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Preface

The emergence of organic chemistry as a scientific discipline heralded a new era in human develop-
ment. Applications of organic chemistry contributed significantly to satisfying the basic needs for food,
clothing and shelter. While expanding our ability to cope with our basic needs remained an important
goal, we could, for the first time, worry about the quality of life. Indeed, there appears to be an excellent
correlation between investment in research and applications of organic chemistry and the standard of liv-
ing. Such advances arise from the creation of compounds and materials. Continuation of these contribu-
tions requires a vigorous effort in research and development, for which information such as that provided
by the Comprehensive series of Pergamon Press is a valuable resource.

Since the publication in 1979 of Comprehensive Organic Chemistry, it has become an important first
source of information. However, considering the pace of advancements and the ever-shrinking timeframe
in which initial discoveries are rapidly assimilated into the basic fabric of the science, it is clear that a
new treatment is needed. It was tempting simply to update a series that had been so successful. However,
this new series took a totally different approach. In deciding to embark upon Comprehensive Organic
Synthesis, the Editors and Publisher recognized that synthesis stands at the heart of organic chemistry.

The construction of molecules and molecular systems transcends many fields of science. Needs in
electronics, agriculture, medicine and textiles, to name but a few, provide a powerful driving force for
more effective ways to make known materials and for routes to new materials. Physical and theoretical
studies, extrapolations from current knowledge, and serendipity all help to identify the direction in which
research should be moving. All of these forces help the synthetic chemist in translating vague notions to
specific structures, in executing complex multistep sequences, and in seeking new knowledge to develop
new reactions and reagents. The increasing degree of sophistication of the types of problems that need to
be addressed require increasingly complex molecular architecture to target better the function of the re-
sulting substances. The ability to make such substances available depends upon the sharpening of our
sculptors’ tools: the reactions and reagents of synthesis.

The Volume Editors have spent great time and effort in considering the format of the work. The inten-
tion is to focus on transformations in the way that synthetic chemists think about their problems. In terms
of organic molecules, the work divides into the formation of carbon—carbon bonds, the introduction of
heteroatoms, and heteroatom interconversions. Thus, Volumes 1-5 focus mainly on carbon—carbon bond
formation, but also include many aspects of the introduction of heteroatoms. Volumes 6-8 focus on
interconversion of heteroatoms, but also deal with exchange of carbon—carbon bonds for carbon-
heteroatom bonds.

The Editors recognize that the assignment of subjects to any particular volume may be arbitrary in
part. For example, reactions of enolates can be considered to be additions to C—C w-bonds. However,
the vastness of the field leads it to be subdivided into components based upon the nature of the bond-
forming process. Some subjects will undoubtedly appear in more than one place.

In attacking a synthetic target, the critical question about the suitability of any method involves selec-
tivity: chemo-, regio-, diastereo- and enantio-selectivity. Both from an educational point-of-view for the
reader who wants to learn about a new field, and an experimental viewpoint for the practitioner who
seeks a reference source for practical information, an organization of the chapters along the theme of
selectivity becomes most informative.

The Editors believe this organization will help emphasize the common threads that underlie many
seemingly disparate areas of organic chemistry. The relationships among various transformations
becomes clearer and the applicability of transformations across a large number of compound classes
becomes apparent. Thus, it is intended that an integration of many specialized areas such as terpenoid,
heterocyclic, carbohydrate, nucleic acid chemistry, erc. within the more general transformation class will
provide an impetus to the consideration of methods to solve problems outside the traditional ones for any
specialist.

In general, presentation of topics concentrates on work of the last decade. Reference to earlier work,
as necessary and relevant, is made by citing key reviews. All topics in organic synthesis cannot be
treated with equal depth within the constraints of any single series. Decisions as to which aspects of a

vii



viii Preface

topic require greater depth are guided by the topics covered in other recent Comprehensive series. This
new treatise focuses on being comprehensive in the context of synthetically useful concepts.

The Editors and Publisher believe that Comprehensive Organic Synthesis will serve all those who
must face the problem of preparing organic compounds. We intend it to be an essential reference work
for the experienced practitioner who seeks information to solve a particular problem. At the same time,
we must also serve the chemist whose major interest lies outside organic synthesis and therefore is only
an occasional practitioner. In addition, the series has an educational role. We hope to instruct experi-
enced investigators who want to learn the essential facts and concepts of an area new to them. We also
hope to teach the novice student by providing an authoritative account of an area and by conveying the
excitement of the field.

The need for this series was evident from the enthusiastic response from the scientific community in
the most meaningful way — their willingness to devote their time to the task. I am deeply indebted to an
exceptional board of editors, beginning with my deputy editor-in-chief Ian Fleming, and extending to the
entire board — Clayton H. Heathcock, Ryoji Noyori, Steven V. Ley, Leo A. Paquette, Gerald Pattenden,
Martin F. Semmelhack, Stuart L. Schreiber and Ekkehard Winterfeldt.

The substance of the work was created by over 250 authors from 15 countries, illustrating the truly in-
ternational nature of the effort. I thank each and every one for the magnificent effort put forth. Finally,
such a work is impossible without a publisher. The continuing commitment of Pergamon Press to serve
the scientific community by providing this Comprehensive series is commendable. Specific credit goes
to Colin Drayton for the critical role he played in allowing us to realize this work and also to Helen
McPherson for guiding it through the publishing maze.

A work of this kind, which obviously summarizes accomplishments, may engender in some the feel-
ing that there is little more to achieve. Quite the opposite is the case. In looking back and seeing how far
we have come, it becomes only more obvious how very much more we have yet to achieve. The vastness
of the problems and opportunities ensures that research in organic synthesis will be vibrant for a very
long time to come.

BARRY M. TROST
Palo Alto, California
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Abbreviations

The following abbreviations have been used where relevant. All other abbreviations have been defined
the first time they occur in a chapter.

Techniques

CD circular dichroism

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
CT charge transfer

GLC gas—liquid chromatography

HOMO highest occupied molecular orbital
HPLC high-performance liquid chromatography
ICR ion cyclotron resonance

INDO incomplete neglect of differential overlap
IR infrared

LCAO linear combination of atomic orbitals
LUMO lowest unoccupied molecular orbital

MS mass spectrometry

NMR nuclear magnetic resonance

ORD optical rotatory dispersion

PE photoelectron

SCF self-consistent field

TLC thin layer chromatography

uv ultraviolet

Reagents, solvents, etc.

Ac acetyl

acac acetylacetonate

AIBN 2,2'-azobisisobutyronitrile

Ar aryl

ATP adenosine triphosphate

9-BBN 9-borabicyclo[3.3.1]nonyl

9-BBN-H 9-borabicyclo[3.3.1]nonane

BHT 2,6-di--butyl-4-methylphenol (butylated hydroxytoluene)
bipy 2,2'-bipyridyl

Bn benzyl

t-BOC t-butoxycarbonyl

BSA N,O-bis(trimethylsilyl)acetamide
BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide
BTAF benzyltrimethylammonium fluoride

Bz benzoyl

CAN ceric ammonium nitrate

COD 1,5-cyclooctadiene

COT cyclooctatetraene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl
18-crown-6 1,4,7,10,13,16-hexaoxacyclooctadecane
CSA camphorsulfonic acid

CslI chlorosulfonyl isocyanate

DABCO 1,4-diazabicyclo{2.2.2]octane

DBA dibenzylideneacetone

DBN 1,5-diazabicyclof4.3.0lnon-5-ene

DBU 1,8-diazabicyclo{5.4.0]undec-7-ene
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1.1
Carbanions of Alkali and Alkaline
Earth Cations: (i) Synthesis and

Structural Characterization

PAUL G. WILLIARD
Brown University, Providence, RI, USA

1.1.1 INTRODUCTION
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1
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1.14 CRYSTAL GROWTH AND MANIPULATION 40
1.1.5 THEORY, NMR AND OTHER TECHNIQUES 41
1.1.6 REFERENCES 42

1.1.1 INTRODUCTION

In this chapter the focus is primarily on the recent structural work concerning carbanions of alkali and
alkaline earth cations that are widely utilized in synthetic organic chemistry, In this context the year 1981
is significant because the first detailed X-ray diffraction analyses of two lithium enolates of simple
ketones, i.e. 3,3-dimethyl-2-butanone and cyclopentanone, were published.! Since 1981 a number of de-
tailed X-ray diffraction analyses of synthetically useful enolate anions of alkali and alkaline earth cations
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2 Nonstabilized Carbanion Equivalents

have been described. Within this chapter, many recent structural characterizations will be examined with
the overall goal of collating this new information especially as it pertains to increasing our knowledge
and control over the reactivity of these most useful and important synthetic reagents. The chapter is or-
ganized by functional group because this classification is quite natural to synthetic chemists. The exam-
ples chosen have come to my attention while thinking about the role of these species in synthetic
reactions. It is neither practical nor feasible to include in this chapter an exhaustive review of all structu-
ral characterizations of carbanions of alkali and alkaline earth cations.? Should the complete list of all
such structures be required, a comprehensive search of the Cambridge Structural Database (CSD) is rec-
ommended.? Throughout this chapter structural references are given to six letter CSD reference codes as
follows, {XXXXXX). These refcodes will assist in obtaining crystallographic coordinates directly from
the CSD.

At the outset it is especially useful to tabulate previous review articles containing a significant body of
structural information about carbanions of alkali and alkaline earth cations, since these articles supple-
ment the work reviewed herein. The first of these articles is an excellent review entitled ‘Structure and
Reactivity of Alkali Metal Enolates’ by Jackman and Lange published in 1977.4 It is significant that the
fundamental details of the structure and the aggregation state of alkali metal ketone enolate anions in sol-
ution were outlined by Jackman mainly from NMR experiments and that this work predates the X-ray
diffraction analyses. An earlier book by Schlosser entitled *Struktur und Reaktivitéit polarer Organome-
talle’ describes alkali and alkaline earth aggregates and their reactivities.’ Some additional relevant struc-
tural information is reviewed in previous titles in this series, i.e. by Wakefield in Vol. 3 of
‘Comprehensive Organic Chemistry’® and by the same author in Vol. 7 of ‘Comprehensive Organome-
tallic Chemistry'? and by O’Neill, Wade, Wardell, Bell and Lindsell in Vol. 1 of ‘Comprehensive Orga-
nometallic Chemistry’.? A short review by Fraenkel et al. summarizes the solution structure and dynamic
behavior of some aliphatic and alkynic lithium compounds by 13C, ¢Li and "Li NMR studies.® Additional
comprehensive reviews regarding NMR spectroscopy of organometallic compounds contain information
related to this topic.!? A thorough listing and classification of the X-ray structural analyses of organo li-
thium, sodium, potassium, rubidium and cesium compounds sifted from the Cambridge Structural Data-
base has been prepared by Schleyer and coworkers and covers published work until the latter 1980s.!!
Finally there are a few recent specialized reviews by Seebach, entitled ‘Structure and Reactivity of Li-
thium Enolates. From Pinacolone to Selective C-Alkylations of Peptides. Difficulties and Opportunities
Afforded by Complex Structures’,!2 by Power, entitled ‘Free Inorganic, Organic, and Organometallic
Ions by Treatment of Their Lithium Salts with 12-Crown-4’,!2 and by Boche, entitled ‘Structure of Li-
thium Compounds of Sulfones, Sulfoximides, Sulfoxides, Thio Ethers and 1,3-Dithianes, Nitriles, Nitro
Compounds and Hydrazones’, 4 that mainly summarize the author’s own recent contributions to the area.
The reviews by Seebach and Boche are especially relevant to synthetic organic chemists and are highly
recommended. Several additional articles may justifiably be included in this list; however, the reader is
referred to the aforementioned publications, especially the Seebach, Boche and Schleyer reviews, for an
exhaustive bibliography, since it will be unnecessary to repeat their bibliographic compilations.

Alkali and alkaline earth metal cations are associated with numerous carbanions in reactions found in
nearly every contemporary total synthesis. The basis for our current mechanistic interpretation of the role
of the these metal cations in synthetic reactions has been derived largely from correlating the
stereochemistry of reaction products with the starting materials. These stereochemical correlations utilize
as a foundation the conformational analysis of carbocyclic rings.!s One simply notes how often chair-like
or boat-like intermediates/transition states are employed to rationalize the stereochemical outcome of
synthetic reactions incorporating alkali metal cations to verify the veracity of the previous statement. In
almost all mechanistic pictures, one also notes that the metal cation occupies a prominent role in the pur-
ported intermediate and/or transition state. However, it has become increasingly clear that we still pos-
sess only an incomplete understanding of the aggregation state and of the structural features of many of
the alkali or alkaline earth metal coordinated carbanions in solution. Presently the following conclusions
about organic reactions in which carbanions of alkali and alkaline earth cations are involved will be
made: (i) these carbanions are utilized almost routinely in nearly every organic synthetic endeavor; (ii)
there exists a poignant lack of detailed structural information about the reactive species themselves; (iii)
the development of new reactive intermediates especially those designed to enhance and to control
stereoselectivity continues to grow; and (iv) the basic ideas for the design of new reagents emanates al-
most exclusively from detailed, but as yet largely speculative, structural postulates about these reactive
organometallic species based nearly exclusively upon carbocyclic conformational analysis.

Perhaps the increasing number of intermediates and/or transition states!5!7 that have been proposed to
explain the stereochemical outcome of enolate reactions can serve as a barometer of our attempts to ana-
lyze the situation. Currently we have set an all time high for the number of new mechanistic interpreta-
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tions of enolate reactions. It is my feeling that this will not turn out to be as simple as an open and closed
case that the present models suggest. On the contrary, there exists increasing evidence!® for the role of
highly organized, oligomeric species which play crucial roles in enolate reactions; especially in those
reactions that are fast and reversible (i.e. thermodynamically controlled), such as the aldol reaction.

A precocious explanation of the complex role of alkali metal enolates was presented in a manuscript
published in 1971.!% A paragraph from this paper is reproduced below. It represents the manuscript’s
authors’ explanation for the counterintuitive observation that more highly substituted (i.e. more sterically
hindered) enolate anions undergo alkylation reactions faster than less highly substituted (i.e. less steri-
cally hindered) enolates.

‘The fact that less highly substituted alkali metal enolates may sometimes react more slowly with alkyl
halides than their analogs having additional a-substituents has been noted in several studies.2? These ob-
servations initially seem curious since adding a-substituents would be expected to increase the steric in-
terference to forming a new bond at the a-carbon atom. However, there is considerable evidence that
many of the metal enolates (and related metal alkoxides) exist in ethereal solvents either as tightly asso-
ciated ion pairs or as aggregates (dimers, trimers, tetramers) of these ion pairs;2! structures such as (1)-
(4 M = metal; n = 1, 2, o1 3; R = alkyl or the substituted vinyl portion of an enolate) have been
suggested for such material with the smaller aggregates being favored as the steric bulk of the group R
increases. Thus, the bromomagnesium enolate of isopropyl mesityl ketone is suggested to have structure
(1) (M = MgBr), whereas the enolate of the analogous methyl ketone is believed to have structure (2) (M
= MgBr).22 The sodium enolates of several ketones are suggested to have the trimeric structures (3) in
various ethereal solvents. Since the reactivities of metal enolates toward alkyl halides are very dependent
on the degree of association and/or aggregation,?> we suggest that the decreased reactivity observed for
less highly substituted metal enolates both in this study and elsewhere may be attributable to a greater
degree of aggregation of these enolates.” (Reproduced by permission of the American Chemical Society
from J. Org. Chem., 1971, 36, 2361.)
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The above quotation aptly rationalizes a number of experimental observations having to do with alkyl-
ation reactions of enolate anions. It suggests that reactivity and, by logical extension, the stereochemical
selectivity, of enolate reactions are related to the aggregation of the enolates. To me, this statement repre-
sents a general but very daring explanation. This quotation is now over 20 years old; however, the signi-
ficance of the conclusions reflected here is only now becoming more widely acknowledged.?*

Exactly 10 years after the previous statement appeared, the first lithium enolate crystal structures were
published as (5) and (6).! Thus, structural information derived from X-ray diffraction analysis proved the
tetrameric, cubic geometry for the THF-solvated, lithium enolates derived from ¢-butyl methyl ketone
(pinacolone) and from cyclopentanone.?’ Hence, the tetrameric aggregate characterized previously by
NMR2 as (7) was now defined unambiguously. Moreover, the general tetrameric aggregate (7) now be-
came embellished in (5) and (6) by the inclusion of coordinating solvent molecules, i.e. THF. A repre-
sentative quotation from this 1981 crystal structure analysis is given below.

“There is increasing evidence that lithium enolates, the most widely used class of d?-reagents in or-
ganic synthesis, form solvated, cubic, tetrameric aggregates of type (8). For the solid state this type of
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structure was definitely established for two crystalline lithium enolates and is strongly indicated for sev-
eral others by their stoichiometry.... In aprotic solvents only aggregated species?’ are detected by NMR
spectroscopy; even during reactions with electrophiles these aggregates are preserved and appear to be
the actual reacting species, as indicated by reaction rates, which are first-order and not broken-order28 in
enolate concentration.’ (Reproduced by permission of the Swiss Chemical Society from Helv. Chim.
Acta, 1981, 64, 2617.)

The authors of this quotation proceed to postulate the highly speculative but not unreasonable mechan-
ism for the aldol reaction shown in Scheme 1. Justification for this mechanism appears to be based
mainly upon characterization by X-ray diffraction analysis of the tetrameric cubic aggregates (5) and (6).
Hence, X-ray diffraction analysis unambiguously provided the intimate structural details unobtainable by
other methods.
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Currently, the significance of the structural work in this area is aptly summarized by pointing out that
it has been possible to obtain and to characterize the structure of aggregates corresponding to the inter-
mediates (8) and (9) (M = Na), and (11) in the aldol reaction mechanism shown in Scheme 1.2 At pres-
ent we assume that ample evidence points to the existence of aggregated intermediates in several
alkylation and aldol-like reactions.® Thus, the following sections of this chapter are classified roughly
by functional group, and they contain structural results obtained by X-ray diffraction analysis. The exam-
ples were chosen with the thought of providing structural details about the reactive intermediates utilized
in synthetic organic reactions, but it must be repeated that they do not represent a complete and compre-
hensive list of all such structures. As additional structural information is obtained, perhaps it will be
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possible to expand and to refine carbanion reaction mechanisms to include aggregated intermediates
rather than simple monomers.

The results reviewed in the following pages of this chapter may provide fundamental information for
the conduct, planning and strategy of organic synthesis. The origin of stereoselectivity in many organic
reactions can be put on a more rational basis as more intimate structural details about the intermediates
involved in these reactions are discovered. Of course, the long range goal and ultimate significance of
this structural information is to provide a more thorough basis for accurate prediction and control of
stereochemistry in organic reactions. Since enolate anions are universally utilized in all synthetic
schemes, the successful obtention of additional structural results will have a great impact on the ability
and the ease by which organic compounds will be prepared. I begin with a survey of known structural

types.
1.1.2 STRUCTURAL FEATURES

1.1.2.1 Aggregation State

It is vital to recognize that metal cations impart a degree of order to the anions with which they are as-
sociated. Typically the first characteristic feature described is the stoichiometry. A simple chemical for-
mula such as M*A- requires additional clarification to denote a higher degree of association such as
(M*A"), where the subscript x denotes the aggregation state of the species. The common descriptors of
the aggregation state are monomer, dimer, trimer, tetramer, efc. Knowledge of the aggregation state is
crucial since the reactivity of the anion is related to the aggregation state as well as to its structure.! The
structures of the aggregates also depend critically upon the solvation of the cations. Fortunately, the
majority of known structures can be built from a few simple structural patterns.

A motif found in the majority of alkali metal stabilized carbanion crystal structures is a nearly planar
four-membered ring (13) with two metal atoms (M*) and two anions (A-), i.e. dimer. This simple pattern
is rarely observed unadorned as in (13), yet almost every alkali metal and alkaline earth carbanion aggre-
gate can be built up from this basic unit. The simplest possible embellishment to (13) is addition of two
substituents (S) which produces a planar aggregate (14). Typically the substituents (S) in (14) are solvent
molecules with heteroatoms that serve to donate a lone pair of electrons to the metal (M). Only slightly
more complex than (14) is the four coordinate metal dimer (15). Often the substituents (S) in (15) are
joined by a linear chain. The most common of these chains are tetramethylethylenediamine (TMEDA) or
dimethoxyethane (DME) so that the spirocyclic structure (16) ensues. Alternatively the donors (S) in
(16) have been observed as halide anions (X~) when the metal (M?*) is a divalent cation, e.g. (17) or (18).
Obviously, the chelate rings found in (16) are entropically favorable relative to monodentate donors (S)
in (14), (15), (17) or (18) (Scheme 2).
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Several structural types are based on the combination of two units of (13). The edge-to-edge combina-
tion of (13) yields a ‘ladder’-type structure (19). Of course there are various combinations of solvent
donor ligands and/or chelate donors possible in (20) and (21). The face-to-face combination of (13) can
produce a relatively cubic infrastructure (22) as previously seen in the enolates (§) and (6). Distorted
variations of the cube (22) are observed, such as (23), or alternatively as another variation (24), with op-
posite square faces offset from one another (by nearly 90° in 24). Such variations may be described as a
‘tetrahedron within a tetrahedron’. It is noteworthy that the cube (22) can be derived from the ladder (21)
simply by decreasing the appropriate internal bond angles to about 90° as indicated by the sequence of
formulae (13) — (19) — (21) — (22). An advantage of the closed cubic structure (22) over the ladder
(19) is the additional coordination of the terminal metal cations (M) to a third anion. The cube (22) is

most frequently observed with four-coordinate metal cations, as in (25) and not in its unsolvated form
(22) (Scheme 3).

A edge-to-edge M-A-M-A
M M [ I
\A/ A—M-A_M
13) 19)
N\
face-to-face l“ or
M /—\ B
M A A M
“A—— / N\ g M~ /-
I A ATM 4 /_M—A
AZ|—M_ \M A// A~
M——A
& (22) (21) (20)
M
A ——M — S
l\A? | Al \M\A 1?“M/S
~ g —A -_ .
N\ IM/ /AM \\A ‘ _|-S
M A/\ / A-I—M
~ M——A
/ s~
(23) 24 (25)
Scheme 3

Edge-to-edge combination of additional units of (13) leads to the longer ladders (26) or (27). We have
already obtained one unusual lithium enolate crystal structure corresponding to (26) but with additional
external chelate rings. Closure of (27), analogous to the closure of (21) to (22), produces a hexagonal
prism (28). Examples of structural type (28) are observed in addition to the solvent-coordinated hexamer
(29). Distortion of (29), shown as (30), will lead to a somewhat less sterically hindered structure allow-
ing for solvation of the metal cations by solvent (Scheme 4).

An alternative dissection of the hexagonal prism (28) is given as (31) (Scheme 4). Hence the hexamer
(28) could be built up from two units of a planar trimer (31). This is plausible, because an example of a
planar trimeric structure corresponding to (31) is known, i.e. the trimeric, unsolvated lithium hexa-
methyldisilazide structure.32

Additional structural types are known for alkali carbanions in the solid state. Examples of these are the
monocyclic tetramer (32) or the pentacyclic tetramer (33), the hexamer (34), the dodecamer (35) and the
infinite polymer (36). Undoubtedly several new structural types will be observed as mixed aggregates
containing different metal cations (M* and M"*) and/or different anions (A~ and A"") are characterized.
Relatively long ladders, i.e. (37), corresponding to oligomeric chains of the dimer (14) combined edge-
to-edge, are also likely to be characterized in the future. It is to be anticipated that the carbanions of
limited solubility correspond to these extended ladders and that solubilization occurs by breaking these
oligomers. A recent discussion of the propensity of lithiated amides to form either ladder structures or

closed ring structures along with some ab initio calculations of these structural models has been
presented by Snaith et al.33
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1.1.2.2 Coordination Geometry and Number

The directional preferences for coordination to the alkali metal and alkaline earth cations is obviously
related to the number of substituents coordinated to the cation. As yet there is little predictability of the
coordination number among these cations. For example, the first member of this series, the Li* cation, is
the best characterized with well over 500 X-ray crystal structures containing this ion. Coordination num-
bers to Li* ranging from two through seven and all values in between can be found. The Li* cation is also
found symmetrically m-complexed to the faces of aryl anions and to conjugated linear anions (see
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ref. 11). At present enough evidence exists to deduce only that the coordination number to the alkali met-
al and alkaline earth cations, and consequently the coordination geometry about these cations, is gov-
erned primarily by steric factors. Unfortunately the predictability of any individual unknown structure is
relatively low,

In general the metal cation to substituent distances are found spanning a range of values. A working
criterion for coordination to the metal cations is that the M—A distance not be greater than the sum of
the van der Waals radii of M and A as listed by Pauling.3* This criterion is particularly convenient when
the anion is a typical heteroatom, such as O or N, or a halide, X. In such cases it is usually possible to
derive accurate estimates of these distances from compiled sources.3 However, the values of the M—A
distance for cases where A is carbon and M is a Group Ia or IIa metal are not particularly well defined.
Hence, Table 1 represents a recent search of the CSD for these values.36

Table1 Carbanion-Metal Bond Lengths

Bond Mean S.D. Minimum Maximum Nobs
(A) (A)
C—Li 2.259 0.087 2.041 2.557 354
C—Na 2.646 0.060 2.566 2.756 12
C—K No examples found
C—Rb, C—Cs, C—Fr No examples found
C—Be 1.874 0.081 1.707 2.043 38
C—Mg 2.256 0.015 2.095 2.602 100
C—Ca, C—Sr, C—Ba, C—Ra No examples found

This table includes ail examples listed in the CSD (version 4.20, 1990) located by a fragment search (i.e. CONNSER) for C—M
bonds where M = group Ia or IIa metals irrespective of the hybridization of carbon.

Related structural aspects of metal ion coordination geometry are covered in some recent publications
and are worthy of note. The directional preferences of ether oxygen atoms towards alkali and alkaline
earth cations are reported by Chakrabarti and Dunitz.3” The conclusion of this work is that the larger
cations show an apparent preference to approach the ether oxygen along a tetrahedral lone pair direction,
whereas Li* cations tend to be found along the C—O—C bisector, i.e. along the trigonal lone pair direc-
tion. Metal cation coordination to the syn and anti lone pair of electrons of the oxygen atoms in a carbox-
ylate group have been reviewed by Glusker et al.3® Scatter plots of M—O distances versus C—O—M
angles for a wide variety of cation types led to the conclusion that both the coordination geometry and
the distances of coordination to carboxylate lone pairs are largely governed by steric influences. Recent-
ly, the geometry of carboxyl oxygen complexation to several Lewis acids has been summarized by
Schreiber et al’® Although only a few alkali metal Lewis acid—carbonyl structures are known, the
general conclusion is that alkali metal cations do not show a strong directional preference for binding to
carbonyls and that coordination numbers and coordination geometries vary greatly in these complexes.

1.1.3 CARBANION CRYSTAL STRUCTURES

With the general background of structural types described as above, it is.now appropriate to review a
number of examples of X-ray crystal structures of alkali metal and alkaline earth cations. The choice of
examples is biased in favor of those species that are relevant to synthetic organic chemists. Hence, I
begin with a comparison of structures of aliphatic carbanions. This group of aliphatic carbanion struc-
tures is the most widely varied and surely the least predictable. Of particular significance will be the ag-
gregation state, the coordination number and the relative geometry about the metal cation. The figures
drawn in the following sections are not computer generated plots of the actual X-ray crystal structures
but are approximations of the actual structures. It is not practical to enumerate all of the specific details
such as all bond lengths, bond angles and torsion angles in these structures and the reader is referred to
the original publications for this specific information.
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1.1.3.1 Aliphatic Carbanions

1.1.3.1.1 Unsubstituted aliphatic carbanions

Among the earliest aliphatic carbanions to be structurally characterized by X-ray diffraction analysis
are the simple unsubstituted alkyllithium reagents, i.e. methyl-,*0 ethyl-*! and cyclohexyl-lithium.42
Methyl- and ethyl-lithium have also been examined in detail by quantum mechanical calculations and by
electrostatic calculations.*? The structures of methyl- and ethyl-lithjum are similar. Both of these com-
pounds crystallize as tetrameric aggregates from hydrocarbon solvents. These tetramers are generally de-
picted as (38). The aggregate (38) is described as a tetrahedral arrangement of lithium atoms with a
single alkyl group located on each of the four faces of the Li tetrahedron. The carbanionic carbons are
not necessarily equidistant from the three closest lithium atoms. However, it is clear that the three coval-
ently bound substituents on the carbon atoms (H or alkyl) are found at the locations expected for an sp-
hybridized atom. The carbon-lithium interactions have been referred to as two-electron four-center
bonds in these structures. A low temperature crystal structure of ethyllithium* reveals some small
changes relative to the room temperature structure, but the basic tetramer remains intact.

(38)R =Me, Et (39) R =cyclohexyl or
R = tetramethylcyclopropylmethyl

Cyclohexyllithium was prepared in hexane from cyclohexyl chloride and lithium sand and sub-
sequently extracted and recrystallized from benzene solution to produce the hexameric aggregate (39).42
The lithium atoms in this aggregate are nearly in an octahedral configuration, although the triangular
faces of this octahedron have two short (~2.40 A) and one long (~2.97 A) Li—Li distance. A carbanionic
carbon is found on six of the triangular faces and is most closely associated with the two lithium atoms
which possess the longest Li—Li atomn distance. The orientation of the cyclohexyl group is apparently
determined by the interaction of a- and -protons with the lithium atoms. The Li—C interactions in this
hexamer are described as localized four-center bonds, as in the methyl- and ethyl-lithium tetramer (38).
Two benzene molecules are occluded in the solid cyclohexyllithium hexamer, but these solvent molec-
ules do not appear to interact with the hexamer.

Solvent-free (tetramethylcyclopropyl)methyllithium (40) also forms the hexameric aggregate (39),
similar to hexameric cyclohexyllithium.4’ Both hexamers are characterized as a trigonal antiprism with
triangular Li* faces. The (tetramethylcyclopropyl)methyllithium hexamer (40) was prepared in diethyl
ether solution from both the Cl and the Hg compounds (41) as well as from the open chain compound
(42). In contrast to the cyclohexyllithium hexamer, the hexamer (40) is obtained solvent free (Scheme 5).
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Scheme §
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An interesting cubic geometry is maintained in the mixed aggregate obtained from the reaction of cy-
clopropyl bromide (43) with lithium metal in diethyl ether solution.*¢ The composition of the crystalline
material is (c-C3HsLi)2:(LiBr)-4Et20. The aggregate was characterized as structure (44). Note the simi-
larity of (44) with the cubic tetramers (38), except for the substitution of two carbanion residues by two
bromides in (44). Note also that each of the lithium atoms in (44) is coordinated to an oxygen of a diethyl
ether molecule. This solvation serves to increase the coordination number of the lithiums, but does not
break up the overall tetrameric nature of the aggregate. This solid loses ether at room temperature and is
transformed into an ether-insoluble, tetrahydrofuran-soluble, amorphous product. The mass spectrum of
the ether-free substance shows only halide-free aggregates. It is likely that differing reactivity of the salt-
containing and salt-free lithium alkyls is related to the direct incorporation of lithium halide into the
carbanion aggregates.
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Another mixed aggregate complex consisting of Bu"Li and ¢-butoxide was reported in 1990 as the
tetramer (45).47 This complex was first isolated by Lochmann®® and has been shown to be tetrameric and
dimeric in benzene and THF, respectively, by cryoscopic measurements,*® and it has also been studied
by rapid injection NMR techniques.5® This species has received much attention because it is related to

the synthetically useful ‘superbasic’ or ‘LiKOR’ reagents prepared by mixing alkali metal alkoxides with
lithium alkyls or lithium amides.5!

Bu \ Byt
[Bu'LisLiOBu, == Li— O<L1\Lu

(45)

Another example of a solvated, cubic tetramer is methyllithium—TMEDA (46).52 In this example an
aggregate of composition [(MeLi)s-:2TMEDA], with almost ideal Ty symmetry crystallized from an
ethereal solution of methyllithium and TMEDA at room temperature. This material consists of infinitely
long chains of cubic tetramer linked by TMEDA molecules. Since TMEDA usually has a strong pref-
erence for formation of a chelate ring with a single lithium atom, it is somewhat unusual that such an
intramolecular chelate is not observed here.

Deprotonation of bicyclobutane (47) by n-butyllithium in hexane containing a slight excess of
TMEDA, followed by solvent evaporation, filtration and recrystallization from benzene yields the
dimeric, bis-chelated aggregate (48).5% This aggregate corresponds exactly to structural type (16). It is
perhaps surprising that many more examples of aliphatic carbanions have not yet been characterized with
this general bis-chelated dimeric structure.

Intramolecular solvated tetramers are observed for 3-lithio-1-methoxybutane (49)*4 and from 1-di-
methylamino-3-lithiopropane (50)* in the solid state, These tetramers are shown in generalized form as
(51) and (52), respectively. Note the significant difference between the aggregates (51) and (52). Vari-
able temperature 'Li NMR as well as 'H NMR suggest that although the major form of 1-dimethylami-
no-3-lithiopropane (50) is the diastereomer (51), this structure is presumed to be in equilibrium with (52)
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in toluene (or cyclopentane) with activation parameters AH¥ = 17 (16) 2 kcal mol™!, AS$ =13 (10) £3
cal (mol deg)~! (1 cal =4.184 J).55®
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Benzyllithium crystallizes from hexane/tolucr.c solution in the presence of 1,4-diazabicyclo[2.2.2]oc-
tane (DABCO) in infinite polymeric chains.5¢ Insoection of the individual monomeric units of this struc-
ture reveals a unique interaction of the lithium atoms in an m3-manner with the benzylic carbanion. This
bonding is based upon the three relatively short Li—C contacts as indicated in structure (83). The two
protons on the benzylic carbon center were located crystallographically; one of these lies in the plane of
the aromatic ring and the other is significantly out of this plane. A similar m’-Li—CCC interaction is
observed in the diethyl ether solvate of triphenylmethyllithium (54).57 This latter structure is depicted as
(55).

When the lithium cation is unable to associate with the carbanion, as is the case for the Li* (12-crown-
4) complexed lithium diphenylmethane carbanion (56) or Li* (12-crown-4) triphenylmethyl carbanion
(57), the entire aromatic carbanions are relatively planar.5® The planarity of (56) and (57) is indicative of



12 Nonstabilized Carbanion Equivalents

li:'t
Et 0—Et
Et—0 /

Ll'.: ------
Ph3CLi‘(Et20)2 @\\H ......‘
t |

(53 (54) (55)

extensive delocalization in these structures. The triphenylmethyl carbanion in (57) can also be compared
with this same species as it appears associated with Li* TMEDA’® and Na*. TMEDA® cations.
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A dimer (58) of a-lithiated 2,6-dimethylpyridine crystallizes with TMEDA solvation.5! This dimer is
completely unlike the polymeric benzyllithium (53) in that no m*-intramolecular bonding is observed.
The central core of the dimer (58) consists of an eight-membered ring formed from two intermolecular
chelated Li* atoms and nearly ideal perpendicular conformations of the a-CHzLi* groups. Dimer (58) is
a relatively rare example of a lithiated m-system where Li* exhibits only one carbon contact.

(58)

This discussion of aliphatic carbanion structures has included mainly organolithium compounds sim-
ply because the structures of most aliphatic carbanions incorporate lithium as the counterion and also be-
cause this alkali metal cation is the most widely used by synthetic organic chemists. For comparison the
entire series of Group la methyl carbanion structures, i.e. MeNa, MeK, MeRb and MeCs, have been
determined, Methylsodium was prepared by reaction of methyllithium with sodium r-butoxide.5> De-
pending upon the reaction conditions, the products obtained by this procedure contain variable amounts
of methyllithium and methylsodium (Na:Li atom ratios from 36:1 to 3:1). The crystal structure of these
methylsodium preparations resembles the cubic tetramer (38) obtained for methyllithium with the
Na—Na distances of 3.12 and 3.19 A and Na—C distances of 2.58 and 2.64 A.

Methylpotassium, prepared from MeHg and K/Na alloy or from methyllithium and potassium r-butox-
ide, has a hexagonal structure corresponding to the NiAs type (59).53 Each methyl group is considered to
be coordinated to six K* ions in a trigonal prismatic array. Methylrubidium and methylcesium, prepared
from rubidium ¢-butoxide and cesium 2-methylpentanoate respectively, also possess hexagonal structures
of the same type as methylpotassium.%
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An extremely unusual pentacoordinate carbon with trigonal bipyramidal symmetry is observed in the
crystalline, TMEDA solvate of benzylsodium.53 This benzylsodium complex is best described as a te-
tramer with approximate D24 symmetry. The four sodium atoms define a square with a benzyl carbanion
bisecting each edge. The resulting eight-membered ring is slightly puckered to alleviate crowding. This
structure is depicted as (60).
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Other aliphatic carbanion structures associated with Group Ila cations are known. Some examples of
these are dimethylberyllium® and lithium tri--butyl beryllate.5’ Since the beryllium alkyl carbanions
have not yet been utilized as common synthetic reagents, these structures will not be discussed further.

Magnesium?* stands out among Group Ila metal cations that are commonly utilized in synthetic org-
anic chemistry. Indeed there have been several structural investigations of aliphatic Grignard reagents
and dialkylmagnesium reagents. The simplest Grignard reagents, i.e. RMgX, whose structures have been
determined are MeMgBr-3THF (61),58 (EtMgBr-OPr?): (62),®° (EtMgBr-EtsN), (63),’ EtMgBr-2Et,0
(64)7! and the complex (EtMgCl-MgCl-3THF); (65).72 The crystal structures of these reagents exhibit a
remarkable diversity for such seemingly similar species. As indicated in the aggregate molecular formu-
lae above, both ethylmagnesium bromide diethyl ether solvate (64) and methylmagnesium bromide THF
solvate (61) are monomeric. However, the magnesium in complex (64) is approximately tetrahedral and
the magnesium in (61) is approximately trigonal bipyramidally coordinated. The general features of
these latter two structures are depicted as (66) and (67). In the complex (67), the methyl groups and the
bromine atom are disordered and the tetrahydrofuran rings are significantly distorted. The two dimeric
complexes, (EtMgBr-OPr'2); and (EtMgBr-EtsN), are similar. They both incorporate bridging bromine
atoms and four-coordinate, tetrahedral Mg?* ions. The general structural type of both of these com-
pounds is given as (68).

The ethylmagnesium chloride complex (65), depicted as (69), is extremely complex, but can be simpli-
fied if it is seen as a dimer of EtMgCl-MgCl: containing five four-membered bridging units of magne-
sium and chlorine atoms. Two different types of magnesium atoms are seen in this structure. These two
types of metals exhibit five and six coordination. Additionally there are two three-coordinate bridging
chlorine atoms and four two-coordinate chlorine atoms in this structure.

Treatment of hexamethyldisilazane (70) in hexane with a slight excess of a solution of the dialkylmag-
nesium reagent, Bu"Bu*Mg, initially yields the dimeric complex [BuMg-N(TMS)2}2.”3 This material is
characterized as an unsolvated dimer (71).

Optically active diamines (-)-sparteine (72) and (-)-isosparteine (73) form complexes with ethylmag-
nesium bromide which crystallize in a form suitable for diffraction analysis. In both of these structures,
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depicted as (74) and (75), the Mg?* is tetrahedrally coordinated by the carbon atom of the ethyl group,
the bromine atom and two nitrogens of the (iso)sparteine residue, respectively. The complex (74) of
ethylmagnesium bromide with the chiral bidentate ligand (-)-sparteine is catalytically active in the asym-
metric, selective polymerization of racemic methacrylates.” Similar structures are found for the com-
plexes of t-butylmagnesium chloride with (-)-sparteine’> and for ethylmagnesium bromide with
(+)-6-benzylsparteine.’®

Reaction of MgH>, prepared by homogeneous catalysis, with 4-methoxy-1-butene in the presence of
catalytic amounts of ZrCls yielded the monomeric magnesium inner ion complex Mg(CsHsOMe).”’
This complex crystallizes with the tetrahedrally four-coordinate magnesium as shown in (76). In a simi-
lar reaction, treatment of bis(dialkylamino)propylmagnesium inner complexes (77) or (78) with MgEt,
yielded the crystalline dimer of ethyl-3-(N,N-dimethylamino)propylmagnesium (79) and ethyl-3-(N-cy-
clohexyl-N-methylamino)propylmagnesium (80).8
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A triple ion was crystallized by Richey et al. from a solution made up by adding 2,1,1-cryptand to di-
ethylmagnesium.” Diffraction analysis reveals that this triple ion consists of [EtMg*(2,1,1-cryptand)]>
cations and an (EtsMgz)?~ anion. The magnesium of the cation is bound to five heteroatoms of the cryp-
tand and to an ethyl group. The two magnesiums in the dianion exhibit identical four coordination and
they form a symmetrical dimer with two bridging ethyl groups and four terminal ethyl groups. The anion
is depicted as (81). A different structure was found for the product of the reaction of dineopentylmagne-
sium (Np2Mg) with 2,1,1-cryptand.®0 In this latter reaction, crystalline NpMg*(2,1,1-cryptand) cations
and Np3Mg- anions are formed. The coordination geometry of magnesium in the Np cation is essentially
that of a trigonal bipyramid with bonds to all six heteroatoms of the cryptand and a bond to the neopentyl
group. Only the three-coordinate anion (82) is illustrated here. The 'H NMR spectrum of a benzene solu-
tion of NpMg*(2,1,1-cryptand)-NpsMg- is consistent with the presence of the same ions in solution. Di-
ethylmagnesium cryptand complex reacts faster with pyridine than the diakylmagnesium reagent alone,
and it also modifies the regioselectivity of this reaction.

2_
e >S
CH,

Et, /7% « Et Mg\)(
Mg Mg
Et’ \Cﬁz TE /K
Me L i
(81) (82)

Diethylmagnesium and 18-crown-6 react to form a complex with six oxygens surrounding the magne-
sium in a quasiequatorial plane and with the ethyl groups occupying trans apical positions.’¢ This struc-
ture is illustrated as (83). It has been described as a rotaxane8! or ‘threaded’ structure. A related, but
slightly different, structure is found for the MeMg*(15-crown-5)-MesMg>~ complex.3?
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The structures of a few dialkylmagnesium reagents have been characterized. These include
(Me2Mg)n, B (Etz2Mg)n,34 MeaMg- TMEDA, 35 [(CH2)sMgl2-4 THF 3¢ Me;Mg-(quinuclidine),%” and catena-
poly-dineopentylmagnesium-p.-dioxane = [Mg(CsH11)2-2THF],.3% While the diakylmagnesium reagents
also exhibit several different structural types, all of these complexes are related by the fact that they in-
corporate magnesium atoms that are four coordinate with distorted tetrahedral geometry. Unsolvated di-
methylmagnesium and diethylmagnesium both form linear, polymeric chains with adjoining Mg atoms
linked by two bridging alkyl groups. The solvated dimethylmagnesium complex, i.e. Mex2Mg- TMEDA, is
illustrated as (84) with the bond angle as shown. The pentamethylenemagnesium complex,
{(CH»)sMg]2-4THF, crystallizes as the dimer (85) with two magnesium atoms in a 12-membered ring.
This tendency to form a 12-membered ring is ascribed to the large C—Mg—C valence angle of 141°
which would cause severe ring strain in a monomeric magnesiocyclohexane. The polymeric dineopen-
tylmagnesium exhibits a structure which consists of dineopentyl units linked through dioxanes forming
parallel linear chains as shown in (86).
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One final diakylmagnesium structure is illustrated as (87).%° This material was obtained from the room
temperature crystallization of the magnesium reagent formed from o-bis(chloromethyl)benzene in THF.
As in all previous dialkylmagnesium reagents, the highly symmetrical trimer (87) includes four-coordi-
nate magnesium atoms with distorted tetrahedral geometry.

1.13.1.2 a-Silyl-substituted aliphatic carbanions

There are several crystal structures of aliphatic, a-silyl-substituted carbanions. A listing of many of
these structures is given in Table 2, along with some references to the original literature where these
structures are described. Only a few of these compounds can be considered as generally useful synthetic
reagents. The aggregates formed by a-silyl-substituted carbanions are in many cases similar to those de-
scribed previously for one of the unsubstituted aliphatic alkali metal or magnesium carbanions. A few of
the a-silyl-substituted carbanions display unique aggregate structures and these are described as follows.

Tris(trimethylsilyl)methyllithium (88), prepared from methyllithium and tris(trimethylsilyl)methane in
THF, can be recrystallized from toluene to give colorless, transparent needles of the unique ate complex
{Li(THF)4]*[Li{ C(TMS)3}2]-.% The structure of one of the anions in this complex is shown as (89). This
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Table2 «-Silyl-substitued carbanions

Compound Aggregation  CSD refcode Ref.

state
TMS-methyllithium Me3SiCHaLi Hexamer JAFMUY 205
Bis(TMS)methyllithium (Me3Si)2CHLi Polymer CIMVUP 206
Bis(TMS)methyllithium- PMDETA (Me3Si)CHLi-PMDETA Monomer BIYXOW 207
ris(Me2PhSi)methyllitium THF Monomer CATZAY 208
Bis(TMS)-2-methylpyridinelithium Dimer CAWMUI 209
Bis(TMS)-2-methylpyndinelithium 2Et20 Dimer COXTOY 210
Bis(TMS methyl)pyndinelithium-2TMEDA Dimer FERKOC 211
TMS(cyclopentadiene} TMEDA Monomer CEZTIK 212
Bis(TMS)methyldiphenylphosphinelithium TMEDA Dimer FIKPUK 213
TMS-methyl(PMez)Li TMEDA Dimer GIGGOS 214
TMS-methyl(PMez)Li- THF Dimer GIKWS 215
Bis(TMS)methyl-MgCl-EtaMgCi7Rt Monomer MSIMMG 216
9,10-Bis(TMS)anthracene-9-diylmagnesium Polymer FOXBID 217
Bis('I'MS)-2-methylpKridinema nesium Dimer DONVUX 218
(TMS)methyl(o-diphenylphosphinopheny1)lithium Dimer VAGHUG 219

anion is linear, with the C(TMS)3 groups staggered about the C—Li—C direction. The cation consists of
a lithium tetrahedrally coordinated by four oxygen atoms. Treatment of this ate complex,
[Li(THFR]*[Li{ C(TMS)3}2]-, in toluene with pentamethyldiethylenetriamine (PMDETA) containing
lithium chloride yields a complex whose formula is given as [(PMDETA)-Li-(un-Cl)-Li-(PMDE-
TA)I*[Li{C(TMS)3}2].! The anion is the same as in the Li(THF)4 complex, but the new cation contains
a PMDETA-complexed, linear Li—Cl—Li geometry depicted as (90) (Scheme 6).

Me;Si ,Sir‘éi?3 toluene
(Me3Si),C™ Li* [LTHE)]" | e, 5i—C—Li—C~ iMe, —
Me;Si SiMe;, P
(88) (89)
+
Me Me
' Me)
(\ N~ Me N\ N- Me -
Me-N—_L+—Cl—Li- [(Me3Si)3 ~Li- C(SiMe3)3]
K/ N-Me Ill
. Me— "
Me Me

(90)

Scheme 6
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1.1.3.2 Allylic Carbanions

Several examples of crystal structures are reported for the allyl carbanion. The first to be considered is
allyllithium complexed with TMEDA (91).2 In this complex, the terminal carbon atoms of the allyl
group are linked to different lithium atoms forming polymeric chains. Each lithium atom is also coord-
inated to a chelating TMEDA. There is no evidence of m3-bonding in this allyllithium- TMEDA structure.
The structure of monomeric allyllithium solvated by PMDETA subsequently revealed a structure with a
single lithium atom having relatively close but unsymmetrical contacts with the terminal carbon atoms
and that the CaHs anion is not planar.?® A rough outline of this structure is given in formula (92).
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The first example of an m3-allyllithium was reported for the polymeric 1,3-diphenylallyllithium-diethyl
ether complex (93).% In this polymer, the lithium atoms lie almost symmetrically above and below the
allyl group. The C(1)—C(2)—C(3) angle is quite large, i.e. 131°, similar to that in structures (91) and
(92), but the C(2)—Li distance in (93) is shorter than either the C(1)—Li or C(3)—Li distances. The
structural features of (93) correspond to those found in many allyl transition metal complexes which dis-
play m*-bonding of the transition metal to the allyl group.’

93

Allylmagnesium chloride crystallizes upon treatment of allylmagnesium chloride in THF with
TMEDA % This complex is characterized as the dimer (94). A four-membered Mg—Cl—Mg—Cl ring
with bridging chlorine atoms forms the core of this dimer. The allyl group is clearly associated with the
magnesium at C(1), i.e. C(1)—Mg = 2.18 A, and the other structural features, i.e. the C(1)—C(2) and
C(2)—C(3) bonds and the tetrahedral geometry at C(1), are commensurate with an m!-structure. The
n!-structure of allylmagnesium compounds in solution was confirmed by NMR techniques, as well as by
calculations.%”

Bis(2,4-dimethyl-2,4-pentadienyl)magnesium (95), prepared by the reaction of the potassium dienide
with anhydrous magnesium halide in THF and TMEDA, also exhibits a terminally bonded m!-structure
(96), with two dienides attached to a tetrahedral, four-coordinate Mg that is chelated by a single TMEDA
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(Scheme 7).%® This structure is consistent with the hydrolysis product of this complex which is obtained
as a 1,3-diene, although ecither a 1,3-diene or a 1,4-diene is obtained upon addition of (96) and similar
homologous dienylmagnesium complexes to ketones.

Me Me
MgX,, THF Me \ /—-\ Me
TMEDA )\)\/ \/k/K
(95) (96)

Scheme 7

The crystal structures of indenyllithium TMEDA,% indenylsodium TMEDA!%® and bis(indenyl)mag-
nesium!%! are also known. These three structures are all different. The lithium compound is monomeric
with n’-coordination; the sodium compound is infinitely aggregated with both 'n and m2-bonding; and
the magnesium compound appears to include all three types of interactions, i.e. n'-, n?- and n’-bonding,
of magnesium to the indenyl anion.

1.1.3.3 Vinylic Carbanions

Relatively few vinyl carbanions have been characterized by X-ray diffraction analysis. The majority of
these structures were determined by Schleyer and coworkers. Representative examples of some of these
compounds are given as (97) and (98).

Compound (97) crystallized as a dimeric, bis-THF-solvated adduct with two different types of lithium
atoms, illustrated as (99).92 Compound (98) is a doubly lithium bridged dimer chelated with one
TMEDA per lithium atom and roughly depicted as (100).!9 In the solid state, the sodium anion of (101)
is monomeric with some of the relevant structural parameters shown in formula (102).!0¢

The functional equivalent of an enolate dianion (103) was prepared by Stork er al. by treatment of en-
amine (104) with ¢-butyllithium.!%% This anion crystallized as the symmetncal dimer (105) with the car-
banionic carbon nearly symmetrically bridging two lithium atoms as shown in (105). Doubly bridging
carbons represent a characteristic feature of these lithiated vinylic anions and this structural feature is
normally expected in these compounds as well as in aryl anions (see ref. 11).

t
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)
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1.1.3.4 Alkynic Carbanions

A systematic investigation of alkynic carbanion structures has been reported by Weiss and coworkers.
These structures all incorporate either ¢-butylacetylide or phenylacetylide anion. They differ by the
ligand that is incorporated. Perhaps this sequence of structures most aptly demonstrates the rich variety
of aggregate structural types that an acetylide anion can choose.

From the reaction of phenylacetylene with n-butyllithium and N.NN'.N'-tetramethylpropanediamine
(TMPDA) the dimeric complex (106) is obtained.!% Note that the carbanionic acetylene carbon bridges
only two lithium atoms in this structure. Dimeric phenylethynyllithium is also detected in THF by low
temperature !3C NMR investigations and by cryoscopic measurements.!? However, t-butylethynyl-
lithium crystallizes from THF-containing solutions as either the tetramer (107) of composition
(Bu'C==CLi-THF)4 or as the dodecamer (108) of composition [(ButC==CLi)12-4THF].!% The dodecamer
represents a linear combination of three tetramers of (107) minus the coordinating THFs. It is not unex-
pected that under the proper conditions of crystallization an octamer such as (109), representing an inter-
mediate between (107) and (108), can be obtained. Perhaps crystallization of the octamer (109) can
provide an interesting challenge of the experimental skills of those chemists who are fascinated by crys-
tals and crystallizations of organic compounds.

When crystallized in the presence of of NN N’ N'-tetramethylhexanediamine (TMHDA) the cubic te-
tramer (110) of phenylethynyllithium was obtained.!® Adjacent (PhC==CLi)4 units in (110) are each
bound by pairs of TMHDA ligands giving rise to polymer strands with a helix-like structure,
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One final structure in this series is the bis-TMEDA-solvated bis(phenylethynyl)magnesium species
characterized as a monomer (111).!!0 Note the octahedral geometry of the central magnesium with two
axial ethynyl ligands. This series of alkynic structures, (106)—(111), serves to underscore the unpre-
dictability of carbanion crystal structures. The alkynic carbanions have coordination numbers of one, two
or three in these complexes.

A few simple beryllium acetylide structures are known.!!! In one of these structures, illustrated as
(112), the metal cation is symmetrically coordinated side-on to a triple bond.

1.1.3.5 Aryl Carbanions

As was the case for the alkynic carbanions, the crystalline aryl carbanions also offer the opportunity
for observation and comparison of several different structural types for the same or closely related carb-
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anion substrates. In many of the examples of aryl carbanion structures, the aryl carbanionic carbon is
found bridging several different metal atoms. It is important to note that a large number of X-ray crystal
structures of aryl carbanions have been determined, and that these have been comprehensively reviewed
elsewhere.!! Hence this discussion is necessarily limited to a subset of these structures which are repre-
sentative of the whole class and which are also deemed most closely related to synthetic reagents in com-
mon usage. It is appropriate to begin this section with the structures of the simplest member of this
series, i.e. the unsubstituted phenyl carbanion.

Phenyllithium dissolves in hexane by addition of TMEDA. The phenyllithium- TMEDA adduct sub-
sequently crystallizes out of solution as the dimer (113) corresponding to general structural type (16).!12
With diethyl ether solvation, phenyllithjum exists as a solid tetramer (114).!*3 In ether solution PhLi is
known to be either dimeric!!# or tetrameric.!!> Monomeric phenyllithium was successfully crystallized
with PMDETA as the ligand.!!® This monomer is depicted as (115). Note the difference in the coordina-
tion number of the carbanionic center in the monomer (115), the dimer (113), and the tetramer (114), i.e.
one, two and three, respectively.
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An interesting mixed tetrameric complex containing three equivalents of phenyllithium and one equiv-
alent of lithium bromide, i.e. [(PhLi)3-LiBr-3Et;0O], depicted as (116), has been characterized.!!” In this
mixed aggregate the lithium atom diagonally opposite the bromide in the tetramer remains unsolvated by
an ether molecule. Recall that the cyclopropyllithium-lithium bromide-diethyl ether complex (44) with
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stoichiometry [(RLi)2-(LiBr)2-4E20] is structurally related to (116), yet in the complex (116) all of the
lithium atoms are coordinated to a solvent molecule and this is not found in (44).

Etzo\

L™ 5

\ -Li

Et20/
(116)

Alkyl substitution at the ortho positions of the aromatic ring influences the aggregation state and the
structure by providing steric constraints. Whereas unsubstituted phenyllithium-diethyl etherate crystal-
lized as the tetramer (114), mesityllithium-diethyl etherate is observed as the dimer (117) with stoichio-
metry [mesitylLi-Et20],.118 Mesityllithium gains an additional solvent molecule and crystallizes as the
bis-solvated dimer (118) with stoichiometry (mesitylLi-2THF); from THF-containing solutions.!!? Note
that the coordination number of the lithium atoms changes from three to four in these two complexes but
that the coordination and the coordination geometry remain the same at the carbon center. The change in
solvation of the lithium atoms in the two complexes is also reflected in the interatomic distances. Hence,
the three-coordinate lithium is 1.93 A and 2.25 A away from the ether oxygen and the aryl carbon
respectively in (117), whereas the corresponding distances average 2.04 A and 2.28 A in (118).

a1 (118)

Ortho heteroatom substitution provides the opportunity for internal chelation in aryl anions. This effect
is successfully utilized in synthetic endeavors, is commonly referred to as ‘ortho metallation’, and is re-
viewed elsewhere.!?0 Two different but related structures of o-methoxyphenyllithium are known. The
most symmetrical of these is the tetramer (119) which crystallizes from pentane solution.!?! The solution
structure of this compound has been investigated by NMR spectroscopy and by cryscopic measurements
and the influence of various Lewis bases on the solution structure are discussed in the same paper as the
X-ray structure. A most intriguing variation of the tetramer (119) crystallizes from hexane solution in the
presence of TMEDA (but in the absence of LiBr). The structure of o-methoxyphenyllithium in the
presence of TMEDA consists of a pair of unsymmetrical tetramers with the general features of (119) but
which are linked to each other by a single TMEDA unit.!22 This latter aggregate is represented by the
formula (120). Obviously the lithium atoms in (119) are four coordinate, but participation of the
TMEDA in (120) forces one of the lithium atoms to be five coordinate. This five-coordinate lithium is in
contact with two oxygens of different methoxybenzene residues rather than with an oxygen and a
nitrogen of the TMEDA. Hence the symmetry of a tetramer is not maintained in (120).

Crystal structures have been reported for 2,6-dimethoxyphenyllithium,'?* for 2,6-dimethylaminophe-
nyllithium!24 and for o-t-butylthiophenyllithium.!?5 The crystal structure of the latter compound is char-
acterized diagrammatically as the infinite polymer (121) with relatively planar tetracoordination at the
ipso carbon. In THF solution this polymer dissociates into monomers. Planar four-coordinate carbons are
also observed in the 2,6-dimethoxypheny! anion (122) as a dimeric unit (123) which forms the basic
building block of the solid of this anion. In this solid two of these simple dimers (123) combine to form
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(120)

loose tetramers which are characterized as structure (124) in both the solid and in solution. In contrast to
(122), recrystallization of 2,6-dimethylaminophenyllithium from hexane/ether solution yields the
trimeric aggregate (125).

(122) (123) (124)
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When a methylene group spacer is inserted between the ortho heteroatom and the carbanionic center,
the coordination geometry of the anionic center is no longer restricted to be planar for intramolecular
chelation to occur. Hence, 0-(dimethylaminomethyl)phenyllithium (126) crystallizes from an ether/hex-
ane solution as the internal-chelated tetramer (127).!26 This structure is analogous to tetrameric phenyili-
thium (119). When an additional dimethylaminomethy] group is substituted at the ortho’ position as in
2,3,5,6-tetrakis(dimethylaminomethyl)phenyllithium, the aggregate crystallizes as the dimer (128).!27
The lithium atoms in both (127) and (128) are coordinated to four other nonlithium atoms; this coordin-
ation can only be achieved by dimerization and tetramerization respectively.

NMe2

(126) (127) (128)

Two additional aryl crystal structures are noteworthy because they represent examples of alternative
structural types of aryllithium anions. The first of these is the 2,2’-dianion of biphenyl (129). This materi-
al is characterized as the bis-TMEDA solvate (130) with two lithium atoms doubly bridging the two car-
banionic centers.!?8 The lithium atoms are located above and below the two aromatic rings. A completely
different structure, depicted roughly as (131), is obtained for the air- and moisture-sensitive, violet crys-

tals of dilithiobenzophenone.!?
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A few arylmagnesium compounds have been characterized crystallographically. As early as 1964,
Stucky and Rundle determined that phenylmagnesium bromide-diethy! etherate consists of a magnesium
atom tetrahedrally coordinated to two diethyl ether molecules, the phenyl group and a bromide.!* This
Grignard reagent is depicted as (132). Dlphenylmagnesxum -TMEDA also crystallizes as a monomer
(133) with a tetrahedrally, four-coordinate magnesium atom.!3!
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Bickelhaupt and coworkers have determined the crystal structures of a series of crown ether solvated
magnesium compounds. A sequence of these compounds is illustrated as the internally coordinated 15-
crown-4-xylylmagnesium chloride (134)'32 and bromide (135),!133 as well as the organometallic, rotaxane

(136).!34 Note the similarity between these structures and the corresponding aliphatic dialkylmagnesium
rotaxane (83).
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1.1.3.6 Enolates and Enamines and Related Species

1.1.3.6.1 Ketone enolates

One of the most relevant and fruitful areas of structural investigation for synthetic organic chemistry
during the past decade has been the crystal structure determinations of a variety of enolate and closely re-
lated carbanions. Although these species have been considered only as transient reactive intermediates, a
number of these enolates can be crystallized out of solution at subambient temperature and stabilized
under a stream of cold, dry nitrogen gas during the 2448 h necessary for X-ray diffraction data collec-
tion. A systematic review of these structures known to date begins with the ketone enolates.

Seebach, Dunitz and coworkers first described the THF-solvated tetrameric aggregates obtained from
THEF solutions of 3,3-dimethyl-2-butanone (pinacolone) and cyclopentanone lithium enolates,! These are
represented as (137). The pinacolone enolate also crystallizes as the unsolvated hexamer (138) from hy-
drocarbon solution, but this hexamer rearranges instantaneously to the tetramer (137) in the presence of
THF.13% Williard and Carpenter completed the characterization of both the Na* and the K* pinacolone
enolates.!3¢ Quite unexpectedly the Na* pinacolone enolate is obtained from hydrocarbon/THF solutions
as the tetramer (139) with solvation of the Na* atoms by unenolized ketone instead of by THF. The po-
tassium pinacolone enolate is a hexameric THF solvate depicted as (140) and described as a hexagonal
prism. A molecular model of (140) reveals slight chair-like distortions of the hexagonal faces in (140) so
that the solvating THF molecules nicely fit into the holes between the pinacolone residues.

The pinacolone enolate residue crystallizes as a dimer with solvation by N,N,N'-trimethylethylene-
diamine (TriMEDA) as indicated in formula (141).!37 In this structure the NH hydrogen on the secondary
amine is relatively close to the terminal carbon of the enolate residue, i.e. NH—C=C is 2.60 A. This

a37n (138) e=Li
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structure can prove useful in a structure—reactivity correlation, since it includes the hydrogen which is
transferred in the enolization process. It is also valuable in explaining the fact that incomplete deuterium
incorporation is often observed upon ‘kinetic’ protonation of certain enolates with deuterated acids since
the NH proton can be returned directly to the enolate residue rather than a deuterium.
Bu'
Me. Me H Me

(141)

In an attempt to influence the aggregation state of a simple ketone enolate by intramolecular chelation,
the homolog of pinacolone (142) was prepared.!38 The lithium enolate of this material cocrystallizes with
lithium diisopropylamide (LDA) to produce the mixed, dimeric aggregate (143). A sequence of mixed
enolate/amide base aggregates with five-, six- and eight-membered chelate rings similar to the aggregate
(143) and depicted as (144) have been characterized.!3 It is noteworthy that the bulky silyloxy group
serves as a ligand for the terminal, three-coordinate lithium atoms in (143).

o b %OSiM&zBu'
/U><\/OSiMe2Bu‘ LDA Pr _T_Li~c|)_1[i
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(142) / b
Bu'Me,SiO
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Li—O— Il‘i/ N-R’
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144)n=0,1,2,3



28 Nonstabilized Carbanion Equivalents
Dimethylaminomethylacetophenone (145) reacts with LDA in diethyl ether to produce the tetrameric

enolate aggregate (146).140 This aggregate is an internally chelated variation of the tetramer (137). The
origin of this enolate was not well defined in the original paper describing its characterization.

NMe, O

(145) (146)

The pinacolone lithium enolate condensation product with pivaldehyde (147) has been characterized
as the tetrameric aggregate (148).14! However, an attempted condensation reaction of pinacolone with it-
self as shown in Scheme 8 led to crystallization of a product derived from subsequent dehydration and
reenolization, i.e. (149). This dienolate (149) was characterized as the dimer (150) solvated by dimethyl-
propyleneurea (DMPU), 142

Bu
(147) (148)
— Joe 20
Bu! THF, DMPU But Buf u* B N Bu
(149)
Me.
Bu' )\/j
I
s
Q/ 0/
Bu‘ Bu!
(150)
Scheme 8

The azaallyl enolates, i.e. enolates derived from ketone imines or hydrazones are synthetic equivalents
of the ketone enolates and thus two examples of azaallyl enolates are included in this section. Lithiated
cyclohexanonephenylimine (151) crystallizes out of hydrocarbon solution as the dimeric diisopropyl-
amine solvate (152).!4 Significant disorder between the cyclohexyl and the phenyl moieties is observed
in this crystal structure; however, it is clear that there are no n3-azaallyl carbon contacts in this structure.
This lithiated imine structure can be compared with the lithiated dimethylhydrazone of cyclohexanone
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(153).144 In this latter structure, roughly depicted as (154), there are two different lithium atoms as well
as two different anion residues. In one of the residues a lithium is n’-coordinated and in the other residue
the lithium is m'-coordinated. The possible origins of the selectivity of the alkylations of the metallated
hydrazones are discussed relative to this structure. The lithiated hydrazone enolate (155) prepared from
(5)-(-)-1-amino-2-(methoxymethyl)pyrrolidine (SAMP) hydrazone of 2-acetylnaphthalene (156) yields
the monomeric bis-THF-solvated species (157) as ruby red crystals.!43 This is one of the few examples of
the crystallization of a resolved enolate substrate.!46

O N

Pri,
o N Lx Lx—NH 3

d@

(151) (152)
Li ~. .. NMCZ Q
N

(153) (154)

‘Z .....

(156) (155) (57

An uncharacteristic enolate coordination is observed for the a,a’-ketodianion derived from dibenzyl
ketone (158).!47 The dianion crystallizes as a bis-TMEDA solvate with the general structure shown as
(159). The two lithium atoms are on opposite sides of the relatively planar carbon skeleton. Each is sol-
vated by TMEDA. Besides coordination to the oxygen, the lithium atoms are in close contact with four
additional carbon atoms.

An early prediction about the structure of a magnesium ketone enolate!4® was subsequently modified
when the diethyl ether solvated, magnesium bromide enolate derived from ¢-butyl ethyl ketone was char-
acterized as the dimer (160) with bridging enolate residues.!4

Recently the isolation and structure determination of the aldol product of the chiral iron enolate (161)
with benzaldehyde was obtained as (162).!50 This structure is presumed to mimic closely the structure of
the cyclic transition state for the aldol reaction.
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1.1.3.6.2 Amide and ester enolates

Few ester enolate crystal structures have been described. The lack of structural information is no doubt
due to the fact that the ester enolates undergo a-elimination reactions at or below room temperature. A
good discussion of the temperatures at which lithium ester enolates undergo this elimination is presented
in the same paper with the crystal structures of the lithium enolates derived from ¢-butyl propionate
(163), t-butyl isobutyrate (164) and methyl 3,3-dimethylbutanoate (165).!5! It is significant that two of
the lithium ester enolates derived from (163) and (165) are both obtained with alkene geometry such that
the alkyl group is trans to the enolate oxygen. It is also noteworthy that the two TMEDA-solvated enol-
ates from (163) and (164) are dimeric, while the THF-solvated enolate from (165) exists as a tetramer.

Three additional ester enolates have been characterized and these can be compared to the lithium enol-
ates (163)—(165). Recently we have obtained the mixed sodium ester/sodium hexamethyldisilazide ag-
gregate derived from r-butyl isobutyrate and sodium hexamethyldisilazide as the TMEDA-solvated
aggregate (166).52 The second structure of interest is the zinc ester enolate, i.e. Reformatsky reagent,
derived from t-butyl bromoacetate.!? This zinc enolate (167) forms an eight-membered ring with the
zinc atoms bonded directly to both enolate oxygens and to the a-carbon of the enolate. The observation
of direct metal interaction with the enolate a-carbon of simple substrates is rare for alkali and alkaline
earth metal cations. The third lithium ester enolate is derived from ethyl N, N-diethylglycine (168). It
crystalllsifes as the internally chelated hexamer (169) which resembles the hexagonal prisms (138) and
(140).

Few amide or amide-like enolates have been characterized. This is somewhat surprising since amide
enolates are expected to be less susceptible to ketene formation than the corresponding ester enolates.
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The least highly substituted amide enolate whose structure is known is the lithium enolate of N,N-di-
methylpropionamide (170).155 This enolate is obtained as a dimer solvated by TriIMEDA, i.e. (171). The
alkene geometry in (171) is opposite that found in the ester enolates from (163) and (165). Thus in the
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dimer (171), the terminal methyl group is cis to the enolate oxygen and the alkenic residues are on oppo-
site sides of the Li—O—Li—O core. It was noted that the hydrogen atom of the secondary amino group
in (171) points in the direction of the virtual lone pair of electrons on the amide nitrogen.

N\ NMe,
Me, Me I;l/Me

0 .
N
NMe, / l\ / l\
N O N
Me” H ’Q\ie Me
Mt:‘r]I
Me
(170) an

The lithium enolate derived from N,N-dimethylcycloheptatrienecarboxamide (172) crystallizes as the
bis-THF-solvated dimer (173).136 Neither the amide nitrogens nor the extended m-system participates in
complexation to the lithium atoms in this complex.

O _NMe, MeN L, / NMez
\’ /0
T

172) 173)

Two lithium enolates (174) and (175) derived from the vinylogous urethanes (176) and (177) have
been crystallized and subjected to X-ray diffraction analysis.!>” Although the individual enolate units
combine to form different aggregates, they are very nearly identical in conformation, i.e. s-trans around
the 2,3-bond; however, both the aggregation state and the diastereoselectivity of the enolates differ.!8
The enolate (175) is obtained from benzene solution as a tetramer and (174) is obtained from THF solu-
tion as a dimer. The origin of the diastereoselectivity shown by these enolates is subtle.
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1.1.3.6.3 Nitrile and related enolates

Three examples of nitrile-stabilized enolates have been described by Boche et al. Two of these struc-
tures incorporate the anion of phenylacetonitrile. The TMEDA-solvated dimer (178) crystallizes out of
benzene solution; % however, the mixed nitrile anion-LDA-(TMEDA), complex (179) is obtained when
excess LDA is present.!® This latter complex has often been mistaken as a geminal dianion since it fre-
quently gives products that appear to arise from a dianion. The crystal structure of the anion 1-cyano-2,2-
dimethylcyclopropyllithium (180) consists of an infinite polymer (181) that is solvated by THF.!6!
Interestingly, there are C—Li contacts in this structure and the carbanionic carbon remains tetrahedral.
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The tetrahedral carbanion agrees well with the experimental results that optically active cyclopropyl-
nitrile carbanions can undergo reprotonation with retention of configuration under certain conditions.
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. ¥—1|4‘ . m
o s B .
N

(180) (181)

A true dianion (182) is obtained in the reaction of (183) with base and this dianion crystallizes from
ether/hexane solution with the stoichiometry [(Me3SiCCN)2-Liz24-(Et20)¢(CsH14)].152 The crystal struc-
ture exhibits both N—Li and C—Li contacts and is best described in the original manuscript because
there is no simple way to redraw this exceedingly complex aggregate structure.

MesSi__CN Me;Si ><CN
Li Li
(183) (182)

The crystal structures of both Na*C(CN);~ 163 and K*C(CN)3~ ! are known for comparison. In all
examples of the nitrile-stabilized carbanions except the dianion (182), the metal coordination to the or-
ganic anion is through the nitrogen. No evidence of interaction between the metal and the nucleophilic
carbon atom is seen. Lithiated imine (184) is somewhat analogous to dimer (150), although this species
is not derived from an enolizable substrate.!¢’

But Li But
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MezN—f\ NMe,
Me;N

(184)
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1.1.3.6.4 Other stabilized enolates

The crystal structure of a single stabilized nitronate carbanion derived from phenylnitromethane is re-
ported as the polymeric ethanol solvate (185).!66 The same geometry found in the nitronate anion (185)
was also found for the ¢-butyldimethylsilyl ester derived from quenching this nitronate.!6? References to

other structures containing carbanions stabilized by a nitro group are given in Table 3; however, it is to
be noted that these are derived from highly acidic carbon acids.

E

N—O OH QN\/Q
O Fe

(185)

Table 3 Stabilized Carbanions

Compound name CSD refcode Ref.
Ca(acac)2-2H20-H20) BOLTIF 220
Na(acac)-H20 CAFNEC 221
Ca(acac)(CH3CO2.)-2H20) CUHGER 222
Li[PhC(O)CHC(O)Ph}2H20-Et3N DEKJUY 223
Mgsi(acac DENGAE 224
K-nitromalonamide NOMLNB 225
Na(eaa)-15-crown-5 BODKUG 226
K(eaa)-18-crown-6 CREALK, CRKEACO1, CRKEACI10 227
CsC(NO2)3 CSTNME 228
K-1,1-dicyano-3-thiabut-1-en-2-olate FAZBAJ 229
Na-2-propenal-3-olate FUSPEO 230
K-4,4-dinitro-2-butenamide KDNBUT 231
K-2 2-dmm'oethylacetamnde NEYACM 232

The sodium salt of the stabilized enolate derived from the heteroaryl-substituted 2-oxoglutaric acid
ester (186) is reported to have the alkene geometry as shown in formula (187).!%8 Finally, Collum et al.
have reported the structure of the lithiated anion derived from the N ,N-dimethylhydrazone of 2-methoxy-

carbonylcyclohexanone (188).1% This enolate crystallizes as the dimeric, bis-THF-solvated aggregate
(189).

o)
Me . ONa
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CO,Me 0PN S CO,Me
CO,Me ) CO,Me
Me
(186) (187)

1.1.3.7 Heteroatom- substituted Carbanions (a-N, a-P or a-S)

To date there are only a few synthetically relevant crystal structures with a nitrogen directly attached
to the carbanionic center. X-Ray crystal structure determination of the lithium salt of bis-lactim ether
(190), derived from alanine, has been characterized and is depicted as (191).!7° This structure illustrates
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that the lithium atoms share very different environments, i.e. one five coordinate and one four coord-
inate. The bromomagnesium derivative of N-pivaloyltetrahydroisoquinoline (192) crystallizes from THF
as a monomer with octahedrally coordinated Mg atoms.!?! This Mg atom coordinates to the carbanion,
the amide carbonyl oxygen, a bromine and three THF molecules. A mechanistic proposal is derived from
the crystal structure (193) to explain the selectivity for addition of this anion to ketones.
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N-Phenylpyrrole (194) is monolithiated at the 2-position of the heterocyclic ring. This monolithium
compound crystallizes as the TMEDA-solvated dimer (195).'72 This structure agrees well with the
6Li~'H 2D heteronuclear Overhauser NMR spectroscopy (2D-HOESY). The structure serves to predict
correctly that the second lithiation to a dianion occurs at the ortho position of the phenyl ring located clo-
sest to the lithium in the monoanion.
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Finally, the crystal structure of a lithiated amino nitrile (196) has been described in Boche’s recent re-
view article as a dimer (197) similar to the other nitrile anions (179), (180) and (182).!4 However, there
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is extended network throughout the solid (197) due to coordination of the lithium atoms with the oxy-
gens at the para position of the aryl rings of adjacent molecules.
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Excluding the a-P-, a-Si-substituted carbanions which are listed in Table 2, there exist relatively few
simple a-P-substituted carbanions whose structures are known. References to the crystal structures of
some tri (alkyl or aryl) substituted phosphines are listed in Table 4. Few if any of these compounds have
been utilized as synthetic reagents. Only two synthetically useful phosphorus-stabilized carbanions of
Group Ia or IIa metal cations have been examined by X-ray diffraction analysis. The lithium carbanion
of 2-benzyl-2-0x0-1,3,2-diazaphosphorinane (198) crystallizes as a monomeric bis-THF solvate (199)
with a tricoordinate lithium atom.!”® The magnesium salt of diethoxyphosphinyl acetone (200) is charac-
terized as an intramolecularly chelated trimer!?# similar in structure to [Mg(acac)]s. The Cu salt of this
B-keto phosphorus-stabilized anion exists only as a monomer. 75

There has been much synthetic interest in sulfur-stabilized carbanions. These anions include sulfides,
1,3-dithianes, sulfoxides, sulfones and sulfoximides. Since the structural results in this area have been re-
cently compiled and discussed in excellent detail by Boche,!4 it will suffice to present only the list of
compounds in Table 5 whose structures have been reported. Most of these anions have varied and unique

Table 4 «-Phosphorus-stabilized Carbanions

Compound CSD refcode Ref.
LiCH;PMe> TMEDA CEDSIN, CEDSIN10 233,234
LiCH2P(Me)Ph-(-)-sparteine VAGHOA 234
LiCH,P(Me)Ph- DA VAGHIU 234
[(LiCH2PPh3)>(dioxane)s]-dioxane DUJIDIV 235
[LiC(PMe2)3-2THF]2 CESCEI, CESCE10 236
LiCH(PPh2)2- THF GIKXAZ 237

(198) (199)
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structures, These structures have proven extremely valuable for structure reactivity correlations and this
is discussed in the aforementioned review.

Table 5 «-Sulfur-stabilized Carbanions

Compound Compound CSD refcode Ref.
type

Sulfides (MeSCHaLi) (TMEDA), CEPLEO 238

(PhSCH:zLi)2:(TMEDA), CEPLAK 238

[(E)-2-Buten§'l-1-SBu‘]~TMEDA GAJDAW 239

1,3-Dithianes [Li(2-methyl-1,3-dithiane)b-(TMEDA) LIMDTE 240

[Li(2-phenyl-1,3-dithianeb-(TMEDA)>- THF LIPTHF 241

Sulfoxides (a-Methylbenzy! phenyl sulfoxide-Li)2-(TMEDA), FIGHEI 242

Sulfones [a-(P! enf'lsulfonf'l) nzyllithiumb-(TMEDA)> DIBXIV 243

(Phenylsulfonylmethyllithium)-(TMEDA); DOMSED 244

2,2-Di;2>ehnyl-l-(p enylsulfonyl)cyclopropyllithium (DME),-(DME) VADKIU 245

,0-Lithium dianion of bis MS)methlyl phenyl sulfone GEHZOI 246

[a,ec-lithium trimethyl(phenylsulfonylmethyl)silaneje-LiO2-(THF)10 GAFXIU 247

a-(PhenylsulfonylallyDlithium DME FAGFOI 248

a-(Methylbenzyl)phenylsultonyldilithiumdiglyme GAVYUX 249

Isopropylphenyisulfonyldilithium-diglyme GAVZAE 249

Bis(TMS)methy! pheny! sulfone potassium (Et20)(18-c-6) SAKXOR 250

Sulfoximes [(S)-(N-methyl-S-phenylsuifonimidoyl)methyllithiumk-(TMEDA); FISNOW 251

(TMS)[N-(TMS)-S-phenylsulfonimidoyl]{methyllithium} FECRAG 252

1.1.3.8 Related Alkali Metal and Alkaline Earth Anions

1.1.3.8.1 Amides and alkoxides

Since most of the synthetically useful enolate anions described in the previous section are prepared by
the reactions of enolizable substrates with alkali metal amide bases, it is appropriate to note a few struc-
tures of these amide bases. The common bases in synthetic organic chemistry include LDA and LHMDS.
The structures of both of these bases are known as the THF solvates.!76177 Both of these compounds
form bis-solvated dimers corresponding to structure (201). The diethyl ether solvate of LHMDS also
forms a bis-solvated dimer (202).!”® Sodium hexamethyldisilazide crystallizes as an unaggregated
monomer from benzene solution.!” Two different crystalline forms of KHMDS are known as the
polymeric dioxane solvate (203),'%0 and the unsolvated dimer (204).!8!

R R MC3Si . SiMe3 i .
\Nl Et N Et . [0} Me3Sl N ,SlMe3
N VSN Me;Si N,
O-Li Li-0 ,O-Li L0 N—K. K K
\N/ Et \N/ Et Me;Si”~ ; 0O /N\
R R Me;Si” SiMes 0 Me;Si” "SiMe,
(201) R = Pr' or SiMe, (202) (203) (204)

The nonalkali metal bis(trimethylsilyl)amide crystal structures are too numerous to elaborate in detail
here, but a partial listing of these includes the bis(trimethylsilyl)amide anion bound to Ti, Sn, Mg, Al,
ete. Individual references to the structures of these compounds are best found in the CSD.> A recent
review of the various cage structures available for the main group metal amide bases and alkoxides is
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given,!82 Recall that a few previously described carbanion crystal structures, i.e. (143), (166) and (179),
form mixed aggregates containing the lithium diisopropylamide moiety or the NHMDS moiety and a
carbanion.

Recent structural investigations on lithium organo(fluorosilyl)amides have revealed that the lithium
cation can form aggregates with internal lithium coordination to fluorine, and mixed aggregates of the
amide and LiF.!8? Structural types such as (205), (206), (207) and (208) have been found for these com-

pounds.
E R But llBut Bu‘
u
Q \sL Sl Bu!
Me R F F Me, /N [¢ F_ N

Me— Sx N Li-F \ e’ ' ~p-F

F- Ln—N Sl Me N F Q Q Q
R Me F~ Li—p
(205) (206) (207) (208)

Many of the enolate crystal structures described in Section 1.1.3.6 are coordinated to metal cations
only through the enolate oxygen atom. From a structural point of view, these aggregates might be
thought of as simple alkoxide anions rather than as carbanions. Because of this structural analogy be-
tween the simple enolates and alkoxides, Table 6 is presented. References are given in this table as repre-
sentative examples of aggregates of alkali metal and alkaline earth salts of relatively simple alkoxides. It
is possible to compare the enolate and alkoxide anion structures and perhaps to anticipate new structural
types for both groups. Recall also the interesting mixed aggregate that forms between Bu"Li and lithium

t-butoxide (45). The complex structure of a mixed metal, enolate/alkoxide aggregate has recently been
described by our group as (209).184

1.1.3.8.2 Halides

The effect of added halide salts on organic reactions is recently undergoing intensive scrutiny.!® To
date only a few mixed aggregate structures containing both carbanion residues and halide anions (ex-
cluding the many MgX- aggregates) have been described. Two of these are previously listed in this chap-
ter as (44) and (116) plus the few mixed cuprates in the next section. References to the crystal structures
of a few simple halide salts are also given in Table 6, with the expectation that these structures may pro-

vide some guidance with predicting and preparing mixed carbanion/halide aggregates whose structures
remain to be determined.

Table 6 Representative Alkoxide and Halide Structures

Compound CSD refcode Ref.
NaOBu' NABUOX, NABUOX10 253
CsOH-MeOH GAYCAK 254
CsOPr IPRXCS 255
Ba(OMe)2 MEOXBA 256
Ca(OMe)2 MEOXCA 256
Sr(OMe?z MEOXSR 256
(CuOBu')4 CUTBUX 257
(LiCl)-(HMPA) CAWSIC 258
(NaBr)-(acetamide); DIACNB, NABRAA 259
(LiCl)-(N-methylacetamide) LICMAC, LICMAC10 260
(LiBr)-(acetone)2 DECXEO 261
(MgCl2)-(N-methylacetamide) NMALIE 262

(LiI)-(PhaPO) LIPPHO 263
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(209)

1.1.3.9 Mixed Metal Cation Structures

1.1.3.9.1 Without transition metals

There are a few carbanion aggregates formed with different metal cations in the aggregate. Three of
these structures contain both Li* and Na* cations. Weiss characterized a (MeNa),:(MeLi), preparation by
powder diffraction of this material. These results suggested a geometry analogous to that of the (MeLi)4
tetramer (38). A unique diphenyl lithium/sodium-TMEDA complex was characterized also by Weiss
with stoichiometry [Na-TMEDA]3 [Li-phenyls].!% The single lithium atom, located in the center of the
ate complex, forms a pseudo-tetrahedron with four phenyl groups. The lithium atom also lies almost at
the center of a triangle formed by TMEDA-coordinated Na atoms. A view from the open face of this
structure is approximately as seen in (210). A recent characterization of a mixed Li*/Na* metal amide ag-
gregate shows a central core as drawn in (211).187 In this aggregate the anion is derived from the imine of
t-butyl phenyl ketone (212).

Lll—}"I—Ll
R R
(211)
NH
Bu'
(210) (212)

A mixed Li*/Mg* aggregate corresponding to (213) is formed with either phenyl or methyl carb-
anions,!8818  An  ynusual lithium/magnesium acetylide is formed with stoichiometry
Li2[(PhC=C):Mg(TMEDA)]; and is depicted as (214). The same authors also report the ion pair charac-
terized as the mixed benzyllithium/magnesium TMEDA complex (215).1% A different mixed
lithium/magnesium aggregate depicted as (216) is found for the THF-solvated anion of tris(trimethylsi-
lyl)methyl carbanion. 1!
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1.1.3.9.2 With transition metals (cuprates)

A dimeric complex of the type LizCuzR4 where R is phenyl has recently been characterized as the di-
ethyl ether solvate (217).!%2 This structure is the most recent of an extremely interesting series of diorg-
anocuprate structure determinations. These reagents find many applications in organic synthesis, and
there now exist structural models for the sequence of the species as tabulated in Table 7. Almost all of
these compounds incorporate aryl groups rather than alkyl groups due to the instability of the simple li-
thium dialkylcuprates. Many of these structures are complex and the structures are best discussed in the
original manuscripts. It is noteworthy that the complexes listed in this table now provide a structural
framework for the series of organocopper reagents with a number of different stoichiometries.

1.14 CRYSTAL GROWTH AND MANIPULATION

Most of the examples of X-ray crystal structure determinations cited in this review have been carried
out at subambient temperature. This is necessary since many, but not all, of the carbanions are only
stable as solids at low temperatures. Several special techniques exist for handling temperature- and mois-
ture-sensitive solids. General reviews of these techniques exist.!9 On the average these diffraction ana-
lyses require a data collection time spanning the range from 12 to 50 h. The carbanions are most
commonly sealed in a thin glass capillary and maintained in a stream of cold, dry nitrogen gas during the
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Table7 X-Ray Crystal Structure of Cu/Li Carbanions

Compound CSD refcode Ref.
[Li(THF 4]} CESDAF 264
[Li(12-crown-4)2]{CuMe3] DAZWIK 265
[Li(THF)(12-crown-4)][CuPha} DAZWOQ 265
[Ll(12-crown—4)2][Cu(Br)CH(TMS)3] (toluene) DAZWUW 265
Li(THF)4]}{CusPhg BEYROM 266
[Lx(PMDETA)(THF)] [CusPhe] BEYRUS 266
[Li(Et20)4}{LiCusPhg}-(Et20)2 CUTCEZ 267
[LiCla(Et20)10] [L12Cu3Ph6]2 CESFIP 268
Li2Cuz(CsH4CH2NM % CUWTUJ 269
[Li(THF)3][CuMe(PBu*; VACFEK 270
[L13Cu2Ph5(SMe2)4] 271
[{Li(Et20) {CuPh2)]2 272

period of data collection. All commercial vendors of X-ray diffraction equipment offer as an optional ac-
cessory the specialized attachment to their equipment that allows for low temperature data collection.
However, the most tedious step in the entire process remains that of obtaining a single crystal suitable for
diffraction analysis. Once a suitable crystal is obtained, a specialized piece of glassware for examining,
selecting and manipulating the crystal has been described by Seebach et al.!5!

A few comments concerning the crystallization of carbanions are in order. These comments are based
upon the personal experience developed in our own laboratory and also upon observations noted in the
literature in the course of crystallizing enolate anions. Although alkali metal enolate anions are relatively
unstable compounds, they have been prepared in the solid state, isolated, and characterized by IR and
UV spectroscopy in the 1970s.1% Thus the a-lithiated esters of a number of simple esters of isobutyric
acid are prepared by metallation of the esters with lithium diisopropylamide in benzene or toluene solu-
tion. The soluble lithiated esters are quite stable at room temperature in aliphatic or aromatic hydrocar-
bon solvents and are crystallized out of solution at low temperature (e.g. =70 °C.). Alternatively the less
soluble enolates tend to precipitate out of solution and are isolated by centrifugation and subsequent
removal of the solvent. Recrystallization from a suitable solvent can then be attempted. The thermal sta-
bility of the lithiated ester enolates is dramatically decreased in the presence of a solvent with a donor
atom such as tetrahydrofuran.

The guidelines we use for obtaining enolate anion crystals are to find a suitable solvent, concentration
and temperature combination such that the crystals grow in a matter of 24 h or so. Typically this in-
volved concentrations of 0.5 to 1.0 M in a solvent combination (hydrocarbon plus donor) that allows for
complete dissolution of the anion and slow crystallization. It is preferable to crystallize the enolate an-
ions in the range of —20 to —50 °C since the crystals obtained at this temperature can often be transferred
directly to the diffractometer with a minimum effort. Exact conditions for the crystallizations of many of
the compounds described in this chapter are described in the original literature.

It is noteworthy that Etter has described a recent technique of cocrystallizing stable organic com-
pounds with triphenylphosphine oxide.!% It is possible that additional enolate anions can be crystallized
by addition of this addend to assist with the solid phase formation; however, many of the carbanions al-
ready include donors such as TMEDA, THF, etc. In summary the crystallization of enolate anions differs
little from the crystallization of neutral organic molecules, except that it is often carried out at somewhat
lower temperatures. The patience, skill and experience of the chemist often determine whether the crys-
tallization procedure is successful.

1.1.5 THEORY, NMR AND OTHER TECHNIQUES

In concluding this review it must be noted that there are many other techniques that are being utilized
to increase our understanding about the structure of synthetically important carbanions. A partial listing
of these techniques would include the theoretical approaches taken by Schleyer,!9 Streitweiser,!%’
Houk!®® and others'% and classical spectroscopic techniques.2®® There exist also a number of useful
NMR techniques in addition to the 2D-HOESY method previously mentioned. These NMR techniques
include analysis of '*C chemical shifts, SLi~!SN spin—spin splitting,’Li quadrupolar coupling?®! and rapid
injection NMR which has proven useful as a technique for structural investigations of aliphatic carba-
nions.?02 Last, but certainly not least, the excellent thermochemical measurements recently reported by
Armett and coworkers serve to correlate the solid state structural studies with solution species.2® A
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comprehensive list and discussion of all of the techniques that have been utilized to analyze carbanion
structures is beyond the scope of this review.

In conclusion it must be stated that much work remains before it is possible to predict with confidence
the structural characteristics of any new carbanion. That such structures may be utilized to rationalize un-
usual reactions has already been demonstrated by Grutzner.204 Although many of the main structural
types may have been uncovered already, much additional investigation is necessary before these results

can be generally applied to control the stereochemical outcome of reactions of synthetically useful carb-
anions.
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1.2.1 ADDITIONS OF ACHIRAL REAGENTS TO CHIRAL SUBSTRATES

1.2.1.1 Additions to Acyclic Systems

12.1.1.1 Introduction

The selective nucleophilic addition of Grignard and organolithium reagents to carbonyl compounds
has been the subject of extensive study since the early 1900s when McKenzie described the asymmetric
synthesis of a-hydroxy acids from the corresponding chiral a-keto esters.! This report is the foundation
of the seminal work of Prelog,2 Cram,? Cornforth,* Karabatsos’ and Felkin,® carried out in the 1950s and
1960s, which provides consistent models of the stereochemical outcome of nucleophilic additions to car-
bonyl groups. At present, successful application of these models, as well as their theoretical treatment,”8
continues to occupy a significant body of the chemical literature. This chapter focuses on the selective
addition of carbon nucleophiles generated from organolithium and organomagnesium reagents to carbo-
nyl compounds. The reduction of carbonyl compounds (additions of hydrogen-based reagents) is the sub-
ject of Volume 8.

While thorough reviews of this area are available in a number of sources,>!2 a brief description of the
relevant aspects of these models is described below. Cram’s ‘open-chain model’ concerns the addition of

49
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a nucleophile to a simple a-alkyl-substituted carbonyl compound.® Disposition of the carbonyl oxygen
and the largest a-substituent (relative sizes of the substituents are designated L, M, and S) in an anti rela-
tionship is expected to be the conformation from which nucleophilic addition occurs (Figure 1). In the
case of a-halocarbonyls, Cornforth proposes that the carbonyl and carbon-halogen dipoles prefer an anti
orientation; nucleophilic reaction then takes place from the less-encumbered face (Figure 2).# When an
a-substituent capable of coordination is present, the ‘cyclic chelate model’ is invoked. The favored con-
formation results from formation of a chelate between the cationic reagent, the carbonyl oxygen and the
coordinating substituent. Addition then occurs from the least-hindered face (Figure 3).3

R X

Figure2 Dipolar model

Figure3  Cyclic chelate model

The design of reactions based on these models, in particular the cyclic chelation controlled model,
often leads to high stereoselectivities. However, discrepancies between theoretical and experimental re-
sults have led to the development of alternative theories. Among these, the work of Felkin and cowor-
kers® has gained the most acceptance. In an open-chain model, orientation of the largest a-substituent in
a conformation perpendicular to the carbonyl group is considered most relevant (Figure 4). Because the
carbonyl oxygen is deemed less sterically demanding than the substituent bonded directly to the carbonyl
carbon (R), conformation A is favored over B. Calculations by Anh and Eisenstein’ support the results
derived from the Felkin model; however, they propose a different mode of nucleophilic attack. These
workers suggest that with the carbonyl substrate in a conformation like that proposed by Felkin, the reac-
ting nucleophile approaches not perpendicularly to the carbonyl bond, but tilted away from it. Preferen-
tial attack occurs on a trajectory closest to the smallest substituent (Figure 5). For the purpose of this
discussion, the term ‘cyclic chelation control’ will be used to describe those reactions which adhere to
the model depicted in Figure 3. ‘Felkin-Anh’ or ‘nonchelation control’ will refer to selective additions
which can be described by models such as those shown in Figure 5.

While these models are often useful in predicting the outcome of a reaction in a qualitative sense, the
degree of stereoselection can be affected by simple changes in reaction conditions. It has been observed
that solvent, temperature and organometallic reagent, as well as other factors, play a vital role in deter-
mining which of the reaction modes described predominates. Conditions which enhance, diminish, or
even reverse observed stereoselectivities have been reported.!!
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Figure 4 Felkin model
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A, favored B, disfavored
Figure 5 Felkin—~Anh model

1.2.1.1.2 1.2-Asymmetric induction

The addition of Grignard reagents to chiral a-alkoxy acyclic ketones is one of the most throroughly
studied examples of a chelation-controlled reaction. Under certain conditions, these reactions proceed
with very high (50-200:1) stereoselectivities, which can be explained by the cyclic chelate model illus-
trated in equation (1).13 The nature of the solvent and organometallic reagent has a profound effect on the
degree of selectivity observed (equation 2). As shown in Table 1, additions of Grignard reagents in THF
are most effective, generating selectivities greater than 99:1. Organolithium nucleophiles, on the other
hand, provide no useful selectivity.

R! R
Rl
) \< Nu™
2 NI
o0 RZO)\[QRU ®
M* OH
) )
C;H,s BuM .Bu +OH
H\\\\ O C7H15 \ OH + C7H]5 \ \ Bu (2)
OMEM ~78°C H" H"
>95% OMEM OMEM
(1a) (2a) (3a)

Table 1 Effects of Solvent and Organometallic Reagent on the Selectivity of the Reaction of (1a) with BuM

Solvent Product ratio (2a):(3a)
M=Lj M =MgBr
CsHi2 67:33 90:10
CH2CI2 75:25 937
Et;0 50:50 90:10
THF 41:59 >99:1

The effects of changes in the nature of the alkoxy group (equation 3) are evident in Table 2. High lev-
els of asymmetric induction are achieved by the use of a-substituents such as methoxymethyl ether,
benzyl ether, and methylthiomethyl (MTM) ether. The sterically demanding tetrahydropyranyl ether
substituent, however, interferes with chelate formation, and its use generates poor selectivities.
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.Bu LOH
C;Hys \<‘Lo ﬂMﬂ_ C;Hys \(L\\OH + CiHys \<kBu @

u YOR THF, -78 °C 1" “orR 1’ “orR
(1b) (2b) (3b)

Table 2 Effects of Alkoxy Group on the Selectivity of the Reaction of (1b) with BuMgBr

R Product ratio (2b):(3b)
-—MEM, —MOM, —MTM, —CH3>(2-furyl) >99:1
—CH>Ph 99.5:0.5
—CH20CH2Ph 99:1
—THP 75:25

The high degrees of selectivity (>98:2) found in these reactions are possible not only in acyclic sub-
strates, but also in cyclic a-alkoxy ketones and in more complex systems. The scope of this selective re-
action, however, is limited to a-hydroxy ketones, as reaction with B-alkoxy aldehydes proceeds with no
selectivity.!3.14

Similar selectivities (>99:1) are observed in the cyclic chelation controlled reaction of a-benzyloxy
carbonyls such as (4a; equation 4) with Grignard reagents.!5> However when the a-hydroxy group is pro-
tected as a silyl ether (4b), the selectivities observed in the addition reaction diminish (60:40), or reverse
(10:90; Table 3). The nonchelating nature of a silyl group, as well as its steric bulk, are responsible for
this change in selectivity. In the case of (4b), nucleophilic addition via the Felkin—Anh model effectively
competes with the cyclic—chelation control mode of addition.

R!O o] RM R!O OH RO OH
H Et H R H Et
(4) a:R'=CH,Ph ) (6)
b: R! = Bu'Me,Si

Table 3 Diastereoselective Additions to Ketones (4a) and (4b)

Ketone Reagent Temperature Time (h) Solvent Yield (%) Ratio (5):(6)
(C)
(4a) MeMgCl -78 2 EnO 85 >99:<1
(4a) MeLi -78 2 THF 90 60:40
(4b) MeMgCl -78 2 EtO 78 60:40
(4b) (AllyhMgCl -78 2 THF 90 10:90

The limited conformations of an a-oxygen substituent within a ring can effectively restrict the possible
modes of nucleophilic attack, and lead to highly selective nucleophilic additions. A number of studies
using acrolein dimer (7; equation 5) illustrate how these ring-constrained systems can be manipulated by
taking advantage of either the chelating ability of the a-hydroxy moiety, or the sterically demanding
cyclic system.

)] ® &)

Simple addition of n-decylmagnesium bromide to (7) yields an approximately equal ratio of products
(8) and (9).!¢ The use of conditions which promote chelation (excess Grignard reagent) produces a shift
in the product ratio (63:37). Addition of ZnBr; to the reaction mixture further increases the amount of
chelation-controlled product formed (85:1S5; Table 4).
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Table4 Addition of Organometallic Reagents to Acrolein Dimer (7)

Reagent Conditions Yield (%) Ratio (8):(9)
(n-Decy)MgBr (1.1 equiv.) THF, -50 °C 56 48:52
(n-Decyl)MgBr (3.0 equiv.) THF, 15 °C 90 63:37
(n-Decyl)MgBr (6.0 equiv.) ZnBr; (1.1 equiv.), Et20,-10 °C 21 85:15
(n-Decyl)MgBr (1.5 equiv.) THF, HMPA (3.5 equiv.), 45 °'C 71 21:79
(n-Decyl)MéBr (3.0 equiv.) THF, HMPA (6.0 equiv.), =20 °C 84 15:85

tLi Et20, HMPA (4.0 equiv.), =78 °C 78 12:88
EtLi Et20, TMEDA (5.0 eguiv.), -78°C 81 20:80
EtLi Et0,-78 °C — 28:72

EtMgBr Et20,0°C > r.t. 87 70:30

Addition of HMPA to the reaction mixture to suppress chelation causes a reversal in the stereoselectiv-
ity, yielding (9) as the dominant product. Similar trends in the addition of ethyl metallics to (7) are re-
ported.!” Use of conditions expected to enhance chelation produces (8) as the major product; (9) is
formed predominantly when chelation is inhibited (Table 4). The proposed modes of addition according
to chelation control, yielding (8), and Felkin—-Anh models, yielding (9), are shown in Figures 6 and 7.

N4

o)

Figure 6

—— ®
H ;l\ R

Figure 7

Nucleophilic additions to tetrahydrofurfural (10; equation 6) proceed under similar constraints.
Grignard additions in the presence of HMPT favor formation of product (11), arising from Felkin-Anh
addition (Table 5). In the absence of HMPT, nucleophilic addition yields the cyclic chelation control
product (12) as the major isomer.!8

RMgX H \\\H
o’ CHO o “ + o : (6)
THF, 22 °C H Oe‘ H

u' YoH

a10) an 12)

Table§ Stereoselective Additions to (10)

RMgX Ratio (11):(12) Yield (%)

EtMgBr 48:52 71
EtMgBr, 2 equiv. HMPT 87:13 86
Bu"MgBr 43:57 71
Bu"MgBr, 2 quiv. HMPT 90:10 81
. PrMgBr 29:71 48
Pr'MgBr, 2 equiv. HMPT 100:0 57
PhMgBr 30:70 73
PhMgBr, 2 equiv. HMPT 68:32 64

Considerable work has been carried out on nucleophilic additions to more complex carbonyl substrates
containing both a- and B-alkoxy substituents. Optically active 2,3-isopropylideneglyceraldehyde (13;



54 Nonstabilized Carbanion Equivalents
equation 7) represents an ideal substrate for systematic study due to the ready availability of either en-
antiomer, as well as the versatile functionality present in the molecule. Factors to be considered in a

stereocontrolled nucleophilic addition to (13) include the presence of a rigid dioxolane system adjacent
to the carbonyl and the possibility of chelation to three different oxygen atoms (the carbonyl moiety and

two ether oxygens).®

a3 (14) as

""'O

aw

O
+

M

S
e o}
E

><o

In general, organometallic additions to (13), yielding alcohols (14) and (15), result in only moderate
selectivities when organolithium and Grignard reagents are used.? The stereochemistry of the major
isomer, and the degree of selectivity, depend on the nature of the organometallic reagent, as well as on
the conditions under which the reaction is run. Table 6 illustrates some of these findings. Use of other
organometallic reagents (Cr-, Ti- and Zn-based) yields improved selectivities.

Table 6 Stereoselectivities in the Addition of RM to (13)

RM Solvent Temperature ( C) (14):(18) Yield (%)
PhLi EtO -78 48:52 88
hMEBr Et20 ~78 48:52 85
MeLi Et0 =70 60:40 60
MeMgBr Et20 -50 67:33 57
Bu"Li Et20 -78 69:31 83
Bu"MgBr Et20 -78 75:25 86
(AllyDMgBr EO -78 60:40 89

The presence of additives in the reaction mixture, however, can significantly enhance the selectivity of
nucleophilic addition to (13; equation 8).2! Very high ratios (>95:5) are observed when the addition of
furyllithium to (13) is carried out in the presence of Zn or Sn salts (Table 7). The stereochemistry of the
product is explained by a conformation in which the zinc or tin atom coordinates with the carbonyl
oxygen and the 3-oxygen of the dioxolane ring (Figure 8). Nucleophilic attack from the less-hindered

face selectively produces (16). At present, the applicability of this reaction to other substrates is not
known.

ﬁLOQH + , /D additive Oy / \ \w ®
o\)\‘\CHO - © \)I?/()g)

HO H
13) (16) a7

Table 7 Effect of Additive on the Stereoselective Reaction of 2-Furyllithium with (13)

Additive Temperature ( C) Yield (%) (16):(17)
None -78 68 40:60
MgBr; 0 49 50:50
SnCL 0 58 95:5
ZnCly =78 10 >95:<5
ZnClz 0 60 90:10
ZnBr; 0 75 95:5

Znl; 0 .57 >95:<5
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Figure 8

Variation of the diol-protecting group or of other substituents on these a,B-dihydroxycarbony! deriva-
tives does not lead to significant improvements in stereoselection. Moderate selectivities are reported for
the Grignard and organolithium additions to the 2,3-0,0-dibenzylglyceraldehyde (18) (ranging from
45:55 to 27:73)?2 and to the homologated cyclohexylideneglyceraldehyde (19) (80:20 to 60:40).2* Syn-
thetically useful ratios can, however, be realized by the use of other organometallic reagents (Ti, Cu).
The depressed selectivities seen in the cases of magnesium and lithium reagents may be due to their rela-
tively high reactivity.

o

(0]

J\EOBZ
H -

OBz
(18) 19

Several reports on selective additions to more complex carbohydrate derivatives suggest that syntheti-
cally useful selectivities are indeed obtainable. Grignard addition to aldehyde (20) proceeds with a
moderate preference for a-chelation-controlled addition. The alcohols (21) and (22) are isolated in a ratio
of about 75:25 (equation 9).%*

OMOM OMOM OMOM
RMgBr R R
Ph” 0 Ph” 0 + o )
MOMO O MOMO OH MOMO OH
(20) @1 @2)

In some polyhydroxylated substrates, a specific site of chelation can be favored or disfavored by the
appropriate choice of protecting group. Grignard addition to ketone (23; equation 10) occurs via a-coor-
dination to yield the alcohol (24) exclusively.?S Competitive B-chelation is prevented by the use of a
trialkylsilyl protecting group. Alternatively, when the free hydroxy group is present (25), addition of the
Grignard reagent forms the magnesium alkoxide, and B-chelation control predominates. In this case
nucleophilic addition affords (26) as the sole product.

Ph—X-0 PhMgBr Ph—X-0 Ph o
O/%OR OP®/OR + /VO&OR (10)
yny my Ph

o OH OH
(23) R = SiMe,Bu* (24) R = SiMe, B, 100% 0%
(25 R=H 0% (26)R = H, 100%

A number of other examples have been reported which involve highly selective Grignard or organo-
lithium additions to carbohydrates.?8 Unfortunately, no general trends for these complex systems have
been observed. The selectivities reported are often specific for one substrate under a particular set of
reaction conditions. Reetz has reviewed the chelation and nonchelation control addition reactions (not
confined to organolithium or organomagnesium reagents) of a- and B-alkoxycarbonyl compounds.?’



56 Nonstabilized Carbanion Equivalents

In simple carbonyl compounds containing an a-amino substituent, nucleophilic additions generally
occur via the cyclic chelate model.>!2 However, just as in the a-hydroxycarbonyl series, selectivities can
be greatly influenced by substitution of the amino group. Examples of moderate to high stereoselection
in both cyclic chelation and nonchelation controlled additions have been reported.

Grignard addition to the BOC-protected phenylalaninal (27; equation 11) occurs mainly through a
cyclic chelation controlled mechanism to yield (28) and (29) in a ratio of 70:30.2% Conditions which
favor coordination of the nitrogen and magnesium atoms (high temperature) are essential for the selectiv-
ity observed.

(o} (o}
. B I ; A ay
Bu'O 1:1 CHO B to ! Bu'O 1:1 =

H OH

o.....

H H
27 (28 29

In contrast, the use of dibenzyl-protected groups in similar systems shows opposite stereoselectivity.??
Grignard and alkyllithium additions to dibenzyl-protected a-amino aldehydes such as (30; equation 12)
proceed with excellent selectivities (usually >95:5) to yield the nonchelate control alcohols (32). The
high ratios observed (Table 8) regardless of substrate or reagent suggest that the dibenzyl groups act by
preventmg chelation; Cornforth or Felkin—Anh modes of addition then predominate. Access to the chela-
tion control products is not possible using Gngnard or organolithium reagents. The use of titanium or tin
reagents, however, provides (31) as the major product (Chapter 1.5, this volume).

R
~OH
anN\/U\ BN X + anN\/“\ (12)

R!

W"'"
w o

30 (3D 32)
Table 8 Stereoselectivities in the Reaction of (30) with RM
R! RM Temperature ( C) Yield (%) Ratio (31).:(32)
Me MeMgl 0 87 5:95
Me MeLi -10 91 9:91
Me PhMgBr 0 85 3:97
Me Eﬂg‘lngr 0 85 5:95
Me 0 75 <3:597
Me Bu 0 72 5:95
Me Bu'L 1 50 88 <3:>97
CH2Ph MeMEI 0 85 8:92
CH2Ph PhMg 0 84 3:.97
CH2Ph PhC==CLi -78 72 <4:>96
CH2Ph PhCH;CH:MgBr -78 84 <4:>96
CH2Ph (All l)Mg ~78 82 28:72
Bu} 0 85 10:90
Bu! MeL1 -10 89 20:80
Bu} PhMgBr 0 84 3:97
Pr MeMgl 0 87 5:95
Pr MeLi ~10 81 14:86
pPr PhMgBr 0 69 9:91

Earlier work further illustrates the influence of both size and basicity of the amine-protecting group on
the direction and degree of stereoselectivity of nucleophilic additions.30 While some excellent selecti-
vities are observed in the Grignard reaction to amino aldehydes such as (33; equation 13), no general
model adequately explains all of the results shown in Table 9.

Except for the a-dibenzylamino substrate cited, Grignard and organolithium additions to protected a-
aminocarbonyls are not particularly well understood. Only modest stereoselectivities usually result, and
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(o] HO R
RMgX +R ~OH
R R S R g
e O = e
RIRNT RIRANT:
N H H
R!” "R?
33) 34) 35)
Table9 Stereoselectivity in the Reaction of RMgX with (33)
R R! R? Yield (%) Ratio (34):(35)
Ph —CH2CH2CH2CH>— 20 0:100
Ph —CH>CH2CH;CH>CH— 61 16:84
Ph —CH>CH>0CH>CH>— 72 45:55
Ph Me Me 46 0:100
Ph Et Et 15 12:88
Et —CH>CH>CH,CH>CH— 45 0:100
Et —CH2CH20CH2CH2— 57 34:66
Et Et Et 55 52:48
Et Pr Pt 72 100:0

the observed selectivities may not be general. However, synthetically useful ratios can be obtained
through modifications of reaction conditions, which promote one mode of addition over another.3!

As described above, the reactions of Grignard or organolithium reagents to a-hydroxy- or a-amino-
carbonyls can proceed with extremely high stereoselectivities (>99:1) when cyclic chelation control is in
effect. However, attempts to generate products arising from the Cram-Felkin-Anh mode of addition ex-
clusively have been much less successful.!! These products are available by the use of conditions which
favor nonchelation-controlled processes; however, until recently, the selectivities of these reactions (up
to 80-90%) never reached those observed in cyclic chelation control additions.

This discrepancy can at least be partially explained by taking into account that in chelation-controlled
reactions the acyclic substrate is essentially locked into one rigid cyclic conformation. The reactants tak-
ing part in nonchelation-controlled additions have many more degrees of freedom, and exclusive reaction
with one conformer is less likely. These reactions rely on reagents which are incapable of chelation
and/or substrates containing sterically or electronically differentiated substituents.?’

Trialkylsilane substituents have been used very effectively to promote nonchelation-controlled nucleo-
philic reactions. Addition of Grignard and organolithium reagents to chiral acylsilane (36) produces the
Cram-Felkin—Anh product (37) almost exclusively (>92:8 selective in most cases).?2 The silyl group in
(37) can be stereospecifically replaced with hydrogen to afford the product (40) of formal nucleophilic
addition to the parent aldehyde (Scheme 1). This sequence of reactions is one of the first examples of a
general procedure for highly efficient nonchelation-controlled additions to aldehyde equivalents. Direct
Grignard and organolithium additions to aldehyde (39) are less selective, as shown in Table 10.

Stereoselectivities observed in the reactions of the a-chiral acylsilanes are explained by consideration
of the the Felkin-Anh model. The conformers depicted in Figures 9 and 10 are predicted to be those
through which nucleophilic addition occurs. The sterically demanding TMS group apparently differen-
tiates between the a-hydrogen (S) and the a-methyl (M) substituents. This preference for the conforma-
tion in Figure 9 results in a highly stereoselective reaction.

i §iMe3 R
R! SiMe, RM R! : R + R! : 4 SiMe,
o

OH OH
36) 37 (38)
Bu",NF

o)
o>y
o)
i —
~
+
o)
o
o5

9) 490) 41)
Scheme 1
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Table 10 Selectivities in the Reaction of Nucleophiles with a-Chiral Acylsilanes (36) and Aldehydes (39)

Substrate R! RM Yield (%) Ratio
(37):(38) or (40):(41)
36) Ph Bu"Li 92 >99:1
36) Ph MeLi 96 >97.5:2.5
(36) Ph (Allgl)MgBr 96 92:8
36) l-Cyclohexenyl 56 >97:3
(36) 1-Cyclohexenyl MelLi 69 >99:1
(36) 1-Cyclohexenyl (Allgl)MgBr 69 92:8
(36) Cyclohexyl 98 94:6
36) Cyclohexyl 77 96:4
(36) Cyclohexyl (Allgl)MgBr 93 78:22
39 Ph u"Li 91 83:17
39 Ph MeLi 91 80:20
39 Ph (Allg )MgBr 92 63:27
39) 1-Cyclohexeny! 40 94:6
39 1-Cyclohexenyl MeLx 49 66:34
39) 1-Cyclohexenyl (AllyDMgBr 54 71:29
39) Cyclohexyl uLi 96 78:22
39) Cyclohexyl MeLi 75 67:33
39) Cyclohexyl (Allyh)MgBr 59 67:33
oM
4
L
Nu/
S S \ Nu~
Me” e Me Me Me Me
major conformer minor conformer
Figure 9 Figure 10

Trialkylsilyl groups in other positions on the carbonyl substrate can also influence the direction of nu-
cleophilic addition. Grignard additions to 2-alkyl- and 2-alkoxy-3-trimethylsilylalkenylcarbonyl com-
pounds such as (42a), (42b) and (42¢) proceed with high diastereofacial selectivity based on the
Cram-Felkin—~Anh model.3? Table 11 lists results of the additions to all three derivatives. Excellent
stereoselectivities (>99:1 in most cases) favoring the nonchelation-controlled product (43) are evident in
all examples except one. Replacement of the trialkylsilyl group in the products with hydrogen, or man-
ipulation to generate other functional groups illustrates the synthetic potential of this procedure. The key
role played by the silyl group in obtaining high stereoselectivities is demonstrated by a comparison of re-
ported nucleophilic additions to analogous substrates. In these examples, substrates which do not contain
a trialkylsilyl moiety in the carbonyl substrate react with much lower (67:33) selectivities.

Me,Si 0 Me;Si HO Me;Si HO
RM i R o
H — v H * T H 14
X X X
42) a:X=Me 43) 44)
b: X =0Bn
c: X=0Me

1.2.1.1.3 Remote asymmetric induction

In general, nucleophilic addition reactions using Grignard or organolithium reagents to B-chiral or
other remotely chiral ketones usually yield mixtures of stereoisomers which are not synthetically use-
ful.%1227 However, some specific examples of stereoselective organolithium and Grignard additions to
these remotely chiral carbonyl compounds have been reported.
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Table 11 Stereoselectivities in the Reaction of (42) with RM

Substrate RM Solvent Yield (%) Ratio (43):(44)
(42a) MeMgl THF 84 919
(42a) Et,l\&g r THF 92 >99:<1
(42a) Pr'MgBr THF 91 >99:«1
(42a) PhMgBr THF 94 >99:<1
(42a) CH2=CH(TMS)MgBr THF 93 >99:<1
(42b) EtMgBr THF 63 50:50
(42b) EtMgBr Et0 87 93:7
(42¢) EtMgBr THF 68 90:10
(42¢) EtMgBr Et0 92 >99:<1

Diastereoselective additions of nucleophiles to the 3-alkoxy-y-hydroxy aldehyde (45; equation 15) are
reported to generate either chelation- or nonchelation-controlled products, depending on the reaction
conditions used. Chelation-controlled additions of organolithium or Grignard reagents in THF take place
with reasonable selectivities to produce (46) as the major product.3* These selectivities can be improved
with a change of solvent (diethyl ether), and with the addition of Zn salts (Table 12). Figure 11 repre-
sents the probable mode of addition in this chelation-controlled reaction. Alternatively, the diol (47) re-
sults as the major product when the reaction is carried out in ether using alkylmagnesium bromides as
nucleophiles. The mode of addition to generate (47) under these conditions is not completely understood.

(0] 0 OH (o) H
~ ~
OH RM M OH Lljl OH
CHO —_— 15
/ / H + / og W
R R
(45) (46) @7

Table 12 Diastereoselective Additions of Organometallics to (45)

RM Solvent Yield (%) Ratio (46):(47)
MeMgl THF 65 70:30
MeMgl Ether 82 82:18

MeLi THF/ether 80 78:22

MeLi Ether 90 83:17
MeMgBr THF 60 74:26
MeMgBr Ether 77 15:85

Bu"MgBr THF 65 88:12
e e ? e

! r :

Pr'MgBr Ether 65 15:85
Bu"MgBr + Znlz THF 56 94:6
o R

|
i _— (46)
/A H
RM
Figure 11

Systematic studies on additions to B-asymmetric amino ketones of general structure (48; equation 16)
result in the following conclusions.3

(i) In reactions of (48) with organolithiums, isomer (49) predominates regardless of the nature of the
reagent and the substrate. Selectivities as high as 87:13 are reported. This general trend in stereoselectiv-
ity cannot be adequately explained by one model.
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(ii) Selectivities in the Grignard additions to (48) are highly dependent on the nature of the substrate,
as well as the reagents. Neither isomer (49) nor (50) predominates, and no specific model is consistent
with the experimental results. Again, the highest selectivities observed are in the 80:20 range.

0 2 HO 2 R 2
H R R H R HO H R
“, RM 1y, “, ‘on,, “,
RI/U\/<NR32 —_— R‘/k/(NRsz + R‘/k/(NRsz (16)
48) 49 (50)

In an example of remote asymmetric induction, chiral oxazoline (51) undergoes Grignard additions
with moderate to good selectivity.36 The major product formed (52) results from coordination of the re-
agent to the oxazoline moiety, followed by nucleophilic attack from the bottom, as shown in Figure 12,
The phenyl substituent of the oxazoline effectively prevents addition from the top face of the molecule.
Systems such as (51) have been used to synthesize optically active phthalides (54), as shown in Scheme
2. Typical optical purities of the isolated aromatic products range from 46-80%. Table 13 lists some of
these results.
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Figure 12
Table 13 Diastereoselectivity of Grignard Additions to (51)
(53)
R R‘MgX Yield (%) Diastereomer ratios
Me EtMgBr 96 73:27
Me Bu"™MgBr 92 73:27
Me Bu'MgBr 90 83:17
Me Phl\lagBr 97 90:10
Ph MeMgBr 99 88:12
Ph EtMgBr 99 83:17
Et MeMgCl 93 82:18
Bu' MeMgCl 66 52:48
p-BrCsHa MeMgCl 95 87:13

Bu® MeMgCl 89 84:16
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While examples of moderate to good stereoselectivities in remotely chiral molecules, such as those de-
scribed above, are known, they are usually specific cases, and cannot be generalized to all systems. In
general, stereoselective Grignard or organolithium additions which rely on remote or 3-chelation are not
efficient.

1.2.1.1.4 Chiral auxiliaries

A special class of acyclic diastereoselective reactions involves the use of chiral auxiliaries to control
the absolute stereochemistry of nucleophilic additions at carbonyl centers. This process takes advantage
of steric and/or electronic factors within the chiral adjuvant to promote nucleophilic addition from one
face of the molecule, and thereby generate one predictable diastereomer. Removal of the auxiliary, in the
best cases, generates enantiomerically pure products, as well as the recyclable chiral adjuvant. The end
result of this process is the synthesis of enantiomerically pure products via diastereoselective reactions.

Eliel has extensively studied the 1,3-oxathiane systems (55) as a chiral auxiliary to control the addition
of organometallics to ketones (Scheme 3).37 Following nucleophilic addition, cleavage of the oxathiane
group generates chiral a-hydroxycarbonyl compounds (58). The wide variety of carbonyl substituents, as
well as Grignard reagents, amenable to this process is illustrated in Table 14. The enantiomeric auxiliary
is available, and affords alcohols of opposite chirality in equivalent yields.

R i, R'M R!
S S— /{
ﬁg ii, H,0 0 R1 OHC O;IR
(55 (56) major (58)
-+
R
S
3 o
(87) minor
Scheme 3

Table 14 Stereoselective Reactions of (55) with Organometallics

R R'M Temperature ( C) Solvent Ratio (56):(57)
Ph MeMgl Reflux Et20 96:4
Ph MeLi Reflux Et20 86:14
Ph EtMgl Reflux Et20 >99:<1
Ph PriMgl Reflux Et20 99:1
Me PhMgBr Reflux Et20 89:11
Me PhoM Reflux Et20 78:22
Me PhMg Reflux EnO 87:13
Me Mg Reflux EnO 90:10
Me 1 Reflux Et20 90:10
Me Pr"MgBr Reflux Et20 83:17
Me Pr"M; Cl Reflux Et20 79:21
Me Bu™ F Reflux Et20 87:13
Me PriMg Reflux Et20 67:33
Me (mel)MgBr Reflux THF 91:9
Me HC=CMgBr Reflux THF 94:6
Et PhMgBr Reflux Et20 83:17
Et PhMgBr -78 Et20 97:3
Et MeMgl Reflux Et20 80:20
Vinyl MeMgl Reflux Et0 87:13
Vinyl MeMgl -78 Et20 95:5
’ MeMgl Reflux Et,0 68:32
Pr MeMgI -78 Et20 77:23
P MeM%I Reflux Et20 69:31
Pr Reflux Et20 85:15
P PhMgBr -78 Et20 >99:<1
Bu! MeMgl Reflux Et20 93:7

But MeMgl -78 Et20 96:4
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Further work towards developing this process into a viable route to enantiomerically pure compounds
has led to the use of the 1,3-dioxathiane (59; Scheme 4) as a second generation chiral auxiliary.’® Excel-
lent stereoselectivities (usually >90%) are found in the reaction of (§9) with a variety of Grignard re-
agents. The carbinol products (60) are readily cleaved to the a-hydroxy aldehydes (61) and the sultine
(62), which is used to regenerate (59). Either enantiomer of the desired product is available, by using the
diastereomeric oxathiane, or by reversing the order of R-group addition. The nitrogen analog (63) has re-
cently been reported to impart excellent stereoselection. Scheme 5 illustrates its utility for the synthesis
of a number of a-hydroxy acids in high optical purity (see Table 15).%°

R Rl NCS RIL R 0
57\( RIMgX 57\‘/ >\ S
o o) tr, ———— + o
o ogt  Agvo, OHC” “OH
(59) (60) (61) (62)
Scheme 4
Bn Bn i, EfOH/HCI
N’W Ph RM N . Ph i, HO,C_ Ph
o 1 O AOH o, R'” “OH
(63) (64) (65)
Scheme §

Table 15 Synthesis of Optically Active a-Hydroxy Acids from (63)

R! RM Temperature ( C) (65)

Yield (%) Configuration ee (%)

Me MeMgBr 20 44 ) 98
Me MeMgBr =70 — ) 98
Me MelLi -70 47 () 95

Et EtMgBr 5 77 ) 100
HC=C HC=CMgBr 20 63 ) 971
a-Naphthyl CioH7/MgBr 20 23 R) 82+1

The mode of Grignard addition is through the cyclic—chelate conformation shown in Figure 13. The
hard magnesium ion coordinates with the carbonyl oxygen and the hard oxygen atom of the oxathiane
ring (in preference to the soft sulfur atom). Addition then occurs from the less-hindered side of the auxil-

iary. All reactions investigated using these ligands have led to the configuration predicted according to
this model.#

Figure 13

In a study of the factors influencing this nucleophilic addition, it was found that incorporation of an
exocyclic oxygen atom into the carbony! substituent (such as in 66; equation 17) has a profound effect on
the selectivity of the reaction.#! Alkoxy groups capable of chelation (e.g. CH2Ph) can competitively in-
hibit coordination of the metal to the ring oxygen, thus severely lowering, and in some cases reversing,
the stereoselectivities observed. In these cases, the chelating ability of the organometallic reagent, as well
as the length of the methylene linker, influence the course of the reaction. The use of a triisopropylsilyl
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protecting group, however, effectively prevents chelation of the exocyclic alkoxy substituent with the
Grignard reagent, and yields high, predictable selectivities (see Table 16).

s (CHg),OR s (CHy),OR

S (CH),OR _ R'M . 2
o o [I"om + o 1"R!
7\(’)( R! HO an
(66)

(67) (68)

Table 16 Stereoselective Nucleophilic Additions to Oxathianyl Alkoxy Ketones (66)

R n R! Reagent (67):(68)

CHzPh 1 Me MeMgBr 33:67
SiPr'3 1 Me MeMgBr 97:3
CH>Ph 2 Me MeMgBr 42:58
SiPri3 2 Me MeMgBr 97:3
CPhj 2 Me MeMgBr 86:14
CHPh 3 Me MeMgBr 81:19
SiPr'; 2 Me (MeyMg 98:2
TMS 2 Me (Me)xMg 73:27

The chiral oxathianes have been broadly used for the synthesis of a number of natural products.
Through these applications, these chiral auxiliaries have been shown to provide a viable procedure for
the synthesis of optically pure compounds.*

Chiral acetals can be used as auxiliaries in the diastereoselective reactions of Grignard reagents with
acyclic*? as well as cyclic a-keto acetals.** Nucleophilic addition to the monoprotected diketone (69;
equation 18) occurs with excellent stereoselectivity to generate the corresponding tertiary alcohol (70) as
the major product, usually with greater than 95:5 selectivity. Removal of the ketal yields a-hydroxy
ketones of high optical purity. In most examples, enantiomeric excesses of 95% and higher are observed
in the resultant keto alcohols. Table 17 represents the results of additions to cyclic and acyclic substrates.

MeO —»_\— OMe MeO ¥_ OMe MeO ‘»_\-— OMe
oL .0 RMgX o . 0L .0

O (18)
R2>YO THF, -78 °C R2>>/ R R2>>‘\\ R
Rl R “on L
(69) (70) major (71) minor

Table 17 Diastercoselective Additions to a-Keto Ketals (69)

R! R? RMgX Yield (%) Ratio (70):(71)
—CH>CH>CH2CH2— MeMgBr 93 100:0
—CH2CH2CH>— MeMgBr 91 98:2
—CH2CH2CH2CH2— EtMgCl 95 100:0
—CH2CH2CH>— EtMgCl 95 100:0
—CH,CH,CH,CHy— (Vinyh)MgBr 95 97:3
—CH2CH>CH2CH>— PhMgBr 85 95:5
Me Ph EtMgCl 98 >99:1
Me Ph (Vinyl)MgBr 90 98:2
Me Ph PhMgBr 84 97:3
Me Et EtMgCl 92 >99:1
Me Et (Vinyl)MgBr 93 >99:1
Me Et PhMgBr 81 98:2

The stereoselectivity of these reactions can be explained by chelation of the magnesium metal with the
carbonyl oxygen, the proximal methoxy oxygen atom, and one of the acetal oxygens. Migration of the
alkyl group from the organometallic reagent then occurs from the least-hindered face (Figure 14). Evi-
dence for this mechanism follows from experiments carried out using a related chiral auxiliary in which
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the methoxy groups were replaced with hydrogen atoms. Stereoselectivities are considerably lower (10—
20% ee) in these cases.

Figure 14

Extension of this methodology to the use of chiral acetals such as (72; equation 19) to produce opti-
cally active secondary alcohols is found to be less efficient than the ketal series. Alkyl Grignard reagents
in ether (Table 18) provide the best selectivities (up to 90:10), while aryl and alkynyl organometallics
show very little diastereofacial differentiation.4’

MeO S OMe MeO S OMe MeO N OMe
0 \\\\O ; Io) \\‘\O + o) \\\_O 19)
__H -78°C \__H >\<H
H H T, H g
R H
(0] HO HO
72) (73) (74)

Table 18 Diastereoselective Additions to Chiral Acetal (72)

RM Solvent Yield (%) Ratio (73):(74)
MeMgl Et20 70 90:10
Bu"MgBr Et0 65 87:13
Bu"Li Et,0 60 52:48
PriMgBr Et20 60 80:20
PhMgBr Et20 70 34:76
PhMgBr THF 70 42:58
PhLi Et:0 60 49:51
PhC=CLi Et20 65 48:52
PhC=CMgBr THF 65 37:63

Advantages of this chiral auxiliary include the ready availability of either enantiomer and its ease >f
removal, as well as the dual utility of the chiral acetal as both chiral auxiliary, and carbonyl-protectirig
group. A published synthesis of optically pure (-)-7-deoxydaunomycinone exemplifies the utility of this
chiral adjuvant.46

The use of ketoaminals based on pyrrolidine as chiral auxiliaries has been demonstrated as another
entry to optically active a-hydroxycarbonyls.*’ The aminals (76; Scheme 6) are readily obtained from a
chiral diamine (75) and glyoxal. Addition of Grignard reagents to (76), followed by hydrolysis, provides
a chiral a-hydroxy aldehyde (78) with the (S)-configuration. Optical purities are measured in the
94-95% range. The chiral diamine can be recovered unchanged from the reaction mixture.

The source of the asymmetry is thought to occur through two stereoselective steps. First, the preferein-
tial formation of one diastereomeric aminal with the structure shown in Figure 15 is expected due ‘to
steric arguments. Second, attack of the Grignard reagent from one face of the molecule occurs througzh
the cyclic—chelate mode. The magnesium ion coordinates with the carbonyl oxygen, as well as with tlhe
nitrogen (N-1) of the pyrrolidine ring. Complexation with the phenyl-substituted nitrogen (N-2) is dis-
missed due to its electron deficiency with respect to N-1. This rigid structure leads to alkyl group attack
on the carbonyl oxygen from the less-hindered side (see Figure 16).

Extension of this work to the synthesis of a-hydroxy aldehydes with substituents other than phenyl cian
be carried out by using the methyl ester (79; Scheme 7) as precursor.*® Grignard additions afford a veir-
iety of ketoaminals (80) in good yield; aldehydes (R! = H) are available via diisobutylaluminum hydride
reaction.*? A second Grignard addition, followed by hydrolysis, generates a-hydroxy aldehydes (82) in
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moderate to high optical yields (Table 19). Configurations of the products can be predicted from a model
similar to that shown in Figure 16. The corresponding aldehydes (80; R! = H) react with equivalent
selectivity to afford secondary alcohols.

i ]
[I;x R'MgX Qﬁ R3MgX [;& /{CHO
— ", 2
MeO N, R! N, N, RI7IR
\KTH Ph \KE Ph R’7=)7 Ph OH
(79 (80) (81) (82
Scheme 7
Table 19 Preparation of a-Hydroxy Aldehydes (82)
(82)
R! R*MgX Yield (%) ee (%) Configuration
Me PhMgBr 76 99 R)
Me EtMgBr 43 78 (R)
Me (Vir%l{) gBr 4 93 (R)
Et Ph hﬁBr 80 100 (R)
Et M 1 41 78 )
Pr PhMgBr 75 94 (R)

This consecutive Grignard methodology allows the synthesis of either enantiomer of the a-hydroxy al-
dehyde product, since its stereochemistry is determined only by the order of Grignard reactions. The
preparation of natural products such as (+)- and (-)-frontalin®® and malyngolide®! in high optical yield
has been carried out, and demonstrates the synthetic utility of this chiral auxiliary. The use of pyrro-
lidine-based chiral auxiliaries is reviewed by Eliel!! and Mukaiyama.52

Glyoxalate esters of phenylmenthols (83; equation 20) have been extensively used as chiral auxiliaries
for a number of different reactions. Selective Grignard addition from the front face of the molecule
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affords the a-hydroxy ester (84) as the major product (Table 20).5* Subsequent reduction generates the
corresponding diol in optical purities ranging from 88 to 92%.54 (This methodology is equally applicable
to the synthesis of tertiary alcohols using the keto ester as starting material.) The auxiliary suffers from
difficulties in its preparation in optically pure form, and from the unavailability of the enantiomeric
phenylmenthol. This latter limitation can be overcome by reversal of the order of nucleophilic addition.36

o 0 o
m°™ o RM < OH S OH (20
\ 0o + 0 7
Q7 H R
H R H
(83) (84) (85)
Table 20 Selectivities in the Addition of RM to (83)
Reagent Temperature ( C) Yield (%) Ratio (84):(85)
MeMgBr 0 62 95:5
MeMgBr -78 86 >99:1
CsH13MgBr -78 82 >99:1
CgH7MgBr -78 80 99:1
PhMgBr -78 90 >99:1
CsH | MgBr -78 80 >99:1
MeLi -78 74 50:50
MeLi + LiClO4 ~78 80 80:20

Meyers and coworkers report the synthesis of enantiomerically enriched a-hydroxy acids (enantio-
meric excesses of the products generally range from 30 to 87%) from chiral ketooxazolines such as (86;
Scheme 8).57 In most cases, only moderate selectivities are observed. The highest ratios (62-87% ee)
result when aryllithiums are employed as the nucleophile (Table 21). Since the course of the reaction
seems to depend on a number of subtle conformational and coordinating effects, predictions of the
stereochemical outcome of these processes are difficult.

(0] 0] Ph RM HO o Ph hydrolysis R_OH
H\ ]’ - R">—<\ ]’ X

N oh N Ph” ~CO,H

OMe OMe
(86) (87 (88)

Scheme 8

1y, "y

Table 21 Synthesis of a-Hydroxy Acids (88)

Reagent (87) (88)
Yield (%) Yield (%) ee (%) Configuration

MeMgBr/THF 95 70 9 «)
MeMgBr DA/THF 99 72 32 R)
MeMgBr/Et3N/toluene 94 76 22 )
eLi/THF 93 70 0 —
MeLi/LiClO4/THF 99 73 48 o)
EtthBrmtsN/toluene >99 65 33 )
Pr"MgBr/EtsN/toluene >99 62 39 8Y)
Pr’MgBr/EtaN/toluene 95 57 41 )
Bu'MgBr/Et3N/toluene >99 55 50 (S)
p-Tol-Li 93 60 76 8Y)
p-Anisyl-Li 92 55 62 )
1-Naphthyl-Li >99 62 65 S)

2-Thienyl-Li 90 73 87 )
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1.2.1.2 Additions to Cyclic Systems

Nucleophilic additions to cyclic carbonyl compounds differ greatly from those of acyclic systems. In
acyclic systems, only the configuration at an adjacent (1,2-asymmetric induction) or nearby center
(remote asymmetric induction) is usually considered in predicting the outcome of nucleophilic attack. In
cyclic systems, the conformation of the entire molecule (which is in part determined by the individual
substituents) must be considered when predicting the mode of nucleophilic attack. Furthermore, a num-
ber of other factors such as torsional and electronic effects also play a role in the stereochemical course
of additions to cyclic substrates. The relative importance of all of these effects (as well as others) has
been the subject of considerable debate in the literature, and has not as yet been adequately
resolved 1258

Models for the nucleophilic addition of organolithium and Grignard reagents to cyclic ketones assume
that the incoming group approaches the carbonyl carbon perpendicularly to the plane of the sp? center
(Figure 17).%8 This line of approach effects maximum overlap of the orbitals in the transition state of the
reaction. Whether this perpendicular nucleophilic attack then occurs from an equatorial or an axial trajec-
tory depends on the effects mentioned above. In the case of simple cyclohexanones, if ‘steric approach
control’ influences the reaction, the nucleophile will enter from the less-hindered equatorial position to
yield the axial alcohol. Axial addition is disfavored due to steric hindrance from the axial hydrogen
atoms at C-3 and C-5. When ‘product development control’ is in effect, formation of the more stable
equatorial alcohol (from axial attack) is favored. The relative importance of all of these effects is highly
dependent on the particular nature of the cyclic substrate, and has been the subject of considerable
theoretical interest.® An excellent review of this field has been written by Ashby and Laemmle.*

axial attack

He) o
Ha\
Bu! )
H kY
H
equatorial attack

Figure 17

The mode of addition to substituted cyclohexanones (equation 21) depends greatly on the nature and
position of the substituents, as well as on the structure of the organometallic reagent. Table 2258 lists
results of nucleophilic additions to a variety of cyclohexanones. Some broad generalizations can be
made.!2

(i) With organolithiums (except acetylides) and Grignard reagents, equatorial attack is usually favored.
The substitution pattern of the ketone influences the course of the reaction to a lesser extent. With
acetylides, axial attack predominates due to torsional effects.

(ii) The degree of selectivity often increases with the size of the incoming nucleophile.

Predictions of the stereochemical outcome of nucleophilic additions to substituted cyclopentanones is
less straightforward. The conformation of a 2-substituted five-membered ring (92) is such that attack
from the least-hindered face (steric approach control) results in the formation of a cis-substituted alcohol
(93; equation 22). Torsional strain controlled additions lead to trans-substituted alcohols (94).58 As in the
examples of cyclohexanones, steric approach control usually dominates the reaction pathway with the
use of organolithiums and Grignard reagents; torsional strain control with ethynyl reagents (Table
23).1258 A single substituent at the 3-position of the cyclopentanone has less of an effect on the stereo-
chemical outcome of nucleophilic addition, and product ratios in these systems are generally poor.8

OH R

//%O M M—R + M—OH 21

R' R' Rv
89) (90) equatorial attack (91) axial attack
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Table 22 Addition of Organometallic Reagents to Substituted Cyclohexanones (89)

Reagent (RM) Substituent (R’) Ratio (90):(91)
MeLi/Et20 4-Bu' 65:35
MeLi/Et20 2-Me 84:16
MeLi/Et2O 3,3,5- Me3 100:0

PhLi 4-But 58:42
PhLi 4-Me 53:47
PhLi 3-Me 44:56
PhLi 2-Me 88:12
HC==CNa/Et;0 + NH3 4-But 12:88
HC==CLi/THF + NH3 2-Et 53:47
HC==CLi/THF + NH3 3-Me 18:82
HC==CLi/THF + NH3 2-Me 45:55

MeMgI/Et2O 4.Bu' 53:47

MeMgL/E2O 2-Me 84:16

MeM I/Et20 3,3,5- Me3 100:0

gBr/Et20 4-But 71:29

EtMgBr/EtzO 3-Me 68:32

EtMgBr/Et20 2-Me 95:5

EtMgBr/Et20 3.3,5-Me3 100:0

PhMgBr/Et20 4-Bu' 49:51

PhMgB1/Et20 4-Me 54:46

PhMgBI/EtxO 3-Me 59:41

PhMgBr/Et0 2-Me 91:9

PhMgBr/Et20 3,3,5-Mes 100:0

HC=CMgBr 2-Me 45:55

HC=CMgBr 3,3,5-Mes 100:0

RM R OH
o —_— + (22)
OH R
92) (93) cis-alcohol (94) trans-alcohol

Table 23 Addition of Organometallic Reagents to Substituted Cyclopentanones

Reagent Substituent Ratio of alcohols cis:trans
MeMgBr/Et20 2-Me 60:40
PhMgBr/THF 2-Me 99:1

HC==CMgBr/THF 2-Me 50:50
(Allyl)M I/ErO 2-Me 77:23
(mel l&C 2-Me 92:8
MeLi/Et20 2-Me 70:30
Bu"Li/Hexane 2-Me 86:14
PhLi/Et20O 2-Me 95:5
HC==CLi/THF-NH3 2-Me 21:79
Etlg[l}Br/EtzO 2-Methoxy 75:25
‘MgBr 2-Methoxy 87:13
HC==CMgBr/THF 2-Methoxy 42:58
(All l)M X/EtzO 2- Met.hoxy 82:18
% 20 3-Me 60:40
r/Et20 3-Me 61:39
ﬁ?r/Etz 3-Me 58:42
(Allyl) 170 3-Me 65:35
MeMgB1r/EtO 3-Bu! 54:46
Pr’MgBr1/Et;0 3-But 61:39
HC=eCMgBr/THF 3-Bu! 65:35
MeMgBr/Et20 3.4-cis-Me2 92:8
PhMgBr/Et2O 3,4-cis-Mez 92:8

1.2.2 ADDITIONS OF CHIRAL REAGENTS TO ACHIRAL SUBSTRATES

1.2.2.1 Introduction

A number of reports involving the addition of chiral nucleophiles to prochiral carbonyl compounds
have appeared in the literature. While many of these examples involve the use of stabilized carbanions
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derived from chiral sulfoxides (Chapter 2.4, this volume) or chiral ester enolates (Volume 2), several
examples rely on asymmetric derivatives of organolithium and Grignard reagents. Among this class, two
subsets of reactions are described. The use of organometallic nucleophiles which are chiral by virtue of
covalent bonds has had limited use. A more developed field involves the use of achiral nucleophiles in a
chiral environment. In these examples, close association between the nucleophile and the additive gener-
ates asymmetric reagents without virtue of a formal chemical bond.

1.2,2.2 Covalent Chiral Reagents

The aryllithium reagent (96; Scheme 9) can be used as a chiral organometallic reagent in nucleophilic
additions to prochiral carbonyl substrates.% Addition to a variety of aldehydes affords, after hydrolysis
of the aminal, optically active hydroxy aldehydes (98) in moderate to high enantiomeric excesses (Table
24). The course of the addition is proposed to occur through intramolecular coordination of the aminal
auxiliary to the lithium atom, as shown in Figure 18. The rigid tricyclic structure easily differentiates the
faces of the reacting aldehydes. Approach of the aldehydes from the less-hindered face affords asymme-
tric carbinol centers with the (S)-configuration according to this model.

Aromatic oxazolines such as (99; Scheme 10) have also been used as chiral nucleophiles.3 ™! Addi-
tions to carbonyl compounds occur with only modest stereoselectivities. The highest ratio of dia-
stereomers produced (64:36) occurs when acetophenone is used as substrate. A sterically undemanding
transition state probably accounts for these disappointing results.

- _
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Br N_ Bu"Li Li N, RCHO aq. NH,Cl
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0°C, 10 min 2h
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R
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0°C,1h P
OH
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Table 24 Preparation of Chiral Lactols (98)

R Solvent Temperature ( C) Yield (%) ee (%)
Bu" Toluene -78 73 65
Bu” Ether =78 63 78
Bu"? Ether -100 62 87

Et Ether -100 51 88
Pr Ether -100 52 >90

n-CgH17 Ether -100 58 90
Allyl Toluene -78 70 20
H
GN(\
W E
o

Figure 18
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1.2.2.3 Noncovalent Chiral Reagents

The stereoselective addition of achiral nucleophiles to prochiral carbonyl compounds in the presence
of chiral additives is a conceptually elegant method for the synthesis of enantiomerically pure com-
pounds from achiral starting materials. Advantages of this strategy include the ability to recover the chir-
ality ‘inducer’, and the elimination of steps involving chemically introducing and removing these
‘noncovalent chiral auxiliaries’. This latter point represents a significant advantage of this protocol over
the use of standard chiral auxiliaries.

Several systems have been developed which exploit the well-known coordination of organolithium re-
agents to tertiary amines, and of Grignard reagents to ethers. This strong association generates asymme-
tric nucleophilic reagents; transfer of an alkyl group from this chiral organometallic results in an
enantioselective process. Early work in this area led to only low asymmetric inductions. However, a
number of groups have recently improved the enantioselectivity to modest, and even high levels in some
cases. This area has been reviewed by Solladié.52

Seebach has carried out an extensive study on the use of chiral additives based on tartaric acid to in-
duce asymmetry in the addition of n-butyllithium to aldehydes.263 After systematically investigating a
number of ligands, the tetraamine (102) was found to be the most effective, providing alcohols (103;
equation 23) with optical purities in the range of 15 to 56% (Table 25).

This additive reliably causes nucleophilic attack to occur from the si face of the aldehyde to generate
the (S)-alcohol. The direction of addition is irrespective of the organolithium reagent used. The authors
suggest Figure 19 as the conformation responsible for the selectivities observed.

The pyrrolidine derivative (104; equation 24) developed by Mukaiyama and coworkers for the enanti-
oselective addition of organolithiums to aldehydes has been one of the most studied.’264 Although opti-

MezN
H O
Me,N
%, NMe2
H ©
NMCZ
(102) (S,S)-DEB
H” N 2 equiv. (102) OH @3
=0 + RLI —m83 = \\xx\
v 2
Rll— =78 °C H R! R
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Table 25 Enantioselective Additions of RLj to Aldehydes (R'CHO) in the Presence of (102)

R! R? (103) ee (%)
Me Bu" 46
Et Bu™" 35
Bu" Me 34
Ph Bu" 52
Bu” Ph 15
0-MePh Bu® 56
p-MePh Bu” 49
Et;CH Bu" 46
Pr! Bu? 53
But Bu? 18
CeHiy Bu” 48
Vinyl Bu® 24

O\

Me-—-lTI — Ll\ o

’

Me—N
Me
Figure 19

Me

cal purities were generally moderate (11-72% ee; Table 26), reactions using alkynyllithium reagents
show very good selectivities (54-92% ee).5

Extensive study of (104) indicates that both pyrrolidine moieties, as well as the lithiated hydroxy-
methyl group are crucial for high asymmetric induction. Figures 20 and 21 represent possible modes of
the course of the reaction. A rigid structure containing four fused five-membered rings can be formed by
coordination of the two nitrogen atoms and the oxygen atom to the lithium of the organometallic reagent.

2R

N
Me LiO OH
(104
R'Li + RICHO Rl /k R2 24
(105)
Table 26 Enantioselective Additions of R'Li to Aldehydes (R*CHO) in the Presence of (104)
Alcohol (105)
R! R? Temperature ( C) Yield (%) Oprical purity (%) Configuration
Me Ph -78 82 21 R
Et Ph -123 32 39 (R
Prt Ph -123 55 39 S
Bu® Ph -123 60 72 &)
Bu! Ph -123 59 16 ($)
Bu® Pr -123 47 36 (S)
Ph Bu" -123 46 11 (R)
HC=C Ph -78 76 54 (S)
TMS—Ca=C Ph -78 99 78 S
TMS—C==C Ph -123 87 92 &)
PhMeSi—C=C Ph ~-123 88 80 &)
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The size of the alkyllithium apparently determines the diastereofacial approach of the aldehyde, and thus
determines the stereochemistry of the alcohol product.

Figure 20 Figure 21

Conditions for optimal asymmetric induction include low temperature (—123 °C) and the use of a 1:1
mixture of dimethoxymethane and dimethyl ether as solvent.% Investigation of a number of different or-
ganometallic species indicated that dialkylmagnesium reagents yield the highest optical purities (equa-
tion 25). Table 27 lists representative examples of this enantioselective reaction under these optimal
conditions.%” Interestingly, all of the alcohols produced under these conditions have the (R)-configura-
tion.
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