H3- 4.17i, M = 83 95 [88] 
(CH2)2)2-Zn Ti(Oi-Pr)2 

15 1- or 2-Np Et2Zn 4.17j 98 >99 [85] 

16 PhCHO n-BuLi 77 97.5 [70] 
HOCH 2 

17 PhCHO Et2Mg " 74 96 [70] 

18 PhCOCH3 EtMgBr 4.17i, M = 62 99 [89] 
MgX 

Me .Arl~) 

8 PhCHO Et2Zn ~ZnEt 91 96 [73] 
O 

FI Me2 

9 PhCHO Vinyl2Zn 96 93.5 [87] 

10 n-C5H11CHO Vinyl2Zn " 90 98 [87] 

11 c-C6H11CHO Vinyl2Zn " 83 91 [87] 

12 c-C6H11CHO Bu2Zn 4.17i, M - 35 95 [88] 
Ti(Oi-Pr)2 

3 n-C6H 13CHO Me2Zn " 70 95 [72] 

4 2-NpCHO Ph2Zn " 83 90 [86] 

5 c-C6H 11CHO Et2Zn 4.17g 92 99 [80] 

6 t-BuCHO Et2Zn 4.17g 93 99 [80] 

7 n-C6H13CHO Et2Zn 4.17h 78 >99 [81 ] 
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With the Noyori catalyst, the heterochiral dimer is considerably more stable than 
the homochiral dimer. The latter decomposes to the active, monomeric catalyst 
immediately upon exposure to a dialkylzinc or an aldehyde, whereas the 
heterochiral dimer does not. Thus, the minor enantiomer of the catalyst is "tied up" 
by the major enantiomer. 12 

To provide an overview of the scope of such processes, Table 4.5 lists some of 
the more selective examples of this type of addition for a variety of substrates and 
organometallics. It would be premature to say that the process of asymmetric 
additions of achiral nucleophiles is a general procedure at this time (i.e., that any 
organometallic and carbonyl can be made to couple enantioselectively), but the 
current rate of progress suggests that the realization of this goal will not be long in 
coming. Particularly noteworthy are the isolated examples of organolithium and 
Grignard additions (entries 16-18). 

4.3.2 Hydrocyanations 
The addition of cyanide to an aldehyde or ketone (hydrocyanation) is an old 

reaction, but it has been the subject of renewed interest since Reetz's discovery that 
a chiral Lewis acid could be used to catalyze the asymmetric addition of trimethyl- 
silylcyanide to isobutyraldehyde ([91]; reviews: [59,92]). The general process, 
illustrated in Scheme 4.7, usually employs trimethylsilylcyanide because hydrogen 
cyanide itself catalyzes the addition as well (nonselectively). Most of the catalysts 
are chiral titanium complexes; some of the more selective examples are sh,'~wn in 
Table 4.6. A clear mechanistic picture of the titanium catalyzed additions ,~ ~s not 
yet emerged. 13 

o OSiMe 3 
. ~  + Me3SiC N catalyst . . ~  

R H R CN 

Scheme 4.7. General asymmetric addition of tri- 
methylsilylcyanide to an aldehyde. 

Experiments described by Corey constitute a noteworthy example of double 
asymmetric induction where neither participant in the reaction is chiral [95]! As 
illustrated in Figure 4.18 two different catalysts are necessary to achieve the best 
results. Control experiments indicated that the nucleophile is probably free cyanide, 
introduced by hydrolysis of the trimethylsilylcyanide by adventitious water, and 
continuously regenerated by silylation of the alkoxide product. Note that the 82.5% 
enantioselectivity in the presence of the magnesium complex shown in Figure 4.18a 
is improved to 97% upon addition of the bisoxazoline illustrated Figure 4.18b as a 
cocatalyst. Note also that the bisoxazoline 4.18b alone affords almost no enantio- 
selectivity, and that the enantioselectivity is much less when the enantiomer of the 
bisoxazoline (Figure 4.18b) when used as the cocatalyst. Thus 4.18a and 4.18b 
constitute a "matched pair" of co-catalysts and 4.18a and ent-4.18b are a "mis- 
matched pair" (see Chapter 1 for definitions). The proposed transition structure 

12 The phenomenon of nonlinear optical yields is sometimes called asymmetric amplification. For 
detailed analyses, see ref. [58,75,90]. 

13 For mechanistic hypotheses, see ref. [93,94]. 
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Table ,1.6. Catalytic asymmetric hydrocyanation of aldehydes. Numbers in the catalyst 
column refer to Figure 4.18 (p. 142). 

Entry Carbonyi Cata!vst %Yield %es Ref 

141 

1 i-BuCHO ~ ~ ~ ' -  o /TiCI2 85 94 [96] 

[941 
2 PhCHO 67 92 

/ / ~  Ti(0i-Pr)2 

3 2-NpCHO " 76 86 [94] 
4 E-CH3CH---CHCHO " 70 94 [94] 

5 PhCHO 

(Trp = tryptophan) 

6 2-NpCHO 

7 n-C8H17CHO 

8 Ph(CH2)2CHO 
9 n-C6H 13CHO 4.18a & 4.18b 
10 Et2CHCHO " 
11 c-C6H 11CHO " 
12 t-BuCHO " 
13 E-n-PrCH=CHCHO " 

[93] 
83 95 

N\ ,,O 
Ti(OEt) 2 

o' 
MeOTrp 

" 55 95 [931 
Ph 

Ph 
Ph oPh--~ ~ OTi(CN) 2 .85 96 [971 

Ph 
" 88 95 [97] 

88 97 [951 
86 95 [951 
94 97 [95] 
57 95 [95] 
59 93 [951 

for the matched pair has the hydrogen cyanide complexed to 4.18a and the aldehyde 
complexed to the magnesium atom of 4.18b. 

4.3.3 Additions to the C = N  bond 

The stereoselective addition of organometallics to azomethines (C=N bond) has 
not been as fully developed as additions to carbonyls for several reasons (review: 
[98]). First, imines are not as electrophilic as carbonyls, and so are less susceptible 
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Scheme 4.8. Synthesis of amino alcohols and amino acids by nucleophilic additions [99]. 

to nucleophilic attack. Second, many organometallic reagents are sufficiently basic 
that the preferential mode of reaction is abstraction of an r proton. Third, imines 
are susceptible to E/Z isomerization (often catalyzed by the Lewis acids that are a 
prerequisite to nucleophilic attack), which complicates the issue of stereochemical 
predictability. Nevertheless, the importance of amines in chemistry and medicine 
has furnished ample motive to pursue this method of synthesis. In fact, since the 
nitrogen is substituted ( C - N R  instead of C - O ) ,  azomethines provide an 
opportunity for auxiliary-based stereochemical control that is not available to 
carbonyls. The following examples are arranged according to the charge on the 
nitrogen: addition to imines and hydrazones (neutral nitrogen) is followed by 
addition to iminium ions. 

An asymmetric synthesis of amino alcohols by asymmetric addition of Grignard 
reagents to chiral ct-bromoglycine esters provides a convenient synthesis of t~- 
amino esters (Scheme 4.8, [99]). Hydrolysis of the product ester produces 
racemized amino acids, but reduction affords amino alcohols that can be 
subsequently oxidized to the amino acids with no loss of enantiomeric purity. Note 
that in the proposed transition structure, the phenyl effectively shields the Re face 
(toward the viewer) of the imine, which is chelated to the carbonyl by magnesium 
halide formed in the dehydrohalogenation. 

- -  X 

O 

13r Ph " Me 1~.5 j Me 

Figure 4.18. Corey's dual catalyst system for asymmetric hydrocyanation of aldehydes [95]. 
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A strategy similar to that shown in Scheme 4.8 employs a Grignard addition to a 

cyclic tx-bromoglycine derivative. As shown in Scheme 4.9, elimination of bromide 
affords an iminium ion that is selectively attacked on the Si-face, opposite the two 
phenyl groups [100]. Reductive cleavage of the benzylic C-N and C-O bonds 
provides ready access to amino acids. 

Ph 

Ph ~/f l '~ 0 

B O C N . . ~  

Br 

RM 

Ph 

P h i l - -  0 
...I + 

BOCN + ~ ~  

Ph 

P h ~ ' ~  0 

BOCN _ ~  O 

R 

[H] BOCN~.~ CO2 H 
H 

RM = MeZnCI (46%, 98% ds); Bu2Cu(CN)Li (48%, >99% ds) 

Scheme 4.9. Oxazinones as chiral electrophilic glycine equivalents [100]. 

The addition of organometallics to SAMP and RAMP hydrazones has been 
studied by the Enders [101-106] and Denmark groups [107-109]. The best 
selectivities result from addition of organolanthanide reagents; table 4.7 illustrates 
several of the more highly selective examples. In conjunction with reductive 
cleavage of the hydrazone by hydrogenolysis [101,102] or dissolving metal 
reduction [ 110], the addition provides a convenient synthesis of a-branched primary 
amines (c.f., Figure 4.16, p. 137). The intermediate hydrazines are somewhat 
unstable, but N-acylation makes for easier handling [105,110]. A mechanistic model 
has not been proposed to account for the observed configuration. 

Table 4.7. Asymmetric addition of organoceriums to hydrazones. 

R2/~H OR l 
, ,  

Ent ry  R1 

1. R3M MeOCON,.N]'~ 
2. CICO2Me = R 2 . ~  R31~,. OR ' 

NH2 
[H] = R2 1./.,.,. 

R3 

R2 R3 % Yield % ds Ref 
1 Me 
2 Me 
3 Me 
4 Me 
5 Me 
6 Me 
7 Me 
8 Me 

9 (CH2)2OMe 
10 " 
11 " 
12 " 

(EtO)2CH EtLi/CeCI3 91 96 [ 102] 
" n-BuLi/CeC13 92 97 [ 102] 

Ph(CH2)2 MeLi/CeCI3 81 98 [ 107] 
" PhLi/CeCI3 72 96 [107] 

PhCH2 MeLi/CeC13 66 96 [ 107] 
E-CH3CH--CH " 82 96 [ 107] 
TBSO(CH2)4 n-PrLi/YbC13 83 >99 [105] 

n-Pr TB SO(CH2)4Li/ [ 105] 
YbC13 

Ph(CH2)2 n-BuLi/CeCl3 72 97 [ 107] 
Me Ph(CH2)2Li/CeCI3 53 97 [ 1081 

t-Bu " 60 98 [108] 
Ph " 80 97 [108] 
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Stereoselective addition of Grignards to chiral pyridinium ions has been used to 
gain access to an important class of chiral heterocycles: substituted piperidines. 
Marazano uses N-o~-methylbenzyl pyridiniums obtained by exchange of tx-methyl- 
benzyl amine with an N-2,4-dinitrophenylpyridinium [111], while Comins uses an 
N-acylpyridinium obtained by acylation with 8-phenylmenthyl chloroformate or a 
similar derivative (Table 4.8, [ 112-115]). Note that these processes are complicated 
by the symmetry of the ring system: Si-face attack at C-2 and Si-face attack at C-6 
are equivalent (i.e., the Si-faces of C-2 and C-6 are homotopic, Figure 4.19a). As a 
result of this equivalence, face selectivity at C-2 is topologically equivalent to regio- 
selectivity (C-2 vs. C-6) from a single face. Thus, in a transition structure where 
(for example) attack of a nucleophile comes exclusively from the direction of the 
viewer, addition to C-2 and C-6 produce the same set of isomers that would result 
from attack at the front and back of only C-2 (Figure 4.19b). To circumvent this 
complication, Comins puts a large (removable) blocking group at C-3, which also 
blocks addition at C-4 (Figure 4.19c). Figure 4.20 illustrates several alkaloids 
synthesized using this approach. 

(a) ~ ~ ~ ' ~  
2 ~ ,,, 

I "" I 
Si- face R * Si- face R * 

Nu 

6 2 - '.. 
. I , " - - .  , 

Si- face R * Re-face R * 

+ 

Nu G Nu ~ 
! 

R* 

0 
! 

R* 

Re-face 

Si-face 

(C) 4 f - "  blocked 

6 - 
.d" 

favored R * blocked R * 

R 
(d) 0 

R . . ~ 2  + . ~  M ~ _ . ~ ~ M e  
.. O" 

Figure 4.19. Complications of pyridinium additions due to ring symmetry. (a) Homotopic faces 
of C-2 and C-6; (b) Equivalence of 100% selective addition to only the front face with no regio- 
selectivity and 100% regioselectivity with no face selectivity; (c) A bulky group at C-3 simplifies 
the situation by blocking attack at C-2 (and coincidentally C-4); (d) Comins's conformational model 
favoring Re-face (back side) attack at C-6 of an acylpyridinium ion [ 112]. 

n - P r ~ ,  

Me ~ [ ~ "  OH 

Myrtine Normetazocine Elaeokanine C Lasubine 

'" n - P r " ' . ~  
OMe n-Pr 

Me 
OMe 

Pumiliotoxin C N-Methylconiine 
Figure 4.20. Alkaloids synthesized by asymmetric addition to chiral pyridiniums" myrtine 
([ 116], normetazocine [100], elaeokanine C [117], lasubine [116], pumiliotoxin C [118], and N- 
methylconiine [ 113]. The stereocenter created in the addition reaction is indicated (.). 
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Table 4.8. Asymmetric additions to chiral acylpyridinium esters. For the structure of 
R*, see Figure 4.19d. 

X X 

~ ~ f R  RMgX R .... ~~fR 
I ! 

CO2 R* CO2R* 

Entry Educt R %' Yield' % ds Ref 
, ~_ ,.,~ ,~,,,.. , , , , .  

~ Sn(i-Pr) 3 
1 n-Pr 72 91 [113] 

I 
CO2R* 

2 " c-C6Hll 81 95 [113] 
3 " PhCH2 58 88 [113] 
4 " CH2=CH 71 95 [ 113] 
5 " Ph 85 94 [113] 

OMe 
,/Si(i-Pr)3 

6 Me 92 95 [ 112] 

N I 
CO2R* 

7 " i-Bu 95 96 [ 112] 
8 " c-C6H 11 90 90 [ 112] 
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4.4 Conjugate additions 14 

Two strategies have been used for asymmetric 1,4-additions: those that are based 
on a chiral auxiliary that is covalently attached to one of the reactants, and those 
that rely on chiral ligands on the metal (reviews: [120-122]). As yet the former 
afford the higher selectivities, but progress is being made in the development of the 
latter, which has the most potential for cost effectiveness via chiral catalysis. The 
following discussion is organized by electrophile. 

4.4.1 Esters 

Since esters exhibit a strong preference for a conformation in which an alkoxy 
C-H is synperiplanar to the carbonyl, the job of the auxiliary is to then project an 
appendage back over the enoate n-system, leaving only one face open to attack by a 
nucleophile. Figure 4.21 illustrates three of the more selective auxiliaries for this 
purpose. These auxiliaries are illustrated with the esters in their most stable 
conformations, with the alkoxy C-H and the carbonyl synperiplanar, and the enoate 

14 For a monograph on conjugate additions, see ref. [119]. 
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(a) (b) (c) 

H 0 Si ~ SO2PhR 
"~~',~~ R ~ O | ~ ~ ~ S i  

. t-Bu 1"~ 

R H O 
Re H 0 

Figure 4.21. Chiral auxiliaries for asymmetric 1,4-addition to (the illustrated front face) of 
esters. Note the C-H/C=O coplanarity and the s-trans enone in the illustrated ground state 
conformations. (a) [123,124]; (b) [124]; (c) [125]. 

in the s-trans conformation. Presumably the ground state preference for this con- 
formation is also felt in the transition state, which has the rear face shielded. Table 
4.9 lists several examples of asymmetric additions to E-enoates. Less success has 
been realized in asymmetric additions to Z-enoates and to di- and trisubstituted 
double bonds. 

Interligand asymmetric induction is observed in the 1,4-addition of certain 
organolithiums to hindered aryl esters in the presence of a chiral ligand. For 
example, Tomioka has shown that a chiral diether ligand affords affords good to 
excellent enantioselectivities in the conjugate additions of aryllithiums to the B HA 
esters shown in Scheme 4.10 [ 126]. Addition of butyllithium is much less selective, 
but similar selectivities can be achieved in aryllithium additions to B HA esters of 2- 
naphthoic acid. The additions are about 10-20% less selective when the ligand is 
used in catalytic quantities (10-20 mol%), but control experiments showed that the 
ligand accelerates the addition when the reaction is conducted in toluene. 

Table 4.9. Asymmetric 1,4-addition to unsaturated esters of chiral alcohols. Numbers in the OR* 
column refer to Figure 4.21. 

o Nu O 
Nucleophile 

R ~ " ~ I " O R *  " R OR* 

E n t r y  R O R *  , N u c l e o p h i l e  % Y i e l d  % es R e f  

1 Me 4.21a PhCuBF3 76 >99 [123] 
2 " 4.21c " 97 >99 [125] 
3 " 4.21 c VinylCuB F3 94 >99 [ 125] 
4 " 4.21 c EtCuBF3 90 >99 [ 125] 
5 " 4.21 a n-BuCuBF3 75 >99 [ 123] 
6 " 4.21 b Me2C=C(CH2)2- 81 99 [ 124] 

CuP(n-Bu)3BF3 
7 " 4.21c i-PrCuBF3 92 >99 [125] 
8 Et 4.21c MeCuBF3 86 99 [125] 
9 n-Bu 4.21a MeCuP(n-Bu)3BF3 96 93 [124] 
10 " 4.21b " 82 97 [124] 
11 n-CsH17 4.21 b " 90 99 [124] 
12 i-Pr 4.21c MeCuBF3 92 >99 [125] 
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OMe 

/ ~  ArO OLi 
, . u  , , u  

+ RLiM ~ MeO ,,,Ph C6Hi2/ether ( . ~  -__ ~ R  

eO Ph -45~ 

R = Ph, 80%, 92% es 
R = l-naphthyl, 82%, 95% es 

Scheme 4.10. Ligand induced asymmetric addition to naphthoic acid BHA (butylated 
hydroxy anisole esters) [ 126]. 

Figure 4.22 illustrates several natural products synthesized using auxiliary- 
modified esters. Particularly noteworthy is the ability of the method to produce the 
correct relative and absolute configuration of the alkyl branches on these acyclic 
frameworks. The illustrated structure for norpectinatone is the one originally 
postulated [ 127], but was proven incorrect by asymmetric synthesis [128]. 

CO2H "~ n-CI8H37 CO2H 

citronellic acid mycolipenic acid OAc 

" i pheromone 

E t / ~ '  ~ . (  ) 3 ~  / ~ ' / 1 " (  )TJ~ i-Pr(CH2)3 CH 2 CH2OH CH 2 
southern corn root- 

(alleged) norpectinatone OH vitamin E side chain worm pheromone 

Figure 4.22. Natural products synthesized by asymmetric 1,4-addition of cuprates to esters: 
citronellic acid [124]; California red scale pheromone [129]; mycolipenic acid (W. Oppolzer; T. 
Godel, unpublished, quoted in [130]); the alleged norpectinatone [128]" vitamin E side chain 
(W. Oppolzer; R. Moretti, unpublished, quoted in [ 130]); southern corn rootworm pheromone 
[ 131 ]. Stereocenters created in the asymmetric conjugate addition are marked (*). 

4.4.2 Amides and imides 
A number of amides have been screened for their selectivity in conjugate 

additions of organometallics to acyclic enamides [120]. Two of the more useful 
auxiliaries are illustrated in Scheme 4.11. Both systems add Grignard reagents with 
considerable selectivity. Mukaiyama's ephedrine amides (Scheme 4.1 l a) require 
excess Grignard, and work best with organomagnesium bromides [132]. Oppolzer's 
sultam imide (Scheme 4.1 lb) offers several useful features [133]" in addition to the 
usual crystallinity of camphor derivatives (helpful for purification and diastereomer 
enrichment), the enolate may be alkylated (recall Scheme 3.18 and Table 3.7) with 
87-88% selectivity for one of the four possible c~,13-disubstituted stereoisomers. 
Additionally, 2-methacryloyl sultams can be protonated with a high degree of 
selectivity, giving 2-methyl-3,3-dialkyl amides of >97% purity [133]. 
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Scheme 4.11. Auxiliaries for the asymmetric 1,4~addition of Grignards to acyclic amides 
[132,133]. 

The transition structures illustrated in Scheme 4.11 have been proposed by the 
authors to account for the absolute configuration of the major product. Note that 
both groups invoke aggregation of the nucleophile with a magnesium species 
chelated by the enone carbonyl and a heteroatom on the auxiliary. This chelation 
reduces conformational motion in the ground state as well as the transition state, 
and reduces the possible number of competing nucleophile approach trajectories. 
For the ephedrine amides, the stereocenters on the auxiliary are quite remote from 
the site of attack. Although attack on the face opposite the methyl and phenyl groups 
in this chelate (as drawn) accounts for the configuration of the product, it is not 
clear how this steric effect is transmitted across the metallocycle chelate to the 
external double bond. It may be that the methyl and phenyl substituents induce a 

Table 4.10. Asymmetric 1,4-additions to enamides (auxiliaries illustrated in Scheme 4.11). 

o 

R2Mg X 
R1 Xc ~ R 1 Xc 

Entry,, R1 R2MgX Auxilia,ry % Yield % d s Ref 
1 Me PhMgBr a 63 95 [132] 
2 Me EtMgBr a 79 98 [132] 
3 Ph " a 48 98 [132] 
4 Et PhMgBr a 76 93 [132] 
5 Et n-C4H9MgBr a 59 79 [ 132] 
6 n-C4H9 EtMgBr a 69 99 [ 132] 
7 Me EtMgCI b 80 94 [133] 
8 Me i-Pr b 92 86 [133] 
9 Et n-C4H9MgC1 b 89 95 [133] 
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curved shape to the chelate ring that favors approach from the convex face, or 
perhaps the substrate is an aggregate of unknown structure. For the sultam (Scheme 
4.11b), the situation is more clear: the bridge methyls of the camphor hinder 
approach from the Re face, similar to the situation with enolate alkylation of the 
same auxiliary (Scheme 3.18). Table 4.10 lists several examples of additions to 
these auxiliaries. 

4.4.3 Dioxinones. 
Incorporation of an auxiliary into a cyclic system has been used for the 

diastereoselective addition of cuprates to unsaturated 6-membered ring dioxinones, 
which are perhaps less important for their synthetic potential than for the 
mechanistic insight they provide. The dioxinones shown in Scheme 4.12a were 
obtained from R-3-hydroxybutanoic acid using the "self-regeneration of chirality 
centers" concept discussed in Chapter 3 (cf., Scheme 3.9 and 3.10). After the 
addition, hydrolytic removal of the "achiral auxiliary" (pivaldehyde) liberates a 3- 
alkyl-3-hydroxybutyrate that is essentially enantiomerically pure [ 134]. 

t-Bu t-Bu 
3. R2CuLi or . ~  OH OH OH OH 

t-BuCHO._ O" "O RMgX/CuI O O 

R R 

R = CD 3, Et, Pr, Bu, Ph, allyl 

Scheme 4.12. Asymmetric conjugate addition of cuprates to dioxinones [ 134]. 

The additions are all >98% diastereoselective (the limit of detection), which is 
surprising since the dioxinone ring is in a sofa conformation, with only the acetal 
carbon significantly out of plane, leaving approach from either face essentially 
unhindered (recall the low selectivities for alkylation of t-butylcyclohexanone 
enolates, Scheme 3.7). Interestingly, examination of a number of X-ray crystal 
structures revealed that dioxinone aceta|s such as these have the common feature of 
pyramidalized carbonyl and I3-carbon atoms [1341. Empirically, additions occur 
from the direction of the ~3-carbon's pyramidalization (see also ref. [135]). The 
reason for the pyramidalization in the substrate is the relief of torsional strain 
(however, calculations indicated that the energy required to flatten the pyramidal 
atoms is very small, ~0.1 kcal/mole). Seebach suggests [134] that approach of the 
nucleophile from the direction of pyramidalization should minimize the strain even 
more (see also ref. [15]). Since the reaction is kinetically controlled, and the 
selectivity is therefore determined in the transition state (z~AG*), this hypothesis 
(which is based on ground state arguments) may seem a risky infringement of the 
Curtin-Hammet principle [ 13,14]. Nevertheless, the strain that produces the pyrami- 
dalization (Z~G for the flat and pyramidal geometries) in the ground state and the 
energy differences in the transition state (AAG*) have the same origin, and 
approach from the direction of pyramidalization relieves the strain while approach 
from the opposite direction increases it (Figure 4.23a). Thus, the energy difference 
between the two pyramidal ground states is amplified in the transition state (see 
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Figure 4.23. (a) Schematic showing how torsional strain is affected by 
the direction of attack on a pyramidalized trigonal center. (b) Linear 
perturbation of a Morse function that produces small distortions in the 
ground state can lead to large energy differences in the transition structure. 
(After ref. [134]). 

also the two Morse curves in Figure 4.23b). Seebach also noted that the pyramidal- 
ization was evident in a computed model structure, which (since X-ray structural 
information is not always available) makes the following hypothesis all the more 
valuable" "The steric course of attack on a trigonal center can be predicted from the 
direction of  its pyramidalization " [ 134]. 

4.4.4 Azomethines 
The conjugate addition of organometallics to unsaturated azomethines (in the 

form of oxazolines, Scheme 4.13a) was one of the first carbon-carbon bond 
forming reactions that proceeded with >95% enantioselectivity [136-138] (review: 
[139]). The proposed mechanistic rationale [137,140] has the alkylli thium 
coordinating to the lone pair of the oxazoline nitrogen, and chelated by the methoxy 
group at the 4-position. 15 The alkyl group of the organometallic is oriented away 
from the side of the 4-substituent, and transfer occurs from the Si face. This alkyl 
transfer is reminiscent of a symmetry allowed [141] suprafacial 1,5-sigmatropic 
rearrangement [142]. Early on, the Meyers group showed that the 5-phenyl sub- 
stituent had little effect on the selectivity [137] (see also ref. [142]); more recently 
[140,143], they have shown that a chelating group at the 4-position is not necessary 
either (Scheme 4.13b). The conditions necessary to hydrolyze the robust oxazoline 
nucleus initially limited the usefulness of this method, but subsequent work [ 142] 
has shown that the oxazoline may be alkylated with methyl triflate and reduced to 
an oxazolidine (in one pot), which is then easily hydrolyzed to an aldehyde. 

The early (1975) contributions from the Meyers laboratory (Scheme 4.13a) 
paved the way for a number of related methods in subsequent years. Figure 4.24 
illustrates a number of conceptually related conjugate additions. In several of these 
examples, there is a crucial difference from the examples in Scheme 4.13" in all 
except Figure 4.24e the o~-carbon is prochiral, and two stereocenters are formed in 
the reaction. Fortunately, it is possible to either alkylate or protonate the azaenolate 
stereoselectively, such that two new stereocenters are produced in a single 

15 An alternative transition structure, placing the lithium on the rt-cloud of the oxazoline, has also 
been proposed [140]. 
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Scheme 4.13. Asymmetric addition of organolithiums to oxazolines: (a) [136,137]; 
(b) [140]; (c) Tandem asymmetric addition and alkylation of naphthalenes. 

operation. Depending on the method, the two alkyl groups may be introduced in 
either a cis or a trans fashion. For example, the naphthalene oxazolines (Figure 
4.24a-c) alkylate trans to the first alkyl group, whereas the cycloalkenyl imines 
(Figure 4.24f) may alkylate either cis or trans selectively, depending on the method 
used. A generalized example (for 1-naphthalenes) is shown in Scheme 4.13c. 

(a) (b) (c) 

R' 

"" ~O ~ Ph H "~" Li'" R'= , Me t-Bu 
Me _>90% ds _>90% ds 87-99% ds 

(e) 
(d) R " ~ i ~ ' 7 /  (f) ~ ( C H 2 )  n 

Li~ - N ~  xMg',T L ~ t - B u  x M g ' , ~ N ~  t.Bu 

,O. i-Pr O'- "Ot-Bu n = 0,1 Ot-Bu 
t-Bu >_97% ds 95-99% ds 91-96% ds 

Figure 4.24. (a) Addition to 1-naphthyloxazolines [142]; (b) Addition to 2- 
naphthyloxazolines [142]; (c) addition to l-naphthyloxazolines lacking a 
chelating group [144]; (d) addition to 1-naphthaldehyde imines [145]; (e) 
addition to crotyl amino acid imines [146,147]; if) addition to cyclohexene and 
cyclopentene aldehyde amino acids imines [148]. 
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When the site of nucleophilic attack has an alkoxy substituent, the azaenolate 
adduct undergoes spontaneous elimination of alkoxide. Since aryUithiums add 
efficiently to 2-alkoxyaryloxazolines, the process may be used in an asymmetric 
synthesis of chiral biaryls. Two strategies for auxiliary-based asymmetric induction 
have been evaluated: using an oxazoline as a chiral auxiliary [ 149-152], and using a 
chiral alkoxide (leaving group) as an auxiliary [153]. Scheme 4.14 illustrates several 
examples. Note that here again, the early reports used an oxazoline that contains a 
chelating substituent (Scheme 4.14a,b), but later reports indicated that a bulky 
substituent at the oxazoline 4-position will suffice (Scheme 4.14c). Figure 4.25 
illustrates several natural products that have been made using asymmetric addition 
to unsaturated azomethines. 

(a) MeO 

MeO N ~  
. . . .  
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Scheme 4.14. Asymmetric synthesis of biaryls: (a) binaphthyls using a chelating 
oxazoline [149]; (b) biphenyls using a chelating oxazoline [150]; (c) biphenyls using 
a nonchelating oxazoline [151 ]; (d) binaphthyls using a chiral leaving group [153]. 

An interesting development in asymmetric additions to azomethines employs 
chiral ligands (chelating agents) on the organometallic. Tomioka has shown that the 
same ligand used for addition of aryllithiums to unsaturated esters (cf. Scheme 
4.10) also works for unsaturated imines, as illustrated in Scheme 4.15 [154]. 16 The 

16 For a related study of the stereoselectivity of addition/alkylation to cyclohexylimines in the 
racemic series, see ref. [155]. 
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Figure 4.25. Natural products synthesized using asymmetric addition to chiral 
azomethines: steganone [156], isoschizandrin [157], podophyllotoxin [158], 
ivalin [ 159], ar-tumerone [ 160]. The stereogenic units formed in the conjugate 
addition step are marked (*). 

C2-symmetric ether is thought to chelate the alkyllithium (and thereby break up the 
alkyllithium aggregate), which then coordinates to the azomethine nitrogen. Note 
that the phenyls force the methyls into a conformation that places each of them trans 
to the neighboring phenyl in the chelate (see inset). Upon complexation of the azo- 
methine to the vacant site on the lithium, the large cyclohexyl is oriented into the 
vacant quadrant of the chelate, as shown, j7 Suprafacial transfer of the alkyl group 
then gives the observed product with enantioselectivities above 90%, and usually in 
the 97-99% range. Examples include crotyl, cycloalkenyl, and 1-naphthyl imines 
[154]. Using the same ether and the 2,6-diisopropylphenyl imine of 1-fluoro-2- 
naphthaldehyde, a chiral binaphthyl is formed by asymmetric addition of 1- 
naphthyllithium in >99% yield and 95% es [161 ]. 

Cy Cy~ Me I 
MeO ,, Ph . , ,~  N,, . ~ )  Ph ~ N  

N + SLi + ~ ~~, . .R/Li '~ 'O~ph ' "~ k ~ R  

J 90-9   es 
MeO Ph Me / 

Me Me Ph Me Ph 

O,,,~h i d / e t :  M ~ O , , ~ / d l  
R Li Me 

II I IIII I I IIIL I I 

Scheme 4.15. Interligand asymmetric induction in the conjugate addition of an 
alkyllithium to an unsaturated imine [154]. 

17 Note that because of symmetry, the lithium is not stereogenic, so the vacant sites available by 
inversion of the tetrahedral lithium are equivalent. 
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4.4.5 Ketones and lactones 
In addition to the "self-regeneration of chirality" principle discussed in Section 

4.4.3, strategies for the asymmetric 1,4-addition to enones have included both 
auxiliary-based methods and interligand asymmetric induction. The most fully 
developed auxiliary method is Posner's use of vinyl sulfoxides, illustrated in 
Scheme 4.16 (reviews: [162-164]). The sulfur atom is pyramidal, and therefore 
stereogenic. The method is most useful with 5-membered ct,~i-unsaturated ketones 
and lactones (butenolides), and may employ strategies in which chelates are 
involved (Scheme 4.16a) or not (Scheme 4.16b), as illustrated. Zinc bromide is the 
most effective for chelating the sulfoxide and carbonyl oxygens. In the 'non-chelate' 
strategy, dialkylmagnesiums are used as the organometallic, sometimes in the 
presence of crown ethers. The authors' mechanistic rationale has the organometallic 
adding from the side that is opposite the aryl group of the sulfoxide in either the 
chelate or opposing-dipole (non-chelate) conformations; improved selectivities 
resulted when anisyl sulfoxides were used in place of tosyl [165], and when the 
poorly coordinating dimethyltetrahydrofuran was used as solvent. Figure 4.26 
illustrates several natural products synthesized using this method. 

(a) chelate control: 
Br 2 
Zn O 

O / "0 ~ X  II 11 1. RMgX 
Ar .... S~ ~ 2. AI-Hg 

..d ~ X  X = CH2, O R 

(b) non-chelate control: 
O 

. . . .  o 
: X , g 

R 

8 4  - 99% es 
R = Me, Et, i-Pr, vinyl, allyl, aryl 

90 -  99% es 
R = Me, Et, Ph 

S c h e m e  4.16. Asymmetr ic  addition of  o rganomagnes iums  to vinylic sulfoxides 
[ 162-164]. 

Schultz has reported a conceptually related method, which affords higher selec- 
tivities for cyclohexenones than is possible with the sulfoxide method, as shown in 
Scheme 4.17 [166]. The 2-carboxamidecyclohexenones are prepared by Birch 
reduction and hydrolysis of the 2-methoxybenzamide. Conjugate addition of 
Grignard reagents in the presence of Lewis acids, affords good yields of addition 
products with high selectivities for most nucleophiles (allyl is the notable 
exception). Presumably, the stereochemical rationale is similar, with the Lewis acid 
chelating the two carbonyls and the nucleophile approaching from the face opposite 
the methoxymethyl. Hydrolysis of the auxiliary and decarboxylation affords the 3- 
substituted cyclohexanones. 
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O O 
M e O ~  M e ~  

M e - - ~  '~ 

MeO- " ~  Me ..... ~ , /  

MeO O 

k--.o Me 

podorhizoxin c~-cuparenone 
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O 

MeO i'Pr(CH2)4 

11-oxoequilenin Me O 

MeO 

OH O 

HOCH 2 

A-factor 

Figure 4.26. Natural products synthesized by 1,4-addition to unsaturated cyclopentenones and 
butenolides: podorhizoxin [ 167], t~-cuparenone [ 168], 11-oxoequilenin [ 169], estrone [ 169,170], A- 
factor [ 163]. 

The asymmetric addition of cuprates to achiral cycloalkenones using a chiral 
ligand on the metal (interligand asymmetric induction) has been studied 
extensively, 18 but obtention of uniformly high yields with a variety of substrates 
and nucleophiles has not been achieved because the selectivity is dependent on a 
number of factors, including substrate and cuprate structure, solvent, concentration, 
temperature, and the presence of added salts. Two of the more highly selective 
ligands are illustrated in Scheme 4.18, and a mechanistic rationale for the first is 
also shown. Unfortunately, these processes are reported to be hypersensitive to the 
presence of impurities in the reaction mixture. In the first example (Scheme 4.18a), 
the presence of alkoxides in the alkyllithium diminishes the selectivity, and methyl 
iodide must be added to the recipe as an alkoxide scavenger [171]. A related 
approach uses a phosphine ligand, but the selectivity of these additions are highly 
dependent on the source of the copper [172]. The second example (Scheme 4.18b) is 
an optimized procedure for the asymmetric synthesis of muscone [ 173]. 

MeO O 

MeOCH 2 

O O 

MeOCH 2 

O 
1. RMgX 
2. H2NOH 
3. "hydrolysis" ,,, 

83 - 96% es 
R = Me, Et, Pr, vinyl, phenyl 

Scheme 4.17. Asymmetric addition of Grignards to cyclohexenones [166]. 

18 For a survey of the ligands tested, see ref. [ 120]. 
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(a) 

O I I O  n = 1, 2 n = 1" 73-90%, 92-96% es 
RLi.CuI-L* ~ R = Et, Bu, n = 0: 52-68%, 86-90% es 
...... ~ L ] t-BuOCH2 Ph 

�9 L*: - Me 
(CH2) n (CH2)n �9 R H O / ~  N ~  NMe2 

Me 

~b) O'S.Re R Cu ~ 
KY "Cu" I Me2 

o..~ J 
s , , L i , , ~  r~,, Me 

III I 

Meeu(L*)Li 
- ~ m u s c o r l e  

( 90%, 100% es (CH2)l~,,Me 

Scheme 4.18. (a) Asymmetric addition of cuprates to cycloalkenones [171 ]. (b) 
Mechanistic rationale for a [ 171]. (c) Asymmetric synthesis of muscone [173]. 
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Chapter 5 

Aldol and Michael Additions of Allyls and 
Enolates 

In this chapter, the discussion of additions to carbonyls continues with the aldol 
addition reaction and the mechanistically similar allyl addition reactions, both 
examples of "~-transfer" additions illustrated in Figure 4.1. Also discussed are 
asymmetric Michael addition reactions. 

The aldol condensation is one of the oldest reactions in organic chemistry, dating 
back to the first half of the 19th century, but about 1980 it underwent a renaissance 
after methods were developed to stop the reaction at the stage of the initial addition 
product, with a high degree of stereoselectivity. Much of the excitement and interest 
in asymmetric synthesis since that time has been due to the development of highly 
selective aldol addition reactions and the mechanistically similar allyl addition 
reactions. We begin the chapter with the latter, because the allyl addition is 
irreversible and because the transition state assemblies are somewhat less complex 
than those of the aldol additions. 

Scheme 5.1 illustrates the transition structure most often invoked to explain the 
selectivities observed in ;t-transfer 1,2-carbonyl additions (cf. Figure 4.1): the so- 
called Zimmerman-Traxler transition structure [1]. This model, which was 
originally proposed to rationalize the selectivity of the Ivanov reaction, has its 
shortcomings (as will be seen) and suffers from an oversimplification when applied 
to enolates, in that it illustrates a monomeric enolate (cf. section 3.1 and ref. [2-4]). 
Nevertheless, it serves the very useful purpose of providing a simple means to 
rationalize relative and absolute configurations in almost all of the asymmetric 1,2- 
additions we will see. The favored transition structure has lk topicity (Si/Si 

p h . ~ T . .  OMgBr OH OH 
+ PhCHO -~ p h i l _  CO2H + p h i / C O 2 H .  

OMgBr " .: 
syn Ph anti Ph 

topicity ul (24%) topicity lk (76%) 

X 

Si ~]... ~ Re 

H Ph 

X = O, or C(OMgBr)2 

lk topicity: ul topicity: 
Br 0 Br 

O ~  ~,~..~. O ~ -  ,, " ~  0 
Ph 

I Ph ~ " I Ph ol �9 H OMgBr Ph OMgBr 

favored transition structure " 0  

I I 

Scheme 5.1. The Zimmerman-Traxler transition state model for the Ivanov reaction [ 1 ]. 
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illustrated) because the alternative has a pseudo 1,3-diaxial interaction between the 
aldehyde phenyl and the magnesium alkoxide. Because the magnesium alkoxide is on 
a trigonal carbon in the 6-membered ring, this repulsive interaction is not large, and 
the selectivity for the anti product is only 76% [ 1 ].l 

5.1 1,2-Additions of allyl metals and metalloids 

Most allylic organometallic or organometalloid systems are reactive enough to 
add to aldehyde carbonyls without the aid of additional Lewis acids, the notable 
exception being allyl silanes (reviews: [7-15]). Often, the allylic metal or metalloid 
atom itself activates the carbonyl, and a highly organized six-membered ring 
transition structure similar to the Zimmerman-Traxler model results. This section 
deals with cases where chiral ligands on the metal or on an acid catalyst induce 
selectivity by interligand asymmetric induction. Reactions of allyl metal compounds 
in which the metal-bearing carbon is stereogenic are not covered. 

In order to explain the chemistry of allylic metals, the reactions of allylic boron 
compounds [8,12-14] are covered in detail. The boron chemistry is divided into four 
parts: simple enantioselectivity (addition of CH2=CHCH2 -, creating one new stereo- 
center), simple diastereoselectivity of crotyl additions (relative configuration after 
CH3CH=CHCH2-  addition, where neither reagent is chiral), single asymmetric 
induction with chiral allyl boron compounds (one and two new stereocenters), and 
double asymmetric induction (both reactants chiral, one and two new stereocenters). 
Then follows a brief discussion of other allyl metal systems. 

5.1.1 Simple enantioselectivity 
Scheme 5.2 illustrates the enantiomeric chair transition structures and products 

for the addition of an allyl borane to acetaldehyde. Note that in assembly a, the Re 
face of the aldehyde is attacked, producing the S alcohol. Conversely, attack on the 
Si face of the aldehyde produces the R alcohol (assembly b). In the inset are shown 
two alternative chair transition structures, which originate by reversing the position 
of the aldehyde methyl and hydrogen substituents of assemblies a and b (or 
equivalently, by flipping the chair). These are destabilized by severe 1,3-diaxial 
interactions between the aldehyde methyl and one of the ligands on boron. Note that 
the boron ligand is fully axial (unlike the pseudoaxial magnesium alkoxide in 
Scheme 5.1), and the boron-oxygen bond is fairly short. 2 These two differences 
mean that the repulsive interaction is quite strong, and the aldehyde is preferentially 
oriented with its nonhydrogen substituent equatorially. Thus the simple concepts of 
conformational analysis of substituted cyclohexanes, applied to the Zimmerman- 
Traxler model, provide a basis for a "first approximation" analysis of these closed 
(cyclic) transition structures. 

We will use the syn/anti nomenclature [5] to describe the relative configuration of aldol 
stereoisomers, and the lk/ul nomenclature [6] to describe the topicity of the reaction. For 
definitions, see glossary, Section 1.6. 
A B-O bond is 1.36-1.47A, whereas a Mg-O bond is 2.0-2.1 A [ 16]. 
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Scheme 5.2. Cyclic transition states for allyl boron additions. 

Unless there is a chiral ligand on boron, assemblies a and b of Scheme 5.2 are 
enantiomeric and the product will be racemic. If the ligand is chiral, then the 
transition structures are diastereomeric and the products will be formed in unequal 
amounts under conditions of kinetic control (Chapter 1). Figure 5.1 illustrates 
several chiral boron reagents that have been tested in the allyl boration reaction, 
with typical enantioselectivities for each. 

(a) (b) (c) (d) 

/Pro  . o O Ms ]~ B-allyl ( " O 
B-ailyl - B-allyi -- B-allyl O 

i_PrO2 C / ' ~  O 

72-93% es 94-98% es 85-93% es 92-98% es 

(e) 

Ts 
P h ~  N 

B-allyl 
Ph' N 

Ts 

92-99% es 

09 

..... )2B-allyl 

(g) (h) ~. 

~ ~ ' " "  ,2B-allyl y )2B-allyl ..... 

(i) (j) 
/ 

~ B-allyl qB-al lyl  

SiMe 3 
9 1 - 9 6 %  e s  

> 98% es (-100 ~ > 99% es > 99% es 92-96% es 97-98% e s  

Figure 5.1. Chiral boron compounds for asymmetric allyl addition to achiral primary, secondary, 
and tertiary alkyl, vinyl, and aryl aldehydes, and their typical enantioselectivities (a-e at-78 ~ g-j at 
-100~ (a) [17]; (b) [18]; (c) [19]; (d) [19]; (e) [20]; (f-h)[21-24]; (i-j) [25]. 

5.1.2 Simple diastereoselectivity 
When there is a substituent on the allyl double bond, geometric isomers are 

possible and two new stereocenters are formed. The transition structures in Scheme 
5.3 illustrate how the E-crotyl boron compound affords racemic anti addition 
product and the Z-crotyl compound affords the syn product. 3 For the E isomer, the 

This assumes that there are no isomerizations that precede the addition. For discussions of such 
phenomena for boranes and boronates, see ref. [26]. 
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most stable chair presents the Re face of the aldehyde to the Re face of the double 
bond, or vice versa (lk topicity). These two transition structures are enantiomeric 
(and therefore isoenergetic in the absence of a chiral influence), as are the anti 
products. Likewise, the Z-crotyl species assembles with ul topicity, presenting the 
Re face of the aldehyde to the Si face of the double bond, or vice versa, which 
produces the syn addition product. 

Note that reversing the face of only one component of the assembly reverses the 
topicity and the relative configuration of the stereocenters in the product. For 
example, exchanging the positions of the methyl and hydrogen in either the aldehyde 
or the crotyl moiety of the lk transition structure changes the topicity to ul, and the 
syn product would be produced. As before (Scheme 5.2) exchanging the aldehyde 
substituents causes severe 1,3-interactions with the axial boron ligand. Therefore, 
the tendency is for Ik topicity for E-crotyl species, giving anti products and ul 
topicity for Z-crotyl compounds, giving syn products. 

(a) . O ~  OH 0 RCHO 

93% E 93-96% anti 

OH 
~ . ~ B  RCHO~ R ~  

>95% Z 94-97% syn 

(b) E-crotyl boron compounds: 

Re ~ ,.L 
Me~ ,rT-"L O- B" 
M e / " ~ e  \L 

Z-crotyl boron compounds: 

Meksi ~ B / L  
�9 - r  . _ .  

Me. . .~  0 x 
Re L 

OH OH 

anti L 
k~ enantiomers j 

diastereomers 

. A  
( OH OH "~ M e . . , . :  

ul " % ~ ul ~ . ' ~  O.B/L 
" ~  -" Re'~X,~..----, 

" syn L 
enantiomers 

Scheme 5.3. (a) Stereospecificity (within experimental error) of crotyl borane additions to 
aldehydes, R = Me, Et, i-Pr, Ph [26]. (b) Transition structures for stereospecific addition of crotyl 
boron compounds to aldehydes. 

5.1.3 Single asymmetric induction 
Figure 5.1 lists a number of auxiliaries for asymmetric allyl addition to 

aldehydes. Substituted allyl boron compounds have also been used in reactions with 
achiral aldehydes. Table 5.1 lists several examples of 2- and 3-substituted allyl 
boron compounds, and the products derived from their addition. Note that for the 
E-and  Z-crotyl compounds, the enantioselectivity indicated is for the isomer 
illustrated. In some cases, there was more than one of the other three possible 
isomers found as well. 



Chapter 5. Aldol and Michael Additions 165 

Table 5.1. Asymmetric addition of substituted allyl boron compounds to aldehydes. Ligands are 
illustrated in Figure 5.1. 

Entry RCHO L2BR Product % Yield % es Ref 

1 E- Br OH Br 79 94 [20] 

cinnamyl _CH2 ~ ph ~ / ~ ~ ~  

L2=ent-5.1e 
I! 2 n- OH Br 77 >99 [20] 

C5H11- 
n-CsHl I 

3 CH3- Z-crotyl OH 75 95 [27] 

L2=5.1f 

4 CH3- E-crotyl OH 78 95 [27] 

L2=5.1f 

5 CH3- - C H 2 ~  OH 59 95 [28] 

. OMe R ~  

L2=5.1f OMe 

(R = CH3) 

6 Ph-  " " 75 95 [28] 

(R = Ph) 

OH 

7 n- ~ SiMe2N(i-Pr) 2 R _"t"-:-"~ 52 >95 [29] 
C6H13_-CH2 SiMe2N(i-Pr) 2 

L2=5.1f 
(R = n-C6H 13) 

8 c-C6HI 1- " " 63 >95 [29] 
(R = c-C6H 1 l) 

9 Ph- " " 50 >95 [29] 

5.1.4 Double asymmetric induction 
When the boron ligands and the aldehyde are both chiral, the inherent stereo- 

selectivities of each partner may be either matched or mismatched (Chapter 1). In 
principle, a chiral aldehyde could derive facial selectivity from either the Felkin- 
Anh-Heathcock model (Figures 4.8 and 4.10) or the Cram-chelate model (Figure 
4.11). However, because the boron of these reagents can accept only one additional 
ligand, chelation is not possible. Therefore only the Felkin-Anh-Heathcock effects 
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are operative in these reactions, and they are usually relatively weak, with diastereo- 
selectivities of <70%. The high diastereoselectivites of many of the auxiliaries 
illustrated in Figure 5.1 can therefore be used to control the relative and absolute 
configuration of both of the new stereocenters in the addition product. Table 5.2 
lists selected examples of double asymmetric induction with two o~-alkoxyaldehydes 
and several auxiliaries (the 4,5-anti isomer is favored by Cram's rule). 

Table 5.2. Double asymmetric induction in addition of allyl boron compounds to aldehydes. 
Ligands are illustrated in Figure 5.1. 

Entry RCHO., L2BR . Product  % yield % ds Ref  

Ph ~ CHO allyl OH. 
Ph : 

1 OMOM L2=5.1e ~ 80 96 [20] 

OMOM 

P h . ~  CHO allyl Ph OH -. 

L2=5.1e ~ 98 [20] 
OMOM 

OMOM 

allyl 87 96 [30] 
O ~  CHO L2=5.1 a O ~  

OH 

" allyl " 85 93 [ 19,31 ] 

L2=5.1c 

" allyl " 84 98 [19] 

L2=5.1d 

allyl " ~ 0  L2= o ~  90 98 [31 ] 

ent-5.1c OH 

allyl 81 99.7 [19,31] 
L2= 

ent-5.1d 

. . J  
E-crotyl f "  1 . " . O  - 85 96 [8,32,33] 
L2=5.1 c o ' x 1 ~ - , ~ " ' , ~  

OH 
E-crotyl 74 86 [25] 
L2=5.1i 
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Table 5.2 (cont.). Double asymmetric induction in addition of allyl boron compounds. Ligands 
are illustrated in Figure 5.1. 

Entry RCHO L2BR Product % Yield % ds Ref 

10 " ~ o  E-cr~ o ~ - O  " ,  I ! 85 72 [30] 
L2=5 1 a O ~  CHO 

. . ,  - -  j 

OH 
11 ,, E-crotyl ,, 87 87 [8,32,33] 

L2= 
ent-5.1c 

12 " E-crotyl ,, 71 96 [25] 
L2= 

ent-5.1i 

13 " Z-crotyl " ~ ,  - o  - 86 >98 [30] 
L2=5.1 a o ~  

OH 
14 " Z-crotyl " 90 76 [8,33] 

L2=5.1c 
15 " Z-crotyl " 84 >99 [8,33] 

L2= 
ent-5.1c 

16 " Z-crotyl " 66 92 [34] 
L2= 

ent-5.1i 

17 " Z-crotyl o ~ _o ~ 65 82 [34] 
L2=5.1i ~ 

OH 

Noteworthy among these examples is the ability to achieve high diastereoselec- 
tivity for both the 3,4-syn and 3,4-anti isomers, almost independent of the chirality 
sense of the aldehyde. Comparison of several examples show the expected trends for 
matched and mismatched pairs (cf. entry pairs 1/2, 4/6, 5/7, 9/12, 16/17). Note that 
either 3,4-anti diastereomer can be obtained with 96% ds (entries 8 and 12); the two 
3,4-syn isomers are also available selectively (entries 13-16 and 17), although only 
one ligand (5.1i) is selective for the 3,4-syn-4,5-syn product (entry 17) that is a 
mismatched pair (cf. entry 16). Note that with Roush's tartrate ligand (Figure 5. l c), 
the E-crotyl mismatched pair is more selective than the matched pair (entries 8/11; 
for a rationale, see ref. [33]), and the matched and mismatched pair give the same 
major product isomer with the Z-crotyl compound (entries 14/15). 

Several substituted allyl and crotyl derivatives have been designed to increase the 
usefulness of the boron-mediated allyl addition of aldehydes. For example, silanes 
such as those shown in Table 5.1, entries 7-9, can be stereospecifically converted to 
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hydroxyls [29,35] or transformed into alcohols with a formal 1,3-hydroxy 
migration [36]. Additionally, vinyl bromides such as those shown in Table 5.1, 
entries 1 and 2 can be converted into a number of functional groups by standard 
chemical means [20]. Examples of these transformations are shown in Scheme 5.4. 
Note also that ozonolysis of any of these adducts give "aldol" adducts (Section 5.2). 

OH 
I I  

(a) 

Y=Ph 
R = Me; n-C5Hll; c-C6HI l 

c'C6H 11 

OH 

SiMe2Y 

OH 
(b) ._ 

R 

OH 
Y = N(i-Pr)2; Oc-C6H11 
R = Me; n-CsH 11; n-C6HI3; 

c-C6Hll; Ph; 2-thienyl; 

OH Br OH 

c-C 6H l 1 
o r  

c - C 6 H 1 1  

OH 0 

o r  
MOMO Z 

o r  

c'C6g 1 1 c'C6HI 1 

Z = SiMe3; SnBu3; CH2OH 

Scheme 5.4. Transformations of functionalized addition products. (a) [36]; (b) 
[29,35]; (c) [20]. 

5.1.5 Other allyl metals 
In addition to boron, a number of other metals have been used in r~-transfer 

addition reactions (reviews: [7-11,14,15]. Based on stereochemical tendencies and 
mechanistic considerations, these reagents have been classified into three groups, as 
illustrated in Scheme 5.5 [8,37]: 
Type 1. Reagents that are stereospecific in the sense that an E-crotyl isomer affords 

the anti addition product (lk topicity) and a Z-crotyl isomer affords the 
syn product (ul topicity). The transition structure is thought to be a closed 
chair, analogous to the Zimmerman-Traxler transition structure (Scheme 
5.1). 

Type 2. Reactions that are catalyzed by Lewis acids and are stereoconvergent to 
syn adducts for either the E- or the Z-crotyl organometallics (ul topicity). 
The transition structure is usually considered to be open (acyclic), but the 
exact nature of the transition state is still a matter of discussion [8,9]. 

Type 3. Allyl organometallics that are (usually) generated in situ and which equili- 
brate to the more stable E-crotyl species, then add via a closed, Zimmer- 
man-Traxler transition structure producing anti adducts preferentially [8]. 

The boron-containing compounds discussed in the previous sections are typical of 
Type 1 reagents. Also included in this group are reactions of allyl aluminums and 
uncatalyzed reactions of allyl tin reagents [8,37]. 

Reactions that fit Type 2 are catalyzed by Lewis acids which coordinate to the 
carbonyl oxygen of the aldehyde, thereby precluding coordination by the allyl 
metal. Such reactions proceed via an open transition state. As indicated previously, 
allyl silanes are not reactive enough to add to aldehydes without acid catalysis, so 
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Z E anti " 

Scheme 5.5. Mechanistic types for allyl addition to carbonyls. Types 1 and 3 proceed 
through transition structures similar to those in Scheme 5.3 [8,37]. 

they fall into this category [37]. Allyl stannane additions may be catalyzed by Lewis 
acids, so stannanes sometimes fall into this group [38,39], as do allyl titanium 
reagents [8,9,37]. Scheme 5.6 shows some enantioselective examples of allylsilane 

PhCHO + 
R 20 mol% CAB OH R 

~ . . . . .  SiMe 3 " 
C2HsCN Ph 

R = H: 46%, 77% es 
R = Me: 68%, 91% es 

PhCHO + 

RCHO + 

Et OH Et 20 mol% CAB 
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74-81% 
97% syn 
98% es 

20 mol% OH 
SnMe3 ..XzTi~ _ " 

CH2C12 R ' " " - / ~  

R = Ph: 96%, 91-96% es 
R = c-C6H1 l" 75-95%, 96% es 
R = n-alkyl" 75-83%, 99% es 

Oi-Pr O CO.,H 

( i ~ ~ O / -  , ~ ~ r  O ~  :]BH 
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X = CI, Oi-Pr 
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Ill I I I I 

S c h e m e  5.6. Enantioselective additions of allyl silanes [40] and allyl stannanes [41,42], 
mediated by chiral catalysts. 



170 . . . . .  Principles of Asymmetric Synthesis 
additions [40] and allyl stannane [41,42] additions; many enantioselective additions 
of allylstannanes involve chirality transfer from the stannane where the allylic 
carbon bearing the tin is stereogenic [9,15], and are not discussed herein. 

Figure 5.2 illustrates the six possible open transition structures for the Lewis 
acid mediated addition of allyl metals to an aldehyde. Note that for each topicity, 
there are two synclinal arrangements and one antiperiplanar. Several factors must 
be considered in explaining the observed ul topicity of these reactions (giving syn 
relative configuration in the products), and a number of rationales have been 
offered. If one assumes that the conformation is antiperiplanar in the transition 
state, then structure a would be favored over d, since this arrangement minimizes 
the interaction between in the aldehyde substituent, R, and the methyl of the crotyl 
group. 

(a) (b) (c) 
CHCH2M MCH2CH LA CHCH2M 

I 
H H O 1 0  R 

Me Me LA H Me 

O~ R H 
LA 

~, antiperiplanar synclinal J 

~ topicity (favored) 

syn adducts 

anti adducts 

~ topicity 

CHCH2M 
H R 

Me 

(e) (39 
LA CHCH2M CHCH2M 

' 

H O.~LA 

Me H" " ~  Me 
0 R H 

LA / 

antiperiplanar synclinal 
Figure 5.2. Newman projections of possible open transition structures for 
Lewis acid (LA) catalyzed additions to aldehydes. 

On the other hand, Seebach suggested in 1981 that the topicity of a number of 
reactions (including these) may be explained by having the double bonds oriented in 
a synclinal arrangement. 4 He reasoned that steric repulsion between the R and 

For a discussion of the Seebach rule as applied to the Michael reaction, see Figure 5.9 and the 
accompanying discussion. 
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C H C H 2 M  moieties would favor b over c and e over f. Then, assuming that the 
nucleophile approaches the carbonyl along the Btirgi-Dunitz trajectory (Section 
4.1.3), either the hydrogen (in b) or the methyl group (in e) must be squeezed in 
between the alkyl group and hydrogen of the aldehyde. The former would be 
favored. This hypothesis was offered as a "topological rule" (not a mechanism). 

Later, studies of intramolecular silane [37] and stannane [39] additions offered a 
direct comparison between synclinal arrangement c and antiperiplanar arrangement 
d. The former is favored. Because of the intramolecular nature of the addition, 
conformations analogous to the other possibilities were not possible. 

Allyl chromium, titanium and zirconium reagents fall into the Type 3 category. 
Enantioselective reactions in this class are relatively rare, although the 
diastereoselectivities can be quite high (reviews: [7,8,15]). 

5.2 Aidol  addit ions  5 

The Ivanov reaction (Scheme 5.1) is an early example of an aldol addition reac- 
tion that proceeded selectively. There has been an enormous amount of work done 
in this area, and only a small amount of the developmental work will be covered 
here. A large number of chiral auxiliaries and catalysts have been developed, but we 
will concentrate on only a few, which suffice to provide an understanding of the 
structural factors that influence selectivity. The transition structures presented in the 
following discussion are oversimplifications, in that the enolate and its metal are 
represented as monomers, when in fact they are not [2-4]. On the other hand, much 
of the available data may be rationalized on the basis of these structures, so the 
simplification is justified in the absence of detailed structural and configurational 
information about mixed aggregate transition structures. 

5.2.1 Simple diastereoselectivity 
Kinetic control. The Zimmerman-Traxler model, as applied to propionate and 

ethyl ketone aldol additions, is shown in Scheme 5.7 (note the similarity to the 
boron-mediated allyl additions in Scheme 5.3). Based on this model, we would 
expect a significant dependence of stereoselectivity on the enolate geometry, which 
is in turn dependent on the nature of X and the deprotonating agent (see section 
3.1.1). In addition, the configuration and selectivity of the kinetically controlled 
aldol addition is dependent on the size of the substituents on the two reactants. 

Figure 5.3 illustrates both enantiomers of most of the possible transition 
structures that have been postulated for aldol additions of R1CH2COX enolates. In 
the closed transition structures (Figure 5.3a,b), the chair conformations would 
normally be expected to predominate, but in certain instances a boat may be 

Note the distinction between the aldol condensation, in which t~,~-unsaturated carbonyls are 
formed, and the aldol addition, which is stopped at the 13-hydroxy carbonyl stage. For reviews of 
the early literature, mostly focusing on the aldol condensation, see ref. [43,44]. For reviews of the 
aldol addition, see ref. [16,45-51] (Li and Mg enolates), [52] (B and AI enolates), and [53] 
(transition metal enolates). 
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Scheme 5.7. Transition structures for stereoselective propionate additions to aldehydes. 

preferable. 6 For the open transition structures, study of the intramolecular addition 
of silyl ethers, catalyzed by Lewis acids, showed a moderate preference for an anti 
conformation [59]. In intermolecular cases, the choice between open structures of ul  

or lk  topicity will be governed by the relative magnitude of the gauche interactions 
between R1 and either R2 or MLn on the aldehyde. 

(a) Closed transition structures 
RI 

, O ~ O-ML n and R2 O~ML n 
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R1 ~O/~(~n R k.., "~/O' 
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R2 " "N ~ "  Ox 
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(b) Closed transition structures 

R2- "N'~" O" R 2 ~ O N . M L n  R l ~ ~ f f ~  O-  ML n and R1 0 
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M O Ln / 
O /-, '~,MLn 

R 0 / and RI , ~ O .  x 
R 2 /  \ 

RI X (boats) R2 
ul ul 

(c) Open transition structures 

CXOML n CXOML n CXOML n 

R I " ~ ' H  and vs. and ,0 R I ' ~ H  R l " ~ -  H R l " ' r ~  H 

Ln M ul LnM" ul /k MLn lk O-- ML n 

Figure 5.3. (a) Chair and boat transition structures for Z(O)-enolates. (b) Chair and boat 
transition structures for E(O)-enolates. (c) ul and lk open transition structures. Note that in all 
cases, the topicity is such that ul -~ syn; lk -~ anti. 

Computational studies predict that the geometry (chair, half-chair, boat, etc) depends on the nature 
of R1, R2, and M. Theory also predicts that Z-enolates prefer a closed chair, but that E-enolates 
may prefer a boat [54-56]. For an empirical rule for predicting aldol topicity, see ref. [57]. For an 
investigation into the effect of metal and solvent on transition structures, see ref. [58]. 
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The stereoselectivity of the aldol addition often depends on the selectivity of 
enolate formation. Ireland's rationale for the selective formation of lithum Z(O)- 
enolates of ketones, amides, and imides, and the selective formation of ester E(O)- 
enolates was outlined in section 3.1.1 [60]. The rationale for the selective formation 
of E(O)- and Z(O)-boron enolates by reaction with dialkylboron triflate and a 
tertiary amine [61] is shown in Scheme 5.8 [52,62]. The boron triflate coordinates to 
the carbonyl oxygen, thereby increasing the acidity of the tz-proton so that it can be 
removed by amine bases, as shown in Scheme 5.8a. In most cases, the 
stereochemical situation is as shown in Scheme 5.8b. The boron is trans to the 
CH2R1, R1 is antiperiplanar to X, and removal of the HRe proton gives the Z(O)- 
enolate. Note that for amides (X = NR2), A 1,3 strain between R I and NR2 
particularly destabilizes the E(O)-enolate. In certain instances, a repulsive van der 
Waals interaction between the X and BR2OTf moieties may be particularly severe 
(e.g., t-BuS- and Bu2BOTf), such that the boron is oriented trans to X, which 
forces R1 synperiplanar to X to avoid the boron ligands, as illustrated in Scheme 
5.8c. Removal of the Hsi proton then gives the E(O)-enolate. 

(a) O s'r BR2OTf 
O OBR 2 

(b) i .  ,,,..~ 
" H R e 

XH s . - ~ R ) " "  BR2OTf 
1 

OBR 2 

X ~ . . / R I  Z(O)-enolate 

(c) 
�9 Hsi 

X - ~  O "~ BR2OTf 

R I ~  HRe 

OBR 2 

RI 

E(O)-enolate 

Scheme 5.8. Rationale for the stereoselective formation of boron enolates 
[62]. (a) If the boron is trans to X, A 1,3 strain considerations force R1 syn to X, 
and removal of the proton from a conformation in which the C-H bond is 
perpendicular to the carbonyl affods the E(O)-enolate; (b) when the boron is cis 
to X, R l may orient anti to X, and the Z(O)-enolate ensues. 

Not all aldol additions exhibit a dependence of product configuration on enolate 
geometry. Acid catalyzed aldols [45], some base catalyzed aldols [58], and aldols of 
some transition metal enolates [63,64] show no such dependency. For example, 
zirconium enolates afford syn adducts (ul topicity) independent of enolate geometry 
for a number of propionates [63,64]. As shown in Scheme 5.9, two explanations 
have been proposed to explain the behavior of zirconium enolates. One explanation 
(Scheme 5.9a) is that the closed transition structure changes from a chair for the 
Z(O)-enolate to a boat for the E(O)-enolate [16,63,65]. Another hypothesis is that 
these additions occur via an open transition structure. Although the original authors 
[64] suggested an open transition structure, they did not provide an illustration. 
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Recently, Heathcock proposed an open transition structure similar to the one 
illustrated in Scheme 5.9b for an acid-catalyzed aldol addition where the Lewis acid 
on the oxygen is small [66]. According to this rationale, the topicity is determined 
by the relative energies of the van der Waals interactions between the methyl group 
and either the Lewis acid or R group [66]. Heathcock postulates that when the Lewis 
acid is small, ul topicity is preferred, since it minimizes the gauche interactions 
between the methyl and R in the forming bond. In the case of the zirconium 
enolates, there is an equivalent of lithium chloride present from transmetalation of 
the lithium enolate with Cp2ZrC12, which can act as a (small) Lewis acid. The 
transition structure illustrated in Scheme 5.9b is then favored because it relieves the 
gauche interaction between the methyl and R in the forming bond. 

(a) 

(b) 

Me 

Re~Rx~ o OH O Re / 0  
ul / ~  u~___/ / ,  ~o(ZrCP2C1 

- - - - -  x x 

X Me R 
Z-enolate (chair TS) syn adduct E-enolate (boat TS) 

CXOZrCP2CI CXO OH O 

ul .._ ~ R 
Me H - Me H OH Me 

O E- or Z-enolate (Re) 
(C1Li)n Si face of aldehyde syn adduct 

x 

Scheme 5.9. Explanations for the ul selectivity of E(O)- and Z(O)-zirconium enolates: 
(a) Z(O)-enolate chair and E(O)-enolate boat [16,63]; (b) open structure [64] (see also 
ref. [66]). 

Thus, two explanations rationalize the same result. The lesson is that although 
transition state models may serve a useful predictive value, they may or may not 
depict reality. The scientific method allows you to test a hypothesis, but consistency 
with a hypothesis does not constitute a proof: it constitutes a failure to disprove the 
hypothesis. 

Thermodynamic control. Note that it is also possible for the aldolate adduct to 
revert to aldehyde and enolate, and equilibration to the thermodynamic product may 
afford a different diastereomer (the anti aldolate is often the more stable). The 
tendency for aldolates to undergo the retro aldol addition increases with the acidity 
of the enolate: amides < esters < ketones (the more stable enolates are more likely to 
fragment), and with the steric bulk of the substituents (bulky substituents tend to 
destabilize the aldolate and promote fragmentation). On the other hand, a highly 
chelating metal stabilizes the aldolate and retards fragmentation. The slowest equili- 
bration is with boron aldolates, and increases in the series lithium < sodium < 
potassium, and (with alkali metal enolates) also increases in the presence of crown 
ethers. 7 

For a thorough discussion of the factors affecting the equilibration of aldolates, see ref. [ 16]. For 
a procedure for thermodynamic equilibration, see ref. [67]. 
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MeO  

To achieve kinetic control in the aldol addition reaction, it does not matter if the 
rate for the retro aldol is fast, as long as the relative rates for syn vs. anti addition is 
large. As an example, consider the following "case study". Let us assume that the 
rate of ul addition for a Z(O)-enolate (to give syn adduct) is significantly faster than 
the rate of lk addition (giving anti adduct), such that ksyn/kanti = 100. Under these 
conditions, a retro aldol must occur 100 times before one syn -~ anti isomerization 
can occur. The actual rates of these individual processes can be measured with 
experiments such as those illustrated in Scheme 5.10 [68]. In Scheme 5.10a, 
aldehyde exchange clearly involves a retro aldol, and has a half-life of 15 minutes. 
In Scheme 5.10b, isomerization to the more stable anti isomer has a half-life of 8 
hours at a higher temperature. Because the retro aldol and the ul addition are both 
much faster than the unfavored lk addition, even the crossover is syn-selective. 

Li Li 
(a) O" "O O" "O 

~ t - B u  tl/2=15min ( [~ 
+ PhCHO ~ ~ t-Bu 

THF, 0 ~ 

Li. Li. 
O" O O" O 

tt/2 = 8 h 
t-Bu ~ " t-Bu 

ether, 25 ~ 

Scheme 5.10. (a) Aldehyde exchange and (b) syn-anti isomerization of aldolates [68]. 

In summary, the following generalizations have emerged for aldol additions 
under kinetic control: 
1. Z(O)-enolates are highly syn-selective (ul topicity) when X is fairly large [51]. 
2. Z(O)-enolates with a large R1 (such as an isopropyl or tert-butyl) give anti 

products (lk topicity) selectively [51 ]. 
3. E(O)-enolates are highly anti-selective (lk topicity) only with a very large X 

group (such as 2,6-di-t-butylphenol) [51 ]. 
4. For a closed transition structure, shorter M-O bond lengths amplify the van 

der Waals interactions between R1, R2, and X relative to enolates with longer 
bond lengths, resulting in higher stereoselectivities [16]. With boron enolates 
for example, Z(O)-enolates are highly syn selective [521. 

5.2.2 Single asymmetric induction 
For the addition of acetate and methyl ketone enolates (one new stereocenter), a 

number of approaches have been taken to induce enantioselectivity (review: [69]); 
one of these methods will be mentioned in the succeeding section, along with the 
propionate and ethyl ketone additions. In the open transition structures of Figure 
5.3, each illustrated Ik or ul pair is enantiomeric in the absence of any stereocenters 
in the two reactants. Introduction of a chirality element converts the paired 
transition structures (i.e., transition structures of the same topicity) and products 
from enantiomers to diastereomers, and allows diastereoselection under either 
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kinetic or thermodynamic control. There are three opportunities for introduction of 
chirality: a chiral auxiliary (X*), and the two sites of Lewis acid (ML*n) coordina- 
tion" the enolate and the aldehyde oxygens. In principle, either one, two, or three 
could be chiral, allowing for the possibility of single, double, and even triple 
asymmetric induction. 

The following discussion is organized by the 'location' of the introduced 
chirality: X (intraligand asymmetric induction) or MLn (interligand asymmetric 
induction). Additionally, there is the possibility of a chirality center in the aldehyde, 
which will normally have an observable influence only in cases where the 
stereocenter is close to the carbonyl (i.e., Cram's rule situations - see Chapter 4). 
Most of the examples that have been published to date include chirality centers in 
either X or MLn, but not both. 

Intraligand asymmetric induction. The first example of an auxiliary-based 
asymmetric aldol addition was reported by the Enders group, who used the enolate 
of a SAMP hydrazone in a crossed aldol [70]. This method afforded good yields, but 
only modest selectivities. Introduction of chirality in X (Figure 5.3) produces an 
enolate that affords much higher selectivities. Some of the more popular and 
effective auxiliaries are shown in Figure 5.4. The first of these (Figure 5.4a, R = 
methyl) was evaluated in racemic form by Heathcock in 1979, as its lithium Z(O)- 
enolate [71,72]. Later, a synthesis of the S-enantiomer from S-tert-leucine (S-tert- 
butylglycine) was reported [73]. A similar auxiliary was reported by the Masamune 
group in 1980 (Figure 5.4b, R = methyl), which afforded outstanding selectivities as 
its boron Z(O)-enolate. Initially [5] the racemate was resolved, but subsequently a 
chiron synthesis was reported using mandelic acid [74]. Both the Heathcock and the 
Masamune auxiliaries are self-immolative (cf. section 1.2, p. 2)" 'removal' of the 
auxiliary by oxidative cleavage of the o~-alkoxyketone to a carboxylic acid destroys 
the stereocenter. Figure 5.4c illustrates one of the most frequently used auxiliaries, 
the oxazolidinone imides developed in the Evans laboratory in 1981 [75]. These 
auxiliaries, which are made from amino alcohols such as valinol and phenylalaninol, 
can be cleaved to an acid, aldehyde, or an alcohol [76,77] cf. Scheme 3.16 and 3.17), 
and the auxiliary can be recovered in good yield. Reaction of either the boron Z(O)- 
enolates [75] or the zirconium E(O)-or Z(O)-enolates [78] are highly 

(a) 0 (b) 0 (c) 0 0 

R~/~..~/OSiMe3 R~/~/OSiMe2t -Bu R . ~  N~['.. O 
\ / 

R , /  
~'d) 

t-Bu c'C6H l l 
~ _ ~  (e) 

/ 1  so Ph N 

O~ COCH3 

R'= i-Pr, Bn 

Figure 5.4. Chiral auxiliaries for asymmetric aldol additions. (a) racemic 
[71,72], from tert-leucine (tert-butyl glycine) [73]; (b) from mandelic acid 
[5,74]; (c) from valine or phenylalanine [75]; (d) from camphor [79]; (e) 
from camphor [80,81 ]. 
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selective. None of the auxiliaries shown in Figure 5.4a-c are particularly selective 
when R is hydrogen (i.e., 'acetate' enolates). The acetate shown in Figure 5.4d, 
reported by Helmchen in 1985 [79], is particularly good in this regard. A more 
recent (1988) addition to the list of effective aldol auxiliaries (Figure 5.4e) is the 
camphor sultam developed by Oppolzer [80-83] (cf. Scheme 3.18). Most of these 
auxiliaries (Figure 5.4a being the exception) are available as either enantiomer, 
making available either enantiomer of any aldol adduct. In the following 
discussions, only one enantiomer is illustrated, and it should be recognized that the 
other is also available. 

The Heathcock and Masamune auxiliaries (Figure 5.4a,b) are structurally and 
conceptually similar, and will be discussed together. Scheme 5.11 illustrates two 
possibilities that can arise in these systems, depending on the metal and the sub- 
stituents on silicon: a chelated or nonchelated orientation in the transition structure. 
Note that, for the S-enantiomer illustrated, the chelated enolate has the R group 
(tert-butyl or cyclohexyl) oriented to the rear, and the f ront  face of the enolate is 
most accessible to the electrophile. Conversely, the non-chelated structure has the 
dipoles of the C=O and C-O bonds aligned in opposition, with the R group now 
projecting to the front of the structure leaving the rear face more accessible. 

If both the Z(O)-  and the E(O)-enolates can be made, and if both follow the 
Zimmerman-Traxler models (i.e., chair transition structures), then both syn and 
anti adducts should be available (Scheme 5.11, path a vs. b or c vs. d). Since both 
enantiomers of the auxiliary are available, any desired combination of relative and 
absolute configurations in the products would be available. 

nonchelated enolate: 

R"3SiO~.~ ~ R' 
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alignment)MeCH~,~~O MLn 
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. . . .  
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OH 0 OH 0 OH 0 
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Scheme 5.11. Chelated and nonchelated pathways to aldol adduct diastereomers for the 
Heathcock and Masamune auxiliaries. 
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Note that each E(O)-or Z(O)-enolate will have a choice of two Zimmerman- 
Traxler transition structures. Thus (see Scheme 5.11), a Z(O)-enolate may add 
through nonchelated path a or chelated path c, both of which afford syn adducts, but 
of opposite absolute configuration at the two new stereocenters. Likewise, an E(O)- 
enolate may add via path b or d, affording diasteomeric anti adducts. 

Highly selective additions of these auxiliaries have been achieved via all four of 
the postulated pathways. Table 5.3 lists several examples. For example, Z(O)- 
dibutylboron enolates (entries 1, 2) often have selectivities of >99%, and are 
postulated to proceed through nonchelated path a [73,74]. The reason path c cannot 
compete is that the boron cannot accomodate more than four ligands, and two of the 
ligands are non-exchangeable alkyl groups. Additionally, boron enolates are not 
reactive enough to add to aldehydes unless the latter are coordinated to a Lewis acid. 
In the absence of external acids, then, the boron of the enolate must activate the 
aldehyde by coordination and its two available ligand sites are occupied by the 
enolate and the aldehyde oxygens. 

When the t~-hydroxyl is silylated with a tert-butyldimethylsilyl group, chelation 
is difficult no matter what the metal. Lithium enolates of the TBS ethers are not 
particularly selective in their additions to aldehydes, but transmetalation to titanium 
affords enolates that are highly selective in their addition reactions (Table 5.3, entry 
3, [84]). Acylation of the oxygen with a benzoyl group and deprotonation with LDA 
affords an enolate that gives the relative configuration shown in path a, although 
chelation by the benzoyl carbonyl oxygen is postulated (entry 4, [85]). With a 
smaller trimethylsilyl group, a lithium cation can simultaneously coordinate the 
enolate oxygen, the siloxyl oxygen, and the aldehyde oxygen. Thus, the Z(O)- 
lithium enolate affords syn adducts according to path c (entry 5, [73]). 

Deprotonation of the ketone educt with N-(bromomagnesio)-2,2,6,6-tetramethyl- 
piperidide affords the E(O)-enolate selectively. Addition of the magnesium E(O)- 
enolate having a trimethylsiloxy group affords anti adducts (entry 6, [73]), and is 
postulated to occur via chelated path d (Scheme 5.11). Transmetalation of the tert- 
butyldimethylsiloxy-protected magnesium E(O)-enolate affords a titanium enolate 
that cannot chelate, and adds to aldehydes via path b (entry 7, [73]). In this case, 
only benzaldehyde afforded selectivity lower than 95%. 

A highly versatile auxiliary is the Evans oxazolidinone imide (Figure 5.4c, see 
also Scheme 3.16), available by condensation of amino alcohols [86,87] with diethyl 
carbonate [86]. Deprotonation by either LDA or dibutylboron triflate and a tertiary 
amine affords only the Z(O)-enolate. Scheme 5.12 illustrates open and closed 
transition structures that have been postulated for these Z(O)-enolates under various 
conditions, and Table 5.4 lists typical selectivities for the various protocols. The 
first to be reported (and by far the most selective) was the dibutylboron enolate 
(Table 5.4, entry 1), which cannot activate the aldehyde and simultaneously chelate 
the oxazolidinone oxygen [75]. Dipolar alignment of the auxiliary and approach of 
the aldehyde from the Re face of the enolate affords syn adduct with outstanding 
diastereoselection, presumably via the closed transition structure illustrated in 
Scheme 5.12a [75]. The other syn isomer can be formed under two different types 
of conditions. In one, a titanium enolate is postulated to chelate the oxazolidinone 
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Table 5.3. Asymmetric additions of the Heathcock-Masamune enolates. The "Path" column 
indicates the product configuration and the proposed transition structure from Scheme 5.11. 

E n t r y  Enola te  Path RCI-IO % Yield % d s Ref  

Bu2B~ O 
1 ~ a Et, i-Pr, Ph, 70-85 >97 [74] 

BnO(CH2)2 

OTBS 

Bu2B~ 
2 O I . a i-Pr, t-Bu, Ph, 75-80 >95 [73] 

BnO(CH2)2 

OTBS 

(i-PrO)3Ti ,. 
3 .O ~ a Et, i-Pr, 75-88 >98 [84] 

t-Bu, Ph 

OTBS 

4 I~ f 1 a Et, i.Pr, p h 67-96 86-97 [85] 

O ~ V I  Illl 

O \ 

Ph 

5 I ]  1 /  c i-Pr, t-Bu, Ph 75-80 >95 [73] 

~i --O. 
SiMe 3 

6 ~ I f .  d i-Pr, t-Bu, Ph 75-85 92-95 [73] 
Ill '~ 

O 
\ .O,, BrMg" SiMe 3 

(i-PrO)3Ti 
7 t~ I ~ b Me, i-Pr, 85-88 80->95 [73] 

t-Bu, Ph 

OTBS 

oxygen [88] 8 or sulfur of an oxazolidinethione [89] exposing the Si face of the 
enolate (Scheme 5.12b). Additional coordination of the aldehyde and addition via 

Recall that the titanium enolate of the Heathcock and Masamune auxiliaries (Table 5.3, entries 3 
and 7) were postulated to occur by a nonchelating pathway. However, in those cases, the potential 



180 
nonchelated enolate: 

Principles of Asymmetric Synthesis 

ML n 
~O" R' 

M e ~  ~ 
.. N / 

Re" c~~x 0 (dipolar 
" f alignment) 

I RCHO 

oJ,~ .... =, 

Re/.~~O'-/MLn 

. - -  m 

Sir f g ~  MLr 

Me 

chelated enolate: 
ML n 

O / "O 

= e  o 
/ \ / 

Si ..~ 
R' 

R ~  1 RCHO 

i 

ML / n. 
R 0 0 

\ O'~'- H .... 
LA 

O 
/ 

R 
! 

(a) lu I U~c) 

OH 0 0 OH 0 0 

 a. Zo 
\ / " \ / 

Me .... Me .... 
R' R' 

(d) 1 Ik 
OH 0 0 

" \ / 
Me ,,, 

R" 

Scheme 5.12. Open and closed transition structures for aldol additions of Evans's imides. 

the closed transition structure shown in Scheme 5.12b affords excellent selectivity 
(Table 5.4, entries 2 and 3). 

If the boron enolate is allowed to react with an aldehyde in the presence of 
another Lewis acid (LA), the addition is thought to occur via the open transition 
structures shown in Scheme 5.12c and d [66]. If the Lewis acid is small, the 
preferred orientation is as shown in Scheme 5.12c, which minimizes the gauche 
interaction between the methyl and R groups on the forming bond (Table 5.4, entry 
4). Both SnC14 and TIC14 are relatively 'small' because of the long metal - oxygen 
bond. If the Lewis acid is large, the interaction between the Lewis acid and the 
methyl may outweigh the methyl/R gauche interaction. When the aldehyde is 
complexed to diethylaluminum chloride, the Lewis acid is effectively larger than 
either the tin or titanium complexes because of the shorter AI-O bond compared to 
either Sn-O or Ti-O, and because the ligands on the aluminum are relatively bulky. 
In this instance, the other face of the aldehyde will present itself to the enolate 
affording the anti adduct, as shown in Scheme 5.12d (Table 5.4, entry 5). 

chelating atom was a severely crowded TBS ether oxygen, as opposed to the more basic and less 
crowded urethane carbonyl oxygen in the Evans auxiliary. 
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Table 5.4. Asymmetric additions of the Evans imide enolates. The "Path" column indicates the 
product configuration and the proposed transition structure from Scheme 5.12. 

Entry  , Enola te  Path 

/BBu2 
1 O i-Pr a 

o -O 
/Ti(Oi-Pr) 3 

2 O O b 

\ ! 
,? 

i-Pr" 
/TiCl3 

3 O O b 

Me ~ N A  O 

/BBu2 
4 O O c 

o 
\ ! 
Y 

i-Pr" 

5 " d 

RCHO % Yield % ds Ref  

Bu, i-Pr, Ph 75-88 >99 [75] 

Bu, i-Pr, Ph 56-75 85-92 [88] 

n-Pr, i-Pr, 84-88 97-99 [89] 
1-propenyl, Ph 

Et, i-Pr, i-Bu, 
t-Bu, 2-propenyl, 

Ph 
(. S nC14 or TIC14) 

Et, i-Pr, i-Bu, t- 
Bu, 2-propenyl, 
Ph (.Et2A1C1) 

50-68 87-93 [66] 

62-86 74-95 [66] 

For syntheses requiring the syn adducts, it is more practical to use the boron 
enolate without additional Lewis acids [75], since the auxiliary is available as either 
enantiomer and is recoverable. 9 On the other hand, the anti adducts are (so far) only 
available by the diethylaluminim chloride/boron enolate protocol [66]. Similar 
principles may be used to prepare syn and anti halohydrins by aldol addition of a- 
halo acetate enolates of Evans imides [90,91 ]. 

A weakness of the Heathcock, Masamune, and Evans auxiliaries is their inability 
to selectively add methyl ketone or acetate enolates. An excellent auxiliary for this 
purpose is the ester developed by Helmchen, shown in Figure 5.4d and Scheme 5.13 
[79]. The yields were in the 50 - 70% range. The authors proposed a closed 

Originally, Evans used the illustrated auxiliary (R'= i-Pr) for one product configuration and a 
similar norephedrine-derived auxiliary (R'= Me, plus a Ph at C-5) for the other [75]. Since that 
time, experience has shown [86] that a phenylalanine-derived auxiliary (R'= Bn) is usually better 
for practical reasons, and is available as either enantiomer. 
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Zimmerman-Traxler transition structure, as shown on the lower left [79], however 
the open structure shown in the lower right, which does not require coordination of 
the bulky silyloxy group to titanium, should also be considered. The aldehyde may 
be oriented to avoid the large tert-butyldimethylsilyl (TBS) group as shown, with 
the R group away from the TBS. Both of these models have the aldehyde 
approaching the enol ether from the front face, opposite the side that is shielded by 
the sulfonamide. Note also that the siloxy group is oriented downward, to avoid the 
sulfonamide. An anti-selective addition (92% ds) was also reported for the reaction 
of the E(O)-enol ether of this auxiliary with isobutyraldehyde [79]. 

RCHO, TiCI 4 
O2Ph ~ O2Ph 

" ~  -78~ >93% ds " ~  

TBSO R = Et, n-CTH15, i-Pr O 
via: 

.SO2Ph 
SO2Ph or H 

o. O. 
TBSO 

C14Ti/11 O O. TBS 

OH 

TiC14 

m 

Scheme 5.13. Asymmetric addition of acetate enol silyl ethers to 
aldehydes [79]. 

Another excellent auxiliary for the asymmetric aldol addition is the camphor 
sultam developed in the Oppolzer laboratories (Figure 5.4e and Table 5.5). A 
significant feature of this auxiliary is the crystallinity of the aldol adducts, which 
often simplifies purification (and diastereomer enrichment). As the trimethylsilyl 
enol ethers (ketene acetals), acetate aldol additions afford good selectivities a t -78 ~ 
(Table 5.5, entry 1), and purification by recrystallization affords adducts that are 
>99% pure in most cases [83]. The transition structure proposed to account for the 
absolute configuration [83], based an an X-ray crystal structure [81], is shown in 
Scheme 5.14a (R1 = H), and has the tert-butyldimethylsilyl group oriented toward 
the viewer (away from the camphor). Note also that the nitrogen is pyramidal and 
that there is little interaction between the nitrogen lone pair and the enolate double 
bond. With the silyl group occupying the front face, the Re face of the titanium- 
coordinated aldehyde (with the R2 group oriented away from the camphor) 
approaches from the back. Approach of the aldehyde from the back is facilitated by 
the silyl group, which is antiperiplanar to the forming bond. A similar protocol 
affords anti aldolates from propionate-derived tert-butyldimethylsilyl enol ethers, as 
shown in Scheme 5.14a and entry 2 of Table 5.5 [81 ]. 
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Table 5.5. Asymmetric additions of the Oppolzer sultam enolates. The "Path" column indicates the 
product configuration and the proposed transition structure from Scheme 5.14. 

I Entry , , ,Enoiate Path R2CHO % Yieid % ds Ref 
. . . .  , , , , , , , ,  . . . .  , ,  = ,,, , _  , ,  , , t , , , , ,  

1 a 

~ N - - ~  (RI-H) 

OTBS 

Et, n-Bu, i-Pr, 
i-Bu, c-C6H11, 

Ph 
(& TiCI4) 

54-75 79-96 [83] 

2 Me a 
.... N - - ~  (RI=Me) 

SO 2 OTBS 

�9 b 
OBBu2 (RI=Me, 

N x'~--R~--" Et, Bu) 
. . . .  

SO2 

Me, Et, i-Pr, 
i-Bu, Ph 

(& TiCI4 or 
ZnCI2) 

Me, Et, i-Pr, 
E-crotyl, Ph 

>95 __>98 [81] 

59-80 94- [80] 
>99 

..... N _ ~  RI 

0 
,, / 

O-- ML n 

c n-Pr, i-Pr, 
(RI=Me, E-orotyl, Ph 

Et) 
31-67 65-85 [80] 

MLn=SnBu3 or Li 

CI4Ti\ 
H O 

RE 

s o 2  \ 

t-BuM%Si 

- - 

O2S. 
N 

S i ~  j "O 
Rl 

- ~  /O - 
-N / S~ 

N O 

I R i s ,  0 
RI 

 a>llk H,  b>lu, 
R1 Rl 

.... N ~  R 2 N ~ ~ .  R 2 

SO2 O OH O OH 

(c) ul 

RI 

N ~  R2 

O OH 

Scheme 5.14. Open and closed transition structures for the aldol addition of Oppolzer's 
sultams. 
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For syn aldolates, the boron enolate affords excellent selectivities and high yields 

[80], as shown in Table 5.5, entry 3. The rationale for the product configuration is 
shown in Scheme 5.14b, and is similar to the rationales presented above for other 
auxiliaries. Specifically, dipolar alignment of the C-O and S-O2 bonds, coordina- 
tion of the aldehyde to the boron, and approach of the aldehyde from the less 
hindered Si face in a Zimmerman-Traxler transition structure affords the absolute 
configuration shown. The lithium and tin enolates afford chelation-controlled syn 
adducts (Table 5.5, entry 4), as illustrated for the tin enolate in Scheme 5.14c. Both 
the lithium and the tin chelate the sultam oxygens while simultaneously coordinating 
the aldehyde oxygen. Addition again is thought to occur via a 6-membered chair 
Zimmerman-Traxler transition structure [80]. As with the Evans auxiliary, using 
the other enantiomer of the auxiliary is a more practical solution to changing the 
metal, if the syn isomer is desired. 

Interligand asymmetric induction. Asymmetric induction by chiral ligands on the 
enolate metal has the advantage that the chiral moiety does not have to first be 
attached to one of the reactants and later removed (or destroyed). It is present only 
after enolate formation, and can be recovered for reuse. The introduction of 
chirality in the enolate metal (or metalloid) and its ligands is the intellectual stepping 
stone toward developing asymmetric catalysis for the aldol addition reaction, in that 
the stereogenic unit responsible for the asymmetric induction is not covalently 
bonded to either reactant. Additionally, chiral ligands on the metal allow double 
asymmetric induction when one of reactants is chiral, and triple asymmetric 
induction when both are. Most of the work that has been done in this area uses the 
same metals discussed in the previous section" boron, lithium, titanium, and tin. 

In 1986, the groups of Masamune [92] and Paterson [93] reported (virtually 
simultaneously) that boron enolates containing C2-symmetric "BR2" moieties are 
effective mediators in asymmetric aldol additions. The Masamune group [92] studied 
the aldol addition of boron esters of tert-heptyl thiol acetate and propionate E(O)- 
enolates. As shown in Scheme 5.15, both types of reagents were highly selective. 
When R1 is hydrogen, the selectivities are somewhat lower, because the tert-heptyl 
group can rotate away from the C2-symmetric boracycle. When R1 is an alkyl 
group, A1, 3 strain forces the tert-heptyl group toward the boracycle, crowding the 
transition structure and increasing the free energy difference (AAG~:) between the 
two illustrated transition structures. The product esters could be reduced to the 
corresponding primary alcohols. In spite of the high selectivities, the method has the 
disadvantage that the chiral boron compound is difficult to make. 

Following an early lead from the Meyers group [94,95], Paterson used the 
readily available diisopinocampheyl (Ipc) boron triflate to make Z(O)-boron 
enolates of 3-pentanone [93] and other ketones [96], which add to aldehydes to 
produce syn adducts in 83 - 96% es (Scheme 5.16 and Table 5.6). Based on 
molecular mechanics calculations [55,56], the transition structure analysis shown in 
Scheme 5.16 was suggested to rationalize the enantioselectivity. The axial boron 
ligand rotates so that the C-H bond is over the top of the Zimmerman-Traxler six- 
membered ring, and the equatorial ligand orients with its C-H bond toward the 
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0 
R,,../U.. 

Me 

O . ~ _ _  R2CH O 
SCEt 3 ~. . , ~  Me = 

E(O)-enolate ~'" -~SCEt3 
R 

I ~ . ~  Al'3 strain (R 1 ~: H) 

- -  m 

R2 ... Me 

R 1 SC~Et3~,jl~ S t ~  ,,,, 

_ favored lk _ 

. .  m 

O Me 

SCEt3 ~ 

/k 

R ! = Me, _> 99% es 
R 2 = n-Pr, i-Pr, t-Bu, 
Cy, c-C6HI 1, Ph 
BnOCHgCH~. 

axial ligand. It is interesting to note that, because of severe van der Waals 
interactions, the two boron-carbon bonds are conformationally locked. Note that the 
two methyls of the isopinocampheyl moieties are both oriented similarly, with the 
equatorial Ipc-methyls pointed toward the viewer. A simpler representation is to 
depict the carbon attached to boron as shown in the middle, with 'L'  and 'S'  
representing the CHMe and CH2 ligands respectively. The favored transition 
structure has the enolate oriented away from the 'L' ligand to avoid van der Waals 
repulsion between 'L' and the pseudoaxial R2 moiety [55,56,96]. 

. B(Ipc)2 
O (Ipc)2BOTf ' O R3CH O 

Et3 N R l x . ~  
R! R2 ~ R2 95 - 98% syn 

Z(O)-enolate 83 - 96% es 

H..,~S L 

- -   o, Vs 
red ~t lR 3 ul L 

OH 0 

R 3 ~ R 2  
Rl 

R1 
ul 

Scheme 5.16. Paterson's diisopinocampheylboron Z(O)-enolate aldol addition [93,96]. 

Use of diisopinocampheyl boron chloride in place of the triflate affords E(O)- 
enolates, but the isopinocampheyl ligands were ineffective for anti aldol reactions 
[48]. Encouraged by the molecular mechanics analysis of the Z(O)-enolate additions, 
Gennari and Paterson used computational methods to design a new boron ligand for 
use with E(O)-enolates [97]. The design was cued by Still's comment [98] that cis-2- 

OH 0 

Rl 
SCEt 3 

R l = H, 95 - 99% es: 
R 2 = n-Pr, i-Pr, t-Bu, 
Cy, c-C6HI l, Ph, 
BnOCH2CH 2. 

Scheme 5.15. Masamune's chiral boron enolate aldol additions [92]. 
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ethyl-l-isopropylcyclohexane has only one conformation that avoids 2,3-P-3,4-M 
gauche pentane interactions (Figure 5.5). l~ This conformation is analogous to a 
diaxial cis-1,3-dimethylcyclohexane interaction. They realized that replacement of 
the ethyl group with a CH2B moiety would afford a molecule that is similarly 
conformationally constrained, and that such a molecule was available from men- 
thone (Figure 5.5). Molecular mechanics calculations suggested that aldol additions 
of E(O)-enolates using this ligand on boron would be enantioselective [97]. 

H Me 5M 4 o 
Me I i-Pr 

""," Me 
,,,/r ssr 

Me Me Me 

cis-2-ethyl-l-isopropyl- 2,3-P-3,4-M-pentane menthone 
cyclohexane "gauche pentane" 

Figure 5.5. The illustrated conformation of cis-2-ethyl-l-isopropylcyclohexane is the only one 
that has no destabilizing "gauche pentane" interactions [98]; similar interactions restrict the 
conformational motion of a boron ligand available from menthone [97]. 

When the "methylmenthyl" (MeMn) ligand was evaluated for selectivity in the 
addition of E(O)-enolates [97], it was found that the adducts were 86 - 100% anti, 
and the enantioselectivities were 78 - 94% (Scheme 5.17 and Table 5.6). The 
transition structure suggested to explain the chirality sense of the products again 
features the pseudoaxial R2 avoiding interaction with the larger of the ligands (i.e., 
menthyl) on the axial carbon bonded to boron. In the isopinocampheyl ligand 
(Scheme 5.16), the 'large' and 'small' ligands were rather similar (CH2 vs. CHMe); 
in the present instance, the difference is huge (H vs. menthyl).  Note that the 
indicated (,) bond is the one that is restricted by the "gauche pentane" interactions in 
the menthyl moiety. 

O CIB(MeMn)2 ' 
Et3N 

R l ~ - J J ~  R2 

, B(MeMn)2 
0 R3CH O .OH 0 

R2 86- 100% anti R3 
RI E(O)-enolate 78 - 94% es R l 

R2 

m 

..... ~ i-Pr H *.'~H 

R3 R~e ~~20.. B. . .~H R - R3 , ' ~ '  - [~ O' ;B-- . . ,a~ L 

Re favored 

-7:1: 

R S H H  
/ 

R( S-i" 0/k H 

Scheme 5.17. Paterson-Gennari di(methylmenthyl) (MeMn) boron enolate aldol additions 
[97]. 

10 See the glossary (Chapter 1) for an explanation of the P, M terminology. 
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Table 5.6. Asymmetric aldol additions of ketone enolates using chiral ligands on boron 
(Ipc = isopinocampheyl; MeMn = methylmenthyl). See Schemes 5.16 and 5.17. 

O 1. R2BOTf, Et3N 
Rlx ~ R2 2. R3CHO 

OH O 

R 3 ~  

R1 

RE 

Entry ..... BR 2 R1 R2 R3 syn:anti % yield % es Ref. 
1 Ipc Me Et Me ' 97:3 91 91' [96] 
2 Ipc Me Et 2-propenyl 98:2 78 95 [96] 
3 Ipc Me Et n-Pr 97:3 92 90 [96] 
4 Ipc Me Et E-C3H5 98:2 75 93 [96] 
5 Ipc Me Et i-Pr 96:4 45 83 [96] 
6 Ipc Me Et 2-furyl 96:4 84 90 [96] 
7 Ipc Me Ph 2-propenyl 98"2 97 95 [96] 
8 lpc Me i-Pr 2-propenyl 95"5 99 94 [96] 
9 Ipc Me i-Bu 2-propenyl 97"3 79 93 [96] 
10 MeMn Me Et 2-propenyl 3:97 62 88 [97] 
11 MeMn Me i-Pr 2-propenyl 0:100 51 94 [97] 
12 MeMn Me Et Et 8:92 50 90 [97] 
13 MeMn Me i-Pr Et 3:97 50 92 [97] 
14 MeMn Me i-Pr c-C6H11 0:100 54 87 [97] 
15 MeMn -(CH2)3- 2-propenyl 0:100 60 87 [97] 
16 MeMn -(CH2)4- 2-propenyl 0" 100 59 78 [97] 
17 MeMn Me Ph 2-propenyl 14:86 60 93 [97] 
18 MeMn H i-Pr 2-propenyl - 66 88 [97] 
19 MeMn H i-Bu 2-propenyl - 80 77 [97] 
20 MeMn H t-Bu 2-propenyl - 62 88 [97] 
21 MeMn H Me 2-propenyl - 65 80 [97] 
22 MeMn H Ph 2-propenyl - 81 85 [97] 
23 MeMn H Me n-Pr - 65 87 [97] 
24 MeMn H Et 2-Pr0penyl - 51 81 [97] 
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In addition to their usefulness for the asymmetric addition of achiral aldehydes, 
it will be seen in the section 5.2.3 that the Paterson strategy is particularly useful for 
the aldol addition of chiral fragments such as the large, polyfunctional ketone and 
aldehyde fragments needed for convergent macrolide synthesis. 

In 1989, Corey reported that diazaborolidines are efficient reagents for 
asymmetric aldol additions of acetate and propionate thioesters [99]. Thioesters add 
to aldehydes giving syn adducts, whereas tert-butyl esters give anti adducts [100]. 
Both react via closed, Zimmerman-Traxler transition states; the difference in the 
topicity is due to different enolate geometries for the two ester types. Corey's 
rationale for the divergent enolate geometries involves competing mechanisms for 
deprotonation of the zwitterion shown in Scheme 5.18. Complexation of the boron 
reagent with the ester produces the zwitterionic complex (boxed), which may 
undergo either E1 or E2 elimination of HBr. Ionization (El) is favored when RX is 
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thiophenyl and disfavored when RX is tert-butoxy; E1 is also favored when the base 
is bulky, while smaller bases facilitate E2 reaction. Note that E1 ionization can only 
occur when X can easily stabilize the positive charge by resonance, which is only 
possible when the substituent on X (R) becomes coplanar with the rest of the 
molecule. Deprotonation by an E2 mechanism is faster with the less bulky triethyl 
amine than with diisopropylethyl amine. Corey suggests that both E1 and E2 
reactions occur from the illustrated conformation of the zwitterion [ 100]. 

For esters, deprotonation is effected with triethyl amine (which favors E2), while 
E1 ionization is disfavored because it requires moving the bulky tert-butyl group 
into planarity. For thioesters, E1 reaction is facilitated by the thiophenyl group, 
while E2 reaction is slowed by use of the bulky diisopropyl ethyl amine, ll 

0 E~ taN +O-- 

R2B/ ~ M e  I R 2 B ~ - ~ M e  
RX = t-BuO I Br 

E(O)-enolate ~ 

. ~ ~  Br- + SPh 

= PhS Me 

SPh 

i-Pr2NEt~ R2B~O--~ 

Me 
Z(O)-enolate 

Scheme 5.18. Rationale for boron enolate stereochemistry [100]. 

The diazaborolidines mediate the diastereoselective and enantioselective forma- 
tion of syn [99,100] anti aldols [100], as summarized in Scheme 5.19. The aryl 
group of the sulfonamide must be electron withdrawing, or else the boron is not a 
strong enough Lewis acid to mediate the process. The process has also been used for 
the formation of anti halohydrins [102,103], and in aldol additions to azomethines 
[101]. The illustrated transition structure (Scheme 5.19a) has been postulated to 
account for the observed enantioselectivity in the Z(O)-enolate addition [99]. Corey 
suggests that the trans phenyl substituents force the sulfonamide aryl groups into a 
conformation that places each aryl ring in a trans orientation to its neighbor. This 
conformation is reminiscent of the configuration engineered by Masamune earlier 
(Scheme 5.15), and may have similar control features. It is interesting to note, 
however, that a similar chair transition structure employing the E(O)-enolate 
predicts the wrong enantiomer (Scheme 5.19b) of the anti addition product [ 104]! 

Duthaler and colleagues have used diacetone glucose as a ligand on titanium to 
induce enantioselectivity in the addition of acetate and propionate enolates (Scheme 
5.20 [105,106]. The most interesting feature of the addition of the titanium enolate 
of tert-butyl acetate (Scheme 5.20a) is that the best selectivities were achieved at 
room temperature, making this procedure one of the most promising for scaleup 
[105]. Deprotonation of 2,6-dimethylphenyl propionate gives the E(O)-enolate, 
which is transmetalated slowly to the titanium enolate at-78 ~ [ 106]. Addition to a 

A rationale similar to this may be used to explain the selective formation of E(O)-enolates of tert- 
heptylthio- and tert-butylthiopropionates (Scheme 5.15 and ref. [101]): the Et3CS-replaces the 
Me3CO- in the Scheme 5.18 rationale) and the selective formation of ketone Z(O)-enolates with 
dialkyl boron triflates and E(O)-enolates with dialkylboron halides (Scheme 5.16 and 5.17: the 
triflates are more likely to ionize than the halides, thus favoring ionization over direct 
deprotonation of the zwitterion). 
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(a) Ar~k Ph 
S O  2 ..-" 

I ~ N ~ P h  
O~, B _ RCHO 

SO _ 
M : 

SPh Ar 

Z(O)-enolate 

(b) 
r~k Ph 

S O  2 ..-" 

S O  2 

Ot.Bu Ar 

Me 

Ph 

E(O)-enolate 

RCHO 

- Me Ar - 
' 

SO2 

PhS S~2" ~ 
Ar" Ph 

favored ul 

I Ar = 3,5-(CF ) c H3 ] 

OH O 

79- 93% yield, Me 
91 - 98% es 

SPh 

R = Ph, c-C6H 11, Ph(CH2)2 

OH O 

R @ Ot-Bu 

Me 

81 - 93% yield, 
87 - 97% es 

R = Ph, c-C6HII, E-PhCH=CH 

Scheme 5.19. Corey's diazaborolidine-mediated aldol additions [99,100]. 

number  of  aldehydes affords predominantly syn adducts in excellent diastereo- and 
enantioselectivities. Warming  the titanium enolate t o - 3 0  ~ results in isomerization to 
the Z(O)-enolate, which adds to aldehydes with varying degrees of diastereo-selec- 
tivity. Some of the more selective examples are shown in Scheme 5.20b. Note that 
these examples  are an exception to the generalization that Z(O)-enolates afford syn 

(a) 

O "TiCp(ODAG)2 O OH 

t-BoO ~ R C H O  t-BuO " ~ ' ~  R 

51 - 81% yield R = Pr, heptyl, undecyl, 
95 - 98% es i-Bu, i-Pr, c-C6Hll, t-Bu, 

(b) E-pentenyl, l-styryl 

(c) 

/TiCp(ODAG)2 O _ . ~  
~ M e ~  RCHO = R 

[" - O 1  " ~  61- 87% yield Me 
Me 

-30 , 4h 

89- 97% syn 
95 - 98% es 
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R = Pr, i-Pr, t-Bu, vinyl, 
2-propenyl, phenyl 

oq o -<o 
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I II II I 

/TiCp(ODAG)2 
O M e ~  

O~- ~ 50 - 76% yield Me R = Pr, i-Pr, t-Bu, vinyl 
Me 81 - 90% anti 
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Scheme 5.20. Duthaler's diacetone glucose titanium eno]ate aldol additions [105,106]. 
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adducts and E(O)-enolates afford anti adducts. The authors suggest a boat transition 
structure to account for the fact (cf. Figure 5.3b), but do not speculate on the 
conformation of the diacetone glucose ligands and do not suggest a model to account 
for the chirality sense of the product. Finally, a single example (not illustrated here) 
of a Z(O)-enolate of ari (achiral) oxazolidinone propionimide was reported to add to 
isobutyraldehyde in 50% yield, 88% diastereoselectivity (anti), and 97% enantio- 
selectivity [106]. Other groups have examined chiral diamine ligands on achiral tin 
[ 107] and lithium enolates [ 108,109], but the selectivities are not as high as reported 
for the titanium diacetone glucose aldols. 

In all of the examples considered so far, the chiral element has been employed in 
stoichiometric quantities. Ultimately, it would be desirable to require only a small 
investment from the chirality pool. This is only possible if the chiral species respon- 
sible for enantioselectivity is catalytic. It is worth stating explicitly that, in order to 
achieve asymmetric induction with a chiral catalyst, the catalyzed reaction must 
proceed faster than the uncatalyzed reaction. One example of an asymmetric aldol 
addition that has been studied is variations of the Mukaiyama aldol reaction [ 110] 
whereby silyl enol ethers react with aldehydes with the aid of a chiral Lewis acid. 
These reactions proceed via open transition structures such as those shown in Figure 
5.3c. 12 

In 1991 and 1992, several groups reported boron-based Lewis acids for catalytic 
Mukaiyama aldol additions (Figure 5.6). Three of these are oxazaborolidines 
derived from the reaction of borane with amino acid derivatives (Figure 5.6a-c), 
while the fourth (Figure 5.6d) is derived from tartrate. Examples of aldol additions 
using these catalysts are listed in Table 5.7. The turnover numbers are not large (20 
- 100 mole-percent of catalyst being required), and the enol ether variability is 
somewhat limited. The Kiyooka catalyst (Figure 5.6a; Table 5.7, entries 1 - 3) and 
the Masamune catalyst (Figure 5.6b; Table 5.7, entry 4) are similar, and have been 
evaluated for the asymmetric addition of ketene acetals. The Kiyooka catalyst only 
becomes catalytic (cf. entries 1 and 2) in nitromethane solvent. The Corey (Table 
5.7, entry 5) and Yamamoto (Table 5.7, entry 6) catalysts are effective with enol 
ethers of ketones, but not ketene acetals. 

R1 

R2 .... , ~ O  

TsN. O 
B" 
R3 

fd) 
(a) R 1 = i-Pr; R E = H; R a = H 
(b) R 1 = 3,4-(MeO)2C6H3; R E = Me; R 3 = H 
(c) R l = CH2(3-indolyl); R E = H; R 3 = n-Bu 

(TfO)2Sn.-- i Q ~  

/-PRO CO2H O 

Oi-Pr O. BH 

(TfO)2Sn ~ N  

Figure 5.6. Chiral catalysts for the Mukaiyama aldol reaction: (a) Kiyooka catalyst [112,113]; (b) 
Masamune catalyst [114]; (c) Corey catalyst [115]; (d) Yamamoto catalyst [116,117]; (e-f) 
Kobayashi-Mukaiyama catalysts [ 118-120]. 

12 For an asymmetric Mukaiyama aldol that proceeds by an 'ene' mechanism, see ref. [ 111 ]. 
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Table 5.7. Catalytic Mukaiyama aldol additions. The catalyst column refers to the 
structures in Figure 5.6 

TMSO O R 2 OTMS catalyst ~ | ~ 
+ RaCHO 

R I X R3 

Entry Catalyst 
(mole %) 

1 a (100) 

RI, X R3 % Yield % es Ref. 
R2 ... 

Ph, E- 
Me, OEt PhCH=CH-, 80-87 91-96 [112] 

Me Ph(CH2)2- 

i-Pr, Ph, E- 
Me, OEt PhCH=CH-, 60-97 91-98 [113] 

Me Ph(CH2)2- 

H,H OPh Ph 66 90 [113] 

2 a (20) 

3 a (20) 

4 b (17) Me, OEt 
Me 

5 c (20) 

6 d (20) 

H,H n-Bu, 
Ph 

H, Me Et, 
(E, Z .n-Bu, 
mix) Ph 

n-Pr, i-Bu, Ph, 
68-86 92-99 [114] 

c-C6H 11, 
Ph(CH2)2-, 

BnO(CH2)2- 

n-Pr, c-C6H 11, 
2-furyl, Ph 56-100 93-96 [115] 

n-Pr, n-Bu, 
E-CH3CH=CH-, 55-99 77-96 [116] 
E-PhCH=CH-, (80 - 

Ph >95% syn) 

191 

7 e (100) H, H SEt i-Pr, t-Bu, Ph, 
Ph(CH2)2 77-90 91-99 [118] 

i-Pr, i-Bu, Ph, 
70-96 >99 [ 118] 

8 f (100) H, H SEt c-C6H11, (lOO% n-C7H15, 
E-PhCH=CH-, syn) 
E-MeCH=CH-, 

Ph(CH2)2- 

n-CsH 1 l, Ph, 
9 f (20) Me, H SEt c-C6HI1, 67-80 94-99 [121] 

E-PhCH=CH-, (80-100% 
E-MeCH=CH- syn) 

An interesting point is the difference between the Masamune (Figure 5.6b) and 
Kiyooka (Figure 5.6a) catalysts. One is catalytic and the other is not (Table 5.7, 
entries 1 and 4). Masamune screened a number of catalysts, including ones similar 
to Kiyooka's (Figure 5.6a), and suggested the catalytic cycle illustrated in Scheme 
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Scheme 5.21. Catalytic cycle for oxazaborolidine catalyzed 
Mukaiyama aldol addition (after ref. [ 115]). 

Another catalytic system has been developed by Kobayashi and Mukaiyama. 
Specifically, tin triflates ligated by chiral diamines (Figure 5.6e,f) activate aldehydes 
toward addition by silyl enol ethers of acetate and E(O)-propionate thioesters (Table 
5.7, entries 7-9). The catalytic version is thought to go by the two-step process 
shown in Scheme 5.22, with the slow step again being release of the alk- 

RIR2C=C(SEt)OTMS + RCHO 

, , = 

TfO 4 M'e[S-.n'~OT~f 

I I l l  I 

~~'~Step l ~ ~ 
/ N N \ /  

~ N ~  / Sn(OTf) 2 
N O O 

Sn(OTf) a R SEt 
Rl RE 

+ TMSOTf 

TMSO O 

R _ ~ , ~  SEt 
R 1 R2 

Scheme 5.22. Proposed catalytic cycle for the Kobayashi-Mukaiyama aldol addition. Inset: 
proposed model for the aldehyde Si-face selectivity due to the catalyst [ 121,122]. 
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oxide adduct by silylation [121,122]. Polar solvents such as propionitrile improve 
the catalytic process, presumably by increasing the rate of step two [121]. The 
rationale for the Si-face selectivity for the aldehyde is shown in the inset [122], 
however the authors did not postulate a transition structure to rationalize the 
topicity. It is clear that the mechanism does not involve silicon-tin enolate exchange 
[118], however unlike many acid catalyzed aldol additions, both the rate and the 
selectivity of the addition are dependent on enolate geometry. For the examples in 
Table 5.7, entry 9, an open geometry (ul topicity) having the methyl and the 
aldehyde substituent antiperiplanar (cf. Figure 5.3c) may be involved. 

5.2.3 Double asymmetric induction and synthetic applications 
Not all of the methods discussed in the preceding section have been explicitly 

studied with chiral aldehydes. However, most chiral aldehydes do not have a very 
high facial bias (see Cram's rule, section 4.1), 13 and the high selectivities obtainable 
by a number of the chiral aldol reagents discussed above permit "reagent-based 
stereocontrol" to be achieved through double asymmetric induction (see chapter 1). 
For example, as part of a synthesis of 6-deoxyerythronolide-B and the Prelog- 
Djerassi lactone (Figure 5.8, [124]), Masamune examined the selectivity of each 
enantiomer of his chiral enolate (Figure 5.4b) with a chiral aldehyde, as shown in 
Scheme 5.23. The aldehyde, which itself has a low inherent bias, and shows only 
60% diastereoselectivity when allowed to react with an achiral boron enolate, may 
be converted selectively into either of the two possible syn adducts with 94% and 
98% diastereoselectivity for the mismatched and matched cases, respectively [124]. 

Me Me OBR2 
" : . . l  - "--" " - : + M e ~  ,,Cy 

MeO2 C ~  CHO " ~ MeO2C OTBS 
OTBS 98% ds 

Oe 
": " . . 1  - - :: - - + Me Cy 

MeO2 C ~  CHO -----~ MeO2C 
OTBS 94% ds I n H  

OTBS 

Scheme 5.23. Matched and mismatched asymmetric aldol additions of the Masamune enolate 
[ 124]. (Cy = cyclohexyl) 

In his synthesis of the Prelog-Djerassi lactone, Evans tested two auxiliaries (cf. 
footnote 9) that give products with opposite absolute configurations at the two new 
stereocenters [125]. Here again, the facial bias inherent in the aldehyde is low. Since 
the two chiral enolates are not enantiomers, we cannot say which is the matched and 
which is the mismatched case, but it hardly matters: the selectivity is >99.8% for 
both (Scheme 5.24). 

13 For a thorough analysis of stereoselective aldol additions of achiral lithium and boron enolates to 
chiral aldehydes, see ref. [ 123]. 
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OH ._ . z ~  Me 

" NIN)  .... Ph 

o -O" 99.8% ds 

O i-Pr 

99.8% ds 

Scheme 5.24. Reagent-based stereocontrol in aldol additions using Evans imide enolates 
[125]. 

One cannot always bank on reagent-based stereocontrol, even with reagents as 
selective as the Evans imide enolates. For example, during the course of a synthesis 
of cytovaricin [126], the enolate shown in Scheme 5.25 was expected to afford the 
syn adduct when added to the aldehyde illustrated. Instead, an anti aldol adduct was 
formed as a single diastereomer. Note that the Re face of the enolate is preferred 
according to the transition state analysis presented in Scheme 5.12a, and the Si face 
of the aldehyde is preferred according to the Felkin-Anh theory (section 4.1 and 
Figure 4.8 or see glossary, section 1.6). Analysis of the product configuration, as 
shown in the inset, indicates that the preferred faces of both the enolate and 
aldehyde were coupled. Apparently, the Si facial preference of the aldehyde was 
sufficiently strong to disrupt the Ik topicity preferred by the enolate. 

O~ I Si(t-Bu)2 OAro~BU2.~Me 

O + N )  .... Ph 

CHO 

Si-face preferred 

R 

,H Si ",,,,, H 
ArO ..... ',,~ :i ~,V, , .  

�9 ,,, [ lxe v n  
"',~,] ul topicity 

X / ~  oobserved 

IIIIIIII I I II 

Re-face preferred 
Ik topicity expected 

0.. Si(t-Bu)2 

100% ds ,~ . O..~ 

!i ArO"~ "OH!! 

O . . . . . .  .,/~. _ ~3 . . . . .  
~ N , inset 

0 . ~ '  ', Me 

Ph 

Although the asymmetric addition of propionate enolates (outlined above) is a 
valuable synthetic tool, its use is restricted to targets that are amenable to a linear 
synthetic plan. Aldol additions may also be used to couple two large fragments in a 
convergent synthesis, but such reactions are not amenable to auxiliary based 

Scheme 5.25. A rare case of mismatched double asymmetric induction that is 
100% diastereoselective [ 126]. 



(;hapter. 5. Aldol and Michael Additions . . . .  195 

approaches. This weakness was recognized early in the development of the 
asymmetric aldol methodologies. For example, in the synthesis of 6-deoxyerythron- 
olide B, the Masamune group assembled two fragments that were coupled with a 
poor selectivity (60-71% ds) using boron enolates (Scheme 5.26). Switching to a 
lithium enolate increased the selectivity to 94%, but considerable background work 
had to be undertaken to insure success [ 127,128]. This result is somewhat surprising 
since boron enolates are typically more selective than lithium enolates. 

Me,,,,(CHO 

Me.x,,,,/ .... OSiEt3 

OM 

M e ~ , , ,  Me 

+ . .  k~,,, Me 

. .  M e % ~  '''O 

CO(St-Bu) 

o 

M e ~ , , , M e  

.._ Me""[~~ 0 H t~  ,'Me 

"- Me ~./2,,,, ?S ix~,t:,,,,5,,, O 

M - Li, 94% ds CO(St-Bu) 

Scheme 5.26. Selective coupling of two chiral fragments (double asymmetric 
induction) in the asymmetric synthesis of 6-deoxyerythronolide B [124,127]. For a 
similar reaction in the synthesis of erythronolide B, see ref. [ 129]. 

Analysis of the major addition product of Scheme 5.26 (Figure 5.7a) indicates 
that the Si face of the enolate adds to the Re face of the aldehyde; the latter 
corresponds to anti-Cram selectivity (section 4.1). Two explanations have been 
offered to explain the selectivity of this aldehyde. Masamune originally suggested 
that the enolate adds to the aldehyde through a boat transition state that is also 
chelated by the silyloxy group (Cram cyclic model, section 4.2), as illustrated in 
Figure 5.7b. Weaknesses of this postulate are that Cram's cyclic model is more often 
effective when the chelate is a five-membered ring, and that the triethylsilyloxy 
group probably is not a good chelator [130]. Ten years after Masamune's original 
hypothesis was offered, Roush analyzed a considerable amount of data accumulated 
in the interim, and pointed out that a Zimmerman-Traxler chair, adding to the Si 
face of the aldehyde (as expected by the Felkin-Anh model), is de- 

(a) 
0 

M e i e r  R 
! 

Re '. ..... "H 

'b) 

SiEt 3 

~ 

Me'-~ 

ul topicity chelated boat 

R 

(c) (d) 

r . ,  . , .  1 

L Me J 

chelated chair chelated chair 
(Felkin-Anh) (anti Felkin-Anh) 

Figure 5.7. Analysis of possible transition structures for the aldol addition in Scheme 5.26: (a) 
The observed topicity; (b) boat transition structure postulated by Masamune [127]; (c) gauche 
pentane interaction that destabilizes the Cram (or Felkin-Anh) selectivity of the aldehyde; (el) anti- 
Cram (anti Felkin-Anh) addition via a chelated chair [123]. 
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stabilized by a 2 ,3-P ,3 ,4 -M gauche pentane interaction (cf. Figure 5.5), as indicated 
in Figure 5.7c. Roush suggests that an anti Felkin-Anh (anti-Cram) chair transition 
structure more adequately explains the facts, as shown in Figure 5.7d [ 123]. 

Whatever the mechanism, achiral lithium enolates add to the aldehyde of Scheme 
5.26 with selectivities in the 80-90% ds range; the higher selectivity observed with 
the chiral enolate may therefore be attributed to matched pair double asymmetric 
induction [127]. However, note that if the target had had the opposite absolute 
configuration at the indicated stereocenters, it would have been the minor isomer 
under any of the conditions examined. 

The stereoselectivity of the aldol additions shown in Schemes 5.25 and 5.26 are 
obviously the result of a complex series of factors, among which are the Felkin-Anh 
preference dictated by the (x-substituent on the aldehyde, the proximal stereocenters 
on the enolate, etc. Additionally, the more remote stereocenters, such as at the 13- 
position of the aldehyde, may influence the selectivity of these types of reactions. 
Evans has begun an investigation into some of the more subtle effects on crossed 
aldol selectivity, such as protecting groups at a remote site on the enolate [ 131 ], and 
of ~-substituents on the aldehyde component [132], and also of matched and 
mismatched stereocenters at the t~ and [3 positions of an aldehyde (double 
asymmetric induction) [133]. Further, the effect of chiral enolates adding to o~,~- 
disubstituted aldehydes has been evaluated [ 134]. The latter turns out to be a case of 
triple asymmetric induction, with three possible outcomes: fully matched, partially 
matched, and one fully mismatched trio. 

Another approach to the aldol problem has been investigated in the Paterson 
laboratory, in the hopes of using interligand asymmetric induction to control 
absolute configuration of the new stereocenters in the products [48,135,136]. Some 
examples are shown in Scheme 5.27. The chiral E(O)-enolate  shown in Scheme 

(a) Me Me Me Me 
OBn ~ R OBn 

72-89% R = n-Pr, i-Pr, E-propenyl, 
OB(c.C6H]]) 2 92-96% ds OH O 2-propenyl 

(b) Me Me Me 
e ~  RCHO OBn ~ R OBn 

M 64-74% 
OB(+Ipc)2 90-93% ds OH O R = 2-propenyl, furyl 

(c) Me Me Me 
e ~ O B  n RCHO R ~ O B n  

M 51-65% -~ I I R = Me, E-propenyl 
OB(-Ipc)2 92-93% ds OH O 2-propenyl, furyl 

(d) Me Me Me 
e ~  " ~  "Me " ~ y  T MeCHO Mex . ~  . ~ . .  "I" "ff "]'Me R2 =9-BBN,97%,83%ds 

M ~ R2 = +Ipc, 65%, 94% ds 
R2BO OTBS OH O OTBS R2 =-Ipc, 67%, 72% ds 

Scheme 5.27. (a) Anti-selective addition of ketone E(O)-enolate to aldehydes [137,138]; (b, 
c) Reagent controlled addition of Z(O)-enolate to aldehydes [126]; (d) Double asymmetric 
induction where the mismatched diastereoselectivity is decreased, not reversed [ 139]. 



.Chapter 5. Aldol and Michael Additions ...... 197 

5.26a adds to simple achiral aldehydes in high yield and with 95-96% diastereoselec- 
tivity [137]. In contrast, the Z(O)-enola te  having achiral boron ligands, of this and 
similar chiral ketones, affords poor selectivity in aldol additions [126,137,138], 
probably because of gauche pentane interactions similar to those illustrated in 
Figure 5.7c. Double asymmetric induction via chiral ligands on boron can 
sometimes be used to control the configuration of the aldol adducts. As shown in 
Scheme 5.27b and c, either (+) or (-) isopinocampheyl (Ipc) ligands on boron (cf. 
Scheme 5.16) control the absolute configuration of the addition products for the 
enolate shown [126]. The Ipc ligands cannot always be relied upon to control 
inherent facial bias in the enolate, however, as shown in Scheme 5.27d [ 139]. In this 
example, the diastereoselectivity achieved with 9-BBN is enhanced with (+)-Ipc and 
diminished - but not reversed - with (-)-Ipc. 

The aldol addition reaction, and the related crotyl metal additions (section 5.1), 
have figured prominently in the total synthesis of a number of complex natural 
products (reviews: [48,140-142]). Figure 5.8 illustrates those mentioned in the 
preceding discussion, along with others selected from the recent literature, with the 
stereocenters formed by stereoselective aldol addition indicated (.). For the Prelog- 
Djerassi lactone and ionomycin, recall (Figure 3.8) that most of the other stereo- 
centers were formed by asymmetric enolate alkylation. 

Me Me Me Me 
OH : 

Me "~ - O . " 

Me" .~ Me 
denticulatin A ()H 

Me M~H e 

, ]* --- ionomycin 
Me~,, OH 

' ~ l  OH Q HO2C- 

Me 

O Me Me Me Me Me 
I! 

Me ,, Me O 

Me,,,, OH '" Me ...... 
o .  M e x , ~ , ,  

0 Me,..f~,,,'' OH 0 ~ .  M e ~ ,  0 

O " OH ~ CO2H tirandamycin A O 
Me Me Me 

X = H: 6-deoxyerythronolide B NH Prelog-Djerassi lactone 
X = OH: erythronolide B o 

Figure 5.8. Natural products synthesized using aldol methodology" denticulatin A [143]" 
ionomycin [144]; 6-deoxyerythronolide B [124]" erythronolide B [129,145]; tirandimycin A [146]; 
Prelog-Djerassi lactone [124,125]. Stereocenters created in the aldol addition are indicated (,). 
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5 .3  M i c h a e l  a d d i t i o n s  14 

The term "Michael addition" has been used to describe 1,4- (conjugate) additions 
of a variety of nucleophiles including organometaUics, heteroatom nucleophiles such 
as sulfides and amines, enolates, and allylic organometals to so-called "Michael 
acceptors" such as t~,~-unsaturated aldehydes, ketones, esters, nitriles, sulfoxides, 
and nitro compounds. Here, the term is restricted to the classical Michael reaction, 
which employs resonance-stabilized anions such as enolates and azaenolates, but a 
few examples of enamines are also included because of the close mechanistic 
similarities. 

5.3.1 Simple diastereoselectivity 
When a prochiral acceptor (RICH=A) and a prochiral donor (R2CH=D) react, 

the stereoisomers are labeled as either syn or anti based on the relative configura- 
tions of R1 and R2 when the Michael adduct is drawn in a zig-zag projection, as 
shown in Scheme 5.28. Using the Re/Si nomenclature and assuming that the CIP 
rank is A>RI>H and D>R2>H, the syn adducts arise from lk topicity and anti 
adducts arise from ul topicity. 

A 

sift[.. 
R 1 H 

+ 

D 

R 2 H 

CIP rank: 
A/D>R>H 

A = acceptor 
D = donor 

A D R2 R2 

Rl H - .--" "t 
R 2 R 1 syn R 1 

ul D 
R I /  " T " - H  

H R1 anti RI 

A-C-C-D synclinal 

Scheme 5.28. Topicity [6,57] and adduct [148] nomenclature for Michael additions. 

D 

D 

Seebach suggested in 1981 [57] that the donor and acceptor are probably 
synclinal in the transition state. Steric repulsion between R1 and the donor, D, is 
proposed to orient R1 antiperiplanar to D; pyramidalization (cf. Figure 3.4 and ref. 
[150-153]) and tilting of the donor to accomodate the Btirgi-Dunitz angle of 107 ~ 

_ , D  A D . ~ , D H  

RI / ~ "  -H  H,,,',, 107 ~ R 1 H H,,,__,, 107 ~ 
tm. m s,, H 4r R2 ~ r  A 

ul (favored) R1 /k R 1 

Figure 5.9. Pyramidalization of the donor and the Btirgi-Dunitz trajectory contribute to 
destabilization of the lk topicity combination according to Seebach [57]. 

14 For a comprehensive coverage of conjugate addition reactions, see ref. [ 147]. For a comprehen- 
sive review of the stereochemical aspects of base-promoted Michael reaction, see ref. [ 148]; for a 
similarly comprehensive review of acid-catalyzed Michael reactions and conjugate additions of 
enamines, see ref. [149]. 
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(cf Figures 4.6, 4.7, and ref. [154-156]) are proposed to disfavor the ik topicity, 
since R2 is more sterically demanding than hydrogen (Figure 5.9). 

Analysis of numerous examples [148,149] and mechanistic studies [157,158] led 
Heathcock to refine these hypotheses and, in consideration of the actual substituents 
(R1, R2, A, and D), place them on firmer mechanistic grounds. 15 The four 
transition structures in Scheme 5.29 are direct extensions of those in Scheme 5.28 
and Figure 5.9. For ketone and ester enolates, there is a strong correlation between 
the relative configuration of the product and the enolate geometry: Z(O)-enolates 
give anti products and E(O)-enolates give syn adducts [ 157]. The rationale for this is 
that transition structures for paths a and c (Scheme 5.29) are favored due to 
repulsive interactions between Y and R3 in paths b and d. The selectivity of Z(O)- 
enolates appears to be higher than that of E(O)-enolates, probably due to the 
destabilization of path c by the pyramidalization and trajectory considerations 
illustrated in Figure 5.9, which intrinsically favor paths a and d, in which a 
hydrogen is antiperiplanar to the enone double bond. 

~ (H)COstR. 3 
, ~ 

R 1 H 

Acceptor 

Z(O)-enolates: 

3 ML n R3 

R 2 H ML n 
Y O 

Rl Rl 
H R 2 

Re 

R 2 H 
Donor 

Re 

E(O)-enolates: 

I I III I 

(a) lul (b) IIk 

O R l O O R~ O 

R 3 ~ ~ ' ~  y R 3 " ~ ~ ~  y 
R2 R2 

anti syn 

R3 R3 ML n 

R 2 ML n H 
O Y 

R l Rl R2 

Scheme 5.29. Proposed chelated transition structures (and topicities) for Michael additions of 
lithium enolates of ketones, esters, and amides to enones [157,158]. Only one enantiomeric 
transition structure and product is shown for each topicity (Si face of the acceptor). 

15 On the other hand, a computational study [159] of the Michael addition of propionaldehyde lithium 
enolate adding to E-crotonaldehyde indicates an anticlinal conformation around the forming bond 
(i.e. A eclipsing R2 in the ul topicity and A eclipsing H in the lk topicity of Figure 5.9). 
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For amide enolates, the situation is similar in that, when R3 and Y are large, the 
transition structures of paths a and c are favored [158]. However, recall that acyclic 
amides invariably form Z(O)-enolates, so amide E(O)-enolates are only possible 
when R2 and Y are joined: i.e., in a lactam. In contrast to ketone and ester enolates, 
however, the transition structures of paths b and d appear to be intrinsically favored 
when Y and R3 are small. This latter trend is (at least partly) contrary to what 
would be expected based on the simple analysis of Figure 5.9, but can be 
rationalized as follows. For the lactams, the R2 and Y substituents present a rather 
flat profile, so that interaction with R3 in path d is minimal. Additionally, the R2-Y 
ring 'eclipses' the 13-hydrogen of the enone in c, destabilizing this structure. For 
amide Z(O)-enolates and acceptors with an R3 substituent such as a phenyl, there 
may actually be an attractive interaction between Y and R3, favoring path b. 

Clearly each case must be analyzed separately, but these transition structures 
serve as a starting point for such analyses. Note also that the structures of Scheme 
5.29 all have enones in an s-cis conformation, which is not available to cyclic 
acceptors such as cyclohexenone, cyclopentenone, and unsaturated lactones. 

For the purpose of asymmetric synthesis, we are interested in expanding on 
simple diastereoselectivity and differentiating between the two ul transition 
structures (Re-Re and Si-Si) and the two Ik transition structures (Re-Si and Si-Re) 
for each enolate geometry. This is done by rendering the Re and Si faces of either 
component diastereotopic by the introduction of a stereogenic element. For 
asymmetric Michael reactions, a stereocenter in a removable substituent on the 
acceptor or in Y or the metal (MLn) of the donor have been used to this end. Intro- 
duction of stereogenicity in substituents on the donor or the acceptor constitute 
auxiliary-based approaches, while a chiral ligand on the metal is interligand 
asymmetric induction. The following discussion is organized by the location of the 
stereogenic unit. Given the number of chiral enolate reagents developed for 
asymmetric alkylations and aldol additions, it should come as no surprise that many 
of these auxiliaries have also found use in Michael additions. 

5.3.2 Chiral donors 
Ester enolates. Oppolzer showed in 1983 that the Z(O)-dienolate shown in 

Scheme 5.30a adds to cyclopentenone with 63% diastereoselectivity [160]. 
Additionally, the enolate adduct can be allylated selectively, thereby affording (after 
purification) a single stereoisomer having three contiguous stereocenters in 48% 
yield. The transition structure illustrated is not analogous to any of those illustrated 
in Scheme 5.29 because cyclopentenone is an s-trans-Z-enone, whereas the enones in 
Scheme 5.29 are s-cis-E. In 1985, Corey reported the asymmetric Michael addition 
of the E(O)-enolate of phenylmenthone propionate to E-methyl crotonate as shown 
in Scheme 5.30b [ 161 ]. The product mixture was 90% syn, and the syn adducts were 
produced in a 95:5 ratio, for an overall selectivity of 86% for the illustrated isomer. 
The transition structure proposed by the authors to account for the observed 
selectivity is similar to that shown in Scheme 5.29c, but with the enone illustrated in 
an s-trans conformation. Intramolecular variations of these reactions were reported 
by Stork in 1986, as illustrated in Scheme 5.30c and 5.29d [162]. Two features of 
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these reactions deserve comment. First, the carbonyl of the acceptor is not chelated 
to the enolate metal, and second, the selectivity of the camphor-derived ester is 
significantly higher than the similar reaction in Scheme 5.30a. The latter effect 
seems to be due to the position of the bridgehead methyl, which helps restrict 
conformational motion when it neighbors the ester enolate [ 162]. Note that hydro- 
lysis of the adducts from these two reactions afford enantiomeric cyclopentanones. 

(a) 

o 1 .  O H t.,u d o,, o ,~,~,] R,o~ 
, ~ . ~  L1U ,, M e O . ~ ~ , ~  vie ~ M e  63%ds 

(b) 
[ OLi MeO2Cx 0 Me 

z ~ P ~ . ~  ~ /k ~ C O 2 M e  
si + - ~ R*O 

Me Me Me 86% ds 

(c) 

(d) 

/ ~ p h  j~ l~le~L ~ Nail 

I O/Na.. 0 ~t-~~ 0 

R. oA,,~ A ~*o~c,~ 
[ t. uo c  I 
L Re~Re Me j 93%ds 

COat-Bu 
_ L  .,OCH2t-Bu ~N . . . .  

O \\ ~ a t a  

It Me "]:I: B u O , ~ ~ |  Me,~ 
/k ~ R * O 2 C , . ~  i 1 2  

t - B u O E C , , , ~ ~ /  
L Si/Si Na j >98% ds 

Scheme 5.30. Asymmetric Michael additions of ester enolates. (a) [160]. (b) [161 ]. (c,d) [162]. 

A m i d e  a n d  i m i d e  eno la t e s .  Scheme 5.31 illustrates several examples of 
asymmetric Michael additions of chiral amide and imide enolates. Yamaguchi [163] 
investigated the addition of amide lithium enolates to E-ethyl crotonate, but found 
no consistent topicity trend for achiral amides. The three chiral amides tested are 
illustrated in Scheme 5.31a-c. The highest diastereoselectivity found was with the 
C2-symmetric amide shown in Scheme 5.31c. 16 Evans's imides, as their titanium 
enolates, afforded the results shown in Scheme 5.3 l d and e [164,165]. The yields 
and selectivities for the reaction with acrylates and vinyl ketones are excellent, but 
the reaction is limited to ~-unsubstituted Michael acceptors: 13-substituted esters and 
nitriles do not react, and I3-substituted enones add with no selectivity [165]. 

16 For these three examples, the syn/anti selectivity was 88-94%, and the diastereoselectivity within 
the major relative configuration was >87%. 
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Scheme 5.31. Asymmetric Michael addition of amide and imide enolates. (a-c) [163]. (d) 
[164], [165]. (e) [165]. 

These four examples do not seem to comply with a consistent mechanistic model. 
The dilithioprolinol amide enolate in Scheme 5.31a is attacked on the enolate Si 
face, in accord with the sense of asymmetric induction observed in alkylations of 
this enolate [166,167]. On the other hand, the structurally similar dilithiovalinol 
amide enolate, while being attacked on the same face (as expected), reverses top- 
icity. Furthermore, the S,S-pyrrolidine enolate in Scheme 5.3 l c is attacked from the 
Si face by Michael acceptors, but from the Re face by alkyl halides [168] and acid 
chlorides [ 169]. The titanium imide enolate in Scheme 5.31 d adds Michael acceptors 
from the Si face, consistent with the precedent of aldol additions of titanium enolates 
(cf. Table 5.4, entry 2, [88]). An intramolecular addition (Scheme 5.31e) seems to 
follow a clear mechanistic path [ 165]: the Si face is attacked by the electrophile, and 
the cis geometry of the product implicates intramolecular complexation of the 
acceptor carbonyl. This coordination of the acceptor carbonyl is probably a function 
of the metal: recall the lithium ester enolates illustrated in Scheme 5.30c and d, but 
also metal chelation in titanium aldol additions (Table 5.4, entry 2). 

Ketone and aldehyde azaenolates. Perhaps the most versatile of the auxiliaries for 
the asymmetric alkylation of ketones and aldehydes are the SAMP/RAMP hydra- 

ul 
O .CO2Me 

q5 R2*N 

88% yield, 93% ds 

R 

CONR2* 
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zones developed by Enders (cf. Schemes 3.21, 3.22, and Table 3.9). These 
hydrazones, as their lithium E(O)-enolates, also undergo highly selective Michael 
additions [170-173]. Several examples are illustrated in Scheme 5.32a. The rationale 
for the formation of the E(O)-enolate and for the Re facial selectivity of SAMP 
hydrazones is illustrated in Scheme 3.22. The Michael acceptors also react on the Re 
face of SAMP hydrazones, and the ul topicity at the new bond can be rationalized by 
Seebach's postulate (Figure 5.9 and Scheme 5.29d), that places the 13-substituent of 
the Michael acceptor (R3 in Scheme 5.32a) antiperiplanar to the double bond of the 
donor (=D in Figure 5.9), and has the acceptor double bond (=A in Figure 5.9) 
bisecting the angle between the donor double bond (=D) and the donor substituent 
(R2 in Scheme 5.32a). Scheme 5.32b illustrates an extension for the synthesis of 
substituted cycloalkanes. The indicated (,) stereocenters are formed in the Michael 
addition; in Scheme 5.32b, the other is formed by internal 1,2-asymmetric 
induction. 

(a) N ~  FMeo~O-Li  N - N 3  ~t 
Li " / 

L R2" R'~3 H u, = R I ~ C O 2 M e  R2 

R 1 = H, Me, Et, Pr, i-Pr, Pentyl, Hexyl, Ph 
R2 =H, Me 
R3 = Me, Et, Pr, Ph 

38-62% yield 
>98% ds 

(b) _ _f-~ ~ ' ~  .... CO2Me 

LiN" N x ~  + X(CH2)n-"~j CO2 Me -~ (CH2)n , k ~ ~ ,  O 

R I " " ~  CH2OMe X = Br, I 22-79% yield | Rl 
RE n = 1,3, 4, 5 >96% ds R2 

R 1 = Me, Bu, i-Bu, Ar 94-98% es 
R2=H, Me 

Scheme 5.32. Michael additions of SAMP/RAMP hydrazones. (a) [170-172]. (b)[173]. 
Stereocenters formed in the Michael reaction are indicated (,). 

The Koga group has investigated the asymmetric Michael addition of 13-keto 
esters, as their valine lithium enamides, as shown in Scheme 5.33 [174,175]. The 
lithium derivative adds directly to methylene malonic esters without further 
activation [174], but is not reactive enough to add to methyl vinyl ketone or ethyl 
acrylate unless trimethylsilyl chloride is also added [ 175]. Interestingly, the absolute 
configuration of the product changes when HMPA is added to the reaction mixture. 
The rationale for this observation is that in the absence of HMPA, the electrophile 
coordinates to the lithium, taking the position of L in the chelated structure shown 
in the inset, thus delivering the electrophile to the Re (rear) face. When the strongly 
coordinating HMPA is present, it occupies the 'L' position and blocks the Re face, 
thereby directing the electrophile to the Si face. 
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Rl 
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Si 
I 
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1. LDA 
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O O 

R1 ~ OEt 
R1 

43-86% yield, up to 97% es 

R 1 = Me,-(CH2) 4- 

E § = CH2"-C(CO2t-Bu)2 

Solvent = Toluene or THF, product configuration R 

Solvent = Toluene with HMPA, product configuration S 

E§ CH2=COMe, CH2=CO2Et, plus TMSCI 
Solvent = THF, product configuration R 

Solvent - THF with HMPA, product configuration S 

Scheme 5.33. Koga's asymmetric Michael additions of valine enamines of [~-keto esters 
[174,175]. 

Enamines. 17 The condensation of a secondary amine and a ketone to make an 
enamine is a well known reaction which has seen wide use in organic synthesis [ 176- 
178]. Imines of a primary amine and a ketone exist in a tautomeric equilibrium 
between the imine and secondary enamine forms, although in the absence of 
additional stabilization factors (cf. Scheme 5.33), the imine is usually the only 
detectable tautomer. Nevertheless, the enamine tautomer is very reactive toward 
electrophiles and Michael additions occur readily [179]. The mechanism of the 
Michael additions of tertiary and secondary enamines are shown in Scheme 5.34. 
For tertiary enamines, the Michael addition is accompanied by proton transfer from 
the t~'-position to either the t~-carbon or a heteroatom in the acceptor, affording the 
regioisomeric enamine as the initial adduct [180]. The proton transfer and the 
carbon-carbon bond forming operations may not be strictly concerted, but they are 
nearly so, since conducting the addition in deuterated methanol led to no deuterium 
incorporation [ 180]. 

With secondary enamines, there is also transfer of a proton, but this time from 
the nitrogen. Again, isotope labeling studies [181] suggest that the two steps are 
"more or less concerted" [179], in a reaction that resembles the ene reaction 
(Scheme 5.34b). 

Theoretical studies indicate that these transition structures are probably 
influenced by frontier molecular orbitals (in addition to steric effects), as indicated 
in Scheme 5.34c [ 182]. For the reaction of aminoethylene (a primary enamine) and 
acrolein, the enamine HOMO and the enone LUMO have the most attractive 
interactions when aligned in the chair configuration shown, which has the enone in 
an s-cis conformation. Note that this orientation places the NH and the electrophile 
a-carbon in close proximity for proton transfer via the 'ene' transition structure. 

17 For a review of Michael additions of enamines, see ref. [ 149]. 
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H 

Scheme 5.34. (a) Suprafacial Michael addition-proton transfer of a tertiary enamine 
[180]. (b) aza-ene-like transition structure for secondary enamine Michael additions [179]. 
(c) Molecular orbital analysis of enamine and enone interactions [ 182]. 

Because the amines are removed in the subsequent hydrolytic workup, enamines 
are obviously amenable to an auxiliary-based asymmetric synthesis using a chiral 
amine. It is additionally significant from a preparative standpoint that unsym- 
metrical ketones alkylate at the less substituted position via tertiary enamines (e.g., 

C6 of 2-methylcyclohexanone) whereas the more hindered position is alkylated 
preferentially with secondary enamines (e.g., C2 of 2-methylcyclohexanone). 

In 1969, Yamada demonstrated that the cyclohexanone enamine derived from 
proline methyl ester would add to acrylonitrile or methyl acrylate with 70-80% 
enantioselectivity (Scheme 5.35a, [ 183], but Ito later showed that the selectivity was 
much better if a prolinol ether was used instead (Scheme 5.35b, [184]. Seebach 
investigated the asymmetric Michael addition of enamines of prolinol methyl ether, 
as shown in the examples of Scheme 5.35c [185,186], and likewise found outstanding 
selectivities. These examples share a common sense of asymmetric induction at C2 
of the cyclohexanone, and the origin of the asymmetric induction is of interest. The 
example in Scheme 5.35d shows that the effect is not steric in origin, since the 
propyl group is isosteric and isoelectronic with the methoxymethyl group, but the 
selectivity is essentially lost without the oxygen (cf. Scheme 5.35c and d, [186]). 
Two possible explanations may explain these results. First, we assemble the two 
reactants in a synclinal orientation with the aryl group antiperiplanar to the donor 
double bond (Scheme 5.36, upper left; cf. Figure 5.9). One possibility is that the 
dipole of the methoxymethyl then stabilizes a zwitterionic intermediate in the 
nonpolar solvent, as shown in Scheme 5.36a. 18 Another is that 

18 Ab initio studies suggest that a zwitterionic intermediate may normally be too high in energy to be 
kinetically accessible [ 182], but 'internal solvation' by the methoxymethyl may lower the barrier. 
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O2Me 
35-76% yield, 82-95% es 

O Ar 

: ~ 6 2 ~  NO2 
es (24% ee) 

Scheme 5.35. Asymmetric Michael additions of chiral tertiary enamines. (a) [183]. (b) 
[184]. (c) [185], [1861. (d) [186]. 

the oxygen serves as a relay atom for a hydrogen transfer (another 'internal 
solvation' effect) such as illustrated in Scheme 5.36b (cf. Scheme 5.34a). 

Other examples shed some light on the importance of the proton transfer in these 
enamine Michael additions. For example, the A1,2 enamine of 13-tetralone (Scheme 
5.36c) afforded high yields of 3-substituted A1,2 enamine products, even though the 
A2,3 enamine isomer was not present in the reaction mixture [187] (see also ref 
[188]). Under the reaction conditions (toluene or ether, stirring for 3-4 days), the 
A1,2 isomer must isomerize to the A2,3 isomer which reacts much faster, probably 
due to the greater acidity of the benzylic proton of the A2,3 isomer compared to the 
C3-proton of the A1,2 isomer. 

The asymmetric Michael addition of secondary enamines has been reviewed by 
d'Angelo [179]. Some of the more selective examples of this type of reaction are 
listed in Table 5.8. It is significant that these Michael additions are highly regio- 
selective, reacting virtually exclusively at the more highly substituted carbon, which 
affords tx,a-disubstituted (quaternary) cyclopentanones, cyclohexanones, furans, 
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"o, H, 
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92% yield product ratio 
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~- ~ OM 2 e 
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83-90% ds Ph 

Scheme 5.36. Involvement of the methoxymethyl in the asymmetric Michael addition" (a) by 
dipolar stabilization of a zwitterion intermediate, or (b) by assisting in the proton transfer to the 
Michael acceptor. (c) Isolation of an addition product via enamine rearrangement [ 187]. 

and pyrans in excellent yields and selectivities. An important advantage of this 
process is that it is stereoconvergent: racemic 2-substituted ketones are converted 
into nearly enantiopure products. Limitations are that a nitrogen in place of the 
oxygen of entries 7 and 8 is not possible, and that a carbomethoxy group decreases 
the enamine reactivity such that Lewis acid catalysis is required [179]. The mild 
conditions of these reactions (nonpolar solvents, room temperature) and the high 
overall yields make this an attractive process for large scale applications. The 
products of these reactions will catch the eye of anyone familiar with the Robinson 
annelation and related reactions [ 189,190], as these types of compounds are used as 
key building blocks in numerous natural product syntheses. 

What is the origin of the regioselectivity, and what determines the face- 
selectivity of the Michael addition? The regioselectivity results from the aza-ene-like 
mechanism of this reaction. As shown in Scheme 5.37, although both enamines may 
form, reaction of the less substituted isomer is retarded by A 1,3 strain effects. Note 
that in the aza-ene transition structure (Scheme 5.34b), the NH must be syn to the 
enamine double bond. Thus, the more highly substituted enamine isomer, in its most 
stable conformation, is in the proper conformation for Michael addition. In 
contrast, the reactive conformer of the less substituted isomer is destabilized by 
severe destabilizing steric interactions (A 1,3 strain) between the ring substituent and 
the nitrogen substituent, which increase as the carbon-nitrogen bond gains double 
bond character in the transition state. 
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Table 5.8. Michael additions to cyclic ketones and lactones via their secondary enamines. The yields 
listed are for the overall conversion of the ketone educt into the diketone or keto ester product. 

Me 

Me f~. X @ O  X ~ M e  phM/NH2 .._ ~ Ph [~ 
+ N 1 + O Me 

Entry Ketone Acceptor Amine Product % Yield % e s Ref.  

1 CH~~)~ M [ ~ 0  O Me Mec~(H2)n ~O~1'  n=l, 83 94 [191] 
2 Me " ( e PhA NH2 ( Me n=2, 88 95 [191] 

3 0 Et n=l, 83 95 [192] 

4 CH~~n ~t # OMe Me ~ C O 2 M e  n=2,80 94 [ 179] 
( ph.~NH 2 (CH2) n O 

5 O O OBn 
CH2)~n # Me ~ C  n=l , -  6 OMe i OEMe n=2, 75 

( OBn Ph NH 2 (CH2) n O 
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2.)n/~ Me (CH~~n~oCO2Me n=2, 75 
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Scheme 5.37. A 1,3 strain raises the energy of the transition 
structure for Michael addition of the less substituted secondary 
enamine [ 179]. The dashed lines in the transition structures indicate 
the primary MO interactions, according to Scheme 5.34c. 
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The origin of the face selectivity was revealed by MNDO calculations of the 
chair transition structures shown in Scheme 5.38, which differ only in the face of 
the enamine to which the enone is attached. By constraining the two reactants into 
parallel planes 3,~ apart and rotating around the indicated (,) bond of each 
structure, the conformations shown were found to be the lowest in energy [ 179]. 
The ground state conformation probably approximates the center structure, with the 
benzylic carbon-hydrogen bond synperiplanar to C1 of the cyclopentene due to 
repulsion of the methyl and phenyl groups by C5. In the transition structures, the 
benzylic carbon-hydrogen bond rotates 60 ~ and becomes synclinal to C1. Compari- 
son of these structures indicated an energy difference of about 1.1 kcal/mole, which 
corresponds closely to the value expected based on the observed selectivity [179]. 

J: Si 
H ,Ph 

e ~ H 5-----~ 

Re N '  .... l ' ~ " n  
favored by -1.1 kcal/mole Ph 

Me, H 

P h ~ N ~ ~ ~ .  ~ 

H " "  

Scheme 5.38. Calculated low energy conformers for Re and Si attack of acrolein 
on cyclopentanone S-phenethyl enamine [179]. 

Allyl anions. The sulfur and phosphorous-stabilized allyl anions shown in Figure 
5.10 have been examined by the Hua and Hanessian groups in asymmetric Michael 
additions to several enones. In these auxiliaries, the sulfur and the phosphorous are 
stereogenic, and the phosphorous additionally has chiral ligands. Some of the more 
selective examples of Michael additions using these ligands are listed in Table 5.9. 

i X  = (a) O.,_p'. (b) (c) 
X ~  "5"trrt Ph / ~ N  Me . . o . p . . \  

' M e  M e  i-Pr 0 

Figure 5.10. Auxiliaries for asymmetric Michael addition of allyl anions: (a) [ 195]. (b) 
[ 196].  (c) [ 197].  

The mechanism of allylic sulfoxide addition is proposed to occur through a 
chelated 10-membered ring transition structure [198], as shown in Scheme 5.39a. 
The illustrated conformation features the favorable alignment of the molecular 
orbitals illustrated in the inset (cf. Scheme 5.34). However, it also has been 
suggested [ 148] that the reaction may proceed by sequential 1,2-addition followed by 
an alkoxide-accelerated Cope rearrangement, 19 as shown in Scheme 5.39b. Note that 
the same conformation and orbital alignment are operative in this mechanism. For 
the addition of the phosphorous-stabilized allyllithium of Figure 5.10b and c, 10- 
membered rings are postulated [196,197]. The 10-membered rings shown in 
Schemes 5.39c and d have conformations similar to that shown in Scheme 5.39a; 
conceivably the tandem 1,2-carbonyl addition/3,3-Cope rearrangement suggested 

19 Such a mechanism has been demonstrated in the addition of dithianyl allyl lithiums [ 199]. 
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T a b l e  5.9. Asymmetric Michael additions of sulfur and phosphorous stabilized 
allyllithiums. The X column refers to the auxiliaries in Figure 5.10. 
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Scheme 5.39. Allyl sulfoxide additions: (a) 1,4-mechanism [198]. (b) Tandem 1,2- 
addition / 3,3-rearrangement mechanism [148] (see also ref. [199]). (c,d) Transition 
structures for allyl phosphine oxides [ 196,197]. Inset: Gauche pentane interaction between 
lithium and the NRe methyl. 

X ~  Li + + Michael acceptor ~ Product 
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for the sulfoxides could intervene in these cases as well. For these auxiliaries, the 
site of lithium coordination to the phosphoryl group determines the chirality sense 
of the products. For the phosphaoxazolidine (Scheme 5.39c), the lithium coordinates 
anti to the bulky N-isopropyl substituent, but for the phosphaimidazolidine (Scheme 
5.39d) the reason for the similar placement is not as obvious. The inset illustrates 
the 5-membered heterocycle in a half-chair cqnformation, with the N-methyls in 
pseudoequatorial configurations (the half chair is held rigid by the trans fused 
cyclohexane, which is deleted for clarity). The N-methyls are labeled according to 
their relative configurations on the stereogenic phosphorous. Note that coordination 
of the lithium syn to the NRe-methyl generates a lithium/methyl interaction 
reminiscent of 2,3-P-3,4-M (gauche) pentane (cf Figure 5.5). Coordination syn to 
the Nsi-methyl does not. Thus the latter site is preferred. 

5.3.3 lnterligand asymmetric induction 
In considering Michael addition transition structures such as those generalized in 

Scheme 5.29, differentiation between two enantiomers Of the same topicity can be 
achieved by introducing a stereogenic unit into either the donor (vide supra), the 
acceptor (vide infra) or the ligands on the metal. Metals can be efficiently 
complexed by crown ethers, and enolates form mixed aggregates with amines and 
lithium amides in solution. If an aggregate is chiral by virtue of a chiral ligand or a 
chiral crown, then interligand asymmetric induction can occur. As was true with the 
aldol addition (cf. Schemes 5.15-5.22), and enolate alkylations (cf. Schemes 3.23- 
3.26), chiral metal ligands offer the advantage of not requiring extra steps for the 
introduction and removal of an auxiliary, and may be amenable to catalysis. The 
examples illustrated below do not exhibit the outstanding selectivities that can be 
achieved by an auxiliary-based method, and there is little evidence upon which to 
base a rationale to explain the sense of asymmetric induction, but as knowledge of 
enolate/aggregate structures is gained, such insight will follow quickly and new 
systems with higher selectivities will undoubtedly emerge. 

Following a 1973 lead by L~ngstr~im and Bergson, who used a partially resolved 
amino alcohol as an asymmetric Michael catalyst [200], Wynberg used quinine as a 
catalyst for the asymmetric addition of 2-carbomethoxy-1-indanone to methyl vinyl 
ketone, obtaining 88% enantioselectivity in an optimized case (Scheme 5.40a), but 
the absolute configuration of the product was not determined [201 ]. Carbomethoxy- 
cyclohexanones could also be employed in this process, but the selectivities were low 
[201]. The Seebach group showed that cyclohexanone lithium enolates show good 
selectivities when complexed to chiral diamines or chiral lithium amides (Scheme 
5.40b) [3]. They also noted significantly improved yields (and often improved 
selectivities) when an additional equivalent of lithium bromide was added to the 
recipe, results which clearly indicate the participation of enolate mixed aggregates 
in the reaction. The topicity (relative configuration of the stereocenters in the 
product) of this addition is consistent with a transition structure similar to that 
shown in Scheme 5.29c (see also Scheme 5.36). The Mukaiyama group explored the 
use of tin enolates complexed to chiral diamines as shown in Schemes 5.40c and d. 
The propionate imide enolate shown in Scheme 5.40c (when used in excess) adds to 
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benzal acetone with excellent selectivity [202]. The topicity of this addition is 
consistent with a mechanism similar to that shown in Scheme 5.29a, but note that 
titanium enolates of chiral imides added with low selectivity to ~-substituted enones 
(Scheme 5.3 l d and e, [165]). If the dithioketene acetal shown in Scheme 5.40d is 
added slowly to a mixture of an enone, tin triflate, and chiral diamine, good 
enantioselectivities are achieved with catalytic amounts of tin and diamine [203]. The 
slow addition is necessary to keep a low concentration of the dithioketene acetal so 
as to minimize a competitive nonselective addition. 

( a ) ( ~  _ _ 0  
CO2Me + ~ 

O O O 88% es 

(b) 

(c) 

(d) 

7 0 L i  

/ SnNR2* 
O O 
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\ / 

Ph O R 
o P h - ~  NMe ~ x , ~  NO 2 

R " ~ ~  NO2 + ~ ' O  _ . ~  NHM- ~ 74-86% ds 
69-97% es 

M = H, Li Ph Ph 41-54% yield 
R = Me, Ph 65-83% yield with 1 eq. LiBr 

0 
TMSOTf 

+ Ph Me 

O O Ph O 

Me 
72% yield, >95% ds, 96% es 

SSiMe 3 
~ [" SMe 

O 

+ R2 ~ , ~ - I ~ R I  
R 1 = Me, Ph 
R 2 = Ph, furyl 

R 2 O 
10mol%Sn(0Tf)2.HNR ~ f _ ~ / Y - ' ~  MeS~,. ~J,,, ~L " "  ~ /  ~ /  

R1 

= t" N " ~ N ~  "'e ~....~ 79-82% yield HNR2* 
M 70-85% es 

Scheme 5.40. (a) Wynberg's early example of interligand asymmetric induction in the Michael 
reaction [201 ]. (b) Seebach's investigation of cyclohexanone lithium enolate complexed to chiral 
diamines with extra lithium [3]. (c) Mukaiyama's imide tin enolate and chiral diamine [202]. (d) 
Mukaiyama's catalytic tin dithioenolate Michael addition [203]. 

Complexation of potassium enolates with chiral crown ethers and Michael 
addition of the associated enolate has been investigated by several groups, illustrated 
by the examples shown in Scheme 5.41. For example, Cram used C2-symmetric 
crowns based on binaphthol to catalyze the addition of 2-carbomethoxyindanone to 
methyl vinyl ketone (Scheme 5.4 l a, [204]. A second example, the addition of methyl 
2-phenylpropionate to methyl acrylate is shown in Scheme 5.41b [204]. Not shown 
are additions of methyl thiophenyl acetate enolate, which resulted in products of 
lower enantiomeric purity due to racemization of the product. Thus good 
selectivities can only be achieved when the product cannot racemize under the 
reaction conditions. A later example from the Penades group uses methyl thiophenyl 
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acetate as nucleophile, and achieves reasonably high selectivities with small amounts 
of base and crown (Scheme 5.41c) [205]. Yamamoto added methyl thiophenyl 
acetate to cyclopentenone (Scheme 5.41d, [206]. The thiophenyl moiety of the 
addition product was reductively cleaved to afford a substituted cyclopentanone with 
a selectivity of 70% at the cyclopentanone 13-carbon. 

These four examples share the common feature of an acidic carbon stabilized by 
two functional groups, which permits employment of catalytic amounts of base and 
crown. The catalytic cycle is probably as follows [204]" 

1) C r o w n . K + t - B u O  - + H - R  ---> C r o w n . K + R  - + t - B u O H  

2) C r o w n . K + R  - + C = C - C = O  ---> R - C - C = C - O - K + . C r o w n  

3) R-C-C=C-O-K+-Crown + H-R ---> R-C-CH-C=O + Crown.K+R - 

The key step for catalyst turnover is the last one, whereby the enolate adduct 
deprotonates the next molecule of starting carbonyl. Clearly the initial carbon acid 
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~,..~x ~ ,_,, x_,, %.....%~ = 0 

0 v -~ Me - - 0 48% yield 
4-5 tool% >99% es 

(b) Me 

O O O L  KO,. o , OMe 
Me ~-'CO2Me + [ ~ ~'~ O ...Ox..../O " 

v Me host:guest = 3:1 
4 mol% KOt-Bu 

Ph , , , , ~ C ~  O2Me 

Me" v -CO2M e 
80% yield 
91%es 

(c) BnOCH2 CH2OBn 
anO~..~_l ~ ) I~OTOB n 

PhS v CO2Me 
+ O ~ ' ~ .  " O""11/" OBn 

BnO KOt_B ,uO-, 1 
L O  O ~ 

~ / X._J 2.5 mol% 

~ O M e  P h S . ~  CO2Me 

73% yield ~'-,/CO2Me 
85%es 

(d) 

PhS v CO2Me 

~ CO2Me 
X = SPh, 60% 
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Scheme 5.41. (a, b) Cram's C2-symmetric chiral crowns for asymmetric Michael addition [204]. 
(c) Penades's carbohydrate-based crown for asymmetric Michael additions [205]. (d) Yamamoto's 
chiral crown for asymmetric addition to 13-substituted enones [206]. 
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must be more acidic than the Michael product for this step to proceed. The two 
carbanion stabilizing groups in the above examples assure this fact, but also insure 
that epimerization in the product (if there are any or-protons left) can be a problem 
(cfi Scheme 5.41 c and d). 

5.3.4 Chiral Michael acceptors 
Posner has shown that enones having a chiral sulfoxide in the t~-position are 

excellent receptors for conjugate addition of organometallics (Scheme 4.14, [207], 
and may also be used as Michael acceptors in enolate additions [208-210]. As with 
the addition of organometallics, the face selectivity can be rationalized based on 
either chelation of the metal by the enone and sulfoxide oxygens (Figure 5.1 l a) or 
by dipole alignment (Figure 5.11b) (cfi Scheme 4.16). In the following examples, 
which are chosen from others that are not as selective, the following trend emerges: 
enolates that are monosubstituted at the o~-position follow the nonchelate (dipole) 
model, while ~,ct-disubstituted enolates follow the chelate model [211 ]. 

M 
M /x (b) "'S~ A ~- " ( a : ~ o  I "OIR ~.~QsR,,, ' ToI,,,,~/:.,~\ Tol,,,o]S~P O ._ 

~' Tol ~ Tol . 
"" _ R e  

chelate model nonchelate model (dipolar alignment) 
Figure 5.11. Models for face-selective addition of enolates to R-sulfoxides. (a) Chelate 
model predicts nucleophilic attack on Si face. (b) Nonchelate model, which has the C--O and 
S-O bonds antiperiplanar, predicts Re face attack. 
The lithium enolate of methyl trimethylsilyl acetate adds to cyclopentenone and 

cyclohexenone sulfoxides by the nonchelate model with good to excellent selectivity, 
as shown in Scheme 5.42a [210]. After the Michael addition, the sulfoxide and 
trimethylsilyl groups are removed, and the selectivity is assessed by determining the 

(a) 0 0 

Tol ! ~ "  (CH2)n 

tb) o o 

Tol .... O 

�9 " ~---(CH2)n 

O 

OLi ~ ~ ( C  

MeOJ~CHSiMe3 H2) n 

MeO2C' -""  n = 1" 78% yield, 85% es 
n = 2: 70% yield, 97% es 

OLi 

MeO/J~CHSPh 

O 

,,- (CH2)n 
MeO2C--"  n = 1, R = Me: 100% yield, 95% es 

n = 2, R = Me: 92% yield, 95% es 
n = 2, R = MOM: 94% yield, >98% es 

Scheme 5.42. Sulfoxide mediated asymmetric Michael additions to (a)cycloalkenones and (b) 
lactones. Both are postulated to proceed via the nonchelate model, Figure 5.1 lb [210]. 
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enantiomeric purity of the [B-substituted ketone. Similarly, lithium enolates of 
phenylthioacetate esters add to five and six-membered lactones as shown in Scheme 
5.42b [210]. The chirality sense of these products is consistent with a nonchelate 
model: the nucleophile adds to the Si face of the S sulfoxide (lk topicity). 

Scheme 5.43 illustrates three applications of this methodology to total synthesis. 
The first example is taken from Posner's synthesis of estrone and estradiol [211 ], the 
second from Posner's synthesis of methyl jasmonate [212], and the third from 
Holton's synthesis of aphidicolin [213]. The latter is particularly noteworthy in that 
two contiguous quaternary centers are created in the asymmetric addition with 
excellent selectivity. In the estrone synthesis, the chirality sense of the product is 
consistent with the nonchelate model, but the other two examples adhere to a chelate 
model. Note that the difference is the degree of substitution at the cz-position of the 
enolate. 

(a) OLi .. O 

. ~  i' \~ / MeO ff ~ / ~ ' " r " ~ e s t r o n  e 
M e O ~  selectivity = 98% 

Tol /•i MeO C(SiMe3) 2 

O ~ , ~ __ /Et  methyl jasmonate 
selectivity > 99% 

" C H 2 C O 2 M e  

(c) 

TBSO L 

Me 

] ~ O L i  
Me 

OH 

o o c. o. 

i ~ ~. / 0  aphidicolin 
HO"" -,, selectivity = 88% 

Scheme 5.43. Applications of sulfoxide Michael additions in natural product synthesis: (a) 
estrone [and estradiol] [211]. (b)methyl jasmonate [212]. (c) aphidicolin [213]. Stereocenters 
formed in the Michael addition are indicated (,). 
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Chapter 6 

Rearrangements and Cycloadditions 

This chapter examines reactions that involve molecular rearrangements and 
cycloadditions. The use of these terms will not be restricted to concerted, pericyclic 
reactions, however. Often, stepwise processes that involve a net transformation 
equivalent to a pericyclic reaction are catalyzed by transition metals. The incor- 
poration of chiral ligands into these metal catalysts introduces the possibility of 
asymmetric induction by inter-ligand chirality transfer. The chapter is divided into 
two main parts (rearrangements and cycloadditions), and subdivided by the standard 
classifications for pericyclic reactions (e.g., [1,3], [2,3], [4+2], etc.). The latter 
classification is for convenience only, and does not imply adherence to the 
pericyclic selection rules. Indeed, the first reaction to be described is a net [1,3]- 
suprafacial hydrogen shift, which is symmetry forbidden if concerted. 

6.1 Rearrangements 

Many rearrangements are highly stereoselective reactions and have found 
considerable application in organic synthesis. Perhaps the most common class of 
sigmatropic rearrangements includes such [3,3J-rearrangements as the Cope and 
Claisen rearrangements, the latter with its many variants (reviews: [1-8]). However, 
the vast majority of [3,3]-rearrangements in which stereochemistry is an important 
element involve enantiomerically pure starting materials, which places this class of 
reactions outside the purview of this book. 1 Here, we will focus on two types of 
rearrangements: [ 1,3]-hydrogen shifts and [2,3]-Wittig rearrangements. The former 
is a transition metal catalyzed reaction sequence that has found tremendous 
importance in industry. The latter is a rearrangement that (like [3,3]-rearrange- 
ments) has many applications in stereoselective reactions of enantiomerically pure 
compounds. But since the [2,3]-Wittig rearrangement involves anionic inter- 
mediates, a number of possibilities for asymmetric synthesis also arise. The 
substrates for [2,3]- (and [3,3]-) rearrangements are often derived from chiral 
secondary alcohols, which are in turn available by several asymmetric synthesis 
methods. The discussion of the Wittig rearrangement therefore includes references 
to methods of asymmetric synthesis of the chiral precursors, which is also relevant 
to many applications of [3,3]-rearrangements. 

6.1.1 [ 1,3J-Hydrogen shifts 
It has long been recognized that certain transition metal complexes can catalyze 

the migration of carbon-carbon double bonds. 2 When the catalyst is a transition 
metal hydride, the mechanism involves initial reversible addition of the metal 

1 For an example of the Ireland-Claisen rearrangement mediated by a chiral catalyst, see ref. [9] 
2 For a summary of early examples, see pp. 266-303 of ref. [ 10]. 
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hydride across the double bond to produce a metal cy-alkyl. A double bond is 
regenerated by elimination of the metal hydride, and if a different hydrogen is 
eliminated, the net result to the olefin is migration (Scheme 6.1a) [10]. This 
mechanism is therefore not a strict 1,3-hydrogen shift, but only resembles one when 
starting material and product are compared. If the catalyst is not a metal hydride, 
the first step is rc-complexation of the metal to the double bond, followed by 
migratory insertion of the metal, producing a rc-allyl metal hydride, then reversal 
of the sequence at the other end of the allyl system (Scheme 6. l b) [10]. If the olefin 
has an allylic heteroatom, a third mechanism may intervene. With allylic amines for 
example (Scheme 6.1c) [ 11 ], initial coordination occurs at nitrogen, and migratory 
insertion yields a rc-complexed iminium metal hydride. Rearrangement then yields a 
bidentate enamine-metal complex, and dissociation liberates the enamine. 

All of these processes are under thermodynamic control, and the migration is 
only useful when there is an isomer that is in a thermodynamic well. For the 
rearrangements shown in Scheme 6.1a and b, this is the case when the rearrange- 
ment affords a more highly substituted alkene, or when the double bond moves into 
conjugation with a functional group such as a carbonyl. The net rearrangement can 
involve several individual "[1,3]-rearrangement" steps, such as migration around a 
ring. Such sequential shifts are blocked by a quaternary carbon. The rearrangement 
of an allylic amine to an enamine is also thermodynamically favored (Scheme 6.1 c). 

For the purposes of asymmetric synthesis, the initial alkene must be prochiral 
(i.e., either 1,1-disubstituted or trisubstituted), so that the rearrangement produces a 
new stereogenic center. As shown in Figure 6.1, this is often contrathermodynamic, 
but not in the case of compounds with allylic heteroatoms. 

(a) H 

[M]-H + Rl ~.,-"'~ - ' ' ~  R2 ~ -~ Rl R2 ~ R l ~  R2 + [M]-H 

[M] 

(b) 

[M] + Rl ~,,,"'~,.-"X-R2 Rl R 2 ~ R I R2 
[M] [M]-H 

[M] 
R 2 ~ ~ Rl ' ' ' x ' ~ ' R  2 + [M] 

(c) 
- - - - -  

[M] + R ~ .  ,/'x" NR 2 .~ = R ~ ' ' ~ ' ' ' "  NR 2 ~ R NR 2 
I 

[M] [M]-H 

[M] 

R NR 2 + [M] 

Scheme 6.1. Transition metal catalyzed 1,3-hydrogen shifts. (a) Metal hydride catalyst. (b) Metal 
catalyst. (c) Metal catalyzed rearrangement of allylic amines to enamines. 
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(a) R 3 

R1 ~ R 2 ~ 

R3 

RE 
AG>0 
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(b) R 2 .._ R 2 
...._ 

Figure 6.1. (a) Contrathermodynamic isomerization of a trisub- 
stituted alkene to a disubstituted one. (b) Thermodynamically favored 
isomerization of an allylic amine to an enamine. 

Fol lowing years of less successful attempts by other groups (___53% enantio- 
selectivity; reviews: [12,131 and pp. 266-303 of ref. [101), Otsuka reported in 1978 
that allylic amines could be rearranged to enamines with a chiral Co II catalyst with 

modest (66:34) enantioselectively [14]. Further studies [11,15,16] revealed that a 
cationic Rh! catalyst having arylphosphine ligands (the best is BINAP, 2,2'- 
bis(diphenylphosphino)-l,l'-binaphthyl) affords excellent selectivity (97-99% es) 
with very high catalyst turnover (300,000). This reaction has been scaled up, and is 
now known as the "Takasago process." It (Scheme 6.2) is used for the commercial 
manufacture of ~ 1500 tons per year (nearly 40% of the world market) of citronell- 
al and menthol [11,16], and has been described as "the most impressive achievement 
to date in the area of asymmetric catalysis" [17]. It is worth mentioning that, 
although citronellal is available from natural sources, the enantiomer ratio of the 
natural product is only 90" 10. 

CHO 

NEt2 [Rh(P)-BINAP]; NEt2 H2S04" 

98.5% es ~~..fitronellal 
100% yield 

~ PPh 2 
NiBr2 ~ H2/Ni 

r  x v , , - - / ~ .  - 

PPh 2 
: O H  : O H  

isopulegol menthol (P)-(-)-BINAP 
I 

Scheme 6.2. The Takasago process for the commercial manufacture of citronellal 
isopulegol, and menthol [16]. 3 

Two aspects of the reaction are stereospecific. The first is that geometric 
isomers of the allylic amines afford enantiomeric enamines, as shown in Scheme 
6.3a [ 19]. Note that the geometry of the enamine double bond is n o t  dependent on 
the stereochemistry of the double bond of the allylic amine, however. The second 

In accord with the recommendation of Prelog and Helmchen, the P,M nomenclature system is 
used to describe the configuration of molecules containing chirality axes and planes [18]. Note 
that R = M and S = P. See the glossary, Section 1.6, for an explanation of these terms. 
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stereospecific feature is revealed by the deuterium labeling studies shown in Scheme 
6.3b: the R-C 1-d allylic amine, when subjected to enantiomeric rhodium catalysts, 
undergoes deuterium migration with M-BINAP, and hydrogen migration with R- 
B INAP [11]. An isotope effect was not observed, indicating that the carbon- 
hydrogen (or deuterium) bond breaking step is not rate determining. Furthermore, 
experiments (not shown) using a mixture o f - C D 2 N E t 2  a n d - C H 2 N E t 2  amines 
revealed no crossover, indicating that the migration is intramolecular [ 11 ]. 
(a) 

(b) 

M e  

R [Rh(M)-BINAP] § _ R ~ . ~  NEt2 

N E t 2 ~  f 

[Rh(P)-BINAP] § 

Me J ~--,,,~ Me 

R ~ " ~ ~ N E t 2  [Rh(M)-BINAP] + _ R " A " x ~  NEt2 

D Me H ~ H  Me H D 
. [Rh(M)_BINAP]+ .-" [Rh(P)_BINAPI + 

R ~  NEt2 -- R NEt2 -- R" NEt 2 

Scheme 6.3. Stereospecific aspects of rhodium catalyzed asymmetric [ 1,3]-hydrogen shifts. 

There are two (limiting) possibilities that could explain the enantioselectivity: a 
group-selective metal insertion distinguishing the enantiotopic allylic protons, or a 
face-selective addition that distinguishes the enantiotopic double bond faces. Figure 
6.2 illustrates the conformational analysis of the intermediates  involved in the 
sequence (Scheme 6.1c). First of all, the lowest energy conformation around the 

(a) 

Me H H  R H H 
vs. ~ vs. 

R NEt 2 H Me NEt2 H 

H * r *antiperiplanar R antiperiplana �9 Me H 
* s ync l i nal * sy nc l inal 

antiperiplanar conformation favored over synclinal 

(b) 

, 

R ~q; vs. I Ir [M]-H I Ir 
, ~ M H-[M] ' 

" Et R Et Me 
*s-trans *s-cis *s-trans *s-cis 

s-trans conformation favored over s-cis 

Figure  6.2. Severe conformational restrictions due to A1,3 strain are placed on the intermediates 
in the asymmetric [ 1,3]-rearrangement of allylic amines. (a) The starting material (as well as the 
nitrogen-coordinated rhodium complex) favors the antiperiplanar conformation. (b) The ~-bonded 
metal hydride intermediate is restricted to the s-trans conformation. 
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N-C 1-C2-C3 bond (.) of the allylic amine is antiperiplanar due to A 1,3 strain in the 
synclinal conformation (Figure 6.2a). Coordination of the catalyst to the nitrogen 
(step 1 in Scheme 6.1c) will only increase the energetic bias in favor of the 
antiperiplanar conformation. 4 The second step of the reaction sequence is the 
migratory insertion of the metal into the C1-H bond to give a r~-bonded tx,I]- 
unsaturated iminium ion. Figure 6.2b shows that only the s-trans conformer of this 
species is accessible, because of severe A1,3 interactions between the diethylamino 
substituents and the C3 substituent in the s-cis conformation. 

Examination of the conformers illustrated in Figure 6.2b reveals the origin of 
the Re/Si face selectivity in the transfer of hydrogen to C3. The illustrated 
conformers have the metal hydride bound to the Re face of the iminium ion. Since 
the s-cis conformation is not accessible, and since the rearrangement corresponding 
to the third step of Scheme 6.1c is suprafacial, the step that determines the 
configuration of the n-bonded iminium metal hydride also determines the absolute 
configuration at C3 in the product. This step is the migratory insertion of the metal 
into the C1-H bond (i.e., step 2 of Scheme 6. l c). Thus, the Takasago process is an 
example of a group-selective insertion of a metal into one of two enantiotopic 
carbon hydrogen bonds. The M-BINAP rhodium inserts into the C-HRe bond and 
the P-BINAP rhodium inserts into the C-Hsi bond. 

The interligand asymmetric induction from the binaphthyl moiety to C3 of the 
allylic amine covers a considerable distance and deserves comment. As noted above, 
the enantioselectivity of the overall process is determined in the step where the 
metal inserts into one of the enantiotopic Cl-protons. The solid state conformation 
of the P-BINAP ligand has been established by two X-ray crystal structures (of 
ruthenium complexes" [20,21]), and is illustrated in Figure 6.3a, with the other 
ligands removed for clarity. Note that the chirality sense of the binaphthyl moiety 
places the four P-phenyl substituents in quasi-axial and quasi-equatorial orienta- 
tions. It is apparent that the 'upper right' and 'lower left' quadrants (which are 
equivalent due to symmetry) have the most free space for accomodating additional 
bound ligands. Attachment of the allylic amine in the antiperiplanar CI-C2 
conformation to the square-planar rhodium complex is illustrated in Figure 6.3b. 
(The two possible binding sites are equivalent due to symmetry.) The migratory 
insertion step must occur through a 4-membered ring transition structure, and the 
two possibilities are illustrated in Figures 6.3c and d. Note that insertion into the 
HRe-C bond forces the double bond moiety into close proximity with the quasi- 
equatorial phenyl on the left (Figure 6.3c), whereas metal insertion into the Hsi-C 
bond moves the double bond into the vacant lower left quadrant. The latter is 
favored. 

The catalytic cycle shown in Scheme 6.4 has been proposed to account for the 
kinetics and observable intermediates in the reaction [ 11]. Starting from the top, the 
allylic amine displaces a solvent to form the N-coordinated rhodium species. 

Low temperature I H and 31p NMR studies indicated that only the nitrogen of allylic amines is 
bound to the metal. No evidence could be found for an N-it-chelate that might stabilize the 
synclinal conformation [ 11 ]. 
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(a) ~ ~ ~  (b) ~ 

Cr . . . . . . . . .  .... ~ Rh"_" /Et 
S ~ R e .  % N\  

.~_ H f i ~  Et 

Me------:(~ R 

~ ~ ,  .PPh 2 
r .......... '" RI~" Et 

H..-" ~ " , ~ N  / R ~ R e ~ ~  \ 

~~Me~i_isi Et 

~ r ,  . PPh 2 
........ " Kh Et 

H': '" HRe~'~ N / 
St ~ ~ , I  NE t 

favored M e . ~  

Figure 6.3. (a) Conformation of P-BINAP in two crystal structures [20,21]. 
(b) Partial structure with allylic amine boiand at one of the two equivalent 
coordination sites. (c) Transition structure for insertion into C-HRe bond. (d) 
Transition structure for insertion into C-Hsi bond. 

Migratory insertion and hydrogen transfer then form the rhodium-enamine com- 
plex shown at the bottom, which can be isolated and characterized at low 
temperature. The rate determining step in the cycle is the substitution of the 
enamine ligand by a new allylic amine substrate, which probably proceeds via the 
substrate-product mixed complex shown on the left. 

Et2 1+ P.. / N . , , . / , , ' ~ /  
Rh 

S I ~" "S 

H 

~ NEt2 

Rh = BINAP, S = solvent 
\S P 

1 ~ ~ ' ~ - / ' "  NEt2 

Et 2 
/ .-P,. / N  
1~. p,, Rh ~/~) 

/--. 

Et2 

/ 
Scheme 6.4. Catalytic cycle for the rhodium-catalyzed rearrangement of allylic amines. 
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Investigation of the scope of the asymmetric rearrangement of allylic amines has 
led to the following generalizations [11]: (i) both C1 and C2 should have no alkyl 
substitutents (substitution at either position would erase the preference for the 
antiperiplanar and s-trans conformations, cf. Figure 6.2); (ii) C3 may be substituted 
with an aryl group (or also be only monosubstituted, but the latter circumstance has 
no stereochemical consequence); (iii) the nitrogen substitutents must not be aryl (a 
less basic nitrogen fails to bind the rhodium and is not affected by the catalyst). 

Isomerization of allylic alcohols occurs in reasonable yields but with poor 
enantioselectivity [22], although kinetic resolution of 4-hydroxycyclopentenone has 
been reported [23]. Reliable laboratory-scale procedures for the synthesis of BINAP 
and for the asymmetric rearrangement have been published [24,25], making this a 
good candidate for further applications in asymmetric synthesis. 

6.1.2 [2,3]-Wittig rearrangements 
What is now known as the [1,2]-Wittig rearrangement was apparently first ob- 

served in the 1920s by Schorigin [26,27], and by Schlenk and Bergmann [28], who 
reported that reductive metalation of benzyl alkyl ethers with lithium or sodium 
afforded rearranged products. In 1942, Wittig reported that benzyl ethers could be 
deprotonated with phenyl lithium, and similarly rearranged [29,30] (Scheme 6.5a). 
It is now agreed that the [1,2J-rearrangement involves successive deprotonation, 

(a) 

Ar ~ O" R base A r ~ o . R  A r g O -  + R. 
R 

,,r ) ' -  O 
_ 

(b) 

(c) 

~'~.....,~O ) base I ~ i ~ . . 0 )  I -~ 

~ O , , ,  ~ base[ //~/.~,.0) ] = / /~0 
(d) 

(e) 

base[ EWG.~O) ~ EWG~O_ L 

Scheme 6.5. (a) The [1,2]-Wittig rearrangement [29,30]. (b) The [2,3]-Wittig 
rearrangement [31]. (c) The [2,3]-Wittig rearrangement of propargyl allyl ethers 
occurs by deprotonation at the propargylic position. (d) Similarly, electron 
withdrawing groups (EWG) can be used to influence the site of deprotonation. 
(e) The Still variant of the [2,3]-Wittig, which uses a tin-lithium transmetalation 
to control anion formation [32]. 
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homolysis of the opposite carbon-oxygen bond, and recombination to an alkoxide 
[33,34]. 5 The [2,3J-variant was first observed by Wittig (although not recognized as 
such) in 1949 [36] and by Hauser two years later (Scheme 6.5b, [31]), and was 
shown in subsequent studies to proceed by a concerted SNi mechanism [37,38]. 
When the [1,2]- and [2,3J-rearrangements can compete, the [2,3]-Wittig rearrange- 
ment predominates at low temperatures [39-41 ].6 

With unsymmetrical ethers, the problem of the regiochemistry of metalation 
arises. Three approaches have successfully addressed this issue. One takes advantage 
of the fact that propargyl allyl ethers deprotonate exclusively at the propargylic 
position [48,49] Scheme 6.5c). Second, an electron withdrawing group (EWG) that 
stabilizes the anion on one side of the ether can be used to control the site of 
deprotonation, although enolates may suffer competitive [3,3]-rearrangement 
[50,51 ], Scheme 6.5d). Finally, the regiochemical issue can be eliminated by using 
tin-lithium exchange to generate the carbanion at a specific site ([32], Scheme 6.5e). 

The migration across the allyl system is suprafacial [41], as illustrated by the 
example shown in Scheme 6.6a [52,53]. The configuration of the carbanionic 
carbon 7 inverts during the rearrangement, as predicted by theory in 1990 [55], and 
subsequently proven by three independent studies in 1992 [56-58], the simplest of 
which is illustrated in Scheme 6.6b. Thus, the [2,3]-Wittig rearrangement is a [rt2s + 
o2a + o2a]-rearrangement, which is symmetry allowed for a concerted six electron 
process with two inversions [35]. 

(a) Me Me H j Me Me ' CH2OH 
c. so u, 

2 '' ' '0 BuLi • 

83% 

OMe OMe 

(b) R../SnBu3 R = Et 
u I • O~iR3 BuLi R ~  R = 

95% 
OH i-Pr CH 2 

Scheme 6.6. (a) Example illustrating the suprafacial nature of the migration across 
the allyl moiety [52]. (b) Examples illustrating inversion of configuration at the 
metalated carbon [57,58]. 

The approximate geometries of four calculated transition structures are shown in 
Figure 6.4. When the lithium is included in the calculation (Figure 6.4a), all 
nonhydrogen atoms except the middle carbon of the allyl system are approximately 
coplanar [55]. When the lithium is removed, the envelope conformation is main- 

5 Note that a concerted [1,2]-carbanion migration is symmetry forbidden [35]. 
6 For reviews of the Wittig rearrangements, see ref. [42-47]. 
7 ~-Alkoxyorganolithiums are configurationally stable below about-30 ~ (section 3.2.1, [54]. 
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(a) 7----.,,,H (b) (c) (d) 

2.34/~ I~ 117~ 1 ~ ~ . ' , '  H ,..._-~ ..,, H M e ~  
' .88~ 3.25]k i 123~ 2.28]k ~ 2.13~,, i 108~ I 
' ,, ', I 1.53,/k C ' H " -  O !.48,/k CH2 .... 0 ' / 1.77,~ CH---- O 

~ !  CH2~-" O , ~  ~ O ~ "  Li :2" 
Li 

Figure 6.4. Ab initio transition structures for the [2,3]-Wittig rearrangement. (a) Structure 
including a lithium, in which the metal is antiperiplanar to both carbons of the allyl system and 
bridges the carbon and oxygen [55]. (b) Calculated transtion structure for [2,3J-rearrangement 
the naked ROCH2- anion [59]. (c) Calculated transition structure for the [2,3J-rearrangement of 
a propargyl anion. Orientation of the alkynyl moiety on the convex face is favored by 2.1 
kcal/mole [59]. (d) For the rearrangement of a lithium enolate, the endo structure is favored 
[59]. (The author is grateful to Professors Y. Wu and K. N. Houk, who kindly supplied the 
indicated bond lengths and angles in a private communication.) 

tained, but the bond lengths and angles change dramatically, as shown in Figure 
6.4b [59]. For the naked anion, the transition structure is extremely early, with 
practically no bond making or breaking having occured. When the lithium is pre- 
sent, the transition structure is somewhat later, which may be an artifact of the 
method, since the calculation requires that the lithium be unsolvated and in the gas 
phase. Since one cannot ignore the presence of the cation, we may assume that the 
real transition state geometry probably lies somewhere between these two struc- 
tures. When the carbanion is stabilized by an alkynyl group (Figure 6.4c) or is an 
enolate (Figure 6.4d), the calculated transition structure is much more compressed 
[59]. Note for example, that the forming and breaking bonds are shorter than in the 
other two structures, and also note that the bond angle is smaller. 

6.1.2.1 Simple diastereoselectivity 
The aspects of diastereoselectivity in the [2,3]-Wittig rearrangement that we will 

be concerned with involve the geometry of the double bond and the configuration 
of the allylic and 'carbanionic' carbons in the allyl ether. Figure 6.5a illustrates 
diastereomeric transition structures for [2,3]-rearrangements of ct-allyloxy organo- 
lithiums. If there is a substituent (R1) at the allylic position, A],2 and A~,3 allylic 
strain will play a role. If both R1 and R2 are not hydrogen, A1,2 strain will disfavor 
the left conformer. If the alkene has the Z configuration, A1,3 strain is particularly 
severe in the structure on the right. With reference to Figure 6.4, note that A1,2 
strain will be alleviated by a small allylic bond angle and that A1,3 strain will be 
enhanced by a small bond angle. 

Similar transition structures having stereogenic carbanionic carbons are 
illustrated in Figure 6.5b. For electrostatic reasons, an electron rich substituent such 
as an alkyl, vinyl, or alkynyl group will preferably occupy the convex face of the 
envelope conformation, while an electropositive substituent favors the concave side 
[55,59]. 

If the carbanionic carbon is trigonal, such as with enolates, the preference is to 
occupy the concave face, as shown in Figure 6.5c. This effect is reminiscent of the 
endo effect in Diels-Alder reactions (Section 6.6), and is also consistent with 
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Figure 6.5. Factors influencing the relative configuration of the products in 
[2,3]-Wittig rearrangements: (a) Diastereomeric transition states illustrating the 
possibility of allylic strain. (b) The conformation having R on the convex face of 
the envelope is preferred for alkyl, vinyl, and alkynyl substituents. (c) For 
enolates, the concave orientation (synclinal double bonds) is preferred. 

Seebach's topological rule suggesting a preference of synclinal donor/acceptor 
orientations in a Newman projection along the forming bond (cf. Figure 5.8, [60]). 
For Z(O)-enolates, additional stabilization can be had by metal chelation with the 
ether oxygen (cf. Figure 6.4d). 

Each one of the effects illustrated in Figure 6.5 is attributable to a stereogenic 
element in the starting material (olefin geometry or absolute configuration at the 
allylic or carbanionic carbon), and is an example of single asymmetric induction. 
When more than one element is present, these effects can operate as matched or 
mismatched pairs of double asymmetric induction, and very high selectivities can be 
achieved when they operate in concert. Additionally, it is possible to introduce a 
stereogenic element elsewhere, such as a chiral auxiliary (X of Figure 6.5c). 
Conversely, when two elements are dissonant, lower selectivity may be expected. 

The reader should recognize that these five-membered-ring transition states are 
considerably more flexible than, for example, a chair structure such as the 
Zimmerman-Traxler transition state in aldol additions (cf. Scheme 5.1). 8 This 
flexibility complicates the analysis of the various effects. A few examples serve to 
illustrate how these effects influence the configuration of the double bond and 
stereocenters in the product. 

Indeed, transition state models having slightly different envelope or half-chair conformations have 
been proposed (cf. ref.[44-46,61 ]. 
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Effect o f  allylic and double bond substitution on product configuration. Scheme 
6.7 illustrates the influence of allylic strain between alkyl substituents on the double 
bond and allylic positions, uncomplicated by substitution at the carbanionic carbon. 
As shown in Scheme 6.7a, tin-lithium exchange affords an anion that rearranges (cf 
Figure 6.5a, R1 = n-Bu, R2 = Me, E = Z = H) to give a near quantitative yield of 
alkene with 96-97% diastereoselectivity [32]. In this example, A1, 2 strain is relieved 
when the butyl group adopts the pseudoaxial orientation. 

Scheme 6.7b illustrates the influence of A1, 3 strain between two alkyl groups 
(c f  Figure 6.5a, R1 = n-heptyl, R2 = H, E = H, Z = Me), this time favoring the 
pseudoequatorial conformation for the allylic substituent, so as to avoid the Z- 
methyl. [2,3]-Wittig rearrangement is 100% stereoselective for the E-alkene [32]. In 
contrast, when the alkene is unsubstituted in the "Z-position", the selectivity for a 
particular olefin geometry is severely diminished. Scheme 6.7c lists two such exam- 
ples having E or unsubstituted alkene as educt, which are only 60-65% selective for 
the Z-product. It was noted (cf Figure 6.4c, [59]) that propargylic anions rearrange 
via a transition structure that has significantly shorter bond lengths, and also a 
compressed allylic bond angle. The latter effect amplifies A1,3 strain, and E selec- 
tivity is restored when the carbanionic carbon is propargylic (Scheme 6.7d, [48]). 

(a) 
Me 

n - B u ~  

0 V SnBu 3 

(b) 

n-CTHI 5 - , , ~  

(c) 

n -C TH ls - . . ~~  R 

OvSnBu3 

M e , y . . . . . ~  Me 

O~ __. 
. . . = = = _  

(d) 

.-su l ,  
-Bu Me Me~ N t H I / ~ O H  

L ~ 
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n'C7H'5 n C H ~ ] *  
" 7 15 5 ~ O H  BuLi ~q - t  M e Me ~1-~/ [.._._._~ n'C7Hl 

! 0  vs. O" ~ Me 
H~,~ H H'ff" H I 91%, 100% E 

Li Li . 1  
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H ~  n - C T H I s ~  n-CTHI5 
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Me 
BuLi H Me.'~//~I:I: OH 

H I,--~, / Me 
e , vs. O' Me 

Li Li 62%, 100% E, 91% syn 
favored 

Scheme 6.7. The effects of allylic strain on the stereoselectivity of alkene formation [32]. 
(a )  A1,2 strain and the selective formation of Z-alkenes. (b) A1,3 strain causes selective 
formation of E-alkenes. (c) If one or both of the 'partners' (cf. Figure 6.5a, R l, R2, or Z) is 
hydrogen, the selectivity is diminished. (d) AI,3 strain produces 100% E selectivity when 
the carbanionic carbon is propargylic [48]. 
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Effect of  anion substitution on relative configuration. As seen in Scheme 6.7d, if 
both carbons involved in bond formation have heterotopic faces, two adjacent 
stereocenters are formed in the rearrangement. The topicity of these examples can 
be analyzed by reference to Figure 6.6, which defines the facial topicity for the 
components of the bond forming reaction, and also shows how these heterotopic 
faces are combined to form either syn or anti relative configurations in the product. 
Figure 6.6a and c show the topicities for Z-alkenes, while Figure 6.6b and d illus- 
trate similar transition structures for E-alkenes. Note that the preceding discussion 
analyzed the combined effects of substitution on the double bond and at the allylic 
position. The structures in Figure 6.6 are unsubstituted at the allylic position, so 
that the factors affecting relative configuration can be analyzed independent of the 
effects of an allyl substituent. 

Many examples of this type of reaction have been reported in the literature, but 
only with a few alkyl substituents on the metalated carbon are high selectivities 
consistently achieved. Table 6.1 lists several such examples, which can be 
rationalized by the indicated structures in Figure 6.6. Recall (Figure 6.5b and 
accompanying discussion) that theory predicts that electron rich alkyl substituents 
will prefer the convex face of the transition structures (i.e., Figure 6.6a and d), for 
electrostatic reasons [55]. 

Entry 1 was the first example, reported in 1970 [40], of a highly stereoselective 
[2,3]-Wittig rearrangement, but comparison with entry 5 shows that only the Z 
isomer is selective. Entries 2-4 illustrate substituted propargyl Z allyl ethers, 

CHR C(X)OM R R 

R e - - ~ !  Si Si ~ 1 - R e  Li ~ . , .  ...... Re Si I_I,.~~R Li 

R H RO H RoH 

(a) ,N' ! (b) 
N'x~' Me ,Me Me 

H .~Rsi[ I < ul,,:,, ~ R  , ul > H " ~ R  
syn 

Z-alkene E-alkene 
convex substituent concave substituent 

(c) ~ M e  N I ,,,Me (d) / ~  
Me Si,  [ . lk lk . ~i 

, 
o 

R~-  -~ H R R H 
anti 

Z-alkene Eoalkene 
concave substituent convex substituent 

Figure 6.6. Inset: Heterotopic faces for determining relative topicity (note inversion at the stereo- 
genic RLi). (a,b) Syn product is formed by two combinations of ul topicity. (c,d) Anti product is 
formed by two combinations of lk topicity. In transition states a-d, the metal is omitted. When R is 
an alkyl group, it would be bridged to the C-O bond, antiperiplanar to the allyl group (cf. Figure 
6.4a, b). If R is a carbonyl, the metal will be attached to the enolate oxygen (cf Figure 6.5c). 
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Table 6.1. Selective [2,3]-Wittig rearrangements of ot-phenyl, ot-propargyl, and ot-alkyl organo- 
lithiums, showing a high Z ---> syn / E ---> anti correlation. The 'Path' column refers to the transition 
structures in Figure 6.6. 

,Li OLi 
, 

R - ' ~ b - ' ' - . ~  CHMe = R 

Me 

% ds % Yield Entry  R ' E/Z "Pat h Conf ig .  ..... Ref. 
, , , , , , ,  

1 Ph Z a 100% syn 160 - [40] 
2 HC-=C 98%Z a 88% syn 90 56 [48] 
3 MeC-=C 98%Z a 98% syn 100 55 [48] 
4 TMSC-=C 93%Z a (& b) 98% syn 105 (!) 74 [48] 
5 Ph E b & d 50:50 50 - [40] 
6 HC-=C 93%E d 93% anti 100 72 J751, [48] 
7 MeC--z-C 93%E d 92%anti 99 65 J751148] 
8 TMSC-=C 93%E b 75% syn 73 72 [48] 
9 Et E d 99% anti 99 95 [58] 

, , , , ,  

which show a consistently high Z---> syn selectivity, consistent with the transition 
structure in Figure 6.6a being favored over Figure 6.6c [48]. Entry 4 (trimethyl- 
silylalkyne) is particularly striking because the product has a higher syn/anti ratio 
than the Z/E ratio in the starting material! This is not experimental error, as shown 
by Entry 8, which is also highly syn selective even though the starting material is 
93% E, and anti product was expected [48]. Entries 6 and 7 show a more predict- 
able tendency for very high E ---> anti stereoselectivity (Figure 6.6d favored over 
Figure 6.6c), underscoring the anomalous nature of Entry 8. Entry 9 demonstrates 
that carbanions that are not resonance stabilized are also highly selective. In this 
case, the organolithium was generated by transmetalation of an organostannane, and 
again high E ----> anti stereoselectivity is observed [58]. 

When the alkenyl component is an O-tert-butyldimethylsilyl (TBDMS) enol 
ether, another anomaly occurs: independent of enol ether geometry, the anti 
product is favored (Scheme 6.8) [62]. With trimethylsilylpropargyl ethers, the anti 
selectivity is 95-98%, making this reaction an excellent route for the preparation of 
anti 1,2-diols. In these cases, transition structures similar to Figure 6.6c and d are 
operative, the dominant influence being mutual repulsion between the carbanion 
substituent, R, and the O-silyl group. 

OH 
n-BuLi 

R / ~  O / " ' - . ~  CHOTBDMS ..... ~ R 
THF, -78 ~ -" 

OTBDMS 
53 - 81% yield R = vinyl, 2-propenyl, phenyl, TMSC---Z-C- anti selectivity = 77-98% 

Scheme 6.8. The [2,3]-Wittig rearrangement of silyl enol ethers is 
anti selective independent of carbanion substituent and double bond 
geometry [62]. 
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For lithium enolate anions, the tendency is for the enolate to occupy the concave 

face of the transition structure (cf. Figure 6.4d and 6.5c) and therefore to prefer 
transition structures such as those illustrated in Figure 6.6b and c. 9 Table 6.2 lists 
several examples of simple acyclic diastereoselection, which show a tendency for E 
---> syn and Z ~ anti selectivity, in contrast to the tendency observed for hydro- 
carbon substituted carbanions (Table 6.1). Entries 1 and 2 involve dianions of 
crotyloxy acetates, and show E ---> syn and Z----> anti selectivity. A more complex 
example involving extension of a steroid side chain (similar to Scheme 6.6a), is 
100% anti selective from an 'E'-alkene, however [53]. 

The ester enolates illustrated in entries 3 and 4 are considerably more selective 
when the lithium cation is exchanged for dicyclopentadienyl zirconium [63]. It is 
suggested that the zirconium chelates the t~-alkoxy oxygen in these examples, and 
that the cyclopentadienyl ligands influence the topicity in the transition state [63]. 
Scheme 6.9 illustrates how the Ik topicity may be disfavored by a steric interaction 
between a pseudoaxial allylic hydrogen and a cyclopentadienyl ligand. The Z-alkene 
isomer (entry 4) is also syn-selective, although less so than the E isomer, and the 
yield is not encouraging. The rationale illustrated in Scheme 6.9 [63] implies that 
deprotonation of the ester affords the Z(O)-enolate, in contrast to the expected 
(Section 3.1.1) tendency of esters to afford E(O)-enolates. In his review of enolate 
formation [64], Wilcox notes that Z(O)-enolate formation by deprotonation of tx- 
alkoxy esters would be expected if chelation were the dominant influence, but that 
the results reported in the literature show no consistent trend. ~~ 

•l• H H 

Mel[  
= ZrCI--O.. l ZrCI"" O,, ~ syn anti Ik ~ _ _ ~ \ 0 - - @  ~__~~0"-@ ul 

Oi-Pr "Oi-Pr 
favored 

Scheme 6.9. Rationale for the ul selectivity of dicyclopentadienylzirconium ester 
enolates in [2,3]-Wittig rearrangements. 

Pyrrolidinyl amides undoubtedly form Z(O)-enolates, and the [2,3]-Wittig rear- 
rangement of the E-alkene (entry 5, [69] is highly selective. The Z-alkene was not 
tested, and propargylic amide enolates do not rearrange [70]. Entry 5 also shows the 
highest yield in the Table. As will be seen, amides of C2-symmetric amines can be 
excellent chiral auxiliaries in this process. 

9 Note also that enolates may suffer competitive [3,3]-sigmatropic rearrangement [44,50,51]. 
10 Based on the relative configuration of the products of Ireland-Claisen rearrangements, two groups 

have concluded that Z(O)-enolate formation predominates [65,66]. On the other hand, two other 
groups quenched ct-alkoxy ester enolates with trialkylsilyl chlorides and found mixtures of enol 
ether (ketene acetal) isomers [67,68]. 
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Table 6.2. [2,3]-Wittig rearrangements of tt-allyloxy enolates. The 'Path' column refers to the 
transition structures in Figure 6.6. All examples used LDA as base; entries 3 and 4 also have 
Cp2ZrCl2 as additive (Cp = rl5-cyclopentadienyl). 

OH 
X ~ " "  O'" ' , ,~C H M e = X ~  

0 0 Me 

Entry  X E/Z Path Config. % ds % Yield Ref. 
1 OH 93%E b 

2 OH 95% Z c 
Oi-Pr, as 

3 Cp2ZrC1 E b 
enolate 

Oi-Pr, as 
4 Cp2ZrC1 Z a 

enolate 
5 pyrroli- E b 

dinyl 

65% 70 60 [71] 
11 syn 

75% anti 9 79 73 [71] 

98% syn 98 47 [63] 

88% syn 88 15 [63] 

96% syn 96 97 [69] 

6.1.2.2 Chirality transfer in enantiopure educts 
As seen in the previous section, substitution at the double bond, the allylic 

position, and the carbanionic carbon influence the configuration of the new double 
bond and the relative configuration of the stereocenter(s) in the product of a [2,3]- 
Wittig rearrangement. In this section, it will be seen that the absolute configuration 
of stereocenters at the allylic and carbanionic carbons determine the absolute 
configuration of the stereocenter(s) in the product (Scheme 6.10). In fact, several 
examples already cited involve chiral educts being transformed into chiral products 
(cf. Scheme 6.6b, Scheme 6.7b and c, Table 6.1, entry 9), although this point was 
not the focus of the discussion. It should come as no surprise that a transition struc- 
ture that is sufficiently organized to afford good selectivity in the formation of one 
double bond isomer or one relative configuration, can also afford good enantio- 
selectivity in the formation of one or two new stereocenters. 

Scheme 6.10 illustrates generic schemes for the asymmetric synthesis of homo- 
allylic alcohols using a [2,3]-Wittig reaction as a key step. In these sequences, the 
absolute configuration and enantiomeric purity of the starting materials are 
determined by their method of preparation (or commercial source), and the 
following examples will show that the chirality sense of the starting material 
controls the absolute configuration of the product via the principles of simple dia- 
stereoselectivity outlined in the preceding sections. The absolute configuration of a 

11 It should be noted that the original reference (J754) uses the ambiguous erythro/threo nomen- 
clature without drawing a reference structure. Later, in a review by the same authors [44], the 
same nomenclature is used but apparently to indicate the opposite relative configurations. 
Additionally, the review [44] states a different selectivity for the E-alkene than is given in the 
original article (J754). Table 6.2 lists the selectivities from the original article with the relative 
configurations as drawn in the review. 



238 Principles of Asymmetric Synthesis 

RCHO 
o r  

OHC--"~/Me 
o r  

R . , ] ~  Me 

0 

>. = 

R ~  Me TsO.~ R 

OH SnBu 3 

BrCHECOX BrCHEC~CR 

\ J 

SnBu 3 
o r  o ..R 
SnBu 3 

o.  1 R - COX, 0 . ~  
SnBu 3 R C--=CR SnBu 3 SnBu 3 

HO- *-R HO- *-R HO- *-R 

Scheme 6.10. Top: Some of the possible paths for the preparation of chiral 
building blocks for the assembly of substrates for a [2,3]-Wittig rearrangement. 
Bottom: Intramolecular asymmetric induction in [2,3]-Wittig rearrangements. 

stereocenter at the allylic (or propargylic) position may be set by asymmetric 
reduction of an allylic or propargylic ketone (Chapter 7) or asymmetric addition to 
an aldehyde (Chapter 4). The absolute configuration at the tin-bearing carbon can 
be set by asymmetric reduction of acyl stannanes [72-74], kinetic resolution using a 
lipase [75], or oxidation of t~-stannylborates [76]. In certain cases, the carbanion 
configuration can be controlled by enantioselective deprotonation. 

Qualitative evidence that the [2,3]-Wittig rearrangement of nonracemic sub- 
strates might have high enantioselectivities was reported in the early 1970s (e.g., see 
ref. [41,77], but it was some years before this aspect of the reaction was quantitated. 
The evidence that eventually appeared is completely consistent with the tenets of 
simple diastereoselectivity outlined in the preceeding section. For example in 1984, 
Midland [78] and Nakai [79] showed that nonracemic ethers with stereocenters at the 
allylic position and having the Z configuration at the double bond are highly 
selective for the product having the E-configured double bond and syn relative 
configuration at the two new stereocenters. In addition, the chirality transfer was 
quantitative, as illustrated in Scheme 6.11. Substituents at the allylic position and the 
Z-olefinic site are susceptible to severe A1,3 strain in one of the conformers of the 
transition state (cf Figure 6.5a, Scheme 6.7b), and this effect determines the 
absolute configuration at one of the two new stereocenters. Additionally, the two 
faces of the carbanionic carbon in these examples are heterotopic; the topicity is 
determined by the greater preference of the carbanionic substituent to occupy the 
convex face of the envelope transition structure (cf Figure 6.6a). When R1 is iso- 
propyl, the E-alkene isomers show only 60-62% selectivity for the anti isomer [78]. 
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Scheme 6.11. Asymmetric induction and chirality transfer in [2,3]-Wittig rearrange- 
ments of allylic benzyl [78], allyl [78], and trimethylsilylpropargyl [79] ethers. 

In these cases, the isopropyl probably favors a pseudoequatorial conformation and 
there is only a slight preference for the phenyl or vinyl carbanion substituent to 
occupy the convex face of the transition structure. 

Marshall reported two examples that differed only in the degree of substitution 
at the allylic position. In one case, with a quaternary allylic carbon, the enantio- 
meric purity of the product was only 59% ee (Scheme 6.12) [80]. Apparently there 
is less preference for the carbanionic substitutent to occupy the convex face in 
preference to the concave face of the transition structure. When the angular methyl 
is replaced by hydrogen, the chirality transfer is 100%. 

R 

(CH , ~ ~ , , , ,  O 

94% ee 

((CH2)I 9 ((CH2)I 9 
I R I R 

', 0 vs. : 0 

UI I5t 
favored 

R = H, 80%, 94% ee 
R = Me, 51%, 59% ee 

Scheme 6.12. A low enantioselectivity may ensue in some instances, for example when a trans- 
annular interaction destabilizes the favored carbanion configuration [80]. 

In 1986 [63], Katsuki showed that the dicyclopentadienylzirconium ester enolates 
shown in Scheme 6.13 afforded products where three stereochemical elements in 
the product  were controlled with a high degree of selectivity: the double bond 
geometry ,  the relative configuration, and the absolute configuration. Only one 
double bond isomer was observed, the syn/anti diastereoselectivity was 98-99%, and 
the enantioselectivity was >98%. 

LDA, CP2ZrCI 2 :__ 

O , ~  CO2i-Pr 70 - 91% yield HO CO2i-Pr 

R = Me, n-Bu, n-CsHI7 
%ee not specified 

100% Z 
98 - 99% ds (sy~anti) 
>96% ee 

Scheme 6.13. Asymmetric induction in [2,3]-Wittig rearrangements of chiral o~-alkoxy 
esters [63]. 
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With three stereogenic elements in the product, there are a total of eight possible 
stereoisomers. However, if it is assumed that the possible transition structures are 
similar to those shown in Scheme 6.9, there are only four possibilites for the [2,3]- 
rearrangement, as shown in Scheme 6.14. (Recall from Figure 6.4d that enolate 
transition structures have shorter bond lengths and smaller allylic bond angles than 
the other transition structures.) Thetwo having lk topicity, Scheme 6.14a and c, are 
disfavored by having the pseudoaxial allylic substituent in close proximity to the 
cyclopentadiene ligand. Of the two possible ul transition structures, the R group is 
on the less crowded convex face of the bicyclic structure in Scheme 6.14b, but on 
the concave face in d, where it encounters the cyclopentadiene ligand. 
(a) 

R~O~]~~~2 i.;r / k 
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Scheme 6.14. Possible transition structures for the [2,3]-Wittig rearrangement of the R-allylic ester 
enolates shown in Scheme 6.13. For amide enolates, see Scheme 6.22. 

Using a similar protocol, Marshall showed that the propargyloxy esters shown in 
Scheme 6.15a undergo [2,3]-Wittig rearrangements with 100% chirality transfer 
[81,82]. Marshall also showed that the corresponding lithium carboxylate dianions 
rearrange with 100% chirality transfer, and with excellent diastereoselectivity; 
often the yields are higher, as shown by the examples in Scheme 6.15b [81-83]. 
Similar to the rationale for the selective rearrangement of the oc-allyloxy ester 
enolates in Scheme 6.13, the rationale for the asymmetric induction in the present 
case has the propargylic substituent on the convex face of the transition state 
assembly (cf. Scheme 6.14b). 

Following the lead provided by Nakai, who showed that racemic allyloxy esters 
can be rearranged using trimethylsilyl triflate [84], Marshall examined similar 
conditions for the rearrangement of nonracemic propargyloxy esters, and reported 
the results tabulated in Scheme 6.16 [82]. These two reactants are identical to the 
two reported in Scheme 6.15a that were rearranged under strongly basic conditions. 
In the silyl triflate mediated rearrangement, the yields are much higher, although 
the selectivity is somewhat lower. Additionally, the relative configuration of the 
allene and the C-2 stereocenter are different. Nevertheless, the chirality transfer is 
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Scheme 6,15. [2,3]-Wittig rearrangements of chiral propargyloxy acetates: (a) Zirconium ester 
enolates [81,82]. (b) Lithium endiolates, S = solvent [81-83]. 

100% (i.e., both the major and minor isomer have the same enantiomeric purity as 
the starting propargyl ether). An advantage of this procedure over the base- 
mediated protocol is that terminal alkynes (R1 = H) survive the silicon-mediated 
process [82]. Nakai suggested an 'oxygen ylide' as the intermediate in these silicon- 
mediated [2,3]-rearrangements, with the silicon and the enolate moieties trans to 
each other in the 5-membered ring transition structure [84], as shown for the 
propargyl ether in Scheme 6.16 [82]. 

RI 
R 2 , , , R ~  ., Et~SiOTf, Et;~N 

CHECI 2 
O v C O E M e  

92% ee 

m - -  

H ~ / R 2  

Et3Si -- x,x,l RiO- 

\ 
OMe 

R2 R! 
% M ~ / C 0 2 M e  

"R 

90% ds HO 
92% ee 

R ! = n-C7H~5, R 2 = Me, 96% yield 
R l = Me, R 2 = n-C6HI3, 94% yield 

Scheme 6.16. Silicon-mediated [2,3]-Wittig rearrangement of chiral propargyloxy acetates 
[82]. The minor diastereomer is the C-2 S hydroxyl. 

Chirality transfer in the rearrangement of allyloxymethyl stannanes is complete, 
even in cases where the rearrangement itself is not selective for one product, as 
shown by the examples in Scheme 6.17 [85]. Recall from Scheme 6.7b and c that in 
the Still-Wittig rearrangement, one product double bond configuration is formed 
selectively only when the educt has the Z configuration. This is due to severe Al,3 
strain in one of the two transition structures (e.g., between the isopropyl and the 
methyl in Scheme 6.17a). In 1985, Midland reported that rearrangement of the Z- 
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Scheme 6.17. [2,3]-Still-Wittig rearrangements of allyl ethers [85]. 

olefin illustrated in Scheme 6.17a is 100% selective for the E-double bond 
geometry, and that the enantiomeric purity of the product matches the enantiomeric 
purity of the starting material. As expected (cf. Scheme 6.7c), the isomeric E-educt 
affords a 53:47 mixture of E and Z products, as shown in Scheme 6.17b. However, 
chirality transfer for the formation of each of these products is 100%, even though 
the absolute configurations of the newly created stereocenter in the two products 
are opposite! This result may be explained by examining the two transition 
structures illustrated. The conformation that presents the Si face of the olefin to the 
metalated carbon (Scheme 6.17b, top) is destabilized by A1, 2 strain (between the 
isopropyl and the neighboring vinyl proton) while the conformer that presents the 
Re face is destabilized by A1,3 strain (between the isopropyl and the other vinylic 
hydrogen). These two effects are approximately equal in this relatively 'loose' 
transition structure (cf. Figure 6.4a and b), so the product ratio is nearly equal. 

The rearrangement of propargyloxy stannanes is highly selective, as shown by 
Marshall in 1989 [83]. The two examples illustrated in Scheme 6.18 show 100% 
chirality transfer. In this case, there is no conformational ambiguity, since neither 
of the carbons involved in bond formation are heterotopic. 

s R H~ ~. Me 
Me..,,, Me,,,. ___M_._( R 

BuLl R " O~] [ O~/ CH20 H 
SnBu 3 

R = n-Bu, 93% ee Li 71% yield, 100% chirality transfer 

R = Me, 89% ee 

Scheme 6.18. [2,3]-Still-Wittig rearrangements of propargyl ethers [83]. 
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Chirality transfer is also quantitative when the metalated carbon is stereogenic, 
as shown by the examples in Scheme 6.19 [58]. When R is hydrogen, the two faces 
of the terminal allylic carbon are homotopic and it does not matter which of the 
illustrated transition structures is involved. The only important point is that the 
metal-bearing carbon undergoes inversion of configuration (see also Scheme 6.6b). 
When R is methyl, the metal-bearing carbon still undergoes inversion, but the 
configuration at the second stereocenter is determined by consideration of the two 
illustrated transition structures. Here, the ul topicity is favored (the reaction is 99% 
diastereoselective for the anti relative configuration) because of the preference for 
the ethyl group to occupy the convex face of the transition structure (see Table 6.1, 
entry 9). 

I ~ R 7 

BuLi .~ l [O sivs. j 
SnBu 3 

Li Li R = H, 90% yield 
R = H, 62% ee favored R = Me, 95% yield 
R = Me, 88% ee, 100% E 100% chirality transfer 

Scheme 6.19. [2,3]-Still-Wittig rearrangements of allyl ethers having stereogenic 
metalated carbons [58]. 

6.1.2.3 Chiral auxiliaries and chiral bases 
The examples of [2,3]-Wittig rearrangements of allyloxy enolates listed in Table 

6.2 show good to excellent simple diastereoselectivity. Chiral auxiliaries, in the 
form of esters of chiral alcohols and amides of C2-symmetric chiral amines have 
been evaluated in these rearrangements. For example, Nakai showed that the lithium 
enolates of 8-phenylmenthol esters afford good simple diastereoselectivity with 
good asymmetric induction as well (Scheme 6.20, [86]. As before, the rationale 
invokes an r that chelates the lithium metal. The inset of Scheme 
6.20 illustrates the most stable conformation of the chelated enolate, and shows the 

Ph Me LDA, F ~ ]:[: 
M e . ~ ~  LHDS,  | L  ,"~.~, Re / M~.]~. orLTMP/ \ MeIo! | CO2R* [ I " H L / S~ OH 

L OR*] 

Me 

si 
Me 

~Li ~ O H 

75-88% yield 
90-93% syn 
96-97% ee after removal of R* 
.'. 86-90% ds for the illustrated 
stereoisomer (out of four possible) 

Scheme 6.20. 8-Phenylmenthol as a chiral auxiliary in the [2,3]-Wittig rearrangement [86]. 
Inset: Rationale for the Si-face selectivity of the enolate. 
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rationale for preferential attack on the Si face of the enolate. The preferred topicity 
of an enolate is often ul (cf. Figure 5.4d, Figure 6.5c, Scheme 6.9, Scheme 6.13), 
which produces the syn rearrangement product, as shown in the illustrated 
transition structure. There is a slight dependence of the selectivity on the specific 
lithium amide base used, so it is likely that the amine (conjugate acid of the base) is 
still associated with the lithium enolate (cf. Section 3.1.1). 

Other examples that underscore the close association of the amine with the 
lithium ion are examples of interligand asymmetric induction, 12 reported by 
Marshall and illustrated in Scheme 6.21. In Scheme 6.21 a [70], Overberger's base is 
used to doubly deprotonate a propargyloxy acetic acid; presumably, the enolate is 
chelated by the t~ oxygen, as shown in the illustrated transition structure. Higher 
enantioselectivity is achieved with the 13-membered propargyl ether shown in 
Scheme 6.21b [87,88]. This example exhibits the highest degree of asymmetric 
induction for [2,3]-Wittig rearrangements using the Overberger base. Even other 
cyclic ethers afford only low selectivity, such as the example shown in Scheme 
6.21c [89]. Nevertheless, the principle of interligand asymmetric induction is 
established by these examples; it then remains to improve on the observed 
selectivities. A rationale to explain the absolute configuration of the latter two 
examples may involve an enantioselective deprotonation or a mixed aggregate. 

(a) 

(b) 
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p h A ~ i / ~  Ph ,2NHL i r,~.o,~, - -  HO~-~. S , S H  
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R = n-C7Hls, 71%, 70% es 
R = i-C4H9, 54%, 65% es 
R - i-Pr, 33%, 74% es 

Me ~/ 

.,,z,,, ph O , 
LNi NHR* 

HO 
78%, 85% es 

(c) ~ ~ O  Me Me 

Ph ~ N 
Li 

Ph 

- Li+'NHR*2.] 
/ x /  ""OH 

52%, 62% es 

Scheme 6.21. Asymmetric [2,3]-Wittig rearrangements using a chiral lithium amide base 
[70,87-89]. The transition structure leading to the major enantiomer is illustrated. 

12 
Interligand asymmetric induction is when one chiral ligand on a metal influences the absolute 
configuration of a new stereogenic unit on a second ligand of the metal (Section 1.3). 
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As indicated by Entry 5 in Table 6.2, the lithium enolates of pyrrolidine amides 
show excellent simple diastereoselectivity, and rearrange in excellent yields [69]. 
These amides also show a slight dependence of selectivity on the structure of the 
amide base used [69]. Monosubstituted pyrrolidine amides were poor auxiliaries for 
this reaction (<76% ds) [69], but C2-symmetric pyrrolidines are highly selective, as 
shown in Scheme 6.22 [90]. The Si facial selectivity of the lithium enolate and the 
illustrated zirconium enolate were comparable, but only the zirconium enolate also 
showed a high preference for the ul topicity illustrated. The two views of the 
transition structure rationalize both the topicity and the absolute configuration of 
the product. The enolate Si face is favored because the closer of the two pyrrolidine 
stereocenters blocks the Re face. The ul topicity is favored because when the enolate 
moiety is on the concave face of the cyclopentane envelope, a severe interaction 
between a pseudoaxial hydrogen and a cyclopentadiene is avoided (cf. Scheme 6.14 
a for another illustration). 

O CH2OMO M 

. ~  BuLi, Cp2ZrCl 2 

MOMOCH2~ - ' 

C] cp 
*2""X~ n Z~I | 

n H J 

cp\ Re 

ZrCI-- 0 ', 

,o2 
m 

R 0 CH2OMOM 

~ ~ 1 ~  ~ ~  R = Me, 45%, 95%ds 
OH R = Et, 65%, 95%ds 

M O M O C H ~  

Scheme 6.22. [2,3]-Wittig rearrangement of amide zirconium enolates using Katsuki's 
pyrrolidine auxiliary [90]. 

Any reaction that forms a bond between two prochiral atoms in a stereoselective 
manner is a valuable synthetic method. Some of the natural products that have been 
made in nonracemic form using the [2,3]-Wittig rearrangement as the key step are 
illustrated in Figure 6.7. The stereocenters formed in the Wittig rearrangement are 
indicated (.). 

Et 0 

Me O O / ~ " y  'Me 

HO2C 

OH HOCH 2 OH Me Me 

ant pheromone talaromycin A Prelog-Djerassi lactone aristolactone 

Figure 6.7. Natural products using the [2,3]-Wittig rearrangement as the key step" (a) ant 
pheromone [58]; (b) talaromycin A (J768); (c) Prelog-Djerassi lactone (J771); (d) aristolactone 
[87,88]. 
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6.2 Cycloadditions 

Cycloaddition reactions have considerable value in organic synthesis for a 
number of reasons, not the least of which are that two bonds are formed in one 
operation and that the reactions often exhibit high stereoselectivities. Even if this 
huge field were limited only to examples that fall into the category of asymmetric 
synthesis, it would take several volumes to completely do it justice. In this section, 
only selected [2+ 1]- and [4+2]-cycloadditions (and equivalent transformations) are 
covered, and the discussion is not limited to concerted processes. 

6.2.1 [2+ 1 ]-Cyclopropanations and related processes 13 
Although the addition of carbene to a double bond to make a cyclopropane is 

well known, it is not particularly useful synthetically because of the tendency for 
extensive side reactions and lack of selectivity for thermally or photochemically 
generated carbenes. Similar processes involving carbenoids (species that are not 
free carbenes) are much more useful from the preparative standpoint [91,92]. For 
example, metal catalyzed decomposition of diazoalkanes usually results in addition 
to double bonds without the interference of side reactions such as C-H insertions. 
Consider the possible retrosynthetic approaches to a 1,2-disubstituted cyclopropane 
shown in Figure 6.8. Disconnection a entails the addition of a methylene across a 
double bond, a conversion that is often stereospecific (e.g., the Simmons-Smith 
reaction [93]). Disconnections b and c are more problematic, since the issue of 
cis/trans product isomers (simple diastereoselection) arises. 

a 
, ~ RCH=CHR + "CH2" 

C~ ~~r -.a 

R" " \ �9 R'  b 

b 
' ~ RCH= CH 2 + "R'CH" 

C 
, > R'CH-- C H  2 + "RCH" 

Figure 6.8. Retrosynthesis of 1,2-disubstituted cyclo- 
propanes. 

Two strategies have been taken to apply cyclopropanations to asymmetric 
synthesis: auxiliary based methods whereby a covalently attached adjuvant renders 
either the olefin or the cyclopropanating reagent chiral, and processes that utilize a 
chiral ligand on a metal catalyst. Scheme 6.23 illustrates these approaches as applied 
to the more complex case of disconnections b and c of Figure 6.8. Scheme 6.23a 
and b show chiral auxiliaries (R*) in the olefin and carbenoid moieties, respect- 
ively, while Scheme 6.23c shows a chiral ligand on the metal. Since the transition 
states of both processes still involve the metal, asymmetric syntheses using these 
reactions may be said to occur by intraligand or interligand asymmetric induction. 
Still another approach to asymmetric cyclopropanations involves reaction 

13 Not covered in this section are cyclopropanations that involve initial 1,3-dipolar cycloadditions of 
diazoalkanes to give pyrazolines, followed ring contraction and nitrogen extrusion. 
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sequences, such as a tandem 1,4 addition-intramolecular alkylation, that do not 
involve carbenes but which accomplish a similar transformation (also by intraligand 
asymmetric induction, Scheme 6.23d). Double asymmetric induction may be 
achieved by 'crossing' two methods, for example by using a chiral catalyst to 
promote reaction with a carbenoid and olefin that are also chiral. As will be seen, 
double asymmetric induction is often used in cyclopropanations of carbenes as a 
means of enhancing selectivity. 

(a) 

+ _ ~ + LnM 
. < J  ., 

intraligand 
(b) 

R2 R2 
intraligand 

(c) 

+ ~ + Ln* M /=:] [ 
interligand 

(d) o 

LnM_CXRI + RE* a 2 ~  q .  + MXLn 

Rl 
intraligand 

Scheme 6.23. General strategies for asymmetric induction in cyclopropanations. 

The issue of simple stereoselectivity in cyclopropanations of the types shown in 
Figure 6.8, disconnections b and c, is not a trivial one, and relatively few additions 
of ketocarbenoids (by far the most common type of carbenoid studied) show high 
selectivity. The difficulty can be seen by inspection of the transition states of 
Scheme 6.24. The transition state leading to the trans isomer (lk topicity) is usually 
favored, but unless the COZ group is quite large, the trans-selectivities are not 
great. Recently, for example, Doyle showed that if Z = OEt (i.e., ethyl 
diazoacetate), the Rh2(OAc)4 catalyzed cyclopropanation of alkenes having R - n- 
alkyl, Ph, and i-Pr is only about 60 - 70% trans-selective. With R - tert-butyl, the 
selectivity is 81%. If the olefin is in a ring, the selectivity is not much better [94]. If 
hindered esters (Z - OCMei-Pr2) or amides (Z = Ni-Pr2) are used, the trans- 
selectivity for the Rh2(OAc)4 catalyzed cyclopropanation of styrene can be 
improved to 71% and 98%, respectively [95]. BHT esters (Z = O-2,6-t-Bu-4-Me- 
C6H2) also give good trans-selectivity (71-97%) with a variety of alkenes [96]. With 
Rh2(NHCOMe)4 as catalyst, these selectivities can be increased further due to the 
decreased reactivity of the rhodium carbenoid, which results in a more selective 
reaction [95,96]. 
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Scheme 6.24. Transition states and relative topicities for cycloaddition of 
ketocarbenoids and monosubstituted alkenes. 

H. Davies has found that vinyl carbenoids tend to show high selectivities in 
Rh2(OAc)4 catalyzed cycloadditions, as shown by the examples in Scheme 6.25 [97]. 
It is also important to note that the stereoselectivity of the cyclopropanations shown 
in Schemes 6.24 and 6.25 are not due only to steric effects. For example, changing 
R1 in Scheme 6.25 from n-butyl to tert-butyl lowers the selectivity from 85% to 
78% (R2 = CO2Et), while changing R2 from phenyl to CO2Et (R1 = Ph), lowers the 
selectivity from >95% to 89% [97]. Presumably there is a contribution to the 
relative stabilities of the transition states by both electronic and steric effects, but 
they have not been quantified. 

R2 

~ "  R1 + __~ N2 
CO2Et 

R 1 = Ph, 1 o, 2 o, 3 ~ alkyl, AcO, EtOCH 2 
R 2 = CO2Et, Ph, CH-CHPh 

R2 

Rh2(OAc)4 R ~ x X ~  

COEEt 

78 - >95% ds 
trans 

Scheme 6.25. Diastereoselective cyclopropanations of vinyl car- 
benoids [97]. For disubstituted carbenes, cis/trans nomenclature is used 
to describe relative configuration, referring to R! relative to the carbonyl 
moiety, as shown in bold. 

The following discussion is organized along the lines of the examples in Scheme 
6.23. First, auxiliary-based methods are discussed, followed by methods using 
chiral catalysts, including examples of double asymmetric induction employing 
chiral catalysts on chiral substrates and substrates having chiral auxiliaries attached, 
and finally stepwise cyclopropanation sequences. Within each section, the addition 
of "CH2" is covered first (i.e., disconnection a in Figure 6.8), followed by examples 
of the addition of "RCH" (i.e., disconnections b and c of Figure 6.8). 

6.2.1.1 Chiral auxiliaries for carbenoid cyclopropanations 
Cyclopropanations of functionalized alkenes using the Simmons-Smith reaction 

[93], or a similar cyclopropanation, have been developed by modifying carbonyl 
and hydroxyl groups with chiral auxiliaries. A single example was reported by 
Carri6 in 1982 (Scheme 6.26a, [98]), whereby the oxazolidine derived from con- 
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densation of (-)-ephedrine and cinnamaldehyde was cyclopropanated with diazo- 
methane using palladium acetate as catalyst. The yield was quantitative and the 
selectivity was >95%, but no further examples were provided. More systematic 
studies were undertaken by the groups of Yamamoto [99,100] and Mash [ 101-104]. 
Both of these groups used C2-symmetric acetals as auxiliaries, as shown in Scheme 
6.26b-c. Yamamoto studied the tartrate-derived acetals shown in Scheme 6.26b 
while Mash examined a series of related acetals, including the two shown in Scheme 
6.26c. Both groups showed that the acetal could be hydrolyzed in the normal 
manner to the corresponding carbonyl compound, but Yamamoto also showed that 
the acetal could be cleaved to the carboxylic acid using ozone. 
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Scheme 6.26. Auxiliary-based asymmetric cyclopropanations (addition of "CH2")of ct,~- 
unsaturated aldehydes and ketones. (a) [98]; (b) [99,100]; (c) [101-104]; (d) Proposed transition 
structures [ 104]. Only one zinc and the transfer methylene are shown; other atoms associated with the 
Simmons-Smith reagent are deleted for clarity. 

Note that in both the aldehyde and ketone acetals, the acetal carbon is not 
stereogenic, due to the C2 symmetry of the starting diol. For the ketone acetals, 
there is no conformational ambiguity, and the mechanistic rationale shown in 
Scheme 6.26d was proposed to account for the selectivity of the reaction [104]. 
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Thus, coordination of the zinc to one of the diastereotopic oxygens and oriented anti 
to the adjacent dioxolane substituent places the 'transfer methylene' on the face of 
the olefin toward the viewer, consistent with the observed absolute configuration. 
Note that coordination to the other oxygen and orienting anti to the adjacent 
substituent would place the 'transfer methylene' distal to the double bond. A similar 
explanation can be offered to rationalize the results of the aldehyde acetal additions, 
assuming that the olefin adopts the indicated conformation in the transition state. 14 

S. Davies has used an iron complex as an auxiliary for the asymmetric cyclopro- 
panation of t~,~-unsaturated carbonyls [ 105]. The iron acyl is most stable in the s-cis 
conformation, as illustrated in Scheme 6.27, in order to avoid severe interactions 
between the iron ligands and R. Coordination of the Simmons-Smith reagent to the 
carbonyl oxygen, anti to the iron, forces the alkene moiety out of conjugation and 
approximately orthogonal to the carbonyl. Because of the bulky triphenyl phosphine 
in the rear, this rotation can only be towards the front. Transfer of the methylene 
via the illustrated transition state accounts for the observed diastereoselectivity. 
Oxidation with bromine removes the iron acyl and derivatization with ct-methyl- 
benzyl amine allowed evaluation of the stereoselectivity. 
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Scheme 6.27. S. Davies's asymmetric cyclopropanation of Z-iron acyls [ 105]. 

Charette has shown that allylic alcohols can be cyclopropanated by attaching a 
chiral auxiliary in the form of a glucose derivative [106] or trans-1,2-cyclohexane 
diol [107], as shown in Scheme 6.28. The yields are outstanding, as are the 
diastereoselectivities. The topicity can be rationalized by chelation of one of the zinc 
atoms of the Simmons-Smith reagent by the hydroxyl and the ether oxygen and 
intramolecular delivery of the methylene to the olefin in the conformation shown. 
Note however, that the conditions that are optimum for the glucose auxiliary afford 
very low selectivity in the cyclohexane diol system [ 107], which may mean that the 
mechanism is not so simple. Two procedures allow (destructive) removal of the 
auxiliary from the cyclopropane methanol. In one, the free hydroxyl of the glucose 
is triflated, the ring fragmented, and the resultant acylium ion hydrolyzed 
[106,108]. In another, the hydroxyl is converted to an iodide; halogen-lithium 
exchange then effects elimination of the alkoxide [ 107]. To get the opposite absolute 
configuration at the cyclopropane, a derivative of L-rhamnose may be used in place 
of the D-glucose [ 106], or the enantiomeric cyclohexane diol can be used. 

14 Although this explanation is self-consistent with that of the ketone acetals, a related 6-membered 
C2-symmetric aldehyde acetal affords cyclopropanation products with the opposite topicity sense 
[100]. Also, the structure of the Simmons-Smith reagent is unknown, and aggregates may be 
involved. Thus, this explanation must still be regarded as tentative. 
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Scheme 6.29. Asymmetric cyclopropanation of ketone enol ethers [ 109-111 ]. 

Cyclopropanation reactions involving diazoalkanes and catalyzed by transition 
metals involve metal carbenes as intermediates. Scheme 6.30 illustrates the proposed 
catalytic cycle for such processes [ll2]. The catalyst, LnM, is coordinatively 
unsaturated and therefore electrophilic. Loss of nitrogen from the zwitterion at the 
top affords the metal carbene shown at the right. Two canonical forms for the metal 
carbenoid are shown. For rhodium carbenes, it is thought that they tend to resemble 
metal stabilized carbocations, with a low barrier to rotation [112,113]. For control 
of the absolute configuration at the carbenoid carbon in the cyclopropanation, an 
auxiliary (usually the alcohol of the ester) must somehow shield one face of the 
trigonal carbenoid carbon in order to influence the absolute configuration at that 
center. Also, recall (Scheme 6.24) that the simple diastereoselectivity (relative 
configuration) in these processes is not high unless very bulky esters are used. 

In light of the above analysis, it is perhaps not surprising that asymmetric 
cyclopropanations of styrene using bornyl, menthyl, and 2-phenylcyclohexyl esters 
of diazoacetic acid afforded both poor cis/trans selectivity and low enantioselectivity 
with cuprous chloride [ 114] or rhodium acetate [115] catalysts. On the other hand, 

R = n-Pr (E & Z), Me (E), Ph (E), CH2OTBDPS (Z) >97%, >98% ds 

RI ~ RI RE 
(b) ~ ~ . .  O . ~ ~  R2 Et2Zn x ~ X / O ~  R 

OH R3 ICHECI OH 3 

R I, R E, R 3 = Me, Pr, Ph, CH2OTIPS >90%,_>95% ds 

Scheme 6.28. Asymmetric cyclopropanation of allylic alcohols: (a) Using a 
glucose-derived auxiliary [106]; (b) A cyclohexane diol auxiliary [107]. 

A process for the asymmetric cyclopropanation of the enol ethers of cyclic and 
acyclic ketones has been developed by Tai [109-1 ll].  In this process, a C2- 
symmetric acetal is isomerized to a hydroxy enol ether which serves as substrate for 
the Simmons-Smith cyclopropanation, as shown in Scheme 6.29. The stereo- 
selectivity is nearly perfect, but a mechanistic hypothesis has not been proposed. 
The auxiliary may be removed either by hydrolysis, to give the methyl ketone, or 
by oxidation of the alcohol and l-elimination [111 ]. 
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Scheme 6.30. Catalytic cycle for the transition metal-catalyzed cyclopropanation of 
olefins by diazoalkanes (after [112] and [113]). 

vinyl carbenoids (Scheme 6.25) show good simple diastereoselection [97], and H. 
Davies has shown that pantolactone is an excellent chiral auxiliary, as shown in 
Scheme 6.31 [116-118]. The mechanistic hypothesis involves intramolecular 
interaction of the pantolactone carbonyl with the electrophilic carbenoid carbon, 
which shields the R e  face of the carbene. Note that the conformer in which the 
carbene's S i  face is shielded suffers severe steric interactions between the catalyst 
'wall' and the pantolactone moiety. Approach of the alkene toward the Si  face of the 
carbene, coupled with diastereoselectivity favoring l k  relative topicity, affords a 
mixture containing only the two trans diastereomers. The examples in Scheme 6.25 
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Scheme 6.31. Diastereoselective cyclopropanation of olefins with vinyl carbenes [ 116]. Note that 
only two of the four possible stereoisomers were found in the product mixture. The trans 
nomenclature refers to the relative configuration of R and CO2R*, consistent with that of Scheme 
6.24. 
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showed a lower cis/trans selectivity. In the examples shown in Scheme 6.31, 
however, only the two trans diastereomers are found. Thus, a weakness of the 
transition state models shown in Scheme 6.31 is that, although the absolute 
configuration is rationalized, it is not obvious why the cis/trans selectivity (lk 
topicity) should be 100%. This underscores the statement in the previous section 
which noted the presence of unquantified electronic effects contributing to the 
stereoselectivity of the rhodium catalyzed cyclopropanation using vinyl carbenes. 

The cis relationship between the vinyl group and the R group of the olefin raises 
an interesting possibility: if the R group is also a vinyl substituent, the product of 
the cyclopropanation is a cis-divinylcyclopropane, precursor to a Cope rearrange- 
ment [ 119]. Although the Cope rearrangement destroys the stereocenters created in 
the cyclopropanation, it creates others, as shown by the examples in Scheme 6.32. 

(a) 
n 

p h / ~ ~ 1  + Rh2(OAc)~ 
87%, 88% ds Ph 

N2 O CO2R, 

(b) 
CO2R* 

o 

~ Rh2(O2CCSH'')->95% ds Ph + _ /, 

N 2 O OTMS 80%' 
OTMS 

(c) o c  .oc 
~ ~ 1  + NBOC 

64%, 84% ds 
N 2 O CO2R , 

Scheme 6.32. Synthetic applications of vinylcarbene cyclopropanations coupled 
with a Cope rearrangement. (a,b) [ 116]" (c) [ 118]. 

6.2.1.2 Chiral catalysts for carbenoid cyclopropanations 
The first examples of the enantioselective Simmons-Smith cyclopropanations 

mediated by a chiral catalyst are very recent. Scheme 6.33 shows three catalysts for 
the cyclopropanation of trans-cinnamyl alcohol. The most selective appears to be 
Charette's dioxaborolane (Scheme 6.33c, [120-122], which also affords the highest 
yield of product, although this procedure is only suitable for small scale. 15 With 
other olefins, such as cis and trans disubstituted alkenes and 13,~l-trisubstituted 
alkenes, the yields are nearly as good and the enantioselectivities are 96-97%. An 
important finding in this study [120] was that, in addition to the Lewis acid (boron) 
that binds the alcohol, a second atom to chelate the zinc is also necessary. In the 

15 Charette has noted an explosion hazard on scale-up of the original procedure [121], and has 
published an altemative procedure [122]. 
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Scheme 6.33. Asymmetric catalysts for the Simmons-Smith cyclopropanation of 
trans-cinnamyl alcohol: (a) [123]. (b) [124]. (c) [120,1221. (d) Transition state 
model for catalyst c [120]. Only one zinc and the transfer methylene are shown; 
other atoms associated with the Simmons-Smith reagent are deleted for clarity. 

Charette catalyst, this atom is the amide carbonyl oxygen (Scheme 6.33d). Evidence 
for this feature is that when the amide substituents are replaced by phenyl groups, 
the cyclopropane product is racemic. 

In 1966, Nozaki, et al., reported the first example of an asymmetric cyclo- 
propanation using a chiral copper (II) catalyst [125]. Although the enantioselec- 
tivities were low (<10% ee), the contribution is important because it was the first 
example of an asymmetric synthesis using a chiral, homogeneous transition metal 
catalyst. Subsequently, Aratani optimized the ligand design and reported a number 
of asymmetric cyclopropanations, as shown in Scheme 6.34 [126-128]. For 
symmetrical t r a n s - o l e f i n s ,  relative configuration is not an issue, and better 
selectivity is achieved with l-menthyl (from (-) menthol) diazoacetate than with the 
ethyl ester (double asymmetric induction, [ 127]). Cyclopropanation of isobutene is 
used on a factory scale for the commercial manufacture of the drug cilistatin 
(Scheme 6.34b) [128]. With monosubstituted olefins, relative as well as absolute 
configuration are an issue, but trans is favored, and double asymmetric induction 
again increases the stereoselectivity (Scheme 6.34c, [127]). Trisubstituted, 
unconjugated alkenes favor the cis relative configuration, as shown by the example 
in Scheme 6.34d, used in the synthesis of the cis isomer of the insecticide 
permethric acid [127]. Dienes, on the other hand, favor the t r a n s - i s o m e r ,  as shown 
by the synthesis of chrysanthernic acid shown in Scheme 6.34e [ 126,128]. 

The mechanism that has been proposed to explain the relative and absolute 
configurations of these examples is illustrated in Scheme 6.35 [128]. The catalyst, 
shown on the left of the scheme, is coordinatively unsaturated. Reaction with the 
diazoalkane affords the copper carbene shown at the top. The olefin approaches 
from the less hindered back side (note that the absolute configuration of the carbene 
carbon is set at this point), such that the indicated carbon (., which is the one most 
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able to stabilize a cationic charge) is oriented toward the carbene carbon. This is 
consistent with the metal atom acting as a Lewis acid. A metallacyclobutane is 
thought to be a discrete intermediate (bottom), and as it is formed, the hydroxyl is 
released from the copper. Steric repulsion by the large aryl substitutents of the 
chiral ligand tends to force R1 downward, cis to the ester function. Similarly, steric 
repulsion tends to favor R2 in a position trans to the ester. Collapse of the metalla- 
cyclobutane releases the cyclopropane and regenerates the catalyst. 
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Scheme 6.34. Aratani's copper-catalyzed asymmetric cyclopropanation of olefins. (a)trans-l,2- 
disubstituted [127]. (b) 1,1,-disubstituted [128]. (c) monosubstituted, trans favored [127]. (d) 
trisubstituted, cis favored [127]. (e) dienes, trans favored [126,128]. Inset: chiral auxiliary and 
coordinatively unsaturated chiral catalyst. 
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Scheme 6.35. Proposed catalytic cycle for asymmetric cyclopropanation using 
Aratani's copper catalyst [ 128]. 

This speculative rationale may be used to explain the apparent reversal of both 
relative and absolute configuration preference exhibited by the examples in Scheme 
6.34d and e. In Scheme 6.34d, R1 is C13CCH2-; attack of the copper occurs at the 
secondary carbon and the carbene carbon attaches to the tertiary site (,), as shown 
in Scheme 6.36a. The controlling elements are the tertiary carbon of the olefin 
attaching to the carbene carbon, while the bulky CI3CCH2- is oriented away from 
the nitrogen ligand. In the example in Scheme 6.34e, the more stable carbocation is 

(a) M e ~  H 
Ar Ar 

/~I:N H 

O CO2R 

Me 

CI3CCH 2 Me 

Ar 

M e m o  H Ar 

r'---- N Me 

\\ // CI3CCH 2 CO2R 

(b) Me...~ H 
Ar 

/~I:N H 

Me 

M\_/=<Mo 
Me .( * 

Ar 
M e @  Ar 

IN OHMe , M e  

CO2R 
Scheme 6.36. Rationale for the relative and absolute configuration of the examples from (a) 
Scheme 6.34d, and (b) Scheme 6.34e [ 128]. 
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allylic, so the trisubstituted olefin 'turns around' (Scheme 6.36b). Here, the 
controlling element is the trans orientation of the ester with respect to the 
isobutenyl group [ 128]. 

Several other groups have used C2-symmetric ligands with copper and 
ruthenium as cyclopropanation catalysts. These ligands, shown in Figure 6.9, are 
generally more selective than the Aratani ligands. The first to be introduced was the 
semicorrin of Pfaltz (Figure 6.9a), and most of the others bear a close structural 
resemblance in that they all have pyrroline, oxazoline or bipyridine ligands 
chelating the metal. Copper(I) is the oxidation state of the active catalyst for all 
complexes containing copper, and the mechanism of the cyclopropanation using 
these catalysts is probably similar to that illustrated above (Schemes 6.35 and 6.36): 
electrophilic attack by copper, metallacyclobutane formation, etc. Table 6.3 lists 
selected examples for each ligand. It was generally found that bulky esters (e.g., 
tert-butyl, BHT, menthyl) are more selective than less bulky ethyl esters (not 
listed). Entries 2 and 3 illustrate the effects of double asymmetric induction using 
the two enantiomers of menthol. Ligands c and f were also tested with both enantio- 
mers of menthol, but there were no differences in selectivity. These examples show 
very high selectivity for trans-cyclopropanes; only one is cis-selective, but not by 
much (entry 18), which is >99% enantioselective for the cis product but only 62% 
enantioselective for the trans. 
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t-Bu ~ t-Bu 
OTf :FMS IOTf TMS 

09 
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/ . - -  ~ R u  - ' 2  
i-Pr ~' CI' \CI *i-Pr 

Figure 6.9. C2-symmetric catalysts for cyclopropanation: (a) Pfaltz, 1988 [129]; (b) Pfaltz, 
1992 [130]; (c) Masamune, 1990 [131] (see also [132]); (d) Evans, 1991 [133]; (e) Katsuki, 
1993 [134]; (f) Nishiyama, 1994 [135]. 

Because of fluctuations in atom priority using the CIP sequencing rules (i.e., in 
spite of their obvious differences, the CIP descriptor for the stereocenters in all 
ligands except e is S), we define the chirality sense of these ligands using the P/M 
nomenclature [136], applied to the R-C-N-M bond (see the inset in Figure 6.10). 
Thus, the ligands in Figure 6.9a and b have the M M  configuration, while those in 
Figure 6.9c, d, and f have the PP configuration. Ligand 6.9e has an extra carbon 
and is not strictly definable by this system, but its symmetry features are similar to 
ligands 6.9a and b, so it is considered along with them. 
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Table 6.3. Asymmetric cyclopropanations. The "cat." column refers to the catalysts in Figure 6.9. 
For the structure of/-menthyl, see Scheme 6.34. 

Entry cat .  N2CO2R alkene % Yield % tran s % es Ref .  

1 a t-Bu PhCH---CH2 60 81 96 [129] 
2 a /-menth PhCH=CH2 65-75 85 95 [ 129] 
3 a d-menth PhCH=CH2 60-70 82 98 [ 129] 
4 a d-menth CH2=CHCH----CH2 60 63 98 [ 129] 
5 a d-menth Me2C---CHCH=CH2 77 63 98 [ 129] 
6 a d-menth n-C5H11CH=CH2 30 89 96 [129] 
7 b t-Bu PhCH=CH2 75 81 97 [130] 
8 b d-menth PhCH=CH2 75 84 99 [ 130] 
9 c t-Bu PhCH=CH2 73 80 97 [131]a 
10 c l-menth PhCH=CH2 72 86 99 [ 131 ]a 
11 d BHT PhCH=CH2 85 94 >99 [131]a 
12 d BHT PhCH2CH=CH2 - - 93 [133] 
13 d BHT PhzC=CH2 70 - >99 [133] 
14 d BHT MezC=CH2 91 - >99 [133] 
15 e t-Bu PhCH=CH2 75 86 96 [134] 
16 e t-Bu n-C6H13CH=CH2 65 85 95 [134] 
17 e t-Bu PhCH---CHCH=CH2 90 70 91 [ 134] 
18 e t-Bu E-PhCH=CHMe 54 40 62 [ 134] 

60(cis) >99 
19 e t-Bu Z-PhCH=CHMe 94 >99 86 [ 134] 
20 f t-Bu PhCH=CH2 81 97 97 [ 135] 
21 f l-menth PhCH=CH2 87 95 97 [ 135] 
22 f l-menth n-C5H11CH=CH2 40 94 >99 [135] 
23 f l-menth Ph2C=CH2 55 - 82 [ 135] 
24 f l-menth MezC=CHCH=CH2 86 79 99 [ 135] 

a The absolute configuration reported in this paper is correct (1R, 2R), but it is drawn incorrectly. 

In all cases, the MM ligand affords the 1S,2S-trans product and the PP ligand 
affords the 1R,2R product. The sense of diastereoselectivity and enantioselectivity 
can be explained using the cartoons in Figure 6.10 (this scheme is a model, not a 
mechanism). Because of the C2-symmetry of the ligands, the configuration of the 
carbene is the same whether the ester moiety is drawn up or down. Note that the 
vertical orientation of the carbene and the horizontal orientation of the ligand 
divide the reagent into four quadrants. Only in the S,S-trans product (from the MM 
complex) are steric interactions between the olefinic substituent and both the 
carbene ester and the ligand substituent avoided (i.e., the olefin substituent is in the 
lower right quadrant). All other orientations produce repulsive interactions between 
the olefin and either the ester moiety or the ligand substituent. For ligands having 
the PP configuration, the preferred product is the R,R-trans-cyclopropane. 

Weaknesses of the model in Figure 6.10 include the fact that there may be other 
ligands on the metal that are not taken into consideration here, and that it assumes a 
similar geometry of the carbene relative to the chelating ligand for all the com- 
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Figure 6.10. Inset: Definition of M configuration of metal complexes, and generalized side view of 
an MM-metal carbene complex with the olefin approaching from the rear (equivalent to the Newman 
projection shown in a). (a) Favored approach, leading to the S,S-trans product. (b) Disfavored 
approach, leading to S,R-cis product. (c) Disfavored approach leading to the R,R trans product. (d) 
Disfavored approach leading to the R,S-cis product. After ref. [112]. 
plexes. On the other hand, the formation of metallacyclobutanes in copper-catalyzed 
cyclopropanations appears to be an accepted hypothesis [112,133], and the 
consistency of these representations with an accumulating body of fact make them 
useful predictive models, and a good starting point for developing more detailed 
mechanistic hypotheses. 

It was noted in the previous section that rhodium acetate catalyzed cyclopropan- 
ations of chiral diazo acetates afforded poor diastereoselectivity. Using achiral diazo 
acetates and methyl 2-oxopyrrolidinone-carboxylate (MEPY) as a chiral ligand on 
rhodium, reasonable trans selectivity and moderate enantioselectivity can be 
achieved, as shown by the example in Scheme 6.37a [137]. More recently, the 
groups of Doyle, H. Davies, and Whitesell have examined chiral esters with the 
Rh2[MEPY]4 catalyst in the hopes of improving selectivity through double 
asymmetric induction, but the results still leave room for improvement [115]. 
Intermolecular cyclopropanation of alkynes produces only two stereoisomeric 
products, and Doyle and MUller have found that double asymmetric induction 
pushes the selectivities over 90% (although the absolute configuration was not 
determined), as shown in Scheme 6.37b [138]. Although these menthyl esters afford 
higher selectivities, they offer lower yields than ethyl diazoacetates (70-85% yields) 
due to competitive C-H insertion reactions. H. Davies has reported that the rhodium 
prolinate-catalyzed addition of vinyl carbenes to alkenes is 100% selective for the 
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Scheme 6.37. (a) Asymmetric cyclopropanation of styrene [ 137]. (b) Cyclopropan- 
ation of alkynes [137]. For menthyl structure, see Scheme 6.34. (c) Asymmetric 
cyclopropanation of alkenes with vinyl carbenes [ 139]. Inset: Ligand structures. 

E-diastereomers, which are formed in an >95:5 ratio for several alkenes, as shown 
in Scheme 6.37c [139]. Surprisingly, Davies also noted that the stereoselectivity 
decreased when esters of larger alcohols were used. 

Conformational considerations restrict the number of possible transition state 
geometries in intramolecular cyclopropanations, which are quite selective, as shown 
by the examples from Doyle, Martin, and Mtiller illustrated in Scheme 6.38a 
[ 140,141 ]. Intramolecular cyclopropanation of diazo esters of chiral allylic alcohols 
are subject to double asymmetric induction, as shown by the series of examples in 
Scheme 6.38b. For all of these substrates, the exo product is slightly preferred 
when cyclopropanation is mediated by an achiral catalyst [ 142], but this selectivity is 
reversed dramatically when the S ester is allowed to react with the 5-S-MEPY 
catalyst. This pronounced endo selectivity persists for both the E and the Z-alkenes, 
although it is higher for the Z alkenes. Note also that when the chirality sense of the 
substrate and the catalyst are mismatched (S substrate and R catalyst), the endo 
selectivities are low, unless R1/R2 are trimethylsilyl. For the matched case of double 
asymmetric induction, the same features that cause the endo selectivity can be used 
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Scheme 6.38. (a)Enantioselectivity in intramolecular cyclopropanations 
[ 140,141 ]. (b) Double asymmetric induction in intramolecular cyclopropan- 
ations [ 142]. (c) Group-selective asymmetric cyclopropanation [ 142]. 

tO effect the enantioselective (group selective) cyclopropanation of the divinyl 
alcohol illustrated in Scheme 6.38c. The group selectivity is significantly 
diminished, however, if there are substituents on the double bonds [142]. 

The mechanism by which selectivity is induced in rhodium mediated asymmetric 
cyclopropanations is not clear. What is known is that the pyrrolidinone of the 
MEPY catalyst is bonded to the rhodiums through the carboxamide, with the 
nitrogens cis to each other, as shown in Figure 6.11 [113]. This arrangement places 
the two carbomethoxy groups cis to each other on both sides of the catalyst. With 

Figure 6.11. Depiction of the structure of 
Doyle's Rh2[5-S-MEPY]4 catalyst, showing 
the cis arrangement of the nitrogens [ 113]. 

Rh2[5-S-MEPYI4: J .  ~ CO,Me 

MeO2C /Rh--~ Rh 

I 
MeO2C~ / " ~  
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the carbene bound to the rhodium on the 'right side' for example, the two 
carbomethoxy groups will hinder approach of the olefin from the upper right 
quadrant and selectivity is determined by the effects of the carbomethoxy groups on 
the stabilities of the various possible conformations of the transition state. These 
effects are quite complex and have not been fully quantified, although efforts have 
been made [ 113]. 

6.2.1.3 Stepwise cyclopropanations 
Chiral malonate esters have been used successfully in asymmetric cyclopropan- 

ations, as shown by the example in Scheme 6.39, part of a total synthesis of steroids 
such as estrone [143,144]. The key step in this sequence is an intramolecular SN2' 
alkylation of the monosubstituted malonate. The rationale for the diastereoselec- 
tivity is shown in the illustrated transition structure. Note that the enolate has C2 
symmetry, so it doesn't matter which face of the enolate is considered. The 
illustrated conformation has the ester residues syn to the enolate oxygens to relieve 
A 1,3 strain, with the enolate oxygens and the carbinol methines eclipsed. The allyl 
halide moiety is oriented away from the dimethylphenyl substituent, exposing the 
alkene Re face to the enolate. The crude selectivity is about 90% as determined by 
conversion to the dimethyl ester and comparison of optical rotations [143], but a 
single diastereomer may be isolated in 67% yield by preparative HPLC [144]. This 
reaction deserves special note because it was conducted on a reasonably large scale: 
67.5 grams of diester (127 mmol) [144]. 

R*O2C~202R* CO2R* 
B r A  ~ . - _ B r  NaOH ._ 90% crude ds + 

hexane/water'- . 67% yield after 
CO2R* phase transfer ~ purification 

l~'Ie o .Nao  

Me"7~_ Ph 1~.... [l M~ _A 
O . O" 

M ~ ~ e ~  

1 Me O 

M 

MeO estrone 

Scheme 6.39. Asymmetric cyclopropanation of malonate enolates for steroid 
synthesis [ 143,144]. 

A more common strategy for stepwise asymmetric cyclopropanation is the use of 
chiral electrophiles. Meyers has used bicyclic lactams (cf. Scheme 3.19, 3.20) 
[ 145,146] as electrophilic auxiliaries in sulfur ylide cyclopropanations [ 147]. These 
auxiliaries, for reasons that are not entirely clear, are preferentially attacked from 
the tz-face. After separation of the diastereomers, the amino alcohol auxiliary may 
be removed by refluxing in acidic methanol or reductively [145]. This methodology 
has been used in asymmetric syntheses of cis-deltamithrinic acid and dictyopterene 
C, illustrated in the inset of Scheme 6.40 [145]. 
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Scheme 6.40. Meyers's asymmetric cyclopropanations using the bicyclic lactam auxiliary. 
(a) Methylene transfer. (b) Isopropylidine transfer. Inset: Synthesis targets [145]. 

For the synthesis of cyclopropyl amino acids, Williams has used an oxazinone 
auxiliary (cf. Scheme 3.12) as an electrophilic component in a sulfur ylide 
cyclopropanation using Johnson's sulfoximines, as illustrated in Scheme 6.41 [148]. 
Surprisingly, the sulfur ylide approaches from the 13 face; the authors speculate that 
there may be some sort of n-stacking between the phenyls on the oxazinone ring 
and the phenyl in the sulfoximine to account for this [149]. With Corey's [147] 
dimethylsulfonium methylide, the diastereoselectivity was only about 75%, but with 
Johnson's sulfoximines (used in racemic form), only one diastereomer could be 
detected for most substrates studied (with the exception of R = H, [ 149]). Dissolving 
metal reduction afforded moderate yields of the cyclopropyl amino acids. 

Ph Ph 

BOCN i ~  O PhSO(2_N9r 2 Na ~ B O C N ~ o  

R R = H, 92%ds R 
R = H, Me, Et, n-Pr R r H, >99% ds 

Li, NH 3 
r 

61-65% 
BOCNH . - ~ .  

HO2C R 

Scheme 6.41. Williams asymmetric synthesis of cyclopropyl amino acids [149]. 

6.2.2 [4+2]-Diels-Alder cycloadditions 
Many reactions may compete for the descriptor "the most important process in 

organic chemistry," but none can challenge the Diels-Alder reaction when it comes 
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to synthetic utility in the formation of six-membered rings. 16 The enormous body 
of work that includes synthetic applications and mechanistic investigations of this 
venerable reaction cannot be adequately summarized in anything less than a 
monograph. Even the literature limited to the asymmetric Diels-Alder reaction is 
formidable, 17 and the following review is therefore selective. The discussion is 
limited to examples that serve to illustrate some of the methods that have been 
developed for the synthesis of enantiopure cyclohexenes, TM and for which transition 
state models have been proposed. It is hoped that this sampling will afford the 
reader a taste for the breadth of the process, as well as a basic knowledge of the 
types of transition state assemblies that favor stereoselective cycloadditions. The 
historical development of the asymmetric Diels-Alder reaction begins with 
auxiliary-based methods for (covalently) modifying the cycloaddition reactants, and 
has now progressed through chiral (stoichiometric) catalysts, to true catalysts [162] 
that are efficient in both enantioselectivity and turnover. Thus, the development of 
the Diels-Alder reaction is a microcosm of the field of asymmetric synthesis itself. 
The following discussion is organized according to the strategy employed: 
auxiliaries for dienophile modification, diene auxiliaries, and chiral catalysts. 

6.2.2.1 Dienophile auxiliaries 
In general, cycloadditions catalyzed by Lewis acids proceed at significantly 

lower temperatures and with higher selectivities than their uncatalyzed counter- 
parts. Factors that contribute to the increased selectivity of the catalyzed reactions 
include lower temperatures and more organized transition states. For enthalpy- 
controlled reactions, lowering temperatures increases selectivity (recall Section 1.4, 
equation 1.5). Coordination of a Lewis acid to the enone carbonyl not only activates 
the enone by electron withdrawal, it also restricts conformational motion and 
thereby reduces the number of competing transition states. Figure 6.12 illustrates 
several chiral auxiliaries for dienophile modification that have been used in the 
Diels-Alder reaction. 

Principles of conformational analysis may be invoked to rationalize the face- 
selectivity of these compounds. Note, however, that there are two broad types of 
auxiliary" those that contain a second carbonyl and those that do not. The former 
may function by chelating the metal of the Lewis acid catalyst, while the latter can 
only act as monodentate ligands to the metal of the Lewis acid. Figure 6.13a 
illustrates the probable transition state conformations of ester dienophiles when 
bound as monodentate ligands to the Lewis acid catalyst, M (auxiliaries 6.12a-f). 
The C(=O)-O bond prefers the Z (or cis) conformation for a variety of reasons 
[163], but the preference is large: probably >4 kcal/mole. Because of this constraint, 
the C-O bond may be considered to be similar to a double bond (hence the E/Z or 
cis/trans designation). A subtle consequence of this constraint is the effect it has on 

16 Monographs reviewing the Diels-Alder reaction: [150,151]. For recent reviews with extensive 
references to other reviews and pertinent literature, see refs. [ 152-154]. 

17 Reviews of the asymmetric Diels-Alder reaction: [ 155-157]. 
18 For a monograph covering [4+2] cycloadditions that form heterocycles, see ref. [ 158]. For recent 

reviews, see ref. [ 159-161 ]. 
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Figure 6.12. Dienophile chiral auxiliaries for the asymmetric Diels-Alder reaction. (a) 
[164]. (b) [165-167]. (c) [164,168]. (d) [169]. (e) [170], see also refs. [171,172]. (f) 
[173]. (g) [6]. (h) [174,175]. (i) [175]. (j) [176]. (k) [177]. (l) [178]. 

the conformation of the O-C bond (leading to the stereocenter of the chiral 
auxiliary). Because of A 1,3 strain, the C-H bond of the carbinol carbon eclipses the 
carbonyl in the lowest energy conformation, which places the other two substituents 
(Large and Small in Figure 6.13) above and below the plane of the enone. When 
bound to a Lewis acid, the most stable conformation about the C 1-C2 bond of the 

(a) 
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"O H 

Re 

(b) 

M A !'3 
"O- ~~H strainexample: Ar 

.~........~ [ 212~ O + , ~ , L / I ,  "Z (cis) CF3~,,,~H O.. AIMe2C 1 

R e  ,,.i ! 

M 
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' - '  O-- AIEt2 

/ '  s' "o 2 ~ N---~ 
L 

Si Ph 

Et2AICI 2- 

Figure 6.13. Probable transition state conformations of: (a) A monodentate dienophile 
complex such as Corey's mesityl trifluoroethanol auxiliary (Figure 6.12d, [169]). (b )A  
bidentate dienophile such as Evans's oxazolidinone (Figure 6.121, [178]). S and L refer to the 
small and large substituents of the auxiliary. 
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acrylate is s-trans, as shown [179]. 19 Approach of the diene from the direction of 
the C2 Re face is favored since this is the face having the least steric interactions 
with the auxiliary (S vs. L). Note also that for an endo transition state, the diene 
should be oriented toward the ester auxiliary. The specific example shown is 
Corey's mesityl trifluoroethanol auxiliary (Figure 6.12d, [169]). 

Figure 6.12g-1 illustrates auxiliaries that may chelate the metal of the Lewis acid 
catalyst. In these cases, the metal is coordinated anti to the olefin and the preferred 
conformation of the C1-C2 bond is s-cis, as shown in Figure 6.13b. Again, the 
preferred approach of the diene is from the direction of the viewer, but because of 
the different conformation of the enone, it is now the C2 Si face. The example is 
Evans's oxazolidinone [178]. In this example, the Lewis acid is Et2A1C1, but more 
than one molar equivalent is required for optimum results [178]. Castellino has 
shown by NMR that Et2A1C1 initially binds in a monodentate fashion, but excess 
acid creates a bidentate dione.A1Et2 + complex having a C12A1Et2-gegenion [ 180]. 

Acrylates. Cyclopentadiene is often used to evaluate selectivity in asymmetric 
Diels-Alder reactions. Table 6.4 lists the selectivities found for acrylate cyclo- 
additions using the auxiliaries shown in Figure 6.13 under conditions that are opti- 
mized for each auxiliary. Note that there are four possible norbornene stereo- 
isomers, two endo and two exo. In accord with Alder's endo rule, the endo is 
heavily favored in all these examples. Although several authors report selectivities 
in these reactions in terms of selectivity for one endo adduct over the other, the 
selectivities indicated in the table reflect the total diastereoselectivity of the major 
adduct over the other three, if this information could be deduced from the 
information provided in the paper. 

Because of the different conditions (Lewis acid, temperature, solvent) used for 
each of these auxiliaries, it is difficult to determine the "most selective" auxiliary. 
Indeed, considerations such as ease of separability and reaction scale are important 
factors in selecting an auxiliary for any given application. Our concern is the 
factors governing selectivity. An analysis of auxiliary 6.12e and two close relatives 
illustrate how structural changes can affect the selectivity of the cycloaddition and 
how conformational principles can explain the effects. Scheme 6.42 shows three 
acrylate/cyclopentadiene cycloadditions with three very similar auxiliaries, run with 
the same catalyst at similar temperatures, but which exhibit markedly different 
stereoselectivities. All of these auxiliaries were designed to place the acrylate and a 
shielding neopentyl group on a rigid scaffolding (camphor skeleton) such that the 
enone and a tert-butyl group lie (more or less) parallel, and they are thought to 
react via a nonchelated conformation analogous to Figure 6.13a. Scheme 6.42a 
duplicates the data listed in Table 6.4, entry 5 [170]. This auxiliary, developed by 
Oppolzer, shows outstanding selectivity a t -20  ~ but its close counterpart, shown in 
Scheme 6.42b, exhibits significantly lower (although still useful) selectivity [170]. 
The only difference is the relationship of the bridgehead methyl to the neopentyl. In 
the absence of the bridgehead methyl, the tert-butyl can rotate away from the 
acrylate, leaving the Si face more accessible. The auxiliary in Scheme 6.42c was 

19 In the absence of a Lewis acid catalyst, both s-cis and s-trans conformers are present. 
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Table 6.4. Asymmetric Diels-Alder reactions of cyclopentadiene and acrylates. The Xc column 
refers to the auxiliaries in Figure 6.12; the probable transition state (TS) conformations of the 
dienophile are illustrated in Figure 6.13; the % ds refers to the formation of one of the four possible 
products (two endo and two exo isomers). 

O 

Entry Xe Lewis Acid 
1 a BF3~OEt2 
2 b SnCI4 
3 c BF3.OEt2 
4 d Me2AICI 
5 e TiC12(Oi-Pr)2 
6 f TiCI2(Oi-Pr)2 
7 g TIC14 
8 h TIC14 
9 i TIC14 
10 j Et2A1CI 
1 1 k Et2A1C1 

, 12 , 1 Et2A1C1 

COX c ? 
COX c 

configuration depends on chirality sense of Xc 

Probable TS Temp. %1 yield % ds 
non-chelated -70  ~ 80 9i  
non-chelated 0 ~ 95 75 
non-chelated -70  ~ 75 87 
non-chelated -78 ~ 96 97 
non-chelated -20  ~ 96 96 
non-chelated -20  ~ 97 89 

chelated a --63 ~ 88 91 
chelateda -64  ~ 81 95 
chelateda -78 ~ 86 97 
chelated b -70  ~ 88 99 
chelated -130 ~ 96 95 
chelated -100 ~ 94 78 

. . . . . . . .  

a In this case, the TiCI4 is thought to shield one face of the enone [ 181 ]. 
b Chelation is postulated to occur at a ring oxygen. 
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Scheme 6.42. Camphor-derived auxiliaries for asymmetric Diels-Alder cycloadditions. (a,b) [170]. 
(c) [ 171 ]. The auxiliary illustrated in (a) is the enantiomer of that reported in ref. [ 170]. 
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prepared to further probe the effects of conformation on selectivity [ 171 ]. In this 
case, an oxygen has been replaced by a methylene. The most likely rationale for the 
further lowering of selectivity (compare Scheme 6.42b and c) is that the protons of 
the methylene experience unfavorable van der Waals repulsion with the indicated 
methyl in the conformation which most shields the acrylate Si face. Population of 
other (unspecified) conformations results in both lower endo selectivity, and lower 
Re facial selectivity within the endo manifold. It is interesting to recall the discus- 
sion in Chapter 1 on selectivity (cf. Figure 1.3 and the accompanying discussion) 
which emphasized the small energetic differences that can result in large effects on 
selectivity. In Scheme 6.42, the selectivities for the three examples correspond to 
differences in energies of activation (AAG~) of 2.9, 1.7, and 0.8 kcal/mole for 
examples 6.42a-c, respectively, for the two endo isomers. In each case, an 
increment of approximately 1 kcal/mole (about the same as the energy difference 
between gauche and anti butane) has a profound effect on the observed selectivity. 

The presence of a potential chelating functional group in an auxiliary does not 
necessarily mean that chelation occurs. For example, in his optimization studies of 
S-ethyl lactate as a chiral auxiliary (Figure 6.12g), Helmchen noted a marked 
dependence on the identity and amount of the Lewis acid added [6]. For example, 
excess TiCI4 or SnC14 induced cyclopentadiene addition to the C2 Si face of the 
acrylate, whereas excess BF3.OEt2 or A1C13 catalyzed addition to the C2 Re face 
[6]. Moreover, a dependence of selectivity on the stoichiometry (acrylate/acid) was 
also noted [174]. Figure 6.14 shows three (among many) conformations that could 
be important in the transition state. Figure 6.14a illustrates a chelating 
conformation that was found in the X-ray crystal structure of a TIC14 complex 
(Figure 6.14d, [181]), while Figure 6.14b and c show possible monodentate 
conformers: Figure 6.14b shows monodentate coordination to one Lewis acid, while 
Figure 6.14c shows monodentate coordination to two Lewis acids. The differing 
face-selectivity of the Lewis acids mentioned above was attributed to a chelated 
transition structure in the case of TIC14 and SnC14 (i.e., Figure 6.14a), and reactive 
intermediates such as shown in Figure 6.14b and c were postulated for BF3.OEt2 
and AIC13 catalysts [ 174]. 

Without any further information, it is not obvious what facial selectivity might 
be expected from any of these conformations. However, the crystal structure 
(Figure 6.14d) of the TIC14 complex of O-acryloyl ethyl lactate reveals the 
probable origin of the observed stereoselectivity [181 ]. Interestingly, the coordina- 
tion of the two carbonyl oxygens to titanium shows appreciable 7t-character, which 
produces a geometry in which a chlorine on the titanium shields the C2 Re face of 
the acrylate [181]. Additional notable features of the crystal structure include a 
small (--40 ~ H-C-O-C(=O) torsion angle (cf. Figure 6.13a) and an even smaller 
O-C(=O)-C-Me angle (20~ Comparing the conformations of Figure 6.14a-c 
suggests that an entropic price must be paid in order to populate conformation 
6.14a. But the small torsion angle observed between the ethoxy and the methyl 
suggest that this price might be avoided if these functional groups were constrained 
in a ring. Scheme 6.43 shows a comparison of the data of Table 6.4, entries 7-9. 
Substitution of pantolactone (Figure 6.12h) for ethyl lactate as the auxiliary under 
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Figure 6.14. (a-c) Possible conformations of O-acryloyl lactates coordinated to 
one or more Lewis acids (after ref. [174]). (d) Stereoview of the crystal structure 
of O-acryloyl ethyl lactate �9 TiCl4 complex (reprinted with permission from ref. 
[181]). 

otherwise identical conditions (Scheme 6.43b) yields an increase in selectivity from 
91% to 95%, corresponding to an increase in relative rates from 13:1 to 49:1 for 
formation of the two endo isomers. This corresponds to free energies of activation 
(AAG~ t) of 1.1 and 1.6 kcal/mole, respectively. Note also that the gem dimethyls of 
the pantolactone are not important contributors to the selectivity, as shown by 
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S c h e m e  6.43. Acrylate ester cycloadditions using chelating auxiliaries: (a) [6]; 
(b) [174,175]; (c) [175]. 

1.9% 
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comparison of the selectivities in Scheme 6.43b and c, respectively. The latter 
auxiliary (Figure 6.12i, Table 6.4, entry 9) exhibits still higher selectivity, but at 
lower temperature. The relative rate corresponds to AAG~ = 1.8 kcal/mole, which 
would give a relative rate of about 70:1 a t - 6 3  ~ not significantly different from 
auxiliary 6.12h at that temperature (Scheme 6.43b and Table 6.4, entry 8). The 
steric shielding for all three auxiliaries is thought to be a chlorine on titanium. 

Several of these auxiliaries were also tested with acyclic dienes. Table 6.5 lists 
the stereoselectivities found. Here again, Lewis acid catalysis was found to be 
advantageous in each case. The cycloadditions in entries 1 and 2 are thought to pro- 
ceed by monodentate coordination to the catalyst (Figure 6.13a), while entries 3-6 
proceed through a chelated intermediate. For the auxiliaries in Figure 6.12h, k, and 
1, high selectivities are also observed with E-crotonates and E-2-bromoacrylates, as 
would be expected by examination of the position of an E-~-substituent in the 
chelated transition structures of Figure 6.13b. 

Table 6.5. Examples of asymmetric cycloadditions of acrylates with acyclic dienes. The Xe 
column refers to Figure 6.12. 

E n t r y  Xc 

1 b 
2 e 
3 h 
4 k 

o 
+ Lewis acid 

Xc COXc 

Lewis Acid ., Diene ..... % yield % ds Ref' 
TIC14 butadiene 70 93 [ 167] 
TIC14 butadiene 98 98 [ 172] 
TIC14 butadiene 73 a 93 [ 174] 

EtAIC12 butadiene 93 97 [ 177] 
5 h TIC14 2-methylbutadiene 76 a 97 [ 174] 
6 1 E t 2 A 1 C 1  2-methylbutadiene 85 95 [ 178] 

a Yield of a single diastereomer after 3 recrystallizations. 

lntramolecular Cycloadditions. Diels-Alder reactions 2~ having diene and dieno- 
phile connected by three or four atom carbon chains are selective (for trans-fused 
bicyclic adducts) only when the dienophile is trans and when Lewis acid catalysis is 
employed. The competing transition states are illustrated in Scheme 6.44a [182]. 
The auxiliaries illustrated in Figure 6.12a, k, and 1 have been used to modify the 
dienophile fragment for asymmetric intramolecular Diels-Alder reactions for 
trienes having these attributes. The examples shown in Scheme 6.44b-d reveal that 
the facial selectivity dictated by chelating and non-chelating auxiliaries as 
rationalized in Figure 6.13 determine the chirality sense of the trans-fused 
product. 21 Thus, the absolute configuration of the product obtained using the 
menthyl auxiliary (Scheme 6.44b) is consistent with an s-trans C 1-C2 conformation 
(cf. Figure 6.13a) and an anti transition state. The camphor sultam (Scheme 6.44c) 

20 For reviews of the intramolecular Diels-Alder reaction, see ref. [151,153,182,183]. 
21 For ease of comparison, the chirality sense of the camphor sultam is inverted from that reported in 

the literature [ 184] so that the favored approach at C2 is toward the Si face for all three examples. 
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Scheme 6.44. (a) Syn and anti transition states for the intramolecular Diels-Alder reaction [182]. 
(b) The contribution of the chiral Lewis acid to the stereoselectivity was neglible [ 185]. (c) [ 184]; the 
illustrated examples are enantiomeric to those reported. (d) [178]. 

and oxazolidinone imide (Scheme 6.44d) appear to react through an s-cis CI-C2 
conformation (cf. Figure 6.13b) in the anti transition state. 

F u m a r a t e s .  Asymmetric cycloaddition to fumarates has been accomplished by 
modification of either one or both ends of the diacid. In fact, addition of butadiene 
to dimenthyl fumarate, reported by Walborsky in 1961, was the first highly 
selective (89% ds) asymmetric Diels-Alder reaction ever recorded [186,187]. 
Scheme 6.45 shows examples of cycloadditions of several dienes to dimenthyl 
fumarate [ 186-189]. Scheme 6.45a illustrates the presumed reactive conformation of 
dimenthyl fumarate This conformation features (cf. Figure 6.13a)an strans 
conformation at C1-C2, cis orientation of the ester ligand relative to the carbonyl 
oxygen, and orientation of the menthyl moiety to relieve A1,3 strain. In this 
conformation, preferred approach of the diene is from the (rear) C2 Si face. In 
addition to menthol (Figure 6.12a) 1-mesityl trifluoroethanol (Figure 6.12d) has 
been used as a bis-auxi l iary  [169]. 
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Scheme 6.45. Asymmetric cycloadditions to doubly modified fumarates. (a) X = H: ref. 
[186-188]. X = OTMS: ref. [188]. (b) n = l: ref. [188,189]. n = 2: ref. [189]. 

Another approach to fumarate modification is to attach the chiral auxiliary to 
only one of the two carboxylate groups. One auxiliary for this purpose was intro- 
duced by Helmchen, as illustrated in Scheme 6.46a [ 190]. The only diene reported 
for this auxiliary was anthracene, probably because unsymmetrical dienes would 
introduce additional stereoisomers into the product mixture. In this case, the con- 
formation of the ester is similar to that presented in previous examples (cf., Scheme 
6.45a, Figure 6.13a), but the conformation is probably additionally constrained by 

(a) fCO2Me 

0 , anthracene ~ 
\ O AIC13' O~ 

/ CONHPh 

M e O 2 C ~  CO2R* 

(b) [ " ' X ~ O  
, , t . , , , (  ~ . . 

Ph3COCH2"" N ~  o/TIC12(Ot'Pr)2 ~ 

" ~ ' - -  C2 Re TiCl2(Oi_Pr~2 

Me02C 

100%, >99% ds 

CO2Me 

COX c 

92%. 93% ds 

(c) 
O 

i-Pr C2 Si 

OMe MA-----~ 

O -78~ 
f 

MAD" 

~ CO2R. 
CO2Me 

99%, 91% ds 

Scheme 6.46. Asymmetric Diels-Alder reactions to fumarates having only 
one auxiliary. (a) ref. [190]. (b) ref. [191]. (c) ref. [192]. 
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coordination of the metal to the phenylurethane carbonyl. Again, the favored 
approach is from the C2 (or C3)Si (rear) face. Later, Koga studied the pyrro- 
lidinone auxiliary shown in Scheme 6.46b [191] and Yamamoto examined methyl 
menthyl fumarate in Scheme 6.46c [192]. Koga's auxiliary showed excellent 
selectivity with a titanium catalyst in cycloadditions with butadiene. Yamamoto 
found that methylaluminum bis(2,6-di-tertbutyl-4-methylphenoxide (MAD) is 91% 
selective for the illustrated isomer [192]. The face-selectivity of the Koga auxiliary 
can be rationalized by titanium chelation of the two carbonyls as shown in Figure 
6.13b. For the Yamamoto auxiliary, it is thought that the MAD binds to the methyl 
ester in favor of the menthyl ester, but that the face-selectivity is determined by the 
menthyl auxiliary (cf. Figure 6.13a). In addition to the face-selectivity, the reaction 
is also selective for the isomer having the menthyl in the exo position, due to the 
diene orienting away from the MAD and menthyl moieties, and toward the 
methoxy, as illustrated. 

Maleates.  Cycloaddition of a symmetrical diene such as butadiene or 
cyclopentadiene to maleic acid or a symmetrical derivative affords achiral (meso) 
adducts (Scheme 6.46a). To break the symmetry, either the diene or the dienophile 
must be unsymmetrical. For example, cycloaddition of an unsymmetric diene would 
give a chiral adduct, and Scheme 6.47b shows one such approach. Maleimide having 
an o~-methylbenzyl auxiliary on nitrogen is highly selective when there is a large 
substituent at the diene 2-position [ 193]. A second tactic is the same as the fumarate 
approach in Scheme 6.46: attach an auxiliary to only one carboxyl group. After 
considerable experimentation, Yamamoto showed that 2-phenylcyclohexanol is an 
excellent auxiliary for tert-butyl maleate, as shown in Scheme 6.47c [194]. In this 
case, the catalyst is thought to chelate the two carbonyls with the phenyl group 
interacting with the double bond in a r~-stacking arrangement. 
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CO2Me ~ CO2Me 
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(CH2)n 

"~~CH2)n Et2AICI = ~ ? C O 2 R ,  

n = 1" -78 ~ 98%, 99% ds CO2t.B u 
n = 2:-40 ~ 98%, 98% ds 

Scheme 6.47. (a) Cycloadditions of symmetrical dienes to maleates gives achiral 
products. (b) Asymmetric cycloadditions to chiral maleimide [193]. (c) Asym- 
metric cycloadditions to chiral maleic ester [ 194]. 
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Figure 6.15 shows some natural products synthesized using the asymmetric 
Diels-Alder reaction. It is interesting to note that none of these compounds are 
cyclohexenes, even though that is the structural unit formed in the key step! In fact, 
only in yohimbine is the 6-membered ring formed by the Diels-Alder reaction 
preserved. 

0 

HO2C ~ 
sarkomycin 

OH CO2Me 

o @.o ~ O  HO 
HO,,, * ~ ~ ~ ~ ~  Me 

Me OMe 

0 

O :" .... t-Bu 

O 
bilabolide 

brefeldin A O-methyl loganin aglycone 

HO2C," _~ 
yohimbine OH 

Figure 6.15. Natural products synthesized using asymmetric cycloadditions to 
chiral dienophiles as the key stereodifferentiating step: sarkomycin [167,195]; 
brefeldin A [168] (of the 3 stereocenters formed in the asymmetric 
acrylate/cyclopentadiene cycloaddition, the indicated stereocenter is the only one 
retained); O-methyl loganin aglycone [ 196]; bilabolide [197]; yohimbine [198]. 

6.2.2.2 Diene auxiliaries 
In comparison to the large amount of work on chiral dienophiles for the 

asymmetric Diels-Alder reaction, there have been very few reports of chiral 
auxiliaries for the diene component. This may be due, in part, to the lack of 
convenient methods for the synthesis of modified dienes, but it may also be due to 
the inherent complexity of the problem. A general analysis of the magnitude of the 
challenge is shown in Scheme 6.48 for the "simple" case of a monosubstituted diene 
and a monosubstituted dienophile. If the diene and dienophile are not C2 symmetric, 
two constitutional isomers may be produced as cycloadducts. If a substituent is 
present at the 2-position of the diene, only one stereocenter is formed in the 
cycloaddition (Scheme 6.48a), so that two stereoisomers are possible for each 
constitutional isomer (referred to as meta and para for simplicity). On the other 
hand, if the substituent is at C1 of the diene, two stereocenters are formed for each 
of the two regioisomeric products, for a total of 8 possible products from a single 
pair of reactants (Scheme 6.48b: 4 from each of the regioisomers, again labeled as 
ortho and meta for convenience). Of course, a great deal is known about the 
regioselectivity of the Diels-Alder reaction of unsymmetric dienes and dienophiles 
[152], and good regioselectivity is often possible. Nevertheless the primary and 
secondary molecular orbital considerations that govern regioselectivity constitute a 
limiting factor in auxiliary design. Regiochemical issues such as these undoubtedly 
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(b) .Xc Xc Xc 

R 
4 ortho isomers 4 meta isomers 

Scheme 6.48. Constitutional isomers (regioisomers) and stereoisomers 
possible from the Diels-Alder cycloaddition of a monosubstituted diene with a 
monosubstituted dienophile. 

contribute to the paucity of examples of unsymmetrical dienes reported in the 
previous section, but they are more important here because unsymmetrical dienes 
are unavoidable if the diene is to be modified with a chiral auxiliary. 

For a diene with the auxiliary at C2, C2-Xc bond rotation will populate two 
rotational isomers unless the auxiliary is C2-symmetric, in which case the two rota- 
mers are identical (Figure 6.16a) or unless there is a substituent either at C1, cis to 
the auxiliary, or at C3, in which case one of the conformers may be destabilized by 
repulsive van der Waals interactions (Figure 6.16b, R ' ~  H). When the auxiliary is 
at C l, a similar situation exists: a C2-symmetric auxiliary has only one confor- 
mational isomer possible (Figure 6.16c), but an otherwise unsubstituted diene will 
have two rotational isomers of unequal energy (Figure 6.16d). Thus, for a diene 
with the auxiliary at C2, a C2-symmetric auxiliary would seem to have an advantage 
[199]. When the auxiliary is at C1, the two conformers are unequally populated as 
long as there is no other substituent at C1. A similar analysis could be made for 
other substitution cases, but this analysis covers the examples which follow. 

(a) (b) 

(c) 

R R 

R ~"%R (d) R R " ( ~  

Figure 6.16. Generalized conformational considerations for chiral 
auxiliaries attached to butadiene: (a)C2-symmetric auxiliary at 
position 2; (b) Cs-symmetric auxiliary at position 2; (c) C2-symmetric 
auxiliary at position 1; (d) Cs-symmetric auxiliary at position 1. 
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Scheme 6.49 illustrates an asymmetric cycloaddition of an enamino diene 
developed in the Enders laboratory [200]. In this case the auxiliary, 2-methoxy- 
methyl pyrrolidine, has Cs symmetry, and excellent selectivity is achieved with 13- 
nitrostyrenes as dienophiles, although the yields are modest. The diastereoselectivity 
in the cycloaddition is >98% in each case, however hydrolysis of the enamine on 
workup affords a mixture of 2-methyl diastereomers with 75-95% ds. The 
proposed transition state for the cycloaddition is shown in the inset, although an 
alternative two step mechanism (Michael addition followed by aldol cyclization) has 
not been ruled out [200]. 

A more generally useful chiral auxiliary was introduced by Trost in 1980 [201]. 
This auxiliary, derived from mandelic acid, is available as either enantiomer. The 
original diastereoselectivity reported for addition to acrolein was 82% a t - 2 0  ~ 
(Scheme 6.50a), but Thornton later reported 94% ds a t - 7 8  ~ [202]. The other 
examples in Scheme 6.50 illustrate similarly high selectivities and yields, although 
the Thornton paper does not report specific yields for each example [202]. For the 
S auxiliary, addition to the C1 Si face of the diene is preferred (relative topicity lk). 
Figure 6.17 illustrates two conformational models that have been proposed to 
rationalize this preference. Trost suggested that r~-stacking of the diene over the 
face of the phenyl group shields the C1 Re face, as shown in Figure 6.17a [201]. A 
weakness of this model is that reduction of the phenyl to a cyclohexyl group 
afforded an auxiliary that is equally selective [201,202]. This prompted Thornton to 
propose that the cycloaddition took place in a diene conformation in which the bond 
from the t~-carbon to the phenyl (or cyclohexyl) is perpendicular to the plane of the 
ester, as shown in Figure 6.17b [202]. Thornton asserts that the conformation in 
which the methoxy is nearest the carbonyl is preferred, but no explanation for this 
preference was offered. Nevertheless, crystal structures of three cycloadducts 
exhibit this conformation, which is similar to one proposed by Mosher to 
rationalize chemical anisotropies (cf., Figure 2.4, ref. [203]. 

"CH2OMe NO2 I ~ ~ / -  OMe- 
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p-F-C6H 4 

SiO2"- ~ p-MeO-C6H4 Ar - p_Me_C6H4 
NO2 3,4-(-OCH20-)C6H 3 

r ~ , ~  CH2OM e 

Ar 
NO 2 

26-60%, >98% ds 

Scheme 6.49. Asymmetric Diels-Alder reaction of dieneamine [200]. 
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Scheme 6.50. Asymmetric Diels-Alder reactions of O-methylmandelate esters: (a) 
R = H [201,202]; R = Me [202]. (b) ref. [201]. (c) ref. [202]. 

(a) Trost model: (b) Thornton model: Cz Si C! Re 

H Me 

C ~ Si Ph Ph 
favored 

Figure 6.17. Conformational models to explain the relative topicity of the Trost 
auxiliary for asymmetric Diels-Alder reactions. (a) Trost model [201 ]. (b) Thornton 
model [202]. 

6.2.2.3 Chiral catalysts 
Quite a number of ligand/metal combinations have been evaluated as chiral 

catalysts for the Diels-Alder reaction, with several being very successful. Much of 
the effort has been occupied in ligand synthesis and design, but the effort has 
largely been empirically driven (i.e., trial and error). Figure 6.18 shows several 
complexes that have been tested as catalysts in the Diels-Alder reaction and which 
show both high diastereoselectivity and high enantioselectivity. 22 Among the metals, 

22 Cyclopentadiene addition to an acrylate gives two diastereomers (endo and exo), each of which 
has two enantiomers. In the presence of a chiral auxiliary, these four stereoisomers are all 
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the most commonly used are boron and titanium, but copper [204,205], magnesium 
[206], and lanthanides [207,208] have also found some use. In this section, detailed 
analysis is presented for only a few of these catalysts, chosen to illustrate current 
levels of understanding. Additional references and other Lewis acid catalysts can be 
found in recent reviews [152,157,209,210]. 

Monodentate dienophiles. The first chiral Lewis acid catalyst to show high 
selectivity (86% es in the cycloaddition of cyclopentadiene to 2-methylacrolein), is a 
dichloroaluminum alkoxide derived from menthol (Figure 6.18a, [211]). This 
catalyst, as well as several others (e.g., Figure 6.18b-d) have Cs symmetry, but 
most of the catalysts shown in Figure 6.18 are C2-symmetric. This feature reduces 
the number of competing transition states, which is especially important when the 
ligand sphere is greater than 4-coordinate. Because of fewer possible coordination 
sites, the binding and face-selectivities of catalysts containing boron, aluminum, or 
other tetravalent metals are better understood than those of octahedral complexes, 
and these are examined first. 
(a) 
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Figure 6.18. Selected catalysts for the asymmetric Diels-Alder reaction. (a) [211]. (b) 
[212,213]. (c) R = Et [214], R = CHEindenyl [215-217]. (d) [218-220]. (e) [204]. (f) [221- 
223]. (g) R = Ph [224], R = CONHAr [225]. (h) [226-229]. (i) R = H [207,208,230], R = 
Ph [231,232], R = 2-HO-C6H4 [233]. (j) R = Ph [205,234], R = t-Bu [205]. (k) [206] 

diastereomers, so that selectivity for one of the four can be expressed as percent diastereo- 
selectivity, % ds. But in the present case it is necessary to express selectivity in terms of both 
diastereoselectivity (endo/exo) and enantioselectivity (% es for the major diastereomer). 
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Figure 6.19 shows Hawkins's (2-aryl)cyclohexylboron dichloride catalyst 
(Figure 6.18b [212,213]) coordinated to methyl acrylate (cf. Figure 6.13). Note that 
monodentate coordination of the ester is thought to occur trans to the alkoxy group, 
which forces the enone into an s-trans conformation, similar to that seen previously 
(cf. Figure 6.13 and Scheme 6.45). The geometry shown in Figure 6.19 has been 
observed in the crystal of five related catalyst.crotonate complexes [213], and NMR 
studies show that this conformation persists in solution [212]. Comparison of these 
five structures indicates that, as the polarizability of the aryl group increases, a 
dipole-induced dipole attraction draws the polar ester group of the boron-bound 
crotonate towards the arene (the five complexes are, in increasing order of 
polarizability: Ar = phenyl, 3,5-dimethylphenyl, 3,5-dichlorophenyl, 3,5-dibromo- 
phenyl, and 1-naphthyl). Since this effect correlates with enantioselectivity, Hawkins 
concluded that the effect is operative in the transition state [213]. In this 
conformation, the rear (C2 Re) face of the dienophile is blocked by the aryl group, 
and approach of the diene toward the face of the crotonate that is not blocked by the 
aryl moiety is favored. The 2-(1-naphthyl)-cyclohexyl boron catalyst produces 
>95% enantioselectivities in the addition of cyclopentadiene to methyl acrylate, 
methyl crotonate, and dimethyl fumarate [212]. 

M M 
"O "O- i l  

s'trans [ ~ ~ 2 i l  O~ CH3 ~ [ ~ 3 + .  CH3 

(cis) 

example: 

Cl -- CI 
ArW 

CH3 Si 

Figure 6.19. Methyl acrylate coordinated to Hawkins's 2-arylcyclohexyl boron 
catalyst [212,213]. 

Scheme 6.51 shows the reaction of 2-bromoacrolein and cyclopentadiene 
catalyzed by the indenyl oxazaborolidine shown in Figure 6.18c [215,216]. This 
reaction, which is both highly diastereoselective and enantioselective, is thought to 
react via the s-cis conformation shown in the inset of Scheme 6.51. This catalyst 
conformation is suggested by nuclear Overhauser effects in the NMR spectrum of 
the catalyst-dienophile complex, and by chemical shift changes upon complexation 
to boron trifluoride [216]. Also, a l" 1 complex of the catalyst and 2-bromoacrolein 
is orange-red at 210 ~ K, a color that is attributed to charge-transfer complexation 
between the indene ring and the boron-bound aldehyde [216]. Similar catalysts with 
different substituents on the nitrogen [216] or the carbon of the oxazaborolidine 
[216,217] show significantly lower selectivities. For example the oxazaborolidine 
having a 2-naphthyl group (comparable in size, but not as good a x-donor) in place 
of the indene exhibits only 88% enantioselectivity. Phenyl, cyclohexyl, or isopropyl 
groups give only about 65% enantioselectivity with opposite topicity [216]. 
Oxazaborolidine auxiliaries having donor atoms in the side chain also show 
improved selectivities [217]. 
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Scheme 6.51. Asymmetric cycloaddition of 2-bromoacrolein and cyclopenta- 
diene using Corey's indenyl oxazaborolidine catalyst [215,216] 

Note that the illustrated conformation has the acrolein oriented in an s-cis con- 
formation. This is in contrast to the usual s-trans conformation of acroleins co- 
ordinated to a Lewis acid (Figure 6.13a), but it is supported by the fact that cyclo- 
pentadiene adds to the opposite face of acrolein itself [216]. It is likely that both s- 
cis and s-trans dienophile conformers are present, and that the s-cis conformer is 
more reactive. In other words, Curtin-Hammett kinetics [235] are operative. The 
rationale for this increased reactivity is as follows: the s-trans conformation of 2- 
bromoacrolein would place the bromine above the indene ring. Cycloaddition to the 
top (S i ) face  of the s-trans conformer would force the bromine into closer 
proximity to the indene as C2 rehybridizes from sp 2 to sp3, a situation that is 
avoided in cycloaddition to the top (Re) face of the s-cis conformer. 

Bidentate dienophiles. When a dienophile such as N-acryloyloxazolidinone 
coordinates the metal in a bidentate fashion (cf. Figure 6.13b), A1, 3 strain between 
the enone l-carbon and the oxazolidinone C-4 methylene forces the enone into an s- 
cis conformation, as shown in Figure 6.20a. Interactions between the other ligands 
on the metal, the coordinated dienophile, and the approaching diene then determine 
the topicity of the cycloaddition. The exact nature of the interactions will depend on 
the coordination sphere of the metal. 

For example, Figure 6.20b and c shows examples of similar C2-symmetric 
ligands (Figure 6.18j,k) coordinated to metals having diffent tetravalent geometries 
and which result in enantiomeric cycloadducts, but with excellent selectivity in both 
cases. The explanation for the topicity of the two catalysts is revealed by 
examination of the proposed arrangements of the catalyst/dienophile complexes, as 
shown in Scheme 6.20d. The tetrahedral magnesium [206] complex facilitates 
addition to the C2 Si face because the rear phenyl is blocking the Re face [206]. In 
contrast, the square-planar copper complex facilitates C2 Re addition because the Si 
face is blocked by the tert-butyl group [205]. It should be noted, however, that in 
these two examples, the geometry of the coordination complex appears to be 
inferred (at least partly) from the topicity of the cycloaddition (note the absence of 
any anionic ligands in these models). 
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Figure 6.20. (a) Acryloyloxazolidinone in bidentate coordination. Al,3 strain favors the s- 
cis conformation. (b) Cycloaddition of C2-symmetric bisoxazoline-magnesium complex 
[206]. (c) Cycloaddition of C2-symmetric bisoxazoline-copper complex [205]. (d) Rationale 
for the different topicities of the bisoxazoline complexes, even though both ligands have the 
same absolute configuration. The dienophile is drawn in the plane of the paper, and the 
favored approach is from the direction of the viewer. 

Ligands having C2-symmetry have also been used with metals that are un- 
doubtedly octahedral, however the analysis of facial selectivity in octahedral 
complexes is complicated by several possible competing coordination modes of the 
dienophile. One class of ligand that has been well studied are the TADDOLs 
(TADDOL is an acronym for oc,cz,tx',cz'-tetraaryl-l,3-dioxolane-4,5-dimethanol). 
Both the Narasaka [236] and the Seebach [228] groups have evaluated a number of 
TADDOLs as ligands for titanium in the asymmetric Diels-Alder reaction. Table 
6.6 lists selected data from two extensive reports, which illustrates not only the 
utility of the titanium TADDOLate complex as an asymmetric catalyst, but which 
also illustrates some subtle differences that are not readily explained. For example, 
Narasaka found that the tetraphenyl dimethyldioxolane ligand (R -- R ' -  Me; Ar = 
Ph) promoted the reaction (88% yield) when used in stoichiometric quantities 
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Table 6.6. Asymmetric cycloadditions of crotyloxazolidinones and cyclopentadiene catalyzed 
by titanium TADDOLate complexes. 

o o 

catalyst Me 
\ / 

COX 

catalyst: 
Ar Ar 

O 
TiCl 2 

R' 0"~0" 
Ar Ar 

Entry R/R' Ar Temp. Eq. cat. % yield % ds % es Ref.  
1 Me/Me Ph -15 1 88 93 77 
2 Me/Me Ph -15 0.15 25 83 72 
3 Me/Me 2-naphthyl -15 0.15 96 a 90 94 
4 Me/Ph Ph -15 2 93 90 96 
5 Me/Ph Ph 0 0.10 87 92 95 

, , , ,  

a This experiment done on a >4g (crotyloxazolidinone) scale. 

[236] 
[228] 
[2281 
[236] 
[236] 

(entry 1), but Seebach found that a catalytic amount was not as effective (25% 
yield) under similar conditions (entry 2). Note the difference in diastereo- and 
enantioselectivity for these two entries, as well. In contrast, replacing the phenyl 
group with a 2-naphthyl group affords an outstanding catalyst (entry 3), that gives 
excellent yields and selectivities on a multigram scale [228]. Entries 4 and 5 
illustrate the tetraphenyl methyl-phenyl dioxolane catalyst (R = Me, R ' =  Ph; Ar = 
Ph), which affords outstanding yields and selectivities in either stoichiometric or 
catalytic modes [236]. Comparison of entry 2 with entry 5 is particularly puzzling: 
replacement of one the dioxolane substituents (a position remote from the catalytic 
site) results in an amazing improvement in catalyst efficiency and selectivity. 23 

(a) ~ ~ C! _<Me (b) ~ ' ]  x~...Me~N% f C2 Re 

~~,Or-I--, O=~. ~~;,9.r-Y~ Ok- o 
' '(~ Ti~ N - - - - I  ~ -Ti 

0 ~" r ~176 ~..~/c~ 
CI I Cl 

most reactive 

(c) 

~ o _o 

- E  N 

Figure 6.21. Titanium TADDOLate - crotyloxazolidinone complexes. The dioxolane ring of the 
chiral ligand (Figure 6.18h) is deleted for clarity, and the phenyl groups are labelled as axial (ax) or 
equatorial (eq). (a) Symmetrical complex found by NMR to be the predominant species in solution 
[237], and also characterized crystallographically [238]. (b) Complex judged to be most likely to be 
responsible for the asymmetic cycloaddition [228,237]. (c) This complex is probably less reactive, 
since approach of the dienophile is hindered by the axial phenyl [228]. 

23 Although entries 2 and 5 are from different laboratories, Seebach's group has reported results 
similar to those of entry 5: 99% conversion, 88% ds, and 94% es using 15 mol% catalyst at -5 ~ 
[228]. 
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NMR studies have shown that at least three hexacoordinate catalyst oxazolidinone 
complexes exist in solution [237]. The most abundant has been assigned a structure 
that has the oxazolidinone oxygens trans to the TADDOL oxygens and the chlorines 
trans to each other, as shown in Figure 6.21a. This species has also been 
characterized crystallographically [238]. There are four other possible complexes, 
two of which are illustrated in Figure 6.2 l b and c. 24 It is not known whether these 
two complexes are the ones that are observed in the NMR [237], but these two are 
judged to be more reactive, since in these structures, the enone oxygen is trans to 
the weaker n-donor ligand (chlorine) and may therefore experience a higher degree 
of Lewis acid activation. NMR studies show that one of the axial phenyls undergoes 
restricted rotation when bidentate ligands are bound to the titanium TADDOLate 
[237]. When the oxazolidinone ligand is oriented as shown in Figure 6.21b, the 
dienophile and the axial phenyl are in close proximity and approach of the diene 
from the direction of the viewer (toward the C2 Re face) is unhindered, and would 
result in cycloadduct with the observed absolute configuration [228]. The alternative 
geometry, shown in Scheme 6.21 c, is judged to be less reactive, since the diene must 
approach either from the direction of the viewer (toward the C2 Si face), where it 
may encounter the nearby, axial phenyl, or from the rear, where it is blocked by the 
equatorial phenyl [228].2-' 

This explanation is described as a "mnemonic rule" [228], which can only be 
taken as a first approximation of reality. The same rule can be used to rationalize 
the topicity of other asymmetric Diels-Alder reactions, such as those employing 
titanium BINOLate catalysts (Figure 6.18i, [230]), or iron bisoxazoline catalysts 
(Figure 6.18j,k [206,215]). Although the explanation seems reasonable, the picture 
is not complete, since it does not account for a number of observations, including 
the fact that the dioxolane substituents exert an extraordinary effect on catalyst 
efficiency (cf Table 6.6, entries 2 and 5). Additionally, both titanium TADDOLate 
[228] and BINOLate [230] complexes show a nonlinear relationship between 
enantiomeric purity of the catalyst and that of the product, which suggests that some 
sort of dimerization phenomenon is involved. 26 

6.2.2.4 Prostaglandins: A case study in the synthesis of enantiopure compounds 
Efficiency in the synthesis of prostanoids has been an important aspect of 

organic chemistry for over two decades. Because the prostaglandins are chiral, 
synthesis of enantiopure drugs is highly desirable for clinical applications. The 
following examples of prostaglandin synthesis are taken from the work of Corey, 
much of which is summarized in Chapter 11 of his recent book [239]. The hydroxy 
acid shown in Scheme 6.52a has been used as a key intermediate in a number of 

24 

25 

26 

The other two have the oxazolidinone transposed such that the enone oxygen is trans to a 
TADDOL oxygen. 
JCrgensen has proposed another rationale, based on the geometry observed in the crystal structure 
[238]. 
One possibility is that heterochiral dimerization of the ligand or the titanium complex produces an 
inactive catalyst; this tends to sequester the minor enantiomer (cf Scheme 4.6). Another is that the 
catalyst is a dinuclear species, which is more reactive when homochiral. 
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prostaglandin syntheses, two of which are shown. To control the r e l a t i v e  
configuration of the stereocenters in the cyclopentane ring, the lactone was 
synthesized by a Diels-Alder strategy employing a substituted cyclopentadiene, as 
shown in Scheme 6.52b. Baeyer-Villiger oxidation of the key bicycloheptenone and 
hydrolysis afforded a hydroxy acid that was initially (in the early 1970s) separated 
into its enantiomers by resolution [240]. Asymmetric synthesis was then applied to 
the problem. For example in 1975, 8-phenylmenthol (Figure 6.12b) was used as an 
acrylate auxiliary to provide an endo bicycloheptene carboxylate [165] that was 
oxidatively cleaved to the ketone, and carried on to the hydroxy acid as before 
(Scheme 6.52c). Then in 1989, the first of two chiral catalysts (Figure 6.18f) was 

(a) 

••"" ~ CO2H 
OBn 

HO 

HO O 

CO2H ~ " " ~ - - ~  CO2H 

Ho 6H Ho 6H 
PGF2a PGE 2 

(b) .CH2OB n BnO1 ~ 

O 

(c) Me 
CH OBn O A.-Mo 

OBn "  oNo HO 
resolved with amphetamine 

AICI3 B n O ~  B n O ~  

89% CO2R, O 

(d) CH2OBn Ph,,, Tf 

O O A phr 7~8~?e B n O ~  B n O ~ ~ ] ~  

94%, 97% es COX O 
(e) 

 nO .t 
CH2indene 

Br O R = H, Bu; 81-83%, 95% ds, 96% es 

Scheme 6.52. Corey's synthetic approaches to prostaglandins (see also ref. [239], chapter 11): (a) 
Key hydroxy acid intermediate for the synthesis of PGF2a and PGE2. (b) Early synthesis that relied 
on resolution for obtaining enantiopure products [240]. (c) 8-Phenylmenthol as a chiral auxiliary 
[ 165]. (d) Acryloyl oxazolidinone as dienophile with a chiral catalyst [221,222]. (e) 2-Bromoacrolein 
as dienophile with a chiral catalyst [215]. 
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applied to the problem: with an acryloyl oxazolidinone as the dienophile,  a 
bicycloheptene carboximide similar to the ester obtained previously was obtained, 
as shown in Scheme 6.52 [221,222]. Development of the oxazaborolidine catalyst 
(Figure 6.18c) and 2-bromoacrole in  as a dienophile  provided a means for 
streamlining the preparation even further (Scheme 6.52e, [215]). Thus, the develop- 
ment  of an efficient synthetic plan has been continually improved as progress in 
asymmet r ic  synthesis  has taken the route from classical chemical  resolution, 
through auxiliary-based methods, to efficient chiral catalysts. 
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Chapter 7 

Reductions and Hydroborations 

Addition of a hydrogen atom to a trigonal (sp2) carbon atom is the theme of this 
chapter. Within this scope are additions of dihydrogen, hydrides, and hydrobora- 
tions. For the latter, the product boranes may be converted to a number of useful 
functional groups, but this chemistry is not covered here (reviews: [1,2]). The 
chapter is divided into three parts: reduction of carbon-heteroatom double bonds, 
reduction of carbon-carbon double bonds, and hydroborations. Several books have 
been written on these topics, so the present coverage is necessarily selective. As in 
previous chapters, the coverage is intended to highlight particularly important and 
selective reagents, with an emphasis on understanding the factors that influence 
stereoselectivity. 

7.1 Reduction of carbon-heteroatom double bonds 

Larock's Comprehensive Organic Transformations lists over fifty reagents in the 
section "Asymmetric Reduction of Aldehydes and Ketones" [3]. The nonenzymatic 
entries can be divided into several categories based on reagent type and/or 
mechanism: lithium aluminum hydrides modified with chiral ligands, borohydrides 
modified (sometimes catalytically) with chiral ligands, chiral boranes that reduce 
carbonyls in a self-immolative chirality transfer process, and chiral transition metal 
complexes that catalyze hydrogenation or hydrosilylation. Each of these involves 
interligand asymmetric induction (Section 1.3). Only selected examples from each 
category will be presented in detail; the objective being to analyze the factors that 
determine enantioselectivity for each reaction. A judgement of which reducing 
agent is most selective and/or convenient depends on the substrate, but an attempt at 
a comprehensive evaluation of 10 ketone classes with available reducing agents was 
made a few years ago [4]. Highly selective reductions of the carbon-nitrogen bond 
have been achieved only recently. Examples of azomethine reduction are included 
in the following sections as appropriate. 

7.1.1 Modified lithium aluminum hydride 
The first efforts to modify lithium aluminum hydride (LAH) with a chiral ligand 

were by Bothner-by in 1951 [5]. Although the result was later challenged, the seed 
was planted and many attempts have been made to produce an efficient chiral 
reducing agent using this strategy (reviews: [6-9]). Of these, we will examine the 
binaphthol-LAH-ROH reagent (BINAL-H) introduced by Noyori in 1979 [10-13]. 
Binaphthol is a popular ligand (like its cousin BINAP) for asymmetric synthesis 
because it has a pleasing C2 symmetry which, when bound in a bidentate fashion to 
a metal, often affords excellent differentiation between heterotopic faces of a bound 
ligand. 

293 
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Noyori's reagent is prepared by addition of binaphthol to a solution of LAH in 
THF, then adding another equivalent of an alcohol such as ethanol or methanol to 
form the reagent (Scheme 7.1). 1 The ethanol or methanol is a pragmatic necessity, 
as the reagent having two (presumed) active hydrides shows poor enantioselectivity 
in asymmetric reductions [12]. The exact nature of the reagent is not known, since 
aluminum hydrides may disproportionate and/or aggregate, processes that may 
continue as the product of the reduction (an alkoxide) accumulates during the 
reaction. Perhaps because of such processes, optimal selectivity is achieved with a 3- 
fold excess of the hydride reagent. Under these conditions, the reagent is highly 
enantioselective in reductions of certain classes of ketones. Some examples are listed 
in Table 7.1. 

Entries 1 and 2 show the reagent's ability to reduce deuterated aldehydes to 
afford primary alcohols that are chiral by virtue of isotopic substitution. Note that 
the rest of the examples showing high selectivity (entry 13 being the exception) 
have one ketone substituent that is unsaturated and one that is not. Note also that in 
the saturated substituent, branching at the or-position lowers enantioselectivity 
significantly (compare entries 4/5 and 7/8). The fact that 3-octyn-2-one (entry 9) is 
reduced with 92% enantioselectivity (84% ee) whereas 2-octanone (entry 13) is 
reduced with only 62% enantioselectivity (24% ee) is curious. The authors submit 
that this comparison (among others) suggests that the facial discrimination involves 
more than just steric effects. 

The rationale offered by the Noyori group to explain the chirality sense of the 
observed products is predicated on the 6-membered ring transition structures shown 
in Figure 7.1a and b. These structures differ only in the orientation of the two 
ketone substituents. Another pair, in which the 6-membered ring is flipped, is 
destabilized by a steric repulsion between the alkoxy methyl (or ethyl) and the C-3 
position of the binaphthol. Figure 7.1c shows this interaction, which is (note the 
bold lines) a "gauche pentane-like" conformation (cf. Figure 5.5 and accompanying 

• 
I ~ O H  LiAIH 4 .~ O~AIH2_ ROH = O~AIH_ 

~ OH THF 0 / O~ OR 

Li + R = Me, Et Li + 

M-(+)-binaphthol presumed reagent presumed reagent 

Scheme 7.1. Preparation of Noyori's BINAL-H reagents [12]. The aluminum complexes 
shown are postulated structures that may represent "time averages" of several equilibrating 
species. 

For those wishing to use this reagent, care should be taken to follow the Noyori experimental 
procedure exactly. Precipitous drops in enantioselectivity result from very minor changes in 
protocol. Note that a "milk-white" or "cloudy" reagent solution is OK; but when there is 
"extensive precipitation", the reagent should not be expected to perform as advertised [ 12] (see 
also ref. [14,15]). 
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Table 7.1. Asymmetric reductions using BINAL-H. The reactions were conducted by initial 
reaction at-100 ~ for 3 hours, followed by several hours at -78 ~ C. All examples favor ul relative 
topicity (see Figure 7.1a). Thus, the M reagent adds to the Si face to give the R product, and 
vice versa for the P reagent. 

O OH 
, ~  + * ~ ~  AIH- Li§ ~ + 

RI R2 R~) Rl R2 
H 

Entry R1 Rz 
, , 

1 Ph D 
RO % Yield % es Ref. 

, , ,  , , , , ,  

EtO 59 93 [13] 

2 ~ ~ ~ ~ ~ ~ . . ~  CDO EtO 91 92 [13] 

3 Ph Me EtO 61 97 [ 12] 
4 Ph n-Pr EtO 92 100 [12] 
5 Ph i-Pr EtO 68 85 [12] 
6 ct-tetralone EtO 91 87 [ 12] 
7 HC=---C n-C5Hll MeO 87 92 [13] 
8 HC"~----C i-Pr MeO 84 79 [ 13] 
9 n-C4H9C-=C Me MeO 79 92 [ 13] 
10 n-C4H9Cz---C n-C5H 11 MeO 85 95 [ 13] 
11 E-n-C4H9CH=CH Me EtO 47 89 [ 13] 
12 E-n-C4H9CH=CH n-C5H 11 EtO 91 95 [ 13] 
13 n-C6H13 Me EtO 67 62 [12] 

14 ~ EtO 87 100 [13] 
f \ , ,  

0 

discussion). 2 With respect to the 6-membered ring in Figures 7. l a and b, note that 
one of the ketone substituents is equatorial and one is axial. The interaction of the 
latter with the axial naphthyloxy ligand is postulated to account for the enantio- 
selectivity. This interaction is suggested to be one of two types: steric interactions, 
which are repulsive, and electronic, which may (in principle) be either repulsive or 
attractive, but which are repulsive for all the examples in Table 7.1 (other 
substrates are suggested to have dominant attractive electronic interactions [12]). 
For the examples in Table 7.1, it is observed that the P B INAL-H reagent 
selectively adds hydride to the Re face (ul relative topicity - see Glossary, section 
1.6), as shown in the transition structure of Figure 7.1a. In this structure, the 
saturated ligand (Rsat) bears a 1,3-diaxial relationship to the naphthloxy ligand on 

Note that in Figure 7.1a-c, the alkoxy "R group" is always axial. The authors point out that 
structures in which the R group occupies an equatorial position would be further destabilized by 
repulsive interactions between R and the BINOL moieties [12]. It may be useful to note that the 
configuration of the alkoxy oxygen in the favored chairs (Figure 7.1a,b) having the P BINOL 
ligand is R. The configuration of the oxygen in the disfavored chair (Figure 7.1c, P B INOL 
ligand) is S. 
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n (a) 
I[ ul topicity 

P II 
' ' . . . . . . . . .  .. =~"- ~ Rsat 

v 
0 % / ~  L i ~ /  " Run 

I 

R 

(b) P Illktopicity 
" . . . . . .  '- ~ R u n  

o%. 
I 

R 

Rsat 

(c) 

- 0 ~ \  

favored 

CIP rank O>Run>Rsat C•OH .... 

P-binaphthol 
I I II III IHIII I I 

F i g u r e  7.1. Postulated transition structures for the asymmetric reduction of unsaturated 
ketones by BINAL-H [12]. Structures (a) and (b) differ in the orientation of Rsat and Run, 
the saturated and unsaturated ketone ligands, respectively. (a) Ul topicity: P reagent 
attacking Re face of ketone. (b) Lk topicity: P reagent attacking Si face of ketone. (c) 
Alternate chair that is destabilized by the "gauche pentane" conformation accented by the 
bold lines (cf. Figure 5.5). Transition structures containing this conformation were 
considered by Noyori to be unimportant [ 12]. 

aluminum. Since an alkene or alkyne ligand is generally considered to be "smaller" 
than an n-alkyl ligand, 3 this situation is somewhat counterintuitive. Noyori suggests 
that the reason for this topicity has to do with an unfavorable repulsive electronic 
interaction between the unpaired electrons on the axial naphthyl oxygen and the 
orbital of the unsaturated ligand (Run) in the transition structure having lk topicity, 
shown in Figure 7. lb, and that this interaction causes greater repulsion than that of 
an axial saturated ligand. 

These reductions distinguish the enantiotopic faces of aldehydes and ketones. An 
interesting extension of the use of this reagent is the enantioselective reduction of 
meso anhydrides [17]. In this application, the reagent distinguishes enantiotopic 
ligands, not faces. A generic example of the process, along with yields and 
enantioselectivities of several substrates, is shown in Scheme 7.2. 

7.1.2 Modified borane 
The first attempt to use a chiral ligand to modify borane was Kagan's attempt at 

enantioselective reduction of acetophenone using amphetamine-borane and desoxy- 
ephedrine-borane in 1969 [18]. However, both reagents afforded 1-phenyl ethanol 
in <5% ee. The most successful borane-derived reagents are oxazaborolidines, 
introduced by Hirao in 1981, developed by Itsuno, and further developed by Corey 
several years later (reviews: [19,20]). Figure 7.2 illustrates several of the Hirao- 
Itsuno and Corey oxazaborolidines that have been evaluated to date. All of these 
examples are derived from amino acids by reduction or Grignard addition. Hirao 

The A values of-CH2CH3, -CH----CH2, a n d - C ~ C H  are --1.75, 1.7, and 0.41 kcal/mole, 
respectively [ 16]. 
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o ot 
0 

I I  

BnN ~ "  NBn 

70%, 95% es X = CH2: 69%, 92% es X = CH 2' 66%, 94% es 
X : O: 63%, 99% es X = O: 72%, 92% es 

14-BINAL-H._ 
~ 0  0 

0 0 0 
68%, 99% es 65%, 97% es 
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(a) R l = Bn, R 2 = H, R 3 = H 
(b) R 2 = n-Pr, R 2 = H, R 3 = H 
(c) R 3 = i-Pr, R 2 = H, R 3 = H 
(d) R4 = i-Pr, R2 = Ph, R3 = H 

(e) R i = H, R 2 = H 
(.DR l =Ph, R2 = H 
(g) R I = Ph, R 2 = Me 
(h) R i = Ph, R 2 = Bu 
(i) R! = IB-Np, R2 = H 
(j) R I = ]B-Np, R 2 = Me 

Figure 7.2. Oxazaborolidines for the asymmetric reduction of ketones" 
(a-c) [21,22]. (d) [23-26,28]. (e) [21]. (f) [29]. (g) [30]. (h) [27]. (i-j) 
[311. 

RI ~2 Ri R! 

/ \ R2 ~ N ~ B O  
HN. O 

B" 
R3 R2 

Scheme 7.2. Yields and enantioselectivities of reduction of meso anhydrides using BINAL- 
H [17]. 

originally investigated the reagent derived from condensation of amino alcohols 
such as valinol and prolinol with borane (Figure 7.2a-c,  e), and found enantio- 
selectivities in the neighborhood of 70-80% es [21 ]. Optimization studies revealed 
that enantioselectivities o f - 8 5 %  es (for the reduction of acetophenone) could be 
obtained in THF solvent at 30 ~ C, using amino alcohol:borane ratios of 1:2 [22]. In 
1983, Itsuno found that the reagent was much more selective (96-100% es with 
acetophenone) if tertiary alcohols derived from addition of phenyl magnesium 
bromide to valine (Figure 7.2d) were used [23,24]. Additionally, Itsuno found that a 
polymer-bound amino alcohol could be used for the process with equal facility [25]. 
Reduction of aliphatic ketones was not quite as selective, affording reduction 
products in 77-87% es [24,26]. Itsuno [24] and Corey [27] demonstrated the 
synthesis of oxiranes by asymmetric reduction of (~-halo ketones followed by 
cyclization. In 1985, Itsuno showed that oxime ethers (but not oximes) could be 
enantioselectively reduced to primary amines (84-99% es) using the valinol-derived 
reagent (Figure 7.2d, [24]), and in 1987 showed that this process could be catalytic 
in oxazaborolidine: acetophenone O-methyloxime was reduced to ct-methylbenzyl 
amine in 90% yield and 190%es [28]. In 1987, Corey characterized the Itsuno 
reagent (Figure 7.2d) and showed that the diphenyl derivative (Figure 7.2f) of the 
Hirao reagent (Figure 7.2e) afforded excellent enantioselectivities (>95%) when 
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used in catalytic amounts [29]. In the same year, the Corey group reported that B- 
methyl oxazaborolidines (Figure 7.2g, h) were easier to prepare, could be stored at 
room temperature, could be weighed and transferred in air, and afforded 
enantioselectivities comparable to the B-H reagents [27,30]. In 1989, Corey found 
that the I]-naphthyl derivative of prolinol afforded a reagent with still higher 
enantioselectivities than either the B-H (Figure 7.2i)or  B-Me (Figure 7.2j) 
derivative (e.g., 99% es with acetophenone [31]). 

X-ray crystal structures of the oxazaborolidine reagent [32] and a derivative [33] 
have been published, and a mechanistic hypothesis has been formulated [29]. 
Heterocycles such as the boranes shown in Figure 7.2a-f,i do not, by themselves, 
reduce carbonyls; but in the presence of excess borane, they catalyze the reduction 
by the mechanism shown in Scheme 7.3 for the B-methyl catalyst of Figure 7.2g. In 
the first step, borane coordinates to the nitrogen of the oxazaborolidine on the less 
hindered convex face of the fused bicyclic system; the ketone then coordinates to the 
convex face. From the perspective of the ketone, the Lewis acid (boron atom) is 
trans to the larger ketone substituent [34]. Hydride transfer occurs via a 6- 
membered chair transition structure [35,36] having lk relative topicity (the R 
enantiomer of the catalyst favoring the Re face of the carbonyl carbon). Elimination 
of the alkoxy borane completes the catalytic cycle [37]. Table 7.2 lists representative 
examples of oxazaborolidine reductions. Entry 4 is one example (among several) of 
the asymmetric reduction [38] of trichloromethyl ketones [39]. Corey's group has 
shown that the resulting carbinols are versatile intermediates for the preparation of 
t~-amino acids [38], t~-hydroxy and ct-aryloxy acids [40], and terminal epoxides 
[41]. 

Ph Ph 
BH2 R "' 

o 

I 3 
Me 

(Figure 7.2g) 

Ph Ph Ph Ph 

o ' e R  s 1 I" 
H2B Me H3 B Me 

RE Rs ~ CIP priority: 
O>RL>R s 

Ph Ph 

H ' ~ M  e "'" ~FRe 
H Rs 

- /k topicity 

RE 

S c h e m e  7.3. Catalytic cycle for the asymmetric reduction of a ketone 
with an oxazaborolidine catalyst [29,35,36]. 
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Table 7.2. Examples of ketone reductions mediated by oxazaborolidines. The "Cat." column refers 
to the catalysts in Figure 7.2. The reductant is borane, unless otherwise noted. For entries 3 and 9, 
the product may spontaneously cyclize. The products of entries 16 and 17 are primary amines. 

Entry Ketone Cat. T, ~ % Yield %es Ref. 
1 PhCOMe c, f-j 2-30 95-100 >97 [23,24,29- 

31,42] 
2 PhCOEt c, f, g, j - 10-30 100 >94 [23,24,29- 

31] 
3 PhCOCH2C1 c, f, g 25-32 100 98 [24,27,29,3 

0] 
4 t-BuCOCCI3 h -20 96 99 [38] 
5 o~-tetralone f g, i, j -10-31 100 >93 [29-31 ] 
6 t-BuCOMe f g, j -10-25 100 >96 [29-31] 
7 cyclo-C6H11COMe g, j -10-0 100 91-92 [30,31 ] 
8 i-PrCOMe c 30 100 80 [24] 
9 n-C6H13COMe c 30 100 79 [24,26] 

PhCO(CH2)nCO2Me g, j 0 100 97-98 [30,31 ] 
10 n = 2 , 3  

O 

11 ~ Br g, i 23-36 100 95 [30,311 
I I  

12 o 

~~~ JJ~ Me 
h ---78 a >95 90 [43] 

13 E-PhCH=CHCOMe h --78 a >95 96 
[43] 

15 @ M e  h -78  a >95 96 [43] 

NOMe 
I I  

16 ~ Me C 30 90-100 99- [24,28] 
100 

NOMe i i  
17 Z-~,,~ ~ C 30 100 84 [24] 

a Catechol borane as reductant 

Operationally, these reagents are effective at or near room temperature, which 
may be of significant benefit to large-scale employment. The preparation of the S- 
diphenylprolinol ligand (cf. Figure 7.2f-h) is most easily accomplished by addition 
of a phenyl Grignard reagent to L-proline N-carboxyanhydride (73% yield, 99% 
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ee, [33]). The R enantiomer of the amino alcohol may be made by a similar addition 
to D-proline, but may also be made by enantioselective lithiation of BOC-pyr- 
rolidine and addition to benzophenone (70% yield, 99% ee, as illustrated in Scheme 
3.33 [44]). 4 The catalysts may be made by condensation of the amino alcohol with 
methyl boronic acid [30,31,33] or trimethylboroxine [33] with simultaneous water 
removal. B-Methyl or B-butyl catalysts can be made by condensation of the amino 
alcohol with bis(trifluoroethyl) alkylboronate and removal of trifluoroethanol in 
vacuo [42]. 

The catalysts may be used in 5-10 mol% concentrations, with either borane or 
catechol borane [43] as the stoichiometric reductant. Use of the more reactive 
catechol borane allows one to conduct the reduction at lower temperature, a feature 
that may be advantageous in cases where selectivity at room temperature is not high 
enough. The reductions are sensitive to moisture" Jones, et al. [45] found that the 
presence of 1 mg of water per gram of ketone lowered the enantioselectivity from 
97% to 75% es. 

7.1.3 Chiral organoboranes 5 
The reaction of a chiral alkene with borane in the proper stoichiometry may 

afford alkyl boranes R*BH2 or dialkyl boranes R~BH, where R* is a chiral ligand. 
Attempts to achieve highly selective reductions of ketones using such reagents have 
met with little success, however. 6 Trialkyl boranes R3B were first reported to 
reduce aldehydes and ketones (under forcing conditions) in 1966 by Mikhailov [50]. 
Mechanistic studies (summarized in ref. [46]) showed that there are two limiting 
mechanisms for the reduction of a carbonyl compound by a trialkylborane, as 
shown in Scheme 7.4: a pericyclic process reminiscent of the Meerwein-Pondorf- 
Verley reaction (Scheme 7.44), and a two step process that involves dehydro- 

(a) t. 

+ 0 = + I 
O " R2 B--O 

R R 

(b) 

I 
+ R2BH O O 

BR 2 = R2B" 

Scheme 7.4. Limiting mechanisms for carbonyl reduction of carbonyls by a 
trialkylborane: (a) pericyclic mechanism. (b) Two step mechanism involving 
dehydroboration of a trialkylborane followed by carbonyl reduction by the resultant 
dialkylborane. 

This procedure will be published in Organic Syntheses, probably in volume 74, 1996 (P. Beak, 
personal communication). 
Reviews: ref. [46-48]. 
For a notable exception, see ref. [49]. 
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boration to a dialkylborane plus olefin, followed by carbonyl reduction by the 
dialkylborane (Scheme 7.4b). With unhindered carbonyl compounds such as 
aldehydes, the reaction is bimolecular and appears to proceed by the pericyclic 
pathway [51]. With ketones, the rate is independent of ketone concentration, 
indicating a switch to the dehydroboration-reduction pathway. 

In 1979-80, Midland showed that the trialkyl borane formed by hydroboration 
of a-pinene by 9-borabicyclononane (9-BBN), known as B-isopinocampheyl-9- 
borabicyclo[3.3.1]nonane or Alpine-borane TM, efficiently reduces aldehydes [52,53] 
and propargyl ketones [54,55] with a high degree of enantioselectivity, as shown in 
Scheme 7.5. The mechanism was shown to be a self-immolative chirality transfer 
process (Scheme 7.4a), proceeding through the 6-membered ring boat transition 
structure shown in Scheme 7.5b and c [46]. This reduction is probably the method 
of choice for the production of enantiomerically enriched primary alcohols that are 
chiral by virtue of isotopic substitution, provided enantiopure a-pinene is used [56]. 
Most ketones other than propargyl ketones are not readily reduced by trialkylbor- 
anes, making this process highly chemoselective for aldehydes and propargyl 
ketones in the presence of other ketones, esters, acid chlorides, alkyl halides, 
alkenes and alkynes. Under forcing conditions, Alpine-borane dehydroborates (the 
reverse of Scheme 7.5a) with a half-life 500 rain in refluxing THF [46], and non- 
selective reduction by 9-BBN becomes competitive (cf Scheme 7.4b). 

(a) ~ + 
..:3 

a-pinene 9-BBN 

...... HB HB 

III 

B-isopinocampheyl-9-bora 
bicyclo[3.3.1 ]nonane 
(Alpine-Borane TM) 

(b) ~ CDO 
Alpine-Borane 

H p 

Me 98% es 

Ph ~ O H  

(c) 
0 

a-pinene 

HO. H 
R' Alpine-B~ Me R R ~  R' 

R' 

Scheme 7.5. Alpine-borane method of asymmetric reduction. (a) Preparation of Alpine- 
Borane TM. (b) Reduction of deuterio benzaldehyde [52]. (c) Reduction of propargyl ketones 
[54,551. 
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To circumvent the problem of competitive dehydroboration with ketones, the 

Alpine-borane reductions can be conducted in neat (excess) reagent [57] or at high 
pressure (6000 atm, [58]). Experiments done in neat reagent take several days to go 
to completion, and afford enantioselectivities of 70-98% [57]. At pressures of 6000 
atmospheres, the reactions are faster and dehydroboration is completely suppressed. 
Ketones are reduced with slightly higher enantioselectivities (75-100% es) under 
these conditions [58]. 

A better solution to asymmetric ketone reduction is to make a more reactive 
borane. Brown showed that hindered dialkylchloroboranes (R2BC1) are less prone 
to dehydroboration than hindered trialkylboranes (R3B) such as Alpine-borane and 
are excellent reagents for the reduction of aldehydes and ketones. Inductive electron 
withdrawal by the chlorine also increases the Lewis acidity of the boron. B-Chloro- 
diisopinocampheylborane (Ipc2C1, DIP-chloride TM) is such a reagent, and is an 
excellent reagent for the asymmetric reduction of aryl-alkyl ketones [59,60]. 
Scheme 7.6 shows the preparation of Ipc2C1 and the postulated transition structure 
to rationalize the chirality sense of the products. Table 7.3 lists several examples. 
Note that dialkyl ketones and alkynyl-alkyl ketones are reduced with low selectivity 
unless one of the substituents is tertiary. For a summary of other pinene-based self- 
immolative reducing agents, see Brown's reviews [47,48]. 

2 2. HCI, ether 2 
'" 0 o  

[" k Ipc /Cl :~ 
B ~  I e. o 

I I 

Scheme 7.6. Preparation of Ipc2Cl. Inset: Proposed transition structure for asymmetric 
reductions using Ipc2Cl [59]. 

Table 7.3. Asymmetric reduction of ketones, R1C(=O)R2, with Ipc2Cl. 

Entry R1 R2 % yie!d % es Ref .  
1 Me Et - 52 [59] 
2 Me i-Pr - 66 [59] 
3 Me t-Bu 50 93 [59] 
4 2,2-dimethylcyclopentanone 71 98 [59] 
5 2,2-dimethylcyclohexanone 60 91 [59] 
6 1 -indanone 62 97 [59] 
7 ~-tetralone 70 86 [59] 
8 HC-=C Me 83 58 [60] 
9 PhC=C Me 92 60 [60] 
10 PhC=C i-Pr 85 92 [60] 
11 PhC=-C t-Bu 80 >99 [60] 
12 cyclo-CsH11C=C i-Pr 81 69 [60] 
13 cyclo-CsH11C=C t-Bu 76 98 [60] 
14 n-C8H17C--=C i-Pr 86 63 [60] 
15 n-C8H 17C-=C t-Bu 77 99 [60] 
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7.1.4 Chiral transition metal catalysts 
Enantioselective reduction of simple ketone carbonyls is possible, but catalysts 

that deliver consistently high selectivities in such reactions have been elusive [61- 
64]. More success has been recorded in the asymmetric reduction of functionalized 
ketones and imines (reviews" [65,66]). Two types of stoichiometric reductants are 
used: dihydrogen and dihydrosilanes (reviews" ref. [67,68]), but as the mechanism 
of hydrosilylation is "highly controversial" [68], we will discuss only the former. 

Ketone reductions. For the asymmetric hydrogenation of functionalized ketones, 
a team led by Noyori in Nagoya and Akutagawa in Tokyo introduced ruthenium(II) 
BINAP catalysts that produce excellent enantioselectivities for a number of 
functionalized ketones [69-75] (review" [76]; for a recent reference to a more 
reactive catalyst see ref. [77]). The topicity of the reduction is illustrated in Scheme 
7.7, and is suggestive of a mechanism in which the heteroatom X and the carbonyl 
oxygen chelate the metal (vide infra). The catalyst is thought to be a monomeric 
B INAP ruthenium(II) dichloride, which was originally prepared by a tedious 
process using Schlenk techniques [69]; however, improved procedures have since 
been developed [71-73]. 

OH O OH 
, ~  H2 ~ H2 - 

R X ~M-BINAP)RuCI2 R X (P-BINAP)RuCI2-- R ~ X  

PPh 2 
PPh 2 

O si--)!--.e 
R X 

PPh 2 
PPh 2 

M-BINAP P-BINAP 
Scheme 7.7. Ul relative topicity (e.g., P-BINAP/Re face) is uniformly observed for 
ruthenium BINAP catalyzed asymmetric reduction of functionalized ketones [70]. 

Selected examples that afford high selectivity are listed in Table 7.4. Several 13- 
keto esters are reduced with excellent enantioselectivity (entries 1, 3-6); however, 
t~-keto esters are reduced with somewhat diminished enantioselectivity [70]. ~-Keto 
amides and thioesters (entry 2) are good substrates, as are tx-and 13-hydroxy 
ketones (entry 7) and a-amino ketones (entries 7 and 8). Particularly striking is the 
chemoselectivity observed when the reductions are conducted at low pressures" 
isolated double bonds are left intact (entry 6). B ifunctional ketones may be 
problematic, since chelation might occur by more than one functional group. For 
example, a ketone such as HOCH2COCH2CO2Et could chelate via either the 
hydroxyl  or the ester oxygen, and this competition would lower the 
enantioselectivity. However, protection of hydroxyl as its triisopropylsilyl (TIPS) 
ether prevents chelation by the hydroxyl oxygen and excellent enantioselectivity 
results (entry 5). Competition is less of a worry if chelation forms a 6-membered 
ring, and protection as a benzyl ether suffices (entry 5). 7 

For an example of the effect of chelation on regioselectivity, see Scheme 4.3 and the 
accompanying discussion. 
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Table 7.4. Selected examples of asymmetric ketone reductions using RulIC12. 
BINAP. Reactions were run at room temperature and 50-100 atm unless 
otherwise noted. Yields were determined spectroscopically unless noted. 

, 

E n t r y  Ketone  % Yield % es Ref .  
, ,  

0 [69-71] i i  
1 Me.,At~., CO2 R - ~ >97 >99 

R = Me, Et, i-Pr, t-Bu 
o o 

M e ~ ~ [ l ' ,  X 
X = NMe2 

X =SEt  
o 

R ~ CO2Me 

100 

42 a 

99 

98 

96 

>__99 

[70] 

[69] 

R = Me, n-Bu, i-Pr 
O 

ph ~ CO2Et 

O 

RO~ ~, , . ,CO2Et 
(CHE)n 

99 92 [69] 

R = TIPS, n = 1 

R = B n O ,  n = 2  
R O 

~ ~ ~ ~ . ~  CO2Meb 

100 
94 

97 
99 

[70] 

R = H  
R = M e  

o 

M e ~ , ~  X 

X = NMe2 

X = O H  
X = CH2OH 

O 

R ~ NMe2 

a Isolated yield�9 
b 50 psi, 80 ~ 

73 
96 

99 
99 

72 

100 

100 

[72] 

98 

96 

99 

R = i-Pr 83 97 
R = Ph 85 97 

[70] 

[70] 

These catalytic reductions are relatively slow, requiring high pressures or high 
temperatures, and chiral 13-ketoesters racemize faster than they can be reduced. As 
it happens, reduction of one enantiomer is considerably faster than reduction of the 
other. This is a case of double asymmetric induction (see Section 1.5) applied to a 
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(a) 0 

CO2Et (/~ 

X 
O 
~---o o 

M-BINAP)RuCI 2 

100% conversion 

OH 

~ ' ~  CO2Et 

r x 
~---- 0 0 

x = Me: 99% syn, 94% ee 
X - OBn: 99% syn, 92% ee 

305 

(b) o o  co2Et CO2Et fast Ar matched pair Ar : ~ ~ syn 

H N T X  " - " -  H N y X  

O O 

Scheme 7.8. Asymmetric reduction of chira113-keto esters may be used in an 
asymmetric transformation of the first kind (dynamic kinetic resolution) [78]. 

kinetic resolution. Since the enantiomers racemize rapidly, the ruthenium BINAP 
catalyst can be used to effect an asymmetric transformation of the first kind (see 
Glossary, section 1.6), as shown in Scheme 7.8a [78]. In this example, the racemic  
13-keto ester is completely converted to the syn amino alcohol with a diastereo- 
selectivity (syn:anti) of 99:1. The syn product is obtained in 94% ee, indicating that 
of the four possible stereoisomeric products (syn and anti enantiomers), the major 
product is 96% of the mixture. The simple explanation for this beautiful result is 
shown in Scheme 7.8b: racemization under the reaction conditions is fast compared 
to reduction of either enantiomer, but reduction of the S-enantiomer by the M- 
BINAP catalyst (matched pair, addition to the ketone Si face) is itself faster than 
reduction of the R-enantiomer (mismatched pair, not shown), so the net result is a 
draining of the fast racemization equilibrium (Curtin-Hammett principle [79,80]). 

The proposed catalytic cycle for these reductions is shown in Scheme 7.9 [76]. In 
this scheme, it is assumed that the polymeric catalyst precursor [(BINAP)RuCI2]n is 
dissociated to monomer by the methanolic solvent. Reduction and loss of hydrogen 
afford the putative catalyst, (BINAP)RuHCI(MeOH)2. Displacement of the two 
methanols by the bidentate substrate then sets the stage for the hydrogen transfer 
step (vide infra). Exchange of the alkoxide product with the methanolic solvent and 
reaction with hydrogen to regenerate the catalyst completes the catalytic cycle. 
Deuterium labeling experiments showed that the mechanism involves C=O 
reduction, and not the alternative C=C reduction of an enol tautomer [78]. 

The X-ray crystal structures of two ruthenium BINAP complexes have been 
determined [74,81 ]. Figure 7.3a illustrates the structural features that are thought to 
influence stereoselectivity (see also Figure 6.3 and the accompanying discussion). In 
both crystal structures, the 7-membered chelate ring formed by the P-enantiomer of 
the B INAP ligand and the metal adopt similar conformations and have the pseudo- 
equatorial phenyl groups occupying the lower left and upper right quadrants, as 
viewed from the P-Ru-P plane with the BINAP to the rear. The pseudoaxial 
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Scheme 7.9. Catalytic cycle proposed for the asymmetric reduction of 
functionalized ketones by ruthenium BINAP catalyst (after ref. [76]). 

phenyls are slanted to the rear and would not significantly interact with a ligand 
bound trans to either phosphorous. For reduction of methyl acetoacetate, ul relative 
topicity is observed (P-BINAP catalyst preferentially attacking the Re face of the 
ketone). Assuming that the catalyst is a mononuclear monohydride complex having 
the hydrogen and chlorine trans, with the substrate chelated to the ruthenium (each 
carbonyl oxygen being trans to a phosphorous), the chirality sense may be 
rationalized by the two transition structures illustrated in Figure 7.3b and c. A 
four-membered transition structure having lk topicity (Figure 7.3b) would force 
the C-4 methyl into the crowded lower left quadrant, while the transition structure 
with ul topicity (Figure 7.3c) is less hindered [76]. 

(a) ~ -'~ 5-BINAP ~ heq 

P ...... Ru 

Pheq 

Pheq 'll 
tb) ~ heqCl (c) I H Me.it, 

P'.. I .O. OMe ~ P ..... I"~eJr 
p "Ru" ~x~ Ru .... i1 OMe 

| 11... 

Pheq Si I Pheq ul topicity (P/Re) ~ Me Ik topicity (P/Si) favored 

iiii e i 
Me. ~H2CO2Me I 

Figure 7.3. (a) Conformation of P-BINAP in two crystal structures [74,81]. (b) lk Topicity 
transition structure for asymmetric reduction of methyl acetoacetate. (c) ul Topicity transition 
structure. (After ref. [76]). Inset: definition of Re and Si faces of ketone. 
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Figure 7.4 illustrates three natural products that have been synthesized using 
ruthenium(II).BINAP-mediated ketone reduction as the key step. For pyrenophorin 
[82] and gloesporone [83], the secondary carbinol is retained, but for indolizidine 
223AB, the Mitsunobu reaction is employed to convert the alcohol to an amine [73]. 

gloesporone 

o 

' , , , , , ~  0 

0 0 
eeet r 

0 

pyrenophorin indolizidine 223AB 

Figure 7.4. Ruthenium(II).BINAP catalysts have been used as a key step in the asymmetric 
synthesis of gloesporone [83], pyrenophorin [82], and indolizidine 223AB [73]. 
Stereocenters formed by asymmetric reduction are indicated (.). 

Imine reductions. The asymmetric reduction of carbon-nitrogen double bonds is 
not possible using ruthenium(II) catalysts, but Buchwald has recently shown that a 
titanocene catalyst (Scheme 7.10) exhibits good to excellent enantioselectivity in the 
reduction of imines [84-86] (review: ref. [87]). The reaction can be highly 
stereoselective for both acyclic and cyclic imines, but since acyclic imines are 
usually a mixture of E and Z isomers, and since the imine isomerization is catalyzed 
by the titanocene, the reaction is not always preparatively useful for acylic 
substrates. Examples are listed in Table 7.5. For the cyclic imines (entries 1-8), the 
enantioselectivities indicated were obtained under hydrogen pressure of 80 psi, at 
temperatures of 45-65~ higher pressures (500-2000 psi) gave slightly higher 
enantioselectivities, although reduction of side-chain double bonds occurs. 

NHR 3 
). 

R1 R2 

79-96% es 

NR3 

R l ' ~  R2 
~TiH 

H2 
>64% yield 

H 2 (CH2)n R 

>69% yield >97% es 

Scheme 7.10. Titanocene catalyzed asymmetric reduction of imines [85]. In the 
accompanying discussion, the catalyst shown is designated the S,S enantiomer, in accord 
with the CIP rules for describing metal arenes [88]. This is a different designation than that 
used by Buchwald, however. 8 

In the original paper describing the preparation of the titanocene catalyst precursor [89], 
Brintzinger specified the chirality sense of the ansa metallocene by referring to the absolute 
configuration at C-1 of the indene (the carbon bearing the ethylene bridge), and Buchwald has 
adopted this usage. However, the CIP system states that the chirality sense of the complex should 
be assigned with reference to the arene ring atom (or in general, the ~-complexed atom of any 
ligand) having the highest CIP rank [88]. In this case, the highest-ranking atom is the CTa 
(indicated by o), which has the opposite CIP designation of C-1. For rules on assigning a CIP 
descriptor to n:-complexes, see ref. [90-93]. For another method (fl+/l)-), see ref. [94]. 
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Table 7.5. Examples of asymmetric imine reduction using Buchwald's chiral titanocene catalyst. 
Reactions were run at 45 ~ and 80 psi, with 5 mol% S,S catalyst, unless noted otherwise. 

Imine  A m i n e  % Yield % es 

1 ph ~~N/(CH2)n Ph ~ ~ - ~  (CH2)n 71-83 >99 

n = l - 3  ~ - 

2 H 79 97 
Me Me 

Me Me 

3 ~ ~ ~ ~ - " ~  ~ t ~ ~  72 >99 

R = H 72 >99 
R = TMS 73 a >99 

6 " " / ~ ' ( C H 2 ) 5 ~  ~ / ~ ' ~ ( C H 2 ) $ ~  

Ref .  

[84,85, 
95] 

[84,85, 
95] 

[85,95] 

[85,95] 

[85,95] 

69 b >99 [85] 

7 R = TBSOCH2 82 >99 
R = ethylenedioxy-CH 82 >99 

8 HO" )7 ~ HO,. 4 ~  84 >99 
(CH2 (CH2)7 

NR NHR 
c 

R = Me (92% E) 85 96 
R - Bn (92% E) 85 71 

d 
~ ~ ' ~ ~ ~ ~ , H B n  64 81 NBn 

10 
/ ~ - , ~  v ~ (75%E) 

NHBn 
RC(=NBn)Med ~ 66 88 

11 R = i-Pr (93% E) R Me 81 88 
R = Ph (94% E) 

R = 2-naDhthvl t98% E) 82 85 
a Yield includes 5-8% of product having a saturated side chain. 
b Yield includes 13-18% of product having a saturated side chain and 14-18% E-olefin. 
c 500 psi H2 
d 2000 psi H2. 

[85,95] 

[85,95] 

[84,85] 

[85] 

[84,85] 
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Examination of the enantioselectivities in Table 7.5 indicates a striking 

difference in selectivity achieved in the reduction of cyclic (entries 1-8) vs. acyclic 
imines (entries 9-11). The former is very nearly 100% stereoselective. The simple 
reason for this is that the acyclic imines are mixtures of E and Z stereoisomers, 
which reduce to enantiomeric amines (vide infra). The mechanism proposed for this 
reduction is shown in Scheme 7.11 [86]. The putative titanium(Ill) hydride catalyst 
is formed in situ by sequential treatment of the titanocene BINOL complex with 
butyllithium and phenylsilane. The latter reagent serves to stabilize the catalyst. 
Kinetic studies show that the reduction of cyclic imines is first order in hydrogen 
and first order in titanium but zero order in imine. This (and other evidence) is 
consistent with a fast 1,2-insertion followed by a slow hydrogenolysis (o-bond 
metathesis), as indicated [86]. Although ~-hydride elimination of the titanium amide 
intermediate is possible, it appears to be slow relative to the hydrogenolysis. 

CP'2Ti / , 
f [  RN~'/CR2 J ~  

( 1,2-insertion ( f a s t ) ~  
1.2 BuLi CHR2 
2. PhSiH 3 l-elimination Cp'2Ti.BINOL = Cp'2TimH ~ .... Cp'2Ti-- N (slow) R 

~ X ,  ~-bond m e t a t h e s i s ~  

R" CHR 2 

Scheme 7.11. Proposed catalytic cycle for the titanocene catalyzed reduction of 
imines [86]. 

Note the 112 bonding of the imine to the titanium at the transition state for 
insertion. The geometry of this complex is critical to the stereoselectivity of the 
reaction, since it is in this step that the stereocenter in the product is created. A 
dichlorotitanocene is tetrahedral around titanium, as indicated by the X-ray crystal 
structure shown in Figure 7.5 [89]. Note the C2 symmetry of the complex, the 
orientation of the two cyclohexane moieties in the upper left and lower right 
quadrants (Figure 7.5b), and the placement of the two chlorines with respect to the 
cyclohexanes, especially as viewed from the "top" (Figure 7.5d). Based on valence 
orbital calculations of olefin complexes that are isolobal to the titanium-imine 
transition structure shown in Scheme 7.11, Buchwald has proposed that the 
configuration of the titanium in the transition state is similar to that of the 
dichlorotitanium complex, with one chloride being replaced by a hydride, the other 
by the 1,12 imine ligand, as shown in Figure 7.6 [86]. In a tetrahedral geometry, the 
imine can only coordinate to the titanium as shown, with the N-methylene oriented 
to the lower left quadrant of the drawing in Figure 7.6a. That this can be the only 
possible orientation is shown clearly by the top view in Figure 7.6b. This view also 
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% 

Figure 7.6. Transition structures for titanocene hydride imine 
reduction [86]: (a) Front view of heterocycle reduction. (b) Top 
view of heterocycle reduction. (c) Front view of acylic imine 
reduction. (d) Top view of imine reduction. 

For acyclic imines, note that interchange of R1 and R2 in the transition structure 
is equivalent to an E/Z isomerization of the educt. Reduction of cyclohexyl methyl 
N-benzyl imine, using a stoichiometric amount of catalyst affords a 92:8 R / S  
enantiomer ratio that is identical to the 92:8 E/Z ratio of the educt (i.e., the reaction 

Figure 7.5. Crystal structure of S,S ethylene-bis(tetrahydroindenyl)titanium chloride [89]: (a) 
Perspective drawing of complex. (b) Front stereoview. (c) Side stereoview. (d) Top stereoview. 

illustrates positioning of the phenyl in the vacant upper right quadrant, with a 
minor interaction taking place between C-3 of the heterocycle and the cyclohexyl in 
the lower right quadrant. This aspect of binding in the transition structure is 
important in the analysis of the reduction of acyclic imines, as shown in Figure 7.6c 
and d. 

Ph 
3 
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is stereospecific). This is interpreted as follows: the major imine isomer is E (R2 = 
cyclohexyl, R1 = methyl). Addition to the Si face gives the R enantiomer of the 
amine. With the Z imine, R2 is methyl and R1 is cyclohexyl. Addition to the Re face 
gives the S amine. Entry 9 of Table 7.5 (R = Bn) is the same reaction, but using 
only 5 mol% of catalyst. Under catalytic conditions, the reaction is no longer 
stereospecific for two reasons: first, the E and Z isomers interconvert slowly under 
the reaction conditions (probably catalyzed by the titanium), and second, the Z 
isomer is reduced faster than the E isomer. If the hydrogen pressure is reduced 
from 2000 psi to 500 psi, the enantioselectivity drops to 71%, consistent with a 
slower rate of reduction relative to E/Z isomerizat ion [86]. 9 

The titanocene catalyzed asymmetric imine reduction may be used in kinetic 
resolutions of racemic pyrrolines [96]. The most efficient kinetic resolution was 
observed for 5-substituted pyrrolines, and the mechanistic postulate outlined above 
readily accomodates the experimental results, as shown by the matched pair 
transition structure in Scheme 7.12 [96]. ~~ Pyrrolines substituted at the 3- and 4- 
positions were reduced with excellent enantioselectivity, but kinetic resolution of 
the starting material was only modest [96]. 

c a t ' - -  " f 

" R2 R! = Me, TIPSOCH2 reduced recovered 
34-44% yield 37-41% yield R2 = Ph, n-Cl IH23, matched pair 

N-Bn-2-pyrrolyl >95% ee >95% ee 

Scheme 7.12. Kinetic resolution of 5-substituted 1-pyrrolines by asymmetric 
reduction using the S,S chiral titanocene catalyst [96]. 

7.2 Reduct ion of carbon-carbon bonds 

Reduction of a carbon-carbon double bond will produce a chiral product if the 
olefin is (unsymmetrically) geminally disubstituted. Although hundreds of catalysts 
having chiral ligands have been synthesized and screened with a number of alkene 
structural types (reviews: ref. [65,97-107]), the present discussion will focus on 
only one: the reduction of acetamido cinnamates using soluble rhodium catalysts 
(reviews: ref. [97,100,108-110]). The development of chiral bisphosphine ligands 
and the herculean effort that led to the elucidation of the mechanism of this reaction 
make it an important example for study, since we now know that the major 
enantiomer of the product arises from a minor (often invisible) component of a 
pre-equilibrium [109,111 ]. This aspect of chemical reactivity is an important lesson 
whose importance cannot be overemphasized" when we strive to understand the 

9 
In contrast, the enantioselectivity of cyclic imine reduction is independent of hydrogen pressure. 

10 In reference [96] the R,R enantiomer of the catalyst (cfScheme 7.10) was employed. To maintain 
consistency with Scheme 7.10 and Figure 7.6, we illustrate the S,S catalyst. 
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forces that govem reactivities and selectivities, we must never overlook the fact that 
an observable intermediate in a chemical process may not be the one responsible for 
the observed products. 

Following Wilkinson's detailed studies of tris-triphenylphosphine rhodium 
chloride as a soluble catalyst for hydrogenations [112], it did not take long for 
chemists to realize that chiral phosphines could be substituted for 
triphenylphosphine so as to effect an asymmetric reduction [113]. Following 
Mislow's development of a synthesis of chiral phosphine oxides [ 114], the groups of 
Knowles [115] and Horner [113] tested methyl phenyl n-propyl phosphine in the 
Wilkinson catalyst system, but found only low selectivities in the reduction of 
substrates such as ct-phenylacrylic acid. These efforts were predicated on the (very 
reasonable) assumption that the chiral rhodium complex should contain chirality 
centers at phosphorous (since they are close to the metal). However, this assumption 
was proven wrong in 1971 when Morrison [116] and Kagan [117] independently 
showed that ligands such as R*-PPh2 (Morrison) and Ph2P-R*-PPh2 (Kagan) 
(where R* contains a chirality center) were capable of reducing substituted 
cinnamic acids with enantioselectivities in the 80% (es) range, as shown by the 
"record-setting" examples in Scheme 7.13. The Kagan ligand, derived from tartaric 
acid, later became known as "DIOP", and served as the prototype for many more 
chiral, chelating diphosphine ligands. The Kagan example also demonstrates the 
utility of an asymmetric reduction protocol for the synthesis of a-amino acids. A 
similar reaction is now used industrially for the enantioselective production of 
dihydroxyphenylalanine (DOPA, a drug for treating Parkinson's disease) and 
aspartame (an artificial sweetener). It can be fairly stated that these spectacular 
early successes served to heighten optimism for the prospects of asymmetric 
synthesis in general, and asymmetric catalysis in particular, hopes that have been 
well rewarded in the interim. 

(a) 

(b) 

Ph ~ i-Pr 

M ~ . x  O2H e/ XC Me" v -~p_)3RhC! Ph2 ~. 
HE 

Ph 
~ C O 2 H  
Me 

80% yield 
80.5% es 

O ~  PPh2 

Ph\ \-/CO2H O p;RhCI ph~..~CO2H 

Ph2 
NHAc ,- NHAc 95% yield 

H2 81% es 

Scheme 7.13. (a) Morrison's asymmetric reduction of 13-methyl cinnamic acid 
[ 116]. (b) Kagan's asymmetric reduction of N-acetyl dehydrophenylalanine and 
the debut of the DIOP ligand [117]. 

These examples were followed with a continuous stream of ligands (that 
continues to this day: cf. ref. [66,105,107,108,118-120]) that were tested with 
rhodium and other metals in asymmetric reductions and other reactions catalyzed 
by transition metals [102-104,121]. Simultaneously, studies of the mechanism of the 
asymmetric hydrogenation were pursued, most agressively in the labs of Halpern 
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and Brown. The currently accepted mechanism is shown in Scheme 7.14 [ 111 ]. The 
substrate (methyl Z-acetamidocinnamate, middle left) displaces two solvent 
molecules from the cationic rhodium catalyst (center) in an equilibrium that favors 
the diastereomer in which the rhodium is bound to the Si face (at C-2) of the alkene 
[ 122]. This equilibrium defines the "major" and "minor" manifolds of the reaction. 
The sequence of oxidative addition of dihydrogen, migratory insertion, and 
reductive elimination, completes the cycle in both manifolds. With some 
bisphosphines, both of the initially formed diastereomeric complexes are visible by 
NMR; with others, signals from the minor diastereomer are lost in the noise. Each 
subsequent reaction is irreversible, but at low temperature the rhodium alkyl 
hydride product of migratory insertion can be intercepted and characterized 
spectroscopically [ 123,124]. Surprisingly, the intercepted complex (leading to the S 
product) has the metal on the Re face of C-2! Thus, the major product of the 
reduction is produced by oxidative addition of dihydrogen to the minor 
diastereomer of the catalyst-substrate complex [ 111,123]. 

.C02Me 

H2 om~.~fiv e Me"-~lj . . . .  Rh..,H) 
Ph"O~" I~ ~'P 
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me--~\ lJ,,.- Rh"'" P) Manifold 
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MeO2C .N ] 
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P~" "~' O" Ph Jmaj 
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eH-~\~el~Sh'~ P)*/ 

reductive S elimination 

AcNH CO2Me 
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MeO2C..~ NHAc 
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MeO2C ]+ 
S...\ _NH / 

P,, i Jl,~V" I I *( _~Rh'~,~ //t.-. el M 
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,,(7", P Xl(, '~ igratory 
H2 ""~ [ (n,, Rh p~ i .~O.p h,,~//)-Me " ~  insertion 

H maj S 

o-MeOPh 
V 

Ph ~ ~ P, Ph 
A 

o-MeOPh R,R-DIPAMP 

S = MeOH; , (  P 
P 

= chiral bisphosphine, topicity shown is for R,R-DIPAMP 
III I I 

Scheme 7.14. Mechanism of asymmetric hydrogenation of N-acetyl dehydrophenylalanine [ 111 ]. 
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At temperatures above 4 0  ~ the rate-determining step of the reaction is the 

oxidative addition of hydrogen to the catalyst-substrate complex. Because the 
interconversion of the two diastereomeric catalyst-substrate complexes is fast 
relative to the rate of oxidative addition [ 111 ], and because the migratory insertion 
and reductive elimination steps are kinetically invisible, the complex equilibria in 
Scheme 7.14 reduce to a classic case of Curtin-Hammett kinetics [80], whereby the 
relativerate of the formation of the two enantiomers is determined solely by the 
relative energy of the two transition states, as illustrated in Figure 7.7. This energy 
difference is 2.3 kcal/mole, corresponding to a relative rate of about 50:1 for 
formation of the S product over the R (from R,R-DIPAMP catalyst at 25~ or 98% 
es (cf. Figure 1.3, p. 9). 

/ff• I2.3 kcal/mol 

R S 

MeOIC.., ] [ N--CO2Me ] 
R _ slow sir fasL ITRe fast S 

minor- (P~Rh .... e _ ] M e  Rh.~,p).l �9 major 
maj [ Ph"O P Jmin 

Figure 7.7. The asymmetric hydrogenation of N-acetyl dehydrophenylalanine ester as an 
example of Curtin-Hammett kinetics. Energy values taken from ref. [ 111 ]. 

Still, the question remains: why is the one diastereomer of the catalyst-substrate 
complex so much more reactive than the other? In 1977, Knowles suggested, based 
on examination of the crystal structures of several metal complexes having chiral 
bisphosphine ligands, that the orientation of the P-phenyl groups could be the 
source of the enantioselectivity of these reactions [125]. The common feature 
Knowles observed (Figure 7.8) is that the two equatorial phenyls are oriented such 
t h a t -  with the bisphosphine in the horizontal plane and the metal in f r o n t -  their 

~ ~  o-MeOPh 
axial Ph P ~  ~.. 

"i  Ph 
M .... , p~...~,/~~ o-MeOPh R,R-DIPAMP 

equatorial~~ '~ " ~ ~ . . ~ /  M e ~  PPh2 

axial U equatorial Me PPh 2 

CH2PPh2 

CH2PPh 2 

R,R-DIOP 

R,R-CHIRAPHOS 

Figure 7.8. Bisphosphine ligands and the common structural feature that affects steric 
crowding of ligands bound trans to phosphorus [97,125]. Note vacant upper left and lower 
right quadrants in the generalized structure on the left. 
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Scheme 7.15. Possible orientations for oxidative addition of dihydrogen to the major (left) and 
minor (right) diastereomers of the catalyst-substrate complex (for simplicity, the linkages 
connecting the atoms bonded to the metal are indicated with a curved line). The boxed structures 
are the only octahedral structures that are not encumbered by severe non-bonded interactions; they 
are redrawn at the bottom with the bisphosphine to the rear and in the horizontal plane. The 
topicity illustrated is for ligands having the structure of Figure 7.8, such as R,R DIPAMP, R,R- 
DIOP, or R,R CHIRAPHOS (see Figure 7.8). 

'faces' are exposed to a ligand coordinated at a site towards the viewer, while the 
two axial phenyls expose 'edges'. This conformation produces two crowded 
quadrants (those having the axial phenyls) and two vacant quadrants, as shown in 
Figure 7.8. Structural features similar to this have turned up in the interim in the 
structures of numerous other ligands, and can be conveniently used to explain the 
stereoselectivity of a number of metal-catalyzed reactions (cf. Figures 4.18, 6.3, 
6.10, 6.20, 6.21, 7.3, 7.6). 11 

For the asymmetric hydrogenation, both substrate-catalyst complexes are square- 
planar, and hydrogen could, in principle, add from either the top or the bottom of 

! 1 For a recent leading reference to these structural features, see ref. [ 126,127] 
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either complex, as illustrated in Scheme 7.15. From a molecular orbital standpoint, 
there is no reason to expect any one of these four possibilities to dominate. Indeed, 
it is likely that the oxidative addition of dihydrogen occurs stepwise, and that the 
hydrogen binds "edgewise" initially (making a square pyramid complex), followed 
by H-H cleavage to form the octahedral dihydride product. Further, it is likely that 
the dihydrogen associates with the metal many times before H-H bond cleavage 
occurs. 12 Lacking an electronic rationale, the only other possible explanation is that 
the movement of the ligands (as the oxidative addition proceeds) is determinant. 

Scheme 7.15 illustrates the eight possible octahedral complexes that could arise 
by addition of dihydrogen to either the top or the bottom of the two square 
complexes. Each is drawn so that the orientation of the substrate remains 
unchanged, and one of the phosphines is moved trans to the incoming hydrogen. A 
molecular mechanics investigation [129] indicates that only two of the eight 
structures are viable (boxed, redrawn at the bottom of Scheme 7.15); all the others 
suffer severe nonbonded interactions between ligands. Note the similarity of the two 
boxed structures" in both, a hydride is trans to the chelating oxygen and cis to both 
phosphorous atoms. The double bond and the second hydride are then meridonal 
with respect to the two phosphorous atoms. The reason for the difference in 
stability can be seen by examining the orientation of the substrate relative to the 
axial phenyls: in the favored configuration, the substrate occupies the less crowded 
"lower right" quadrant. It is implicit in this analysis that the energetic consequences 
of these various structural features must be felt in the competing transition states 
for oxidative addition. 

Two factors contribute to the success of this reaction: the outstanding enantio- 
selectivity achieved, and efficiency of the catalyst (i.e, high turnover). The above 
analysis emphasizes only the former, but the latter also varies with the nature of the 
chiral bisphosphine ligand and the structure of the substrate. The structural features 
of the substrate and the catalyst are mutually optimal in the example cited above. 
Perturbation of any of these features usually lowers either the enantioselectivity or 
the turnover rate. The range of substrates that are amenable to asymmetric hydro- 
genation with this catalyst system is, therefore, limited. Figure 7.9 illustrates the 
classes of substrate that can be accomodated by cationic rhodium bisphosphine 
catalysts [ 104]. For a more extensive summary, see ref. [ 110]. 

~ R2 

R 1 NHCOCH 3 

R 1 = H, alkyl, aryl 
R 2 = CO2R, Ph 

Figure 7.9. Substrate tolerance in the asym- 
metric hydrogenation (after ref. [104]). 

12 Hoff has shown that the rate of dissociation of a tungsten-dihydrogen complex is at least one 
order of magnitude faster than the rate of oxidative addition (H-H bond cleavage) to a dihydride 
complex [ 128]. 
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7.3 Hydroborations 
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The first asymmetric synthesis to achieve >90% optical yield was Brown's 
hydroboration of cis alkenes with diisopinocampheylborane (Ipc2BH, Figure 7.10) 
in 1961 [130,131]. The reagent was prepared by hydroboration of o~-pinene of 
-90% ee; 2-butanol obtained from hydroboration/oxidation of cis-2-butene had an 
optical purity of 87%, indicating an optical yield of 90%. cis-3-Hexene was 
hydroborated in --100% optical yield. Since then, simple methods for the 
enantiomer enrichment of Ipc2BH (and IpcBH2) have been developed [132-134], 
and enantioselectivities have been evaluated more carefully with the purified 
material. For example, Ipc2BH of 99% ee 13 affords 2-butanol (from cis-2-butene) 
in 98% ee and 3-hexanol (from cis-3-hexene) in 93% ee, both determined by 
rotation (see Table 7.6, entries 1 and 5) [132]. ~4 

.... )2 a n  ~ .... HE 

diisopinocampheyl borane monoisopinocampheyl borane trans 2,5-dimethylborolane 
Ipc2BH lpcBH 2 DMB 

Figure 7.10. Chiral hydroborating reagents: IpcBH2 [130-134], IpcBH2 [133,135]; DMB [136]. 

Today, Ipc2BH is still as good a reagent as any for achieving enantioselective 
hydroboration of cis alkenes (Table 7.6, entries l, 2, 6, 7, 10, 12-17; reviews: 
[2,137-139]). However, it does not afford good enantioselectivities with trans-disub- 
stituted or trisubstituted alkenes. For these classes of compounds, monoisopino- 
campheylborane, IpcBH2 (Figure 7.10), gives good selectivities, as indicated by the 
examples in Table 7.6, entries 4, 8, and l l [135]; recrystallization of the 
intermediate borane may be used to purify the major borane diastereomer in some 
cases (Table 7.6, entries 2, 18, 20, 22, 24, and 26), and serves to improve the 
overall enantioselectivity of the process [133]. 

In 1985 [ 136], Masamune introduced trans-2,5-dimethylborolane (Figure 7.10) 
as a chiral hydroborating agent that works well for cis and trans disubstituted and 
trisubstituted alkenes (Table 7.6, entries 3, 5, 7, 9, 19, 21, and 23). Although this 
reagent is the most versatile yet invented, its preparation is sufficiently cumbersome 
that its synthetic utility is not great. On the other hand, the conformational rigidity 
of this reagent allows us to postulate a reasonable transition structure to account for 
the topicity of the hydroboration (Scheme 7.16). Specifically, when R1 ;~ H, and 
either R2 or R3 = H, the boron of the R,R-borolane adds preferentially to the Si 
face of the alkene carbon. Good stereoselectivity will result when either R2 or R3 
(or both) are # H, since the carbon which is attacked by boron determines the 
stereoselectivity. Conversely, if R1 - H, there is little difference in energy between 

13 This is the enantiomeric purity of isopinocampheol produced by oxidation of the purified Ipc2BH, 
measured by rotation [ 132]. 

14 The discrepancy between the optical yields using enantiopure tz-pinene and that of-90% ee is 
probably due experimental error in the measurement of rotations. 



3.18 Principles of Asymmetric Synthesis 

Table 7.6. Examples of enantioselective hydroborations. The "Reagent" column refers to the 
structures in Figure 7.10. The "% es" column reflects the overall enantioselectivity of the process, 
including any diastereomeric enrichment, and is corrected for the enantiomeric purity of the 
borane. 

' i E n t r y  Alkene  
1 cis-2-butene 

wt 

3 it 

4 trans-2-butene 

6 cis-3-hexene 
7 " 

8 trans-3-hexene 
9 " 

10 norbornene 
11 trans-stilbene 

14 ~ X  
15 

17 

21 
22 
23 

24 ~ P h  
25 

Ph 

Reagent % Yield % es " Ref .  

Ipc2BH 74 99 [130-132] 
IpcBH2 78 99 [133] 
DMB 75 97 [136] 

IpcBH2 73 86 [ 135] 
DMB 71 100 [136] 

Ipc2BH 68-81 95-96 [ 130-132] 
DMB 83 100 [136] 

IpcBH2 83 87 [135] 
DMB 83 >99 [136] 

Ipc2BH 62 91 [130-132] 
IpcBH2 69 82 [135] 
Ipc2BH 
X = O 74 >99 [140] 

X = NCO2Bn 85 >99 [140] 
Ipc2BH 
X = O 87 >99 [140] 
X = S 80 >99 [ 140] 

Ipc2BH 
X = O 81-85 91-93 [ 140] 
X = S 68 83 [140] 

IpcBH2 78 99 [133] 
DMB 90 94 [136] 

n = 1:IpcBH2 65 100 [133] 
n = 1: DMB 79 98 [136] 

n = 2:IpcBH2 75 99 [133] 
n = 2: DMB 60 96 [ 136] 

IpcBH2 
n = 1 72-92 100 [133,135] 
n = 2 79 94 [135] 

IpcBH2 77 100 [133] 

R2 R3 \ Me R2 ~ " " R 3  

Scheme 7.16. Favored transition structure for asymmetric hydroboration by 
Masamune's borolane [136]. 
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the illustrated transition structure and an alternative one in which R2 and R3 are 
interchanged. In fact, for 1,1-disubstituted alkenes, none of the reagents of Figure 
7.10 affords products in greater than 10% ee (<55% es). 

The conformational mobility around the B-C bond(s) in IpcBH2 and Ipc2BH 
complicate the analysis for these terpene-derived boranes, but Figure 7.11 gives a 
simplified picture. Using ab initio techniques, Houk and coworkers [141] located the 
transition structures for the hydroboration of simple alkenes, and found that the 
most consistent feature of the most stable transition structures has the auxiliary (R*) 
and the substituent on carbon (R) anti to each other, as shown in Figure 7.1 l a. 
Analysis of the conformational motion of the B-R* bond revealed that the 
substituents on boron prefer to be staggered with respect to the forming C-B bond. 
Furthermore, the most stabile position is anti to this bond. The so-called "outside" 
position is less encumbered sterically than the "inside" position, and the difference 
in energy between these two is affected by whether the alkene is cis or trans (Figure 
7.1 l b). In Figure 7.1 l c the pinene substituent is reduced to a shorthand notation of 
Small (H), Medium, and Large substituents on the carbon bearing the boron. 

(a) (b) anti 
R cis " ~ F  B~176 

/ ~ H'" trans ' X~',,,, 
R* RI~I'~" - -  cis 

trans 

(c) Me /,Large 

Me 4 - -  Small 

]/ ~ n  BH 2 

Medium 
Figure 7.11. Terminology definitions for hydroboration transition structures [141]: (a) The 
auxiliary may be either syn or anti to the alkene substituents, but anti to the substituent (R) on the 
nearest carbon. (b) A stereocenter attached to boron, in a staggered conformation with respect to 
the forming C-B bond, has substituents in anti, inside, and outside positions. (c) Definition of the 
Large, Medium, and Small substituents of IpcBH2. 

With these generalizations in mind, it is possible to qualitatively ~5 rationalize the 
results with IpcBH2 and Ipc2BH. The more easily understood example, of course, is 
IpcBH2, since there is only one pinene moiety involved. This reagent is most 
selective with trans alkenes, so this olefin-type is illustrated first. The lowest energy 
(molecular mechanics) transition structure for addition of boron to the Si face of 
the alkene (Figure 7.12a) has the pinene anti to R (methyl), and has the small, 
medium, and large ligands in the most stable positions relative to the newly forming 
C-B bond: L-anti, M-outside, and Small(H)-inside. In contrast, the transition 
structure for addition to the Re face (Figure 7.12b) has L in the less favorable 
outside position [ 141 ]. Note that in both of these structures the inside position is in 
close proximity to the second methyl (R) group, which increases the destabilization 
of any conformer in which either M or L occupy the inside position. IpcBH2 is also 
fairly selective with trisubstituted alkenes (Table 7.6), and the transition structures 
of Figure 7.12 show why this should be the case: an additional substituent in the cis 

Houk, et al, note that the magnitude of the experimentally observed selectivities do not correspond 
to the energy differences their molecular mechanics calculations indicate, so this analysis and the 
calculated transition structures may only be taken as a first approximation [ 141 ]. 
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H M ],  

Re; H' ] 
H,7r I 
R H J  

Re 

Figure 7.12. Transition structures for the asymmetric hydroboration of 
trans-2-butene with IpcBH2. Reprinted with permission from ref. [141], 
copyright 1984 Elsevier Science, Ltd. 

position (cf. Figure 7.1 l a,b) imposes no additional crowding on the transition 
structure. On the other hand, IpcBH2 is much less selective with cis alkenes. Here, 
the position of the alkyl group is moved away from its close proximity to the inside 
position, and a number of other transition structures become feasible [ 141 ]. 

For hydroborations with Ipc2BH, there are two pinene moieties to consider. 
Ipc2BH is only selective for cis alkenes, and the alkene substituents (R in Figure 
7.13a) must be near one of them (R* in Figure 7.13a). Houk, et al., find that there 
is only one conformation that the two pinenes may adopt relative to each other, and 
that is shown schematically in Figure 7.13b [141]. In the conformation shown, the 
olefin can align itself with the B-H bond and have the two R groups oriented either 
toward the proximal or distal pinene. Note that the proximal pinene has the Small 
hydrogen in the inside position, whereas the Large substituent of the distal pinene is 

(a) (b) (c) 

R *  .. 

R* 

H 

MM , ~ H H I ,  " ,, L 

favored 

Figure 7.13. Transition structure for hydroboration of a cis alkene with Ipc2BH. (a) 
The alkene substituents must be syn to one of the pinenes (R*). (b) Schematic 
representation of the lowest energy conformation. (c) Molecular mechanics - derived 
structure, with the rear (distal) pinene deleted for clarity. Reprinted with permission from 
ref. [ 141 ], copyright 1984, Elsevier Science, Ltd. 



ChaRter 7: Reductions and Hydroborat~ons 32 ! 

in the crowded inside position. The alkene is least hindered in the orientation shown 
in Figure 7.13b. Figure 7.13c shows the transition structure with the distal pinene 
deleted for clarity [141]. Note that in this structure, the alkene substituent is 
oriented toward the proximal pinene (with respect to the 4-membered ring), and it 
is therefore clear why lpc2BH preferentially attacks the Re face (Figure 7.13). This 
is in contrast to IpcBH2, which prefers the Si face (Figure 7.12), because the alkene 
substituent is anti to the pinene. 
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Chapter 8 

Oxidations 

8.1 Introduction and scope 

Some of the most effective and commonly used techniques in asymmetric 
synthesis utilize oxidation reactions, especially epoxidation and (increasingly) 
dihydroxylation reactions. The reasons for this begin with the general utility of the 
products in organic synthesis. Because of ring strain, epoxides are excellent partners 
for substitution reactions by a very wide variety of nucleophiles. Epoxides can also 
be readily converted to allylic alcohols by elimination or ketones by rearrangement. 
Although less important historically, the chemistry of 1,2-diols (as obtained by 
hydration of epoxides or directly by dihydroxylation) has received more and more 
attention, largely driven by the increasing availability of simple enantioselective 
methods for their synthesis. 

Some of the most pertinent virtues of asymmetric epoxidations and 
dihydroxylations were already present in their classical versions. Both reactions are 
highly chemo-selective and can be carried out in the presence of many other 
functional groups. More important with respect to stereochemistry, each reaction is 
stereospecific in that the product faithfully reflects the E or Z configuration of the 
starting olefin (the nucleophilic epoxidation of ct,13-unsaturated carbonyl compounds 
is an important exception). And one should not underestimate the importance of 
experimental simplicity: in most cases, one can carry out these reactions by simply 
adding the often commercially available reagents to a substrate in solvent, without 
extravagant precautions to avoid moisture or air. 

This chapter summarizes several types of asymmetric oxidation reactions. Since 
most of the these reactions have been thoroughly reviewed, coverage is selective. 
Once again, the emphasis is on utility and rationales of stereoselectivity. 

8.2 Epoxidations and related reactions 

8.2.1 Early approaches and relevant issues of diastereoselectivity 
Most early approaches to the incorporation of enantioselectivity into oxidation 

chemistry utilized straightforward chiral variants of the peracids so popular in 
standard epoxidation reactions; the essential aspects of this work have been 
summarized [ 1 ]. The main difficulties arose from the nature of the transition state in 
peracid-mediated epoxidations, as illustrated for a simple trans alkene (Scheme 8.1). 
Regardless of the size differential of the ligands in a chiral peracid R*-CO3H, the 
stereogenic center(s) on R* are too far away from the developing stereogenic centers 
in the epoxide to exert much influence between the two possible transition structures 
shown in Scheme 8.1. This is true whether the transition structure has the peracid 
functional group and the developing epoxide in a plane (the butterfly arrangement, 
shown) or within planes perpendicular to each other (the spiro arrangement). Clearly, 
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(a) R* ",1=o 
O. H 

O 
~.,' ' R2 I .,L~ ~ 
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-R*CO2H 0 

R! R 2 

(b) �9 ,oR2 
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\ /  

o 

Scheme 8.1. Generalized illustration of epoxidation of a trans-alkene using a chiral peracid; R* = 
a generic chiral substituent (in early work, monoperoxycamphoric acid was often used). 

a transition state in which the chirality in the reagent is closer to the reacting olefin is 
required. 

An important clue as to how this could be done came from work done by Henbest 
and coworkers [2]. This group compared the diastereoselectivity of peracid oxidation 
reactions of 3-hydroxy and 3-acyloxycyclohex-2-enes (Scheme 8.2). When the 
alcohol was capped by an acetate group, the trans addition product predominated. 
Better selectivity was later obtained by placing a larger trimethylsilyl group on the 
allylic alcohol [3]. In both cases, the source of the selectivity could be ascribed to the 
approach of the reagent from the least hindered side of the molecule (anti to OR); put 
another way, the approach from one face was slowed relative to the other (Scheme 
8.2a). 

(a) OR OR 

"~ ro 

o 
"~Ar " 

R - Ac, 67% ds 
R = TMS, 95% ds 

Ar * 
(b) OH o = (  ,,H OH 

Scheme 8.2. (a) Addition of m-CPBA from the face opposite to 
the allylic acyloxy or trimethylsilyloxy ligand. (b) Proposed 
delivery of peracid to the ~-face of the substrate mediated by the 
allylic alcohol group. Other modes of hydrogen bonding have been 
proposed for this type of reagent delivery [4,5]. 

In contrast, attack was found to occur syn to an allylic hydroxy group; obviously, 
simple steric effects do not account for this result. Instead, it appears that the alcohol 
is hydrogen bonded to the peracid in the transition state. One possible transition 
structure for this is shown in Scheme 8.2b; note that the allylic alcohol must occupy a 
pseudoaxial position to "deliver" the reagent to the olefin. In addition to this 
stereochemical feature, such an intrasupramolecular delivery of reagent might be 
expected to lower the activation barrier of the reaction due to favorable entropic 
considerations. Thus, rather than achieving selectivity by blocking an unfavorable 
path relative to an achiral model system, one might effect facial selectivity by 
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enhancing the rate of attack from one face relative to the other. Similar directing 
effects have been observed in a wide variety of oxidations [6] and other reactions [7]. 

This idea was later extended by Sharpless and his group to include epoxidation 
reactions mediated by transition metals, notably those based on vanadium [5]. More 
than any other system, these diastereoselective epoxidation reactions laid the 
groundwork for the development of the first truly catalytic asymmetric epoxidation 
reactions. Thus, soluble metal complexes such as VO(acac)2 react with simple 
organic peroxides, such as tert-butylhydroperoxide, to form a potent oxidizing system 
in situ. However, an allylic alcohol is essential for the oxidation reaction to proceed" 
isolated alkenes do not react under similar conditions. Accordingly, a mechanism 
involving intimate contact between all three components of the reaction around the 
transition metal was proposed. The various components of the oxidizing system 
seemed to be close to the reacting olefin in the transition state, as reflected in higher 
diastereoselectivities relative to peracid oxidations. Some outstanding results were 
obtained; several chemo- and stereoselective examples are depicted in Scheme 8.3 
[5]. 

(a) ~ OH 
VO(acac) 2, t-BuOOH__ 

OH 

(b) R 

O - H H 
OH 

I u 

R [O] l:u ratio 

H m-CPBA 60 �9 40 
H VO(acac) 2, t-BuOOH 20" 80 
CH 3 m-CPBA 45"55  
CH 3 VO(acac) 2, t-BuOOH 5" 95 

Scheme 8.3. Some examples of V+5-mediated reactions of allylic alcohols with 
t-BuOOH. (a) A chemoselective reaction [8]. (b) Stereoselective reactions of 
acyclic allylic alcohols, compared to results obtained using m-CPBA [9]. Note 
that better selectivity is usually obtained using the metal-based oxidation 
system, but not always with the same relative topicity as observed using a 
peracid. 

The requirement for coordination of an allylic alcohol to the metal and the lack of 
epoxidation by t-BuOOH in the absence of metal guaranteed a potent rate 
acceleration for suitable substrates. In addition, this phenomenon allowed the very 
useful chemoselective differentiation between allylic alcohols and unsubstituted 
olefins. These experiments set the stage for the development of an efficient 
asymmetric epoxidation reaction. 
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8. 2.2 Epoxidations 

Katsuki-Sharpless asymmetric epoxidation. Since its introduction in 1980 [10], 
the Katsuki-Sharpless asymmetric epoxidation (AE) reaction of allylic alcohols has 
been one of the most popular methods in asymmetric synthesis ([11-14]). In this 
work, the metal-catalyzed epoxidation of allylic alcohols described in the previous 
section was rendered asymmetric by switching from vanadium catalysts to titanium 
ones and by the addition of various tartrate esters as chiral ligands. Although subject 
to some technical improvements (most notably the addition of molecular sieves, 
which allowed the use of catalytic amounts of the titanium-tartrate complex), this 
recipe has persisted to this writing. 

In general, the reaction accomplishes the efficient asymmetric synthesis of 
hydroxymethyl epoxides from allylic alcohols (Scheme 8.4). Operationally, the 
catalyst is prepared by dissolving titanium isopropoxide, diethyl or diisopropyl 
tartrate (DET or DIPT, respectively), and molecular sieves in CH2C12 at-20 ~ 
followed by addition of the allylic alcohol or t-BuOOH. After a brief waiting period 
(presumably to allow the ligand equilibration to occur on titanium), the final 
component of the reaction is added. 

Ti(O-i-Pr)4, t-BuOOH R1 ~ R2 

/ D-(-)-diethyl tartrate ~ R 3 . ~ O H  

OH 
Ti(O-i-Pr) 4, t-BuOOH R l~,~,,, R2. 

L-(+)-diethyl tartrate R3 ~ v O  H 

Scheme 8.4. The asymmetric epoxidation reaction of allylic 
alcohols. As usually carried out in CH2CI2 at-20 ~ the 
reaction generally affords the product epoxides in excellent 
yields (>70%) and enantioselectivities (>95%). In addition, the 
reaction is predictable with respect to the predominant 
enantiomer obtained according to the above scheme. 

The virtues of the AE are obvious. In each case, the components are commercially 
available at reasonable cost. The availability of tartrate esters in both enantiomeric 
forms is especially fortunate, allowing the synthesis of either enantiomer of a desired 
product. A key feature in this regard is the predictability of the process; no exceptions 
to the trend shown in Scheme 8.4 have been noted in reactions using achiral 
substrates. And the simplicity of standard epoxidation reactions has been effectively 
retained, especially considering that the chiral catalyst system is prepared in situ. 

A simplified version of the mechanism proposed by Sharpless is given in Scheme 
8.5. Early work on the mechanism of this useful and important reaction has been 
reviewed [ 11 ], and references to more recent mechanistic studies have been collected 
[ 13]. To date, evidence in support of this mechanism has included extensive kinetic 
studies, spectroscopy, and molecular weight determinations [ 15,16]. 1 

l An alternative mechanism involving a monomeric complex has also appeared [ 17]. 
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Scheme 8.5. Proposed mechanism for the Sharpless asymmetric epoxidation 
reaction of allylic alcohols, shown here for a simple trans-allylic alcohol. For the 
AE reaction, Ra = Rb = H. When one (or occasionally both) of these substituents are 
alkyl groups, the Scheme pertains to the kinetic resolution sequence described in the 
next section. 

A very important aspect of this mechanism is not shown in the scheme. This is the 
formation of the titanium-tartrate species from its commercially available precursors, 
Ti(O-i-Pr)4 and the dialkyl tartrate. The equilibrium in this step lies far toward the 
formation of the chiral complex formed; this is critical because the enantioselectivity 
of the process depends on the absence of any active achiral catalyst. Note that the 
complex as drawn (in the upper left of Scheme 8.5) is dimeric and has a C2 axis of 
symmetry. This structure has not been isolated in the solid state, but is based in part 
on an X-ray structure of a related tartramide complex [18]. The situation is 
undoubtedly complicated by dynamic equilibria between this form and other species 
in solution. 

Without specifying the order of events, two isopropoxide ligands must be replaced 
by one molecule of peroxide and one molecule of allylic alcohol to give the species 
shown in the upper right of Scheme 8.5 (recall that, in reality, the peroxide and allylic 
alcohol are added at different times). The ease of such ligand exchange reactions in 
these titanium complexes largely accounts for their utility here. The other function of 
the titanium is to activate the distal oxygen of the peroxide for transfer. 

At this point (lower right of Scheme 8.5), the complex is fully loaded and ready 
for oxygen transfer to the alkene. In this mechanism, the allylic alcohol occupies a 
position cis to the reactive peroxide oxygen. In the AE reaction (Ra = Rb - H), the 
diastereofacial selectivity of the olefin in the complex results from the avoidance of 
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the allylic carbon and a carboxylic ester (Figure 8.1b). After oxygen transfer, the final 
step is the exchange of the reaction products, epoxy alcohol and t-BuOH, with other 
ligands to give either the starting complex or some other species on the way to the 
loaded catalyst. The importance of turnover must not be underappreciated, for 
without it one may have a reagent but never a catalyst. 

(a) m 

Ra 

RO2C .'~O..~ T'~~L~_ Rb CO2R 
# v "  ,, I / / I  - ' 0  

'<, < . 1  ~ 
t-Bu 

favored 

(b) "a' o 
RO2C "10"-Ti 1" Oi-Pr CO2R 
R02C " ~  I . /0 - - . [  

o:,,I. I COER 
RIOBu 

Figure 8.1. Proposed steric interactions leadering to enantioselectivity in the Sharpless 
AE reaction. 

This model is consistent with much that is known about the scope of the Sharpless 
AE. The most common and best-behaved substrates are simple trans-allylic alcohols; 
their reactions are generally fast and reliably give products with very good 
enantioselectivity (>95% es). Inspection of the loaded complex in Figure 8.1 might 
suggest that substrates with an alkyl group cis to the hydroxymethyl substituent (i.e., 
where R2 ~ H in Scheme 8.4) may be less stable due to steric interactions with the 
main portion of the catalyst. Indeed, such compounds are the slowest-reacting and 
subject to the most variation in enantioselectivity. However, there are examples of 
excellent results using alkenes of every conceivable type, although some work may 
need to be invested in optimizing reaction conditions (Table 8.1). 

AE reactions of simple olefins. The Sharpless AE reaction has been supplemented 
by other approaches to asymmetric epoxide synthesis; the most evident goal being to 
obviate the need for an allylic alcohol. Attempts to carry out asymmetric epoxidation 
reactions on simple olefins have utilized transition-metal-containing catalysts such as 
porphyrins as well as stoichiometric chiral reagents (peroxides, dioxiranes, and 
oxaziridines). These approaches have been summarized [19]. 

The most promising procedure so far was introduced by Jacobsen and coworkers 
in 1990 [20] and has been reviewed [19]. The method uses chiral, C2-symmetric 
(salen)Mn complexes, such as shown in Scheme 8.6. Such materials are very easily 
prepared by the condensation of a chiral diamine with a substituted salicylaldehyde, 
followed by coordination of the metal. The ready availability of both components and 
the swift synthesis of the target complexes permits easy access to a great many 
catalyst variations, which facilitates reaction optimization. The starting Mn(III) 
complex is subjected to in situ oxidation with the stoichiometric oxidant, usually 
NaOC1 (bleach!). The use of this inexpensive and relatively safe oxidant is another 
virtue of this system. 

Although some outstanding results have been obtained, there are some limitations 
to the scope of this process (see examples in Table 8.2). The reaction works best with 
cis-olefins, in contrast to the situation with the Sharpless reaction. This can be 
accommodated with a side-on approach of reagent to the catalyst system, as depicted 
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Table 8.1. Examples of Sharpless AE Reactions. These reactions were carried out 
under catalytic conditions (<10 mol % of Ti(OR)4 and tartrate), except for entry 8 
(done using stoichiometric catalyst). 

Entry Product Tartrate % Yield % es Ref, 

~ o  OH (-)-DIPT 50-60 94-96 [21] 1 

331 

i - P r ~  
2 (+)-DET 85 97 [21] 

OH 

. i-Pr 
3 54 83 [22] ~ o n  (+)-DET 

n-CsHl7 
4 ['70 (+)-DIPT 63 >90 [21] 

OH 

I'.,. _ 
5 ~,,,,u O H (+)-DET 88 97 [21] 

i-Pr 
BnO1"-,~ 

6 Me I;O OH ~ (-)-DIPT 87 95 [231 

~Ss~ O 
7 ~ , , , A ~ O H  (+)-DET 77 96 [21] 

8 'L,,~ o nr~ (+)-DET 80 94 [ 10] 
Me 

9 x ~  (+)-DET 95 95 [21] 
, ,  Me 

Me ~ O H  

O 

10 (+)-DET not >95 [24] 
reported 

M OH 
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in Scheme 8.6b. However, differences in catalyst structure can lead to reversal of the 
sense of selectivity. This observation has been attributed to attack from different 
sides of the complex [25]. 

The reaction affords the highest selectivities with conjugated, preferentially cyclic 
olefins. Acyclic cis olefins are subject to various amounts of isomerization, one 
observation that led to the radical mechanism proposed (Scheme 8.6c). This 
isomerization can be facilitated by the addition of chiral quaternary ammonium salts, 
leading to synthetically useful (>10:1 trans:cis, >80% ee) conversions of cis olefins 
to trans-dialkyl epoxides (cf. entries 2 and 3 in Table 8.2) [26]. Further improvements 
have resulted in a substantial broadening of this profile, obtaining some good-to- 
excellent selectivities from styrene [27] and tri- and tetra-substituted olefins that are 
not subject to isomerization (either due to symmetry or by constraining the double 
bond in a ring) [28,29]. 

(a) R1 Rl A: R l = Ph, R 2 = R 3 = H ?--( B" R l = -(CH2)4-,  R 2 = t -Bu,  R 3 = t-Bu 
C:  R l - - (CH2)4- ,  R 2 = OTIPS, R 3 = t -Bu 

~ n  / ~ D:R I=-(CHE)4-,R 2=R 3 = u  

RE O / O RE 
\ / 

R 3 R 3 

(b) 

H , , " ' ~  H 
~ N x O / N  ~ _ ~ _ ~ . _  

o 

\t-Bu t-Bu / 

~Bu 

~Bu H ~ ~ B u  

t-Bu 

(c) RI R 2  LnMnV(O) R l 2 _LnMn m .._ R1 _7/R2 

O-  MnlVLn 
0 

Scheme 8.6. Jacobsen's approach to epoxidation of simple olefins. (a) A few 
examples of (salen)Mn(III) epoxidation catalysts prior to reaction with NaOCl. 
(b) Two views of the proposed side-on approach of a generic cis olefin to the 
loaded catalyst. Different approach vectors have been proposed depending on the 
catalyst structure [25]. (c) Proposed stepwise mechanism of the reaction [26]. 

In sharp contrast to the oxidation reactions of electron-rich olefins just described, 
attempts to carry out nucleophilic epoxidation reactions of a,13-unsaturated carbonyl 
compounds have enjoyed only limited success (Scheme 8.7) [19]. The most 
successful attempts have been with chalcones, using standard basic peroxidation 
conditions with additives such as a quinine-derived phase-transfer catalyst first 
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Table 8.2. Examples of Jacobsen AE Reactions. See Scheme 8.6(a) for catalyst structures. 

Ent ry  Olefin Catalyst % Yield % es 
(cisltrans) 

Ph \ 
1 ~ X A 71 10 

Me 
(trans only) 

333 

Ph Me 
2 \ ~/ B 84 96 (cis) 

(92"8) 91.5 (trans) 

Ref.  

[20] 

[19,251 

Ph Me 
3 \ / C not reported 90.5 (trans) 

(5:95) 
[26] 

Used a quinine-derived additive 

NC 

B 96 98.5  

5 B 65 82 (cis) 
__ (16:84) 99 (trans) 

[19,25] 

[301 

6 G,,> " 

M e  

7 J - ~  Ph B 87 94 
Ph 

M e  

8 Me D 72 90.5 
Br Me 

Ph 

Ph Ph 
\ I 

P "~::~ e fi M A 12 72 9 

[31] 

[28] 

[29] 

[29] 
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reported by Wynberg in 1976 [32] or poly-L-leucine [33]. Although seemingly 
limited to this substrate type, the products have been converted to the corresponding 
o~,13-epoxy esters via a regioselective Baeyer-Villiger oxidation in at least one case 
[34]. More recently, a glimmer of success in applying organometallic catalysis to this 
problem has been seen in a platinum-based approach, although the products have yet 
to be isolated in synthetically useful yields [35]. 

(a) 0 NaOH/H202, O O 

Ph ~ A r  catalyst Ph ~ A r  

52% es (quinine phase transfer catalyst) 
98.5% es (poly L-leucine catalyst) 

(b) cs"A  CsHil (R, R_pyrphos)Pt(CF3)(OOH) 11 

Bz O u O 
N 

R,R-pyrphos= ~ ~ 81%es 
- ~ no yield reported 

Ph2P" pph 2 

Scheme 8.7. Nucleophilic epoxidation reactions of enones. (a) Epoxidation 
of chalcone using phase-transfer [32] or polymeric amino acid [33] catalysis. 
(b) Platinum-based epoxidation method [35]. 

8.2.3 Sharpless kinetic resolution 
Inspection of the mechanism in Scheme 8.5 suggests that the Sharpless 

epoxidation should be relatively insensitive to configuration of any stereocenter in an 
alkene substituent with one very important exception: the allylic carbon bearing the 
alcohol. Indeed, good diastereoselectivity was often obtained in reactions of various 
chiral allylic alcohols with achiral epoxidizing agents (Scheme 8.3). Substitution at 
this particular position is important because of its proximity to the bulk of the 
catalyst. Thus, one might expect substitution at Ra to be well-tolerated because this 
group points away from the catalyst, whereas Rb should be much more sterically 
encumbered (Figure 8.2). Some experimental observations that address this issue and 
ultimately led to the application of the Katsuki-Sharpless catalyst to kinetic 
resolution reactions are shown in Scheme 8.8. 

R. 9--R  
RO2C 0 ~ ' ~  RO2C 0 " ~  

O-i-Pr )--I~ ~/ .O-i-Pr )'-I"~ 
i-Pr-O,,, I .,,,'~ I.!,o 4/ .... I .,,,,'~ i ,o 

.... -Ti'~'CO2R,,Ti'I~ Rl "'~.Ti'~ CO2~,,Ti ~ R1 
. . 4 "  n /~, ~ "  I I ~  o . . .4" I 'lq,,~ I I o 
u\ i L/u o..~ u. I /f'-' o'.-~ 
~L iO t-Bu / CO2R LIO t-B/ CO2R 

RO RO 
matched mismatched 

F i g u r e  8.2. Origins of selectivity in the Sharpless kinetic 
resolution procedure. 
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(a) 

c'C6HI 1 

L-(+)-DIPT 

rel rate = 140 
~ '  OH 

c-C6HI ! 

2 I ~ O H  

c-C6HI I 

1,2-anti: 1,2-syn 
98:2 

( b )  

2•t .... OH 

c-C6HI l 

L-(+)-DIPT 

rel rate = 1 
.... OH 

c-C6HI I 

0,  , , O H  

c-C6HI 1 

1,2-anti: 1,2-syn 
38:62 

(c) 

1 ~  OH 

c-C6H 11 

racemic 

L-(+)-DIPT r - ~ O H  

reaction carried out 
to 52% conversion c-C6HI 1 

2~.]  l OH 

c-C6H i I 

49% yield 30-45% yield 
>98% ee >98% ee 

Scheme 8.8. Reactions of a chiral allylic alcohol under Sharpless epoxidation 
conditions (Ti(O-i-Pr)4, t-BuOOH) using the chiral tartrates given (DIPT = 
diisopropyltartrate). (a) The "matched" case, in which the preferred approach 
of the asymmetric catalyst and the diastereoselectivity of the substrate are the 
same. (b) The "mismatched" case. (c) An example of a Sharpless kinetic 
resolution (KR). 

Like the vanadium-based catalysts, the Sharpless AE system intrinsically favors 
1 , 2 - a n t i  products; this is because the cyclohexyl group in Scheme 8.8a occupies the 
position denoted by group Ra in Figure 8.2, away from the catalyst. In fact, this 
diastereoselectivity is somewhat amplified relative to achiral titanium catalysts. 
When the S allylic alcohol is used with (+)-DIPT, a matched pair results (Scheme 
8.8a). The strong enantiofacial selectivity of the L-(+)-DIPT catalyst clashes with the 
R substrate's resident chirality (this is the case shown in Figure 8.2 with Rb = 
cyclohexyl). In this mismatched pair, the preference of the chiral catalyst for o~ attack 
moderately exceeds that of the allylic alcohol for 1,2-anti product (Scheme 8.8b). 
The most important consequence is that the latter reaction is 140 times slower than 
the former. 

Using a racemic allylic alcohol, one can take advantage of this rate differential to 
selectively epoxidize the more reactive S isomer in the presence of its antipode. This 
procedure is known as a Sharpless kinetic resolution (KR) [13,36]. The KR has very 
wide applicability for the preparation of both 1,2-anti epoxy alcohols and the 
unreacted allylic alcohol, often with very high enantioselectivities (note that the 
diastereomeric 1,2-syn series is not generally available by this technique). In general 
terms, carrying out the reaction to lower conversions will maximize the yield and 
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enantiomeric purity of the epoxy alcohol, with longer conversions sometimes 
allowing very high (>99%) enantiomeric purities of allylic alcohols, albeit in reduced 
yields. 2 Scheme 8.8c shows an example of what is possible under optimized 
conditions with a favorable substrate. 

The KR procedure is not limited to making simple epoxides bearing an adjacent 
stereogenic center. Figure 8.3 depicts several interesting classes of molecules that 
have been resolved using KR procedures. Although results have been spotty, 
alternative sites of oxidation have included attempts with alkynes, furans, and [3- 
amino alcohols. Of particular interest to stereochemistry buffs are procedures that 
result in different classes of enantiomerically pure compounds, such as those with 
axial chirality (cycloalkylidenes or allenes) or planar chirality. And, although not as 
far along as the now-standard reactions utilizing allylic alcohols, some progress has 
been made in extending both the AE and KR procedures to homoallylic alcohols [37]. 

(b) 

HO,~ ...... 

ql 
n-C7H15 

21% ee 

-~ 
OH N 

" Ph 
R 

>90% ee 95% ee 

OH 

(a) 

t-Bu 

OH (c) HO 

~1 l""~ (CH2)4 

n-CTHl5 

70% ee 40% ee >95% ee 

Figure 8.3. Examples of molecules prepared in enantiomerically enriched form 
using Sharpless KR procedure. (a) Compounds having alternative sites of 
oxidation: acetylene [38], furan [39], and amine [40]. (b) Compounds bearing 
axial chirality [38]. (c) An alkene with planar chirality [41 ]. 

8.2.4 Applications of asymmetric epoxidation and kinetic resolution procedures 
The importance of the Sharpless AE and KR procedures is best measured by the 

speed with which they have become a part of the synthetic chemist's "bag of tricks". 
Although a measure of their utility can be gleaned from examples given in sections 
8.2.2 and 8.2.3, their influence has been fartoo pervasive to allow even a partial 
representative listing here. However, a few examples where these reactions have been 
used to illustrate principles of more general stereochemical interest will be 
summarized in this section. 

Carbohydrate synthesis. Save the all-important hydroxymethyl group that the 
titanium reagent uses as a handle, the Sharpless AE is remarkably insensitive to 

2 The reader is directed to the original literature for a quantitative treatment [ 13,36]. 
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stereogenic centers extant in the substrate. This has lead to the wide use of this 
system for reagent-based stereocontrol, wherein the chirality of a new stereocenter is 
determined simply by pulling the appropriate reagent off of the shelf (as opposed to 
substrate control, in which a new element of chirality is installed under the influence 
of those already in the reactant; see Section 1.5). This strategy was nicely illustrated 
by the synthesis of all eight isomeric hexoses in their unnaturally-occurring L-series, 
summarized for L-allose in Scheme 8.9 [42,43]. 

(a) 

(b) 

(c)  

(d) 

P h 2 C H O ~ / ?  OH 

h2CHO~oO 

OAc 

O ,,L SPh 

I 
OCHPh 2 

/.-,,, 

K2CO3 

HO 

CHO 1. Horner- 
Emmons "~ 

2. reduction ~ 
OCHPh 2 ~ (  

(+)-AE S O H  NaOH 
Ph2CHO~/ 

OAc 
SPh 1. protection 
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P h S -  Ph2CHO~,,JoHO .... H 2. Pummerer= ~)(O~:ii",,i SPh i i  i 

OCHPh2 

J OCHPh2 OCHPh 2 
O ,,CHO 

x~ ~ l carbohvdrate numbering 
-- /'o.~.~,l j - 

OCHPh 2 
HO O 

(+)-AE 3 

OCHPh2~ (-)-AE 

HO CHO 

1. Payne HO 
2. Pummerer HO 
3. DIBAH = HO L-allose 

~ <  4. deprotection 
HO 

OCHPh 2 OH 

OCHPh2 
HO 

iio O 

OCHPh 2 

Scheme 8.9. Reagent-controlled synthesis of L-allose ((+)-AE = Sharpless AE using 
L-(+)-DIPT; (-)-AE = Sharpless AE using D-(-)-DIPT). (a) A Sharpless AE 
followed by Payne rearrangement and oxidation. (b) Stereodifferentiation of the C-4 
and C-5 stereocenters. (c) Chain extension followed by reagent-controlled oxidation 
of the olefin. (d) Completion of the synthesis. 
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This is an excellent example of an iterative sequence that takes full advantage of 
the stereochemical versatility of the Sharpless AE reaction. The synthesis prepares 
the target carbohydrate in the C-6 ~ C-1 direction and starts with a readily prepared 
trans-allylic alcohol. The first AE directly sets the C-5 stereogenic center 
(carbohydrate numbering), now requiring that the epoxide be opened in a regio- and 
stereoselective manner and that the primary alcohol be converted to the oxidation 
state of an aldehyde. Both tasks were accomplished by a Payne rearrangement in 
base, which isomerizes the epoxy alcohol with strict inversion at the C-4 center. The 
new epoxide thus formed is monosubstituted and therefore suffers a kinetically 
favored attack by an external nucleophile, in this case the thiophenolate anion. 3'4 

Next, the researchers took advantage of the acetonide protecting group to control 
the relative configuration between C-4 and C-5 (the use of a protecting group for this 
kind of stereochemical finesse is ancillary stereocontrol [46]). A mild, nonbasic 
unraveling of the aldehyde by reduction at the acetate carbonyl group was 
accomplished with diisobuytyl aluminum hydride, which left the target in its initial 
cis configuration about the five-membered ring. Alternatively, basic deprotection led 
to epimerization to the trans isomer. Two interesting points: 

1. Isomerization is only possible because of poor overlap between the enolate 
leading to epimerization and the C-5 carbon-oxygen bond (which doesn't  
allow for 13-elimination). 

2. This maneuver was used instead of making the same compound via a similar 
sequence using the cis allylic alcohol. 

This is a good example of stereochemical divergence from a single precursor and 
obviates the necessity of preparing and working with the less reactive cis olefins. 
Overall, the conversions indicated in Schemes 8.9a and b constitute a single iteration 
of the synthesis. 

Scheme 8.9c shows how the aldehyde could be homologated to a new allylic 
alcohol and how simple choice of tartrate ligand afforded the diastereomeric epoxides 
shown, since the AE process effectively ignores the resident stereocenter in the new 
substrate. This is the essence of reagent-controlled synthesis: the utilization of a tool 
for enantioselective elaboration to permit the selective synthesis of diastereomeric 
compounds. Once prepared, the utilization of the diisobutyl aluminum hydride 
variant of the iterative sequence followed by final deprotection steps led to the 
synthesis of L-allose. A useful exercise is to arbitrarily draw an isomer of allose and 
synthesize it using this technique (on paper, of course), or to imagine a modification 
that would lead to the corresponding pentoses [47]. 

Group selective reactions of divinyl carbinols. It is important to remember that the 
reagent control strategy is inapplicable to situations where the resident chirality is on 
the allylic position bearing the hydroxyl "handle" for the catalyst. However, the pref- 

The regiochemistry of ring opening in epoxy alcohols has been more generally examined [44]. 
Although known prior to the discovery of the Sharpless AE, this use of the Payne rearrangement 
is a good example of how the availability of a particular functional array by asymmetric 
synthesis provoked a reaction's further development [45]. In this case, the product sulfide 
allows the chemoselective conversion of this carbon to the oxidation state of the aldehyde, in 
the guise of an acetoxy sulfide. 
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Scheme 8.10. Reaction of divinyl carbinol under (+)-AE conditions as an example of 
enantiotopic group selectivity in epoxidation chemistry. Matched cases of 
enantiofacial selectivity are shown with bold arrows. Qualitative rate differences are 
on the order k l >> k2, k3 >> k4 (without specifying an order for k2 vs. k3 (however, 
cf. Scheme 8.8b). Note that the products arising from the pairs kl/k3 and k2/k4 are 
enantiomers. 

erence for 1,2-anti product has been cleverly applied to a problem in diastereotopic 
group selectivity (Scheme 8.10) [48-52]. 

The two olefins carry a total of two enantiomeric pairs of diastereotopic faces. 
When a tartrate-titanium epoxidation system is allowed to react with this substrate, 
approach to only one of these four faces simultaneously satisfies the requirements of 
both the catalyst (which prefers the Re face) and the substrate (which prefers 1,2-anti 
addition). To the extent that the rate of epoxidation at this face exceeds that of the 
others (kl in Scheme 8.10), one product predominates. Minor diastereomers result 
from pathways k2 and k4. However, note that the pathway with a rate of k3 
(mismatched: 1,2-anti diastereoselectivity combined with disfavored Si enantiofacial 
attack) affords the enantiomer of the major isomer. 

Schreiber has noted that this group-selective process may nonetheless be expected 
to provide products with very high enantioselectivity because the disfavored 
enantiomer resulting from pathway k3 still has the most favorable face available for 
reaction [51]. Thus, to the extent that product from pathway k3 accumulates, it is 
rapidly siphoned off at a rate comparable to k l. Thus, the problem of enantiomer 
separation at the end of the reaction can largely be replaced by the problem of 
diastereomer and side product separation (although itself never an issue to be taken 
lightly; see Section 2.1). 

The availability of a path for selective destruction of the unwanted enantiomer 
means that the desired product can be obtained with very high enantioselectivity 
when the reaction is pushed to higher conversions. However, this will come at the 
expense of overall yield because some of the desired product will also react further 
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under such conditions [51,53]. Provided that one is able to distinguish either end of a 
developing chain, such reactions have promise in applications involving two- 
dimension chain elongation strategies [54]. 

Epoxide-opening reactions. The most common use of epoxides is in SN2 ring- 
opening reactions leading to 1,2-difunctionalized compounds. Clearly, the 
availability of enantiomerically enriched epoxides, when combined with appropriate 
regiochemical control of their opening, has enhanced the applicability of this 
approach to the preparation of enantiomerically pure compounds. An alternative 
approach is to begin with a meso epoxide, and then follow this reaction with a 
sequence able to distinguish between the enantiotopic carbons of the epoxide 
(Scheme 8.1 la). 

(a) 

R 

any / 
epoxidation R~]~ 

reaction ~ O 

meso epoxide 

R.. Nu 
R-"~OH 

g OH 
R Nu 

enantiomeric 
ring-opened products 

(b) 

X ~ O  
1. TMSN 3, cataly~ 
2. H + 

X = CH 2, O, Fmoc-N, 
X ~  N3 CF3CON, CH2CH 2, CH=CH 

v ~" OH 65-90% yield 
91-99% es 

(c) R (d) R R 

o . R ~  0 ~ - ~ - - - -  Nu- 

Scheme 8.11. (a) Group-selective ring-opening of meso epoxides by nucleophiles 
leads to enantioselective syntheses of 1,2-difunctionalized compounds. (b) Azido 
alcohol synthesis from epo• and trimethylsilyl azide as catalyzed by 
(salen)CrCl complexes (see Scheme 8.6a for general structures of salen catalysts) 
[55]. Comparison of proposed ensembles for (c) asymmetric epoxidation and (d) 
Lewis-acid activation of epoxides for nucleophilic attack. 

Several groups have addressed this problem using chiral aminating reagents [56] 
or, more recently, chiral catalysts [57]. Jacobsen has reported the efficient use of 
(salen)Cr(IIl) complexes for such conversions (Scheme 8.1 lb; cf. Section 8.2.2 and 
Scheme 8.6) [55]. These authors point out the similarities between transition 
structures for oxygen transfer in an epoxidation reaction (Scheme 8.1 l c) and epoxide 
activation (Scheme 8.11d), suggesting that the nonbonded interactions leading to 
selectivity ought to be similar in both cases. 
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8.2.5 Aziridinations 
Although less commonly investigated, several catalytic, enantioselective 

aziridination reactions have also been developed. As an example, copper complexed 
to a chiral bisoxazoline ligand such as shown in Scheme 8.12a has been shown to 
catalyze the addition of N-(p-toluenesulfonylimino)phenyliodinane across a double 
bond [58]. Some promising results have been obtained (Scheme 8.12b), but work to 
fully define and optimize the range of olefins susceptible to this process is still 
ongoing. 

(a) 
0 ~ [  0 

(b) Ts 
Ph 

\ PhI=NTs Ph N 
\ CuOTf, catalys~ V' 
C02Me \ 

C02Me 

64% yield 
98% es 

Scheme 8.12. (a) An example of a bidentate catalyst for copper salts 
used in asymmetric aziridination reactions. (b) An asymmetric 
aziridination reaction [58]. 

In addition, chiral salen complexes of Mn [59] and Cu [60] have been found to 
catalyze similar reactions with moderate enantioselectivities. In contrast to the salen 
complexes used in Mn-mediated epoxidation reaction, which use tetradentate 
complexes, the best results were obtained with bidentate ligands. Mechanistic work 
has implicated a metal-bound nitrene species in the reaction [61 ]. 

8.3 Dihydroxylations 5 

The synthesis of vicinal diols from olefins using OsO4 complements 
epoxidation/hydrolysis as a route to 1,2-diols (Scheme 8.13 [65]). Both reagents 
effect cis difunctionalization of an olefin, but since the epoxide-opening step involves 
an inversion of configuration, the two routes afford opposite diastereomers beginning 
with a single olefin geometry. The development of an efficient asymmetric 
dihydroxylation process, again pioneered by the Sharpless laboratory, has become the 
most general single method for the oxygenation of unactivated olefins (i.e., those 
without an allylic alcohol). The rapid acceptance of the Sharpless asymmetric 
dihyroxylation (AD) reaction by the organic chemistry community is a lesson in the 
value of a method able to convert a simple, readily available functional group into 
another common moiety, particularly when the reaction can be done 
stereoselectively. 

5 Reviews: ref. [62-64]. 
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Scheme 8.13. 1,2-Diol synthesis from alkenes via direct osmylation or 
epoxidation followed by hydrolysis. 

8.3.1 D e v e l o p m e n t ,  scope, and mechanism 

Three things were required to realize a useful catalytic, asymmetric dihydroxyl- 
ation reaction: 

1. An efficient osmylation reaction using achiral catalysts. 
2. Appropriate chiral ligands to effect face selectivity in the addition of the 

osmylation reagent to an alkene. 
3. Some way to enforce the participation of the chiral osmium catalyst in the 

reaction to the exclusion of non-stereoselective pathways. 
These issues are summarized in the e x t r e m e l y  simplified mechanism given in 

Scheme 8.14. All osmylation reactions ultimately afford the osmate ester shown, 
although the mechanism for this step has been controversial. 6 Note that the osmium is 
reduced over the course of the reaction. In efforts to minimize the amount of toxic 
osmium used in these reactions, catalytic methods using a variety of stoichiometric 
reoxidants for osmium were introduced, beginning with the introduction of KCIO4 in 
1917 by Hofmann [66] and including the convenient Upjohn process, which uses N- 
methylmorpholine-N-oxide for this purpose [67]. 

L 
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R R 
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o ~  II L* 

alkene o,OS~ O 

R R 

reduction o r  
hydrolysis v 

HO OH 

R R 

reduction or 
hydrolysis 

Scheme 8.14. Simplified mechanism for the dihydroxylation of 
olefins. A more complete description is available [63]. 

Both [3 + 2] concerted mechanisms and schemes involving the formation of a metallooxetane 
intermediate by [2 + 2] cycloaddition followed by rearrangement have been proposed. 
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An asymmetric dihydroxylation reaction requires some form of "chiral osmium". 
The first evidence that amine ligands could affect the chemistry of this 
dihydroxylation reaction was published by Criegee, who found that the reaction was 
accelerated by the addition of pyridine [68]. Sharpless later showed that useful 
enantioselectivities (up to 97% es) could be realized when chiral amines were added 
to OsO4-mediated oxidation reactions. The ligands used by the Sharpless group were 
representatives of the cinchona alkaloid family, dihydroquinidine (DHQD) and 
dihydroquinine (DHQ) (Figures 8.4a and b). Note that although these ligands are 
nearly enantiomeric with respect to the quinuclidine base and aromatic side chain, 
their mirror symmetry is spoiled by the placement of the ethyl group on the bicyclic 
portion of the molecules. The existence of these alkaloids in the chiral pool would 
prove to be fortuitous indeed, as modifications of the alcohol group would be the key 
to the development of effective catalytic complexes. In addition, other workers have 
reported a variety of totally synthetic ligands able to effect highly selective 
stoichiometric dihydroxylation reactions; these ligands very often incorporate C2 
symmetry into their design (e.g., Figures 8.4c and d). 

(a) Me (b) 

H H H 

MeO H OMe 

Me I[~ N j ~ . ~  J 

(c) ~ t-Bu (d) 

NH 
~ t - B u  

Ph, Ph 

�9 N 

P Ph 

Figure 8.4. Representative ligands used in stoichiometric, asymmetric 
dihydroxylation reactions. (a) Dihydroquinidine (DHQD) and (b) dihydroquinine 
(DHQ) are used for stoichiometric osmylation reactions when R = H; effective 
dihydroxylation catalysts result from appropriate modifications at this position 
(e.g., see Figure 8.5 below). Also, (c) [69] and (d) [70] are examples of C2 
symmetrical ligands used in stoichiometric reactions. 

Sharpless reported the first generally useful catalytic version of the reaction in 
1987 [71 ]. This landmark paper showed that the reaction could be rendered catalytic 
by combining modified cinchona ligands with the Upjohn process (Scheme 8.4). This 
use of ligand-accelerated catalysis is critical to the success of a catalytic AD reaction 
because of the preequilibrium present between OsO4 and OsO4L* in solution 
(Scheme 8.14). Unless the equilibrium lies so far to the latter species as to effectively 
lower the concentration of OsO4 to zero, the nonselective reaction of OsO4 with the 
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Scheme 8.15. An early example of a catalytic dihydroxylation 
reaction [71]. The chiral ligand used here is the p-chlorobenzoate 
ester of DHQD (Figure 8.4a). 

olefin would compete with that of OsO4L*, lowering the enantioselectivity of the 
overall process. The ligand acceleration effect provided by the chiral amine sidesteps 
this issue by ensuring that the OsO4L* pathway is also the most kinetically 
competent. 

An interesting contrast exists between the development of the Sharpless 
asymmetric epoxidation reaction and the asymmetric dihydroxylation process. In the 
former case, the original reagents and protocol for carrying out the reaction have 
basically survived in their original form. However, the AD has been subjected to a 
great deal of optimization since its introduction, both in terms of ligand design and 
modification of conditions. In particular, protocols that cut down on interference by 
non-selective pathways have helped raise the utility of the overall procedure to its 
current high level. For example, the intrusion of a second catalytic cycle was 
proposed to lower overall stereoselectivity of the AD (Scheme 8.16). In this second 
cycle, the osmate ester formed by the reaction of one olefin with the chiral Os- 
cinchona complex was proposed to undergo oxidation and become itself a reactive 
dihydroxylation reagent, albeit one that had little enantiofacial selection. This 
pathway could be minimized by mandating slow addition of the alkene (allowing the 
osmate ester time to undergo hydrolysis and reoxidation [72]), through the use of 
K3Fe(CN)6 as the reoxidant in place of NMO [73], or by increasing the rate of 
hydrolysis by adding MeSO2NH2 to the reaction mixture [74]. In particular, the use 
of the iron-based reoxidant remands the job of Os reoxidation to the aqueous portion 

+ H20 
HO- '~z  R 

loss of HO -a/" R 
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O. O 
ii O R 

O~. Os: O~.-~- R 
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"•ne 
Secondary catalytic 
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g H20 

+ alkene . O ~  loss of diol (low ee) 
O~Os . /  /~..~ R - L  

highly stereoselective O/[ 0 
addition step L 

O 
O ,  II O R 
O ~. Os: O~.-_-~, R 

Scheme 8.16. The two catalytic cycles proposed for the Sharpless AD reaction [72]. 
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of a biphasic reaction mixture, thus "protecting" the organic osmate ester from 
inopportune oxidation prior to hydrolysis. The addition of sulfonamide is doubly 
useful because it increases the turnover rate of the reaction and facilitates the 
dihydroxylation of otherwise sluggish substrates. 

Finally, a mind-boggling number of analogs of the original catalysts have been 
prepared and tested. Although the progression through this series makes for 
interesting reading [62-64], only the most generally efficacious catalysts are cited in 
Figure 8.5. The most striking advance is the use of dimeric species featured in PHAL 
and PYR, the most general of the catalysts (Figures 8.5a and b). The former ligand 
has been formulated along with K2OsO2(OH)4 (a non-volatile source of Os), 
K3Fe(CN)6, and either DHQ or DHQD, respectively; these stable, storable powders 
contain all of the necessary ingredients for AD reactions and are known as AD-mix-ot 
or AD-mix-]3. These mixtures are commercially available. Interestingly, although the 
hydroxyl substituent on the cinchona alkaloid platforms for these catalysts tolerates 
and benefits from a great many variations, the rest of the alkaloid has proven much 
less flexible [64], and this portion of the catalytic system can (conveniently) be left 
alone. 

(a) N-N (b) P ~  (c) O ~  
A l k * O ~  OAlk* Alk*O. OAlk* 

N. N 
Ph 

PHAL PYR 

OAlk* 

Figure 8.5. Ligands for the Sharpless AD process. (a) The phthalazine ligand 
(PHAL class), recommended for most substitution types [74,75]. (b) The 
diphenylpyrimidine ligand (PYR class), used for mono- and tetrasubstituted olefins 
[76,77] (along with PHAL ligands). (c) Indoline ligand (IND class), best for cis- 
disubstituted olefins [78]. For each, the Alk* bound to each position is DHQD or 
DHQ (Figure 8.4). 

The results of many dihydroxylation reactions have resulted in the compilation of 
a mnemonic device for the prediction of the direction of attack with catalysts based 
on each alkaloid (Scheme 8.17). Although this model is very useful, there can be 
some ambiguity as to which group is the large one and which is the medium 
(especially with trans-disubstituted olefins) and electronic characteristics cannot be 
ignored [63]. This is a byproduct of the lack of an unambiguous group to orient the 
molecule (cf. the AE reaction, Scheme 8.1). 

Some useful generalizations are that the "large" group is very often aromatic, and 
indeed, aromatic olefins make up some of the best substrates for this reaction. Results 
from modifying other sites of substitution have led to the suggestion that the loaded 
catalyst is very forgiving for trans olefins (the best substrates), but that it begins to 
experience some interference at the RS position. That the binding site is even less 
favorable toward substituents cis to the RE position (H in Scheme 8.17) is surmised 
by the difficulty of carrying out AD reactions with fully substituted [77] and cis 
olefins (there are only a few really good examples, and those top out at about 90% es 
[78]). However, very good to excellent results have been wrestled from all alkene 
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Scheme 8.17. The predicted enantioselectivity of Sharpless AD 
reactions using DHQD or DHQ ligands. This model is used by 
orienting the substrate so that the large (often aromatic), medium, 
and small substituents match up best with the RL, RM, and RS 
positions. Application of this model to some alkenes will 
inevitably result in some compromises in placing the groups. 

types and the reaction has to be considered one of the most reliable and easily 
performed asymmetric transformations available (Table 8.3). In many cases, the 
enantiomeric purity of the diol products can be increased by simple recrystallization, 
which increases the practicality of the method. 

A preliminary picture of the mechanism has begun to emerge through examination 
of the reaction's reactivity profile and kinetics [79], molecular modeling [80], and 
structural studies of the chiral ligands [75]. One view of an intermediate is given in 
Figure 8.6, depicting the osmate ester of the reaction between styrene and the 
(DHQD)2PHAL-derived complex. In the transition state leading to this product, one 
DHQD binds the active osmium species and the other is a bystander ligand. Overall, 
the binding pocket is proposed to have an "L" shape, with the floor made up by the 
flat PHAL heterocycle (the better to accommodate aromatic alkenes) and one wall 
coming from the bystander DHQD ligand. Favorable aromatic stacking interactions 
along with the minimization of steric interactions between the alkene group and the 
methoxyquinone wall result in the observed diastereoselectivity. The mechanistic 
picture of this reaction is still evolving, however, and alternative mechanistic 
proposals and transition structures have appeared [81,82]. 
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Figure 8.6. One view of a proposed 
intermediate in the Sharpless AD reaction 
of the (DHQD)2PHAL-derived osmium 
species reacting with styrene [80]. 
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Table 8.3. Examples of Asymmetric Dihydroxylation Reactions. See Figure 8.5 for 
catalyst structures. 

Entry Dio l  
, 

OH 

1 At.- O - - . / ~  oH 

Catalyst % es Ref. 

(DHQD)2-PHAL 95 [83] 

Ar = p-OMe-C6H 4- 

OH 
" OH 

OBn 
H " 

ph,) ~ / O H  

CsHll 

OH 
, ~ . . , , .  CO 2F-..t 

OH 

OH 

OH 

R - ~ r ~ O H  

Me 

OH 
Me,,,,,fl.,.. Me 

C5HI1 / " ~  Me 
OH 

OH 
, ,  OH 

" '  Me 

(DHQ)2-PHAL 98.5 [74,76] 

(DHQD)2-PHAL 89 [84] 

(DHQ)2-PHAL 97.5 [74] 

(DHQD)2-PHAL 79 [64,74] 
(R = Me) 

>99 
(R = phenyl) 

DHQD-IND 78 [ 7 8 ]  

(R = c-C6H 11) 

86 
(R = Ph) 

(DHQD)2-PYR 61 [77] 

(DHQD)2-PYR 92.5 [77] 
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8.3.2 Applications of enantioselective dihydroxylations 

As in the asymmetric epoxidation reaction, the development of such a powerful 
tool for the enantioselective preparation of diols spurred its application to a very wide 
variety of synthetic problems and the invention of new methods of manipulating the 
diol products [64]. A few examples confer some of the flavor of this work. 

Like the AE, the AD has obvious utility to those contemplating the synthesis or 
use of carbohydrates as synthons. For one, glyceraldehyde and its acetonides have 
found very wide acceptance as chirons for asymmetric synthesis [85]. A clever 
utilization of the AD affords a building block that nicely complements the use of the 
naturally occurring material (Scheme 8.18) [86]. 

o 
93%es  ~ O ~ _ . . _ ~  2. NaOH 

OH O 

98% ee after recrystallization 

Scheme 8.18. Synthesis of a glyceraldehyde equivalent and its conversion to an epoxide [86]. This 
AD used the 5-phenanthyryl ether of DHQD as the ligand. 

Note that: 
1. The AD technique allows the synthesis of either enantiomer of the diol by 

simply switching catalyst. 
2. The formation of the epoxide occurs with retention due to specific tosylation 

of the primary alcohol. (A variety of conditions have been developed for the 
conversion of 1,2-diols into epoxides [64].) 

3. The use of the aromatic protecting group of the aldehyde both increasing the 
efficiency of the AD reaction and allows for its ready removal by hydrogen- 
ation. 

Instead of activating diols by converting them to epoxides, an alternative is to 
activate the diols themselves to nucleophilic attack; this has been accomplished by 
converting them into cyclic sulfates (Scheme 8.19) [64,87]. These highly reactive 
species are subject to substitution by many nucleophiles, including halides, azides, 
reducing agents, and sulfur and carbon nucleophiles. Scheme 8.19b depicts a strategy 
involving irreversible epoxide formation (cf. the Payne rearrangement (section 8.2.4)) 
[88]. 
(a) o ,,o 

 .soc,2 _ _- o Nu _ .o>__r 
HO O H  . NalO4, O / S~  O Nu- - O 3 S -  H2SO4 

cat. RuCl3 "- ~ . . ( -  R R - R R 

R R R R 

(b) OH 1 SOC12 O 1. PhSNa OH 
B n O ~  OTBS 2. NalO4, 2. H2SO4 ,._ SPh 

. cat. RuCI3 D, BnO . - BnO - 
OH 3. (n-Bu)4F OSO 3- OH 

Scheme 8.19. (a) Formation and reactivity of cyclic sulfates. (b) Application of cyclic sulfates to 
the synthesis of erythrose [88]. Note that the epoxide formation is irreversible because the sulfate 
leaving group is no longer nucleophilic. 
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The reliably high selectivity of trans-olef ins  makes these substrates particularly 
amenable to synthetic schemes that depend on reagent control for the installation of 
new stereocenters. Unlike the AE reaction, there are no strict limitations on which 
diastereoisomers can be prepared. However, issues of double asymmetric induction 
[89] often arise because the reactions of alkenes bearing allylic electron-withdrawing 
groups can be highly diastereoselective. Prior to the development of this asymmetric 
dihydroxylation, the dependence of diastereofacial selection in alkenes beating allylic 
substitution had been catalogued by Kishi (Scheme 8.20) [90,91]. When AD 
reactions are carried out on substrates already bearing stereogenic centers, matched 
vs. mismatched situations develop (Section 1.5), with the former affording very high 
selectivity. However, the ability of the AD system to induce enantiofacial selectivity 
is often high enough that varying levels of selectivity in either direction can be 
obtained. Although a few cases have been published (and summarized [64]), 
relatively little work has addressed the use of the AD reaction for kinetic resolution. 
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(DHQ)2PHAL 43"57 

Scheme 8.20. (a) Kishi model for acyclic control in osmylation reactions [90]. (b) Double 
diastereoselectivity in an AD reaction [92]. 

Of the many further examples that could be provided here, one that utilizes the 
AD reaction to gain access to a series of molecules bearing axial chirality will be 
discussed [93]. In this case, the t rans  biaryl alkene shown in Scheme 8.21 was 
subjected to a highly efficient AD. Cyclization of the diol restricts the motion of the 

Br 1. (DHQD)2PHAL 
protection 

1. Ni(O) coupling 
2. NaOH 
3. NaIO 4 
4. NaBH4 

OH 

OH 

Scheme 8.21. Use of the Sharpless AD reaction in the synthesis of an 
enantiomerically enriched (98.5% ee) biaryl diol [93]. 
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aryl groups so that they can only undergo intramolecular biaryl coupling to give one 
configuration about the newly formed single bond. Diol oxidation removed the 
original stereocenters installed by the AD reaction. 

8.4 Oxidation of enolates and enol ethers 

The asymmetric tx-functionalization of carbonyl compounds with OR and NR2 
through their enolates has become another standard method for the synthesis of chiral 
1,2-dioxygenated compounds. Most such methods utilize the rich chemistry 
developed for the asymmetric alkylation of carbonyls (Chapter 3), although one 
important class of chiral reagents has been developed for just this purpose. 

8.4.1 Hydroxylations 
In cases where chiral auxiliaries are used to differentiate the two faces of an 

enolate, oxygen-transfer agents produce tx-hydroxy ketones or esters after cleavage of 
the auxiliary. Some examples are shown in Scheme 8.22. In each case, the chiral 
auxiliary had been previously developed for reaction with alkyl halide electrophiles, 
and is applied to oxidation chemistry in these examples. For example, the 
metalloenamine shown in Scheme 8.22a was originally developed by Koga [94]; its 
use in the illustrated oxidation was reported by Snyder [95]. Scheme 8.22b illustrates 
the application of Evans's imides to hydroxylations [96] (cf. Scheme 3.17). Enders's 
SAMP hydrazone enolates are also amenable to oxidation, as shown in Scheme 8.22c 
(cf. Scheme 3.21 and 3.22) [97]. All three of these reactions presumably involve 
mechanisms for diastereofacial discrimination similar to those involved in carbon- 
carbon bond-forming reactions (Chapters 3 and 5). In addition to reagents such as 
MoOPh or benzoyl peroxide, N-sulfonyl oxaziridines have become especially useful 
for this purpose (Scheme 8.22b and c) [98]. Note that, although this oxaziridine is 
chiral, its configuration is not important, and it is generally used in racemic form for 
this purpose. 7 

The utility of oxaziridines in asymmetric t~-hydroxylation also extends to 
reactions with achiral enolates. This has been made possible by the discovery that 
certain chiral N-sulfonyl oxaziridines can react with enolates to afford tx-hydroxy 
carbon compounds in excellent yield and enantioselectivity. An application of a 
highly selective sulfonyloxaziridine derived from camphor to the synthesis of 
daunomycin is shown in Scheme 8.23. Attack of the oxaziridine presumably occurs 
such that the enolate ester avoids nonbonded interactions with the exo methoxy group 
on the bicyclic ring system (cf. Schemes 8.23c and d). This is a very useful reaction 
of wide scope, and can be carded out on both stabilized enolates derived from keto 
esters (shown) and simple ketone enolates [99]. 

These reactions are, therefore, examples of double asymmetric induction whereby the selectivity 
of one chiral reactant is overwhelmed by the facial bias of another (cf. Section 1.5). 
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Scheme 8.22. Representative hydroxylation reactions of chiral enolates, using (a) 
metalloenamine [95] (cf. Scheme 5.33), (b)oxazol idinone [96] (cf. Scheme 3.17), and 
(c) hydrazone [97] (cf  Scheme 3.21 and 3.22) auxiliaries. 
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Scheme 8.23, (a) Application of enolate oxidation reactions of a chira| oxaziridine to the 
synthesis of an AB ring synthon of daunomycin [100]. (b) Structure of the oxaziridine 
used. Proposed (c) favored and (d) disfavored transition structures (see also ref. [ 101 ]). 
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An indirect route to ot-hydroxy carbonyl compounds uses enol ethers as substrates 

for dihydroxylations (Scheme 8.24). The primary product is a vicinal hydroxy- 
hemiacetal which fragments to afford an t~-hydroxyketone, rendering the overall 
route a two-step conversion of ketone to t~-hydroxy ketone. The stereochemically 
important step can use a chiral auxiliary or enantioselective catalysis [64]. The sense 
of asymmetric induction found in Oppolzer's sulfonamide, shown in Scheme 8.24a 
[102], deserves comment, since this auxiliary is one seen previously in the Diels- 
Alder reaction (Figure 6.120,  and the topicity is not obvious [ 103]. The illustrated 
conformation is the most stable (cf. Figure 4.21, Figure 6.23, and the accompanying 
discussion). In this conformation, the sulfonamide shields the Re face of C-2 (toward 
the viewer), so that the lead then adds to the Si face. Opening of the plumbacycle 
with acetate affords an intermediate that suffers fragmentation and acetate migration 
to give the R isomer by the mechanism shown [102]. The Sharpless asymmetric 
dihydroxylation shown in Scheme 8.24b follows the topicity suggested by the 
mneumonic of Scheme 8.17, with the aromatic moiety playing the part of the large 
(RL) substituent. 
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Scheme 8.24. Dihydroxylation reactions used for the synthesis of a-hydroxy carbonyl 
compounds. (a) A chiral auxiliary approach [102]. (b) Application of the Sharpless AD 
procedure to an intermediate for the synthesis of camptothecin [ 104]. 

8.4.2 Aminations 
Amination reactions of carbonyl compounds provide access to useful building 

blocks for nitrogen-containing compounds, the conversion of esters to amino acid 
derivatives being particularly important [ 105]. In 1986, the groups of Gennari, Evans, 
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and Vederas simultaneously published routes to tx-hydrazino ester derivatives by the 
addition of the electrophilic reagent di(tert-butyl)azodicarboxylate (DBAD)to  
enolates or trimethylsilyl ketene acetals (Scheme 8.25) [106-109]. Excellent yields 
were obtained, and the products were formed in accord with the diastereofacial 
selectivity of the nucleophiles in alkylation or aldol reactions (Chapters 3 and 5). 

(a) oUp  
OTMS 

Me" "NMe 2 

DBAD = 

DBAD 
TiCIo 

Ph 

Me ,OTMS 
N- TiCI4 
Me 2 

t-Bu-O2CHN= NHCO2-t-Bu 
89--->>95% es 

(crude) 
95--->>98% ee 

(after recrystallization ) 

"Si 

Ph 

A u x * - O ~  NHCO2-t-Bu N" 
O CO2_t_Bu 

45-70% yield 
(for a variety of ketene acetals) 

HO2C/~NH2 

(b) 0 0 

oAN /'-p. 
\ / 

or (c) 

or(d) 

1. LDA 
2. DBAD_ 

Bn 
all via: 

o..M,,o 

~ B n  "'" Si 

1. KHMDS 
2. trisyl azide 

O 

Aux*N ~ ' ' ' ~  Ph 

HN, 
N 
II 

N,, SO2Ar 

O O 

o NA '- p. 
\ / - 

~, N-NHCO2-t-Bu 
i 

Bn CO2-t-Bu 

91% yield 
97% ds 

1. transesterification 
2. TFA 
3. RaNi, H 2 (550 psi) 

KOAc 

o 

MeO - ~ ~  Ph 

N H  2 

O 

Aux*N _- ~ ' ' ~  Ph 

N3 

97% ds 

1. n-Bu2BOTf O O 
2. NBS _ ~ NaN3 _ 

- Aux*N . Ph - Aux*N Ph 

Br N 3 

94% ds 

Scheme 8.25. ot-Amidation of chiral ester enolates using di(tert-butyl)azodicarboxylate and (a) N- 
methylephedrine [ 106] or (b) oxazolidinone chiral auxiliaries [107]. Azidation of a chiral enolate 
(c) directly or (d) via bromination/azidation [ 110]. 
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Unfortunately, the hydrazino esters or amides required inconveniently high pressures 
for their hydrogenolysis (500 psi; Schemes 8.25a and b). An improvement involved 
the direct azidation of the same enolates using arylazide derivatives, which were 
found to undergo reactions with enolate nucleophiles to provide a C-sulfonyltriazene 
intermediate which could be decomposed to the t~-azido ester (Scheme 8.25c) [110]. 
Alternatively, azides may be obtained by enolate bromination followed by SN2 azide 
displacement; note that these techniques are stereochemically complementary. 
Similar chemistry has also been accomplished using 10-sulfonamidoisobornyl chiral 
auxiliaries (Scheme 8.25d) [ 111 ]. 

A different approach utilizes achiral enolates and a chiral amination reagent 
(interligand asymmetric induction) [112]. t~-Chloro-t~-nitrosocyclohexane had 
previously been used as an aminating reagent with chiral enolates, providing nitrones 
as the primary product [ 113]. The adaptation of this chemistry to chiral aminating 
agents gave the nitrones with high diastereoselectivity (Scheme 8.26), which could be 
hydrolyzed to give t~-hydroxylamino ketones. These were further reduced to the 
amino alcohols using borohydride reagents and zinc/HC1. The reactions were 
proposed to proceed through a Zimmerman-Traxler-type transition structure (Scheme 
5.1) in which the Z(O)-enolate of the ketone was coordinated via zinc to the nitroso 
group and the whole ensemble oriented to avoid steric interactions between the 
incoming nucleophile and the sulfonamide group. 

1. LiN(SiMe2Ph) 2 
O 2. ZnCl 2 J ~  

~ 1 ~  Me 3. RNO 
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"- Et 
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1. NaBH 4 
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). Et ~ " ~  Me 

NH 2 

65% overall yield 
90:10 syn/anti 

99% es (syn isomer) 

Scheme 8.26. Reaction of an achiral enolate with a chiral o~-chloro-o~-nitroso reagent [ 113]. 
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8.5 Miscellaneous oxidations 

8.5.1 Oxidation of  sulfides 
A great deal of effort has been expended in the development of ways to carry out 

the asymmetric oxidation of sulfides to sulfoxides; progress in this field has been 
exhaustively reviewed [ 114]. This is interesting from both a theoretical viewpoint and 
from the utility of certain chiral sulfoxides as reagents in asymmetric synthesis [ 115]. 
Some natural products also contain sulfoxide stereogenic centers. 

The most common method for obtaining chiral sulfur compounds is the Andersen 
synthesis, which utilizes a chiral sulfinate ester such as that derived from menthol by 
diastereoselective oxidation and isomeric enrichment via epimerization and 
recrystallization [115,116]. Scheme 8.27a shows a simple example; note that the 
Grignard reaction occurs with inversion of configuration at the sulfur atom. More 
recently, substantial advances have been made in the application of chiral reagents 
(i.e., chiral N-sulfonyloxaziridines [117]) and catalytic systems to this problem. A 
promising route uses a Sharpless-style titanium-diethyl tartrate system (Scheme 8.27b 
and c); this reaction can proceed with high enantioselectivity when appropriate 
substrates such as aryl sulfides are used [114,118]. The reaction is highly dependent 
on the stoichiometry of Ti(O-i-Pr)4/DET/added water, with the proportion of 1:2:1 
being critical. 
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S ~  2. NaOH - + § 
CO2E t -O" S ~  S~, 

+ + 

-O" S~,,.. S~, O- 

Ph / .... OH 
>95% ds 
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99.9% es 

O 
_ 

1. NaHMDS 
2. PhCHO 
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2. TFAA ~ CO2Me 

3. NaOMe, MeOH ~ ph,,,,J,,,,__ 
OTHP 
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93% es 

Scheme 8.27. (a) An example of the Andersen synthesis of chiral sulfoxides [119]. (b) 
Catalytic oxidation of an aromatic sulfide using a chiral titanium complex [118]. (c) 
Synthesis of a C2_symmetrical trans-1,3-dithiane-1,3-dioxide and its use as an asymmetric 
acyl anion equivalent [ 120,121 ]. 
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An interesting application of this chemistry has been the subject of considerable 
work by the Aggarwal group. These workers prepared the trans isomer of 1,3- 
dithiane-l,3-dioxide in high ee; note the use of a temporary carbomethoxy group, 
which proved necessary for high enantioselectivity (Scheme 8.27c) [120]. 
Deprotonation gave an acyl anion equivalent which reacted with aromatic aldehydes 
with high diastereoselectivity [ 121 ]. Pummerer removal of the heterocycle followed 
by basic transesterification met with some isomerization and loss of enantiomeric 
purity, although this problem could be mitigated by a multistep procedure involving 
intermediate thioesters. 

The reader is referred to the review literature for other applications of chiral 
sulfoxides in diastereoselective synthesis, including their use as directing groups for a 
wide variety of organometallic reactions [ 122,123] and the related chemistry of chiral 
sulfoxonium salts [115]. Although the vast majority of these efforts have to date 
obtained the stereogenic sulfur atom through the Andersen procedure or a variant 
thereof, one expects chiral catalysis to play an increasing role in the future. 

8.5.2 Group-selective oxidation of C-H and C-C ty bonds 
The oxidation of enantiotopic alkyl groups is only rarely accomplished through 

chemical means, although group selectivity is very commonly utilized in enzymatic 
reactions. This is partly because the conceptually simplest kind of group-selective 
reaction involves the formal cleavage of C-H or C-C ~ bonds, which is still difficult 
to do with useful levels of chemo- or regioselectivity, much less enantioselectivity. 
Due to the significant potential of this strategy in asymmetric synthesis, a few early 
results are presented below. 

A few non-enzymatic methods that permit the formal group-selective insertion of 
oxygen into enantiotopic C-H bonds are shown in Scheme 8.28. The asymmetric 
Kharash reaction in Scheme 8.28a uses a chiral bisoxazoline complex of copper 
similar to that employed by Evans in his approach to asymmetric aziridination (cf. 
Scheme 8.12) [ 124]. Without going too deeply into the details of the mechanism, note 
that although the overall reaction selectively replaces one of the enantiotopic 
hydrogen atoms with a benzyloxy group, the actual enantioselective step entails the 
face-selective recombination of the allylic radical with the copper(II)-benzoate salt! 
According to this hypothesis, the oxygen is delivered suprafacially and intra- 
molecularly with expulsion of the original catalyst. Note that this example proceeds 
in low yield. Should more reactive catalyst systems that proceed with higher 
turnovers be found, this might provide a useful route to allylic oxidation. 

The benzylic oxidation depicted in the second step of Scheme 8.28b is actually a 
formal group-selective differentiation of diastereotopic C-H bonds, since asymmetric 
epoxidation occurs prior to hydroxylation [125]. However, the reaction is an 
interesting example of a kinetic resolution that depends on the fact that the catalyst 
used reacts with the two epoxides at different rates, apparently because the chiral 
catalyst system: 

1. Prefers to remove a hydrogen atom from the same face as the epoxide 
oxygen, possibly because of conformational effects. 

2. Is selective for the removal of the HSi hydrogen. 



Chaoter 8. Oxidations 357 

Since the salen(Mn) catalyst used promotes both epoxidation and hydroxylation 
reactions (although not with the same efficiency), the net effect is to stereoselectively 
oxidize the S,R-monoepoxide in order to increase the enantiomeric purity of the R,S- 
epoxide. 

(a) PhC(O)O-O-t-Bu + Cu(I)XL 2 

nRe,, 
I Is,.  IIs, 

1iRe 

-- t.BuO o + PhC(O)O-Cu(II)XL 2 

t-BuOo _- ~ PhC(O)O-Cu(II)XL2 

Re (b) 

L2Cu,, ' ' [ ~  
I 0 

Ph 

NaOCI, 
(salen)Mn catalyst 

-Cu(I)XL2 ~ ] )  
.... OBz 

low yield 
91% es 

I I S O  

R,S S,R 
53% yield, 93% es 

lslow least 
OH OH 

,,,_~ 0 
Scheme 8.28. Formally group-selection insertion of oxygen into enantiotopic C- 
H bonds. (a) An asymmetric Kharasch reaction [ 124]. The catalyst is similar to 
that shown in Scheme 8.12, except that each oxazoline bears two methyl 
substituents at C-5. (b) Kinetic resolution of dihydronaphthalenes [125]. The 
reaction uses a Jacobsen epoxidation catalyst (Scheme 8.6, type A). 

The group-selective stereodifferentiation of C-C bonds has been investigated in 
the context of ring-expansion chemistry. In a symmetrical ketone like 4-tert- 
butylcyclohexanone, the two methylene groups adjacent to the ketone are 
enantiotopic. Several groups interested in the overall "oxidation" of these bonds have 
developed asymmetric versions of the classical Baeyer-Villiger and Beckmann 
reactions (Scheme 8.29a). 

Although highly efficient enzymatic Baeyer-Villiger reactions have been 
accomplished using cyclohexanone oxygenase [126,127], only one method using an 
abiotic method has been reported [128]. A chiral copper complex is used to activate 
the oxidizing agent, this time molecular oxygen itself. In the example shown, a 
kinetic resolution of a 2-substituted cyclohexanone is carried out to afford both 
product lactone and the starting cyclohexanone with reasonable enantioselectivities. 
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Such reactions have not yet found their way into the arsenals of synthetic organic 
chemists; instead, multistep sequences such as the chiral base-mediated method 
shown in Scheme 8.29c are usually used to achieve the net result of enantioselective 
oxygen insertion [ 129]. 

(a) 0 0 0 
\k_ 

( x c ) o o 

R R R 

(b) 0 0 
~ Ph CuL2' 02, t-Bu-CHO ~ , ~  

Ph 

O 
+ ~ .... Ph 

racemic 83% es 83% es 

(c) 

Ph 

catalyst: 

.... t-Bu O / 
"-~ N\ 

/ )2 TM 
OEN O 

\ 
t-Bu 

Me Me 
! 

TESCI NOTES 3. HCI O 

67% yield 70% yield 
96% ds 

Scheme 8,29. (a) A generic asymmetric ring-expansion reaction. (b) A kinetic 
resolution using an asymmetric Baeyer-Villiger catalyst [128]. (c) A synthetic 
equivalent of an asymmetric Baeyer-Villiger reaction [ 129]. 

In contrast, there is no known enzymatic version of an asymmetric nitrogen 
insertion process. Rather, there are two methods available that utilize variations on 
known ring-expansion processes (Scheme 8.30). The first utilizes oxaziridines as the 
first isolated intermediate in a three-step overall sequence [130]. Axially 
dissymmetric spirocyclic oxaziridines are available by the oxidation of imines 
derived from the starting ketone and ot-methylbenzylamine. The reaction utilizes one 
element of diastereofacial selectivity (interpreted here as equatorial attack of the 
peracid oxidizing agent) and an interesting kind of selectivity whereby intramolecular 
attack of the now-secondary nitrogen causes ejection of a carboxylic acid; in this 
latter reaction, the stereogenic nitrogen atom of the oxaziridine [ 131 ] is formed with 
good diastereoselectivity. The oxaziridine is then photolyzed, which causes the 
molecule to undergo bond reorganization to give the lactam. This reaction takes 



Chapter 8. Oxidations 359 

advantage of the known (but not well-understood) tendency of the oxaziridine to 
react with regioselective migration of the bond antiperiplanar to the lone pair on the 
nitrogen atom (emboldened in the scheme) [132]. Reductive removal of the chiral 
substituent on nitrogen then finishes off the overall ring-expansion protocol. 
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5.. 
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Ph 
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I. BF3"OEt2 ~ ~ ,,) 
2. NaHCO 3 t-Bu 

Ph o o 
y. )  N 3 

t-Bu t-Bu 
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Scheme 8.30. Asymmetric nitrogen ring-expansion reactions of ketones utilizing 
(a) oxaziridine synthesis and photolysis [130] and (b) an azide-Schmidt reaction 
[133]. 

A few examples of a similar conversion utilizing an azide-based variant of the 
Schmidt reaction have also appeared [133]. The reaction is thought to entail the 
formation of a hemiketal between the hydroxyl group of the reagent and the ketone; 
dehydration of the hemiketal leads to an oxonium ion that is subject to attack by the 
now-tethered azido group. Migration of the bond antiperiplanar to the departing N2 
substituent, possibly through a conformation such as that depicted, was proposed to 
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lead to the observed lactam. Again, removal  of the chiral substituent on nitrogen 
afforded the formal asymmetric Schmidt reaction product. 
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Entries in italics refer to definitions of terms 

A-factor, 155 
A values, 15, 128, 296 
A 1,2, A 1,3 strain, 15 
Abscisic acid, 96 
Absolute asymmetric synthesis, 15 
Absolute configuration, 15 
Acetals, C2-symmetric, 249 

dispoke, 86 
Achiral, 15 
Achirotopic, 15, 20 
AD, see Dihydroxylations 
AD-mix-0t, AD-mix-13, 345-346 
Additions, conjugate (also see Michael 

additions), 145-156 
to amides and imides, 147-149 
to azomethines, 150-153 
to dioxinones, 149-150 
to esters, 145-147 
to ketones and lactones, 154-156 

Additions, of organozincs, 137-140 
Additions, organometallic 

to C=N bonds, 141-145 
with chiral catalysts or chiral nucleophiles, 

136-142 
AE, see Epoxidation 
Agami trajectory, 82, 95 
Aldol additions, 171-197 

applications of, 197 
chelated vs. nonchelated enolates, 177 
closed vs. open transition structures, 172, 

173-174, 180-184, 190 
double asymmetric induction in, 193-197 
interligand asymmetric induction in, 184- 

193 
intraligand asymmetric induction in, 176- 

184 
kinetic control in, 171-174 
of silyl enol ethers, 182-183, 190-193 
simple diastereoselectivity in, 171-175 
single asymmetric induction in, 175-193 
thermodynamic control in, 174-175 

Alkylations, 75-113 
chiral bases in, 98-103 
interligand asymmetric induction in, 98- 

103 
intraligand asymmetric induction in, 85-98 
of o~-alkoxyorganolithiums, 104-108 
of ~-aminoorganolithiums, 109-113 

of azaenolates, 91, 96-98 
of chiral organolithiums, 103-113 
of enolates, 82-103 
transition states for, 82-83 

Allose, 337 
Allyl additions, 162-171 

allylaluminium reagents, 168 
allylborane reagents, 162-168 
allylchromium reagents, 171 
allyllithium reagents, 209-211 
allylsilane reagents, 162, 167-169, 171 
allylstannane reagents, 168-170 
allyltitanium reagents, 171 
allylzirconium reagents, 173-174, 176 
closed vs. open transition structures, 162- 

163, 168-171 
double asymmetric induction in, 165-168 
simple diastereoselectivity in, 163-164 
simple enantioselectivity in, 162-163 
single asymmetric induction in, 164-165 
sulfoxides, phosphine oxides, 209-211 
to enones, 209-211 

Allylic strain, 15 
Alpha (t~), 15 
Alternating symmetry axis, 15 
Aminations, 352-354 
Ancillary stereocontrol, 338 
Angle strain, 16 
Anomeric effect, 16 
Antarafacial, 17 
anti, 17, 38 
Antibiotic X- 14547A, 98 
Anticlinal, 17 
Antiperiplanar, 17 
Antiperiplanar effect, 83 
Ant pheromone, 98, 245 
Aphidicolin, 215 
Aracemic, 17 
Aristolactone, 245 
Aspidospermine, 96 
Asymmetric, 17 
Asymmetric carbon atom, 17 
Asymmetric center, 17 
Asymmetric destruction, 17 
Asymmetric induction (also see specific 

reactions), 17 
chelate-enforced intraannular, 84 
double, 10-14, 17, 24 

365 
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double, matched vs. mismatched, 12-14 
double, using co-catalysts, 140-141 
extraannular vs. intraannular, 84 
interligand vs. intraligand, 5-6 
intraligand, types of, 84 
single, 2, 4, 10, 17 

Asymmetric synthesis, criteria for, 3 
Asymmetric transformation, 17, 

of the first kind, 17, 103, 305 
of the second kind, 17, 86 

Atropisomers, 17, 22 
Axial, 18 
Axis of chirality, 18 
Aza-ene reaction, 207 
Azaenolates, 91, 96-98 
Aziridinations, 341 

Baeyer strain, 18 
Baeyer-Villiger reaction, 284, 357-358 
Bases, chiral, 98-103, 211-214, 244, 358 
9-BBN, see 9-Borabicyclononane 
Beetle pheromone, 98 
Beta (13), 15 
Biaryls, chiral, 17, 152-153, 212-213,349 

BINAL-H, 293-297 
B INAP, 225-229, 303-307 

Bilabolide, 274 
Binaphthol (BINOL), 

enantiomer enrichment, 46 
Bisecting conformation, 18 
Boat, 19 
Bond opposition strain, 18 
9-Borabicyclononane (9-BBN), 196-301 
Boranes 

chiral ligands for, 163,300-302 
in allyl additions, 162-168 
in Diels-Alder reactions, 279-280 
in hydroborations, 317-321 
in reduction of C----O bonds, 296-302 

Bowsprit, 18 
Brefeldin A, 274 
N-Brosylmitomycin A, 125 
Btirgi-Dunitz trajectory, 18, 23, 124-127, 

171,198 

Cahn-Ingold-Prelog method, 20 
California red scale pheromone, 147 
Camazepam, enantiomer enrichment, 46 
Camptothecin, 352 
Capnellene, 96 
Carbanions (see also Alkylations, Enolates, 

and Organolithiums) 
types of, 75 

Carbenoids, see Cyclopropanations 
Catalysts, chiral, 7, 13 

in additions, 136-142, 147, 169 

Principles of Asymmetric Synthesis 

in aldol reactions, 190-193 
in alkylations, 101-102 
in aziridinations, 341 
in cyclopropanations, 247, 253-262 
in Diels-Alder reactions, 283 
in dihydroxylations, 343-350, 352 
in epoxidations, 328-334 
in epoxide-opening reactions, 340 
in hydroxylations, 356-357 
in [1,3]-hydrogen shifts, 223-229 
in Michael additions, 211-213 
in reductions of C----C bonds, 311-316 
in reductions of C----X bonds, 296-311 
in sulfide oxidations, 355-356 
phase-transfer, 101 

CD, see Circular dichroism 
CDA, see Derivatizing agents, chiral 
Center, asymmetric, see Asymmetric center 
Center of chirality, 19 
Center of inversion, 19 
Center of symmetry, 19 
Chair, 19 
Chair-chair inversion, 19 
Chelation control, see Cram's rule, cyclic 

model 
Chelation 

in aldol reactions, 177-184, 195-196 
in cyclopropanations, 250-251 
in Diels-Alder cycloadditions, 264-270, 

273 
in Michael additions, 199, 203-204, 209- 

210, 214-215 
in reductions, 303-306 
in [2,3]-Wittig rearrangements, 236, 243- 

244 
involving enolates, 80, 84, 87-89, 91-94 
involving organolithiums, 103-104, 107, 

110-112 
Chiral, 19 
Chiral auxiliary (also see specific reactions), 

3 , 6 , 1 9  
camphor sulfonamide, 352 
camphor sultam, 93-94, 147-149, 177, 

182-184, 270-271 
camphor-derived (other), 89-91,177, 181- 

182, 200-201,272 
formamidine, 109-110 
mandelate ester, 276 
menthol-derived, 271,273 
2-methoxymethyl pyrrolidine, 276 
oxathiane, 135 
oxazolidinone, 92, 176, 178-181, 194, 

202, 271 
oxazoline, 91, 94, 109-110 
pantolactone, 252 
2-phenylcyclohexanol, 273 
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8-phenylmenthyl, 144, 200-201,243 
pyrrolidines, 205-207, 245 
SAMP-RAMP hydrazones, 96-98, 143, 

203 
o~-siloxyketones, 176-177 

Chiral shift reagents (CSRs), 23, 56 
Chiral solvating agents (CSAs), 23, 60, 68 
Chirality, 20 
Chirality axis, 20 
Chirality center, 20 
Chirality element, 20 
Chirality plane, 20 
Chirality sense, 20 
Chirality transfer, 20 
Chirotopic, 20 
Chlormezanone, enantiomer enrichment, 46 
Chromatography, 65-70 

capacity ratio, 66 
chiral stationary phase (CSP), 65, 67-70 
principles of, 65-67 
racemization in, 67-68 
resolution, 67 
separability factor, 66 

Chrysanthemic acid, 255 
Cilistatin, 255 
Cinchona alkaloids, 343-346 
CIP method, 20 
Circular birefringence, 48 
Circular dichroism (CD), 49 
cis, 21 
cis-trans isomers, 22 
cisoid conformation, 22 
Citronellal, 225 
Citronellic acid, 147 
Clinal, 22 
Clivorine, 125 
Conducted tour mechanism, 77 
Configuration, 22 
Configuration, absolute, see Absolute 

configuration 
Configuration, relative, see Relative 

configuration 
Conformation, 22 
Conformational analysis, 22 
Conformational isomers (conformers), 22 
Conformation, eclipsing, see Eclipsing 

conformation 
Constitution, 22 
Constitutional isomers, 22 
Cope rearrangement, 253 
Cornforth model, see Cram's rule 
Cotton effect, 49 
Cram's rule, 23, 121-136 

Cornforth model, 122, 124 
cyclic model, 22, 130-136, 195 
Felkin model, 123-124 

Felkin-Anh model, 23, 27, 126-127, 194- 
196 

Felkin-Anh-Heathcock model, 127-129 
Karabatsos model, 122-123 
open chain model, 23, 121-130 
solvent effects in, 130-131 

Crown ethers, 212 
Cryptopine, 125 
CSA, see Chiral solvating agents 
CSP, see Chromatography, chiral stationary 

phase 
CSR, see Chiral shift reagents 
Cuparenone, 96 
o~-Cuparenone, 155 
Curtin-Hammett kinetics, 110, 122, 280, 305, 

314 
Cycloadditions (also see Cyclopropanations, 

Diels-Alder reactions), 246-285 
Cyclopropanations, 246-263 

chiral auxiliaries in, 248-253 
chiral catalysts in, 253-262 
chiral electrophiles in, 262 
group-selective, 261 
metallacyclobutanes in, 259 
of enol ethers, 251 
stepwise, 262-263 
using sulfur ylides, 263 
vinylcarbenoids in, 248 

D, 23 
d, 23 
Daddy longlegs defense substance, 98 
Daunomycin, 351 
cis Deltamithrinic acid, 263 
Denticulatin A, 197 
6-Deoxyerythronolide B, 195, 197 
Deprotonations, 75-82 

additives in, 80 
chiral auxiliaries in, 110 
E(O)/Z(O) stereoselectivity of, 78-82, 90, 

96-98, 173, 188 
group-selective, 98-100, 107-113 
mechanisms of, 79-82, 109-112, 173, 188 

Derivatizing agents 
achiral, 55-56 
chiral (CDAs), 19, 52-55 

Diacetone glucose, 188, 190 
Diastereoconvergent, see Stereoconvergent 
Diastereoisomerism, 23 
Diastereomers, 23 
Diastereoselectivity (ds), 8, 24 
Diastereotopic, 24 
Diazaborolidines, 187-189 
Dicampholylmethane (dcm), 60 
Dictyopterene C, 263 
Diels-Alder reactions, 263-285 
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chiral catalysts in, 277-283 
chiral dienes in, 274-277 
chiral dienophiles in, 264-274 
in prostaglandin synthesis, 283-285 
intramolecular, 270-271 

Dihedral angle, 24 
Dihydroquinine, 

NMR anomalies of, 64 
Dihydroxylations, 341-350 

acyclic diastereoselectivity in, 349 
applications of, 348-350, 352 
ligands for, 343-346 
double diastereoselectivity in, 349 
mechanism, 342 
of enol ethers, 352-353 
Sharpless, 343-347 

Diisopinocampheylboron reagents, 184-185, 
317 

Dimethyl acetylcitramalate, 136 
S, E-4,6-Dimethyl-6-octen-3-one, 98 
Dioxaborolane, 253-254 
Dissymetric, 24 
dl, 23 
ds, see Diastereoselectivity 
Dunitz angle, 25 

E, 25 
E(0),25 
Eclipsed, 25 
Eclipsing conformation, 18 
Eclipsing strain, 39 
ee, see Enantiomer excess 
Element of chirality, see Chirality element 
Elaeokanine C, 144 
Elliptically polarized light, 49 
Enamines and enamides, 203-209 
Enantioconvergent, 36 
Enantiomer, 25 
Enantiomer enrichment, on achiral stationary 

phases, 46 
Enantiomer excess (ee), 25 
Enantiomer purity, 25 
Enantiomer ratio (er), 26 
Enantiomerically enriched, 26 
Enantiomerically pure, 26 
Enantiomorphous, 26 
Enantiopure, 26 
Enantioselectivity (es), 8, 26 
Enantiotopic, 26 
endo, 26 
Enolates (also see Aldol additions, Michael 

additions), 75-103 
alkylation of, 84-103 
aminations of, 352-354 
boron, 173, 176, 178-195 
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E(O) and Z(O) isomer formation, 78-82, 
90, 96-98, 173, 188 

hydroxylation of, 350-352 
lithium, 74-103, 174-175, 178, 184, 190, 

195-196, 199, 201-203, 210-215, 230- 
231,236, 240-241,243-245, 351,353- 
354 

magnesium, 178-179 
potassium, 86, 174, 212-213,262-263, 

351 
protonation of, 99 
sodium, 174 
supramolecular aggregates, 76-78 
tin, 184, 190, 192-193, 211-212 
titanium, 171,178, 184, 188-189, 201- 

202, 212 
zinc, 354 
zirconium, 173-174, 176, 236-237, 239- 

241,235 
ent, 26 
Envelope, 27 
Epimerization, 27 
Epimers, 27 
Epoxidations, 14, 325-341,357 

applications of, 336-338 
butterfly vs. spiro arrangement, 325 
diastereoselectivity of, 325-327, 329-330 
group selectivity in, 338-340 
in kinetic resolutions, 334-336 
Jacobsen, 330, 332-333 
Katsuki-Sharpless, 328-331 
matched vs. mismatched, 335,339 
mechanism of, 328-329 
of allylic alcohols, 328-331 
of ot,13-unsaturated ketones, 333-334 
using (salen)Mn(III) catalysts, 330, 332- 

333 
using vanadium catalysts, 327 

Epoxides, opening of, 340 
Equatorial, 18 
er, see Enantiomer ratio 
Eremophilenolide, 98 
erythro, 27 
Erythronolide B, 195, 197 
Erythrose, 348 
es, see Enantioselectivity 
Estrone, 155, 215 
exo, 26 

Face selectivity, 209 
Felkin model, see Cram's rule 
Felkin-Anh model, see Cram's rule 
Felkin-Anh-Heathcock model, see Cram's 

rule 
Fischer projection, 27 
Fischer-Rosanoff convention, 27 
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Fischer-Tollens projection, see Fischer 
projection 

Flagpole, 18 
Flippin-Lodge angle, 127 
Free rotation, 28 

Gauche, 28 
Gauche pentane, 186, 195-197, 210, 294-296 
Geometric isomers, 28 
Gloesporone, 306 
Glyceraldehyde acetal, 348 

Half-boat, 28 
Half-chair, 28 
Helicity, 28 
Heptafluorobutanoylcamphor (hfc), 60 
Heterochiral, 28 
Heterofacial, 28 
Heterotopic, 28 
Hexoses, synthesis of, 337-338 
Homochiral, 28 
Homofacial, 28 
Homotopic, 29 
Horeau effect, 50 
Houk trajectory, 82 
Hydroborations, 317-321 
Hydrocyanations, 140-141 
Hydrogenations, 312-316 

mechanism of, 313-314 
[1,3]-Hydrogen atom shifts, 223-229 
Hydroxylations, 350-352 

Indolizidine 223AB, 306 
Induced anisochrony, 58, 61 
Insertions, group-selective, 227, 357 
Inversion, 29 
Ionomycin, 91, 197 
Ipc, see Isopinocampheylboranes 
Isomerization, olefin, see [ 1,3]-Hydrogen 

atom shifts 
Isomers, 29 
Isomers, conformational, see Conformational 

isomers 
Isopinocampheylboranes (Ipc's), 185, 197, 

301-302 
Isopulegol, 225 
Isoschizandrin, 153 
Isotopic dilution, 51 
Ivalin, 153 

Jacobsen epoxidation, see Epoxidations 

Karabatsos model, see Cram's rule 
Katsuki-Sharpless epoxidation, see 

Epoxidations 
Kharash reaction, 356-357 

Kiliani-Fischer carbohydrate synthesis, 121 
Kinetic control, 7-10 
Kinetic resolution (KR), 29, 51, 99, 305, 

311,356-358 
of allylic alcohols, 334-336 

KR, see Kinetic resolution 

L, 23 
1,23 
l (like), 29 
Lactams, bicyclic, 94-96, 262-263 
Lanthanide shift reagents, 53 
Lasalocid, 134 
Lasubine, 144 
Ligancy complementation rules, 20 
Ligand-accelerated catalysis, 343-344 
like, see l 
Linalool, 136 
Lithium aluminum hydrides, modified, 293- 

296 
lk, 29 

M, 30, 257 
Malyngolide, 136 
Marckwald, 2 
Meerwein-Pondorf-Verley reaction, 2 
Menthol (synthesis), 225 
Menthyl p-toluenesulfinate, 355-356 
/-Menthyl diazoacetate, 254 
Mesembrine, 96 
meso, 29 
Methadone, 125 
o~-Methylbenzylamine, 144, 273,359 
N-Methylconiine, 144 
O-Methylflavinantine, 111 
S-(+)-4-Methyl-3-heptanone, 98 
Methyl jasmonate, 215 
O-Methyl loganin aglycone, 274 
Mevalolactone, 136 
Michael additions, 198-215 

allyl anions in, 209-211 
amides and enolates in, 201-202 
chiral acceptors in, 214-215 
chiral donors in, 200-211 
enamines in, 204-209 
imides in, 237-243 
interligand asymmetric induction in, 211- 

214 
Mitomycin A (N-brosyl), 125 
Molecular rotation, 50 
Monensin, 134 
Mosher's acid (o~-methyl-oc- 

trifluoromethyl)phenylacetic acid, 
MTPA), 52, 62 

Mosquito oviposition attractant, 136 
Muscone, 156 
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Mycolipenic acid, 147 
Myrtine, 144 

Newman projection, 30 
Nicotine, enantiomer enrichment, 46 
Nonbonded interactions, 30 
Nonracemic, 30 
Norcoralydine, 111 
Normal plane, 124 
Normetazocine, 144 
Norpectinatone, 147 
Nuclear magnetic resonance, 51-64 

Ocoteine, 111 
Olefin migration, see [ 1,3]-Hydrogen atom 

shifts 
Optical activity, 30 
Optical purity, 30 
Optical rotatory dispersion (ORD), 49 
Optical yield, 30 
ORD, see Optical rotatory dispersion 
Organolithiums 

t~-alkoxyorganolithiums, 104-108 
ct-aminoorganolithiums, 109-113 
dipole vs. inductively stabilized, 103-104 

Osmylation, see Dihydroxylations 
Overberger's base, 100, 244, 358 
Oxazaborolidines, 86 

in aldol condensations, 190-192 
in Diels-Alder reactions, 279-280, 285 
in reductions, 296-300 

Oxaziridines, 350-351,358-359 
Oxidations (also see Baeyer-Villiger reaction, 

Dihydroxylations, Epoxidations), 325- 
363 

aminations, 352-354 
of C-H and C-C bonds, 356-360 
hydroxylations, 350-352 
of enol ethers, 352 
of enolates, 350-354 
of sulfides, 355-356 

11-Oxoequilenin, 155 

P, 30, 257 
parf, 31 
Payne rearrangement, 337-338 
Pentane, gauche, see Gauche pentane 
Percent diastereoselectivity (% ds), 23 
Percent enantiomer excess (% ee), 25, 50 
Percent enantioselectivity (% es), 26 
Percent optical purity, 30, 50 
Permethric acid, 255 
PGE2, 284 
PGF2ot, 284 
Phase-transfer catalysis, 101 
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Phosphines, chiral (also see Biaryls, BINAP), 
155,312-316 

Pirkle's CSA, enantiomer enrichment, 46 
Pitzer strain, 31 
Planar chirality, 31 
Plane, normal, see Normal plane 
Podophyllotoxin, 153 
Podorhizoxin, 155 
Point group, 31 
Polarimetry, 47-51 
pref, 31 
Prelog-Djerassi lactone, 92, 197, 245 
Priority antireflective (parD, 31 
Priority reflective (pref), 31 
pro-R, pro-S, 32 
Prochiral, 31 
Projection, Newman, see Newman projection 
Projection, zig-zag, see Zig-zag projection 
Prostaglandins, 283-285 
Protopine, 125 
Pseudoasymmetric atom, 32 
Pseudorotation, 33 
Pumiliotoxin C, 144 
Pyramidal inversion, 33 
Pyrenophorin, 306 

Quinine (as a CSA), 62 

R, 33 
r, 33 
rac, 33 
Racemate, 33 
Racemic mixture, 33 
Racemization, 33 
Re, 34 
Reagent-based stereocontrol, 13, 193-194 338 
Reductions (also see Hydroborations), 293- 

234 
of C----C bonds, 311-316 
of C----N bonds, 307-311 
of C----O bonds, 293-307 
of meso-anhydrides, 296-297 
with chiral organoboranes, 300-302 
with oxazaborolidines, 296-300 

Reflection invariant, 34 
Reflection variant, 34 
Refractive indices, 47 
Refractivity, 48 
Reframoline, 111 
Relative configuration, 34 
Reticuline, 111 
Resolution, 35 
Restricted rotation, 28 
Retention of configuration, 35 
Retusamine, 125 
Ring expansions, nitrogen, 358-360 
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Ring inversion, 35 
Ring reversal, 35 
Rotamers, 35 
Rotation angle (t~), 35 
Rotation-reflection axis, 15 
Rotation, restricted, see Restricted rotation 
Rotational barrier, 35 

S, 33 
s, 33 
s-cis, 35 
s-trans, 35 
salen ligands, 330-333, 357 
Sarkomycin, 274 
Sawhorse formula, 35 
Scalemic, 36 
Schmidt reactions, of alkyl azides, 359-360 
Self-immolative reaction, 2 
Self-induced nonequivalence, 64 
Self-regeneration of chirality, 85-86, 149 
Sense of chirality, see Chirality sense 
Sequence rules, 20-21, 36 
Serricomin, 98 
Sharpless dihydroxylation, see 

Dihydroxylations 
Sharpless epoxidation, see Epoxidations 
Si, 34 
Silphiperfolene, 96 
Simmons-Smith reaction, see 

Cyclopropanations 
Skew, 19 
Sofa, 149 
Southern corn rootworm pheromone, 147 
Sparteine, 107, 110-112 
Specific rotation, 36, 49 
n-Stacking, 273, 276 
Staggered conformation, 36 
Steganone, 153 
Stereocenter, 36 
Stereochemical descriptor, 36 
Stereoconvergent, 36 
Stereoelectronic effect, 36 
Stereogenic axis, 33, 36 
Stereogenic center, 33, 36 
Stereogenic element, 37 
Stereogenic plane, 33, 37 
Stereogenic unit, 37 
Stereoheterotopic, 37 
Stereoisomers, 38 
Stereoselectivity, 38 
Stereospecific, 38 
Still-Wittig rearrangement, 241 
Strain, allylic, see Allylic strain 
Strain, angle, see Angle strain 
Strain, Baeyer, see Baeyer strain 

Strain, bond opposition, see Bond opposition 
strain 

Strain, eclipsing, see Eclipsing strain 
Strain, Pitzer, see Pitzer strain 
Strain, torsional, see Torsional strain 
Structural isomers, 38 
Structure, 38 
Sulfates, cyclic, 348 
Superimposable, 38 
Superposable, 38 
Suprafacial, 17 
Symmetry axis, 38 
Symmetry elements, 38 
Symmetry plane (~), 38 
Symmetry point group, 31 
syn, 38 
Synclinal, 16, 39 

TADDOL, 281 
Takasago process, 225 
Talaromycin A, 245 
Thermodynamic control, 7-10 
Thorpe-Ingold effect, 38, 192 
threo, 39 
Tirandimycin A, 197 
ct-Tocopherol side chain, 91 
Torsion angle, 39 
Torsional isomers, 39 
Torsional strain, 39 
trans, 39 
Transannular interaction, 39 
Transformation, asymmetric, see Asymmetric 

transformation 
Transition state, 39 
Transition structure (also see specific 

reactions), 39 
Zimmerman-Traxler, 161, 162, 168, 177- 

178, 182, 184, 187, 195,232, 354 
transoid conformation, 40 
Trifluoroacetylcamphor (tfc), 60 
Tr/Sger's base (as a CSA), 62 
Tse-tse fly pheromone, 91 
ar-Tumerone, 153 
Twist-boat, 19 

u (unlike), 29 
ul, 29 

van der Waals interactions, 40 
Vitamin E side chain, 147 

Walden inversion, 40 
[2,3]-Wittig rearrangement, 229-245 

allyloxymethyl stannanes in, 241 
applications of, 245 
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chiral auxiliaries and chiral bases in, 243- 
245 

chirality transfer in, 237-243 
oxygen ylides in, 241 
propargyloxy stannanes in, 242 

Wieland-Mischer ketone, 
enantiomer enrichment, 46 

X-14547A, see Antibiotic X-14547A 

Yohimbine, 274 
Yohimbone, 111 

Z, 25 
Z(0),25 
Zig-zag projection, 40 
Zimmermann-Traxler transition structure, see 

Transition structure, Zimmerman-Traxler 
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