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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
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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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DCC
DDQ
DEAC
DEAD
DET
DHP
DIBAL-H
diglyme
dimsyl Na
DIOP
DIPT
DMA
DMAC
DMAD
DMAP
DME
DMF
DMI
DMSO
DMTSF
DPPB
DPPE
DPPF
DPPP
E+
EADC
EDG
EDTA
EEDQ
EWG
HMPA
HOBT
IpcBH2
Ipc2BH
KAPA
K-selectride
LAH
LDA
LICA
LITMP
L-selectride
LTA
MCPBA
MEM
MEM-C1
MMA
MMC
MOM
Ms
MSA
MsCl
MVK
NBS
NCS

Abbreviations

dicyclohexylcarbodiimide
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
diethylaluminum chloride

diethyl azodicarboxylate

diethyl tartrate (+ or —)
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diethylene glycol dimethyl ether

sodium methylsulfinylmethide

2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis (diphenylphosphino)butane

diisopropyl tartrate (+ or -)
dimethylacetamide
dimethylaluminum chloride
dimethyl acetylenedicarboxylate
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dimethoxyethane
dimethylformamide
N,N'’-dimethylimidazolone
dimethyl sulfoxide
dimethyl(methy!thio)sulfonium fluoroborate
1,4-bis(diphenylphosphino)butane
1,2-bis(diphenylphosphino)ethane
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electrophile
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electron-donating group
ethylenediaminetetraacetic acid
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline
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hexamethylphosphoric triamide
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lithium aluminum hydride
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methyl methacrylate
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methanesulfonyl

methanesulfonic acid
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methyl vinyl ketone
N-bromosuccinimide
N-chlorosuccinimide
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Nu
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PCC
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phen
Phth
PPE
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Red-Al
SEM
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TAS
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TBDMS
TBDMS-CI
TBHP
TCE
TCNE
TES

Tf

TFA
TFAA
THF
THP
TIPBS-Cl1
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TMEDA
™S
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TMS-CN
Tol
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TPP

Tr

Ts
TTFA
TTN

Abbreviations

N-methylmorpholine N-oxide
N-methyl-2-pyrrolidone

nucleophile

polyphosphoric acid

pyridinium chlorochromate

pyridinium dichromate
1,10-phenanthroline

phthatoyl

polyphosphate ester

pyridinium p-toluenesulfonate
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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

1.1.2 STRUCTURAL FEATURES

1.12.1 Aggregation State

1.12.2 Coordination Geometry and Number
1.1.3 CARBANION CRYSTAL STRUCTURES

1.13.1 Aliphatic Carbanions
1.13.1.1 Unsubstituted aliphatic carbanions
1.13.12 a-Silyl-substituted aliphatic carbanions

1.13.2 Allylic Carbanions

1.13.3 Vinylic Carbanions

1.13.4 Alkynic Carbanions

1.13.5 Aryl Carbanions

1.13.6 Enolates and Enamines and Related Species

1.13.6.1 Ketone enolates
1.13.62 Amide and ester enolates
1.1.3.6.3 Nitrile and related enolates
1.1.3.6.4 Other stabilized enolates
1.13.7 Heteroatom-substituted Carbanions (a-N, a-P or a-S)
1.1.3.8 Related Alkali Metal and Alkaline Earth Anions
1.1.38.1 Amides and alkoxides
1.1.38.2 Halides
1.13.9 Mixed Metal Cation Structures
1.1.3.9.1 Without transition metals
1.1.39.2 With transition metals (cuprates)

1.14 CRYSTAL GROWTH AND MANIPULATION
1.1.5 THEORY, NMR AND OTHER TECHNIQUES
1.1.6 REFERENCES

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

1



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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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).
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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, == Licfo< L \LLi

(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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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
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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 w-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 #-butoxide.? 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).6> 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).

Me3Si\ SiMe; toluene
(Me3Si),C™ Li* [LTHE)]" | e, 5i—C—Li—C~ SiMe, -
Me;Si SiMe, PMDETA, LiCl
(88) 89)
+
Me Me
o Me(y
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 C3Hs anion is not planar.® A rough outline of this structure is given in formula (92).
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(92)

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 N‘ 7/ N
P Mg N
(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 m3-coordination; the sodium compound is infinitely aggregated with both m!- 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 z-butyllithium.!%5 This anion crystallized as the symmetrical 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).

THF
Bu, But
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97 99)
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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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Ph

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!!4 or tetrameric.!!5> 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;O], 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).

Et,0
N
Y
}Br —\M \OEtz
Li
Et,0

(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- dunet.hylammophe-
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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MeO

(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).
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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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(134) X = Cl
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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) »=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.

But

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).
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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
But THF, DMPU But But ut Bu' = Bu*
(149)
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e
(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
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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.
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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.
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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.

Li C
N—Li...
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II><CN THF-.,_ | |
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)i2-Lizs-(Et20)s(CsHi4)].!62 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.

Me;Si ___CN MesSi_ _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.!¢’
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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.
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N—O OHq \/@
o —
07 s
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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-EtaN DEKJUY 223
Mgs(acac)e 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).!6° This enolate crystallizes as the dimeric, bis-THF-solvated aggregate

(189).
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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
LiCH,P(Me)Ph-(-)-sparteine VAGHOA 234
iCH2P(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

®
i IOI\/© ] ol OO
!
LN — M
N

X NP
Me E\N

M

(198) (199)



Carbanions of Alkali and Alkaline Earth Cations 37

O A

Mg, Mg~ Mg"

O

(200)

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-(Phen lsulfonf'l) nzyllithiumb-(TMEDA)> DIBXIV 243

(Phenylsulfonylmethyllithium)-(TMEDA); DOMSED 244

2,2-Dipehnyi-1-(phenylsulfonyl)cyclopropyllithium (DME)z-(DME) VADKIU 245

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

[a,a-lithiumtrimeth{ll(phen Isulfonylmethyl)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-phenylsu fonimidoyl)meth{'llithiumk-(TMEDA)z 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 .
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(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.
F R Bu' l?ut 1'3“!
u
| Q ~Si. .Si—Bu
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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) 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
(MgClz)-(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).

Bu!

(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
J[CusPhs) BEYROM 266
[Lx(PMDETA)(T!-IF)][CusPhG] BEYRUS 266
[Li(Et20)4}{LiCusPhg}-(Et20)2 CUTCEZ 267
[LiCla(Et20)10][Li2Cu3Phs]2 CESFIP 268
Li2Cuz(CsHsCH2NMe2)4 CUWTUJ 269
[Li(THF):][CuMe(PBu'2) VACFEK 270
[LisCu2Phs(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!
Nu™

RZO\ 0 Rzo)\rg‘N" m
R

C7H15 YLO BuM C-H - Bu C-H \\\\OH
H\.\ 75158 OH + 7 I;I N 2)

OMEM -78°C 1"
>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 BuMgBr 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) MeMECI -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.

0 0 s o &
0] H HO
)] 8 &)

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-Decyl)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.) ZnBrz (1.1 equiv.), Et20,-10 °C 21 85:15
(n-Decyl)MgBr (1.5 equiv.) THF, HMPA (3.5 equlv ), <45 °'C 71 21:79
(n-Decyl)MéBr (3.0 equiv.) THF HMPA (6.0 equiv.), -20 °C 84 15:85

EtzO HMPA (4.0 equiv.), -78 °C 78 12:88

EtLi Et20, TMEDA (5.0 egmv ), =18 °C 81 20:80
EtLi Et0,-78 °C — 28:72
EtMgBr Et20,0C > 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
BN ®
0" CHO  1yf 22eC

HOH

a10) an 12)

Table§ Stereoselective Additions to (10)

RMgX Ratio (11):(12) Yield (%)
EM 48:52 71
Et.MgBr 2 ﬁuw HMPT 87:13 86
43:57 71
Bu“MgBr, ? qulv HMPT 90:10 81
MgBr 29:71 48
Pl‘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;
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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).®

e r—)\ M

a3 (14) as

""'O

o
o

O
o
O

+

M

><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) a9

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.?’
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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

H H
27 (28 29

o.....

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).

1..0H
anN\/U\ BN X + anN\/“\ (12)

R!
(30) 3D (32)

W"'"

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 MeLi1 -10 91 991
Me PhMgBr 0 85 3:97
Me Eﬂg‘lﬂgBr 0 85 5:95
Me 0 75 <3:597
Me Bu 0 72 5:95
Me Bu'Ll ~60 88 <3:>97
CH2Ph MeMEI 0 85 8:92
CH2Ph PhMgBr 0 84 3:97
CH2Ph PhC==CLi -78 72 <4:>96
CH2Ph PhCH;CH:MgBr -78 84 <4:>96
CH2Ph (AlblIl)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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(0] HO R
RMgX ~R ~OH
R R < R "
j/u\u — >)\H * " "H (13)
RIRNT: R'RIN i
Rl [ R2 H
33 (34) 35
Table 9 Stereoselectivity in the Reaction of RMgX with (33)

R R! R Yield (%) Ratio (34):(35)
Ph —CH>CH,CH2CH2— 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 P 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 SiMe; R
R! SiMe; RM R! R + R! z ,SiMe;
(0]

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

o)
)

e
0—2-::-‘—
T

~
+
o)
o
oo}

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 MeLi 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 (Allgl)MgBr 92 63:27
39) 1-Cyclohexeny! 40 94:6
39 1-Cyclohexenyl! 49 66:34
39) 1-Cyclohexenyl (All l)MgBr 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/
Sl 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 - O H * <" H a4
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
o e ? e
r :
Pr'MgBr Ether 65 15:85
Bu"MgBr + Znlz THF 56 94:6
(o N

0 |
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 y, “, K “,
Rl))\/<NR32 — RIMNRSZ + RIMNRSZ (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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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;ingr 97 90:10
Ph MeMgBr 99 88:12
Ph EtMgBr 99 83:17
Et MebfgCl 93 82:18
Bu' MeMgCl 66 52:48

p-BrCsHa MeMgCl 95 87:13

Bu" MeMgCl 89 84:16




Carbanions of Alkali and Alkaline Earth Cations 61

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 %40’ 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 R! NCS RI_ R 0
57\( RIMgX 57\‘/ >\ S
o o “ + o
5 ﬁ I'R a0, OHC” YOH
(59) (60) (61) (62)
Scheme 4
Bn :Bn i, EtO! Cl

N’W Ph R'M N , Ph i, EtOH/H H02C>/ Ph

ol O ROH iNcio, RI” "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 — s) 98

Me MelLi -70 47 () 95

Et EtMgBr 5 77 ) 100
HC=C HC=CMgBr 20 63 S) 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).

(CH),OR s (CHp,OR

(CH),0R _ RIM s ,
0 R! HO a”n
)

0]
(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

Oy (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 Et20 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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Figure 16

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 MeMgl 41 78 (S)
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
(o'
9T
(83)

Table 20 Selectivities in the Addition of RM to (83)

RM

(84)

0 (o)
:‘f\o/‘kﬁOH + ‘JE\OJK‘(OH (20)
H "R
H

R

(85)

Reagent Temperature ( C) Yield (%) Ratio (84):(85)

MeMgBr 0 62 95:5
MeMgBr -78 86 >99:1
CsH13MgBr -78 82 >99:1
C3H17M Br -78 80 99:1
g -78 90 >99:1
C5H1 1MgBr -78 80 >99:1

MeLi -78 74 50:50

MelLi + 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.

b ]’ — R ]’ Ph” “COH
Ph N ”u,' ',
OMe OMe
(86) (88)
Table 21 Synthesis of a-Hydroxy Acids (88)
Reagent (87) (88)
Yield (%) Yield (%) ee (%) Configuration
MeMgB /I'HF 95 70 9 )
Mel\gf 99 72 32 (19]
Br/EtsN/toluene 94 76 22 )
93 70 0 —
MeL1/L1ClO4/I‘HF 99 73 438 (S)
tMgBr/EtsN/toluene >99 65 33 &)
gBr/EtsN/toluene >99 62 39 (S)
Pr'M gBr/EtsN/toluene 95 57 41 (S)
Bu‘MgBr/EtaN/toluene >99 55 50 )
p-Tol-Li 93 60 76 )
p-Ams 1-Li 92 55 62 )
1-Naphthyl-Li >99 62 65 )
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/Et;0 3,3,5-Mes 100:0

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

MeMgI/Et2O 4.Bu' 53:47

MeMgL/E2O 2-Me 84:16

MeMgI/EtzO 3,3,5-Mes 100:0

EtMgBr/Et20 4-Bu' 71:29

EtMgBr/Et20 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

PhMgB1/Et,O 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-Me3 100:0

RM R OH
o R —— + (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
(AllyDMgCYERO 2-Me 77:23
(Vinyl) }/THF 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
EtMgBr/Et,0 2-Methoxy 75:25
‘MgBr 2-Methoxy 87:13
HCs=CMgBr/THF 2-Methoxy 42:58
(AllyDMgX/EtO 2-Methoxy 82:18

eM% 20 3-Me 60:40
Pr*MgBr/Et;0 3-Me 61:39
PhMﬂBr/EtzO 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.

- _
A_Nx (r:)ﬁ
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Ph — Ph
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R
oxé—N_B\ )
2% HCl—-¢ther AN
R N
“Ph 0
0°C,1h P
OH
@ Scheme 9 8)
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
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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-

MczN'\
H O
Me,N
%, NMe2
H OK‘
NMCZ
(102) (S,S)-DEB
H” N 2 equiv. (102) OH @3
=0 + RLI —m83 = \\xx\
v 2
Rll— =78 °C H R! R

(103)
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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
Bu" 53
But Bu? 18
CeHiy Bu” 48
Vinyl Bu® 24
Ph Me
R A
(0] Me
-0 I\'Ae
} Ny,
e
Me --ITJ o Ll\ o
Me g
Me —-N\
Me
Figure 19

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 RI/QRZ 24
(105)

Table 26 Enantioselective Additions of R'Li to Aldehydes (R2CHO) in the Presence of (104)

Alcohol (105)

R! R? Temperature (C) Yield (%) Optical purity (%) Configuration
Me Ph -78 82 21 R
Et Ph -123 32 39 R)
Pr? Ph ~123 55 39 o)
Bu® Ph -123 60 72 )
Bu! Ph -123 59 16 6))
Bu® Pr -123 47 56 o))
Ph Bu® -123 46 11 (R)
HC=C Ph -78 76 54 )
TMS—Caz=C Ph -78 99 78 )]
TMS—C=C Ph -123 87 92 «)

PhzMeSi—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.

N OH
Me H
RICHO + R%,Mg OLi Rl){RZ (25)
(105)

Table 27 Synthesis of Optically Active Alcohols (105) Using Dialkylmagnesium Reagents in the Presence of (104)

R! R? Yield (%) Optical purity (%)
Ph Me 56 34
Ph Et 74 92
Ph Prt 90 70
Ph Pr 59 40
Ph Bu® 94 88
Ph Bu' 81 42
Pr Bu® 70 22

This chiral ligand can also be used as an additive in the enantioselective reaction of stabilized anions
to carbonyl compounds.® Optical purities of these processes are moderate (up to 76% ee), and depend on
the conditions of the reaction, as well as on the particular reactants involved.

A number of other chiral ligands are available, but have been studied much less extensively. The chiral
diamines (106) and (107) are reported to mediate the reactions between aryl Grignards and aldehydes
(Figure 22; equation 26).5° The alcohols range in optical purity from 40 to 75% ee; selectivities increase
with the bulkiness of the aldehyde substituent (see Table 28). The use of an aryloxy metal halide to com-
plex the aldehyde moiety enhances the observed enantioselectivities.”®

Mazaleyrat and Cram have used diamines (108) and (109) as chiral catalysts in the enantioselective
addition of alkyllithiums to aldehydes (equation 27; Table 29). Optical yields of 23-95% are obtained.”!
Highest values are associated with the use of larger alkyllithium reagents, as well as with the more steri-
cally encumbered catalyst (108).

A number of other chiral catalysts have been reported, among them the proline (111),7? lithium amides
(112)73 and the tetrahydrofurylamine (113).7* The optical yields of the products isolated, however, are
only moderate at best. The use of optically active 2-methyltetrahydrofuran in Grignard reactions has also
been reported; however, minimal induction is observed.”

The use of chiral ligands to enantiofacially bias a nucleophilic reaction of achiral starting materials
holds great promise for asymmetric syntheses. Further development of ligands which consistently
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provide high enantiomeric excess, as well as generate predictable geometries at the chiral center, is
necessary.

Ar
Ar, N

‘Ar
Ar

(106) Ar = Ph
(107) Ar = 3,5-xylyl

MgBr
Ar N

we
o9y

N
Figure 22
OH
RICHO + ArMgBr _06ordon . /QAI (26)

Table 28 Enantioselective Additions of Aryl Grignards with Aldehydes Mediated by (106) or (107)

R! Ar Ligand Temperature ee (%) Configuration Yield (%)
({C)

Ph a-Naphthyl (106) -100 71 ) 92

Ph a-Naphthy! (106) 78 64 ) 96

Ph a-Naphthyl (106) —45 55 ) 94

Ph a-Nagxthyl 107 -100 75 ) 94

Bu! (106) -100 60 ) 82
CeH11 Ph ao7n -100 55 o) 68

Pr Ph (106) -100 47 (S) 68

Bu" Ph (106) -100 40 ) 73

(108) or (109)
RLi + PhCHO /i"u Ph @2n
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Table 29 Enantioselective Additions of Organolithium Reagents (RLi) to Benzaldehyde in the Presence of (108)

or (109)
(110)

R Ligand Yield (%) ee (%) Configuration
Bu" 108 73 95 R)
Bu" 108 63 59 R

Et 108 75 66 (R)
Me 108 35 36 ®R)
Bu" 109 71 58 R)
Prt 109 75 53 (0:9)

Et 109 73 30 {R)
Me 109 65 23 (R)

TN R
(I P N7 Ar 0
/ eO Li <Nj
MeO
(111) (112) a: Ar=phenyl,R=H (113)

b: Ar = 2-pyridyl, R=H
¢: Ar = o-methoxyphenyl, R = H
d: Ar = phenyl, R = OMe
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1.3.1 INTRODUCTION

Organoaluminums have been reviewed extensively. The first thorough treatise was published in 1972
by Mole,! describing the preparation of organoaluminums and their reactions with various functional
groups. Negishi24 and Yamamoto? have also reviewed the general properties and reactions of organoalu-
minums. However, Negishi? focused on the 1,2-nucleophilic additions of a,B-unsaturated organoalumin-
ums, which specifically included the reactions of alkenylalanes and alkenylalanates with carbon

77
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electrophiles, whereas the Yamamoto review® was of a more general nature. The preparation of alkenyl-
and alkynyl orga.noalummums has also been reviewed by Normant’ and Zweifel.5 The portion of the
Normant review that focused on organoaluminum reagents described the syn specific carbometallation of
alkynes by organoaluminums, which provides stereospecific access to alkenylaluminums. In contrast,
Zweifel® prepared a very detailed review dealing with the preparation and reactions of alkenyl- and
alkynyl-aluminums.

The stabilized anions of organoaluminums have also been discussed, inasmuch as there have been ex-
tensive reviews of allyl- and crotyl-aluminum reagents.” Yamamoto has reviewed the preparation and
reactions of both allyl-7 and crotyl-aluminum® reagents, while Hoffmann® has prepared a more general
review of organocrotyl reagents, which includes some discussion of the corresponding aluminum re-
agents. These reviews also consider in some detail the stereochemical consequences of these processes
and include some discussion of the transition state geometries. Not surprisingly, the more recent re-
views!%-13 focus on the stereoselectivity and site selectivity of the organoaluminum-mediated reactions,
as well as their potential applications to organic synthesis. Most notable in this regard is the review of
Yamamoto,!? which attempts to outline all of the major reactions of organoaluminum reagents not only
according to the nature of the reacting substrate, but also in terms of the regioselectivity and stereoselec-
tivity of each reaction.

Since so much has been written about the properties and the preparation of organoaluminums, this re-
view will detail only selected reactions, with a heavy emphasis on site selectivity and stereoselectivity;
moreover, the nature of the reactions that are detailed will be limited to 1,2-nucleophilic additions of
nonstabilized anions to unsaturated carbon—heteroatom substrates. Obviously, this will limit the scope of
the review and the very interesting regioselective and stereoselective challenges presented by stabilized
anions, namely, aldol-like processes, will be omitted. Nevertheless, the scope of this review will inten-
sify the focus on the problems of regioselectivity and stereoselectivity furnished by the 1,2-additions of
organoaluminum reagents to either carbonyl systems or masked carbonyl systems. Finally, the applica-
tion of organoaluminum reagents to the synthesis of natural products will be presented, again in the con-
text of regioselective and stereoselective processes.

1.3.2 SITE SELECTIVE AND STEREOSELECTIVE ADDITIONS OF NUCLEOPHILES
MEDIATED BY ORGANOALUMINUM REAGENTS

1.3.2.1 Aluminum-based Additives

In 1975 Ashby!* extensively reviewed the stereochemical results of the 1,2-additions of a variety of
organometallic reagents to prochiral carbonyl substrates. The specific section describing the addition of
organoaluminum reagents is extensive, but the most interesting aspect of the review with regard to alkyl-
aluminum-mediated additions is the observation!>!6 that the axial selectivity of alkyl addition to cyclic
ketones is greatly enhanced by increasing the ratio of aluminum reagent to substrate. Thus, at ratios of
2:1 or greater, the addition results in 90% axial attack, whereas at a 1:1 ratio equatorial attack predomi-
nates. The observation was rationalized by invoking a ‘compression effect’, which derives from the in-
creased steric bulk about the carbonyl as a result of complexation with the organoaluminum.17

0 O"'AIR
o =t T =R R“ At

AlR
0 3
O- Al ‘R
Scheme 1

This seminal observation has recently been utilized by Yamamoto!® to develop an approach for the
stereoselective and site selective addition of organometallics to carbonyl substrates. The approach makes
use of the very bulky aluminum reagent (1), which is readily prepared in situ by exposure of trimethyl-
aluminum to a toluene solution of 2,6-di-z-butyl-4-alkylphenols (molar ratio 1:2) at room temperature.

The MAD and MAT reagents are presumably monomeric in solution, since they are very bulky re-
agents and it is known!? that a 1:1 mixture of benzophenone and trimethylaluminum exists as a long-
lived monomeric complex at room temperature. Although no solid state structure of the complex of
reagent (1) with carbonyl substrates is available,?® a reasonable representation is formulated in Scheme 2.
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The equilibrium concentration of the reactive species would greatly favor substituted cyclohexanone
(2; Scheme 2), since it has been demonstrated!4-19 that the steric interaction of the 3,5-axial substituents
with a bulky group chelating the carbonyl moiety dominates the torsional strain that develops between
the chelating group and the 2,6-diaxial positions. Thus, preexposure of cyclic ketones to reagent (1) and
subsequent addition of another organometallic would be expected to favor the formation of equatorial
carbinols resulting from axial addition of the organometallic (R'M) in Scheme 2. Table 182! summarizes
the results of 1,2-additions of alkyllithium and alkyl Grignard reagents to substituted cyclohexanones in
the presence or absence of reagent (1). Comparison of entries 4 and 5 as well as entries 6 and 7 illustrates
the remarkable effect that the organoaluminum additive (1) has on the overall stereoselectivity of the 1,2-
additions. For example, exposure of 4-t-butylcyclohexanone to methyllithium in the absence of (1) re-
sults in the preferential formation (ca. 4:1) of the corresponding axial alcohol, whereas in the presence of
(1; R = t-butyl; MAT) the 1,2-addition proceeds with almost exclusive formation (99%) of the equatorial
alcohol. Although the results outlined in Table 1 support the mechanism outlined in Scheme 2, an addi-
tional experiment was conducted attempting to further define the nature of the reacting species. When
the ketone substrate is exposed to a mixture of methyllithium and reagent (1; R = Me; MAD) at -78 °C,
the resulting ratio of axial/equatorial carbinols is similar (ax:eq = 84:16)?! to that observed for the addi-
tion of methyllithium alone. Thus, the possibility of ate complex formation resulting from reaction of
methyllithium with the aluminum additive (1) appears unlikely. It appears, therefore, that Scheme 2 ade-
quately accommodates the experimental observations,

Unfortunately, this approach has limitations with regard to the nature of the ketone substrate as well as
the nature of the organometallic nucleophile. For example, alkylation and reduction occurred when sec-
ondary and tertiary alkyl Grignards were utilized as nucleophiles, while attempted reactions with either
vinyl or phenyl nucleophiles occurred slowly with no equatorial selectivity. Furthermore, as the steric
environment about the carbonyl carbon becomes more congested, the observed stereoselectivity de-
creases (Table 1, entries 11-14).

The detrimental effect of the steric environment about the carbonyl moiety on the course of the re-
action is very well illustrated for cyclopentanones (Table 2). Comparison of the entries in Table 2 reveals
that cyclopentanone substrates are very sensitive not only to the steric bulk of the incoming nucleophile
(entries 2—4), but also to the substitution pattern on the carbocycle (entries 1, 2 and 5).
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Table 1l Facial Selectivities for the Addition of Organometallics to Substituted Cyclohexanones in the

Presence of (1)
Entry Substrate Reagent (1) Organometallic Yield (%) Axial alcohol: equatorial
alcohol
1 4-t-Butylcyclohexanone None MelLi — 79:21
2 4--Butylcyclohexanone  MAD MeLi 84 1:99
3 4-t-Butylcyclohexanone = MAT MeLi 92 0.5:99.5
4 4-t-Butylcyclohexanone ~ None EtMgBr 95 48:52
5 4-t-Butylcyclohexanone  MAD EtMgBr 91 0:100
6 4-t-Butylcyclohexanone ~ None BuMgBr 58 56:44
7 4-t-Butylcyclohexanone =~ MAD BuMgBr 67 0:100
8 4-t-Butylcyclohexanone ~ None AllylMgBr 86 48:52
9 4-t-Butylcyclohexanone = MAD AllyIMgBr 90 9:91
10 2-Methylcyclohexanone  None MeLi — 92:8
11 2-Methylcyclohexanone  MAD MelLi 84 14:86
12 2-Methylcyclohexanone ~ MAT MeLi 80 10:90
13 2-Methylcyclohexanone = MAD EtMgBr 0 —
14 2-Methylcyclohexanone =~ MAD BuMgBr 0 —
15 3-Methylcyclohexanone ~ None MelLi — 83:17
16 3-Methylcyclohexanone =~ MAD MeLi 69 9:91
17 3-Methylcyclohexanone =~ MAT MeLi 95 3:97
18 3-Methylcyclohexanone  None BuMgBr 86 79:21
19 3-Methylcyclohexanone = MAD BuMgBr 75 1:99
20 3-Methylcyclohexanone  None AllylMgBr 95 56:44
21 3-Methylcyclohexanone = MAD AllylMgBr 72 24:76

Table2 Facial Selectivities for the Addition of Organometallics to Substituted Cyclopentanones in the

Presence of (1)
Entry Substrate Reagent (1) Organometallic Yield (%) Axial alcohol:
equatorial alcohol

1 2-Butylcyclopentanone None MelLi — 75:25
2 2-Butylcyclopentanone MAD MeLi 82 1:99
3 3-Methylcyclopentanone  None PrMgBr 54 55:45
4 3-Methyicyclopentanone MAD Prl\h‘lfBr 79 50:50
5 2-Phenylcyclopentanone  MAD MeMgBr 0 —

1.3.2.1.1 Cram versus anti-Cram selectivities

The addition of organometallics to aldehyde substrates incapable of populating intramolecularly che-
lated conformations preferentially results in a Cram selective process. This result is most easily ration-
alized by considering an aldehyde conformation that maintains the incoming organometallic reagent and
the largest substituent of the aldehyde in an antiperiplanar disposition, as represented by (5).22:%3

H® RriZM Me
Cram product
)

Entries 14 in Table 32! illustrate the tendency for a Cram selective process in additions to aldehydes
of type (4; equation 1). In contrast, when (4) is treated with the aluminum additive (1) prior to exposure
to organometallics, the nucleophilic addition results in an anti-Cram product. The resulting facial selec-
tivity may be most easily rationalized by considering transition state structure (6), which defines the anti-
Cram face of the aldehyde to be less hindered by virtue of precoordination of the aluminum reagent (1)
to the less sterically demanding Cram face. For example, comparison of entries 2, 6 and 9 to the corre-
sponding entries 5, 8 and 10 in Table 3 illustrates the dramatic effect that the aluminum additive (1) has
on the facial selectivity of the reaction. This approach to anti-Cram selectivity, however, does suffer
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some limitations. For example, the organometallic reagents in Table 3 are all Grignard reagents, since or-
ganolithium based nucleophiles do not work well.2! Furthermore, additions of sp?-hybridized nucleo-
philes (e.g. vinyl, enolate and phenyl) resulted in no stereoselectivity; also, although the sp-hybridized
case listed in Table 3 (entry 12) proceeds in good yield, the anti-Cram facial selectivity is unimpressive
(41:59; Cram:anti-Cram). Finally, the overall anti-Cram selectivity is adversely affected by increasing
steric bulk of the incoming nucleophile (see entries 14, 16, 19, 24 and 28 in Table 3). Presumably, the
basis of this result may be rationalized by the enhanced steric crowding of the transition state as repre-

sented in (6).
/L i, additive 1 /k/ l
R” "CHO R RO+ R R m

ii, RIM
i, R'MgX OH OH
@) Cram anti-Cram
H T RI-
H Me
0
L -
P
L L

(6) Anti-Cram product

Table3 Cram versus Anti-Cram Selectivity for the Addition of Organometallics to Aldehyde (4) in the
Presence of (1; equation 1).

Entry Rin(4) Organometallic Additive Yield (%) Cram:anti-Cram
1 Ph MelLi None — ~2:1
2 Ph MeMg‘, None 64 72:28
3 Ph MeTi(OPr')s None — 88:12
4 Ph MeTi(OPh)3 None — 93:7
5 Ph MeMgl MAT 96 7:93
6 Ph EtMgBr None 78 84:16
7 Ph EtMgBr MAD 90 25:75
8 Ph EtMgBr MAT 98 20:80
9 Ph BuMgBr None 89 87:13
10 Ph BuMgBr MAT 98 33:67
11 Ph BuC=CMgBr None 79 78:22
12 Ph BuC==CMgBr MAT 96 41:59
13 1-Cyclohexenyl MeMgl None 64 79:21
14 1-Cyclohexenyl MeMgI MAT 84 2:98
15 1-Cyclohexenyl EtMgBr None 87 94:6
16 1-Cyclohexenyl EtMgBr MAD 76 34:66
17 1-Cyclohexenyl EtMgBr MAT 98 17:83
18 1-Cyclohexenyl BuMgBr None 88 94:6
19 1-Cyclohexenyl BuMgBr MAT 97 26:74
20 Cyclohexyl MeMgl None 81 82:18
21 Cyclohexyl MeMgl MAD 88 22:78
22 Cyclohexyl MeMgl MAT 75 23:77
23 Cyclohexyl BuMgBr None 81 89:11
24 Cyclohexyl BuMgBr MAT 89 77:23
25 PhCH2 MeMgl None 52 53:.47
26 PhCH2 MeMgl MAT 96 45:55
27 PhCH2 BuMgBr None 68 30:50
28 PhCH2 BuMgBr MAT 94 39:61

13.2.12 Site selectivity

(i) 1,2 versus 1 4 site selectivity

Equation (2) outlines the effect that organoaluminum additives have on the course of nucleophilic ad-
ditions to a,B-unsaturated carbonyl substrates. Although organolithiums normally undergo 1,2-addition
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processes to a,B-unsaturated substrates (entry 8 in Table 421), exposure of cyclohexenone substrates to
the organoaluminum additive (1) prior to exposure to the nucleophile results in a total 1,4-site selective
process (compare, for example, entries 1 and 8 in Table 4).

0]

R! R3 i, reagent (1) R o
R! R? RLi >__>‘ ii, RLi R!
K = N N

R2 OH 1,2-addition R2 1,4-addition

Tabled 1,2- versus 1,4-Regioselectivity for the Addition of Organometallics to Cyclic Enones in the Presence of
(1; equation 2)

Yield (%)

Entry Substrate Organometallic Additive 1,4-Adduct (cis/trans) 1,2-Adduct
1 MeLi MAD 68(29:71) —
2 Bu"Li MAD 59(17:83) —
3 Bu'Li MAD 73(18:82) —
4 PhLi MAD 71(33:67) —
5 CH,=C(OBu")OLi MAD 87(10:90) —
6 EtMgBr MAT 35(15:85) —_
7 Bu"C=CLi MAD Recovered SM —_
8 MelLi None — 75
9 MeLi MAD 70 —
10 PhLi MAD Recovered SM —
11 MesSiC=CLi MAD Recovered SM —
12 MeLi MAD — 77
13 MeLi MAD 26 11
14 MeLi MAD 65(>95% trans) 16
15 MeLi MAT 63(>95% trans) 31
16 BusLi MAD 65(>95% trans) 12
17 CHy=C(Me)Li MAD 75(>95% trans) —
18 MelLi MAD Recovered SM
19 MeLi MAD Recovered SM —
20 MeLi MAD 74(37:63) —_

21 Bu'Li MAD 83(24:76) —

0 o O
2o gFeWs

Ph;SiO

»
o
I A0 00 00 TTOM PR PP
(@] @]

The conjugate addition processes proceed well only when the organometallic is an organolithium re-
agent. This is in marked contrast to the 1,2-nucleophilic additions to aldehydes detailed in the previous
section, which proceeded well when the organometallic was a Grignard reagent. Furthermore, the re-
action seems very sensitive to the substitution pattern of the carbonyl substrate. For example, substitution
of alkyl substituents at the C-3, C-4 or C-5 position of the cyclohexenone all markedly affect the speci-
ficity (see entries 12-19, Table 4). Interestingly, the addition always proceeds with a preference for the
trans stereoisomer for both five- and six-membered enone substrates, which complements the cis pref-
erence of cuprate?’ additions (see entries 1-6 and 14-17 in Table 4 for six-membered cases and entries
20 and 21 for five-membered cases). Table 5214 summarizes the site selective additions of nucleophiles
to acyclic a,B-unsaturated carbony! substrates. Entries 1-4 in Table 5 demonstrate that there is a pref-
erence for the 1,2-addition products even in the presence of organoaluminum additive (1).
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Table 5§ 1,2- versus 1,4-Regioselectivity for the Addition of Organometallics to Acyclic Enones
in the Presence of (1; equation 2)

Yield (%)
Entry Substrate Organometallic  Additive 1,4-Adduct 1,2-Adduct

1 (E)-PhCH=CHC(O)Me MeLi MAD — 78
2 PhC=CC(O)Me MelLi MAD — 85
3 (E)-PhCH==CHC(O)Ph MelLi MAD 24 60
4 (E)-PhCH=CHC(O)Ph MeLi MAT 28 55
5 (E)-PhCH=CHC(O)Ph Bu‘Li MAD 77 9
6 (E)-PhCH=CHC(O)Bu' MeLi MAD Recovered SM

7 (E)-MeCH=CHCHO (MesSiyAl None — —
8 (Me)C=CHC(O)Me? (MesSi)Al None 85 —_
9 (Me)2C==CHC(O)Me® (MesSinAl None — 85
10 {Z2)-PhCH=CHCHO (MesSi)Al None — 83
il (E)-MeC[Si(Me)3}=CHCHO  (MesSi)Al None _— 91
12 HC=CC(O)Me (MeaSi)Al None 72 (>95% trans)

*Conducted at -78 "C. *Conducted at room temperature.

The 1,4-addition product is only preferred when the steric bulk of the nucleophile is increased and the
environment about the carbonyl moiety is also sterically encumbered (entry 5 in Table 5). Equation (3)
outlines an approach to site selectivity that is not dependent upon additive (1), but does require the addi-
tion of an organoaluminum.?

SiMe; R R
R i, Al(SiMey);, -78 °C __ i, Al(SiMe,);, 20 °C — . OH
. A3)
R! O i, MeOH R! O i, MeOH R! SiMe;
R? 1,4-addition R? 1,2-addition R?

For example, when acyclic enones are exposed to tris(trimethylsilyl)aluminum (7) at room tempera-
ture, only the 1,2-addition product is observed, whereas the addition proceeds via a 1,4-addition process
when the reaction is conducted at ~78 °C (compare entries 8 and 9 in Table 5). In contrast, o, f-unsatu-
rated aldehyde substrates only undergo 1,2-additions with reagent (7).

(ii) Site selective 1,2-additions—discrimination between ketones and aldehydes

Not surprisingly, there are many examples of site selective processes showing a preference for 1,2-ad-
dition to aldehydes in the presence of ketones;2¢ however, in contrast, the complementary process is not
readily accomplished. Thus, any site selective approach showing a preference for a ketone carbonyl must
overcome the inherent reactivity difference favoring aldehydes. Equation (4) outlines an approach to site
selectiv;a7 1,2-nucteophilic additions that takes advantage of the more reactive nature of the aldehyde
moiety.

i, reagent (1) i, Me;AINMePh (8)
OH  ii,RM ii, R%M OH
)\ RICHO + RIXCOR? 2 /}\ ¢ @
R! R*  aldehyde preference ketone preference R3
6J) (10

For example, when a 1:1 mixture of an aldehyde and a ketone is exposed to either an equivalent of an
organolithium reagent or an equivalent of a Grignard reagent, the corresponding secondary carbinol (9),
resulting from preferential addition to the aldehyde component, is usually formed in excess (entries 2, 5,
7,9 and 12 in Table 627), However, this preference is greatly magnified when the aluminum reagent (1)
is exposed to the carbonyl substrates prior to the addition of the organometallic (compare entries 1 and 2,
4 and §, as well as entries 8 and 9 in Table 6).

In contrast, when the experiment is conducted with preexposure of the substrates to aluminum additive
(8), the corresponding tertiary carbinol (10) resulting from preferential addition to the ketone component
is produced in excess (compare entries 8 and 10, 11 and 14 in Table 6). Comparison of entries 16 and 17
demonstrates the most dramatic example of total control of this type of site selective process, since in the
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Table 6 Chemospecificity for the Addition of Organometallics to Aldehydes and Ketones
in the Presence of (1; equation 4)

Entry Substrates Additive Organometallic Ratio (9):(10)
o]

1 a EtMgBr 36:1
2 None gmggr lg: {

3 (¢ r :

4 CgH;,CHO  + 6N i 21:1
5 None PhLi 1:1
6 (0] 0 (¢))] MeLi 6:1
7 None MelLi 4:1
8 H A MeMgl 100:0
9 + None MeMgl 22:1
10 8) MeLi1 1:7
11 0 ¢ MeMgl 9:1
12 9 None MeMzgl 5:1
13 @ Bu'MgCl 100:1
14 H + ®) MeLi 1:6
15 @® PhLi 1:14

(0] (0]

16 )ke)l\ m MeLi 100:0
17 H 8) MelLi 1:62

presence of additive (1) site selectivity is total for the aldehyde (100:0), whereas additive (8) gives essen-
tially complete reversal (1:62). The example is most interesting in that the substrate maintains both reac-
tive centers in the same molecule and a competitive experiment of this type (an intramolecular example)
is a closer analogy to the problems presented by more complicated, polyfunctional molecules.
Presumably, the selectivity of each process is a result of the generally high oxygenophilicity of alumi-
num reagents. Thus, aldehydes, which are inherently more reactive than ketones, are being activated by
both aluminum additives. In the case of additive (1) this activation leads to an enhancement of the inher-
ent reactivity difference, whereas in the case of additive (8) this reactivity difference results in the forma-
tion of a blocked, aminal-like intermediate of the aldehyde moiety (11, equation 5) preventing addition
of nucleophiles to the aldehyde. Thus, the preferential addition of nucleophiles to the ketone is observed.

0]

H
0 0 ®)
)J\ + )l\ - R;);OAILZ + Rl)l\Rz — 0 6))

R H R! R2 2
(11)

1.3.2.2 Preparation of 1,3-Hydroxy Esters and 1,3-Hydroxy Sulfoxides via Organoaluminum
Reagents

Although the preparation of 1,3-hydroxycarbonyl species via stabilized anions is beyond the scope of
this review, the addition of substituted organoaluminums of type (12) to aldehyde or ketone substrates
represents an interesting alternative to the typical aldol process.

COzMe

AlBu')
(12)
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Reagent (12) is readily prepared by the addition of disobutylaluminum hydride in the presence of
hexamethylphosphoric triamide to a,B-acetylenic esters.22 When the organoaluminum (12) is exposed to
either aldehydes or ketones, the resulting hydroxy ester (14) is formed in good yields (equation 6).

CO,Me o g OH O
+ —_— 6)
i
AIB, Rl )J\R R >‘\H)‘\0Me
(12) 13) (14)

Table 72 lists the aldehyde (entries 1-5) and ketone (entries 6 and 7) substrates that were converted to
the corresponding hydroxy ester (14). The yields are uniformly good and there appears to be fair gener-
ality with regard to the aldehydic substrates; unfortunately, the number of ketone substrates is really not
enough to assess the generality of this reaction. The reason for the paucity of ketone substrates may stem
from the need to activate the ketone carbonyl with a Lewis acid (BFs—Et20) in order for the reaction to
proceed. The site selectivity of organoaluminum reagent (12) was investigated briefly. For example, the
addition of (12) to (E)-2-hexenal (entry 5, Table 7), results in only the 1,2-addition product. In contrast,
the addition of (12) to cyclohexenone results in no reaction. Since successful additions of (12) to the ke-
tone substrates require Lewis acid activation, it would be interesting to expose ketones to chiral Lewis
acid complexes prior to their exposure to organoaluminum (12). Unfortunately, the stereoselectivity of
this reaction was not investigated.

Table 7 Preparation of Hydroxy Esters from the Addition of Organoaluminum (12) to (13; equation 6)

Substrate (13)
Entry R Yield (%) Temperature (°C)
1 H P 87 25
2 H pr 87 25
3 H Ph 83 25
4 H Furanyl 80 25
5 H (E)-Pr"CH=CH 90 25
6 P prt 68 —
7 72 —_
—(CH2)5—

A substrate related to the 1,3-hydroxy ester (14), which does permit a stereochemical investigation of
an organoaluminum addition, is represented by chiral keto sulfoxide (15) in equation (7). Upon exposure
to organometallics, the chiral keto sulfoxides afforded the corresponding diastereomeric B-hydroxy sulf-
oxides (16) and (17). Inspection of Table 8°0 reveals that the aluminum reagent provides diastereomer
(17) in excess (48-92%) and in moderate yield (48—66%), whereas the titanium-based reagent provides
diastereomer (16) in excess (60-94%) in higher overall yields (60-96%). The keto substituent (R) does
have an effect on the overall facial selectivity of the reaction, since oxygen substituents in the ortho posi-
tion of the aromatic ring do improve the relative selectivities for both aluminum- and titanium-mediated
processes. The opposite selectivities generated by aluminum and titanium were rationalized on the basis
of the transition state structures (18) and (19).

The titanium-chelated structure (18) forces the nucleophilic addition to occur from the less hindered si-
face (i.e. syn to the lone pair of electrons); in contrast, the aluminum-based process proceeds via nonche-
lated transition state (19). In this case, the less hindered re-face is syn to the electron pair. Unfortunately,
a test of this transition state hypothesis would require an organoaluminum addition under chelation con-

(0] (I)‘ . OH (I)“ .
+ \‘\\\\. -~ +| \\\\' “’“ + \\\u-
R/LK/S@\ )\/ @\ /\/ @\ @)
-20°C
(R) (R) (S) (R)

15 (16) an



86 Nonstabilized Carbanion Equivalents

Table8 Comparison of Organoaluminums versus Organotitaniums on the Facial Selectivity of Additions to

(15; equation 7)
Entry R MeM Solvent Yield (%) Diastereomer ratio
(16):(17)
1 Ph MeTiCl3 Et20 79 82:18
2 Ph MesAl Toluene 66 26:74
3 p-MeCeHs MeTiCl3 E0 60 80:20
4 p-MeCgHa MesAl Toluene 50 16:84
5 a MesAl Toluene 71 13.87
6 a MeTiCls Er0 96 97:3
7 b MeTiCl3 Et20 77 94:6
8 b MesAl Toluene 48 4:96

(18) (19)

trol conditions. When the addition of trimethylaluminum was performed in the presence of a zinc salt,
which is known to provide a chelation control element,?! there was no reaction.

1.3.2.3 Facially Selective 1,2-Additions of Organoaluminum-Ate Complexes to Keto Ester
Substrates

The 1,2-addition of chiral aluminum ate complexes to various aldehydes and ketones has been re-
viewed?2?3 and, generally, this protocol produces very disappointing results with respect to the overall
stereospecificity of the process as compared to other organometallics;34-36 however, the recent extension
of this methodology to the preparation of chiral a-hydroxy esters and acids, via 1,2-additions to the pro-
chiral ketone moieties of a-keto esters,>’#! has renewed interest in this area.42-*4 The transformation out-
lined in equation (8) proceeds in excellent overall yield with exclusive selectivity for the ketone
functionality; unfortunately, the stereospecificity is not as impressive.

OH
1 2, 3
MAIR')OR + RICOCOR} —= /j\ COR? ®)
(20) (21) (22)

Table 937! lists the results of the additions of both chiral and achiral alkoxytrialkylaluminates (20) to
chiral a-keto esters (21). Some trends are readily apparent: (i) sodium is a superior cation as compared to
lithium and potassium (entries 11-14); (ii) the configuration of the chiral moiety of the ester substrate
dictates the facial preference (entries 1-7) and the preference follows the dictates of Prelog’s rule;*3 (iii)
there is an observable solvent effect with a preference for hexane/ether mixtures; (iv) either (+)- or (£)-
(25,3R)-4-dimethylamino-1,2-diphenyl-3-methyl-2-butanol (Darvon aicohol or Chirald) is the best of the
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Table9 Results of the Addition of Chiral and Achiral Alkoxy Trialkylaluminates to Keto Esters (equation 8)

Entry R Rl R? R? M Solvent ee (%) Config.
1 (-)-N-Methylephedrine  Et Me (-)-Menthol Li Ether/hexane (1:1) 62 (&)
2 (+)-N-Methylephedrine  Et Me (-)-Menthol Li Hexane 15 S)
3 (+)-N-Methylephedrine  Et Me (+)-Menthol Li Ether/hexane (1:1) 58 (R)
4 (-)-Menthol Et Me (-)-Menthol Li Ether/hexane (1:1) 48 )
5 (+)-Menthol Et Me (-)-Menthol Li Ether/hexane (1:1) 54 S
6 (-)-Menthol Et Me (+)-Menthol Li Ether/hexane (1:1) 50 (R)
7 (+)-Menthol Et Me (+)-Menthol Li Ether/hexane (1:1) 46 (R)
8 (-)-N-Methylephedrine  Et Me (~)-Menthol Li Hexane 49 [09)
9  (+)-N-Methylephedrine  Et Ph (-)-Menthol Li Hexane 0.2 (R)
10  (-)-N-Methylephedrine Me Ph (~)-Menthol Li Hexane 38 (R)
11 (-)-N-Methylephedrine  Et Ph (-)-Menthol Na Toluene/hexane 525 (R)
12 (-)-N-Methylephedrine  Et Ph (-)-Menthol K Benzene/hexane 43 (19)
13 (~)-N-Methylephedrine  Et Ph (-)-Menthol Na Benzene/hexane 53 (R)
14  (-)-N-Methylephedrine Et Ph (=)-Menthol Li Benzene/hexane 23 (R)

15 (+)-Darvon alcohol® Et Ph (=)-Menthol Li  Hexane/ether(75:100) 77 (R)
16 (+)-Darvon alcohol® Et Ph (-)-Menthol Li  Hexane/ether(30:100) 82 R
17 (+)-Darvon alcohol® Et Ph (+)-Menthol Li  Hexane/ether(75:100) 73 ()]
18 (2)-Darvon alcohol® Et Ph (-)-Menthol Li  Hexane/ether (30:100) 79 (R)

19 (x)-Darvon alcohol® Et Ph (-)-Menthol Li Ether 84 (R)

20 t-Butyl alcohol Me Ph (-)-Menthol Li Hexane 25 R)

21 ¢-Butyl alcohol Et Ph (-=)-Menthol Li Hexane 27 (R)

22 2-Methyl-2-butanol Et Ph (=)-Menthol Li Hexane 47 (R)

23 3-¢-Butyl-3-pentanol Et Ph (-)-Menthol Li Hexane 60 (R)

24 2,4-Dimethyl-3-tl-butyl- Et Ph (-)-Menthol Li Hexane/ether (75:100) 71 R)
3-pentano)

* Darvon alcohol = (+)- or (£)-(25,3R)-4-dimethylamino-1,2-diphenyl-3-methyl-2-butanol.

chiral ligands (compare entries 15-19 versus entries 1-14); and (v) although there appears to be some
double stereodifferentiation (entries 4-6 and entries 8, 9), the steric bulk of the alkoxy moiety of the or-
ganoaluminum seems to determine the overall enantioselectivity (compare entries 15-17 and 18, 19 as
well as entries 20-24).

Since the facial selectivity of the process is controlled by the chiral keto ester and the observed abso-
lute diastereomeric excess of each addition reaction is determined by steric factors within the orga-
noaluminate, there is no apparent need to prepare chiral alkoxytrialkylaluminates. Thus, there should be
very good stereodiscrimination for the additions of tetraalkylaluminates to chiral keto ester substrates
(equation 9). It is advantageous to utilize tetraalkylaluminates since they are readily prepared by the tita-
nium-catalyzed hydroalumination of alkenes (equation 10),4647

OH
LiAIR"), + R?COCO,R} —— 2//\ 3 ®
R2“7/SCOR
(23) R
5% TiCl,
4R-CH=CH, + LiAlH, LiAl(CH,CH,R), (10)
THF

Table 10 summarizes the data for the addition of various achiral tetraalkylaluminates (23) to chiral
keto esters as outlined in equation (9). Presumably, the observed diastereoselectivities will reflect the in-
herent facial bias of the controlling chiral element, namely menthol (R? in Table 10). In this case the dia-
stereoselectivities are moderate (67 to 75%), but, since Corey,*® Oppolzer®® and Whitesell®® have
observed superior inherent facial selectivity for the 8-substituted menthol chiral auxiliary, it would be in-
teresting to attempt the alkyl aluminate additions on substrates incorporating this auxiliary.
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Table 10 Additions of Tetraalkylaluminates to Chiral Keto Esters (equation 9)

Entry R! R? R? Solvent de (%)  Configuration
1 Me(CH2)s— Ph (-)-Menthol THF 69 (9]
2 Me2CH(CH2)3— Ph (-)-Menthol THF 73 ®)
3 EtMeCH(CH2)>— Ph (-)-Menthol THF 74 R)

4 @— (CHp),— Ph (-Menthol  THF 72 ®)

>< (CHy)s—

5 O o0 Ph (-)-Menthol THF 67 ®
_/

6 Me(CH32)s— Me (-)-Menthol THF 67 —

7 Me(CHz)s— H (~)-Menthol THF 75 —_

13.2.4 Additions of Alkylaluminums to Masked Carbonyl Substrates

1.3.2.4.1 Regioselectivity and stereoselectivity of additions to a,-unsaturated acetals and ketals

It is well known that a variety of aluminum hydride reagents cleave acetal substrates with excellent
stereoselectivities.’133 It is not surprising, therefore, that similar experiments have been attempted with
trialkylaluminum reagents. Equation (11) outlines the generalized transformation.

R N R R

%( R%Al )\(J{k

o><o /T\ n OH at
Rl R2 Rl R2 R3

n =0,1; R=alkyl, amide; R! = alkyl, alkenyl, H;
R2 = alkyl, alkenyl, H; R> = alkyl, alkenyl, alkynyl

In the specific case of n = 1, R = Me, R! = cyclohexyl and R? = H (equation 12) exposure to trimethyl-
aluminum resulted? in poor stereoselectivity and moderate yield (64%). Interestingly, although the dia-
stereomeric ratio was defined by GC methods (2:3), the stereochemistry of the preferred diastereomer
was undefined. In contrast to this result, the addition of alkylaluminums to a,B-unsaturated acetals
(Scheme 3) proceeds with spectacular regioselectivity and stereoselectivity.

Allylic acetal substrates include both aspects of the selectivity problem, namely, regiochemical control
and stereochemical control. Table 1154 lists the results of alkylaluminum additions to chiral, allylic ace-
tals. The most striking aspect of this work is the total dependence of regiochemical control on the sol-
vent.>45% For example, comparison of entries 1 and 3 in Table 11 shows a complete reversal of
regiochemical control in going from dichloroethane to chloroform solvent. Furthermore, the stereoselec-
tivity of the process is dependent upon the configuration of the starting acetal. Thus, when one starts with
the acetal derived from (R,R)-(4)-N.N, N’ N'-tetramethyltartaric acid diamide, the 1,2-addition product
with the (R)-configuration (88% ee) is produced (entry 3, Table 11), whereas the corresponding (S,5)-
isomer produced the 1,2-addition product with the (S)-configuration (entry 5, Table 11). It is noteworthy
that, although the regioselectivity for the 1,4-process is very good, the 1,2-process is exclusively con-

o
RO o R

MesAl

(0]
12
O/ko CH,Cl, a2
(24)

(25)
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0__,~CONMe,
e R%, (( R? j\coNM
X 1,4-addition 1 HO €2
O/ \o R (28)
R3%Al
2
T HO___,CONMe,
R! j’
R3
CONMe, .CONMe, 1,2-addition /—2_ 0~ ““CONMe,
X= j’ or j\ o . 9
“CONMe; CONMe, 29)
(26) @7

Scheme 3

trolled in chloroform solvent. On the other hand, if one wished to produce only the 1,4-addition product
via the addition of organoaluminums to acetals, the best method appears to be that of Negishi,3 which
proceeds via palladium catalysis (equation 13) to produce exclusively the 1,4-addition products.

Table 11 Regioselectivity and Stereoselectivity for the Addition of Me3Al to Chiral Allylic Acetals (Scheme 3)

0O CONM62 le) \\\\\CONMez
0™ ™CONMe, 0™ “CONMe,
30 a3y
Entry Substrate Solvent Productratio  1,2-Product (% ee) Configuration
1,2 versus 1,4
1 30) CICH2CH:Cl 1:6.5 88 0))
2 (30) Toluene 1:1.7 96 ()]
3 30) CHCI; 1.0 88 (R)
4 3D Toluene 1:2.8 96 (R)
5 @A31) CHCl3 1:0 86 ©

== OR Pd(PPh;), OR
1
RIAR, + ‘NX<OR Rl/\/kx 13)

1,4-addition
X=H,OR

1.3.2.4.2 Chiral a-hydroxy acetals and ketals

The 1,2-addition reaction of organoaluminums may be extended to a-hydroxy ketals. An interesting
example of this ketal variant appears in equation (14).

R!
RAL ISR

04\2/ 0~ o (14)
o 0SO,Me %

32) (33

The reaction presumably takes place via attack of the nucleophile at the ketal carbon center with con-
comitant migration of the R! moiety to the adjacent center.’® Organoaluminum reagents are ideally suited
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for such a transformation since, by virtue of their amphophilic nature, they act as nucleophiles and elec-
trophiles. Thus, organoaluminums will not only donate the nucleophile but also activate the leaving

group, which in this case is mesyl. Table 12578 lists the results of alkylaluminum additions to the gener-
alized substrate (32).

Table 12 The Addition of Organoaluminiums to a-Hydroxy Ketals (equation 14)

Entry R! RAl Yield (%) Configuration®  ee (%)
(double bond geometry)
1 p-MeOCgH, Me;Al 39 (s) >95
2 p-MeOCgH, Me;Al, BuLi 89 (S) >95
3 p-MeOCgH, Et;Al Bu"Li 9% (S) >95
a  PhCHs ") MesAl BulLi 80 (cis) (s) >95
5 Ph(CHpy” % (frans) MesAl, Bu'Li 94 (trans) (s) >95
6 p-MeOCgH, EtyAIC=CBu", Bu"Li 4 — -
7 p-MeOCeH, EtAl(C=CBu"), 81 (s) >95
g PCHDs = g ELAIC=CBW 40 (cis) () >95
9  PhCHs = iy EiAKC=CBu, 84 (cis) ) 95

8 The enantiomeric excess was determined by NMR methods.

The following generalizations may be drawn from the data in Table 12: (i) the 1,2-addition of alkyl
groups is greatly facilitated by preparation of the ate complex (compare entries 1 and 2); (ii) the transfer
of alkynyl moieties is retarded by ate complex formation (compare entries 6 and 7); (iii) the integrity of
the double bond geometry of the migrating group is maintained (entries 4, 5, 8 and 9); and (iv) the
stereospecificity of the process is very high (>95% ee). Presumably, the relative differences in nucleo-
philicity account for the observed reactivities, since it is known that the ate complex of alkylaluminum
reagents is more nucleophilic than the corresponding alkylaluminum (as well as a weaker Lewis acid). In
contrast, the electron demand of the alkynyl group bestows a reduced Lewis acid character to alkynyl-
aluminum reagents as compared to the corresponding alkylaluminum.

The final example of 1,2-additions of organocaluminums to masked ketone substrates is outlined in
equation (15).5° The addition of a large excess (10 equiv.) of trimethylaluminum to a variety of triol ace-
tals and ketals proceeds in relatively high overall yield. Although ketal substrates where R! did not equal
R? were not attempted, a number of acetals were prepared and upon exposure to Me3Al they afforded the
corresponding diastereomeric ethers with poor diastereoselectivity (33—17% de).

R!
R (0] R! R fo) /% R2
>< Me;Al OH
o R — (15)
HO OH
(34) (35)

The proposed mechanism is outlined in equation (16). A metal alkoxide (36) is initially formed, which
undergoes a bond reorganization to betaine (37). The intermediate (37) is presumably the reacting
species. Support for this process is derived from the following: (i) essentially no reaction takes place in
the absence of an a-hydroxy group (see entries 1-3 in Table 1359); (ii) the reaction is extremely sluggish
if the environment about the a-hydroxy moiety is highly congested (see entry 4 in Table 13); and (iii) the
diastereoselectivity is quite poor (see entries 5 and 6 in Table 13) for the related acetal substrates.
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R O R! R O= R!
0>< R? —_— \llz/Z (16)
-0
OAlMe, o- AllMez
36) 37N

Table 13 The Diastereoselective Addition of Trimethylaluminum Hydroxy Acetals and Ketals (equation 15)

Entry Substrate Yield (%) Diastereomeric ratio

/0><
Hum \0

“oH

_-0Bn
Hml—OH
2 Hum/o

>< 91 —
S~

—~OH
Hw=t— OBn
(0]

X ; }

~0

k] Hurop—

—1-OH
H—/éx<

. Hooleg ® _
—ToH

KOBn

H—-/O

5 H"'"\0>_Ph 73 12:1
~OH

_-OBn

HwtO

Hum \0
6 717 7.2:1

~OH
o—/

13.2.4.3 Application of a masked aluminum enolate in a facially selective sigmatropic protocol

3,3-Sigmatropic rearrangements (e.g. ene and Claisen reactions) are beyond the scope of this review;
however, there are specific examples of this transformation, promoted by organoaluminum reagents,
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which define a 3,3-sigmatropic rearrangement protocol terminating in the 1,2-addition of an organoalu-
minum to an aldehyde or a ketone. Since it has been demonstrated®6! that sterically hindered organoalu-
minum reagents related to reagent (38) permit excellent stereochemical control of the resulting double
bond geometry, it is useful to discuss a protocol that, in principle, permits not only control of the double
bond geometry, but may also impart considerable bias with regard to facial selectivity.

o |
o_ _R! x Jod R R_ _OH _R!
1 — s — | an
H (39) A
R2 R2 R2
(38) @) (1)

Equation (17) outlines the organoaluminum-mediated transformation. Although there is no unequivo-
cal definition for the proposed transition state structure,®® a chair-like version of (40) appears reason-
able® in light of the resulting double bond stereochemistry,.1.62 Table 145263 ]ists the various substrates
and organoaluminum reagents that have been utilized. Although entries 1-3 (Table 14) are simple alkyl
and aryl examples, it is interesting to note that the R2 substituent may be something other than a proton
(entry 3). Entries 4-8 are examples of the conversion of substituted dihydropyrans to chain-extended, un-
saturated six-membered carbocycles. Obviously, in these cases the regiochemistry of the double bond is
fixed by the nature of the sigmatropic process; however, an investigation of the possible facial selectivity
of the 1,2-addition of the nucleophile to either the intermediate aldehyde (entries 4-7, Table 14) or the
intermediate ketone (entry 8) has not been published. The protocol may also be used to prepare seven-
membered unsaturated carbocycles (e.g. entries 9 and 10, Table 14). The reaction seems general with re-
gard to the organoaluminum, since alkyl, aryl (entries 1—4, 7, 8 and 10), alkenyl (entry 6) and alkynyl
(entries 5 and 9) substituents are readily introduced. Interestingly, if an organoaluminum containing a
sulfur substituent (39; R = SPh, X = Et) is utilized to facilitate the transformation, the corresponding al-
dehyde or ketone is isolated. Presumably, a thioaryl hemiacetal or ketal is formed, which affords the
corresponding aldehyde or ketone upon workup. If the organosulfur substituent is something other than
S-phenyl (R = SEt or SBu'), there is no rearrangement.

1.3.2.44 12-Addition to enol phosphates

Although enol phosphates are known to undergo a coupling reaction with nickel-catalyzed Grignard
reagentsSS to afford substituted alkenes, the corresponding reaction with organoaluminums does not
work; however, it has been demonstrated® that the coupling reaction of organoaluminums and enol
phosphates does proceed in the presence of palladium (see equation 18 and Table 15%).

This reaction sequence produces alkenes in a stereospecific manner, since the double bond geometry
of the enol phosphate is retained in the alkene product. Furthermore, the newly formed alkene may be in-
troduced in a regioselective fashion via trapping of the regioselectively formed enolate.%”

The success of the reaction is dependent upon the presence of Pd(Phs)s, since the addition fails in the
absence of Pd or in the presence of either nickel or Pd(acac)2.96

133 REACTIONS OF ORGANOALUMINUM REAGENTS WITH ACID DERIVATIVES

1.3.3.1 Reactions with Ester Substrates

The conversion of esters to either amides or hydrazides may be accomplished under relatively mild
conditions by the procedure outlined in equation (19).

Reagent (42) is readily prepared®-70 by the treatment of primary and secondary amines and hydrazines
(substituted or unsubstituted) or the corresponding hydrochlorides with trimethylaluminum, The alumi-
num amide reagents (42) readily react with a variety of ester substrates, such as conjugated esters (entries
2, 5 and 11, Table 16%8-79), N-blocked amino acid esters (entry 10, Table 16), as well as alkyl esters (en-
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Table 14 The Addition of Organoaluminums to (40) (equation 17)

Entry R! R? R X Yield (%) Temperature (° C) Time (h)
1 Bu" H Me Me 91 25 0.25
2 Ph H Me Me 78 25 0.25
3 H Ph Me Me 71 25 0.25
4 Me Me 81 25 0.5
O\/
5 PhC=C Et 88 25 0.25
O\/
6 Bu' 40 25 1.5
O\/

— O_—.
Q Q é:>
° \
\
z
<

87 60 2
9 PhC=C Et 83 25 2
10 = = Me Me 48 25 1
(o}
(o} ! R
)K LDA o P(OPh);  Pd(PPhy), /K 8
R! (6] R! (18)

C RAIX
CIPOPh), R! /K 2

tries 3, 6-8, Table 16) and aryl esters (entries 1, 4, 9 and 12, Table 16). Dimethylaluminum hydrazides
react with esters to afford the corresponding carboxylic acid hydrazides (entries 13—18, Table 16). The
reaction is fairly general with regard to the nature of substituted hydrazines, since alkyl and aryl groups
are tolerated on the terminal amine of the hydrazine.

Aluminum amides may also be used for the conversion of lactones to the corresponding open chain
hydroxy amides (equation 20). For example, exposure of lactone (45) to dimethylaluminum amide (47; R
= H or R = CH;Ph) at 41 °C for about 24 h affords the corresponding hydroxy amide (46) in high yield
(80%, R = CH2Ph; 83%, R = H); in contrast, exposure of (45) to either benzylamine or sodium amide re-
sulted in essentially none of the desired amide (46).58 In general the 1,2-addition of heteroatom-sub-
stituted organoaluminum reagents to carboxyl-containing substrates may be rationalized in terms of the
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Table 15 The Addition of Organoaluminums to Enol Phosphates (equation 18)

Entry R? R X Yield (%)
1 = Me Me 91
2 Me(CHp)sC=CH, Et Me 7
3 , PhC==C Et 82
4 Me(CH3)3C=C Et 59
W .

5 7 Bu! 66
6 PhC=CH, Me Me 94
7 nhe Et Et 80
8 | PhC=C Et 67
9 PhC=C Et 70
10 But Me Me 72

R4\ R?

N-Al 0
RS R3 /lk 4
RCO,R! R
2 @) R I|q 19
25-41 °C RS
(43) (44)

R?=R3 = Me; R? = C1, R® = Me; R* = R% = H, alkyl;
R? = alkyl, R’ = OMe; R* = H, alkyl; R® = NR,

Table 16 The Addition of Aluminum Amide Reagents (42) to Esters (equation 19)

No.of
Substrate Reagent (42) equivalents Yield  Reaction conditions
Entry R R* R’ R*  R3 It (%)  Time (h)Temp. ("C)

1 Ph Me H H Me Me 22 77 17/41
2 PhCH=CH Me H H Me Me 2.0 86 12/38
3 Cyclohexyl Mc H H Me Me 2.2 78 17/35
4 Ph Me H H Me Cl 3.0 83 12/50
5 PhCH=CH Et H H Me (1 3.0 82 12/50
6 Cyclohexyl Me H H Me (I 3.0 93 12/50
7 Cyclohexyl Me H CH:Ph Me Me 2.0 78 17/35
8 Cyclohexyl Me Me Me Me Cl 20 76 12/50
9 Ph Me (CH2)a Me Me 1.1 94 5/40

10 PhCH,CHNHCO Me Et (CH2)4 Me Me 1.1 77 40/40
11 \)\/\H;f Me (CH2)4 Me Me 2.0 74 45/40
12 Ph Me (CH2)s Me Me 1.1 74 34/40
13 Me(CH2)4 Et H NH; Me Me 22 82 16/40
14 Me(CHz)4 Et H PhNH Me Me 22 91 12/25
15 Me(CH2)4 Et Me NHMe Me Me 2.2 72 16/40
16 4-MeCgsH4 Et H NMe2 Me Me 22 80 16/40
17 4-MeCgH4 Et H NHPh Me Me 22 87 12/25
18 4-MeCgHa Et Me NHMe Me Me 22 72 12/45

hard/soft acid and base theory, first defined by Pearson.”! The aluminum amide reagents discussed in this
section all contain a weak bond between aluminum and a relatively soft substituent, when compared to
the stronger (and harder) aluminum—oxygen bond which is formed upon reaction.
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HO

—0 ~
S0 e AINHR @) wCONHR
(20)
. ' 24 /41 °C _ |
i OTHP ! OTHP
(@5) R =CH,Ph, H (46)

1.3.3.1.1 Selenol ester formation

Selenol esters are useful as active acyl equivalents, particularly with regard to macrocycle forma-
tion.”>73 Equation (21) outlines the conversion of esters to selenol esters vig aluminum reagent (48).57

o Me,AlSeR? (48) o
e,AlSe!
R)J\ORI R)J\SeRz @
49) (50)

The reaction is fairly general with regard to the acyl substituent of ester (49), since aromatic and alkyl
substituents are compatible (entries 1-8, Table 1773-75). In contrast, there are restrictions with regard to
lactone substrates. For example, the five-membered lactone (entry 11, Table 17) does not undergo re-
action, whereas the related six-membered lactone (entry 9, Table 17) is converted to its corresponding
selenol ester in good yield (78%). Although the unsubstituted five-membered lactone did not react, the
five-membered fused lactone (entry 10, Table 17) did afford the related selenol ester in good yield
(80%). The reaction also discriminates between axial and equatorial esters. For example, entry 14
(Table 17) presents a substrate containing an axial, as well as an equatorial, ester, which upon exposure
to dimethylaluminum methaneselenolate (48; R? = Me) affords only the equatorial monoselenol ester.’’
The selectivity of this reaction is highly dependent upon the reaction solvent. When axial and equatorial
methyl-4-t-butylcyclohexanecarboxylates (entries 12 and 13, Table 17) are exposed to organoaluminum
(48; R2 = Me) in diethyl ether at room temperature, the equatorial selenol ester is formed in 0.5 h, where-
as the formation of the axial selenol ester requires 10 h. Equation (22) outlines the results of a site selec-
tive process.” 76

When cyclohexenone is exposed to either aluminum reagent (48) or (51), only the 1,4-addition product
is observed in high yield (87% and 72% respectively). Thus, there appears to be excellent site selectivity,
although the reasons for the selectivity are undefined.

1.3.3.2 Reactions with Acyl Chlorides

The reaction of organoaluminums with acyl chlorides typically fails to produce ketones, since the or-
ganoaluminum reacts with the desired ketone to produce carbinols.”” However, organoaluminum re-
agents, in the presence of transition metal catalysts,”®%0 may be utilized to accomplish this
transformation. Equation (23) outlines the overall transformation.

The copper and palladium transition metal catalysts noted in Table 187879 proved to be superior to
nickel, ruthenium and rhodium catalysts. The nature of the reacting species has not been unequivocally
defined, but the following experimental observations may provide some insight: (i) tetrahydrofuran sol-
vent is essential for the palladium-mediated reactions, since complex reaction mixtures (presumably con-
taining carbinols) were observed when the reactions were performed in either benzene or methylene
chloride; (ii) the reaction is truly catalytic with respect to palladium (2 mmol alkylaluminum, 0.05 mmol
of Pd(PPh3)4), whereas the copper catalyst is stoichiometric; and (iii) in the case where a direct compari-
son may be made (entries 1-8, Table 18), the copper-based system is superior to palladium catalysis with
regard to overall yield.

The palladium-catalyzed systems seem quite flexible with regard to the nature of the organoaluminum,
since alkyl-, alkenyl- and alkynyl-aluminum reagents were used successfully (entries 8-14, Table 18).
Furthermore, the acyl chloride substrates include alkyl, aryl and alkenyl substituents.
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Table 17 The Addition of Selenoaluminum (48) to Esters (equation 21)

Substrate (49)
Entry R R! Yield (50) (%) Solvent
1 Ph Me 99 CH,Cl,
o] iig
2 < Me Quantitative CH,Cl,
o
3 Ph(CHj)3 Et 70 CH,Cl,
(o]
4 N Et 80 CH,Cl,
H
5 O Me 93 CH,Cl,
6 Me(CHj)s Me 95 CH,Cl,
7 H,C=CH(CH,), Me 84 CH,Cl,
o__O
8 >< Me 94 CHClp
(CHy),
9 —(CHy)4~ 78 CH,Cl,
“\\\0
10 O\>=O 80 CH,Cl,
(0]
11 ‘ (0] 0 CH,Cl,
e
12 Me 92 Et;O0
By L :
13 Bu,\%%‘ Me 96 Et,0
COzMe
14 67 (equatorial monoselenol ester) Et,O0
CO,Me
(0] o
(22

X = SeMe (48), 87%
SMe (51), 72%
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RICOCI + R;Al

metal catalyst

THF
metal = Pd, Cu

RICOR

Table 18 The Palladium-catalyzed Addition of Organoaluminums to Acyl Chlorides (equation 23)

97

(23)

Entry R! R Catalyst Yield (%)
1 Ph Et Pd(PPha)s 70
2 Ph Et Cu(acac)PPh3 88
3 Ph Me Cu(acac)PPhs 95
4 Ph Me Pd(PPh3)4 74
5 CH==CH(CH2)s Me Pd(PPh3)4 59
6 CH2==CH(CH2)s Me Cu(acac)y2PPh3 90
7 CH2>==CH(CH2)s Et Cu(acac)PPh3 91
8 CH2=CH(CH2)s Et Pd(PPh3)s 71
9 Ph BuC=C Pd(PPh3)s 67
10 PhCH=CH BuC=C Pd(PPh3)s 74
11 C7His PhC=C Pd(PPha)s 61
12 CH2==CH(CH2)s MesSiC=C Pd(PPh3)s 51

C6H1 3 SiMe3
13 CHz==CH(CH>)s Ny Pd(PPh3)4 51
H \
Bu SiMe,
14 Ph H ,.r(‘ Pd(PPh3)s 51

1.3.3.2.1 Preparation of acylsilanes via silyl-substituted organoaluminum—ate complexes

Acylsilanes may be prepared directly from either acyl chlorides or anhydrides by treatment with
tris(trimethylsilyl)aluminum-—ate complexes (equation 24).8!
LiAL(SiMe;); (52)

RCOCI RCOSiMe, (24)

CuCN

The silyl organoaluminum reagent (52) was prepared either by the addition of ‘activated’ aluminum to
a tetrahydrofuran solution of chlorotrimethylsilane, or by the treatment of sodium tetrakis(trimethyl-
silyl)aluminate with aluminum chloride. Alternatively, ate complex (53) may be prepared by the addition
of methyllithium to tris(trimethylsilyl)aluminum.82

Table 198! lists a variety of alkyl and aryl acyl chlorides that readily undergo the transformation to the
corresponding acylsilanes. The ate complex is necessary for the reaction, since tris(trimethylsilyl)alumi-
num afforded minute quantities of the desired acylsilane; furthermore, catalytic amounts of copper
cyanide (10 mol %) are also required, although the role of the copper catalyst has not been defined. Al-
though an excess of either reagent (52) or reagent (53) (ca. 2.5:1 organoaluminum to aryl substrate) is re-
quired to obtain an optimum yield of acylsilane, the ate complexes demonstrate remarkable
chemoselectivity, in that they do not react with nitriles, esters, ketones, acylsilanes and carbamoyl
chlorides.8? The application of this transformation to a more highly functionalized molecule is outlined
in equation (25).

(0] 0]
ci LiMerAL(SiMes), (53)
CN

SiMC3

(25)
F CuCN CN =~

(54) (55) 52%
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Table 19 The Copper-catalyzed Addition of Silyl Organoaluminums (52) to Acyl Chlorides (equation 24)

Entry R Yield (%) Reaction time (h)

1 CsHii 95 2

2 Ph 93 1.5
3 PhCH; 89 1.5

i

4 S CH, 9% 1.5
5 Bu! 89 1.75
6 AcOCH2 86 2.5

All reactions were carried out at ~78 *C and with a mole ratio (substrate/reagent) of 2.5.

134 1,2-ADDITIONS OF ORGANOALUMINUMS TO CARBON-NITROGEN SYSTEMS

1.34.1 Stereoselective Additions

Tosylpyrazolines (56) stereoselectively react with trimethylaluminum to afford pyrazolols (57; equa-
tion 26).83

OH OH
, Me;Al ’ )
’ ", R 3 "y, ", “‘\\\
g (26)
R Y R\ /YR
TS/N—N N=N
(56) (§7)

The reaction is highly stereoselective since the organoaluminum always approaches the face of the
carbon-nitrogen double bond opposite to the hydroxy substituent. Thus, either cis- or trans-pyrazolols
may be selectively prepared. The reaction does not seem to suffer any steric encumbrance since the sub-
stituent R was varied from methyl to ¢-butyl without any decrease in the overall yield. Furthermore, at-
tempts to perform the transformation with organolithiums or Grignards failed, which presumably reflects
the inherent differences in the Lewis acidity of organoaluminums and other organometailics.

1.34.2 Organocaluminum-promoted Beckmann Rearrangements

The Beckmann rearrangement proceeds through a transition state represented by structure (59) in
equation (27). Thus, the organoaluminum-catalyzed protocol presents an opportunity to convert a ketone
regiospecifically and stereospecifically into a chain-extended amino substrate.

+
. ) R!N=CR?
R \f R R,AIX l x
N,
00K’ RIN=CR
(58) (59) @n
Rl R2 4 R?
\ MR
N= RINH—R¢
X R4 = H— X
(60) (61)

Table 208 summarizes the variety of substrates (R! and R2) that are compatible with the reaction con-
ditions. For example, cyclic and acyclic thioimidates (entries 1-7) are generally prepared in good to ex-
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cellent yields (46-90%), with the only reported exception being entry 1. This procedure may also be
utilized to stereoselectively synthesize a-monoalkylated amines as well as a,-dialkylated amines, since
the conversion of imine (60) to amine (61; equation 27) may be accomplished by exposure to either a hy-
dride reagent (R* = H) or an organometallic (R* = alkyl). The a-monoalkylated cases are listed in entries
8-13 and the a,a-dialkylated cases are listed in entries 1420 (Table 20). The reaction has been success-
fully conducted on both cyclic and acyclic substrates affording the product amines in good overall yield
(51-88%). There is reasonable flexibility with regard to the alkyl group (X = methyl, propyl, substituted
alkyne; Table 20), although apparently no alkenylaluminum reagents were utilized. Also, in the one case
listed in Table 20 that is capable of diastereoselection (entry 10) there was no determination (other than
that it was a mixture of cis—trans isomers) of the level of facial selectivity.?* The dialkylated substrates
(entries 14-20) are prepared by exposure of intermediate (60) to Grignard reagents and, although there
does seem to be a fair generality (R* = allyl, crotyl and propargyl), it is interesting to note that apparently
no alkenyl Grignards were utilized.

Table 20 Organoaluminum-mediated Beckmann Rearrangement (equation 27)

Substrate (58) Organoaluminum Temp.

Entry R! R? R} R X Product Yield (%) ('cf
1 —(CH2)4— p-MeCgHs  Bu! SMe (60) 5 40
2 —CHMe(CHz)a— p-Me-CéHs Bu' SMe (60) 46 40
3 —(CHz)5— Me Me SEt (60) 62 0
4 —CHMe(CH2)s— p- MeC5H4 Bu! SMe (60) 66 0
5 —( H2)s— p-MeC¢Hy Me SEt (60) 90 0
6 Me Me Me SPh (60) 88 -78
7 Ph Me Me Bu! SMe (69) 90 0
8 —(CH2)s5— Me Me Me (61)R 70 -78
9 —(CH2)s— Me Et C=CBu (61)R*=H 67 -78
10 Me Me Me (61)R*=H 57 -18

11 Ph Me Me Me Me (61)R4 63 -78
12 Ph Me Me Et C=CMe (61)R*= 60 -78
13 Me Me Pr (6DR*=H 88 -78
14 —(CH2)s— p-MeCéHs Me Me (61)R* = allyl 51 -78
15 —(CH2)s— Me Me Me (613R4 =allyl 60 -78
16 —(CHz)s—- Me Me Me (61)R = propargy!l 55 -78
17 Me Me Me Me (61)R*= progarfyl 61 -78
18 Ph Me Me Et C=CPh (61)R = 88 -78
19 Ph Me Me Me Me (6)R* = crotyl 56 -78
20 Ph Me Me Et  Me(CHz)3C=C (61)R4 =allyl 74 -78

The regioselectivity of this process is inherent to the Beckmann rearrangement, whereas the potential
for useful stereoselectivities derives from the organoaluminum protocol, which permits manipulation of
the prochiral imine of intermediate (60). Although entry 10 gave disappointing results with regard to
stereoselectivity, equation (28) outlines a highly stereoselective example.

The difference in the stereoselectivity for (64) and (65) is most easily rationalized on the basis of the
transition state geometry,6.87 which is determined by the coordination of aluminum to the nitrogen lone
pair of electrons. Scheme 485 details the effect that aluminum has on the transition state geometry and,
therefore, the course of the overall reaction.

In the presence of the organoaluminum, the substituent (R) on the chiral center adjacent to nitrogen in
(67) is forced to occupy an axial position to relieve the strain created by the steric interaction with alumi-
num. This would favor approach by hydride from the top face of (67), whereas in the absence of alumi-
num the favored approach of hydride is from the bottom face of transition state structure (66).
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1.3.5 APPLICATIONS TO NATURAL PRODUCT SYNTHESIS

1.3.5.1 Application of MAD and MAT to the Synthesis of (1)-3a-Acetoxy-15B-hydroxy-
7,16-secotrinervita-7,11-diene

The synthesis of the title compound (73), which is the defense substance of the termite soldier,® is
outlined in Scheme 5.%°

AcO

(70) (71a)

i, MAD (1)
ii, MeLi —7
]
$ OAc
OR (72) 73)
Scheme 5§

The conversion of intermediate (72) to the natural product (73) was accomplished by exposure of a 1:1
complex of (72) and the hindered organoaluminum reagent (1, MAD)!8 to methyllithium (57% yield).
This is a fascinating result, not only because attempted methyllithium addition failed, but also because
the required configuration of the C-1 position was 8 with regard to the proton substituent and, therefore,



Organoaluminum Reagents 101

approach of a nucleophile to the C-2 carbonyl moiety would also be from the less hindered B-face; un-
fortunately, the natural product required a B-hydroxy substituent, which requires a facial selectivity for
the more hindered a-face of the carbonyl. Although the facial selectivity of the organoaluminum (1)
mediated addition was not total, it did give a 3:1 excess of the desired a-face 1,2-addition product, which
was identical to the natural product.

1.3.5.2 Application of Aminoaluminum Reagents to Natural Product Synthesis

1.3.5.2.1 Synthesis of an FK-506 fragment

FK-506 (74) is an interesting natural product with potent immunosuppressive properties.*

H
OMe OMe

(74)

Recently, there have been a number of publications on the synthesis of various segments of (74) in the
context of total synthesis and Scheme 6 outlines one approach to the synthesis of the C-20 to C-34 frag-
ment.?! The synthetic approach to the totally blocked C-20 to C-34 fragment relies on an aminolysis via
aminoaluminum reagent (82) in three different transformations of the sequence, demonstrating the excel-
lent selectivity of (82) in a very sensitive array of functionality. For example, the conversion of lactone
(77) to hydroxyamide (78) selectively opens the lactone ring with no undesired epimerization; further-
more, (82) was also utilized in the aminolysis of the chiral auxiliary with no apparent epimerization.

1.3.5.2.2 Synthesis of granaticin

Granaticin (83) is a member of the pyranonaphthoquinone group of antibiotics. The portion of the total
synthesis of (83) which requires the use of the aminoaluminum reagent (42) is outlined in Scheme 7.92

The conversion of lactone (86) to hydroxyamide (87) is complicated by the potential for epimerization,
which is quite similar to the problem presented by substrate (77) in the previous synthesis. Once again,
the transformation proceeds smoothly, with no apparent epimerization.

1.3.5.3 Application of the Nozaki Protocol

The Nozaki protocol,?># which is an organoaluminum-ate mediated 1,4-addition followed by a 1,2-
addition of the resulting enolate, may be considered a 1-acylethenyl anion equivalent, which does fall
within the scope of this review. This process may be conducted in either an intramolecular sense or an
intermolecular sense. In general, the protocol is compatible with a wide array of functionality; however,
the intermolecular process requires an aldehyde, whereas the intramolecular case may be terminated by
either an aldehyde or a ketone.
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1.3.53.1 Intramolecular protocol — application to avermectins

An example of an intramolecular Nozaki process was recently described in the total synthesis of an
avermectin aglycon (89).95% The relevant steps in the sequence are outlined in Scheme 8. The ate com-
plex of lithium thiophenoxide and trimethylaluminum permits the addition of thiophenoxide exclusively
in a 1,4-fashion to the a,B-unsaturated aldehyde (93), affording an aluminum enolate that is intramolecu-
larly trapped by the electrophilic ketone moiety. The resulting hydroxy sulfide is oxidized to the corre-
sponding hydroxy sulfoxide, which upon exposure to heat (refluxing toluene) affords the cyclized system
(95) in 76% yield. The addition of the ate complex (94) to (93) is not only highly regioselective, but also,
unlike the typical intermolecular Nozaki process, which has been reported to proceed only when the ter-
minating carbonyl electrophile is an aldehyde,?>®* this example is terminated by a ketone. Presumably
entropic factors are driving the ring closure to the ketone in this intramolecular process.

o
\‘\‘\\
o

H
OMe
89) X=B-H

Bu'Me,SiO

Y,

N
0
v

W

BuMe,SiO.,,

i, Me;AI"SPHLI* (94) "

(89)

ii, MCPBA/toluene,

reflux

Scheme 8

13.5.3.2 Intermolecular protocol — application to prostanoids

Scheme 9 outlines the synthesis of a prostanoid®’ intermediate (99) that relies on an intermolecular
Nozaki process. It is important to note that unlike the intramolecular case described above, the intermole-
cular version of this protocol requires an aldehyde as the electrophilic trap; however, it is interesting to
note that there have been no reports of the addition of Lewis acid activated ketones (presumably, as a
preformed complex which would be added vig cannula at low temperature) to the preformed aluminum
enolate. Finally, in this example, the conversion of enone (96) to adduct (98) is promoted by the less re-
active dimethylaluminum phenyl thiolate and not the corresponding ate complex.
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(o]
0 OAIMe, o
HON
Me,AlSPh OMe
Bu'Me,SiO Bu‘MeZSiOS SPh
(96)
BuMe2510 SPh Bu‘Me251O
(98) 99
Scheme 9

1.3.5.4 Synthesis of Nonracemic Sydowic Acid

Sydowic acid (100) was prepared as outlined in Scheme 10.29 The crucial transformation of ketone
(101) to carbinol (102) was accomplished by stereoselective 1,2-addition of trimethylaluminum, which
afforded superior facial selectivity for the re-face compared to Grignard reagents. In contrast, methyltri-
chlorotitanium addition resulted in a si-face stereoselectivity.

Bu'Me,SiO 0 AO\\\\\\ . Bu'Me,SiO HO, ? -
(%@\ Me,Al, toluene ~ (2)
(101) 1% 102)
Bu'Me,SiO Bu'Me,SiO HO"

(103) (104)

HO,C
(105) (100)
Scheme 10

1.3.5.5 Synthesis of Racemic Gephyrotoxin-223AB

Gephyrotoxin (106), a constituent of the skin extracts of the poison-dart frog, was synthesized as out-
lined in Scheme 11.% The organoaluminum-promoted Beckmann rearrangement produced an imine,
which was stereoselectively reduced (essentially total selectivity) with DIBAL to afford piperidine (109;
41% yield).



Organoaluminum Reagents 105

i, MsCl

ii, 3 equiv. AlPr"y
CH,Cl,-toluene, -78 °Ctor.t/1 h
COZMC W 212
N

0] . iii, 2 equiv. DIBAL,
107) HO (108) CH,Cly, ~78°C2h to 0 °C2 h

H
109 r 106
(109) Scheme 11 (106)

1.3.6 REFERENCES

———
PO ORNRANE WK~

T. Mole and E. Jeffery, ‘Organoaluminum Compounds’, Elsevier, Amsterdam, 1972.
E. Negishi, J. Organomet. Chem. Libr., 1976, 1, 93.

H. Yamamoto and H. Nozaki, Angew. Chem., Int. Ed. Engl., 1978, 17, 169,

E. Negishi, ‘Organometallics in Organic Synthesis’, Wiley, New York, vol. 1, 1980.
J. F. Normant and A. Alexakis, Synthesis, 1981, 841.

G. Zweifel and J. Miller, Org. React. (N.Y.), 1984, 32, 375.

Y. Yamamoto, Acc. Chem. Res., 1987, 20, 243,

R. W. Hoffmann, Angew. Chem., Int. Ed. Engl., 1982, 21, 555.

Y. Yamamoto and K. Maruyama, Heterocycles, 1982, 10, 357.

K. Maruoka and H. Yamamoto, Angew. Chem., Int. Ed. Engl., 1985, 24, 668.

M. Nogradi, ‘Stereoselective Synthesis’, VCH, Weinheim, 1987.

H. Yamamoto, K. Maruoka and K. Furuta, in ‘Stereochemistry of Organic and Bioorganic Transformations’,
ed. W. Bartmann and K. B. Sharpless, VCH, Weinheim, 1987.

K. Maruoka and H. Yamamoto, Tetrahedron, 1988, 44, 5001.

. E. C. Ashby and J. T. Laemmle, Chem. Rev., 1975, 75, 521.

. E.C. Ashby and J. T. Laemmle, J. Org. Chem., 1975, 40, 1469.

. J. T. Laemmle, E. C. Ashby and P. V. Roling, J. Org. Chem., 1973, 38, 2526.

. H. M. Neumann, J. T. Laemmle and E. C. Ashby, J. Am. Chem. Soc., 1973, 95, 2597.

K. Maruoka, T. Itoh and H. Yamamoto, J. Am. Chem. Soc., 1985, 107, 4573.

T. Mole and J. R. Surtees, Aust. J. Chem., 1964, 17, 961.

An X-ray structure for the case of chiral Zn intermediates does exist. See, for example, R. Noyori, S. Suga, K.
Kawai, S. Okada and M. Kitamura, Pure Appl. Chem., 1988, 60, 1597.

. K. Maruoka, T. Itoh, M. Sakurai, K. Nonoshita and H. Yamamoto, J. Am. Chem. Soc., 1988, 110, 3588.

. M. Cherest, H. Felkin and N. Prudent, Tetrahedron Lett., 1968, 2199.

. Y.-D. Wu and K. N. Houk, J. Am. Chem. Soc., 1987, 109, 908.

. G. Altnau and L. Rosch, Tetrahedron Le:t., 1983, 24, 45,

. G. H. Posner, ‘An Introduction to Synthesis Using Organocopper Reagents’, Wiley-Interscience, New York,

1980.

. M. T. Reetz, J. Westermann, R. Steinbach, B. Wenderoth, R. Peter, R. Ostarek and S. Maus, Chem. Ber.,

1985, 118, 1421.

. K. Maruoka, Y. Araki and H. Yamamoto, Tetrahedron Lett., 1988, 29, 3101,

. Tsuda, T. Yoshida, T. Kawamoto and T. Saegusa, J. Org. Chem., 1987, §2, 1624,

. Tsuda, T. Yoshida and T. Saegusa, J. Org. Chem., 1988, 53, 1037.

. Fujisawa, A. Fujimura and Y. Ukaji, Chem. Lett., 1988, 1541,

. H. Posner, in ‘Asymmetric Synthesis’, ed. J. D. Morrison, Academic Press, New York, 1983, vol. 2, chap.

= isis)

. Solladié, in ‘Asymmetric Synthesis’, ed, J. D. Morrison, Academic Press, New York, 1983, vol. 2, p. 179.
. Boireau, D. Abenhaim and E. Henry-Basch, Tetrahedron, 1980, 36, 3061.

. Soai, A. Ookawa, K. Ogawa and T. Kaba, J. Chem. Soc., Chem. Commun., 1987, 467.

. Soai, S. Yokoyama, K. Ebihara and T. Hayasaka, J. Chem. Soc., Chem. Commun., 1987, 1690.

. Soai, A. Ookawa, T. Kaba and K. Ogawa, J. Am. Chem. Soc., 1987, 109, 7111 and refs. cited therein.
. Abenhaim, G. Boireau and A. Deberly, J. Org. Chem., 1985, 50, 4045.

. Boireau, A. Korenova, A. Deberly and D. Abenhaim, Tetrahedron Lett., 1985, 26, 4181.

. Deberly, G. Boireau and D. Abenhaim, Tetrahedron Lett., 1984, 25, 655.

. Boireau, D. Abenhaim, A. Deberly and B. Sabourault, Tetrahedron Lett., 1982, 23, 1259.

. Vegh, G. Boireau and E. Henry-Basch, J. Organomet. Chem., 1984, 267, 127.

A. Davis, M. S. Haque, T. G. Ulatowski and J. C. Towson, J. Org. Chem., 1986, 51, 2402.

A.Davis and M. S. Haque, J. Org. Chem., 1986, 51, 4083,

A. Davis, T. G. Ulatowski and M. S. Haque, J. Org. Chem., 1987, 52, 5288,

IMTIOQOP>PQUARRARQQ®O



106

45.

47.
48.
49,
50.

51,
52.
53.
54,
55.
56.
57.
58.
59.

61.
62.
63.

65.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84,

8s.
86.
87.
88.
89.

91.
92.
93.
94.
95.

96.
97.
98.

Nonstabilized Carbanion Equivalents

J. D. Morrison and H. S. Mosher, ‘Asymmetric Organic Reactions’, Prentice-Hall, Englewood Cliffs, NJ,
1971.

F. Sato, Y. Mori and M. Sato, Chem. Lett., 1978, 1337.

F. Sato, H. Kodama, Y. Tomuro and M. Sato, Chem. Lett., 1979, 623.

E. J. Corey and H. Ensley, J. Am. Chem. Soc., 1975, 97, 6908.

W. Oppolzer, C. Robbiani and K. Battig, Helv. Chim. Acta, 1980, 63, 2015.

Whitesell has observed excellent diastereoselectivities in related systems. See, for example, J. K. Whitesell,
D. Deyo and A, Bhattasharya, J. Chem. Soc., Chem. Commun., 1983, 802; J. Org. Chem., 1986, 51, 5443,

H. Yamamoto and K. Maruoka, J. Am. Chem. Soc., 1981, 103, 4186.

A. Mori, J. Fujiwara, K. Maruoka and H. Yamamoto, J. Organomet. Chem., 1985, 288, 83.

K. Weinhardt, Tetrahedron Lett., 1984, 25, 1761.

J. Fujiwara, Y. Fukutani, M. Hasegawa, K. Maruoka and H. Yamamoto, J. Am. Chem. Soc., 1984, 106, 5004.
K. Maruoka, S. Nakai, M. Sakurai and H. Yamamoto, Synthesis, 1986, 130.

S. Chatterjee and E. Negishi, J. Org. Chem., 1985, 50, 3406.

Y. Honda, E. Morita and G. Tsuchihashi, Chem. Lett., 1986, 277.

Y. Honda, M. Sakai and G. Tsuchihashi, Chem. Lett., 1985, 1153,

S. Takano, T. Ohkawa and K. Ogasawara, Tetrahedron Lett., 1988, 29, 1823,

K. Maruoka, K. Nonoshita, H. Banno and H. Yamamoto, J. Am. Chem. Soc., 1988, 110, 7922,

K. Maruoka, H. Banno, K. Nonoshita and H. Yamamoto, Tetrahedron Lett., 1989, 30, 1265.

K. Takai, I. Mori, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1984, §7, 446.

1. Mori, K. Takai, K. Oshima and H. Nozaki, Tetrahedron, 1984, 40, 4013.

R. Vance, N. G. Rondan, K. N. Houk, F. Jensen, W. T, Borden, A. Komornicki and E. Wimmer, J. Am. Chem.
Soc., 1988, 110, 2314.

R. Armstrong, F. Harris and L. Weiler, Can. J. Chem., 1982, 60, 673.

K. Takai, M. Sato, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1984, 57, 108.

S. J. Danishefsky and N. Mantlo, J. Am. Chem. Soc., 1988, 110, 8129,

A. Basha, M. Lipton and S. M. Weinreb, Tetrahedron Lett., 1977, 4171.

J. Levin, E. Turos and S. M. Weinreb, Synth. Commun., 1982, 12, 989.

A. Benderly and S. Stavchansky, Tetrahedron Lett., 1988, 29, 739,

R. G. Pearson, J. Am. Chem. Soc., 1963, 88, 3533,

S. Masamune, Y. Hayase, W. Schilling, W. Chan and G. Bates, J. Am. Chem. Soc., 1977, 99, 6756.

A. Kozikowski and A. Ames, Tetrahedron, 1985, 41, 4821.

A. Kozikowski and A. Ames, J. Org. Chem., 1978, 43, 2735.

A. Sviridov, M. Ermolenko, D. Yashunsky and N. Kochetkov, Tetrahedron Lett., 1983, 24, 4355,

A. Sviridov, M. Ermolenko, D. Yashunsky and N, Kochetkov, Tetrahedron Lett., 1983, 24, 4359.

T. Mole and E. A. Jeffery, ‘Organoaluminum Compounds’, Elsevier Amsterdam, 1972, p. 311,

K. Wakamatsu, Y. Okuda, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1985, 58, 2425.

K. Takai, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1981, 54, 1281,

E. Negishi, V. Bagheri, S. Chatterjee, F.-T Luo, J. Miller and A. Stoll, Tetrahedron Lett., 1983, 24, 5181.

J. Kang, J. Lee, K. Kim, J. Jeong and C. Pyun, Tetrahedron Lett., 1987, 28, 3261.

L. Résch and G. Altnau, J. Organomet. Chem., 1980, 198, 47.

W. H. Pirkle and D. J. Hoover, J. Org. Chem., 1980, 45, 3407.

K. Maruoka, T. Miyazaki, M. Ando, Y. Matsumura, S. Sakane, K. Hattori and H. Yamamoto, J. Am. Chem.
Soc., 1983, 105, 2831.

Y. Matsumura, K. Maruoka and H. Yamamoto, Tetrahedron Lett., 1982, 23, 1929.

A. S. Cieplak, J. Am. Chem. Soc., 1981, 103, 4540,

A. Narula, Tetrahedron Lett., 1981, 22, 2017.

J. Braekman, D. Daloze, A. Dupont, J. Pasteels and B. Tursch, Tetrahedron Lett., 1980, 21, 2761.

T. Kato, T. Hirukawa, T. Uyehara and Y. Yamamoto, Tetrahedron Lett., 1987, 28, 1439,

H. Tanaka, A. Kuroda, H. Marusawa, H. Hatanaka, T. Kino, T. Goto and M. Hashimoto, J. Am. Chem. Soc.,
1987, 109, 5031.

S. Mills, et al., Tetrahedron Lett., 1988, 29, 281.

K. Okazaki, K. Nomura and E. Yoshii, J. Chem. Soc., Chem. Commun., 1989, 354.

A. Itoh, S. Ozawa, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1981, 54, 274.

A. Itoh, S. Itoh, S. Ozawa, K. Oshima and H. Nozaki, Tetrahedron Lett., 1980, 21, 361.

S. J. Danishefsky, D. M. Armistead, F. J. Wincott, H. G. Selnick and R. Hungate, J. Am. Chem. Soc., 1987,
109, 8117.

D. M. Armistead and S. J. Danishefsky, Tetrahedron Lett., 1987, 28, 4959,

J. Levin, Tetrahedron Lett., 1989, 30, 13.

C. Broka and K. Eng, J. Org. Chem., 1986, 51, 5043.



1.4

Organocopper Reagents

BRUCE H. LIPSHUTZ
University of California, Santa Barbara, CA, USA

1.4.1 INTRODUCTION 107
1.42 1,2-ADDITIONS TO ALDEHYDES AND KETONES 108
1.4.2.1 Reactions of Aldehydes 108
1.4.2.2 Reactions of Ketones 116
1.43 1,2-ADDITIONS TO IMINES, NITRILES AND AMIDES 119
1.4.3.1 Reactions of Imines 119
1.4.3.2 Reactions of Nitriles 123
1.4.3.3 Reactions of Amides 124
1.44 APPLICATIONS TO NATURAL PRODUCT SYNTHESIS 125
1.45 REFERENCES 136

14.1 INTRODUCTION

The direct addition of an organocopper or cuprate reagent to a carbon-heteroatom multiple bond might
rightfully be considered the forgotten son of transition metal based carbon—carbon bond formation. In-
deed, although organocopper reagents are potent Michael donors, their well-recognized hesitation to-
wards competing 1,2-addition may represent their most salient feature. Still, in most circumstances,
while many substitution reactions! (e.g. with a primary iodide) and especially 1,4-additions? (e.g. with
o,B-unsaturated ketones) tend to be far more rapid processes, the appropriately designed substrate can
often benefit considerably from a copper reagent mediated 1,2-addition, not only in terms of yield but es-
pecially with regard to diastereoselectivity.

Discussed in this chapter, for the most part, are documented cases where complexes derived from (one
or more equivalents of) a Grignard or organolithium reagent, in combination with a copper(I) salt, have
been used to add to an aldehyde, ketone, imine, amide or nitrile moiety. In the majority of examples, the
key issue is one of stereocontrol. Hence, where available, data within the organocopper manifold versus
those for other organometallic reagents are provided for comparison.

Several different types of copper reagents have been utilized for the 1,2-additions presented herein.
Those formed from Grignard reagents (Scheme 1) may be of the type represented as (1) or (2),? depend-
ing upon whether <0.5 or 1.0 equiv. of CuX (X = I, Br) is involved. In the presence of CuCN, both
‘lower order’ monoanionic species (3)* and ‘higher order’ dianionic salts (4)° are possible. With the lat-
ter class, mixed metal clusters result from treatment of this copper(I) source with one equivalent of both
RMgX and R’Li.® Reagents derived from organolithium precursors (Scheme 2) include mainly the Gil-
man cuprates R2CuLi (5),1.27 organocopper species (6) akin to (2) but containing lithium salts as by-
products of metathesis between the metals,!? and the ‘higher order’ dilithiocyanocuprates (7).5 Within
this group, i.e. (1) to (7), each is distinct from the others, not only insofar as stoichiometric repre-
sentations are concerned, but in the reactivity profiles displayed, as well as the regio- and stereo-chemi-
cal outcomes of their 1,2-additions (vide infra).

107



108 Nonstabilized Carbanion Equivalents

RMgX + <05 CuX —  R,CuMgX
4y
RMgX + CuX ——  RCu-MgX,
2
RCu(CN)MgX
3)
RR'Cu(CN)LiMgX = a 'higher order' mixed metal cyanocuprate
O
Scheme 1

a 'lower order' magnesium cuprate

a Grignard-derived organocopper reagent

RMgX + CuCN

a 'lower order' Grignard-derived cyanocuprate

RMgX + RLi + CuCN

2RLI + CuX

R,CuLi (+LiX) = a'lower order or Gilman cuprate
6

RLi + CuX —— RCu-LiX = an organolithium-derived organocopper reagent
(6)

R,Cu(CN)Li,
Q)

Scheme 2

2 RLIi + CuCN a 'higher order' dilithium cyanocuprate

142 1,2-ADDITIONS TO ALDEHYDES AND KETONES

1.4.2.1 Reactions of Aldehydes

The initial observation that organocuprates react in a synthetically useful fashion with aldehydes was
made by Posner in 1972 as part of a study aimed at determining functional group compatibility with
R2CuLi versus temperature.® Both benzaldehyde and n-heptanal were found to react at —90 °C in less
than 10 min with lithium dimethylcuprate to afford the corresponding alcohols in good yields (equation
1).

Et,0 R._ _OH
RCHO + R,Culi hd (1)
-90 °C, 10 min R'
80-85%

R = Ph, n-C¢H,5; R' = Me, Bu"

The facility and efficiency with which copper reagents add to aldehydes has been examined where un-
symmetrical a- or 3-substitution exists, thereby raising the question of diastereoselection. Two types of
situation exist in this regard: (i) where opportunities for chelation-controlled attack by the reagent can
lead to a significant preference for one diastereomer; and (ii) the nonchelation-controlled delivery of an
organic ligand from copper, where steric and perhaps other factors influence the directionality of addi-
tion. The former scenario was first noted by Still and Schneider,? concurrent with studies!? in this group
on Grignard reactions with a-alkoxy ketones. Since ketones react relatively sluggishly toward cuprates
(vide infra), and 1,2-additions to a-alkoxy aldehydes give unimpressive results, a variety of 8-alkoxy al-
dehydes (8) have been examined. For these systems, cuprates Me2CuLi and Bu™>CuLi tend to afford
good ratios in favor of anti isomers, irrespective of the protecting group on oxygen (equation 2).° Or-
ganocopper species derived from vinyllithium, i.e. (vinyl)Cu-PBu3 and (vinyl)2CulLi, act in a similar
manner, although the ratios are diminished (8:1 and 3:1, respectively) and the aldehyde is only partially
consumed (50% conversion) under the standard reaction conditions in the dialkylcuprate cases. By com-
parison, 1,2-additions employing either the corresponding organolithium or Grignard reagents are essen-
tially stereorandom.?

The initially discouraging outcome with a-alkoxy aldehydes® has been reexamined in detail by Mead
and Macdonald.!! Both acyclic and cyclic «,B-dialkoxy aldehydes (9) and (10) served as substrates, and
reaction variables including reagents, solvents and temperatures were all considered. Excellent selectiv-
ities of the order of 94:6 to 98:2 in favor of the syn products (12a) were obtained from (9) using
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R';CuLi (’\/ R R
CHO AR @
RO B0.78°C R0 06H RO  OH
t))
R=PHCH,0CH,  R'=Me 92% 30:1
Bt 82% 17:1
R=THP,PhCH,  R'=Me 90% >20:1

RCu-MgBr; (prepared from RMgBr plus CuBr-Me:S) in Et;O at =78 °C. The a-chelate model (11) ap-
pears to account for the observed course of addition,!? without interference from B-chelation or Felkin-
predicted!? modes of attack (equation 3).4 By contrast, (10) did not show the same levels of
stereoselectivity under identical conditions, and in fact for the one case studied (MeCu-MgBr) in this re-
port!! a 2:1 ratio was obtained favoring the anti isomer. The corresponding allylcopper-MgBr2 reagent is
also not efficient in terms of product ratio (68:32 syn.anti) with (9),!! nor was it of value in additions to a
trialkoxy example (13), where the anti material (14b) actually dominated, albeit slightly (equation 4).!5
Lithium cation containing Gilman cuprates appear to be unpredictable,!! as reaction of Me2CuLi with (9)
was nonselective (47:53 syn:anti), although with (10) an improved 82:18 ratio was obtained. Subsequent
use of an MgBr;-modified lower order reagent on a-alkoxy aldehyde (15), however, did show a pref-
erence for syn selectivity of 10:1, (16a):(16b) (equation 5).!6 Reversal of selectivity to give high percent-
ages of anti product (12b) can be effected using an excess (2 equiv.) of an organotitanium reagent
RTi(OPr)3 in THF at ca. —40 °C.!!

BnO »L
0
Bno\/kmo B CHO

) (10)
+
..... M BnO
RCu*MgBr, BnO"" | n
® BnO P o) B no\)\r R4+ antiisomer A3)
Et20, Me2$ ~.
-78°C H g- OH
an (12a) (12b)
R=Me 83% 94:6
Bu” 78% 93:7
vinyl 80% 98:2
Ph 69% 96:4
BnO BnO BnO

:

A~ CuMgBr, . \/\/k/\
° \/\l/k‘/\o + )

, =78 ° B : H
o) 07Q B, T8 C OH 07Q OH 07Q
a3) (149) 40:60 (14b)
BnO BnO

H MgBrz-OEt2 H {

~ N CuLi
CHo * P M, E4,0, 78 °
1,0, ~78 °C o

(15) (16a) 10:1 (lﬁb)



110 Nonstabilized Carbanion Equivalents

Further work by Sato on couplings with 2,3-0-isopropylideneglyceraldehyde (10) using the same class
of reagents RCu-MgX has established the critical role of solvent in determining the diastereomeric out-
come.!” Thus, performing the reaction in THF rather than Et20 leads to highly selective 1,2-additions
producing the syn products in high yields. Alkylcopper reagents give ratios ranging from 10:1 to 16:1 for
(17a):(17b) (equation 6), while aryl and vinyl organocopper complexes afford virtually all of the syn dia-
stereomer.!” A cyclic mechanism!? (¢f. 18) which suggests attack by RCu from the direction shown is
consistent with the observed data (equation 7).17 Whether the switch from Et20 to THF is affecting the
ease with which chelate (18) can form, or whether the impact is related to changes in the state of the re-
agent (e.g. aggregation), or both, is not clear at this time.

?Lo RCu-MgBri ?Lo . jLo ©
)
o R
\)\CHO THF, -78 to 25 °C \/'\‘/ \/'\/R

OH OH

(10) (17a) (17b)
R = Bu", n-pentyl, n-C,gH,;, c-C¢H, 74-89% 10:1to 16:1
R =Ph, p-ClC6H4, p-N02C6H4 80-93% >99:1
R = CH,=C(SiMe) 86% >98:2
M
RCusMgBrl .
a ——— A’O\ 2 — a7 )

O\ﬁD“H\ RCu
H
(18) M = MgBrl or CuR

Nonchelation-based 1,2-additions to this same aldehyde, thereby leading to high percentages of the
anti product (17b), have been achieved!? using higher order cyanocuprate technology.> Exposure of
CuCN to an equivalent of Grignard reagent (19a) and methyllithium forms (stoichiometrically) the
mixed metal cuprate (20),5 which upon introduction of (10) at —78 °C gave (21a) and (22a) with a dia-
stereomer excess (de) of 90% (75% chemical yield). Likewise, the corresponding reaction with (19b) af-
forded a 73% yield of (21b) and (22b), with a 96% de (Scheme 3). The authors point out that the lower
order cuprate analog (23) showed considerably reduced stereoselectivity in its reaction with (10). Thus,
by simply choosing the appropriate organocopper or organocuprate reagent, excellent syn or anti dia-
stereoselectivity can be realized. The judicious choice of functional group manipulations in (21a) and
(22a) ultimately allows for the conversion of a single starting material (i.e. 10) to carbohydrate deriva-
tives (24), (25) and (26).18

Identical treatment of aldehyde (27), derived from (10) via a three-step sequence (proteodesilylation,
protection and ozonolysis), once again successfully produces anti compound (28), this time to the exclu-
sion of the syn diastercomer (29) (Scheme 4).!% Pivotal was the role of the hydroxy-protecting group, as
use of benzyl in place of ¢-butyldimethylsilyl drastically lowered the selectivity. A Felkin—Anh!3.20
model is proposed to explain the stereochemical results, relying on the bulkiness of the trialkylsilyloxy
moiety to assist in strongly maintaining the conformation shown in (30). Unfortunately, with the epimer
of (27), compound (31), only a 2:1 selectivity was found (in 75% yield),!® implying that the stereochem-
istry of the starting aldehyde is important in determining diastereomeric excesses from these couplings, a
finding which corroborates an earlier assessment.®

1,2-Additions to aldehydes possessing methoxycarbonyl groups positioned three atoms removed can
be an especially attractive route to 4,5-trans-disubstituted-y-butyrolactones (32) following acid-cata-
lyzed cyclization.?! The two possible isomers are formed in a >95:5 ratio using Me2CuLi or Bu™Culi, in
yields between 53-82% (equation 8). The authors point to the Felkin—Anh!32 model (33), where this
conformation assumes R > CH,COz;Me > H. Since this would not apply to the case of R = Me, a ste-
reoelectronic effect due to the ester group may also be involved. Alternatively, the seven-membered che-
late (34), invoked in their titanium(IV)-induced 1,2-additions,?! may also be operative.

For aldehydes which lack a-heteroatoms and hence have no avenue for stereocontrol via chelation, en-
hanced Cram selectivity beyond that normally seen with lower order cuprates (i.e. 3:122 to 7:12) can be
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SiMe;

_ CuCN

+
MgBr

(19) a:R=H
b: R= ﬂ'CsH”

THF

(10) + (20
-78 °C, 10 min

25°C,1h
SiMe;

# 15%

73%

R .
guLl
Me
23

OAc (;)Ac

AcO\/H/E\/OAc AcO
OAc

(24) D-Lyxitol

WL )
0\/'\_/CH0
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@n

(10) 3 steps

R = SiMe,Bu'
R = PhCH,

H gy Nu—
u
Bu‘MeﬁiO—d&/
o R
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+
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SiMe;
Va

—_—

MeLi Cu(CN)LiMgBr
Me

(200 a:R=H
b:R= n'C5H”

WLO SiMe;
o

xR

% (0] SiMe;
(0]

~ R *

H OH

O

(22a)
(22b)

95:5
98:2

(21a)
(21b)

Scheme 3

OAc OAc

AcO \/'YK/OAC
OAc

(26) Xylitol

OAc OAc
(=)Ac
(25) Ribitol

(20a) OH

82%
86%
Scheme 4

CHO
OSiMe,Bu!

@3n

i, R,CuLi

Et,0, -78 10 25 °C

—_— -

ii, H;0"

®

(32a) >95:5 (32b)
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C02Me MeQ, o
R @J — (32a) ~—— St
— \\ B a L
H H Nu R = 0/
(33) H ™
(34) Nu

induced using BF3-modified higher order cuprates.? Using aldehyde (35) as a model with cuprate (38),
equal amounts of the diastereomers (36) and (37) are formed at ~78 °C over a 3 h period (equation 9). In
the presence of both 15-crown-5 ether and BF3-Et,0, however, a quantitative conversion occurs along
with an 8:1 to 10:1 ratio of syn and anti isomers. The crown ether effect could be duplicated using an
ether-containing, alkynic nontransferable ligand?* as part of the mixed cuprate (39). In this manner the
otherwise room temperature inert reagent (39) reacts with BF3-Et;O in the pot at —78 °C to return (36)
and (37) to the extent of 10:1 to 12:1.24 The importance of the crown ether effect, either internally placed
or by external introduction, is clear from the case of reagent (40), where a 2-thienyl ligand does not pos-
sess the same virtues in this regard. The increase in diastereoselectivity has been attributed to an increase
in effective size of the cuprate which bears the BF; on the nitrile ligand, as well as to the proximity of the
crown ether-lithium complex. Hence, regardless of whether perpendicular or nonperpendicular attack
prevails, an increase in syn selectivity is expected.

cuprate (2 equiv.) Bu" J\/ Bu"
Ph CHO Ph + Ph )
~78°C,3h OH

OH
(35) (36) (&)
Bu",Cu(CN)Li, (38) 1:1
(38) + 4BF; + 15-crown-5 8:1t0 10:1
Bu" (MeO >—§-} Cu(CN)Li439) no reaction
39 + 4 BF; 10:1t0 12:1
Bu"(2-Th)Cu(CN)Li, (40) + 4BF; 4:1

Still better ratios of (36) to (37) have been noted with cuprates (38) and (39) in the presence of tri-
alkylsilyl halides.2627 The presence of Me3SiCl (2 equiv.) improves the otherwise nonselective reaction
of (38) from 1:1 to 7:1 syn:anti, while solutions of cuprate (39) containing excess Me3SiBr lead to a 19:1
ratio in excellent yield (equation 10). The critical variable in this scheme is the Me3SiCN produced upon
sequestering of the cyano group by the silyl chloride from the higher order cuprate, producing a lower
order mixed reagent (41; equation 11). Due to the competing reaction between cuprate (39) and Me3SiCl
and/or Me3SiCN (which consumes active cuprate, forming 42), an excess of (39) is needed for high con-
versions. The best combination, therefore, is one which utilizes the lower order cuprate (41; R = Bu®)
together with both Me3SiCl and MesSiCN in a 1:1 ratio (equation 12). Further improvements in dia-
stereoselectivity may be forthcoming by substituting MesSiBr for Me3SiCl. The manner in which these
additives act in concert (both are required for maximum yield and diastereoselectivity) to give rise to the
Cram selectivity is presently unclear.26

cuprate + additive
(35) (36) + @n (10)
THF, - 78 °C
(38) + 2 Me;SiCl 45% + SM 7:1
39) + 2 Me;SiCl 88% 10:1to 11:1

(39) + 2MesSiBr  97% 17:1t0 19:1
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R<M°°>’—>: Cu(CN)Li, R(MeO >—:}CuLi + Me;SiCN  + LiCl (major)

(39 (41) (11
+
2 Me;SiCl RCWCN)Li  + Me0->%SiMc3 + LiCl (minor)
(42)
Me;SiCl + MegleN
Bu® (MeO >—:>CuLi 36) + @3N 10:1 to 12:1
96-100%
41) 2 Me,SiCl
(36) + @7 8:1to0 10:1
55-80%
2 Me,SiCN 12
(36) + @7 8.5:1
50%
Me;SiCN
36) + (3D 7:1
35%

syn-Products are also formed from crotylcopper additions to benzaldehyde in the presence of
BF3-Et;0.28 Although the observed 98:2 ratio is impressive, the regiochemistry of attack is, unfortunate-
ly, relatively nonselective, the a:y ratio being ca. 2:1. Without the Lewis acid in the pot, the syn:anti
ratio is reduced to essentially 1:1 (equation 13).

(0] Et,0 P P PhM
/U\ + /\/\Cu h Z + h Z + ol (13)

L

Ph” H 300
30°C OH OH
with BF, 98 2
without BF, 48 52

Interestingly, Florio has noted that by replacing the methyl group characteristic of the crotyl system
with heterocyclic arrays, as in (43) and (44), these allylic copper reagents afford products of exclusive
~v-attack with benzaldehyde.?° By contrast, the counterions Li*, MgBr+, and BEtsLi* strongly favor the a-
regioisomers. In view of the fact that even the corresponding lithium species are found to add reversibly,
it is proposed (Scheme 5) that the 1,2-addition of (45) is reversible, and ultimately proceeds perhaps
through a four-centered transition state (47) to give the thermodynamically preferred products. Since
only the (E)-stereochemistry is observed in adduct (48), it is suggested that complete dissociation of (46)
does not occur, since some isomerization of the free allylcopper might be expected.

Metallated allylsilanes have also been examined in terms of the effects of various gegenions on a-
versus y-additions to aldehydes. Using allylaminosilane (49), Tamao and Ito have shown that transmetal-
lation of the lithiated intermediate to copper using CuCN (1 equiv.) leads to a >95% preference for y-ad-
duct (51; Scheme 6).303! Other metals such as magnesium, zinc and titanium show a strong preference
for a-attack (>95%), which ultimately leads to dienes (50) following Peterson alkenation.

With silicon containing the diethylamino moiety, product (51) can be transformed to the isopropoxy
derivative (52), which is susceptible to oxidation with H20-, thereby converting the carbon—silicon bond
to a carbon—-oxygen bond.32 In tandem with a prior MCPBA epoxidation of vinylsilane (52), a new entry
to the 2-deoxy-C-nucleoside skeleton is realized (Scheme 7).

Simpler allylic copper reagents, such as lithium diallylcuprate, behave more like allyllithium in their
reactions with unsaturated carbonyl systems, usually affording mainly 1,2-adducts.3® Attempts by Nor-
mant to bypass this mode with added TMS-CI have been completely unsuccessful.3# High yields of ho-
moallylic alcohols are to be expected using this reagent, even on such highly conjugated enals as
cinnamaldehyde, 3336 or with enolizable ketones (Scheme 8).37 Recent work from our lab has shown that
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N
43) . a M
. i, LDA/THF, -78 °C N L w PhCHO
NN ii, Cul Z M
I
Cl )\ N/ \ (45)
44)
N 0’M
— I M
Ph Ph K/\O ——Ph ...... '\/\@—’
x
A N N Ph
(46) 7))
PhCHO + 7 R U
N Z
(48)
Scheme §
o
: RM Si N\E RNy
—Si~NEt
eTIITRER (50)
Me  Me i, Bu"Li i, RCHO Me
st
ELNTT TN TMEDA., 0 °C if, Me;SiCl OSiMe
“9) ii, CuCN, —78 °C y M Me Me
— xSt
R NEtz
(51)
Scheme 6
>'0H OH i, MCPBA HO. © R
(51) (PriO)Me,Si
H 2 NR ii, 30% H,0,
(52) KF, KHCO, HO
MeOH/THF, r.t.
R =Ph, 88%
Scheme 7

allylcuprates are g-bound (rather than -bound) species, and that the allylic ligands are undergoing rapid
a—y exchange at ~78 °C.3 In light of these spectral studies, allylcuprates are clearly unique reagents
among all those known in organocopper chemistry,!?? and may find general utility as soft, extremely
reactive allylic nucleophiles toward 1,2-addition.

0]
/\,)CULi OH 0O /\,)-CuLi OH
H : N /lk : ></\
86% Ph 82% Ph \
Ph Ph

Scheme 8
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Gaining preferential entry to the anti-Cram series via organocopper chemistry has been achieved, as
described by Yamamoto, through the ‘surprising’?? effects of crown ethers on lower order cuprate 1,2-
additions.?? That is, notwithstanding an early report by Langlois,* treatment of an aldehyde such as (35)
with a THF or Et20 solution of Bu",CulLi containing one equivalent of 18-crown-6 ether gave a 1:4:2
ratio favoring the anti isomer (37; equation 14). The cuprate itself led to a 3:1 mix of syn:anti products
(36) and (37), and hence these additives completely reverse the normal direction of diastereoselectivity.
Similar, although not as pronounced, results were obtained with higher order dilithium (Bu™Cu(CN)Li5,
1:2 syn:anti) and lower order magnesium (Me2CuMgBr, 1:2 syn:anti) cuprates, as well as with aggre-
gates such as Bu?sCusLiz (1:4.4 syn.anti).2

cuprate (‘Bu™ ") J\/
/L Ph/krBu + pn Bu (14)

CHO crown ether
OH H

35 (36) 37
Bu"CuLi + 18-crown-6 95% 1:4.2
Bu"sCujLi; 4+ 18-crown-6 96% 1:4.4
Bu",CuLi 95% 31

Ph

o

To account for these anti-Cram selectivities, a radical mechanism is proposed based on the ability of
R2CuLi—crown ether complexes to transfer electrons more easily than R2CulLi itself (e.g. to dicyclo-
propyl ketone).2 If such a mechanism prevails, conformations (53) and (54) are destabilized in the tran-
sition state due to a build-up of negative charge on oxygen and the ensuing Me/O- interaction. Moreover,
the incoming nucleophile may prefer perpendicular attack, all of which taken together favors (55) to ulti-
mately afford anti products.

(0] (0]

0 Me H
L Me RS on product -], — L —dBi R - = anti product
H H H H Me
H R
(53) (54) (55

The use of BF3-Et20 to accentuate the reactivity of otherwise sluggish cuprates toward 1,2-additions is
also the subject of a recent report by Knochel.*! Functionalized lower order cyanocuprates incorporating
Znl* as the gegenion in place of Li* or MgX* readily add to aldehydes at low temperatures provided ex-
cess Lewis acid is present (Scheme 9). Isolated yields of products are very good, and the observation that
ketones do not react under similar conditions adds an element of chemospecificity to this method.

o o
CHO BF3'E[20
Bu'O Cu(CN)Znl + ) Bu'O
(2 equiv.)
—78 10 ~30 °C OH
(1 equiv.) (0.7-0.85 equiv.) 84%
o 0
N7 " cu(CNyzal s N M Ph
+ /\/CHO %%
o Ph OH
(o}
Scheme 9

The iron tricarbonyl stabilized form of 2-formylbutadiene (56) reacts with various organometallic re-
agents to produce diastereomeric mixes of products (57a) and (57b).42 While the trend is such that Gri-
gnard reagents are nonselective, organolithiums tend to add predominantly from the (exo) face away
from the bulky iron tricarbonyl group, especially when doped with additional LiBr. Interestingly, the
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diastereoselectivity undergoes a complete turnabout with Gilman's reagent (equation 15). The explana-
tion behind this reversal may involve initial attack either at the metal center or at a CO ligand, which
would account for the reduced yield as several other secondary events could occur.** Subsequent intra-
molecular transfer of the methyl group to the aldehyde from the endo direction gives initially (58), as il-
lustrated in equation (16).

7 7
7 RM L Fe(c0)s L re(co),
-—/Fe(CO)g HO\/\ + R \_/\ (15
OHC R HO
(56) (57a) (57b)
PhMgBr  88% 50:50
MeLi/LiBr  85% 9:91
Me,CuLi  40% >90:<10
7
( 0N I/
O Me,CuLi \ H0"  HO__ .«
ﬁ | } Fe(CO R>}‘1 | 10
H  Eeco) \ﬂ/ e(CO) Fe(CO),
(56) 0 (57a) R=Me

1.4.2.2 Reactions of Ketones

Although unhindered aldehydes are quite susceptible to attack by Gilman cuprates,? ketones tend to be
far more resistant electrophiles. For example, Me,CuLi requires temperatures around —10 °C before it
will consume, to any significant degree, di-n-butyl ketone,! while acetophenone gives only 7% of the
1,2-adduct after 24 h at 0 *C.* More reactive species, e.g. Bu™2CuLi, are effective above —35 °C,? but
still a far cry from the -90 °C conditions of aldehydic educts. Not surprisingly, esters are unresponsive at
18 °C towards Me;CulLi, while it takes temperatures in excess of —10 °C for Bu"»CulLi to add in a 1,2-
manner.? Such is not the case, however, with thioesters. As Anderson showed some years ago, thioesters
react with lower order cuprates, including Me;CuLi, even at 78 °C (equation 17).45 Nonetheless, with
respect to ketones, conditions are still sufficiently mild such that organocopper 1,2-additions can and
have been used to advantage.

/('\)\n/s\/ Me,CuLi
8 /(7;\;( an
0 Et,0, -78 °C o
2h
75%

Most of the early work in this area was done by House* in the course of developing a model for cu-
prate conjugate additions to a,B-unsaturated ketones based on measured (polarographic) reduction
potentials.#’ Products of 1,2-addition or reductive elimination (in the case of e.g. 59a, 59b) can form
upon exposure to MezCuLi in Et;O depending upon the a-substitution pattern of the ketone,*® and
whether aryl alkyl4? or diaryl* ketones are involved. Intermediate ketyls are usually produced via single-
electron transfer, although with more-hindered cases (e.g. 60) additional MeLi is necessary to form the
1,2-adduct.%% This Me2CuLi/MeLi mixture has been applied to the stereoselective synthesis of axial alco-
hols by Macdonald and Still.3! Relative to several of the more common sources of methyl anion, such a
cuprate/RLi combination®? reacts predominantly to deliver the alkyl group from the equatorial face
(equation 18).512 The difference between results obtained with RLi or R2CuLi alone lead to the sugges-
tion that R3CuLi; is the species responsible for the observed selectivity. Subsequent work by Ashby,
however, who was the first to provide physical evidence for the existence of such higher order
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cuprates,” points to the likely complexation between R2CuLi and the ketone (e.g. 61) in a Lewis acid—
Lewis base sense.’ The newly activated substrate (62) now reacts rapidly with the RLi present, the
stereochemistry of addition (favoring 63a over 63b) altered with respect to that for RLi alone since the
hybridization at the complexed carbonyl carbon has changed, as has its steric environment. The effect is
most noticeable in Et20 but erodes considerably in THF as this solvent is more effective in competing
for coordination sites on lithium.3* Use of MeLi/LiClOx« in Et2O can effect the same results. Yamamoto’s
reagent, RCu-BF3, also adds to (61), although only a ca. 2:1 ratio of axial to equatorial alcohols is

obtained.’

(59) a: X=0C(O)Me
b: X=Br

O- * LiCuMe,
Bllt \N

\NIC_M \ OH
(61) Et,O But : %\ - But \ﬁ\ OH (18)

(63a) (63b)
M=Mgl 5°C 51:49
MgMe 70:30
Li,~78 °C 79:21

Li/Me,CuLi, -70 °C 94:6

The (RLi + RCuLi) mixture was seen by Plumet as a route to the desired tertiary alcohols (65a) via
1,2-addition to 7-oxabicyclo[2.2.1]hept-5-en-2-one (64) from the more-hindered endo direction (equa-
tion 19).56 The argument relies on complexation of the carbonyl group and/or ether oxygen with R2CuLi,
thereby blocking attack from the exo face. While (65a) was indeed the major product in all but.one case
(i.e. using PhLi/Ph2CuLi), the supposedly unreactive lower order cuprates themselves gave identical
results virtually upon mixing.

o) o 0}
cuprate (3 equiv.)
L / oH * /£ R (19)
Et,0, 0 °C, 15 min
o R OH

(64) (65a) (65b)
Cuprate Yield (%) Ratio
MeLi + Me,CuLi 80 6:1
Me,CuLi 85 6:1
Ph,CuLi 85 6:1
PhLi + Ph,CuLi 75 1:10

Preferential 1,2-addition of Gilman’s cuprate to a ketone over the usually much more facile 1,4-mode
occurs in the case of keto enone (67).57 When Goldsmith and Sakano treated (67) with 2 equiv. of
Me:Culi at —78 °C and quenched the reaction with acetic anhydride, enone (66) was formed. At higher
temperatures Michael addition begins to take place, although the cuprate also generates products of
ketone enolization (68) rather than carbon—carbon bond formation (Scheme 10).

Somewhat similar trends have been found by Marino and Floyd concerning their lower order mixed
acrylate cuprates (69) toward a,B-unsaturated ketones.5® In Et;O at —78 °C even simple cyclic enones,
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mo —— m e OAc
ii, Ac0 o ii, Ac,0
AcO

(66) (68)

AcO
(67)

Scheme 10

e.g. (70a) and (70b), give tertiary bisallylic alcohols (71) and (72), respectively, in moderate to good
yields (equations 20 and 21).

Bu"
o) x Li (69)
{ \Cuchone} HO

CO,Me
Et,0, -78 °C 20
65%
(70a) an
0 .
90%
(70b) (72)

Although lithium cuprates bearing two alkynic ligands notoriously resist transfer of this group, when
admixed with an equal amount of the lithium alkynide (i.e. 3RC==CL.i:Cul) exclusive 1,2-addition oc-
curs with cyclic enones.’® While prior efforts to effect this chemistry in strictly ethereal solvents (diox-
ane) have been unsuccessful,% use of HMPA (~ 20%) as cosolvent now leads to efficient couplings in
these cases. The initial products may be isolated as such, or oxidatively worked up to provide, in the case
of (73), the rearranged material (74; Scheme 11).

R
0] / 0
# R_E')_z Culi / Jones Z
HO —_—
R—=1i ,HMPA Z
n -718°Ctor.t, "N
A R

73) 85-95% (79)
R =Pr", Bu” n=1,2 R=P";n=1; ca. 100%
Scheme 11

As part of an effort to assess the extent of neighboring group participation in solvolysis reactions of bi-
cyclic systems of type (76a), use of known ketone (75) as starting material has been examined.5! Both
MeLi and MeMgl give excellent percentages of the undesired isomer (76b). Switching to Me>CuLi is
based on the notion that electron transfer*-30 might prevail so as to provide a different stereochemical
outcome. Indeed, with this reagent under otherwise identical conditions, net formal attack by methyl
from the opposite (desired) direction is realized (equation 22).5!

The direct conversion of a ketone carbonyl to a gem-dimethyl moiety has been accomplished, interes-
tingly enough (cf. reactions of 67°7) on bicyclic a,B-unsaturated ketones containing a pendant COSR’
group, as in (78), (79) and (80) (Scheme 12).52 In sharp contrast, the O-ester analog of (77) (i.e. 78, X =
OEt) leads to a 3:1 mix of tertiary alcohols (77a) and (77b), respectively. Intermediate (82; Scheme 13)

is postulated as the precursor to (81), as its formation from (78, X = S) leads to the observed product
upon treatment with Me2CuLi.
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0
i, MeLi, -78 °C o Me,Culi (3 equiv.)
(78) (81) 85%
ii, NaH, r.t. Et,0,-40°C,2h
/
82)
Scheme 13

Transmetallation of a lithium enolate to a copper enolate in Davies’ iron carbonyl system [(n°-
CsHs)Fe(CO)(PPh3)COEt] allows for highly stereoselective additions to symmetrical ketones.5? Lithium
enolates (83) alone give 2:1 to 6:1 ratios of (84a, RR,SS) and (84b, RS.SR), and additives (e.g. SnCl,
BF3, EtAICL, ZnCly) either completely suppress the 1,2-addition or do little to influence the dia-
stereoselectivity. Addition of CuCN (1 equiv.), however, gives in most cases 10:1 to 60:1 product ratios
(Scheme 14).

A deacylation reaction has been effected by a reactive lower order cuprate when its reaction partner
has no other pathway available. Thus, Kunieda and Hirobe have found that (-)-3-ketopinyl-2-oxazolone
(85) undergoes smooth cleavage of the chiral auxiliary to afford the heterocycle (86), subsequent elabor-
ation of which leads to either (25,3R)-3-hydroxyglutamic acid (87) or (3R,4R)-4-amino-3-hydroxy-6-
methylheptanoic acid (88) as their hydrochloride salts (Scheme 15).4

14.3 1,2-ADDITIONS TO IMINES, NITRILES AND AMIDES

1.4.3.1 Reactions of Imines

Studies on the additions of organocopper complexes across carbon—nitrogen double bonds are relative-
ly few in number. In terms of stereochemical control in substrates bearing a- and/or -chiral centers, the
information available is even more sparse. That organocopper reagents do add to Schiff bases was shown
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@/ \ ' M = Cu(CN)Li
oM

(84b) RS,SR
Ketone Ratio (71a):(71b) Yield (%)
o
/U\ >40:1 (3:1)* 61
o
é >60:1 (4:1)* 7
o

10:1 (2:1)8 68

2Ratio from reactions of Li enolates
Scheme 14
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HO  NHicCI~-

88
Scheme 15 ®8)

by Akiba, most notably where acidic a-hydrogens are present in these substrates (equation 23).55 The
low basicity of RCu-BFs, prepared from Cul and RMgX in THF at —30 °C to which is added BF3-EtO (1
equiv.), precludes such typical side reactions as metalloenamine formation that is observed with Gri-
gnards, the low yields of 1,2-adducts obtained from alkyl- or aryl-lithiums, and reductive dimerization.
Moderate to good yields of secondary amines are normally received from unhindered aldimines, al-
though a-branched aldimines give none of the corresponding products. This limitation can be overcome,
however, using Bu";CuLi-BF; (1 equiv.) or the magnesium analog Bu®>CuMgBr-BF; (equation 24). The
Lewis acid is essential for success in these reactions, as no 1,2-addition is to be expected in its absence.
Unfortunately, thus far there has been no success in similar reactions of ketimines.

Atempts to induce asymmetry at an imine carbon using homochiral amines to form Schiff bases fol-
lowed by 1,2-additions with organocopper reagents has not produced a viable method as yet. Yamamoto
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. Bu",CusBF, Bu®
PhMN-Bu mMN’Bun (23)
THF, -70 °C to r.t, !
8% H
on Bu",CuLisBF, Bu?
[
NN~ NP @4
THF, =70 °Ctor.t. )
63% H

has found that imine (89) reacts with Bu™CuLi-BF3 to give an 82:18 mixture of Cram (90a) and anti-
Cram (90b) products (equation 25).56 Much better results have been obtained using allylic boranes (e.g.
allyl-9-BBN), where ratios between 94:6 and 100:0 have been achieved. Of course, these borane-medi-
ated allylations share in the benefits associated with a highly ordered cyclic transition state (91) not in-
volved with the analogous copper chemistry.

organometallic R /’\/ R
Ph + Ph
(K)

25)

NHR'

(89) R' = CHMePh (90a) (90b)
Bu,CuLiBF; 82:18
P B<) ,R'=Pr" 96:4
P~ B<)> ,R'=P¢ 100:0

Claremon has briefly looked at the effect of catalytic Cul on the MeLi addition to glyceraldehyde ace-
tonide N,N-dimethylhydrazone (92).57 While the organolithium itself leads to a preference for the anti
product (93a) on the order of 3:1 to 6:1 (depending upon the quantity of MeLi and the temperature), the
cuprate reverses the ratio to favor the syn isomer (93b; equation 26). Acyclic a-alkoxyhydrazones, sur-
prisingly, are untouched by organocopper reagents, while organolithiums give excellent (297:3) anti se-
lectivities in high yields (85-98%).

WLO

VLO
0
O NuNme, * \/krNHNMez )

92) (93a) (93b)
MeLi, -10to 25 °C, 95% 3:1
MelLi (5 equiv.), =55 °C, 75% 6:1
MeLi + Cul (0.1 equiv.), -20 °C, 46% 1:3

Ketoximes have been synthesized by Fujisawa using a catalytic Cul/Grignard addition to aci-nitroimi-
nium chlorides, formed by O-acylation of a nitroalkane with N,N-dimethylchloromethyleniminium
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chloride.®® Numerous organomagnesium reagents can be employed, and yields of products resulting from
1,2-addition followed by elimination of DMF range from 61-97% (Scheme 16a).

+ -
R O BI/LYTHE R O )\ a-
+ /
R NO, — \= N \=N+
OH -901t0-30°C o~
3h
+
N R R
Ccl- cat. Cul
o)\ H >——-NO = )=NoOH
/=+N’ R'MgX R' R'
R O (-DME)
Scheme 16a

Copper(l) driven activation of the carbon—nitrogen double bond towards addition by RLi takes place in
Et;0, but not THF, where the solvent of poorer Lewis basicity does not compete for nitrogen complexa-
tion (cf. 95). On this basis, Bertz converted the bis(tosylhydrazone) (94), via reaction with ‘Me3CuLi,’,
to the gem-dimethylated product (96; Scheme 16b).%° Although several other pathways associated with
the various intermediates are followed to account for the five products observed in varying amounts, this
study does suggest that otherwise innocuous, soluble copper(I) species may be useful additives for nu-
cleophilic additions to imines and related functional groups.

Ts Ts
' CuL, *Ts
N, /
Ts™ N Me,CuLi \
CuMe
MeLi, Et,0
0°C
94) 95)

Ts ~

Egell eRieRie} é

(96) 26% 19% 15%

Scheme 16b

1,2-Additions of higher order cuprates to acylimines (97) provide a novel route to a-alkylated amino
acid derivatives (98; equation 27).70 Following generation of amide-stabilized systems (97) via action of
singlet molecular oxygen on trisubstituted imidazoles,”! products (98) can be isolated in 57-75% yields.
Since Bu"Li and BuSLi alone (versus Bu™Cu(CN)Liz and Bu’>Cu(CN)Li;) raise the yields to 86% and
61%, respectively, there seems to be no particular advantage in using a cuprate, at least for the function-
ality present in (97).

Steghch however, has found that higher order cuprates are the reagents of choice for additions to acyl-
imines of type (100), generated in situ from a-bromo amino acid derivatives (99).7> Grignard reagents
give modest yields at best, and in some cases fail altogether. Ligands transferred from copper to carbon
include primary and tertiary alkyl, phenyl, 1-naphthyl and vinyl, with yields of acylated amino acid es-
ters (101) ranging from 30-83%. With (vinyl)>Cu(CN)Li,, the initial adduct (101, R = vinyl), formed at
-100 °C, can be easily isomerized to the dehydro derivative (102) simply upon warming the reaction
mixture to room temperature (Scheme 17),

Similar studies by O’Donnell using the a-acetoxy function as the leaving group (along with the benzo-
phenone Schiff base in 103),”® and by Williams on a bromide,’* come to the same conclusion that
R,Cu(CN)Li, affords the best results (equation 28). Reactions of the former substrates are highly
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Scheme 17

sensitive to several parameters, including solvent, temperature and mode of addition. In THF at ca <5 °C
using inverse addition, moderate to good yields of (104) are obtained. In Et20O, only products of reduc-
tion are observed.

AcO . R

Ph »—COEt _CUCNL: gy _)—co %)
=N THF, <5 °C N

Ph 2-6h Ph
(103) 46-71% (104)

R = Bu", Bu!, thienyl, naphthyl

Related 1,2-additions to imines in the B-lactam area employing organocuprates have also met with
considerable success.”>~79 Net substitution reactions, proceeding via intermediate imino derivatives, have
been achieved with lithium diallyl- and dialkyl-cuprates on educts such as (105)’6 and (106).”7 When a
stereochemical label is present as in (107)7® and (108),” the major products reflect trans addition to im-
ines (109) and (110), respectively (Scheme 18).

1.4.3.2 Reactions of Nitriles

Until recently, organocopper-mediated 1,2-additions to nitriles of any consequence were unknown.
Most of those reported occurred as undesirable pathways in attempted 1,4-additions to o,B-unsaturated
substrates. According to the House model, correlating reduction potentials (Erq) With substrate reactivity
toward lithium cuprates,*? prior complexation of the reagent with doubly bonded oxygen, rather than ni-
trogen (presumably of either sp? or sp hybridization), is an essential ingredient irrespective of Ered.
Hence, attempted reaction of cinnamonitrile (111) with Me2CuLi failed.*’ Years later, reinvestigation of
this process with a higher order reagent did slowly produce a product; however, the product turned out to
be methyl ketone (112), derived from cuprate 1,2-addition followed by hydrolysis of the intermediate
imine (equation 29).80 Nonetheless, this reaction was not synthetically useful, nor was the procedure
general, as the n-butyl analog led to (113) along with several unidentified compounds with the same sub-
strate under similar conditions.
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E;,0,0°C, 1 h
(111) (112) R = Me
(113)R =Bu"

Introduction of an additive, e.g. TMS-CI, did lead to good yields of an isolable product; however, the
product was shown by Alexakis to be the dialkylated ketone (e.g. 114) in all cases studied (equation
30).81 Even the softer organometallic, Yamamoto's reagent ‘RCu-BF3’, gave mixtures of mono- and di-
alkylated ketones with acrylonitrile and 1-cyclohexenecarbonitrile.82

i, 1.2 Me;CuLi/Me;SiCl Ph
ai) YY 30
-78°C, 2h o

i, H;0"
(114) 66%

A procedure which seems to skirt these problems, as described by Hall, invokes a catalytic copper salt
in the presence of a Grignard reagent in refluxing THF, which affords good yields of adducts.®? The na-
ture of the copper(I) source is not crucial (CuCl, CuBr, Cul, CuCN were all compared), and depending
upon manipulation of the initial product, ketones (from hydrolysis), sterically hindered ketimines (from
protonolysis) or primary amines (from reduction) can be realized. Since reagents formed from either a
1:1 RMgX:CuX (i.e. RCu-MgX>) or 2:1 (i.e. R2CuMgX-MgX?) ratio are clearly not responsible for the
chemistry observed, higher order reagents have been suggested as the reactive species (Scheme 19a).

1433 Reactions of Amides

Considering the proficiency associated with additions of organolithium and organomagnesium re-
agents to N,N-disubstituted amides as a means of preparing aldehydes and ketones,* it is not surprising
that organocopper reagents are not known to function in this capacity. However, imine formation from
amides is another matter, and Feringa has recently demonstrated that lower order lithium and magnesium
cuprates can indeed be used with N-trimethylsilyl-N-alkylformamides to arrive at this functional group.®
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Treatment of formamide (115) with either LiCuR; or catalytic CuBr/RMgBr in THF between —80 °C and
-20 °C, followed by aqueous work-up, affords aldimine (116) exclusively of (E)-geometry (equation 31).

0 R
i, R'yCuLior
g oy R AL an
éiMe R'MgX/cat. CuBr H 1\,1
3 THF, —80 to -20 °C R
i, H,0
(115) (116)

R =Bu", Bn; R! = Bu®; 92%

By switching to the corresponding N-acrylamide (115, R = Ph), secondary amines (120) are the major
products resulting from double 1,2-additions (Scheme 19b). Presumably, the initial 1,2-adduct (117)
undergoes a silicon migration from nitrogen to oxygen, the intermediate anion (118) being stabilized by
the aromatic ring, which subsequently eliminates to reform imine (119) now susceptible to a second-
stage alkylation. This secondary process does not occur with Grignard reagents, and thus arylaldimines
(119) are formed in high yields using (115, R = Ph) and various RMgX in THF, without the presence of

copper(l) salts.

(o) )
. R
Me;SiO
cuprate _Ph 3 R'M
a5 — R'/kN — /k _Ph —= R.AN,Ph == R./kN,Ph
RM L. R” N |
S!Meg - H
R=Ph
(117) (118 (119) (120) 63-97%
R'= Et, Bu“, n'clezs
Scheme 19b

14.4 APPLICATIONS TO NATURAL PRODUCT SYNTHESIS

As alluded to earlier, in general, 1,2-additions by organocopper reagents especially on more complex,
multifunctionalized substrates are statistically few in number compared with the ever popular alkyla-
tion,! 1,4-addition,2 and carbocupration® processes. Nonetheless, the examples which follow provide
strong testimony to the value of organocopper intermediates as an alternative means of delivering a car-
banion of attenuated reactivity in a controiled fashion.

Development of a novel route to the C-7 to C-13 portion (e.g. 122) of erythronolides A and B (i.e.
121a and 121b) by Burke makes use of a stereoselective addition of an isopropenyllithium-derived cu-
prate to homochiral aldehyde (123) as a first, key step (Scheme 20).87 Formation of allylic alcohol (124)
as the major product presumably reflects a B chelation controlled pathway (vide supra).® Subsequent
handling of (124), which included as the second critical step a dioxanone to dihydropyran enolate
Claisen rearrangement,’8 produces three key subunits, including (122).
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(121) a: R =OH; Erythronolide A

b:R=H; thronolide B
Ery o Q><Q

H Et,0,-30°C
84%

(123) (124)

Scheme 20

A similar strategy invoking these two valued processes has also been applied to the ‘left wing’ of the
ionophoric antibiotic indanomycin (X-14547A),%° and more generally as an entry to C-pyranosides (125;
Scheme 21).% Treatment of aldehyde (126), itself prepared from elaboration of (127), likewise formed
from (vinyl)CuLi addition to aldehyde (128),8 with the Gilman reagent formed from Cul-PBu; and (E)-
propenyllithium in Et;0 at low temperature affords a 24:1 ratio of alcohols (129a) and (129b) in good
yield (Scheme 22).%° Unfortunately (129a) is of the undesired stereochemistry and necessitates an oxida-
tion (PCC, 93%)-reduction (Zn(BHa)2, 88%) sequence to arrive at (129b) (>100:1 129b:129a). Related
model studies on an isopropyl analog of (126) (¢f. 130) show that the cuprate 1,2-addition approach to
(131), with or without an intervening oxidation/reduction, could be useful for obtaining dioxanones (132)
and (133) as precursors to C-glycosides (134) and (135), respectively. Thus, individual exposure of (132)
and (133) to the Ireland ester enolate Claisen reorganization,®® albeit at abnormally high temperatures
(ca. 110°C for 3—4 h, affords the desired materials following aqueous acid hydrolysis and treatment with
ethereal diazomethane of the initially formed silyl esters (Scheme 23).%

Indanomycin has also been a target of the Boeckman group, which, while employing a quite different
approach to the pyran nucleus, begins the route with a cuprate 1,2-addition to the readily available homo-
chiral aldehyde (136).°! An excellent yield of two diastereomers (137) was obtained, epimeric at the
carbon bearing the methyl group brought in as part of the cuprate (equation 32). Thus, as confirmed by
'H NMR on the Mosher esters of (137), the stereoselectivity of the cuprate addition was >98%.

Stereochemical issues associated with polyene macrolide construction, attention being focused on the
chiral centers representing C-34 to C-37 in amphotericin B in particular, have been addressed by McGar-
vey, wherein 1,2-additions by Me;CuLi play an important role.92 L-Aspartic acid can be parlayed into

\\\‘“\\ / \\\s\‘“
, ‘o, 1s, O 1,,,” ",
“7 "0 - ™o j — "7 07 CoMe
CO,H £ CO,H
? : 2 RO
Indanomycin H - (125)

Scheme 21
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heterocyclic thioester (138) by a series of efficient steps. a-Methylation by either a chelation-controlled
or stereoelectronically controlled pathway permits selective generation of the corresponding anti (139a)
or syn (139b) isomer, respectively (Scheme 24). While DIBAL reduction of each leads cleanly to the al-
dehyde product (140), the greater reactivity of thioesters (relative to esters) towards Me;CuLi (vide
supra)*’ permits realization of the ketones (141) without epimerization in either type of transformation.
Copper-catalyzed reactions using RMgBr/CuBr-Me2S on (138) in THF at —23 °C are also effective
(90%).

With aldehydes (140a) and (140b) in hand, further 1,2-additions of MezCuLi have been examined and
found to afford results (Scheme 25) opposite to those obtained with, for example, MeMgBr, in good
yields (>85%). The preference is explained on the basis of attack onto the chelated bicyclic compound
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(142) from the axial direction with smaller nucleophiles, while the bulkier cuprate comes in from the
bottom to avoid a 1,3-diaxial interaction.
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As part of an extensive campaign en route to milbemycin B3, Smith’s sgnthesis of the ‘northern hemi-
sphere’ (143) relied on the Ireland ester enolate Claisen rearrangements®® of both diastereomers (144a)
and (144b).9? These esters came about from the additions of isopropenyl nucleophiles to aldehyde (145;
equation 33). The corresponding Grignard reagent added to (145) to ultimately give a 2:1 mixture of
(144a) and (144b), respectively. Although each product could be utilized as part of their ‘divergent—
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convergent maneuver’,%% a more direct route to (144b) was sought. While the reaction of (145) with iso-
propenyllithium occurred in a nondiscriminatory manner, the corresponding lithium cuprate gave a
much-improved 7:1 (144b):(144a) ratio (equation 34). Chelation associated with the B-alkoxyspiroketal
oxygen(s), as in the six-membered ring state (146), presumably encourages pseudoaxial attack to give
mainly (144b).

= 'Northern hemisphere’

= 'Southern hemisphere'

OH
Milbemycin B, OR'

(33)

OBn
(144) a:R=0-EtCO,
b: R = B-EtCO,

, \‘rrzcm.i
1,
(145) (144a) + (144b) 34)
Et,0, =78 °C, 20 min 19

i, N, py, DMAP
0
0°C, 1h
63%

(146)

An alternative route to milbemycin B3 by Baker relies on a straightforward sequence of steps to obtain
homochiral alkyne (150), beginning with (S)-methyl 3-hydroxy-2-methylpropionate (147).% A Gilman
cuprate delivers the methyl group to (148) in a chelation-controlled manner resulting in the threo (anti)
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product (149) in high yield (Scheme 26). Coupling of (150) with lactone (151) to give (152), and further
handling to give intermediate (153),%° leads to a formal total synthesis (Scheme 27).

OH

THPO
CO,Me  4steps CHO _ MeQuli _7steps _ \H\
EtzO -20°C

147) (148) (149) (150)

Scheme 26

BnO
0 0 s
+ steps
SO,Ph OSiPh,But
OBn
(151) (152) (153)

Scheme 27

Polyether antibiotic X-206, one of the first examples of this venerable class of natural products dis-
covered close to four decades ago,’ has recently yielded to total synthesis by Evans and coworkers.%’
Assemblage of the left half portion of the ionophore (i.e. 154) requires the adjoining of two substantial
homochiral pieces (155) and (156) such that the (11R)-configuration is generated as the C(11)—C(12)
bond is made. Use of the organolithium, itself derived from (156), affords mainly the (115)-isomer by a
factor of 2:1. Incorporation of the organolithium into the higher order cuprate (157),5 however, leads to

clean coupling of these segments in not only excellent isolated yield, but with a 49:1 preference for the
desired anti relationship found in (158; equation 35).

OH OH o OBOM_

i, Bu'Li, pentane
Et,0,-78 to -50 °C

ii, CuCN (0.5 equiv.) L‘2C“(CN)2
-78100°C
10 min sm

Et,0 OBOM o

(155) + (157) (1.5 equiv.)

-78 1020 °C .
30 min Bu'Me,SiO

86%
(158)

As part of an iterative sequence involving successive sigmatropic rearrangements with intervening
chelation-controlled additions of vinyl nucleophiles, Kallmerten and Balestra have developed an effec-
tive combination for acyclic stereocontrol, successfully applied to the synthesis of the tocopherol side
chain (159).%8 12-Addition of a MgBr>Et;O-modified (E)-1-propenyllithium-derived reagent to
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aldehyde (160) in Et,0 at -78 °C gives a (161a):(161b) ratio in excess of 50:1 (equation 36). Subsequent

acylation to (162) sets the stage for the glycolate Claisen rearrangement®® of the preformed silyl enol
ether, the product from which is taken on to (+)-(159).

HOM

159)
\/sc““ /\/oi/k/\/k
2 2
OHC - A ~ - 7 + antiisomer  (36)

MgBr,Et,0
OBz Et,0, =78 °C OBz

85%

(160) (161a) R=H (161b)

(162) R =BnOCH,CO

In order to arrive at (1)-methyl nonactate (164), Baldwin envisioned the addition of a soft organome-
tallic source of methyl anion to aldehyde (163), the stereochemical outcome from which would be re-
agent dependent (equation 37).1% Although earlier work by Ireland had shown that using Me>CulLi in a
hydrocarbon medium on (163) is not selective,!01:102 the potential for controlled delivery of ‘Me~" is
predicated on related work by White,!93 which focussed on reduction of the corresponding methyl ke-
tone. Thus, changing solvents to Et2O does indeed alter the 1:1 ratio to 4.5:1 with Me;CuLi, although the
8-epimethyl nonactate predominates. The desired material (164) is best achieved using ‘MeTiCly’,}4®
prepared from TiCls/MezZn in CH2Cla.

o OH OH
" L A coMe Yo Ao i CoMe + COMe  (37)
* ThO%H uH%n
(163) (164) (165)
Me,CuLi, Et,0, ~78 °C, 85% 1:4.5
TiClyMe,Zn, CH,Cl,, 78 °C, 78% 24:1

Sato and coworkers have applied the organocopper methodology developed earlier by their group
(vide supra)!? to a multigram scale preparation of a commonly used intermediate (166) for the synthesis
of leukotriene A4 (LTA4).!% Hydromagnesiation!95 of silylalkyne (167), catalyzed by titanocene di-
chloride, is followed by transmetallation with Cul-Me;S to give the vinylcopper species (168; Scheme
28). Addition of (R)-glyceraldehyde acetonide leads to the expected syn product (169) in 85% overall
yield from (167). The diastereoselectivity is better than 40:1 (syn:anti), with allylic alcohol (169) well
suited for Sharpless epoxidation, which establishes C-5 and C-6 in (166) and eventually in LTA4. The
same protocol can be used to synthesize other homochiral epoxy aldehydes in quantity.!04

Analogs of leukotriene B4 (LTB4, 170) have aroused interest based on the potent chemotactic proper-
ties of LTBa itself. The disconnected C-6, C-7 (Z)-alkene in (170) has been viewed by Taylor, in alkynic
form, as a ready means of attaching two residues via a carbocupration/1,2-addition scheme (equation
38).106 Extremely high (Z)-stereoselectivity was anticipated for the former step, as discussed by Normant
and Alexakis,!07 although trapping of the so-formed vinylcopper complex by an aldehyde was on less se-
cure ground. Model studies showed that lower order lithium cuprates were the most efficacious towards
addition across alkynes, while reagents such as RCu-ligand (e.g. ligand = Me;S, LiBr or MgBr,) gave

0O
PN\ COH

o
OHC \|>5\/\/cozm
6

(166) LTA,
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i, BulMgBr, Et,0 o
= A 2 _ NS § CHO
/ Me351 S N :

Me;Si cat. [(n-CsHy),TiCly] ~70°C, 30 min
ii, Cul*Me,S, THF Cu-SMe, warm stg ;,,'L' 3h
167) _70°C (168)
% 0] SiMe;
0
x F
(169)
Scheme 28

none of the desired product. The same negative results were found with higher order cuprates, although
this is likely to be due to their greater basicity and precludes their use (as a source of carbon nucleo-
philes) in the presence of alkynic protons. Thus, carbocupration of acetylene with mixed cuprate (171)
afforded vinylcuprate (172), the formation of which required unusually high temperatures. The 1,2-addi-
tion to ester aldehyde (173) was best effected in the presence of BF3-Et;0, thereby giving (174), saponi-
fication of which gave the hexahydro LTB4 analog (175; Scheme 29). A double carbocupration,!08
starting with (C11H23)2CuLi and excess acetylene, and thence 1,2-addition to (173), uitimately led to the

tetrahydro LTB4 analog (176; Scheme 30). Both (175) and (176) can also be converted to their corre-
sponding lactones.

OHC CO,M
H ~ WO Me

| 38

H Cu

Y

n-C 13H27 CuLi

H—=H i, BFyE,0 c /:—‘\/\/\CO N
I\I oo H -, n-Cy3Hyy p)

OH
P
an a72) (174) R = Me
(175 R=H
OHC” """ CoMe
173)
Scheme 29
i,2 H—==H ,-25°C — CuLi i, BF;°Et,0
(n-CyHys),CuLi ) _
s ii,4 H—==—H ,0°C n C“H23m2 ii, (173)
iii, HO—
— CO,H
OH
(176)

Scheme 30
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Also within the domain of arachidonic acid derivatives, a 5-exo-dig cyclization!?® of an «-silyl radical
onto an alkyne, followed by proteodesilylation, was applied to a synthesis of isocarbacyclin (177), a car-
bocyclic analog of the potent antihypertensive and platelet aggregation inhibitor prostacyclin (178). The
necessary functional group array was set in place by Noyori using a 1,2-addition of a higher order si-
lylcuprate to aldehyde (179; Scheme 31).!10 A mix of alcohols (180)!!! was obtained in good yield, the
unspecified ratio being of no consequence. Radical-initiated ring closure, employing either a photo-
chemical step or the action of hot tributyltin hydride on the derived xanthate, formed the bicyclic net-
work (181). Conversion to (177) was subsequently achieved by cleavage of the silyl-carbon bond with
TFA, followed by deblocking, isomerization of the exo- to the endo-alkene and saponification.

COH CO.H
:'/// 2 o F
OH OH OH OH
am 178)
. OH
OHC N PhMe,Si \{ .
~" \/\/cone (PhMe,Si),Cu(CN)Li, —~" \/\/cone
:OV\/\/\/ THF, -78 °C, 30 min OV\/\/\/
" S H 85% ' L H
Bu'Me,SiO E Bu'Me,SiO P
Bu'Me,SiO Bu'Me,SiO
(179) (180)
cocl COMe
Q
CF,
ii, AV
PhMe;,Si — — (177

o

v
My,
ty
.

or
i, NaH/CS,, then Mel
ii, BusSnH, A

0SiMe,But OSiMe,But
(181)

Scheme 31

Tricyclic ketone (183), a photoproduct from the intramolecular (2 + 2] cycloaddition of silyl enol ether
(182), was found by Pattenden and Teague to add methyl stereoselectivity through the agency of
MeCuLi/MeLi.l12 The process occurs in EtO at —68 °C following the Macdonald and Still prescrip-
tion,’! the product (184) from which undergoes facile acid-induced ring expansion to cyclooctenone
(185). Wittig methylenation, isomerization and Lewis acid promoted transannular cyclization ultimately
produces (+)-pentalenene (186; Scheme 32).

In the B-lactam area, Grieco et al. have applied their development of substituted bicyclo[2.2.1]hep-
tanes to a synthesis of the thienamycin precursor (188a), embedded in which are three contiguous asym-
metric centers corresponding to C-5, C-6 and C-8 in the natural product (190).!!3 Readily obtained
bromo aldehyde (187), upon treatment with the MeLi-derived higher order cuprate Me2Cu(CN)Li: in
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o} =
Me,CuLisMeLi
—
E,0, -68 °C
OSiMe,Bu! 82%
OSiMe,Bu!
(182) (183)
O

i, Wittig BF,

ii, RhCl3-3H20

(185)

Scheme 32

Et;0 at reduced temperatures, gave in good yield (79%) diastereomer (188a) together with 8% of the un-
desired epimer (188b). By contrast, MeLi alone showed no preference in its 1,2-addition to (187). Fur-

ther processing of (188a) eventually led to B-keto ester (189), a known intermediate en route to (190;
Scheme 33).

OHC_ H

Me-M
Br a

O EyO,-718°C

O\> 1.5h

Me,Cu(CN)Li,
MelLi

H
steps H

(1882) —= —
N\

CO,H

(189) (190)
Scheme 33

In search of a practical route to diastereomeric lactones (193) and (194), potential agents for mosquito
control needed by entomologists for evaluation, acrolein dimer (191) was deemed as the logical starting
point.!* For compound (193), the major component of the oviposition attractant pheromone of the mos-
quito Culex pipiens fatigans, the required stereorelationship can be constructed by the initial action of a
Grignard reagent on (191) at —20 °C in THF doped with HMPA, which minimizes chelation-enhanced
threo (syn) selectivity, thereby favoring (192a).%1! TMEDA was not an acceptable substitute for HMPA.
Addition of Cul to the Grignard, which according to Sato!? forms the organocopper complex RCuMgBIl,
proceeds through a Cram cyclic transition state!? to arrive at a (192a):(192b) mix now rich in the syn
isomer (equation 39). Separation of these 1,2-adducts and subsequent acylation—PCC oxidation culmi-
nated this brief approach by Jefford, easily amenable to scale-up (Scheme 34).

Singh and Oehischlager have used the same starting material (i.e. 191) to study the 1,2-addition of
ethylmetallic reagents, in this case with an eye toward both (racemic) exo- and endo-brevicomin.!!3 The
erythro (anti) product (196b) can be obtained with the EtLi/BF3-Et;0 combination, presumably due to a
strong preference for an anti configuration of the polar groups as in (197) once the Lewis acid complexa-
tion has occurred.!!6 Ethylcopper reagents reversed the outcome, giving an ca. 89:11 split in favor of
(196a), presumably via (195; Scheme 35), a result comparable to that obtained by Jefford (vide supra).!'*
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| H o | R + mn (39)
(0] (o) (o)

R =n-CoH;; H
o) OH OH
191) (192a) anti (192b) syn
RMgBr; 84% 5.67:1
THF, HMPA (6 equiv.), -20 °C
RCueMgBrl; 84% 1:9

THF, Me,S, ~78 to 0 °C

i, Ac;0 i, Ac,0 Ij\/
n-C 192a 192b C
o o 10H21 ( ) ( ) o o n 10H21

i, PCC i, PCC
OAc OAc

(193) Scheme 34

/" Et
EtCu-MgBrI A\"/ 81% ,
o M= O=——H
THF,Me,s | ™ fo) 0
-78t0 0°C
\ N

(191) (195) (196a)
EtLisBF, (196a):(196b) = 89:11
THF
-78 to
0°C
H
Et~
—\ 66%
H:-=0-M| ——
o’ (o)
OH
(197) (196b)
(196b):(196a) = 92:8
Scheme 35

Both exo- and endo-brevicomin (vide infra), in optically active form, have been synthesized by elabor-
ation of a-alkoxy aldehyde (201).!!” Condensation of the 1-trimethylsilylvinylcopper reagent (198) with
the (R)-glyceraldehyde derivative (199) gave syn product (200) in >85% yield with over 98% dia-
stereoselectivity (Scheme 36). Hydroxy protection, hydrolysis and periodate cleavage of the vic-diol con-
verted (200) to aldehyde (201) in 50-65% overall yields for the two steps.

exo-Brevicomin endo-Brevicomin
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SiMe >( >(
3 o) THF  Me,Si O
+ i 0 — ER o)
CusMgBrl orc” ~ Me,S )\/\/
OH
(198) (199) (200)
SiMe; (+)-exo-Brevicomin
cHo _—
H T
OR "= (+)-endo-Brevicomin
(201)
Scheme 36
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1.5.1 INTRODUCTION

In 1861, the first example of an organotitanium reagent was reported.! Nevertheless, more than ninety
years were necessary before the preparation of the stable compound, phenyltitanium isopropoxide, was
achieved.? Since then, a tremendous number of organotitanium derivatives have been synthesized,> in
which the metal atom bears a broad variety of ligands sharing both o- and w-bonds. The stable cyclopen-
tadienyltitanium (titanocene) derivatives became popular following their introduction by Ziegler as re-
agents for alkene polymerization.’

Overcoming the theory that transition metal derivatives could be stable only with a fully coordinated
metal atom (18-electron rule), finally opened the route toward the modern application of organotitanium

139
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and, later on, organozirconium reagents in synthesis.” This was facilitated by the work that had already
been performed?® by inorganic chemists in devising simple and high-yielding methods for the preparation
of organo-titanium and -zirconium derivatives. This chapter will not deal with many of the synthetic ap-
plications of these reagents, but rather will focus on organo-titanium and -zirconium additions to C==X
ar-bonds and their advantages in comparison to other organometallic reagents in terms of chemo-, regio-,
diastereo- and enantio-selectivity.

152 ORGANOTITANIUM AND ORGANOZIRCONIUM NUCLEOPHILES: A GENERAL
VIEW

15.2.1 Chemical Properties and Comparison with Traditional Organometallic Reagents

The organo-titanium and -zirconium derivatives that will be considered here have the general formula
R,MX4 .. The compounds consist of two distinct parts, namely the ‘R’ nucleophilic moiety and the ‘X’
ligand system. Considerable stability, selectivity and ease of handling are their most outstanding features
as reagents in organic synthesis.

With regard to the ‘R’ nucleophilic moiety, simple linear alkyl residues should generally be avoided,
due to their tendency to decompose through various processes,? such as reductive elimination (8-H ab-
straction; equation 1), and oxidative dimerization (equation 2). Attention must be paid when designing
an efficient Ti or Zr nucleophile to minimize decomposition. This is achieved by using organic residues
which either do not possess B-hydrogens (e.g. methyl, phenyl, benzyl, neopentyl, 1-norbornyl, trimethyl-
silylmethyl, etc.) or are sufficiently hindered that they do not undergo hydrogen abstraction readily.

R R R
MpT N UlVﬂ"—lr — M2t H/ + H* M
H
/R
M\, — [MI"™? + R-R @
R

The ‘X’ ligands also influence the stability of the above reagents, primarily as a function of the sta-
bility of the bonds (o or 7) between the metal and the bond-forming atom. The most commonly used are
alkoxy groups, N,N-dialkylaminyl groups, chlorine atoms or even mixed chlorine and alkoxy groups.
Due to its major ability to donate electrons, nitrogen stabilizes Ti and Zr reagents more than oxygen and,
consequently, much more than chlorine.

Considering the energy of the M—X bonds for various MX4 compounds,!0 the bond strengths for Ti,
Zr, and Hf decrease in the sequence M—O > M—Cl > M—N > M-C. The M-C bond strength in TilV
and Zr'v compounds are comparable with that of other metal-carbon bonds,!! whereas the rather unusual
strength!? of the M—O bond [E(Ti—O) = 115 kcal mol-!; E(Zr—O) = 132 kcal mol-!; 1 cal = 4.18 J]
serves as a driving force for those reactions involving oxygen coordination by the metal atom. The Ti—
O bond is fairly short among the metal-oxygen bonds (compare e.g. Li—O, Mg—O and Zr—O; Table
1),1! a fact relevant to certain stereoselective reactions that will be discussed later (Section 1.5.3.1.4).

Table1 Metal-Carbon and Metal-Oxygen Bond Lengths

. Bond length .
Metal Metal—carbon (A) Metal-oxygen (A)
Ti ~2.10 1.70-1.90
Zr ~2.20 2.10-2.15
Li ~2.00 1.90-2.00
Mg ~2.00 2.00-2.13
B 1.5-1.6 1.36-1.48

Stability aside, the nature of the ligand system determines to some extent the Lewis acid character of
TilY and ZrY reagents. As expected, the higher the tendency of the bond-forming atom to share its elec-
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trons with the metal, the lower the acidity of the complex (e.g. Cl1 > OR > NR3). This trend can be ex-
ploited to modulate the acidity of Ti'¥ and ZrY reagents by replacing, for instance in the titanium series,
chlorine with alkoxy groups so that their acidity decreases in the sequence RTiCl3 > RTiCl;(OR’) >
RTiCI(OR")2 > RTi(OR")3.12

One advantage of organo-titanium and -zirconium reagents, relative to more traditional organometallic
compounds in the field of nucleophilic additions, is their stability at fairly high temperature (from 0 °C to
r.t.) for a reasonably long time. For example, MeTi(OPr); is a yellow compound, isolated and purified
by distillation at 50 °C under reduced pressure,!3!4 and the purple-red crystalline compound MeTiCl;
(m.p. ~29 °C) can be stored at low temperature for several weeks.!S They are not strongly toxic and do
not afford toxic by-products.” Easy to handle, they require very simple work-up that includes slightly
acidic conditions to avoid TiO2-containing emulsions.16

Undoubtedly, the success of organo-titanium and -zirconium complexes as reagents for nucleophilic
additions lies in their chemical properties, the most characteristic being chemoselectivity. Grignard re-
agents, organolithium compounds, and other resonance-stabilized carbanions often react more or less un-
selectively if two or more target functions are present in the substrate molecule. Even with other more
recently reported!” organometallic reagents, e.g. organo-tin, -cadmium and -chromium derivatives, such
selectivity is not guaranteed. On the contrary, titanium and zirconium derivatives are capable of discrimi-
nating, for example, between an aldehyde and a ketone. More generally speaking, these reagents dis-
criminate between similar functionalities that differ only slightly in their steric and/or electronic
environment (Section 1.5.3.1.1). Furthermore, they tolerate several functional groups such as epoxides,
ethers, carboxylic acid esters and thioesters, nitriles and alkyl halides.!® Being less basic than other or-
ganometallic reagents, they can be safely utilized for nucleophilic addition to enolizable carbonyl com-
pounds (Section 1.5.3.1.2). 1,2-Addition to a,B-unsaturated carbonyl compounds (Section 1.5.3.1.5),
gem-dialkylation (Section 1.5.5.1) and one-step. amination/alkylation of the carbonyl group (Section
1.5.5.2), represent a few examples of reactions that are more easily realized due to advances in Ti'¥ and
ZrV chemistry.

Ethyl levulinate (1) is reported to afford the lactone (2) when treated with methyltitanium triisopropox-
ide (equation 3).!8 In cases like this, in order to prevent lactonization, it may be expedient to use organo-
zirconium derivatives that have a generally milder reactivity.

0
)(L/\ , OTi(OPri),
MeTi(OPr') X/\
CO,Et ? CO,Et 0 ®
Y 2)

It is possible that the higher chemoselectivity of TilV and Zr!V reagents relative to the classical carb-
anions may be due to lower reaction rates. However, this cannot be the only reason, and it is likely that
chemoselectivity is dependent on the nature of the C—M bond, which in the case of Ti!V and ZrlV is
much less polarized than the analogous C—Li or C—Mg bonds.!6 Chemoselectivity is only one of the
features of organo-titanium and -zirconium reagents, diastereoselectivity being a second and even more
important one. The topic will be broadly covered in Sections 1.5.3.1.3 and 1.5.3.1.4 of this chapter, but
as a quick illustration it is useful to compare the results of earlier experiments by Cram et al.!%0 in the
addition of either Grignard reagents or alkyllithium compounds to 2-phenylpropanal (3), and results from
the addition of methyltitanium triisopropoxide to the same aldehyde (equation 4).2! The diastereomeric
products (4) and (5) are obtained, in the first instance, in about a 2:1 ratio versus the 9:1 ratio achieved
by the titanium reagent.

O MeTi(OPr) OH OH
( % (o H 4
H + 7—'< (
Ph H Hen Hoh  m
3 (C)] Q)

Enantioselective addition has also been attempted with chirally modified Li or Mg reagents, but only
TilV and Zr'Y derivatives have provided efficient tools for this purpose, due to the stable bond between
chiral ligands and metal. In other cases, dissociation leads to a reduced efficacy of the chiral system.
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1.5.2.2 General Preparation of Principal Organotitanium and Organozirconium Derivatives

Among the Ti'V and ZrTV complexes that are most commonly used for carbonyl nucleophilic additions,
monoalkyl and monoaryl derivatives with alkoxylic ligand systems have the longest history of synthetic
application.? This is likely due to the ease with which they are prepared from the readily available and in-
expensive tetraalkoxy compounds (6). These, when treated with the tetrachloride of the same metal
(equation 5), afford monochlorotrialkoxy metal derivatives (7), which in turn can be either alkylated or
arylated by numerous lithium or magnesium derivatives® or by zinc, cadmium, lead and aluminum
derivatives,? in various solvents, including THF, Et;0, CH2Cl, alkanes, etc. Monochlorotrialkoxytita-
nium compounds (9) are also reported to undergo ligand exchange by treatment with alcohols (equation
6),2 a reaction which can be used to modulate the chemical properties of the reagent, as was discussed in
the previous section.

RILi
or
3M(OR), MA  4CIM(OR), R'M(OR); )]
R!MgX
©) )] t)]
. R?OH
CITi(ORY), __+«  CITi(OR?);, (6)
-R!OH
4] (10)

Monoalkyl TilY and Zr™V reagents having N,N-dialkylamino ligand systems (12) can be prepared from
the corresponding tetra(NV,N-dialkylamino) metal derivatives (11),23 according to the procedure reported
above for the alkoxylic ligand systems (equation 7). Recently, a large scale preparation of both
tetra(N,N-diethylamino)- and chlorotris(N,N-diethylamino)-titanium(IV) compounds (13) and (14) was
devised,?’ starting from lithium N,N-diethylamide and TiCls (Scheme 1).

RILi
IMNRy), —X4.  AXMONRy); ——  4R'MNNRy); M
1) R = Me, Et; X = Br, Cl 12)
. TiCl, (0.25 mol iv. TiCl, (0.33 mol equiv.)
TiNEt), —oosO23moledsiv) ey, N i CITi(NE,),
(13) 14)

Scheme 1

When the ligand system consists of chlorine atoms, monoalkyl- and monoaryl-titanium(IV) com-
pounds are readily made from TiCls by a chlorine atom replacement. The parent compound in this series,
MeTiCls, is made conveniently from the reaction of TiCls and dimethylzinc without the use of ethereal
solvents,26 the preparation being carried out in n-pentane or dichloromethane. Other methylating species
can be used, such as MeMgBr, MeLi and MeAICl;. When MelLi is used in diethyl ether, an equilibrium
takes place between different complexation states of Ti in the resulting MeTiCl3 with the solvent (equa-
tion 8).27 Transmetallation from organotin compounds like (15; equation 9) has also been utilized to
make trichlorotitanium compounds.28

al cl
. MeLi Ct|-OEt, %
TiCl, [ Ti/ . i\ MeTiCl, ®
- —_— —— OEt
Et,0 Me |0Et2 Me l 2
cl Cl

It is not necessary that the ligands around the metal be homogeneous, in fact mixed ligand systems can
be very useful in tuning the chemical properties of the metal complexes. Their preparation is generally
effected by ligand interchange, i.e. by mixing different TilV species in the proper stoichiometric ratio, as
is shown in equation (10) for the preparation of MeTi(OPri)Cl; (16).!3
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Ph Ph
, cl N_ O
Me;Sn \/\(/i/z/ Ph TiCl, Cl— "i" l\j/ +  Me,SnCl 9)
o) I
Ph cl
as)
2MeTiCl; + MeTiOPr); ———  3MeTi(OPr)C], (10
(16)

Dialkyl and diaryl Ti"V and Zr'V derivatives (18) are somewhat less stable than their monosubstituted
analogs. They are generally prepared by alkylation of the corresponding dichloro compounds (17; equa-
tion 11).1329:30 The dichloro derivatives themselves can be prepared in turn by reaction of tetrachlorides
with the required amount of organometallic species. For example, zirconocene dichloride is prepared by
treating zirconium(IV) chloride with cyclopentadienylsodium.>!

cMcp,  RH_ repmep,  RUL RMCp, (11)

17 (18)

Alkenyl and dienyl groups can be present in TilV and Zr'V complexes as well. Vinyltitanium com-
pounds cannot be exploited for nucleophilic additions, however, due to their propensity to undergo oxi-
dative coupling reactions,*? likewise transition metal derivatives. Vinylzirconium compounds (20) can be
prepared from alkynes (hydrozirconation; equation 12) by action of zirconium derivatives like (19).33

R! R?
R2C=CR! M (12)

H  ZiCpCl
(20)

Allyltitanium complexes (22) readily add to carbonyl compounds with high regio- and stereo-selec-
tion. They are prepared by reaction of a chlorotitanium complex (21) with an allyl-magnesium or
-lithium derivative (equation 13).3* Some of these unsaturated Ti'¥ complexes, like (23)—(25) in Scheme
2, obtained from allylmagnesium halides or allyllithium by reaction with titanium tetraisopropoxide or
titanium tetramides,>® are known as ‘titanium ate complexes’. The structure of these ate complexes, at
least from a formal point of view, can be written with a pentacoordinate Ti atom. Some ate complexes
have synthetic interest, as is the case of (ally]) Ti(OPri)aMgBr which shows sharply enhanced selectivity
towards aldehydes in comparison with the simple (allyl)Ti(OPr')3. 6

N, (13)

CTiX; + "M

21 M =MgCl or Li 22)

Crotyl-titanocenes and -zirconocenes like (31) are readily prepared from the corresponding magne-
sium and lithium compounds [regardless of (E)- or (Z)-configuration] by reaction with either dichlo-
robis(cyclopentadienyl)titanium or its zirconium analog (equation 14).36°7 Likewise, crotylmagnesium
derivatives react with other TilY compounds [e.g. (14), (26) and (27); Scheme 3] and afford crotyltita-
nium complexes [e.g. (28), (29) and (30), respectively] in a stereoconvergent manner, affording solely
the (E)-isomer. Finally, some other allylic reagents having a trivalent titanium atom are interesting for
their application in synthesis,3® The parent allyltitanium(III) derivative (33) is prepared by reaction of di-
chlorobis(cyclopentadienyl)titanium (32) and allylmagnesium bromide (equation 15).
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1.5.2.3 Titanium versus Zirconium Reactivity

Titanium and zirconium derivatives are in a certain sense complementary as reagents for carbony! nu-
cleophilic addition. Considering the relative position of both Ti and Zr in the periodic table, the latter is
expected to share longer bonds with ligands and with the nucleophilic moiety of the reagent. As a conse-
quence, chelation, when involved, leads to complexes of different structure and thermodynamic stability,
factors which directly affect the course of the reaction. Even more important, the lower tendency towards
reduction of Zr relative to Ti accounts for the stability of zirconium derivatives at room temperature. Vi-
nylzirconium compounds can be prepared and used as such, whereas their titanium analogs readily
undergo oxidative coupling with concomitant reduction of the metal.>® Enhanced stability has also been
verified for those zirconium complexes having branched alkyl groups,® that in the case of titanium are
quite unstable.®!!

Generally speaking, the preparations of Ti'V and Zr'Y reagents are quite similar, as was discussed in the
previous section, but the Zr!V starting materials, like Zr(OR)4, are generally two or three times more ex-
pensive than the corresponding Til¥ compounds and their reactions are slower. This is a characteristic of
Zr™ species relative to their Ti'Y counterparts that is verified also by the relative rates of nucleophilic ad-
dition to carbonyl compounds. The slower reaction rates can lead to side reactions: for example, alkylzir-
conium trialkoxides will reduce carbonyl compounds to the corresponding carbinol in a
Meerwein-Ponndorf-Verley fashion.*
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With these few exceptions, Zr'V reagents perform nucleophilic additions to carbonyls with the same
selectivity features as their titanium analogs,*! under milder conditions. Moreover, due to their lower ba-
sicity,’ they are generally more suitable to interact with easily enolizable carbonyl compounds. The re-
action of (34) with MeZr(OBu"); to afford (35) serves to illustrate how versatile these reagents are in
organic synthesis (equation 16).%°

NO,

HO

MeZr(OBu"), 6

15.3 CARBONYL ADDITION REACTIONS
15.3.1 Alkyl and Aryl Titanium and Zirconium Reagents

1.53.1.1 Addition to simple ketones and aldehydes: chemoselectivity

Methyltitanium triisopropoxide is probably the oldest and most widely studied organotitanium reagent
for nucleophilic addition to carbonyls.?! Its reaction with aldehydes and ketones (equation 17) is com-
parable to the reaction of more traditional organometallic reagents, like methylmagnesium halides or
methyllithium, with carbonyl compounds. The already cited stability of MeTi(OPri); and its solubility in
various solvents would be sufficient to recommend it as a nucleophilic addition reagent but, more im-
portantly, a wide range of functionalities (e.g. nitro, cyano, chloromethyl and thiol groups), as shown in
Table 2, are tolerated under the reaction conditions.!¢ It is also noteworthy to mention a one-pot proce-
dure that allows the preparation of the reagent in situ.*? A few undesired side reactions of methyl- and
other alkyl-titanium triisopropoxides are known which are a result of transfer of the isopropoxy rather
than the alkyl group. In fact, the reaction with carboxylic acid esters and with acid chlorides leads to
ester interchange*? and esterification, respectively.’

o MeTi(OPr),

OH
)J\Rz R|>< a7)

R?

Rl

R! = or # R? = H, alkyl or aryl

Aldehydes react very fast and at low temperature (between =70 and 0 °C), whereas ketones require
higher temperatures and longer reaction times (Tables 2 and 3). In cross experiments performed using
benzaldehyde and acetophenone with MeTi(OPr); in 1:1:1 molar ratios, only the aldehyde was con-
sumed, leading almost quantitatively to its corresponding methylphenylcarbinol.*? Such features are fully
exploited in the synthesis of macrocyclic lactones like (36; equation 18).43

o OH
. NO,
(o) H MeTi(OPr') o) H
—_— (18)
THF 0
NOZ N02 0
(36)

The chemoselectivity of organo-titanium and -zirconium reagents is practically unaffected by the na-
ture of the nucleophilic moiety of their molecule. Although aldehydes always react much faster than
ketones, the addition rates sometimes differ significantly, depending upon steric and electronic properties




Table2 Carbonyl Addition Reactions of Various Alkyl- and Aryl-titaninm(IV) Nucleophiles®

Carbonyl compound Nucleophile® Solvent Time (h) Temperature ( C) Product Yield (%)°
2,2-Dimethylpropanal MeTi(OPr')3 Et20 1.5 -25 3,3-Dimethyl-2-butanol 60
3-Methylbutanal MeTi(OPr')3 CHCl; 0.5 0 4-Methyl-2-pentanol — (90
Heptanal MeTi(OPr')3 THF 4.0 -50 2-Octanol 97
Benzaldehyde MeTi(OPr')3 THF 40 -50 1-Phenylethanol 92
Benzaldehyde MeTi(OPr'); Et20 0.2 0 1-Phenylethanol 92
4—N1trobenzaldehydc MeTi(OPr')3 THF 4.0 -50 1-(4-Nitrophenyl)ethanol 95
Cinnamaldehyde MeTi(OPr)3 Et0 4.0 ~50 4-Phenyl-3-buten-2-o) 91
Phenylacetaldehyde MeTi(OPr')3 EtO0 20 —40to 0 1-Phenyl-2-propanol 74 (90)
2-Heptanone MeTi(OPr')3 Et20 24.0 +22 2-Methyl-2- Keptanol 47
2-Heptanone MeTi(OPr')3° — 24.0 +22 2-Methyl-2-heptanol 83 (909)
Cyclohexanone MeTi(OPr)sf THF 48.0 r.t. 1-Methylcyclohexanol 79
Acetophenone MeTi(OPr)sf EtO 48.0 L.t 2-Phenyl-2- F panol 9%
(+)-1,3,3-Trimethyl-2-norbornanone MeTi(OPr')38 Isooctane 10.0 +80 1,2,3,3-Tetramethyl-2-norbornanol® 84
a-Tetralone MeTi(OPr')3 Et,O 24.0 r.t. 1 2 3 4- Tetmhydro— 1-methylnaphthol 50
Benzaldehyde EtTi(OPr')s Et0 6.0 -30to +22 1-Phenylpropanol 69 (80)
4-Todobenzaldeh Bu"Ti(OPr')3 EtO 15.0 ~10tor.t. 1-(4-Iodophenyl)pentanol 82
2- Bromobenzaldegyde Bu"Ti(OPr')3 EnO 12.0 -20 —(2—Bromophenylg;emanol 92
4-Cyanobenzaldehyde Bu"Ti(OPr')3 Et20 15.0 -10tor.t. 1-(4-Cyanophenyl)pentanol 97
Acetaldehyde PhTi(OPr'); THF 1.0 -10 1-Phenylethanol 86 (95)
Cyclohexanecarbaldehyde PhTi(OPr)3 THF 1.0 -10 Cyclohcxylphenylmethanol 84 (95)
4-Nitrobenzaldehyde PhTi(OPr')3 Et0 0.5 -15 (4 Nitrophen l)phenylmethanol 94
4-t-Butylcyclohexanone PhTi(OPr)3 EtO 150 r.t. 1-Phenyl-4-t-butylcyclohexanol' 95
Benzaldehyde CNCH,Ti(OPr')3 THF 3.0 -78 to +22 2-Cyano- 1-phenylethanol 81 (95)
Benzaldehyde CNCH,Ti(NEt)3 THF 3.0 -78 t0 +22 2-Cyano-1-phenylethanol 76
Benzaldehyde Me3SiCH2 Ti(OPr')3 THF 48.0 +22 2-Trimethylsilyl-1-phenylethanol 4] (60)
Benzaldehyde ( >7 Ti(OPr'); EtO 16.0 r.t. (1,3-Dithian-2-yl)phenylmethanol —(90)
S
Benzaldehyde PhSO2CH,Ti(OPr')3 THF 3.0 -78to +22 2-Benzensulfonyl-1-phenylethanol 95 (100)
Butanal Me,TiCl, CHCI, 1.0 —40 2-Pentanol —(90)
Cyclohexanecarbaldehyde Me:TiCl, CH2Cl2 1.0 —40 Myclohexylethanol 78 (95)
3-Methylbutanal MeTiCl3 CHCI 0.5 -30 4-Methyl-2-pentanol —(90)
Cyclohexanecarbaldehyde MeTiCl3 CHCl2 0.5 —40 1-Cyclohexylethanol —(90)
Cyclohexanecarbaldehyde Ph,TiCl> CH2Cl> 0.5 -78 Cyclohexylphenylmethanol —(90)

*Adapted from the tables reported in refs. 21, 39 and 42-44. 1:1.2 molar ratio unless otherwise specified. ‘Percentages within parentheses are estimated by 'H NMR. °No 1,4-adduct formed. “In the absence
of solvent, using distilled MeTi(OPr’);. '1:2 molar ratio. #1:10 molar ratio. "One diastereomer only. '1:1 cis:trans mixture.
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Table3 Carbonyl Addition Reactions of Various Alkyl- and Aryl-zirconium(IV) Tri-n-butoxides¥

Carbonyl compound Nucleophile Solvent Time (h) Temperature ( C) Product Yield (%)
2-Methylcyclohexanone MeZr(OBu™)3 CH2Cl 15 ~20 to +20 1,2-DimethylcyclohexanoP 70
3B-Acetoxy-5-androsten-17-one ~ MeZr(OBu™);3 CHCl2 Overnight -20 to +20 17a-Methyl-5-androstene-38, 1 78-diol®© 80
a-Tetralone MeZr(OBu™)3 EtO 24 r.t. 1,2,3,4-Tetrahydro- 1-methylnaphthol 90
4-Phenyl-4-ketobutyric acid MeZr(OBu")3 CH2Ch 15 —20to +20 4-Hydroxy-4-phenylpentanoic acid 72
5-Nitro-2-pentanone MeZr(OBu")3 CHCl, 2 0 2-Methyl-5-nitro-2-pentanol 72
2-Methylcyclohexanone PhZr(OBu")3 CHCl, 15 —20to +20 1-Phenyl-2-methylcyclohexanoF 90
4-t-Butylcyclohexanone Bu"Zr(OBu")3 CHCl, 8 -80to +20 1-n-Butyl-4-t-butylcyclohexanold 78

S

Benzaldehyde < s>_ Zr(OBu");  Tyf Ovemight —80t0 +20 (1,3-Dithian-2-yl)phenylmethanol 85

*Mixture of diastereomers. "After ester hydrolysis. “One diastereomer only. %86:14 cis:frans mixture.
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of the substrate aldehydes as well as the structure of the reagent, including both its nucleophilic moiety
and the ligand system (Table 4).4

Table4 Ligand Influence on the Addition to Benzaldehyde of Various MeTi(OR)s Derivatives in Ether at -50 ‘C

R Time (min) Yield (%)
Propyl 60 20
i- pyyl 60 20
i-Propyl (distilled) 30 98
(R,S)-s-Butyl 30 99
(S)-2-Methylbutyl 5 >95

The reaction of MeTi(OPri); with a 1:1 molar ratio of the isomeric hexanal (37) and 2-ethylbutanal
(38) affords a mixture of the carbinols (39) and (40) in a 92:8 molar ratio (equation 19).46 Another
example of stereocontrol in the chemoselectivity of these reagents is represented by the cross reactions of
the ketone pairs (41) and (42) (equation 20) or (42) and (45) (equation 21).16 It is worthy of note that the

same 1:1 molar mixture of (42) and (45) reacts more or less statistically with MeLi, affording about 50%
of both (44) and (46).16

/\/\/“\ :>_( MeT‘(OP"')a /\/\)\ :>_—< )

@7 (39) 92% (40) 8%
(0]
é + /\)j\/\ - + 20)
“n (42) 43) (44)
MeTi(OPr);  >97% <3%
MeLi 39% 61%
/\)J\/\ M\ /\X/\ ></\/\ @1
42) (45)
MeTi(OPr), (22°C,24d) 15% 85%
MeLi (0 °C, 2 min) 51% 49%

Chemoselectivity is affected by electronic factors as well. Cross experiments show that small changes
in the electrophilic nature of the carbonyl group are responsible for marked differences in the nucleo-
philic reactivity of TilV and Zr'Y reagents (equations 22 and 23).!6 The electronic nature of the nucleo-
philic moiety of the metal reagent also affects the chemoselectivity of the nucleophilic addition. This is
the case for some special titanium(IV) triisopropoxide derivatives [e.g. (53)—(56)] which are selective to-
wards aldehydes and give high addition yields, due to their resonance-stabilized residues acting as nu-

cleophiles.*?
0] o) OH OH
00— 0

“n @n 43) 48)

MeTi(OPri), 94% 6%
MelLi 80% 20%
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OH OH
CHO CHO
OMe OMe
(49) (50) (1) (52)
MeTi(OPr);  13% 87%
MeLi 50% 50%
OTi(OPr') o
N s i 1l ) .
NC~ " Ti(OPr); S. _TiOPr _8§__Ti(OPr)
OEt Me~ 5~ THOPT)s Ph ’
(3) 54 (55) (56)

The picture remains substantially unchanged moving from the trialkoxy system to other ligand sys-
tems. (Alkyl)Ti(NMez)s, in spite of their appealing stability,*” fail to give Grignard-type additions, and
lead only to low-yielding aminoalkylation reactions (Section 1.5.5.2).4248 Alkyl- and aryl-chlorotitanium
derivatives, like MeTiCl3, Me:TiCl, and Ph2TiCl,, characteristically exhibit good reactivity leading to
nucleophilic addition in high yields (Table 2), accompanied by high chemoselectivity.2! MeTiCls, the
parent compound of the series, is a well-known and well-studied chemical. Its coordination complexes
with electron-donor species, like TMEDA, glyme, THF and (-)-sparteine, are also well known.#% As al-
ready mentioned (equation 8), it is easily obtained from MeLi and TiCls in ether and its Et2O complex is
very reactive towards aldehydes, acting at —30 °C, much faster and higher yielding than MeTi(OPri)3 and
having satisfactory chemoselectivity.?’ Recently, an analogous trichlorotitanium derivative (57) has been
prepared from 1,2-diorganometallic species with TiCls.4% The reaction of (§7) with carbonyl compounds
is represented in Scheme 4.

i, Mg i, Mg TiCl
Br- > Br i B CLTi” >3
ii, TiCl, i, TiCl,
t)
HO
)(L HO Ph
5N + _—
Ph on N
Scheme 4

The instability of TilV reagents with branched alkyl groups is due to their tendency to decompose by
B-elimination.’ For this type of compounds the corresponding zirconium reagents are more suitable,
since they do not undergo decomposition. For example, ¢-butylzirconium tributoxide (58b) is readily pre-
pared from z-butyllithium and chlorozirconium tributoxide (58a) (equation 24).3% Alkyl- and aryl-zirco-
nium(IV) tributoxides add to carbonyl compounds (Table 3) in the same fashion as Til¥ derivatives, with
the advantage of low basicity, as is shown by their reactions with enolizable carbonyl compounds (Sec-
tion 1.5.3.1.2).

CIZT(OBun)3 + ButLi — Bu‘Zr(OBu“)3 + LiCl (24)
(58a) (58b)
A mechanistic interpretation of all the above facts would be attractive at this point. Unfortunately, a

comprehensive explanation of the experimental results is not yet available, with the exception of kinetic
studies on cyclic ketones™ and other carbonyls.*!
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1.5.3.1.2 Addition to enolizable carbonyl compounds

2-Phenylcyclopentanone (59) is converted to its methylated diastereomeric derivatives (60) and (61) in
reasonably high yield (>90%) (equation 25), by treatment with Me2Ti(OPri)2.46 When methyllithium is
used, under comparable experimental conditions, only a 55% yield and lower selectivity is achieved.
This can be accounted for by the relatively low basicity of titanium reagents. There is no general rule that
allows one to choose the titanium reagent with the proper balance of nucleophilicity and basicity for a
particular substrate. As an example, B-tetralone is methylated in 90% yield, using a MeLi/TiCls reagent,
versus 60% yield obtained with MeLi alone, due to competing enolization.2

0 %, ,OH HO,
Ph g Ph / Ph 25)
4, H (K H 4, H

59 (60) (61)
MeLi 90% 10%  (<55%)
Me,Ti(OPr), >97% <3%  (>90%)

The above-mentioned requirements of low basicity and fast alkyl transfer are combined in alkylzirco-
nium(IV) species,!64! like tetramethylzirconium which readily methylates enolizable and highly hin-
dered carbonyl compounds such as (62; equation 26). The presence of several alkyl groups on the metal
atom imparts enhanced reactivity to the species due to the absence of w-bond-forming electron-donor

heteroatoms. In fact, tetramethylzirconium can be regarded as a supermethylating agent, evidenced by
the conversion of (65) into (66; equation 27).!!

0]
-20°C
~20°C_ + (26)
OH
62) (63) (64)
Me,Ti 20% 35% (45% SM)
Me,Zr 45% 0% (55% SM)
But Bu!
Bu! Bu! OH
t (o) Me,Zr But
Bu 4 u @
Bu! 0 Bu'
OH
(65) (66)

1.5.3.1.3 Stereocontrol in nucleophilic addition to carbonyl compounds

An attempt to prepare (+)-cuparene (68), although unsuccessful, illustrates diastereoselectivity of TilV
reagents.'6 Treatment of (67) with Me2TiClz (Scheme 5) does not give the desired dimethylated product,
but rather produces the diastereomeric tertiary alcohols (69) and (70) in a 95:5 molar ratio. The dia-
stereoselectivity, characteristic of Zr'Y reagents as well, is influenced by both the electronic nature and
the steric hindrance of the metal ligands. Three different types of stereoselection are as follows: (i) dia-
stereofacial selection involving carbonyl substrates bearing a chiral a-carbon atom; (ii) equatorial ver-
sus axial selection occurring with six-membered cyclic ketones; and (iii) simple diastereoselectivity that
is encountered in the reaction of prochiral crotyltitanium(IV) derivatives with prochiral carbonyl com-
pounds. This type of selectivity will be considered in Section 1.5.3.3.



Organotitanium and Organozirconium Reagents 151

%’ ",
Me,TiCl, (68)
HO,,’
0 + (7
(69) 95% (70) 5%
(67)
MelLi

(69) 34% (70) 66%

Scheme §

(i) Diastereofacial selection

Cram’s experiments using 2-phenylpropanal with various traditional organometallic reagents have ai-
ready been mentioned.!%20 The same substrate was also subjected to several Ti!V and Zr'V complexes
(equation 28),2! the results of which are summarized in Table 5. 2-Phenylbutanal, when treated with
MeTi(OPr); in Et0, affords preferentially the ‘Cram’ product (87:13).5% ZrV derivatives, like
MeZr(OPr)s, follow the same tendency aithough in some cases the results are somewhat less appeal-

ing.4!
W P 5, O », ~ OH
% —_— % fo % {wR
Ph H Phh R Phh H
() (72)
'Cram’ product ‘anti-Cram' product

Table § Diastereoselective Addition of Ti'V and Zr'Y Complexes to 2-Phenylpropanal (equation 28)

Reagent (71):(72) Ref.
MeTi(OPr)3 87:13 21
MeTiCls 81:19 21
MeTi(OPh)3 93:7 16
MeLi/TiCL/Et20 90:10 11
thTiCl:{ 80:20 11
Bu“Ti(OPr‘)_a 89:11 41
(Allyl)Ti(OPx‘)a 68:32 53
[(Allyl)Ti(OPl‘).s]" MgCI* 75:25 11
MeZr(OPr')3 90:10 41

TiY complexes have been extensively used for the stereoselective introduction of side chains in steroi-
dal molecules, e.g. pregnenolone acetate’3* and the steroidal!! C-22 aldehyde (73; equation 29). In these
cases satisfactory results are only obtained by using Ti!V reagents, like methyl, d3-methyl and allyl deriv-
atives, due to the strong steric hindrance that affects the position to be attacked. 1,3-Anti dia-
stereoselection in the addition of alkyltitanium reagents to chirally B-substituted aldehydes having a
dithioacetal group at the a-position (75) was also observed (equation 30).5%
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H

",

H,
H “

MeTi(OPri)z + 29

73) (74a) 99% (74b) 1%

e+

g
|

(@]
X

Ph (o] MeTiCl,(OPr) Ph

w
w

(30)

C
C

(75) anti:syn =99:1

(ii) Equatorial versus axial selection

Nucleophilic additions to 4-t-butylcyclohexanone (76; equation 31), by various MeTi¥ and MeZr!V re-
agents (Table 6), are reported to afford mixtures of (77) and its C-1 epimer (78) with the equatorial
methyl bearing isomer (77) always predominating. MeTi(OPri); has been used successfully in the steroid
field, as in the case of cholestan-3-one33 or as in the case of androstane-3,17-dione (79; equation 32)!!
which undergoes regio- and diastereo-selective methyl addition. MeTiCl; is also reported to react with
C-2- and C-3-substituted cyclohexanones, leading to significant excesses of the equatorial methyl bear-
ing epimers (88:12 in the case of 3-methylcyclohexanone), whereas MeMgI furnishes random mixtures
of both epimers.?’

MeTiX
o or 3 OH
+ 31
But\% Mezrx3 Bu‘\ﬁ\ But OH
(76) an (78)

Table 6 Equatorial versus Axial Addition of MeTi" and MeZr'Y Reagents to 4-t-Butylcyclohexanone

(equation 31)
Reagent Solvent Temperature ( C) Equatorial:axial Ref.
(77):(78)
MeTi(OPr)s CHCl +22 82:18 16
MeTi(OPr')3 EtO +22 86:14 16
MeTi(OPr)3 Et,0 0 89:11 16
MeTi(OPr')3 n-Hexane -15t0+22 94:6 53
Me;TiClz CH2CI2 -78 82:18 21
MeZr(OBu")3 + LiCl EtO +22 80:20 39
fo} [0}
MeTi(OPF
eTi( )4 32)
HO
(o)
9 (80)

a-alcohol:B-alcohol = 85:15
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Mechanistic interpretations of diastereoselectivity, based on the Cram’s open chain model as well as
more recent models, have been reported.54.55

15.3.1.4 Addition to chiral alkoxycarbonyl compounds

Chiral a-, B- or y-alkoxycarbonyl compounds are alkylated by TilY and ZrlY reagents with high facial
stereoselectivity. This is due to chelation by the metal atom which creates a bridge between the oxygen
atoms belonging to the carbonyl function and the alkoxy group, respectively. The resulting cyclic inter-
mediate is then attacked by the nucleophilic moiety of the reagent, preferentially from one side, leading
to an excess of one of the potential diastereomeric products. This phenomenon has been observed with
other organometallic reagents, though only asymmetric 1,2-induction is known for compounds like
RMgX, RLi, R2CuLi efc.,20557 whereas Til and Zr'V reagents are capable of 1,3- and even 1,4-induc-
tion.’8 Furthermore, given that chelation is governed by the Lewis acidity of the metal atom, the chelat-
ing properties of the organometallic complexes can be tuned by varying the metal ligand system. The
electron-withdrawing halogen ligands increase the acidity and enhance the chelation power. In the
presence of electron-donor ligands, like alkoxy and N,N-dialkylamino groups, chelation will depend es-
sentially on the nature of the substrates. For example, alkoxy ketones will undergo appreciable chelation,
whereas weaker Lewis bases like alkoxy aldehydes will not be chelated, a fact that can be exploited to
perform reverse stereochemical control. Examples of asymmetric 1,2- and 1,3-induction are provided by
the reactions of the chiral alkoxy aldehydes (81) and (82), with MeTiCl3 as shown in Scheme 6.5-6! The
induction is consistently over 90%.

Ph _ D Ph Ph
\__o o MeTiCl, H 0 Lllle al \__o OH . \__o OH
iy ™ ‘/
\""H 78 °C W J: ‘.'1;1\ ‘\\\‘H H uu‘Hum
H H " Yo qcdl H H H
(81) 92% 8%
H Mecl Ph Ph
0 MeTiCl, 7N\ 1|_i/ k k
W 78 °C Yo'l al Q oW * O OH
~ ) A
Ph
(82) 90% 10%
Scheme 6

Less acidic than Ti'V and Zr'Y chloroderivatives, MeTi(OPri); performs chelation-controlled addition
to chiral alkoxy ketones® as well as or better than organomagnesium compounds,*!-*8 but fails to chelate
to aldehydes or hindered ketones. Should the formation of a cyclic chelation intermediate be forbidden,
the reaction is subject to nonchelation control, according to the Felkin—Anh*! (or Cornforth)52 model.
Under these circumstances, the ratio of the diastereomeric products is inverted in favor of the ‘anti-
Cram’ product(s). In the case of benzil (83; Scheme 7) this can be accounted for by the unlikely forma-
tion of a cyclic intermediate such as (85), and thus the preferential intermediacy of the open chain
intermediate (86) that leads to the threo compound (88).4! This view is substantiated by the fact that re-
placement of titanium with zirconium, which is characterized by longer M—O bonds, restores the possi-
bility of having a cyclic intermediate and, as a consequence, leads to the erythro (meso) compound (87)
thus paralleling the action of Mg and Li complexes.

Nonchelation-controlled addition reactions can be very useful in organic synthesis. 8596364 Apn
example drawn from carbohydrate chemistry is particularly significant in this regard (Scheme 8).!! Due
to chelation, the aldehyde (89) reacts with MeMgBr to give a mixture of the diastereomeric alcohols (91)
and (92) in 88:12 molar ratio, whereas, in the reaction with MeTi(OPri)s under nonchelation control, only
the Felkin—Anh product (92) is observed. 2,3-O-Isopropylidene-p-glyceraldehyde (93; equation 33) is
also reported to react under nonchelation-controlled conditions with several RTi(OPr); reagents.’
Oddly, PhTi(OPri); favors the formation of the syn product, a unique result that is difficult to rationalize.
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\ /7
oQ P9 MeTi(OPr), J—
Y4 § o
Ph Ph Ph‘H
Ph
(83) (84)
HO OH HO OH MeTi(OPr),
Ph"m Vte1y, + Ph\\n\ ey Ph
Ph
(88) >98% 87) 2%
Scheme 7
Me z
H ! He
MeV
OHC o
OR
(o)
o)< MeTi(OPr),
(89) R = CH,Ph \ O <1% + (92)>99%
Scheme 8
0><0 RTi(OPr), o><o
\_&4 o) \_g’, R
H H™ "on

93) (94)

R =Me 75%

R =Bu" 90%

R = Allyl 71%

R=Ph 9%

@85

I

TI O m
- io—QD’\
N

(86)

OH HO
o
OR +

X

(91) 88%

95)

25%
10%
29%
91%

s

92) 12%

(33)

Very few examples of asymmetric 1,4-induction are reported in connection with the addition of acidic
TilV complexes to chiral y-alkoxycarbonyl compounds. According to the Cram model, the chelation is
expected to afford a flexible seven-membered ring intermediate, resulting in less efficient induction
(equation 34).%° An early example of asymmetric 1,4-induction is provided by the reaction of o-phthalal-
dehyde (96; equation 35)*! with 2 equiv. of MeTi(OPri)s which affords an 83:17 molar mixture of
racemic-(97) and meso-(98), whereas the analogous reaction with MeMgI leads to a 1:1 mixture of the

above diastereomers.

The intrinsic difficulty in preparing various titanium derivatives with the desired alkyl group may be
overcome by using reagent systems consisting of TiCl4 as the chelating agent, and a suitable nucleophile
like dialkylzinc, allylsilanes, allylstannanes, etc.’® The utilization of other nucleophiles, like silyl enol

ethers will be covered in Part 1 of Volume 2.
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Ph Ph Ph
k i, TiCl, k k
(o} o (o}
H )\/\f - H +  H. )\/Y (34)
" (o) ii, Me,Zn )\/\/ "
H OH OH
85% 15%

(35)

@[CHO 2MeTi(OPr),
CHO

(96) (97) 83% 98) 17%

1.5.3.1.5 Addition to a,B-unsaturated carbonyl compounds

a,B-Unsaturated carbonyl compounds undergo 1,2-addition by MeTi(OPri)3.16:4243 A rare case of con-
jugate addition is reported in the reaction of (99; equation 36) with Ti(CH2Ph)4.55

+ KCHa D)4 Ph +
Ph H Ph H

(99) 13% 87%

TilY reagents are chemoselective and usually react with c,B-unsaturated carbonyls faster than with
their saturated analogs, as is shown by several cross experiments (equation 37).!! An exception to this
generality was observed in the case of cyclohex-2-enone versus cyclohexanone,! the latter being much
more reactive (equation 22, Section 1.5.3.1.1).

0 O MeTi(OPY), OH OH
Ph/\)LH . ph/\)LH Ph/\><ﬂ ¥ Ph/\><H én

(99) 18% 22%

1.53.2 Vinylzirconium Reagents: Addition to a,B-Unsaturated Ketones

Vinylzirconium(IV) complexes, unlike their Ti'V analogs (Section 1.5.2.2), are rather stable and can be
conveniently used to perform conjugate addition to a,B8-unsaturated ketones, sometimes in preference to
the more popular alkenylcopper(I) reagents.% Vinylzirconium(IV) complexes, as such, are not very reac-
tive and need catalytic amounts of Ni(acac): (Scheme 9).7:68 The reaction has been exploited in a prosta-

R2
== Rp2 Cp,ZrCIH R!
R ==—R + P2 = %I'sz
H Cl
(20
R3 i, Ni(acac), o] H
@ 4 )\(o R‘WRI
Ré ii, Hy0* R R

Scheme 9
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glandin synthesis.®® A mechanistic investigation of the addition reaction of vinylzirconium(IV) com-
plexes to carbonyls has been reported.®

1.5.3.3 Allylic Titanium and Zirconium Reagents

As the general reactivity of allylic metal derivatives will receive proper attention in Part 1 of Volume
2, only those aspects which are very peculiar of allylic TilY and Zr!V reagents in organic synthesis will be
covered in this section. From a general point of view, the allylic metal derivatives turn out to be fairly
more reactive than their alkyl analogs and, as a consequence, show a diminished selectivity. As a matter
of fact, (allyl)Tl(OPr')3 reacts with a 1:1 molar mixture of heptanal and heptan-2-one (equation 38), lead-
ing to the isomeric homoallylic alcohols (100) and (101) in 86:14 ratio,> as well as with a 1:1 molar
mixture of benzaldehyde and acetophenone giving (102) and (103) in 84:16 ratio, (equation 39),!! where-

as ketones remain substantially untouched when alkyltitanium reagents are used likewise in cross re-
actions (Section 1.5.3.1.1).

/\/\/YO (o} A~ TiOPr);
¥ )J\/\/\

H
AN
OH
(100) 86% (101) 14%
o) o) ~~ Ti(OPr); /E\ Ph OH
+ + 39
Ph)LH Ph/k A KXo
(102) 84% (103) 16%

A few examples of chemoselective additions of allyltitanium reagents to aliphatic and aromatic carbo-
nyl compounds are reported in Table 7. Appreciable chemoselectivity toward the aldehydic function is
achieved by the titanium ate complex (23), whereas the reverse chemoselectivity toward ketones is real-
ized using aminotitanium complex (104) and the analogous ate complexes (24) and (25), as is shown in
Table 7. This is very interesting since it represents a rare case of chemoselectivity in favor of carbanion
addition to ketones. A tentative explanation of this inverse chemoselection considers a fast transfer of the
aminyl ligand onto the aldehyde function which becomes ‘protected’, as in (105), and thus unreactive in
respect to the keto group.3S Ketones react also selectively compared with esters, as is shown by the re-
action of ethyl levulinate (1) with the ate complex (23; equation 40).35

Table 7 Chemoselective Addition of Allyltitanium Reagents to Equimolar Mixtures of Heptanal/Heptan-2-one
(equation 38) and Benzaldehyde/Acetophenone (equation 39)*

Reagent (100):(101) (102):(103)
DTi(OPd 86:14 84:16
[(Allyl)’ly()011‘2‘?4]')1%/!50+ 23 98:2 98:2
1yl)T1 (NMez2)s (104) 13:87 50:50
[(Allyl) iNMes]™ M l"' 24) 4:.96 <1:99
[(AllyDTi(NMez)a]~ Li 25) 2:98 9:91

*Adapted from the tables reported in refs. 11, 16 and 35. "Prepared in situ.

As far as the stereoselectivity of the addition is concerned, allyltitanium reagents, unlike their alkyl
analogs (Section 1.5.3.1.3), give preferentially axial addition to 4-t-butyicyclohexanone. The selectivity
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A~ TiNMey);
o~ TiNMey), o) *MgCl
R NMEZ
(104) (105)

0 HO
90%
+ S riordr Mecrt /\)</\ (40)
A~cog HOPr), MeC 7~ COZE!
@ 23)

is rather low and can be improved by using tris(dialkylamino) ligands.’*® An example of diastereofacial
selectivity of allyl derivatives is offered by tetraallylzirconium in the addition of chiral B-alkoxycarbonyl
compounds;% 3-hydroxybutanal (106) reacts with tetraallylzirconium (Scheme 10) under chelation con-
trol conditions (asymmetric 1,3-induction) affording the epimeric diols (107) and (108) in 19:81 ratio.
The chemistry of crotyl-TilV and -ZrTY derivatives is definitely more interesting due to their addition re-
actions which turn out to be sharply chemoselective, regioselective (since they attack the carbonyl sub-
strate by their more substituted sp?-carbon atom), and diastereoselective.

o ZhN),

ozr,
THF, -78 ° O .0~ 2Zxr
(106)

HO OH HO OH

(107) 19% (108) 81%
Scheme 10

Chemoselectivity of these reagents, tested in cross experiments (equations 41 and 42), parallels the one
already discussed for the allyl derivatives,!63

2 ENPNPNP

H
OH HO
\/\/\/H/\ + \/\/\)ﬂ/\ @1)
98% 2%

(Crotyl)Ti(OPri), MgCI*
(Crotyl)Ti(NMe,), MgCl™ <2% 98%
H__O o
HO_ _Ph OH,
+ S + @2)
F P
(Croty))Ti(OPri), MgCIt 9% 1%

(Croty)Ti(NMey),” MgClt 2% 98%



158 Nonstabilized Carbanion Equivalents

Diastereoselectivity is instead extremely important, giving rise to configurationally pure branched ho-
moallylic alcohols. The stereochemistry of the products, which can have threo or erythro configurations,
is dependent on the (E)- or (Z)-geometry of the starting crotyl metal reagent.!! Examples of (Z)-crotylti-
tanium(IV) derivatives are not known and only 'H NMR evidences allow such reagents to be assigned,
not unambiguously, (E)-configuration.!! The addition of several crotyl-Ti!V and -Zr!V derivatives to vari-
ous aldehydes and ketones (equation 43) leads invariably to a mixture of threo (anti) (109) and erythro
(syn) (110) homoallylic alcohols (Table 8; cf. also Table 9). In spite of an influence of the metal ligand
system on the diastereoselectivity of the addition (Table 8), the threo product appears to be always pre-
dominant regardless of the Til¥ reagent used. In this context, no general rule can be put forward about
the choice of the suitable ligand system, although the ate complex (30) seems to be the most selective in
the addition to aromatic aldehydes, whereas the crotyltriamide complex (28) should be preferred when

aliphatic aldehydes are considered. The triphenoxy ligand system is also interesting, as is shown by some
entries in Table 8.

® L B
>=0 + /\/\Tix R! > + R! ‘ 43)

R!

threo-(109) erythro-(110)

R =or# H; R! = alkyl or aryl; X = (NEty)s, (OPr');, (OPh);, (OPr');MgCl, (OBu);,, o>
3

Table 8 Diastereoselective Addition of Various Crotyltitanium(IV) Reagents to Carbonyl Compounds

(equation 43)®

Carbonyl compound Reagent threo:erythro
Benzaldehyde (Croty)Ti(NEt2)3 (28) 69:31
Hexan (Croty)Ti(NEt2)3 (28) 82:18
Acetaldehyde (CrotyD)Ti(NEtp)3 (28) 67:33

3-Methylbutan-2-one (CrotyDTi(NEt)3 (28) 97:3
Heptan-2-one (CrotyDTi(NEt2)3 (28) 72:28
3,3-Dimethylbutan-2-one (Croty) Ti(NE®)3 (28) 99:1

Acetophenone (Croty]) Ti(NEt)3 (28) 85:15
Benzaldehyde (CrotyDTi(OPr')3 (29) 80:20
Hexan: (Crotyl)Ti(OPr)3 (29) 75:25
3-Methylbutan-2-one (CrotyDTi(OPr)3 (29) 88:12
Heptan-2-one (CrotyDTi(OPr')3 (29) 67:33
Benzaldehyde [(CrotyD)Ti(OPr)3]~ MgCl* (30) 84:16
Hexan [(CrotyDTi(OPr)3]~ MgCl1* (30) 71:29
3-Methylbutan-2-one [(CrotyDTi(OPr)3]~ MgClI* (30) 78:22
Heptan-2-one [(CrotyDTi(OPr)3]~ MgCl* (30) 56:44
Benzaldehyde (Croty)Ti(OPh 85:15
3,4-Dihydro-1(2H)-naphthalenone (Crotyl)Ti(OPh)3 65:35
Octan-2-one (Crotyl)Ti(OPh)3 70:30

*Adapted from the tables reported in refs. 11, 16, 53, 70 and 71.

Addition to ketones represents the real field of broad application of crotyltitanium(IV) reagents.5* 3-
Methylbutan-2-one, by reaction with (28), gives a mixture of its threo and erythro addition products in a
97:3 molar ratio (>95% conversion), other ketones as reported in Table 8 also lead to their addition pro-
ducts in threo:erythro molar ratios which are of synthetic relevance. The simple aliphatic ketones react
satisfactorily with (28). The use of (crotyl)Ti(OPh); in this case does not give significant advantages,
considering both diastereoselectivity of addition and availability of the reagent relative to (28), (29) and
(30).”! The enormous potential of these reagents can be fully understood considering that the correspond-
ing Grignard reagents show no selectivity in the addition, and allylboranes either react very slowly or do
not react at all with ketones.!”? Several mechanistic interpretations are also available, accounting for
chemo- and diastereo-selectivity of crotyltitanium(IV) reagents.!!538.74

Crotyl-titanocene and -zirconocene complexes, like bis(cyclopentadienyl)-Ti'V and -ZrAV derivatives
(111a—d) react (equation 44) with aidehydes (Table 9) with pronounced threo diastereoselectivity
(>90:<10 threo:erythro (112):(113) for Ti!V reagents®” and approximately 80:20 for their Zr™V analogs).3
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Less electronegative the halogen atom in (111a—c), higher the stereoselectivity of the addition.!”?? Addi-
tion reactions of these reagents to ketones are not reported. The enhanced diastereoselectivity of tita-
nocene-like crotyl derivatives may be ascribed to the strong electron-donating nature of the
cyclopentadienyl residues which reduces the Lewis acidity of the complex and, hence, its reactivity.

0 OH l C:)H l
0°c .
R—( + /\/\MCpZX R : + R ; (44
111) a:X=ClL,M=Ti (112) (113)
b:X=Br,M=Ti
¢cX=ILM=Ti
d:X=Cl,M=2Zr

Table9 Diasteroselective Addition of Crotyl-titanocene and -zirconocene Derivatives to Aldehydes (equation 44)*

Aldehyde Reagent threo:erythro Yield (%)
Benzaldehyde (CrotyD)TiCp2Cl 60:40 96
Benzaldehyde (Croty)TiCp2Br 100:0 92
Benzaldehyde (Crotyl)ZrCp2Cl 81:19 90
Benzaldehyde (Crotyl)ZrCp2Cl + BF3-OEt2 4:96 98

Propana (Croty)TiCp2Cl 66:34 92

Propanal (Croty)TiCp2Br 96:4 92

Propanal (Crotyl)ZrCp>Cl 86:14 88

2-Methylpropanal (Croty)TiCp2Br 99:1 87
2-Methylpropanal (Croty)TiCp2Br + BF3.OEt; 9:91 75
2-Methylpropanal (Croty)ZrCp2Cl 88:12 90

*Adapted from the tables reported in refs. 36, 37 and 72.

Reverse diastereoselectivity is also reported, as achieved by reaction of crotyl-Ti'¥ and -Zr™V com-
plexes with aldehydes in the presence of BF3-OEt; (Table 9).7%75

An interesting class of Tilll.containing allylic reagents is represented by (n*-CsHs)2Ti(n?3-allyl) com-
pounds (trihaptotitanium compounds), like (114), that are readily prepared from (m3-CsHs),TiClz (32) by
action of allylic Grignard reagents’® or, alternatively, alkyl Grignard species and dialkenes (equation
45).77 When acetone is added to a purple ethereal solution of trihaptotitanium complex (115) under argon
atmosphere,® a reaction takes place spontaneously at room temperature (the reaction medium becomes
dark brown) and 2,3-dimethyl-4-penten-2-ol (116) is formed in 90% yield (Scheme 11). Benzaldehyde,
under the same conditions, affords 1-phenyl-2-methyl-3-buten-1-ol in excellent yield.?® A further advant-
age is the possibility of recovering the starting material (32), in the end, by simple air oxidation of the
acidified reaction mixture (Scheme 11).8 Due to their pronounced air sensitivity, these m-allyltita-
nium(III) complexes are most commonly prepared in situ.>® The experiments reported in Table 10 show
unambiguously the chemo- and regio-selective nature of their addition reactions.?® In fact, other func-
tions (e.g. halogens, double bonds, carboxylic acid esters) are fully tolerated; furthermore, the attack of
the allyl residue occurs at the more substituted y-carbon atom, with no exceptions. Stereoselectivity is
also a relevant feature of a reaction which affords an excess of the threo isomer.

@ /Cl 2(ally])MgBr or @
Ti —
@ N al dialkene, 2PrMgBr @

(32) (114)

(45)

Cyclic allyl residues enable the synthesis of cycloalkenes having a 1-hydroxyalkyl side chain.”® Cyclic
Ti complexes, like (118) and (119) are readily obtained (Scheme 12) by treatment of (1°-CsHs)TiCl
(117) with i-butylmagnesium chloride and cyclohexadiene or cyclopentadiene respectively, in THF at
—40 °C for 10 min.”¢7® Such complexes are quite unstable and can be prepared only in situ. Propanal
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\ HCI o
PN Cp,TiO o M

(116)
szTiClz + 1/2 Hzo

Cp,TiCl 4+ HCl 4+ 1/40,

32)
Scheme 11

Table 10 Addition of Various Allyltitanium(III) Complexes (RTiCp;) to Carbonyl Compounds

Carbonyl compound R Product Yield (%)
Acetone 1-Methylally ]b 2,3-Dimethyl-4-penten-2-01 88 (92)*
Methyl vinyl ketone -Meth lally lb 3 4—D1methyl lS-hexadlen-3-ol° 91
Benzaldehyde -Meth ylallyl 2-Methyl-1- henyl-3-buten-1-014 93
Chloroacetone 1,2- Dlmethylallylb 2,3,4-Trimethyl-1-chloro-4-penten-2-ol 95
Lo S v (AP DRSS %
vulinic acid methyl ester ime y! -Methyl-y e -y-butyrolactone
Acetone Y -EthylaX al} 2-Methyl-3-ethy)l'-4-genten-2-ol 83 (86)2

*If isolated Ti™ complex is utilized. "Prepared from (32), proper diene and PrMgBr. “65:35 mixture of threo.erythro diastereomers.
%95:5 mixture of threo:erythro diastereomers. *90:10 mixture of threo:erythro diastereomers. ‘Prepared from (32) and
1-ethylallylmagnesium bromide; m.p. 90.5-91.0 °C.

reacts with (119) stereoselectivity,’® affording exclusively the erythro compound (120) in 86% yield
(Scheme 13); benzaldehyde also shows excellent stereoselection,’® in spite of a somewhat lower reaction
yield (Scheme 13). m3-Cyclohexenyltitanium derivative (118) reacts likewise (equation 46), although
showing diminished stereoselectivity.”® A mechanistic interpretation of the stereochemical course of

such addition reactions is also available.”
cyclohexadiene O
2

TiCp,
BuiMgCl BuiMgCl
Cp,TiCl, uMC Cp,Ticl  _DuMECl | (118)
32) a7 cyclopentadiene i_/Tisz
(119)
Scheme 12
OH 2 2 OH
" Et)LH Ph)LH H s
@L\/ 86% ooy TICP, 79% @L\Ph
(120) 119) 121
Scheme 13

Modified m?-titanium compounds have been prepared from exocyclic dienes.”® The compound (123, n
= 3) is an example: it is prepared (equation 47) by addition of Bu'MgCl to a solution of 1-vinylcyclopen-
tene (122, n = 3) and (n’-CsHs)2TiCl. Its reaction with propanal takes place regiospecifically at the carb-
on atom belonging to the cycle, in 86% yield, affording the sole erythro compound (124, n = 3) (equation



Organotitanium and Organozirconium Reagents 161

0 ' C_)H - OH
@ . — ) + 46)
TiCp, Et H
(118) erythro 80% threo 20%

47), having (Z)-configuration of the double bond. The regioselectivity of the attack, however, is a func-
tion of the ring dimension and the following order is reported: 90% (n = 5), 75% (n = 6), 66% (n = 10).7®

o)
Cp,TiCl o Py u g
Z  BuMgCl 8%  (CHp,
x
122) (123) (124)

1.5.3.4 Heterosubstituted Allylic Titanium Reagents

Tiv reagents bearing heteroatom-substituted allyl residues are conveniently used in analogy with their
nonsubstituted analogs to prepare homoallylic alcohols with sulfur,30-82 silicon,3083-85 phosphorus,36.87
and other B-substituents. These groups can be subsequently exploited to introduce further functions. As
the topic will be extensively covered in Part 1 of Volume 2, only a few salient aspects of chemo-, regio-
and diastereo-selectivity of such reagents will be considered in this section.

Titanated silyl derivatives, like (125), are among the most interesting of these compounds. They react
with carbonyl compounds®® by addition at the y-carbon atom and with excellent threo dia-
stereoselectivity (equation 48). The reaction of (125) with acetophenone affords a 91:9 molar mixture of
the corresponding threo and erythro products (equation 48).35 Peterson alkenation3583 takes advantage of
the availability of such products in a stereospecific diene synthesis. Examples of applications of these re-
agents in the synthesis of natural products are also reported.’% The regiochemistry of the addition is
often influenced by the shape and number of substituents on the allyl moiety of the reagent, as is reported
for the titanated sulfur-containing compounds (126) which, depending upon the nature of the various
substituents, perform either a.- or y-attack onto carbonyl compounds (equation 49).8182 In Table 11, this

substituent effect is illustrated with cyclohexanecarbaldehyde.8!:82
TN
48)

MesSi~ " TioPr),~ Li*

Y

iMes SlMe3
(125) threo erythro
R =Ph,n-C¢Hy3, Pr; R' =H >99% <1%
R=Ph;R! =Me 91% 9%
(PrO);Ti R SPh
&L N C6Hu + J\Pg(csﬂn “9)
R? HO H R? HO H
(126) 127) (128)

Phosphorus-containing allyltitanium(IV) complexes, like (129), have been studied as well.%:87 The
synthetic importance of their addition products to aldehydes lies on their ready deoxygenation to afford
dienes stereospecifically (equation 50).
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Table 11 Influence of Substituents on the Addition of Titanated Sulfur-containing Compounds (126) to
Cyclohexancarbaldehyde (equation 49)

R! R? R? R (127):(128)
H H H H 99:1
Me H H H 99:1

H Me H H 96:4

H H Me H 2:98
Me H Me H 854

H H Me Me <1:99

o TiLn Mel, 0°C
i, Mel,0° —
Phop” N TiOPE)LE + J — /\_/LR =/——\R (50)
R H H ii, heating to r.t.
129) H g 8
PPh, (2

Metalated N, N-diisopropyl 2-alkenyl carbamates (130) are reported to be successfully utilized to pre-
pare, with high y-regioselectively (equation 51), 4-hydroxyalkenyl carbamates like (131), which are use-
ful intermediates in the synthesis of substituted 4-butanolides."

R! R! o

1
Ho, RS R
R2 L i, Bu"Li Rzﬁ/\('ry-ﬁ R4 )L RS R4 /"Q(S/ H
- &)

Y‘" ii, CITi(OPr), R} O\f? R® R OYO

NPri, NPr, NPr,

(130) 131

1.53.5 Dienyl Titanium and Zirconium Reagents

Zirconocene complexes with conjugated dienes can be described in terms of an equilibrium between
the s-trans-diene zirconocene (132) and cyclopentadienyl zirconacyclopentene (133) forms (equation
52).92-94 They are readily prepared either from zirconocene dichloride,* or diphenyl zirconocene® in
the presence of conjugated dienes. The equilibrium mixture contains (132) and (133) in approximately
45:55 molar ratio (at 25°C),%% the former being the most reactive.’* Addition of the reagent (132 <
133) to carbonyl compounds (134a-f) (Scheme 14) affords oxazirconacycloheptenes (135a-f), which
can be hydrolyzed to give alcohol mixtures (136a~f) and (137a-f).%°

N\
cpze”” [ ZCp, (52)
NN
(132) 133)

Like allylzirconocene derivatives, conjugated diene zirconocene complexes are highly reactive to-
wards various polar and nonpolar systems, and are characterized by remarkable regioselectivity. For
example, isoprene zirconocene (138) reacts (Scheme 15) with various systems regioselectively at the
sterically more congested C-1 position of isoprene.!00-192 Despite the steric congestion of this reaction
site regioselectivity is higher than 95% in reactions with saturated or unsaturated aldehydes as well as
with ketones, carboxylic acid esters and nitriles.>* Furthermore, the yields of such reactions are, without
exception, higher than 90%. The highly selective 1,2-addition of diene zirconocene complexes to a,f3-
unsaturated ketones and esters may be accounted for by the high ionic character of the C—Zr bond and
the oxophilic nature of zirconium, in addition to the rigid tetrahedral geometry of the complexes.** Anal-
ogously, RTiClz and alkyllanthanoids are also able to promote selective 1,2-addition to enones.103.104
Other diene metal complexes of titanium and hafnium are known to give regioselective addition to
enones, although their reactivity toward such substrates is considerably lower than that of their ZrTV
analogs.
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CpZZr/
AN\
o . OH
(132) LR — 2
R R? ) RO R
0O e
‘ l 139 ) (136)
\ ZrCp, - OH
||||||||Z!Cp Rl R2
f 2 139 137
133
a:R! = Me, R2=Ph
b:R!=R%=Me
¢: Rl—R? =— CH,(CH;)yCH, —
d:R'=R?=Ph
eR'=Pi R?=H
f:R! = Bu',R?= Me
Scheme 14
~ R
R!” "OH
v (138) iii
R iv P R

i, CH,=CHCO,R!, H; ii, RRCO; iii, RR!CO, H*; iv, RCOR! or RCN, H,O/H™; v, CH,=CHCOR, H*
Scheme 15

Reverse regioselectivity is observed when isoprene zirconocene is treated with carbonyl compounds
under photochemical conditions, at 70 °C where the thermally induced addition is totally suppressed.'95
As a case in point, 3,3-dimethylbutan-2-one (139; Scheme 16) upon reaction with the zirconocene com-
plex of isoprene in benzene at 60 °C for 2 h affords (140a), whereas irradiation of the reaction mixture at
low temperature in toluene leads to (140b). Mixtures of (140a) and (140b) are obtained by irradiation of
isolated (138) and ketone (139) at higher temperatures. As the reaction temperature is lowered, an in-
creasing amount of (140b) is formed. Therefore, it is reasoned that the zirconocene complex reacts in the
cis form (138), under thermal conditions, and in the trans form under photochemical conditions.

Zirconocene complexes (with s-cis geometry) of isoprene, 2,3-dimethylbutadiene, and 3-methyl-1,3-
pentadiene are reported to give exclusively 1:1 addition with carbonyl substrates even if these are used in
excess and the reaction temperature is fairly high (ca. 100°C).1% On the contrary, zirconocene complexes
of s-cis-butadiene, 1,3-pentadiene, and 2,4-hexadiene (ca. 1:1 mixture of the s-cis and s-frans isomers)
easily accept (equation 53) 2 equiv. of either butanal or 3-pentanone, at low temperature (ca. 30 °C) in
high yields (95%).%41% This can be exploited for the stepwise insertion of two different electrophiles
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(138)
A hv

Rl Rz Rl R2

9 9
(140a) (140b)

H* H*
Rl R?
= OH Rl “R2
R! R2 R! R2

R! =Me, R? = Bu!
Scheme 16

(e.g. isobutanal/pentan-3-one, ethyl acetate/isobutanal, pentan-3-one/acetonitrile) allowing for the prep-
aration of variously substituted diols (Scheme 17).% The technique consists of the addition of the first
carbonyl compound at 0 °C in hexane, followed by addition of the second electrophile at 60 'C in THF.

Attemnpts to invert the order of addition within the pairs of electrophiles tested (e.g. isobutanal/ethy] ace-
tate) are often unsuccessful. %

\ o \ R3 R4
R R ,
2 s/u\ 4 0\ R. R4 R
R¥“R H*
quluqusz / /ZTCPZ HO XN OH (53)
. (0] R2 R3 R4
R
Rl R3 R*

(133) (E)-(141) R'=or=R?=H, Me
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o} RL R R! o
Rl )L RZ R2 N
@ZGCz 0\ S —— ZrCp,
\ ZGCz
(133) V4
(0]
R? A R?
Rl R2 Rl
(o)
Ri_R? o ? R zcep,
HOX/\/>< j 7 /ZGC2 o
R R
° 7 R4 /U\ R3
R4
R3
(E)-(142)
Scheme 17

1.5.3.6 Propargylic Titanium Reagents

In organic synthesis, propargyltitanium(IV) complexes are unique among the organometallic reagents
in that they perform efficient addition of either alkynic or allenic residues to carbonyl compounds. '

Since this topic will be covered extensively in Part 1 Volume 2, only the main references concerning
their preparation and their more significant synthetic applications are recalled at this point.!0:1% Hetero-
substituted propargyltitanium(IV) reagents are also very useful in the synthesis of natural products.!10

154 CHIRALLY MODIFIED TITANIUM REAGENTS: ENANTIOSELECTIVE ADDITION

Different strategies have been pursued to achieve enantioselection in the addition of specially designed
chiral Ti!V reagents to carbonyl compounds. They are essentially based on the use of: (i) organotitanium
derivatives having chiral ligands; (ii) complexes having asymmetrically substituted chiral Ti'V atoms;
and (iii) RTiXs-like reagents with the nucleophilic moiety bearing a removable chiral auxiliary. Also
worthy of mention in this context is an indirect enantioselective addition that is achieved by the reaction
of achiral RTiX3 complexes with chiral acetal derivatives of the carbonyl compounds, as is shown in
Scheme 18.11!

o . u* \/Y RITiX,
RJ\H ¥ \5?\5 ><§

i, oxidation H _OH

Orin

R, ,O0 OH
" i, base R H
R'H

)

Scheme 18

1.54.1 Organotitanium Derivatives Having Chiral Ligands

Early experiments characterized by low enantiomeric excesses have been reported.* TilV reagents
bearing chiral alkoxy ligands are readily prepared from chlorotriisopropoxytitanium by ligand inter-
change (equation 54) using a chiral alcohol (or phenol), under conditions in which isopropanol can be
azeotropically distilled off.!112* The resulting chiral chlorotitanium derivative is then converted in situ to
the desired organotitanium complex by reaction with either an RMgX or RLi species. The most com-
monly used chiral ligands are cinchonine, quinine, (S)-1,1’-binaphthol, (-)-menthol, etc.!!2¢ The enantio-
selectivity of the addition is influenced by the nature of both the carbonyl substrate and the ligand
system, as well as by the solvent and the temperature. 1122

Methyl- and phenyl-TilV complexes with different chiral ligands have been tested!!28® in reactions
with aromatic aldehydes. The enantioselectivity of the addition of chiral Til¥ reagents having a bidentate
1,1’-binaphthol ligand system to aromatic aldehydes (equation 55) has been also extensively examined,
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-3PFOH

CITi(OPr); + R'OH CITi(OR™)3

RTi(OR"), (54)

or
RLi

and the resuits obtained are reported in Table 12.!!3 The relative topicity of the addition is /k, leading to
re attack of the phenyl group to the carbonyl function by the (M)-binaphthol Ti!V reagent [hence, the (R)-
alcohol] (equation 56) and si attack by its (P)-binaphthol analog.

o QI
P O, OR THF HO_ H

ar”m T O,Ti\ a2 Al A 9

Table 12 Enantioselective Addition of (M)-Binaphtholphenyltitanium isopropoxide to Aromatic Aldehydes

Aldehyde Temperature ( C) Product Yield (%) ee (%)
2-Methylbenzaldehyde =2 (2-Methylpheny!)phenylmethanol 89 85
4-Methylbenzaldehyde -2 4- Methylphenyl) henylmethanol 78 86

Anisaldehyde -69 (4-Methoxy& §’ henylmethanol 84 82
1-Naphthaldehyde -15 1-Naph ylp enylmethano — 63
1-Naphthaldehyde -75 1-Naphthylphenylmethanol 82 >98
2-Naphthaldehyde -17 2-Naphthylphenylmethanol — 57
2-Naphthaidehyde -65 2-Naphthylphenylmethanol 85 >98

(M)

Attempts to prepare chiral Til¥ reagents capable of transferring groups other than phenyl have been re-
ported.!! Among these reagents, the methyltitanium (S)-acylpyrrolidinylmethoxide diisopropoxides (144)
are of some interest. They are prepared (Scheme 19) from (S)-N-acylpyrrolidinylmethanols (143) and di-
methyltitanium diisopropoxide.!!# Their reactions with either benzaldehyde or 1-naphthaldehyde lead to
alcohols with acceptable enantiomeric excesses, as is shown in Table 13.114

H o
H R2
Ti. . o+ N R? R

Me” | "OPr -20°C
Oopr Rx/go OH R'/go O\,Ti:Me,
PrfO OPr
(143) (144)
R2 OH OH
N R T R/k”"' * R/&”H
R! /go OH H
(145) (146)

Scheme 19
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Table 13 Enantioselective Addition of Methyltitanium (S)-N-Acylpyrrolidinylmethoxides (144) to Aromatic
Aldehydes (Scheme 19)

Aldehyde R! R? Product R ee (%)
Benzaldehyde H H (146) Phenyl 33.0
Benzaldehyde H Ph (146) Phenyl 17.6
Benzaldehyde Me H (145) Pheny! 239
-Naphthaldehyde Me H (145) 1-Naphthyl 27.6
Benzaldehyde Me Me (145) Phenyl 18.6
Benzaldehyde Me Ph (145) Phenyl 39.0
Benzaldehyde Ph H (145) Phenyl 139
Benzaldehyde PhCH;0 Me (146) Phenyl 23.0

l-Naphthaldeh de PhCH20 Me (146) 1-Naphthyl 27.0
Benzaldehyde PhCH20 Ph (145) Phenyl 54.1

Further attempts to replace alkoxy groups with other ligand systems, like cyclopentadienyl, in order to
reduce the Lewis acidity of the metal atom have been unsuccessful.!!

1.5.4.2 Derivatives Having a Chiral Titanium(IV) Atom

This strategy was devised to enable the chiral center of the reagent to be closer to the carbonyl group
during the addition. Ligand systems based on cyclopentadienyls lead to unsatisfactory enantiomeric ex-
cesses,!! as is reported for the reaction of benzaldehyde with the chiral allyltitanium(IV) reagent (148)
derived from (147) by in situ treatment with allylmagnesium chloride (Scheme 20).

O &) 2
¢ l\ + /\/MECI
@ C6F 5 @ C6F5

t
Bu But

147 ﬁ (148)

20% ee

Cer

But
Scheme 20

A noteworthy improvement comes from the use of ligand systems which are themselves optically ac-
tive.!! This is the case of the complex (150), shown in Scheme 21, that is prepared from a sulfenylated
norephedrine (149). The results reported for the in situ reactions of (150) with various aldehydes
(Scheme 21) are summarized in Table 14.!!5 Nothing is reported concerning the mechanism of the en-
antioselective addition, since the absolute configuration of the asymmetrically substituted Ti'V atom is
not known.

Ph OH Ph o (0]
- Me
I ’ i, TiMe4 I ;Ti: R! A H ?H
‘ A opri s
N ii, PFOH N RIZTN
SO,R SO,R
(149) (150)

Scheme 21
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Table 14 Enantioselective Addition of Methyltitanium(IV) derivatives (150) of Various N-Sulfonylated
Norephedrines to Aldehydes (Scheme 21)

R in (150) Aldehyde Yield (%) ee (%)
4-Tolyl Benzaldehyde 78 85
4-Tolyl 2-Nitrobenzaldehyde 91 79
4-Tolyl 1-Naphthaldehyde 96 81
Methyl Benzaldehyde 89 62
Mesityl Benzaldehyde 93 88
Mesityl 2-Nitrobenzaldehyde 86 90
Mesityl 1-Naphthaldehyde 92 90
4-Tolyl Octanal 81 60
Mesityl Octanal 82 58

*In all cases the reaction products have the (R)-configuration.

1.5.4.3 Reagents with the Nucleophilic Moiety Bearing a Removable Chiral Auxiliary

These reagents can be obtained by titanation of a lithium derivative containing the chiral auxiliary
(Scheme 22).1162 Regio- and enantio-selective addition of (151) to aldehydes and ketones is reported to
afford chiral homoaldol compounds in satisfactory yields and with appreciable enantiomeric excesses
(Scheme 22). This reaction has been used in the synthesis of natural products, 16

i i Li* O Ti(NEt),
Me . Bu"Li Me - S ClTl(NElz)3 Me “
N /\/ - N N A VT8 N
- - S
S S pn < 'ph
(151)
(0] 0]
0 >90% Me ~ )k A Me ~ )k AN
(151) + N N + N N
RI7 TR? St OH L/ OH
$ Ph 1y Rz N Ph g Rl
R! R2
R!'=n-CgH;;,R®=H 94% 6%
R!=Et,R?=H 96% 4%
Rl=Pr, R2=H 96% 4%
R!=Me, R2=P¢ 98% 2%
Scheme 22

Lithiated chiral dihydro-1,4-dithiins (152) have been recently utilized!!® in the addition to prochiral
aldehydes in the presence of Ti(OPri)s (Scheme 23). Under such conditions (Z)-allylic alcohols have
been obtained in good yields and with satisfactory enantioselectivity (ee >40%), after removal of the
chiral sulfur-containing moiety of the addition product. The reaction is likely to proceed via the forma-
tion of a cyclic five-membered transition state (153) involving titanium, oxygen and one of the sulfur

atoms.>3® When Ti(OPri)s is replaced by TiCls, the addition becomes slower than the uncatalyzed re-
action itself.
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5 0 . —
Ti(OPr), s s.

Scheme 23

1.5.5§ MISCELLANEOUS REACTIONS

1.5.5.1 Geminal Dialkylation of Aldehydes and Ketones

This represents probably one of the earliest interests in the chemistry of Ti'¥ compounds.!!” Ketones,
like cyclohexanone, are easily dimethylated by MeTiCls, Me2TiCl2 and Me2Zn/TiCls.! 18119 Depending
upon the molecular ratio of Me2Zn and TiCls, various products (43), (154) and (155) are obtained from
cyclohexanone (equation 57), as is reported in Table 15.!2! The reaction proceeds through cationic inter-
mediates;'20 various functionalities (e.g. carboxylic acid esters, primary and secondary alkyl halides) are
well tolerated.!?0 Some problems arise when a,B-unsaturated ketones are utilized, because of the forma-
tion of two distinct dimethylated products (equation 58),!20

O HO Cl
Me,Zn/TiCl,
+ + 1))

43) (154) (155)

Table 1§ Geminal Dimethylation of Cyclohexanone (equation 57)

Entry TiClJZnMe, (mmol Temperature ( C) Time (h) Yield (%)
(43) (154) (155)
1 30/10 =30 4 —_ >90 _
2 10/10 =30 4 >90 — —
3 22/22 -30to +22 2 —_ —_— >90
4 10/20 -30to +22 4 >90 — —_

*In all cases 10 mmol of cyclohexanone were used in CH,Cl,.

(0]
Ph/\/lK Ph Ph A

Aromatic aldehydes are also easily dimethylated by Me2TiClz, and aromatic acyl chlorides form ¢-
butyl derivatives directly when treated with an excess of Me2Zn/TiCly in methylene chloride.!2! Some
examples are also known of application of such a reaction in the synthesis of natural products.!18.119
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1.5.5.2 Alkylative Amination

Alkyltitanium(IV) complexes having N,N-dialkylamino ligand systems, RTi(NR!2)3, fail to give nu-
cleophilic additions to carbonyl compounds (Section 1.5.3.1.1). Their reaction with aldehydes leads in-
stead to tertiary amines by addition of both the alkyl moiety of the reagent and one of the
N.N-dialkylamino ligands (equation 59).48 The synthetic interest of the reaction is restricted to noneno-
lizable aldehydes, since enolizable carbonyl compounds lead to enamines.*®

NR!,

(o}
RTi(NR1y)y + (59
R? A H R? A R

A few examples of alkylative amination of aldehydes are reported in Table 16,4

Table 16 Alkylative Amination of Various Aldehydes by RTi(NEt3)s

Aldehyde R Product Yield (%)
Benzaldehyde Me N,N-Diethyl-1-phenylethylamine 48
4-Methylbenzaldehyde Me N N-Diethyl-1-p-tolylethylamine 47
Benzaldehyde Bu N N-Diethyl-1-phenylpentylamine 15
2-Furylaldehyde Me N ,N-Diethyl-1-(2'-furyl)ethylamine 73
Cinnamaldehyde Me N .N-Diethyl-4-phenyibut-3-en-2-ylamine 44
Pivalaldehyde Me N ,N-Diethyl-3,3-dimethylbut-2-ylamine 55

1.5.5.3 Protection of Aldehydes

The tendency of Ti'V reagents like Ti(NR2)4 to release the N,N-dialkylamino group*?* is conveniently
exploited to temporarily inactivate a carbonyl function which is fairly reactive (e.g. an aldehyde),'?? thus
enabling a second, less reactive carbonyl function (e.g. a ketone), to react with another nucleophilic re-
agent. This leads to a sort of reverse chemoselectivity which is highly effective in discriminating be-
tween different carbonyl compounds, as well as between carbonyls having different steric environments.
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1.6.1 INTRODUCTION

Organochromium(lIl) complexes were among the first transition metal organometallic compounds to
be synthesized and have enjoyed a rich history of investigation and utility.! These materials can be pre-
pared either by the addition of Grignard, organolithium or organoaluminum reagents to chromium(III)
halides or by the reduction of organic halides with chromium(II) ions. Both routes provide chromium(III)
complexes that are believed to possess a Cr—C o-bond.! The organometallic reagents to be described
herein serve as carbanion equivalents and participate in a variety of chemo- and stereo-selective carbon-
carbon bond-forming reactions via the addition to C==X m-bonds. Such processes are the substance of

this review.
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1.6.2 ORGANOCHROMIUM(III) CARBANION EQUIVALENTS

1.6.2.1 Synthesis and Structure of Organochromium(III) Complexes

The synthesis of organometallic compounds of chromium was pioneered by Hein in the 1920s and
1930s, and this work has been reviewed in a monogram by Zeiss.? However, preparation and adequate
characterization of the first simple kinetically stable chromium(III) alkyl in solution was reported by
Anet and Leblanc.? Pentaaquabenzylchromium(III) perchlorate (2) was prepared from benzyl chloride
(1) and chromium(II) perchlorate in aqueous perchloric acid (equation 1). It is known that readily avail-
able chromium(II) salts function effectively as reducing agents for a variety of compounds, including or-
ganic halides.* The mechanism of chromium(Il) ion mediated reductions of organic halides has been
thoroughly investigated. Kinetic data have verified the formation of a discrete organochromium inter-
mediate,’ and mechanistic studies have established that the reaction proceeds by a single-electron reduc-
tion of the C—X bond followed by reduction of the resulting radical (3) by a second equivalent of
chromium(II) ion to provide a chromium(III) organometallic species (4; Scheme 1).5-8 As the reductions
are most commonly performed in aqueous media, protonolysis of the organochromium intermediate (4)
rapidly produces the reduction products (5). The coexistence of water in the reaction medium represents
an impediment to the mechanistic evaluation of chromium(II) ion reduction of organic halides and a
limitation of organochromiums, prepared in this fashion, as potential synthetic reagents. However, the
use of anhydrous chromium(II) saits (e.g. CrCly; see Section 1.6.3.1) has more recently allowed for the

controlled generation of organochromium compounds and provides for their current and potential utility
as carbanion equivalents.®

@ACI — @AC"“zO)s“ 2010,
M
HCIO,, H,0

0] 2)

H* |
—$—x ( —cl- ( ——C|—Crm —cl—H
crt @ o @ ®)
Scheme 1

An alternative synthesis of organochromium(III) compounds involves the addition of organometallic
reagents to chromium(III) salts. This route provided the first example of an isolable covalent organochro-
mium(III) compound. Herwig and Zeiss!? reported that the addition of PhMgBr to CrCls provided triphe-
nyltris(tetrahydrofuran)chromium(III) (6; equation 2). Verification of Zeiss’ structural assignment has
more recently been provided in the form of X-ray data reported by Khan and Bau.!! They have shown
that (6) maintains three o-bonded phenyl groups arranged in a cis facial fashion, as illustrated in equation
(2). A related series of organochromiums was first prepared by Kurras!? and subsequently investigated
by Yamamoto and coworkers.!* Treatment of CrCls with organoalumninums provides organochro-
mium(III) complexes (7), as shown in equation (3). The synthesis and X-ray crystal structure of dichloro-
tris(tetrahydrofuran)-p-tolylchromium(III) (8) was reported by Sneeden and coworkers (equation 4).!4
The crystal structure reveals a complex of the mer-type geometry with the Cr—O distance of the THF li-
gand trans to the o-aryl bond appearing longer than for the other THF molecules. Other Group VI o-
alkyl and o-aryl complexes have been studied and this area has been reviewed.!’ However, complexes
(6), (7) and (8) are most pertinent to this review as they are representative of organochromiums that have
been shown to participate in C—C bond-forming reactions.

Ph

THF/-20 °C Ph, | FPh
CrCl; + PhMgBr ——— — ‘ct Cr—C 2.060 A

LA Cr-0 2225A
THF 1. - THF

(6

)
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R;Al or R,AIOEt
CrCly [RCrCL(THF),] (3)
THF
o

R = Ph, Me, Et, Pr", Bul

MgCl
THF crC 2.015A
" Cr-O (THF) 2.045A

CrCly(T + — >—C’ 4

[CrCly(THF)3] THF, -0 (THF) 22144
CrCl 2314A

8)

1.6.2.2 Formation of C—C Bonds: Background

The ability of chromium(II) ion generated organochromium(III) species to take part in C—C bond-for-
ming reactions was discovered during mechanistic studies of the chromium(II) ion reduction of halides.
Kochi and coworkers® have shown that the benzylchromium ion (2) when treated with acrylonitrile pro-
vides phenylbutyronitrile (9) and toluene (10) in 40-50% and 40-45% yield, respectively (equation 5).
In addition, it was shown that (2) in the presence of butadiene afforded a 4-6% yield of 4-phenyl-1-
butene (11) and 60-80% yield of toluene (equation 6), demonstrating the carbanionic nature of the orga-
nochromium species. Barton and coworkers® subsequently showed that 9-a-bromo-11-B-hydroxy-
progesterone (12) when treated with chromium(II) acetate in DMSO provides 11-B-hydroxyprogesterone
(13), the A%!lalkene (14) and the 5,9-cyclosteroid (15) with the product distribution and yield being a
function of solvent and additives (equation 7). These studies®® support the proposed mechanism of chro-
mium(II) ion mediated reductions and also reveal the nucleophilic character of the in situ generated
organochromium(lII) intermediates.

#>CN
aq. ph” >Cr?* ————= Ph” " CN + PhMe )
) (9) 40-50% (10) 40-45%
7 \
aq.py” Scrt ——— Ph A~ + PhMe 6)
@ (11) 4-6% (10) 60-80%

Cr(OAc), a3) (14) -

DMSO COMe

(15

Organochromium compounds prepared from chromium(IIl) salts and organometallic reagents have
been shown to possess carbanionic character and provide the first examples of organochromium addi-
tions to carbonyl substrates. Sneeden and coworkers!® reported that triphenyltris(tetrahydrofuran)chro-
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mium(III) (6) when treated with carbon monoxide provided benzpinacol (16; equation 8). It was also
shown that treatment of 3-pentanone (17) with the solvated triphenylchromium complex (6) afforded di-
ethylphenylcarbinol (18) and diol (19, R = Ph; equation 9). Cyclohexanone (20; equation 10) provided
(21), (22) and (23) upon treatment with (6). These experiments are noteworthy since they demonstrate
the ability of o-organochromium complexes to add to ketones in a Grignard-like fashion. Interestingly,
generation of the aldol and aldol-derived products (19), (22) and (23) occurred without stoichiometric
consumption of organometallic reagent. The authors suggested that in these instances (6) does not pro-
mote aldol condensation by acting as a conventional organic base, but rather that the chromium atom is
functioning as a coupling center or a reaction template at which the aldol process occurs. Monoarylchro-
mium complex (24) provided addition products with aldehydes and ketones (yields for equations 11 and
12 based on 24).17 Reaction of (24) with neat acetone produced 2-phenyl-2-propanol (25) and mesityl
oxide (26; equation 11). Also, (24) reacted with benzaldehyde to produce benzophenone (27) and benzyl
benzoate (28; equation 12). It was rationalized that the benzophenone arose from a B-hydrogen elimina-

tion of the alkoxychromium intermediate (29; equation 13), while (28) was generated by a chromium-
mediated Tischchenko reaction. !8

CO, THF Ph Ph
(PhyCr(THF);] HO——-OH ®)
83% Ph Ph
6 (16)
OH
o (6), THF
-30°C
\)K/ W )
Ph™ oOH
an 18 819 (19)
(6), THF
Ore 22 O
(20 1) (22) (23)
50 : 26 : 24
o)
0o
A \
[PRCICI(THP);] —— Ph)—OH + | 1)
(24) (25) 1% (26) 36%
0 o)
PhCHO
[PhCICI(THF);] ~—— Ph)l\Ph + Ph)J\o/\ Ph (12)
Ey0, r.t.

24) (27) 84% (28) 20%
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Ph B-hydride elimination
H+OCH“ HcAl +  (27) (13)
Ph

29

163 ALLYL-, METHALLYL-, CROTYL- AND PROPARGYL-CHROMIUM REAGENTS

1.6.3.1 Carbonyl Addition Reactions: General Features

The early studies and structural investigations of organochromium(III) compounds revealed the poten-
tial synthetic utility of these reagents as carbanion equivalents. However, it was Hiyama and cowork-
ers™!? who expanded on the initial findings. These workers reported that the Barbier-Grignard-type
addition of allylic halides and tosylates to carbonyl compounds was effectively mediated by anhydrous
CrCl2 (equation 14). Anhydrous chromium(II) chloride is commercially available? or can be generated
in situ by the reduction of chromium(III) chloride?! with either LAH%!% or Na(Hg)*? in THF (equation
15). Although the exact nature of the low valent chromium reagent generated in situ has not been estab-
lished, its functional attributes are indistinguishable from those of the commerciaily available material.

. S Rl OH R?
R R X CrCl,
>=0 + = R?2 (14)
R? R* R3 DMF or THF RS" R4
LiAlH,
CrCl, CrCl, (15)
or Na(Hg)
THF

Reduction of the allylic halide (or tosylate) in this reaction is consistent with expectations.* Two mol
equivalents of CrCl; are required for the consumption of each halide. Polar aprotic solvents (i.e. DMF)
greatly facilitate the reduction and in some cases (e.g. chlorides and tosylates) are essential for the gener-
ation of the organochromium species. Under these conditions allyl chloride and tosylate add to benzalde-
hyde (equation 16) to provide the homoallylic alcohol (30). In a similar fashion an allyl group can be
delivered to ketones (equations 17 and 18), but requires a larger mol ratio of allylchromium reagent to
obtain comparable results. The chemoselective nature of this reagent is further revealed by its ability to

CHO
CrCly, DMF
_ - (16)
X = Cl; 54%

X =0Ts; 55%

OH
A
(30)
O —_———
4%
CrCl,, THF OH
O — (18)
/\,Bl‘ A

82%

17
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add selectively to aldehydes in the presence of ketones (equation 19), esters (equation 20) and nitriles
(equation 21). In fact, the allylchromium reagent discriminates between ketones of nearly identical re-
activity (equation 22). In the same study it was shown that the more-substituted y-carbon of prenyl bro-

mide adds to the carbonyl carbon of aldehydes (equation 23). This is a general feature of substituted
allylchromiums.

OH
CrCl,, THF
OHC Bu Z Bu (19)
\/\/\[( P T
0 66%
OH
OHC ~NN CrC_lz. THF. - /\/l\/\/\
(20)
CoMe 4, Z CO;Me
75%
N\ N o T WCN 21
——————————
OHC == CN . _Br oH @h
66%

/\)K/\ CrCl,, THF / HO F
+ o HO + /\/\>C/
/\/ Br
/\/\/U\ 82% (22)

16:84
49% at 54% conversion
(91% based on recovered ketone)
CrCl,, LiAlH,
DMF OH
————————————
>7 CHO + h o AN (23)
Br ©

(31)

The addition to a,B-unsaturated aldehydes proceeds exclusively in a 1,2-fashion (equation 24). This
regiochemical preference is general for all organochromium compounds. The addition to 4-¢-butylcyclo-
hexanone (32) occurs predominantly via equatorial addition (equation 25), as it provides (33) and (34) in
an 88:12 ratio. Allylchromium is one of the most efficient reagents for this transformation (Table 1).

CrCl,, THF
— + 6D : \/\X/ @4

CHO 82% OH
(0] OH \ AN
t CrCl,, THF
B % z Bu' + Bu OH (25)
A~ Br
H 85% H H

(32) (33) 88:12 (34)
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Table1 Addition of Allyl Organometallics (CH=CHCH:M) to 4--Butylcyclohexanone (32; equation 25)

M Conditions Yield (%) Ratio (33):(34) Ref.

crit THF/r.t. 85 88:12 9
ZnBr THEF/5 °C 79 85:15 23
Alys3Br THF/S °C 83 68:32 23
MgBr THF/5 °C 33 45:55 23
i THF/-20 °C 67 35:65 23

Na THF/-20 °C 68 35:65 23

K THF/-20 °C 30 37:63 23

Bu"gtﬁn BF3-Et;0 THF/-78 °C 93 92:8 24
Sm THF/1.t. 72 87:13 25

1.6.3.2 Allylic Chromium Reagents: 1,2-Asymmetric Induction (4nti/Syn Control)

In the original report of the CrCl>-mediated carbonyl addition reaction Hiyama®!? reported that crotyl
bromide added to benzaldehyde in the presence of chromium(II) ion and afforded a single diastereomer.
Follow-up results from Heathcock and Buse,26 and subsequent work by Hiyama and coworkers,2” show
that this reaction delivers the anti (threo) isomer (35) exclusively in 96% yield (equation 26). Conversion
to the known B-hydroxy acid (36) provides proof of the stereochemistry of (35). The reaction of crotyl
bromide with a variety of aldehydes was investigated (equation 27) and the following trends emerged
(Table 2).27 It was shown that the selective formation of the anti addition product occurred with unhin-
dered aldehydes (entries 1-3), but that this preference was reversed for very large substrate aldehydes
(entry 4). Moreover, solvent substitution of DMF for THF led to erosion of the anti preference (entries
5-8), with concomitant increase in overall chemical yield (entries 6 and 7). Hiyama also showed that the
anti selectivity was not a function of alkene geometry in the starting bromide since both cis- and trans-1-
bromo-2-butene gave exclusively the anti addition product with benzaldehyde. The stereochemical
course of addition is rationalized in the following manner. Chromium(III) complexes prefer to exist in an
octahedral configuration in which the coordination sphere is often supplemented with solvent molecules
(i.e. THF).!1.14 A preferred transition state which is consistent with this and the stereochemical data has
been proposed?6?’ and is detailed in Scheme 2. The octahedral (E)-crotylchromium(IIl) reagent (40) is
formed from either (E)- or (Z)-crotyl bromide with two equivalents of CrCl2. Such double-bond isomer-

Table2 Addition of Crotyl Bromide (31) to Aldehydes (37) using Chromium(II) Chloride (equation 27)

Entry Aldehyde (37) Solvent Yield (%) Anti:syn (38):(39)
1 PhCHO THF 96 100:0
2 Pr"CHO THF 59 93.7
3 Pr'CHO THF 55 95:5
4 Bu'CHO THF 64 35:65
5 PhCHO DMF 92 75:25
6 n-CsH;1CHO DMF 77 68:32
7 Pr'CHO DMF 78 66:34
8 Bu'CHO DMF 63 37:63

\/\/ Br i. 03, EtOAc
@» CHO (26)

CrCly, THF ii, Hy0,, H,0

96% NaHCO,3

(35) (36)
(0] P Br OH OH
NN
+ 27

@n (38) anti (39) syn
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ization of organometallic reagents to access the more stable (E)-double bond geometry is likely to be
operative and is the situation which has been noted for crotyl-magnesium,?® -lithium,? -zinc,3 -tita-
nium?3!#! and -zirconium compounds.3? Ligand replacement with substrate aldehyde generates reactive
complexes (41) and (42) which on transfer of the crotyl group from Cr to carbon with allylic transposi-
tion provides anti- and syn-homoallylic alcohols (43) and (44), respectively. The steric requirements of R
and L should preclude transition structure (42), favor (43), and as a consequence direct the formation of
anti-homoallylic alcohol (43). If the gauche interaction between R and the y-methyl group becomes
highly pronounced, as would be the case with very large aldehydes (i.e. R = BuY), (41) will be supplanted
by a skew boat (45) as the favored transition structure. Finally, the reduction of stereoselectivity when

DMF is used is interpreted as a perturbation of the reactive chromium template by the strong donor sol-
vent. .

s, n,

%,

\ 1]
L Y L L’L)
H

H H
L L L oo~
o RCHO S>=AR S = H
LnnlCl“L\”\ L"'“\Cr‘}r% \ +| L Cr<?|/.'L \
4 \ H \ ?’
R

(40) 41) 42)

'CI'L4
_*/H L H H
But H/ -0
~ H L uﬁC{W\ L"-;\C\r‘o 5t
H YL H L 9 (
H

| |

w
=

OH OH
R)\a/\ RJ\r\
(43) anti (44) syn
Scheme 2

The addition of allyl metal derivatives to aldehydes represents an important and well-developed strate-
gy for the control of acyclic stereochemistry.33 The transition state models which have been proposed to
describe the origin of the 1,2-diastereoselection obtained with y-substituted allyl organometallics are
classified as either synclinal (cyclic) (46) or antiperiplanar (acyclic) (47; Scheme 3). Involvement of a
particular transition state is a function of the metal center and the reaction conditions. Denmark and
Weber3* have suggested that substituted allyl metals are of three types with regard to alkene geometry
and 1,2-diastereogenesis (/k/ul).%0 For type 1, the anti:syn (lk:ul) ratio is dependent on the (Z):(E) ratio of
the alkene in the organometallic (B, Al, Si); with type 2; syn (ul) selective processes are independent of
alkene geometry (Sn, Si); and for type 3; anti (/k) selective reactions are independent of alkene geo-
metry. Examples of types 1-3 crotyl metal reagents are provided in Table 3 and equation (28). The allyl
boronates (Table 3, entries 5 and 6)*7 and the pentacoordinate silicates (entries 15 and 16)*3 are crotyl
metals of type 1 which react through a synclinal reaction geometry and produce anti products from the
(E)-crotyl metal reagent and syn products from the (Z)-crotyl metal reagent. Trialkyl-stannanes3® and -si-
lanes? (entries 7, 8 and 9) are type 2 reagents which react under Lewis acid catalysis via an open anti-
periplanar transition state and consequently produce syn products. The type 3 reagents consist of o- and
n3-crotyltitanium,*!42 -crotylzirconium32% and organochromium(III) compounds.2’ These reagents are
believed to react exclusively via the o-(E)-crotyl metal complex through a synclinal cyclic chair transi-
tion state which leads to anti addition products. Set against the fabric of crotyl metal additions, the cro-
tylchromiums represent the most convenient and perhaps the most selective reagents for the production
of anti-homoallylic alcohols. However, with sterically demanding aldehydes, the m3-crotyltitanocenes
recently reported by Collins*2 exhibit a higher anti selectivity than the chromium(III) organometallics.?’
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H R!
Hﬂl\fl R synclinal OH
LM=0=_ " R? R/'>»/\
?{ types 1 and 3 R ”Rz
H R!=Hanti,R?=H syn
(46)
2
R?R? - OH
antiperiplanar
type 2 R! )ﬁ/\
R2
syn
- (CY)] -
Scheme 3
o
R)J\ H (28)
(48) (49) anti (50) syn
Table 3 Addition of Crotyl Organometallics to Aldehydes (equation 28)
Entry M R Conditions (E):(Z) Anti:syn Yield (%) Ref.
(48) (48) (49):(50)
1 Li Ph THF/-78 °C 55:45 80 29
2 MgCl Ph Ether/-10 °C 38:62 93 35
3 EsAl" Li* Ph Ether/~-70 °C 56:44 93 36
4 EtsB-Li* Ph Ether/~70 °C 82:18 90 36
5 o Ph Ether/~78 °C 93.7 94:6 80 37
6 B Ph Ether/-78 °C <5:>95 6:96 22 37
o
7 Bu"3Sn Ph BF3-Et20 100:0 6:96 90 38
CH2Clp/-78 °C
8 Bu"3Sn Ph BF3-Et20
. CH2Cl/-78 °C 0:100 6:96 90 38
9 MesSi pr! TiCla/CH2Cl2/-78 °C >99:<1 3:97 92 39
10 MesSi pr TiCla/CH2C12/-78 °C  3:97 36:64 98 39
11 CrCl2 Ph THF/r.t. 100:0 100:0 96 27
12 CrCh Ph THF/r.1. 0:100 100:0 96 27
13 Cp2ZrCl Ph THF/-78 °C 86:14 90 40
14 Cp2TiBr Ph Ether/-30 °C 100:0 92 41,42
15 0 . .4+ Ph THF, hexane/r.t. 88:12 88:12 82 43
16 Si~ Li" Ph THF, hexane/r.t. 21:79 22:78 91 43
o

1.6.3.3 Crotylchromium Reagents: a- or 2,3-Asymmetric Induction

Addition of crotyl metal reagents to aldehydes bearing a stereogenic center a to the carbonyl (51;
Scheme 4) has been used as a strategy for the controlled synthesis of the stereo triads.*® Two of the four
possible diastereomers (52) and (53) are available from the addition of an (E)-crotyl metal reagent to (51)
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via synclinal cyclic transition states. Synclinal reaction geometries (presumed to be operative for crotyl-
chromiums, (vide infra) (A) and (B) (R2 = Me) are (lk,ul) and (lk,lk) 1,2-processes, respectively.5® Both
reaction manifolds will afford the anti-1,2 stereochemical arrangement (a general feature of crotylchro-
miums), where (A) leads to the 2,3-gnti product (52) and (B) leads to the 2,3-syn product (5§3). Transition
structure (B) (and consequently the formation of 5§3) was predicted to predominate by Cram’s rule46:48
and is consistent with the Felkin~Ahn model.#’*8 In the general model R! represents either the largest
group or that group whose bond to C, maintains the greatest g*—mw* overlap with orbitals of the carbonyl
carbon. In the previous section, the ability of organochromiums to deliver a crotyl group and produce
1,2-anti stereochemistry selectively (52 and §3) was described. The potential for a- or 2,3- as well as
1,2-asymmetric induction was first addressed by Heathcock and Buse.?® Addition of crotyl bro-
mide/CrCl; to aldehyde (54; equation 29) provides two of the four possible diastereomers (55) and (56)
in a 2.6:1 ratio, with complete 1,2-stereochemical control. However, the Cram:anti-Cram?*4® ratio
(55):(56) was modest. The major product (55) is that which is predicted by the Felkin~Anh addition
model.#’ In a similar fashion (57) yields the two anti addition products (58) and (59) in nearly equal
amounts (equation 30). Modest 2,3-diastereoselection has also been encountered by Hiyama and cowork-
ers.?’ Crotylchromium addition to (60; equation 31) provided a 1,2-anti:syn selectivity (61 + 62):(63) of
93:7, and a disappointing Cram:anti-Cram ratio (61 + 63):(62) of 69:31. The question of 2,3-asymmetric
induction has also been addressed by Kishi and coworkers.*45 During studies directed toward the con-
struction of the Rifamycin ansa bridge,* crotylchromiums were shown to add to more complex substrate

0
1.3
R? !
(51) R2=Me {E)-crotyl metal
0O R? 0
R2
1
R (A) pu S )
/ }I\ R! preferred
(A) H (B) H
preferred
A Felkin—~Ahn model Cram's rule (B)
(lk,ul) 1,2-process (lk,ik) 1,2-process
R?=Me R?=Me
OH OH OH OH
IW\ ! 1 !
R 3E N N R \E/Y\ R \E/\r\ R :: 3 1 S
(52) (53)
1,2-anti-2,3-anti 1,2-anti-2,3-syn
(anti-Cram) (Cram)
Scheme 4
A~ Br

CrCl,, THF

(54) (55) 72:28 (56)
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aldehydes with excellent 1,2- and 2,3-diastereoselectivity. Aldehyde (64) afforded (65), which maintains
the 1,2-anti and 2,3-syn (or Cram) diastereochemical relationships. A similar qualitative and quantitative
result was realized with aldehyde (66). The origin of the selectivity seen for the production of (65) and
(67) was probed in a subsequent study by Kishi and Lewis.*> The stereochemical outcome was shown
not to be a consequence of chelation control’’ as is shown by the insensitivity of the Cram:anti-Cram
ratio toward polarity of the reaction medium (equation 34) and toward a variety of hydroxy-protecting
groups (R; equation 35). It is apparent that the origin of the 2,3-induction is a function of the steric size
and chemical nature of the large a-substituent. Other examples of additions to chiral aldehydes reported
by Kishi are provided in Table 4. The major homoallylic alcohols obtained all possess the 1,2-anti, 2,3-
syn (Cram) relationship which arises from an (lk,/k) 1,2-process consistent with the expectation for a syn-
clinal transition state and a Felkin—Anh-type approach. Enhanced selectivity with respect to earlier
reports and differences in diastereogenesis amongst these cases is rationalized on the basis of predicted
torsional preferences about the C(3)}—C(4) bond in the substrate aldehydes.** In a related transformation,
addition of allylchromium to a B-alkoxy-a-methyl aldehyde (84) also provided a Cram addition product
(85) with 91% stereoselectivity (equation 41).5!

A~ Br
(30$)
MeO,C CHO CrCl,, THF
57 (58) 50:50 (59)
OH OH OH
CHO A~ Br : -
+ + (
/Y C1Cly, THF /Yk/\ /YY\ x
0% :
(60) (61) (62) (63)
62 : 31 7
m (32)
0] 0] ><0
CrCl,, THF
(64) 5% (65) 95:5
(33)
Bu'Me,SiO 0/ ><0 0
(66)
H - > 1_ Kk(\/ + J\/k/ (34)
CrCl,, THF
BnO 0] BnO OH BnO OH
(68) (69) (70)
THF 61:39
Et,0 56:44

PhMe 61:39
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; : M * Kk)\/ (35)
CrCl,, THF
RO o) RO OH RO OH
(71) (72) (73)
R = CH,0Bn ~50 ~50
R =THP ~50 ~50
Table 4 Crotylchromium Addition to Chiral Aldehydes with a-Methyl and B-Alkoxy Substituents
|
o4 ; 2_H AN 04 LA F
3T ! (36)
0 0 CrCl,, THF o) OH
749 (75) 92:8°
|
4 3 2_H AN
()]
o) ><O o) CrCl,, THF
(76) 77 80:20°
|
NV A
(38)
o) ><O o) CrCl,, THF
(78)
? 1 3 (39)
o ><O 0 CrCl,, THF
(80) (81) 80:20%
1
4 2 H 4 2 A
3 P Y \ ) a )
o ><0 o) CrCl,, THF o) ><O OH
(82) (83) 91:9°

*Ratio of major diastereomer to next most abundant diastereomer: only structure of major diastereomer was determined.

Reaction of crotylchromium with a-methyl-B,y-unsaturated aldehyde (87) afforded (88) as the major
diastereomer.52 The other Cram product (89), which is expected to arise from an antiperiplanar transition
state (46; Scheme 3), is obtained from a BFs-catalyzed tributylcrotylstannane addition. The remaining
members of the stereo triad can be accessed by inversion of the C-2 hydroxy (i.e. 88 to 91 and 89 to 90)
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Pro
* \\“‘\“ /\/ I
CICl,, THF
H 78%
- OSiMe;Bu’
84)
+ @41)
“_OSiMe;Bu"
85) 91:9 (86)

via an oxidation (PDC)-reduction (LiBEt:H) sequence. In general it has been shown that (87) and related
substrates react with nucleophiles (H-, C°) selectively to give products consistent with the Felkin—-Anh

mode of addition.454

R iM
0 SiMe; AN
_Z CHO
CrCl,, THF
78%
@87
RO SiMe; OH RO SiMe; OH I RO SiMc;?H | RO
(88) (89) (90) 1)
N J
—"
>90 : <1 : 9
AN SnBu,
87 @88) + (89) + (90)/91) 43)
BF3'OE[2
CH,Cl, 36 : 884 8
85%

Chromium-mediated addition of crotyl halides to a-alkoxy chiral aldehydes has been the subject of
several interesting reports. Reaction of crotyl bromide/CrClz with 2,3-O-isopropylideneglyceraldehyde
(92; equation 44)°7 provides the 1,2-anti products with 98% stereoselectivity, given by the ratio (93 +
95):(94 + 96),52 while 2,3-control, given by the ratio (93 + 94):(95 + 96), was nearly inoperative. How-
ever, a related substrate (97) produced exclusively 2,3-syn products with a 96:4 1,2-anti:syn ratio (equa-
tion 45).55 Mulzer and coworkers’ investigated the importance of the <y-substituent of the
allylchromium(III) reagent with respect to 1,2- and 2,3-diastereogenesis in the addition reactions to a-al-
koxy chiral aldehydes (equation 46 and Table 5). It was found in all cases that the level of 1,2-anti selec-
tivity, given by the ratio (103 + 104):(105 + 106), was complete. Moreover, it was demonstrated that the
2,3-syn selectivity increased as a function of increasing the size of R2 This result is consistent with both
the transition state models proposed for addition of y-substituted allylchromiums to aldehydes and with
the expectation that products will be generated by Felkin-Anh-type addition (103 and 106).58.%0

The addition of vy-alkoxy allylic chromium(IIl) reagents to aldehydes has been reported by Takai and
coworkers.”0 This work is reviewed in Section 1.6.3.6.
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(0]
L NAUE
(0) H H
3 CrCl,, THF
)VO 7%
92)
OH OH (:)H (=)H
ﬂx_‘ 6 é + m + m . jr 0_: g (44)
93) 94) 95) (96)
53 : 2 : 45 : 0

+ (45)
(101)
96 4 0 0
: RZ _~~_Br
Rlo/:\CHO CrCl,, THF
(102)
: R2 : R? R2 : R?
R'O ; z + Itk)/j\\r/;\w + R}o’j\\r/l\w + R‘O/j\\?/;i\1 (46)
ou | ou | ou | ou |
(103) (104) (105) (106)

Table 5 Addition of Substituted Allylchromium Reagents to Protected o-Hydroxy Aldehydes (equation 46)33

Entry R! R? (103):(104):(105):(106) Total yield (%)
1 THP Me 89:11:0:0 80
2 THP Ph 91:9:0:0 71
3 THP Bu >99:<1:0:0 75
4 TBDMS Bu >99:<1:0:0 90
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1.6.34 Other n,m-Asymmetric Induction

The use of allylic chromium reagents to control the relative stereochemistry of remote asymmetric
centers has been described by Takeshita and coworkers.5!-% The condensation of iridoid aldehyde syn-
thon (107) and its enantiomer (109) with homochiral allylic chloride (108) provided in each case only
two of the four possible diastereomers equations (47) and (48). In this reaction the vy-carbon of the
organochromium offers only its re-face to the substrate aldehydes (107) and (109). Therefore, the two
diastereomers arise from addition to either face of the aldehyde with addition to the re-face predominat-
ing in both cases with good to excellent selectivity. These materials were used in rather inventive syn-
theses of the 5-8-5 tricyclic sesterterpenes fusicocca-2,8,10-triene (114) and cycloaranosine (115). The
approach to (115) uses a second chromium(II)-mediated aldehyde addition reaction (intramolecular) to
form the eight-membered ring (see equation 52, Section 1.6.3.5).52 A similar strategy was developed for
the synthesis of ceroplastol II (116) and albolic acid (117).5% Reaction of (108) with (118) in the presence
of CrCl; provided (120) selectively with only 3% contamination by the hydroxy epimer (equation 49).
The stereochemistry of (120) is consistent with the synclinal transition structure (119).

OBn
Cl (H
H OBn OBn
N + )
§ CHo cecl ¢
N w28 /3
OH
/\
107) (110) 78:22 (111)
(108)
+ (48)
CHO o
7%
(109) 112) 95:5

(114) 115) (116) R = CH,OH
(117)R = CO,H

1.6.3.5 Intramolecular Addition Reactions

The intramolecular variant of the chromium(II) ion mediated Barbier—-Grignard-type addition reaction
was first described by Still and Mobilio%® in an elegant synthesis of (+)-Asperdiol (122; R = H). Chro-
mium(IT)-mediated cyclization of (121; R = Bn) provided a 4:1 mixture of (122) and (123) in 64% yield
(equation 50). The relative topicity of the process is /k. This result is in accord with a synclinal chair
transition structure (124) in which both hydrocarbon chains diverge from the reacting centers pseudo-
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CrCl,, (108)
DMF, THF, PriOH

88%

(118)

(49)

(120)

equatorially (dihedral angle C(2)—C(1)-C(14)—C(13) = ca. 30°; 125). Medium®¢7 and large®% ring
closures employing allylstannanes,8 allylzinc® and allylnickelS’ compounds are also described in the
literature. However, the relative topicity of these intramolecular carbon—carbon bond-forming reactions
is ul (see equations 55 and 56 in Section 1.6.3.6).7273

OR OR
5 equiv. CrCl, K 2 o 2
THF o:m,, 1 + O'um 1 (50)
64% ,
= >
13 14 13 14 (
(122) 80:20 (123)
13 HH -
2 [ TCiy CiLy
re;re (lk)
(124) (125)

A related reaction has been described by Kitagawa and coworkers™ in which (126) exclusively pro-
vides (127) upon treatment with CrCl;~LAH (equation 51). The relative stereochemical result is qualita-
tively identical to that reported by Still and Mobilio.5* Cyclodecadienol (127) was subsequently
transformed into (+)-costunolide. A third example of a related chromium-initiated cyclization was re-
ported by Takeshita and coworkers®? in a synthesis of cycloaranosine (115). Serial treatment of (128)
with MsCl/pyridine and CrCls-LAH provided (129) stereospecifically in 95% yield (equation 52). An-
other example of internal addition of an allylic chromium reagent to an aldehyde has been reported by
Oshima and coworkers and is outlined in Section 1.6.3.6.72

Intramolecular alkenylchromium additions to aldehydes have been reported®® and are outlined in
Section 1.6.4.3. An intriguing example of an intramolecular organochromium reaction has been com-
municated by Gorques and coworkers.”! Treatment of (130; Scheme 5) with CrCl, in HMPA elicits a re-
ductive 1,5-acyl transposition and generates chromium phenoxide (131). Work-up with aqueous
ammonium chloride affords phenol (132). However, when the reaction occurs in the presence of boron
trifluoride etherate benzo[b}furan (133) is obtained directly in excellent yield.



Organochromium Reagents 189

CrCly-LiAlH,

1
= CHO\ DNze, THF
%o

Br

(126)

i, MsCl, pyridine

(52)
ii, CrCly-LiAlH,
DMF-THF
95%

Cl

Br o} H,0, NH,CI on
CrCl
cl . |a e (132)

0 ocrt 92% cl
(130) (131) \©:>\

(133)

Scheme §

1.6.3.6 Miscellaneous Substituted Substrates

Allylic chromium reagents bearing an electron-withdrawing group at the B-position of the starting
halide have been the subject of several reports.”?’> Oshima and coworkers and Drewes and Hoole have
shown that CrCls-LAH facilitates the addition of ethyl a-bromomethylacrylate (134) to benzaldehyde to
generate the a-methylenelactone (135; equation 53) directly.”? It was noted that when commercially
available CrCl; was used in place of Hiyama’s reagent (CrCl3-LAH) hydroxy ester (138) was obtained
as the sole product. The reagent prepared from (134) and chromium(lI) ion added specifically to the al-
dehyde functionality in (135) to provide keto lactone (137; equation 54). Appending a substituent at the
B-position of (134) (i.e. Bu; 139) introduces the possibility for 1,2-asymmetric induction. In sharp con-
trast to other allylic chromium reagents, (E)- or (Z)-(139) upon treatment with CrCl>-LAH adds to benz-
aldehyde with ul relative topicity to provide the syn-o-methylenelactone (140) stereospecifically. An
intramolecular variant of this reaction reported by Oshima and coworkers,’? describes the transformation
of (141) cleanly into (142; equation 56). Other reducing metal centers (Ni% 7 and Zn5"?) have been
used to initiate the construction of a-methylenelactones from allylic bromides and aldehydes. These pro-
cesses also proceed with u/ relative topicity. Another example of a trisubstituted allylic chromium re-
agent bearing an electron-withdrawing group at the B-position to the chromium atom was reported by
Knochel and coworkers.” Sulfone (143) adds to isovaleraldehyde (144) in the presence of CrCla. The
addition proceeds stereoselectively to provide a 96:4 ratio of syn-(145) to anti-(146) in 95% yield (equa-
tion 57). The specificity of this transformation was shown to be general (with six examples). The selec-
tive ul relative topicity of the addition reaction of sulfone (143) has been ascribed by Knochel to a
synclinal transition structure (147). The preferred (E)-alkene geometry fixes the vy-substituent of the nu-
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cleophile in a pseudoaxial position. Alternatively, Oshima and coworkers explained their results by im-
plicating an antiperiplanar reaction geometry (148), which is favored because coordination of the sub-
strate aldehyde is replaced by internal ligation from an ester oxygen.

Ph
Br O  CrCly, LiAlH, Ph
; b + Y Y (53
COZEt Ph H THF EtOZC OH
94% o
(134) (138) (138)
(o}
(o}
H CrCl;, LiAlH,
5 (54)
o (134), THF
90% o
(136) a37n
Bu Ph
Bu\_(—Br o CrCl,, LiAlH,
= + o (55)
CO,Et Ph)L H THF
86%
o}
(139) (140)
CHO
CO,Et  CrCly, LiAlH,
~ (56)
THF
Br 55%
(141)
PhO,S
CHO X (7))
(143 (144) (145) (146)
[ LsCr ——O 7]
Pr
H7 OEt
3/\I|{/° T7CrLy Ph H
SO,Ph H Bu
L o _
re,si (ul) sire (ul)
147 (148)

Takai and coworkers have recently reported their findings on the addition of y-alkoxyallylic chromium
compounds to aldehydes.”® The reagents, which were generated by the reduction of dialkyl acetals (149)
with CrCl in the presence of trimethylsilyl iodide, added to aldehydes (150) to produce vicinal diols
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(equation 58 and Table 6). The addition proceeded efficiently and stereoselectively at —30 °C providing
the erythro-1,2-diols (151) as the major products. The reaction tolerated substitution at the a- and B-po-
sitions (Table 6, entries 12 and 13 and entries 10 and 11, respectively) of the acetal. Suprisingly, how-
ever, the dibenzyl acetal of crotonaldehyde did not provide a useful chromium-based reagent.
Erythroithreo selectivity was high in all cases except for addition to pivaldehyde (entry 8). As is the case
for other organochromium(III) reagents, the oxygenated analogs generated from acrolein acetals add che-
mospecifically to aldehydes in the presence of ketones (equation 59). The authors suggest that the or-
ganochromium reagent was constrained to an s-cis configuration caused by internal ligation of the
y-0Xygen atom to the metal center. As a consequence, the possible synclinal transition state geometries
are boat-like arrangements (157) and (158). Preferred complexation of the aldehyde lone pair which is
syn to hydrogen’” and the presence of fewer eclipsing interactions make (157) the favored transition state
and the erythro isomer (151) the predominant product.

R? 2 2
ORI O Cl‘Clz. Me3SiI R ?H R OH
+ R4)J\H %/_\R«s + )>/LR4 8
3 1 230 ° “, “,
R®  OR THF, -30°C R0’ “R3 rl0? “Rr3
(149) (150) (151) erythro (152) threo

Table 6 Reaction of Unsaturated Dialkyl Acetals with Aldehydes using CrCly/TMS-I (equation 58)7

thro:threo
Entry R! R? R? R¢ Time (h) Yield (%) ( 51):(152)
1 Me H H Ph 3 99 88:12
2 Bn H H Ph 1.5 97 71:292
3 Bn H H Ph 3 98 88:1
4 Bn H H Ph 9 33 91:9
5 Bn H H n-CgHj7 6 95 87:13
6 Bn H H PhCH2CH2 2.5 99 88:12
7 Bn H H Cyclohexyl 6 93 88:12
8 Bn H H t-Butyl 7 91 33:67
9 Bn H H PhCH==CH 2 97 76:24¢
10 Bn Me H Ph 3 99 85:15
1 Bn Me H n-CgH17 3 99 88:12
12 Bn H Me Ph 8 88 92:8
13 Bn H Me n-CgHi17 5 83 93.7
*Reaction performed at 25 "C. "Reaction performed at —42 *C; 42% PhCHO recovered. °1,2-Addition.
0 o o) 0" P O 0" > ph
/ ~ Cl'Clz, Me3SlI H
/U\(\,)W H + /\O( on g H g P
) ~- THF, -30 °C OH OH (59)
(153) (154) (155) (156)

RO

\CrL4 \CI‘L4
(181) erythro / — = (152) threo
el |
s-cis s cis
HH

(157 (158)

1.6.3.7 Propargyichromium Reagents

The chromium-mediated addition of propargyl halides to carbonyl compounds was studied by Gore
and coworkers.”®-80 Unlike the crotylchromium reagents already described (vide supra), which react ex-
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clusively with allylic transposition, propargyl systems (159) react with carbonyl compounds (160) to pro-
vide a mixture of alkynic and allenic products (161) and (162) (equation 60). The regioselectivity was
shown to be a function of the propargyl bromide and carbonyl substrate and of the presence of HMPA
(hexamethylphosphoramide) in the reaction medium (Table 7). The authors suggest that the organochro-
mium(III) reagent reacts entirely by allylic transposition (Scheme 6). Therefore, the regiochemical out-
come reflects the ratio of organochromiums (165) and (166) which are formed as a mixture or equilibrate
via mesomeric radical intermediates (163) and (164).

R2
1,, 25 ©
Br R? %fF’Hz:{Pi Rl _Z Rl R2
1 + >= (0] + \= 33— (60)
R x ) R4 R3 R4 R3
R OH HO R4
(159) (160) (161) (162)

Table 7 Chromium(H)-mediated Addition of Propargyl Bromides to Aldehydes and Ketones (equation 60)

Entry R! R? R? R (161):(162) (equiv.) Yield (%)
HMPT
1 H H H n-C7His 85:15 0 72
2 H H —(CH2)5~— 65:35 0 68
3 H H —(CH2)s5— 21:79 5 70
4 H CsHii H Pr 0:100 0 80
5 H CsHi; Me Me 0:100 0 78
6 H CsHn —(CH2)5— 0:100 0 78
7 n-C7H;s H H Pr? 100:0 0 76
8 n-C7H;5 H Me Me 0:100 0 66
9 n-C7H1s H —(CH2)5— 60:40 0 75
10 n-C7H;5 H —(CH?2)s— 20:80 1 68
11 Pt Et H P 100:0 0 65
12 Pr" Et Me Me 75:25 0 60
13 Prt Et —(CHp)s— 80:20 0 50
_ - R2
Rl R\ Z (160)
N\ R2 —_— (162)

Br " 163 / CrCl

RIJ\ Crch 1 (165)
x

R? Rl R2 \

=C=. 1 2 (160)
R R
_ asy | et 2 e
CrCl,
(166)
Scheme 6

1.6.3.8 Enantioselective Addition Reactions

Allylic organometallics modified at the metal center by chiral adjuvants add to aldehydes and ketones
to provide optically active homoallylic alcohols. This process has been described for reagents containing
boron,?! tin®2 and chromium®? metal centers. Gore and coworkers3? have shown that a chromium-medi-
ated addition reaction of allylic bromides to simple aldehydes that uses a complex of lithium N-methyl-

norephedrine and chromium(II) chloride occurs with modest (6-16% ee) enantioselectivity (equation 61,
Table 8).
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R!

)\/Br MeaN R2CHO (169) RI  OH R OH g
+ 2|CCy AN, - PP
. R2 R2
LiO Ph THF, 20 °C
(167) . (168) (170) amn
Table8 Enantioselective Addition of Allylchromium Reagents to Aldehydes (equation 61)
Entry - R! R? (170).(171) Yield (%) ee (%)
1 H Pr (SR) 58:42 49 16
2 H CH2CHMe; (SR) 58:42 58 16
3 H ¢-C7His a 48 a
4 H Ph (RS) 56:44 60 11.5
5 Me Pr (SR) 58.5:41.5 52 17
6 Me Ph (RS) 53:47 53 6

*Not applicable.

1.6.4 ALKENYLCHROMIUM REAGENTS

1.64.1 General Features

The ability of the anhydrous chromium(II) ion to reduce vinyl halides and provide alkenylchromium
compounds which participate in aldehyde addition reactions was first described by Takai and cowork-
ers.34 Treatment of 2-iodopropene (173) and benzaldehyde with anhydrous chromium(lI) chloride in
DMF afforded allylic alcohol (174) in quantitative yield (equation 62).34

General features of the process are illustrated in Table 9. The addition to aldehydes is more facile than
to ketones (entries 1 and 2 versus 3). Vinyl bromide (177) adds to aldehydes in the presence of CrCl.
The separate addition of (E)-bromostyrene (180) and (Z)-bromostyrene (182) to benzaldehyde occurs
stereospecifically to provide (E)-(181) and (Z)-(183), respectively (entries 6 and 7). However, trisub-
stituted (E)- and (Z)-vinyl iodides (184) and (186) add to benzaldehyde in a stereoconvergent fashion
wherein (E)-(185) is the exclusive product in both cases. Lastly, iodobenzene (187) adds more effective-
ly to nonanal than does bromobenzene (189) The chemoselectivity of alkenylchromiums mirrors that of
crotylchromium reagents (see equations 19 and 21). Selective addition to the aldehyde carbonyl of bi-
functional compounds (190) and (192) yields adducts (191) and (193), respectively (equation 63 and 64).
Takai and coworkers® have shown that alkenylchromium reagents can also be generated from enol tri-
flates and chromium(II) chloride under nickel catalysis (equation 65). This work, as well as reports from
Kishi and coworkers,% shows that nickel, as a trace contaminant in commercially available CrCl, is es-
sential for most Barbier-like organochromium reactions. Consonant with this finding is the fact that high
purity CrCly, free from nickel salt contamination, does not reproducibly promote organochromium for-
mation. A catalytic cycle which is likely to be operative has been proposed (Scheme 7). Vinyl halide or
triflate (194) undergoes oxidative addition to nickel(0) to provide a nickel(II) species (195)%7 which, after
metal exchange with chromium(III), affords an alkenylchromium(III) reagent. The appropriate quantities
of nickel(0) and chromium(III) are provided by the facile redox couple between nickel(Il) and chro-
mium(II).88 In cases where (194) is an iodide, both nickel(II) and palladium(lI) salts promote the cata-
lytic cycle and the addition reaction to aldehydes. However, triflates are converted to competent
alkenylchromium reagents only under nickel catalysis. Since it has been shown that palladium(0) under-
goes facile oxidative addition to alkenyl and aryl triflates,%? the alkenylpailadium triflate (195; M = Pd,

(0]
CrCl,, DMF Ph
)\1 * Ph)l\H )\/ 62

15 min, 25 °C
100% OH

173 a74)
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Table9 CrCl,-mediated Addition of Alkenyl Halides to Aldehydes and Ketones (equation 62)%

Entry Alkenyl halide Aldehydelketone Yield (%)b Time (h) Product
)\ )\/Ph
1 I PhCHO 100 0.25 OH
(173) 174)
)\ n-CgHy;
2 - 1 n-CgH;7CHO 100 0.25 OH
173 7s)
O%
3 )\ I Cyclohexanone (172) 22¢ 3
Ph
7
/\Br /\(;l
4 PhCHO 80 15
77
(178)
/ n-CgH”
Z B OH
5 n-CgH;7CHO 77 1.5
Q7
179)
Ph
Ph —
6 Br PhCHO 82 1 HO
(180) (181) (E) only
Ph B HO,
T
\—/ m_)"
7 PhCHO 78 1 =
(182) (183) (2) only
Ph
Ph —
—< Ph
8 I PhCHO 91 3 HO
(184)

(185) (E) only
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Table9 (continued)

195

Entry Alkenyl halide Aldehydelketone Yield (%)" Time (h) Product
Ph
Ph 1 _
_< Ph
9 PhCHO 90 3 HO
(186) (185) (E) only
Ph \r n-CSH”
10  PhI(187) n-CgH;7CHO 83 3 OH
(188)
Ph \r n-CsH 17
11 PhBr(189) n-CgH;7CHO 134 5 OH
(188)

% Reaction run at 25 °C, 4 equiv. of CrCl, used. ® Isolated yields. ©50°C, 3 h. 9490 °C.

X = OTf) may fail to accomplish metal exchange and consequently hinder the formation of the alke-
nylchromium reagent. Few examples of the use of enol triflates as progenitors of vinyl carbanion equiv-
alents have appeared.?® Consequently, the work from Takai and coworkers is particularly useful. The
alkenylchromiums generated from enol triflates are functionally indistinguishable from those generated
from iodoalkenes (equation 65 and table 10).25 This fact is disclosed by comparison of Table 9 with

Table 10.

OHC /\/\/U\/\/

OHC \_/:\_/CN

X =1, Br, OTf
M=Nij, Pd

2c! 2cA1
Scheme 7

CrCl,, RX o
DMF, 25 °C R
(63)
R X Yield (%) OH
H,C=C(Me) 1 94 (191)
H,C=CH Br 86
Ph I 81
CrCl,, RX
DMF, 25 °C R
R X Yield (%) (64)
H,C=C(Me) I 9 (193)
H,C=CH  Br 92
Ph I 87
MO )\ cet )\
MX w cdn
(195) (196)
MO Mll
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Table 10 CrCl,—mediated/NiCl,~catalyzed Addition of Alkenyl Triflates to Aldehydes

Entry Triflate Aldehyde Time (h) Product Yield (%)
Il
Ph
1 PhCHO 1 Bu 7
Bu” TOTf OH
n-C3H17
2 B n-CgH;7CHO 3 Bu 81
u OTf OH
~_Pr
3 J\ o P 4 Bu/U\(\/ 64
Bu” TOTf
OH
I J\/\Wﬁ\
4 J\ /\("))K 1 Bu 87
OHC 7
Bu” TOTf 2 OH
5 JJ\ OHC mCN 2 BUJJ\/\/WCN 78
Bu OTf OH
-CgH
6 O\ n-CgH,7CHO 4 : \(" g 74
-CgH
7 QLOT{ n-CgH;7CHO 4 ; \(" & 76
OH
Ph
Ph —
8 =( PhCHO 1 Ph 92
OTf HO
Ph OTf —
9 \=< PhCHO 3 Ph Ph 46
HO
Ph
Ph
10 _4 PhCHO 1 Ph 85
OTf HO
Et Et
Et Et —
11 ‘—<_ PhCHO 2 Ph 72

OTf

e ol
(o)




Organochromium Reagents

J\ L, e W
+ R!
R!” "OTf R? J\ H cat. NiCl, OH
DMF
(197) (198) (199)

1.6.4.2 Synthetic Applications

197

(65)

A great portion of the chemical research involving alkenylchromium reagents is described by Kishi
and coworkers. During synthetic studies directed towards palytoxin,”? generation of an organocuprate
derived from (201) proved untenable. However, the use of an in situ prepared organochromium reagent
allowed for C(16)—C(17) bond formation (equations 66 and 67). The coupling proceeded with complete

OBn
BnO,, +OBn
" A CrCl,, DMSO
WL 13 1%NiCl,
~1°0” YCHO +
71%
“o
o VA (200) 1 equiv. (201) 3 equiv. OSiPh,Bu'
OBn OBn

+ (66)
OSiPh,Bu’
(202) 1.3:1.0
CrCl,, DMSO
1%NiCl,
(200) +
58%
(0] OBn OSiPh,Bu
OSithBl.lt
(204) 3 equiv. (205) 1.6
BnO,,,U
w“‘\\\ll (o] (67)
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retention of the C(17)—C(18) alkene geometry but with a low level of diastereogenesis at C(16). Reten-
tion of double-bond configuration is a general feature of disubstituted alkenylchromium compounds (see
also entries 6 and 7, Table 9). However, alkenylchromiums derived from trisubstituted iodoalkenes and
trisubstituted B-iodoenones®! exclusively provide products with an (E)-alkene geometry. This stereo-
chemical feature, also noted by Takai and coworkers (entries 8 and 9 in Table 9; entries 8 and 9 in Table
10),3435 is evident in equations (68) and (69). Both (E)- and (2)-iodoalkenes provide only (E)-allylic al-
cohols as the addition product. Moreover, both reagents provide identical levels of diastereoselection, as
seen from the ratios (210):(211) and (214):(215). Notwithstanding these similarities, the organometallic
prepared from the (£)-iodoalkenes provides higher yields of the addition products. The major products
obtained, (210) and (215), are consistent with the Felkin—Anh prediction for diastereoselective addition
reactions to a-alkoxy aldehydes.*’” The reactions outlined in equations (68) and (69) serve as useful
model studies for the coupling reaction between the C(1)—C(7) and C(8)—C(51) fragments in the actual
synthesis of Palytoxin.

Kishi and coworkers®-%5 have also implemented alkenylchromium reagents for the synthesis of glyco-
sides and C-methyl glycoside analogs. In the synthesis of the C-analog (217) of isomaltose (216), the
C(5)—C(6) bond was established by the nickel(I) chromium(Il)-mediated coupling of (Z)-iodoalkene

OBn
CrCl,, DMSO
1% NiCl,
(E)-(207)
(Z)-(208)
(68)
8a-(210) ¢ 8B-(211)
From (E)-(207) 72% 2 : 1
From (Z)-(208) 15% 2 : 1
CrCl,
1% NiCl,
DMF/DMS
(E)-212)
(2)-(213)
(69)

8a-(214) : 8B-(215)
From (E)-(212) 82% 5 : 1
From (Z)-(213) 28% 5 : 1
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(218) with alkoxy aldehyde (219; equation 70).9 The reaction proceeds with excellent stereochemical
control via a Felkin—Anh approach and provides a >15:<1 ratio of cis-allylic alcohols (220) and (221).
Continuing studies in this area include the synthesis of C-sucrose (226).* The nickel(II)/chromium(II)
coupling of vinyl iodide (222) with a-benzyloxy aldehyde (223) affords (224) and (225; equation 71).
The major product (225) possesses the 3',4-anti arrangement which arises rationally from a Felkin—Anh
addition pathway. This result is consistent with previously described examples (vide supra).

o

’l/,
1, \
/ o 5

(216) Isomaltose: X=0,Y=H
(217) Methyl-C-glycoside: X = CH,, Y = Me

BnO
OBn
BnO,,
", o I N OHC \‘\\\OBn CrCl,
"u,,,) DMSO
BnO” OBn 1% NiCl,
BnO 0SiMe,Bu*
(218) (219)
BnO OBn
BnO,,
+
T BnO Y
BnO OSiMe,Bu! BnO 0SiMe,Bu'
(220) >94% (221) <6%
BnO
C:)Bn
: BnO,, CrCl,
OHC /\ﬁo + 0
o 3 )]\ THF/DMSO
BnOY Y ™ I 1% NiCl,
OBn
(223 (222)
BnO BnO
BnO BnO

III[, 0 an
BnO )W

(224) 9%

(225) 91%

79

@1
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HO

HO H
OH Ho~ OH
C-Sucrose (226)

1.6.4.3 Intramolecular Addition Reactions

Examples of intramolecular addition reactions of alkenylchromium reagents to aldehydes have ap-
peared.%97 In the course of synthetic studies in the brefeldin structural series, the nickel(II)/chro-
mium(IT)-mediated intramolecular addition reactions of (E)-iodoalkenes (227) and (230) were studied by
Schreiber and Meyers (equations 72 and 73).% Treatment of (227) with CrCl and a catalytic portion of
[Ni(acac)z] in DMF produced a 4:1 mixture of 4-epibrefeldin C (228) and (+)-brefeldin (229) in 60%
yield. In a similar fashion, precursor iodide (230) afforded a >10:1 mixture of cyclized hydroxy lactones
(231) and (232) in 70% yield. An explanation of the stereochemical preference observed has been elo-
quently offered in a discussion of local conformational preferences found in the starting material and the
product lactone, as each is relevant to a transition structure for a 13-membered ring closure.

Another intramolecular addition of an alkenylchromium to an aldehyde was reported by Rowley and
Kishi in synthetic studies toward the ophiobolins.?” Treatment of (223; equation 74) with CrClo/NiCl, af-
forded the cyclized product (234) as a single diastereomer in 56% yield.

OHC
H crl,

1% w/w [Ni(acac),]
DMF

(72)
(228) 80% (229) 20%
OHC; -
£ \ o W 1 CrCl,
®/\/\/\r fo) 1% w/w [ Ni(acac),]
DMF
70%
+ (73)

(231) >91% (232) <9%



CHO
Ph,Bu'SiO \\—I .

(233)
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NiCL(I%)/CCl;  p,Bu'Si0 H
DMS, DMSO

56%

OH

74)

165 ALKYNYLCHROMIUM REAGENTS

The generation of alkynylchromium reagents and their addition to carbonyl compounds has been stud-
ied by Takai and coworkers.”® The chemoselectivity of these reagents resembles that of other organo-
chromium(III) reagents. Preparation of alkynylchromiums can be accomplished by treatment of
haloalkynes with chromium(II) chloride in DMF. Representative addition reactions of alkynylchromiums

are offered in equations (75) to (79).

Bu

o] o] =] x AN
)K . )J\ /\/\( P . /\/x( Ph s)
Ph Ph H CrCl,, DMF OH
2 OH

5°C
85%

o)

OHC W

3

OHC \_/:\—/CN

oHC™ X

(235) 96%

Bu—==I

CrCl,, DMF
25°C
76%

Bu—=—1

CrCl,, DMF
25°C
8%

Ph—==—1I

CrCl,, DMF
25°C
83%

(236) 4%

Bu (8)
X
(76)
OH

237)

OH

Bu—= = CN an

Ph

Y4

x (78)

OH
(239)
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Bu'Me,Si

0] Bu'Me,Si—=——Br N
A \(”‘ (19)
Ph H CrCl,, DMF
25°C OH
83%
(240)

1.6.6 a-ACYLCHROMIUM REAGENTS

The aldol-type reaction of a-bromo ketones with aldehydes, mediated by CrCly, has been studied by
Dubois and coworkers.?® The reaction is carried out by addition of (241; equation 80) to a solution of
(242) and CrCl; in THF. The reaction proceeds with high levels of syn selectivity with bulky bromo
ketones (241), independent of the substrate aldehyde used (Table 11, entries 1-6). However, the reaction
is stereorandom with bromoacetophenone (entry 7) and selectively anti with 2-bromocyclohexanone
(entry 8). No explanation of the stereoselectivity has been advanced, but the reaction is believed not to
proceed via a simple chromium enolate since no condensation reaction is obtained by addition of (242)
to a solution of (241) and CrCl;. Moreover, Nozaki and coworkers!® have demonstrated that chro-
mium(II) chloride treatment of 1-bromocyclododecanone followed by treatment with either methyl
iodide or TMS-CI produces only cyclododecanone.

o o O OH O OH
R? CrCl,
R‘)Kr + R3)LH R‘)j\E/LR3 + R R3 (80)
Br THF, ~24h R? R2
(241) (242) (243) anti (244) syn

Table 11 Reaction of a-Bromo Ketones (241) with Aldehydes (242) using CrCl; (equation 80)*

Anti:syn
Entry R R R Yield (%) (243)(344)

1 Bu! Me Me 50 0:100
2 Bu! Me Et 81 0:100
3 Bu! Me Pr 70 0:100
4 But Me Pr 83 0:100
5 Bu' Me Ph 75 0:100
6 Bu' Me But 87 0:100
7 Ph Me Ph 68 50:50
8 —(CH2)4— Ph 75 100:0

1.6.7 ALKYLCHROMIUM REAGENTS

Addition of alkylchromium reagents to carbonyl compounds was studied first by Kauffmann and co-
workers.!0! Organochromium reagent (246) can be generated in situ by treatment of trimethylsilylme-
thylmagnesium chloride (245) with CrCls (Scheme 8). Condensation with aldehydes provides chromium
alkoxide (247), which is transformed into the alkenated products (248) by warming with aqueous per-
chloric acid. Ketones are apparently inert to (246), providing none of the desired alkene product. A more
extensive examination of alkylchromium(III) reagents has been subsequently disclosed.!%? Preparation of
a variety of dichlorotris(tetrahydrofuran)alkylchromium(IIl) complexes (249) has been carried out by
treatment of CrCls with organomagnesium or organolithium reagents in tetrahydrofuran (equation 81).
Complexes of this sort can also be prepared from organoaluminums and CrCls,'%!3 and X-ray data has
revealed the structure of one such complex (249; R = p-tolyl). Addition of (250) to aldehydes (equation
82 and Table 12) proceeds smoothly (R? = H; Table 12, entries 2, 5 and 8), but towards ketones (250) is
entirely unreactive (R? # H; entries 3 and 6). The chemoselectivity is underscored by competition experi-
ments (entries 4 and 7). Also, the addition reaction proceeds more efficiently with a molar excess of al-
kylchromium (entries 1 versus 2 and 8 versus 9). Generation of alkylchromium(III) reagents from CrCl,
and organic halides has been reported by Takai and coworkers.!? In particular, it has been demonstrated
that a-thioalkylchromium(III) compounds (254), prepared by chromium(II) ion reduction of a-iodo sul-
fides (generated in situ from Lil and 253),!%4 add smoothly and selectively to aldehydes to afford
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thioether carbinols (256; equation 83, Table 13), (257; equation 84) and (258; equation 85). In contrast to
the chemoselectivity of this organochromium compound, it has been noted that a-thiomethyllithium ex-
hibits no chemoselectivity for aldehydes in the presence of ketones. The butylchromium reagent pre-
pared by chromium(H) ion reduction of iodobutane provides only 11% of 1-phenyl-1-pentanol (259;
equation 86) after 24 h. However, Kauffmann and coworkers!?2 have demonstrated that the butylchro-
mium reagent prepared from z-butyllithium and CrCl yields 81% of (259) after 18 h. These data reveal
the importance of the sulfide group for the efficient reduction of the alkyl iodide.

Diastereoselective addition of thiophenylalkylchromium(III) reagents has been studied by Takai and
coworkers.!%3 Treatment of aldehyde (260) with a-chloro sulfide (261), Lil and CrCl gives B-phenylthio
alcohols (262) and (263) (equation 87 and Table 14). The syn isomer (262) was generated dia-
stereoselectively in all cases (262:263 2 4:1). The diastereoselectivity of the addition reactions of thio-
phenylalkylchromiums is especially noteworthy as the lithium reagent prepared from phenyl ethyl
sulfide and Bu'Li-HMPA adds to benzaldehyde in a stereorandom fashion (contrast entry 2, table 14).

. CrCl; . RCHO OCrCl, HClIO,
Me;SiMgCl . | MesSi \/CrClz] — Mei X
THF THF 3 R H0,60°C
(245) (246) (247) (248)
R=CgH;; 45%
R=CgH,;; 47%
Scheme 8§
crcl,
RMgX or RLi [RCr(THF);Cl,) 81
THF (249)
R? THF OH
[RlCI(THF):gClz] + >= (0] /’\ (82)
R3 ~60°Ctor.t. R! 3 R?
18h R
(250) (251) (252)

Table 12 Addition of Alkylchromium(IlT) Complexes (250) to Carbonyl Compounds (equation 82)

Entry R! R? R? (250).(251) Yield (%)
1 Me n-CeHi3 H 1:1 36
2 Me n-C¢Hi3 H 3:1 85
3 Me Me Me 1:1 0
n-CgHi3 H .- 71
4 Me Me Me 2:1:1 0
5 Prt n-CsH13 H 3:1 73
6 Bu? Et Et 1:1 0
n-CeHi3 H 1. 66
7 P Bt Et 2:1:1 0
8 PhCH3> n-CeHi3 H 1:1 52
9 PhCH» n-Ce¢Hi3 H 3:1 65
10 Bu" n-CgHi3 H 1:1 81
CrCl, , ok
Li, THF R“CHO
RIS [Ris™ e rRs L. (83)
R

(255)
(253) (254) (256)
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Table 13 Addition of a-Halo Sulfides (253) to Aldehydes (255) Using CrCl, (equation 83)

Entry R R? Temp (C) Time (h) Yield (%)
1 Me Ph 40 5 88
2 Me CgHi7 40 9 72
3 Me PrCH==CH 40 13 642
4 Ph Ph 60 10 63
5 Ph CgH17 40 10 48
*1,2-Product only
Joo+ Y sme L 84)
Ph H Ph Lil, CrCl, OH Ph
THF
40°C,5h
(257) 94% 86% recovered
0] (0] SMe
A - Ay
(85)
, CHO Lil, CrCl, 7 OH
THF
40°C,3h (258)

i, Bu"l, CrCly, DMF, r.t., 24 h, 11%
o i 2 r o or OH

/U\ ii, Bu"Li, CrCl;, THF, 18 h, =60 °C to r.t., 81% )\/\/
86
Ph H Ph ®5)

(259)

The process is sensitive to solvent additives. Both yields and syn selectivities benefit from the addition of
TMEDA (entries 1 versus 3 and 5 versus 6), HMPA (entry 5 versus 7), triphenylphosphine (entry 5 ver-
sus 8) or 1,2-bis(diphenylphosphino)ethane (entry 5 versus 9). The effectiveness of a given additive (vis-
a-vis selectivity and/or % conversion) has been shown to be substrate dependent.

o CrCly SPh SPh
PhS R? Lil R! R! :
P h R+ YR 6D
R H cl THF, 25 °C OH OH
(260) (261) (262) syn (263) anti
Table 14 Addition of a-Halo Sulfides (261) to Aldehydes (260) using CrCl, (equation 87)
Entry R R? Ligand  Time (h) Yield (%) (262):(263) Aldol (261) recovered (%)
1 Ph Me — 16 58 80:20 — 17
2 Ph Me TMEDA 6 96 88:12 — 0
3 Ph Pt TMEDA 6 95 86:14 —_ 0
4 Ph Pr TMEDA 25 46 80:20 —_ 25
5 CsHy7 Me — 17 17 86:14 11 0
6 CsgHy7 Me TMEDA 1.5 25 90:10 19 0
7 CsHi7 Me HMPA 20 33 97:3 23 5
8 CsH17 Me PhsP 20 23 84:16 10 24
9 CsgHyy Me DIPHOS 19 53 >98:<2 <3 32
10 CgH17 P DIPHOS 40 8 >98:<2 <5 71
11 c-CsH1i Me DIPHOS 18 11 90:10 <5 50
12 c-CsHn1 Me TMEDA 18 65 81:19 <5 13
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1.6.8 ALKYL-GEM-DICHROMIUM REAGENTS: ALKENATION REACTIONS

gem-Dimetalloorganic compounds are useful reagents for the alkenation of aldehydes and
ketones.!05:106 A variety of gem-dichromium reagents have also been used for this purpose.l97-1% Takai
and coworkers!?” have reported the conversion of aldehydes (264) to vinyl halides (265) and (266) using
haloform and chromium(lI) salts in THF (equation 88 and Table 15). The (£)-alkenyl halide is generated
selectively with the exception of the CHI3/CrCl; reactions of a,B-unsaturated aldehydes (Table 15, entry
12), which give variable results with respect to alkene geometry. The rate of reaction has been shown to
be a function of the haloform and increases in the order Cl < Br < 1. In addition, the (E):(Z) ratio
(265):(266) is also a function of the haloform used and increases in the order I < Br < Cl. The use of
HCBr3/CrCl; provides a mixture of alkenyl chlorides and bromides (entries 2 and 6). This problem can
be alleviated by the use of CrBrs/LAH as the source of CrBrz, which affords the alkenyl bromides
cleanly. Haloform-CrCl; reagents condense selectively with aldehydes in the presence of ketones (equa-
tion 89), and provide vinyl halides suitable for alkenylchromium preparation (see Section 1.6.4).

0 CHX,, C! N
N e+ BTN (®)
R H THF I
(264) (E)-(265) (Z)-(266)
Table 15 Selective Synthesis of (E)-Alkenyl Halides (265) from Aldehydes (264) and CHX3;—CrClo/THF
(equation 88)
Entry Aldehyde  HaloformX Chromium(ll) Temperature Time (h) Yield (%) (265):(266)
(264) source (C)
1 PhCHO I CrCly 0 3 87 94:6
2 PhCHO Br CrCly 25 1.5 X=Br32 95:5
X=Cl43 95:5
3 PhCHO Br CrBr3/LiAlH4 50 1 70 95:5
4 n-CgH17CHO Cl CrCl2 65 2 76 95:5
5 n-CgHi17CHO I CrClz 0 2 82 83:17
6 n-CgH17CHO Br CrCha 25 2 X =Br37 89:11
X=Cl132 90:10
7 n-CgH;7CHO Br CrBri/LiAlH4 50 2 61 87:13
8 Cl CrCl2 65 4 76 94:6
9 Q CHO  j CrCly 0 1 78 89:11
10 Br CrBri/LiAlHs 50 2.5 55 89:11
11 <:>=\ Ci CrCl2 65 2.5 55 92:8
12 CHO I CrCl2 0 0.5 76 75:25to 55.45
13 Bu‘4<}0 I CrCly 25 4 75 —
o o CHI,, CrCl, o
M+ e Y )J\ (89)
Ph H Ph THF, 0 °C Ph
(267) (E):(Z) 94:6  88% recovered

91%

Takai and coworkers!® have reported that the formation of alkyl-gem-dichromium compounds (269)
can be achieved by the CrCl: reduction of gem-diiodoalkanes (268; equation 90). These reagents add to
aldehydes and afford alkylidenation products (271) and (272) efficiently and with high levels of (E)-al-
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kene selectivity (equation 90 and Table 16). The addition of 1,1-diiodoethane to aldehydes proceeds
smoothly and with excellent (E)-selection (entries 1-5).

I CrCl-DMF Crit RICHO N
r2—( re—( R BTN

THF il (270) R!

(268) (269) @71) 272)

Table 16 Alkenation of Aldehydes (270) with gem-Dichromium Compounds (269; equation 90)

Entry R! R? Conditions* Time (h) Yield (%) (271):(272)
1 n-CsHi Me A 4.5 94 96:4
2 n-C11H23 Me A 5.0 81 95:5
3 Ph(CH2z)2 Me A 10 85 97:3
4 Et;,CH Me A 2.0 99 98:2
5 4-Pr'CsH4 Me A 10 97 84:16
6 4Pr'’CeHa Me C 5.0 84 78:22
7 n-CsHi Pr A 24 38 96:4
8 n-CgH17 Pr B 1.5 85 95:5
9 n-CsH19 Pr B 1.0 96 99:1
10 But Pr B 1.0 87 88:12
11 Ph Pr C 0.5 60 51:49
12 n-CsHi) Pr A 24 12 72:28
13 Ph Pr B 2.0 79 88:12
14 Ph Bu! B 2.0 80 96:4
15 Ph H A 24 70 —_—
16 Ph H B 3.0 92 _—

*A: (270) 1.0 mmol, (268) 2.0 mmol, CrCl; 8.0 mmol, THF; B: (270) 1.0 mmol, (268) 2.0 mmol, CrCl; 8.0 mmol, DMF 8.0 mmol,
THEF; C: (270) 1.0 mmol, (268) 2.0 mmol, CrCl,; 8.0 mmol, Zn* 6.0 mmol, THF.

However, all other gem-dichromium reagents (R2 = Pr, H, Pr') require DMF as a cosolvent to obtain
useful yields of alkene products. The effect is attributed to the enhanced reducing ability of chromium(II)
in the presence of donor ligands (vide supra). Use of Zn/CrCl; as a source of chromium(II) ion provides
inferior stereochemical results (Table 16, entries 6 and 11). Lastly, Takai and coworkers'% have reported
the synthesis of (E)-alkenylsilanes. Treatment of dibromotrimethylsilane (273) with CrCl; yields gem-
dichromium reagent (274) which reacts with aldehydes to produce (E)- and (Z)-vinylsilanes like (276)
and (277). As with other gem-dichromiums (equation 88, Table 15; equation 90, Table 16), the alkena-
tion process occurs efficiently with a strong preference for the generation of the (E)-vinylsilane (equation
91, Table 17). In corresponding carbon-substituted cases, diiodo substrates are required for useful yields
of the alkene to be obtained; however, the presence of the silicon atom allows for the use of dibromo pre-
cursors. The general features of reactivity seen with other organochromiums are apparent with this re-
agent as well (Table 17). The authors believe that the reaction proceeds by the formation of a
gem-dichromium species (280; Scheme 9).!10.111 Sybsequent addition to an aldehyde provides the B-oxy-
metal organometallic (281) which then suffers elimination to afford the alkene products (282).106.111 No
explanation of the stereochemical outcome has been forwarded.

Br crcl,, 25°C Crint RI!CHO P
Meysi— Me;si—( SR, MesiTYN g
Me381 1
Br THF cdl 275 R

(273) 274) (276) @77
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Table 17 Synthesis of (E)-Alkenylsilanes (276) from Aldehydes (275) and gem-Dichromium Reagents (274)

Entry Aldehyde (275) Time (h) Yield (%) Comment
1 PhCHO 24 82
PhCH,CH,CHO 24 86
3 n-CgH;7,CHO 24 82
4 <:>'CH0 18 81
5 PhCH=CHCHO 18 79 1,2-Addition

16 76 Addition to aldehyde

60 0 99% recovery of starting material

/U\t’)f HO
7 NC -O' CHO 24 72 Addition to aldehyde
t k=0

ca
X coy at o aay, el pecHo H R?
o’ 220 - N2 B .
11 H
X X Cr ( ocHl R!
(278) 279) (280) (281) (282)

R! = halogen, SiMe;, alkyl

Scheme 9

1.6.9 CONCLUSION

A large variety of organochromium(III) compounds has been described. The addition reactions of
these materials with carbonyl substrates represent an elaborate array of chemoselective and stereoselec-
tive processes. Because of the unique reactivity and chemical properties of these reagents, organochro-
miums are useful reagents for organic synthesis.
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1.7.1 GENERAL CONSIDERATIONS

Organozinc compounds!? are readily prepared by oxidative addition of zinc to alkyl, allylic or
benzylic halides, or by transmetallation reactions. Cadmium organometallics are prepared in similar
ways, but show a lower thermal stability. Zinc and cadmium derivatives show a much lower reactivity
and, consequently, a higher chemoselectivity than their lithium and magnesium counterparts. Organozinc
halides containing various important classes of organic functional groups can be prepared in high yields
and used, after transmetallation to more reactive copper or palladium organometallics, to form new carb-
on~carbon bonds. The addition of organozinc compounds to aldehydes and ketones is of considerable
synthetic utility. Thus, alkyl- and aryl-zinc and -cadmium reagents add to aldehydes in the presence of
Lewis acid catalysts with excellent chemoselectivity. If a chiral catalyst is used, very high enantioselec-
tivities can be achieved. The addition of the more reactive allylic zinc and cadmium compounds to alde-
hydes and ketones does not require a catalyst and proceeds with high yields, good regioselectivity and, in
some cases, excellent diastereoselectivity. The easy preparation of allylic zinc halides, combined with
their high reactivity, makes them ideal nucleophilic allylating reagents.

211
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1.7.2 PREPARATION OF ORGANOZINC REAGENTS

1.7.2.1 Introduction

The carbon—zinc bond,!2? which is a moderately strong carbon—metal bond (bond energy of Me2Zn =
42 kcal mol!; 1 cal = 4.18 J), has a high covalent character (85%) and thus is relatively unreactive to-
ward most organic electrophiles. However, this low reactivity allows for the preparation of a wide range
of highly functionalized organozinc compounds. The presence of empty sp-orbitals of low energy at the
zinc atom makes these organometallics very sensitive toward proton sources (such as water and alcohols)
and toward oxygen. The two most important classes of zinc organometallics are organozinc halides
(RZnX; 1) and diorganozincs (R2Zn; 2; see Scheme 1). These are prepared either by the oxidative addi-
tion of organic halides to zinc metal or by transmetallation reactions. The organometallics (1) and (2)
show different reactivities and selectivities in addition reactions to carbonyl compounds.

A
Oxidative addition = 2RX +2Zn —— 2RZnX RyZn
-ZnX,
o @)
RM
Transmetallation RM+ZnX, ——== RZnX RyZn
-MX MX

@) )
Scheme 1

1.7.2.2 Preparation by Oxidative Addition

Zinc organometallics can be prepared by heating an alkyl halide/zinc mixture without solvent.! This
procedure initially affords an alkylzinc iodide of type (1). Further heating and subsequent distillation
converts (1) into the corresponding dialkylzinc (2; see Scheme 1). A zinc—copper couple has to be used
to make the reaction reproducible, and only alkyl iodides or a mixture of alkyl iodide and the corre-
sponding bromide are suitable substrates. This method is successful for low boiling point dialkylzinc re-
agents (dimethylzinc to dipentylzinc). The preparation of higher analogs requires high distillation
temperatures, leading to substantial decomposition of the organometallic and to difficult separations
from Wurtz coupling products and unreacted alkyl iodides.! The reaction can be performed under much
milder conditions and with more elaborate organic halides in the presence of a solvent such as ether,
ethyl acetate/toluene, 1,2-dimethoxyethane, THF, DMF, DMSO or HMPA. An alkyl halide is always
less readily converted into a zinc organometallic than into the corresponding magnesium organometallic.
Only alkyl iodides and activated organic bromides (benzylic, allylic or propargylic) can be used success-
fully. Allylic or benzylic chlorides can only be converted to the zinc derivative in very polar solvents,
such as DMSO,* or in THF at high temperatures (50—60 °C).> Very mild reaction conditions can be
achieved if the zinc metal has been activated. Several procedures for the activation of zinc metal have
been developed.® The reduction of zinc chloride with various reagents such as potassium,¢ potassium—
graphite® (CgK) or lithium in the presence of naphthalene® affords a very reactive zinc powder, which
allows otherwise impossible reactions (see Scheme 2).5¢ Activation of zinc by ultrasound wave irradia-
tion® or by the use of active zinc slurries prepared by metal vapor techniques’ has also been reported. A
very convenient activation? is realized by the treatment of cut zinc foil or zinc dust with 4 mol % of 1,2-
dibromoethane, then with 3 mol % of TMS-Cl. Under these conditions, a wide range of functionalized
iodides can be converted, in THF, to the corresponding organozinc iodides in high yields (85-95%; see
equation 1). Primary alkyl iodides react between 30 and 45 °C, whereas most secondary alkyl iodides are
smoothly converted into the corresponding zinc derivatives between 25 and 30 °C. The tolerance of func-
tional groups in organozinc halides is noteworthy. The zinc organometallics (3)—(13) have been prepared
in THF,581113 benzene/N,N-dimethylacetamide® 1216 or benzene/HMPA!? in good yields. In polar sol-
vents such as DMF, zinc inserts even into C(sp?)—I bonds of aromatic and heteroaromatic iodides affor-
ding zinc reagents such as (11b)."* Iodomethylzinc iodide (13) was found to undergo a new
1,2-migration with a variety of copper derivatives NuCu, affording the methylene-homologated organo-
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copper NuCH;Cu-Znl.!® Interestingly, the presence of the THF soluble copper salt Cul-2LilI allows io-
domethylzinc iodide (13) to convert allylic bromides directly to homoallylic iodides in high yields (see

Scheme 3).17
. Br ii ZﬂBl’
ZnCl, = Zn + —_—
73%

i, Li (2.1 equiv.), naphthalene (10 mol %), DME, 25 °C, 15 h; ii, DME, reflux, 10 h

Scheme 2

i
FG—R—I

FG—R—Znl (1)
85-95%

FG = OCOR, CONR,, CO,R, N(COR),, C1, Si(OR)3, P(O)(OR),, SR, S(O)R, S(O},R

i, Zn (1.5-2.5 equiv.) pretreated with 4 mol % of 1,2-dibromoethane, then 3 mol % of Me;SiCl,
addition of the alkyl iodide in THF (2-3 M solution) at 25-45 °C, then 1-12 h at 30-45 °C

CN
1Zn___COEt 1Zn.__OAc Zn___CN
Rt 7 fyo® Qim
n

(3)n=2,3 0r4%12 @)yn=3,40r5! (5) n=2or 381113 6)n=0o0r1!

Znl
J/i)/ \"/\/\an ©)R4" a > A B0y, 201

8)n=2-6" 9)'116 (10) n=2o0r3*
0 Znl

Znl o ( sCOzMe
N —(/ B N\ )k I N Znl
N 0 ZnBr

o) \SOZPh
(lla)‘° (llb)s (12)5.m (13)5.17.18

1\|Iu

~ CHZ/Cu‘\I
N,/

P i
4010 0°C Nu =CN, SR, NR,, Ar, allyl, alkynyl, CH(R)CN
I Znl
Cul2Lil R
: A B ?
-10t00°C [Cu ~ I-anz] )\/\ I

N
70~95%

Nu \/CU°anz

Scheme 3
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The same methodology has been used to prepare various functionalized benzylic zinc organometal-
lics,!9 which are not available by other methods (see equation 2).20 In the case of electron rich aromatic
bromomethyl derivatives, Wurtz coupling can become a major reaction pathway. This side reaction is
generally avoided by using the corresponding benzylic chloride. The formation of the zinc reagent>®
must then be performed at 45 °C instead of 5 *C (see equation 3). ortho-Bis(trimethylsilyl)aminobenzylic
zinc organometallics can be easily prepared and used for the synthesis of heterocycles such as indoles
(see equation 4),19

R

R
Zn, THF
N Br 5°C,2-3h N ZnBr
FG— FG - @
P 85-90% P

FG = COR, OAc, OMe, CN, Cl, I, N(SiMe,),

OAc OAc
Ci i ZnCl
3
>85%
OAc OAc

i, Zn dust (2 equiv.), THF/DMSO (4:1),45°C,4 h

B i-iv
NSiMey), 4% N

i, Zn, THF, 0 °C, 5 h; ii, CuCN, 2LiCl, -78 °C to -20 °C, S min;
iii, RCOCI, =20 °C, 14 h; iv, aqueous work-up

~

Various allylic zinc compounds, such as (14)-(16), can be prepared in good yields from the corre-
sponding allylic bromide and zinc in THF. The tendency to form Wurtz coupling products increases with
the number of substituents of the allylic bromide, with the presence of electron-donating groups at the
double bond and with higher reaction temperatures. Thus, whereas (15) can be prepared?! in high yields
at 25 °C, the preparation of (14) has to be performed below 10 °C?2 and (16) can only be obtained in
good yield if prepared below -5 °C. Cinnamylzinc bromide has to be prepared at —15 °C.22

CO,R 0~ OMe
P~ ZnBr )\/ ZnBr )\/ ZnBr
(149) (15) (16)

1.7.2.3 Preparation by Transmetallation Reactions

Grignard reagents!2-3.23 have been used extensively to prepare alkylzinc halides (1; see equation 5) and
to some extent to prepare dialkylzinc reagents not available by oxidative addition reactions, such as
di-r-butylzinc?* or divinylzinc (see Scheme 4).25 Although moderate yields are often obtained,! some
optically active dialkylzinc reagents have been prepared in 49-81% yield.!2¢

RMgX + ZnX, RZnX + MgX, (5)

(0))

Compared to Grignard reagents, lithium organometallics?’ have been used less frequently for the prep-
aration of organozinc compounds. Their high reactivity?® or their easy availability?®=0 can, however, be
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i ii
2BuMgCl + ZnCl, — Bu,Zn; #~ "MgBr + ZnCl, (4 Zn
57% 10-25% 2

i, ether, 25 °C, then distillation; ii, THF, 55 °C, 12 h, then distillation
Scheme 4

useful for the synthesis of several functionalized zinc organometallics, such as (17) and (18) in Scheme
5. Trialkylaluminum compounds readily react with various zinc salts affording dialkylzinc derivatives in
good yields,!*! but only one alkyl group per molecule of R3Al is transferred to zinc (see equation 6).3!2

Li ZnBr
i ii
//—l{ //—< i 2LICHCl; — Zn(CHCl,),

95% | >95%
Fe(CO); Fe(CO), 0

{17) 18)

i, ZnBr, (1.1 equiv.), THF, -78 to 25 °C; ii, ZnCl, (0.5 equiv.), THF, =74 to 25 °C
Scheme §

i
2Me;Al +  Zn(OAc), — MeyZn + Me,AIOCOMe 6)
88%

i, decalin, =10 to 10 °C, 2 h, then distillation

In contrast to organoaluminum compounds, the reaction with organoboranes has good synthetic poten-
tial 32 The addition of a triallyl- or tribenzyl-borane to dimethylzinc furnishes, under mild conditions, a
diallyl- or dibenzyl-zinc compound and trimethylborane (b.p. =20 °C), which escapes from the reaction
mixture and rapidly drives the reaction to completion (see equation 7). Diorganomercury reagents react
with zinc at higher temperatures (>100 °C), giving zinc organometallics in satisfactory to good yields.!:33
Miscellaneous methods, such as the insertion of diazomethane into zinc halides,3 the electrolysis of
alkyl halides,?> the opening of siloxycyclopropanes,'?>< a bromide-zinc exchange reaction,3¢ the reduc-
tion of m-allylpalladium complexes’ and the metallation of acidic hydrocarbons,!38 have been reported.

0°C
</\>B + Me,Zn </\92n + BMe; N
3 100% 3

1.7.3 ADDITION REACTIONS OF ORGANOZINC REAGENTS

1.7.3.1 Introduction

Allylic, propargylic and, to some extent, benzylic zinc organometallics are more reactive toward addi-
tion to carbonyl compounds than alkylzinc derivatives.!-3® Without catalysts, dialkylzinc reagents display
a very low reactivity toward aldehydes and are unreactive toward ketones. The addition of Lewis acids
(electrophilic catalysis), such as magnesium or zinc bromide,* boron trifluoride etherate,!? chlorotri-
methylsilane,*! and trimethylsily! triflate,*? or the addition of Lewis bases (nucleophilic catalysis) such
as tetraalkylammonium halides*? and amino alcohols,**5 can strongly enhance the rate of the addition
either by activating the aldehyde, leading to an intermediate of type (19), or by activating the organozinc
compound by the formation of a more reactive zincate of type (20; see Scheme 6). A common side re-
action!#043 with zinc organometallics having B-hydrogens is the reduction of the carbonyl compound
(see Scheme 7). The carbonyl addition can be favored over the reduction by the addition of tetraalkyl-
ammonium salts,*3 as shown in Table 1 (nucleophilic catalysis).
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8_
O A 86'A

R H  electrophilic catalysis R’ H R,Zn
R R’
B: A
8- &+
R,Zn Zn
nucleophilic catalysis [ R; B ]
(20)

Scheme 6

R o
ZnX
PR

R'

R X
N OH_
— | ) | S ek
T

Scheme 7

Table 1 Influence of the Addition of Tetrabutylammonium Salts on the Reaction of Benzaldehyde with

Diisopropylzinc in Ether*?
Catalyst Reduction product (%) Addition product (%) Relative rate
(benzyl alcohol) (1-phenylbutanol)
None 44 56 1.0
BusNI 23 77 1.1
BuwsNBr 8 92 4.1
BwsNCl 6 94 8.9

1.73.2 Addition Reactions of Alkyl- and Aryl-zinc Reagents

Without the presence of a catalyst, the addition of alkylzinc organometallics (RZnX or R2Zn) to alde-
hydes is unsatisfactory and leads to an appreciable amount of reduced product. For example, the reaction
of diethylzinc and 4-chlorobenzaldehyde gives a mixture of 4-chlorobenzyl alcohol (45%) and 1-(4-chlo-
rophenyl)propanol (38%).44 The addition of only 5 mol % of magnesium bromide to the reaction mixture
results in faster addition and higher yields.*? Thus, the treatment of distilled BuZn with benzaldehyde
affords a 15% yield of 1-phenylpentanol, whereas the same reaction in the presence of 2 equiv. of MgBr2
produces 70% of the addition product.*? Ketones usually do not react; benzophenone is reduced by di-
ethylzinc, and only diphenylzinc gives the addition product under severe conditions (toluene, reflux, 30
h). Preparatively more useful is the reaction of ester-containing alkylzinc iodides with aldehydes in the
presence of an excess of TMS-Cl and with DMA or NMP as a cosolvent (see equation 8).4!

0 . (o] OHH
Znl + R'CHO )j\c'fk 8
Eto/“\(")'n 22-97% EtO n R )

i, Me4SiCl (3 equiv.), toluene, DMA, 25-60 °C,3hto3d

Far milder reaction conditions are possible if a transmetallation of the zinc organometallic (21) to the
mixed copper—zinc derivative (22) is first performed and if the reaction is carried out in the presence of 2
equiv. of BF3-OEt,.10 A wide range of functional groups are tolerated in compounds (21) and (22), and
high yields are usually obtained (68-93%; see Scheme 8), the reaction showing a good chemoselectivity.
The treatment of a 1:1 mixture of benzaldehyde and acetophenone with the organozinc iodide (23; 2 h at
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—30 °C) furnishes the acetoxy alcohol (24) in 86% isolated yield, with acetophenone recovered in 93%
GLC yield (see equation 9). With an unsaturated aldehyde, such as cinnamaldehyde, a 1,2-addition
reaction is observed in the presence of BFs-OEtz, but only the 1,4-addition product is obtained if the
reaction is performed with TMS-Cl as an additive (see Scheme 9).10

. H
u ~OH

FG—R—2Znl — FEG—RCu(CN)Znl

68-93% FG—R R’
21 22)

ester, nitrile, enoate or imide

i, CuCNe2LiCl (1.0 equiv.), THF, 0 °C, 10 min; ii, R'CHO (0.7-0.85 equiv.), BF,¢OEt, (2 equiv.),
78 °C, then 4-16 h at -30 °C

Scheme 8
OAc
(0] (o) . (0]
+ + A e + )
Ph)k Ph)J\ H AcO Cu(CN)znl Ph/u\ OH
Ph
1 equiv. 1 equiv. (23) 1.4 equiv. 93% (GLC yield) (24) 86% (isolated yield)

i, BF5*OEt; (2.8 equiv.),-78 to -30°C, 2 h

OH . Ph
i \(\/\Cu(CN)znx i
(o] (o] 0 H
\n/ A 89% \n/ 92% \n/
(o] Ph (o} (0]

i, cinnamaldehyde, BF3°OEt, (2 equiv.), —78 to 30 °C, then -30 °C, 4 h;
ii, cinnamaldehyde, Me;3SiCl (2 equiv.), =78 to 25 °C overnight

Scheme 9

A transmetallation to titanium derivatives!21345-47 also promotes the addition of various zinc organo-
metallics to carbonyl compounds. However, the functional group tolerance seems to be limited (see
Scheme 10).10.1347 Interestingly, diethylzinc reacts with aromatic 1,2-diketones to give a-ethoxy ketones
(see equation 10).48

0]
i OH OEt ii
PrznBr — | \[/\ﬂ/ — 0 +
86% Ph Pr Znl O 94%
Ph
99% 1%

i, CITi(OPr)); (1 equiv.), =30 °C, then PhCHO (1 equiv.), -20 to -25 °C, 2 h;%
ii, ClTi(OPri)3 (1 equiv.), =30 °C, then PhCHO (0.75 equiv.),0°C,2 h

Scheme 10
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o . o)
E,0, 25 °C, then H;0
EtyZn + ph)H]/ Ph Ph)kr Ph (10)
0 EtO

1.7.3.3 Addition Reactions of Allylic and Propargylic Zinc Reagents

The addition of allylic and propargylic zinc bromides to aldehydes and ketones proceeds read-
ily2239:49.50 and is of high synthetic interest since the starting allylic and propargylic organometallics are
easily prepared (see Scheme 11).22 Several functionalized aldehydes or ketones can be used.?2495! The
reaction of allylzinc bromide with anthraquinone affords a cis,trans mixture of the diol (25) and produces
only the 1,2-addition product with unsaturated ketones (see Scheme 12). Note that trialkylzincates, on
the other hand, provide the 1,4-addition product in good yields.5? Highly functionalized allylic zinc
halides?%:3354 can be prepared and afford, after addition to aldehydes or ketones, a direct approach to
five-membered carbo- or hetero-cycles (see Scheme 13). A straightforward approach to the sex phero-
mone of the bark beetle (26) via the iron—diene complex (27) illustrates the synthetic utility of the Zn-Fe
bimetallic isoprenoid reagent (17; see Scheme 14).

. i R?
Br ! ZnBr "
Y e F Rl
>95% 52-95%

i, Zn (1 equiv.), THF, 10 °C, 3-4 h; ii, R\COR? (aldehyde or ketone), 25 °C, several hours

Scheme 11
(o)
(0)
_._...i : /\/cl)]\ —’ﬁ /\><)H/\
D T wes SN
86% 84%

25

i, H,C=CHCH,ZnBr (2.5 equiv.), THF, -5 to 0 °C, 2 h; ii, H,C=CHCH,ZnBr (1.25 equiv.), 25 °C, several hours

Scheme 12
SiMe, o .
1
. )\( i
*/Br 78% Y W
0 HO OH

Ph

or R}
o i R! o
+ /U\
ZnBr R! R? 60-95%

i, Zn, THF, then Bu,NF, then H,0*;%
ii, THF, 25 °C, overnight, then Pd(PPhs), (5-10 mol%), 65 °C, 16-24 h

Scheme 13
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ZnBr
n >_§= LA AE- Vot

Fe(CO)3 Fe(CO)3

an (27) (26)
Scheme 14

The in situ generation of allylic zinc reagents in the presence of an electrophile (Barbier conditions)®
can be advantageous compared to a conventional two-step procedure and allows several new synthetic
possibilities, such as: (i) the generation of functionalized zinc organometallics of type (28), which add
readily to various carbonyl compounds (see Scheme 15); and (ii) the generation of allylic zinc com-
pounds in aqueous medium.% In this case, the reaction has a radical character®! and does not proceed
through a true zinc organometallic (see Scheme 16). The addition of substituted allylic zinc bromides
proceeds with an allylic rearrangement via a cyclic six-membered transition state.%:52 The new carbon—
carbon bond is always formed from the most substituted end of the allylic system (see Scheme 17 and
equation 11).

Y

/‘\/ ZnBr

(28) Y = CO,R,% SO,R,5" SOR,*2 PO(OR),, %5 SiMe;*

0]

I
\IC]:Z

Ph

HO
S SO, i .
+ Br - -
83% 0,8
i, Zn, 4045 °C, 1 h, then H,0™"
Scheme 15
OH , OH
1
/\/Br + Zn + —_
H 75% Z
o} OH

i, aq. NH,Cl, THF, 25 °C, 10-20 min

Scheme 16

Under suitable reaction conditions,®? the addition of allylic zinc bromides to ketones can be reversible.
Thus, the reaction of diisobutyl ketone with 2-pentenylzinc bromide in THF affords, after a short re-
action time, a mixture of (29) and (30) in a 44:56 ratio, whereas after 12 h, only the thermodynamically
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3 3
R~ ZnBr RI. 5 R!
<+ —— 2. —
/tL \/\/ ﬁ\.o,anl' o "

1 2
R R R? R?
Scheme 17
0 OH
THF, ether, —10 °C, then H,0*
N DB /\/\/U\ - Z an)
84% F

more stable zinc alcoholate (29) is present (see equation 12). Propargylic bromides (31)122:64.6566 gre
readily converted to the corresponding zinc derivatives (Zn, THF, ~10 to -5 °"C), which exist as allenic
organometallics of type (32) if R! = H or Ph and R? = alkyl or H, and as a mixture of (32) and (33) if R!
= alkyl and R2 = H. Their reaction with carbonyl compounds generally affords a mixture of homopropar-
gylic and allenic alcohols of type (34) and (35) respectively in which the former predominates (see
Scheme 18). The ratio between (34) and (35) strongly depends on the nature of the substituents R! and
R? of (31), on the solvent, and/or on the carbonyl group used. With allenylzinc bromides in which R! = H
and R? = alkyl, an almost exclusive formation of alkynic alcohols of type (34) is observed.% In the
presence of polar cosolvents like HMPA, a reversible addition to ketones is observed.654

Et
0
. OZnBr
- E ’“\/\,< ) OZnBr
Bui/U\Bui + Et/\/\ZnBr Bui + \)\K : (12)
Bu! Bu
Bu!
29) 30)
Reactiontime =5 min 44% 56%
Reactiontime=12h 100% 0%
Br i BrZn R? ZnBr ii
R! +< —_ >= P + R! ——:———<
R2 >90% R! R2 >80%
@31 32) 33)
R2 R3 OH
Rl— + R R?
R4 . =§S
R} OH R!
34) 35

i, Zn (1 equiv.), THF, -10 to -5 °C; i, R®*COR*, 1 h, 0°C

Scheme 18

1.7.3.4 Diastereoselective Addition Reactions

Zinc and cadmium reagents usually add to aldehydes and ketones with good diastereoselectivity com-
pared to Grignard reagents. Dicrotyl-zinc and -cadmium reagents*® add to sterically hindered aldehydes
to produce mostly the anti-alcohols (36) via the cyclic transition state (37; see Scheme 19). 2-Substituted
allylic zinc bromides display a syn diastereoselectivity. The bromo sulfones (38) react under Barbier con-
ditions with aldehydes to give the syn-alcohols (39) with a high selectivity5”™ vig a transition state such
as (40), which minimizes the steric interactions between R!, R? and the PhSO; group (see Scheme 20).
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Remarkable selectivities are observed in the addition of allenic zinc chlorides to aldehydes, affording
anti-homopropargylic alcohols via a transition state of type (41) (see Scheme 21). An extension to 1-sub-
stituted trimethylsilylallenic zinc chlorides was also possible and gave the anti-alcohols (42) in 92-99%
stereoisomeric purity.

H SO,Ph
/ T..-ML, )\H 7B
ﬁ %0 H_ /) '
R \[ g
H R1R2
37 40)
i ~ R\/k/ R
)J\H + MeMgBr, i, . A + A
R 2 (—)H OH
(36)
R M anti (%) syn (%)
pi Mg 58 42
Zn 70 30
cd 80 20
Bu' Mg 75 25
Zn 84 16
cd 86 14

i, ether, =20 °C or -35 °C, 1 h, then H:,O+

Scheme 19
SO,Ph o Zn, THF PhSO, OH PhSO, OH
B 25-40 °C
= T+ )‘L 2 R? + R2
H™ R 95999
R! R! R!
(38) (39
Rl R? syn (%) anti (%)
Me Ph 100 0
Me C'CsHH 100 0
Me CgHy, 88 12
Pr Ph 100 0
Pr CeH,, 67 33
Scheme 20
_____ ZnCl
0" >wH OH SiMe;
) /k/
R— R
H R'
H R
41) 42)

The addition of methylzinc (and cadmium) organometallics to chiral aldehydesS? proceeds with low
stereoselectivity and leads to a mixture of syn- and anti-alcohols (see Scheme 22). A better dia-
stereoselectivity can be achieved by using the mixed copper—zinc reagents RCu(CN)ZnL.10 In contrast,
the more reactive diallylzinc reacts with several a-alkoxy aldehydes® of type (43) to give anti addition
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_ ZnCl " OH
/=. » = i 1 4
R —_ /.—_ =t R’ )\E/
R 69-95% ﬁ

anti (96-99%)

OH

<

syn (1-4%)

i, Bu'Li, THF, =90 °C, 1 h, then ZnCl, in THF, =74 to —65 °C; ii, R'CHO, =74 to 25 °C, 1 h, then H30+

Scheme 21

products (44) with over 80% de (diastereoisomeric excess). The addition follows Cram’s rule® via a
transition state such as (45). Zinc has a strong ability to complex with oxygen atoms!?? and this property
can be used to perform several chelate-controlled additions to a-alkoxy aldehydes. Thus, diethylzinc
adds in ether to the aldehyde (46), furnishing the syn-alcohol (47) as the major diastereoisomer (70% de)
through a chelate-controlled transition state of type (48). The alcohol (47) could be converted into exo-

brevicomin (49; see Scheme 23).70

o
Ph fLH + MeMX ether, 0-25 °C, 2 h Ph Y\OH + Ph OH
M X anti (%) syn (%)
Mg Br 69.5 30.5
Zn Br 56.0 4.0
Cd Br 62.2 37.8
Scheme 22
Nu—
> > .
(0] 0 (0] 0 ~
>_-S= >__</\/ " ° °
F
R (0] R 0
H OH
(43) 44) 45)
A o ZJIEtz
i\o i ‘\\\“‘Kﬁ‘o ~ ? i
o o - ’ > E
K( <H 76% : Y 0%
H _ OH
L Et J
(46) (48) @7 49)
(syn/anti:85/15)

i, Et,Zn, ether, 0-25 °C, 5 h; ii, TMEDA (0.25 equiv.), BuLi (2.5 equiv.), 0-25 °C, 12 h,
then ether, TMEDA (2.5 equiv.), Mel (5 equiv.), 0-25 °C, 1 h, then H30+

Scheme 23
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In situ generated perfluoroalkylzinc iodides add to chromium tricarbonyl complexes of aromatic alde-
hydes with fair diastereoselectivity (44—66% de).”* The low reactivity of R2Zn toward ketones makes a
stereochemical study rather difficult, since extensive reduction is observed. However, it has been
found’? that methylzinc (and cadmium) derivatives give more axial attack with 4-r-butylcyclohexanone
than the corresponding magnesium reagents, whereas allyl-*® and propyl-zinc’?® and -cadmium com-
pounds mainly furnish the products derived from an equatorial attack (see Scheme 24). The low ten-
dency of ProCd to reduce 4-t-butylcyclohexanone is noteworthy (addition/elimination ratio = 10:1
compared to 1.2-2.0:1 for propyl-zinc and —magnesium reagents). The reactive (-)-menthyl phe-
nylglyoxalate gives a-substituted (—)-menthyl mandelates in good yields and with good stereoselectivity
(71-88% de; see equation 13).7%

o OH R
Bu‘\% + RM Bu‘\m(\R + Bu‘\M\oH

M Equatorial attack (%) Axial attack (%)
MeMgBr 68.4 31.6
Me,Zn-MgBr, 46.5 53.5
Me,Cd-Mgl, 51.6 48.4
PrMgBr 69.0 31.0
Pr,Zn*MgBr, 75.0 25.0
Pr,Cd*MgBr, 80.0 20.0
(Ally),Mg 445 55.5
(Allyl),Zn 84.0 16.0
(Allyl),Cd 77.5 225

Scheme 24
0 i R, OH

or i, i
CO.H 13)
o H 78-84%

(71-88% de)

i, RoZn, 78 °C, 3 h, then 25 °C, 1 h; ii, H30+; iii, OH

1.7.3.5 Enantioselective Addition Reactions

The enantioselective addition of organometallics to aldehydes is a useful approach to optically active
secondary alcohols.3?*73 Diorganozinc reagents’>-34 add with excellent enantioselectivity to aldehydes in
the presence of a chiral catalyst such as 1,2- or 1,3-amino alcohols (see equation 14 and Table 2). In most
cases, diethylzinc has been used, but the reaction could be extended to some other dialkylzinc reagents
and to divinylzinc.?%® Alkylzinc halides afford secondary alcohols with a substantially lower enantio-
meric excess.32 Many aldehydes are good substrates,25>79 but the best results are usually obtained with
aromatic aldehydes.”>-84
RZn + RCHo Shimlcstysis R Y R oo R (14)

OH OH

The mechanism of the reaction has been investigated in detail and it has been established that 2 equiv.
of Et2Zn per molecule of the catalyst are required to observe an addition. If a 1:1 ratio is used, merely the
reduction of the aldehyde is observed.”® Only the ethyl groups coming from the second equivalent of
Et2Zn are transferred to the aldehyde. Thus, the sequential addition of (C2Hs)2Zn and (C2Ds)2Zn to the
catalyst (64; see Table 2), followed by benzaldehyde in a 1:1:1:1 ratio affords deuterated 1-phenylpro-
panol, whereas the addition of (C:Ds)2Zn first, followed by (C2Hs)2Zn gave only nondeuterated prod-
ucts.?® A six-membered bimetallic transition state of type (66) has been proposed’?76>808285 in which
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the first equivalent of the diethylzinc (Zna) activates the carbonyl group toward nucleophilic attack
(electrophilic catalysis), whereas the second equivalent of Et;Zn, which is made more nucleophilic by
the coordination of a donor ligand (nucleophilic catalysis), transfers the ethyl group. 85 The catalytic
cycle” of Scheme 25 is in agreement with most experimental results. The starting amino alcohol (67) is
deprotonated by Et2Zn to afford the tricoordinated ethylzinc derivative (68). Complexation of a second
molecule of Et2Zn at the oxygen of the zinc amino alcoholate from the less hindered side®? affords the di-

Table 2 Catalysts (50)(65) for the Enantioselective Addition of Diorganozinc Reagents to Aldehydes®

R
Ph ¢ Fh NMe
OH 7\ H
m Lo N TN oH oH
Me/ Me
(50) (R), 48.83% ee'® (51) (R), 85% ee’> (52a) R = Me; (S), 99% ee’5a

(52b) R = polymer; (S), 92% ee’®®

OH E OH
)ﬁ/ : [_>'th
Ph OMe Ph /Y N 'y R 1
MeN . ! 2 OH
~ Pt NBUZ R

(53)(R),80% ee’”  (54)(R), 68% ee’®  (55)(S),90% ee’® (56a) R! = Ph, RZ = Me; (S), 97% ee5®
(56b) R! = H, R = Me; (R), 74% 30
(56¢) R! = H, R2 = n-CsH, y; (R), 100% ee®®

H
Ph 3
LT b YN
Pem N Ne e oH HO Me NMe,
(57) (R), 92% ee’! (58) (S), 95% ee8? (59) (R), 90% eeb?
H : But J\“\“ Ph
Ph : Ph : polymer
HO Me NMe, HO Me
(60) (S), 91% ee8? (61) (R), 89% ee®> (62) (R), 87% ee®?
J\(Ph
OH
g >
XN
(63) (R), 75% ee%? (64) (S), 92% eez-"" (65a) X = O; (R), 91% ee*>®

(65b) X = 2H;: (R), 82% ee*>®

& The absolute configuration of 1-phenylpropanol obtained by the addition of Et,Zn to benzaldehyde in the presence of the
catalyst as well as the enantiomeric excess (% ee) observed are indicated.
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metallic reagent (69), which coordinates the aldehyde leading to (70). This coordination occurs in the
half space which contains Et,Zn, unless a tridentate chiral inductor such as (64) is used.?® The complex-
ation of zinc occurs at the sterically most easily available carbonyl lone pair (cis to hydrogen; see 71).
After the transfer of an ethyl group affording the bicyclic zinc ailcoholate (72), the product (73) is lib-
erated, regenerating the catalyst (68). Interestingly, the use of a configurationally impure catalyst such as
1-piperidyl-3,3-dimethyl-2-butanol (74; 10.7% ee) affords, upon addition of Et2Zn to benzaidehyde, a
product of 82% enantiomeric excess. This asymmetric amplification phenomenon8 can be explained by
diastereomeric interactions between the enantiomers of (74). Furthermore, the reaction rate with a 66%
ee catalyst is 5.5 times faster than with the racemic catalyst. These results indicate that in the case of
simple bidentate amino alcohols, the actual mechanism of the enantioselective addition may be more
complex than that indicated in Scheme 25. High asymmetric inductions have also been obtained recently
by using dialkylzinc—orthotitanate complexes,® chiral oxazaborolidines as catalysts34 or secondary
amino alcohols derived from camphor.8¢ Applications to the preparation of optically active 2-furylcarbi-
nols have been reported.34

Hl}=0‘ §- SRz But
Et” 5- 8+ R H OH
(66) M) 74)

S ]
~Zn
Me Me (69) Me
| Et,Zn EtH L i L ! Et
L N N, N,
>Za{ “Me N L ><_—nh_d:_'-8-ﬁt ><g'éM-e—’”ZP _ H
S S S | (0]
Et ZZn_ E R
t
(67) L =Large
S = Small (68) /\ / (70)
EtZnO
RS Me
R Et
3 L IlI Et
4 w7
><g Me \O H
S —én/
Et” R" Et
(72)
Scheme 28

1.74 ADDITION REACTIONS OF ORGANOCADMIUM AND ORGANOMERCURY
REAGENTS

1.74.1 Addition Reactions of Alkyl- and Aryl-cadmium Reagents

Whereas organomercury compounds® do not add to aldehydes and ketones, cadmium organometallics
show a useful reactivity.2-39:878% As in the case of organozinc derivatives, allylic cadmium compounds
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are far more reactive than alkyl- or aryl-cadmium organometallics. Alkylcadmium organometallics are
prepared in similar ways to the corresponding zinc compounds. However, their high thermal and photo-
chemical instability makes their preparation and isolation more difficult.8788 Purified diorganocadmium
compounds react very slowly with aromatic aldehydes.?%% However, if the reaction is conducted in the
presence of magnesium, zinc, lithium or aluminum halides, a fast reaction is observed (electrophilic cata-
lysis; see Section 1.7.3.1). Magnesium bromide and magnesium iodide are the most active promoters
(see equation 15).9! The replacement of ether by THF leads to slower addition rates.9? Aliphatic alde-
hydes and ketones react less cleanly and the desired addition product is obtained in low yields (20-40%)
together with reduction products.87.93 The functionalized organocadmium compound (75) can be pre-
pared and added in 50-90% yield to aldehydes (see Scheme 26).% Synthetically useful is the reaction of
dialkylcadmium compounds with certain functionalized ketones”%° containing halides, an ester or a
nitro group at the a-position, which furnishes polyfunctionalized molecules in fair yields (see Scheme
27). The addition of cadmium organometallics to 4-¢-butylcyclohexanone has been reported (see Section
1.7.3.4).

i
Et;Cd + PhCHO —— Et+—CH(OH)Ph (15)
85%

i, MgBr; (1.2 equiv.), ether,35°C, 1 h

2 EtO MeB cdl ether,-15°C,6 h 0
t gBr + ) P PR N +
~
-~ Et0” ~Cd ~OEt . /U\ S050% )\/oat
(75)
Scheme 26
o .
ether, 35 °C, 11 h% OH
R,CdeMgX, + )j\y( P>‘\“/
o 38-70% o

o)
Bu,Cd + )J\/ NO, it >‘\/ NO,

Scheme 27

1.7.4.2 Addition Reactions of Allylic and Benzylic Cadmium Reagents

Allylic cadmium organometallics react in good yields (50-90%)% with aldehydes and ketones.492.87.88
If the allylic reagent is substituted, only the alcohol formed after allylic rearrangement is obtained (see
Scheme 28).4%s If polyfunctionalized substrates are used, the allylic cadmium reagent shows a high

e b e
e

i, ether, 10-20 °C, 3 h then H;0**»

Scheme 28
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chemoselectivity and attacks only the aldehyde function (see equation 16).5 Enones react with allylic
cadmium organometallics to give only the 1,2-addition product in high yields.?® Benzylic cadmium?20%®
reagents display a more moderate reactivity, but add cleanly to aliphatic and aromatic aldehydes to fur-
nish various benzylic alcohols in fair to good yields (see equation 17).% Sulfur-stabilized allylic cad-
mium derivatives react with aldehydes with high y-selectivity.1%0

cd M°°>loie/\ i, ether, =78 °C, 1 h7 MeO OMe
+ 16
MeO,C CHO Meozcw (16)
2 >70%
OH
| Ny \Cd-MgBr, ether ~ R
+ RCHO an
FG/ Z 58-90% /~  OH
A EG
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1.8.1 INTRODUCTION

Elements of the lanthanide series possess unique electronic and stereochemical properties due to their
f-orbitals, and have great potential as reagents and catalysts in organic synthesis.!~ During the 1970s and
1980s many synthetic reactions and procedures using lanthanide elements were reported, in conjunction
with significant development in the chemistry of organolanthanides. Several review articles covering this
field of chemistry have appeared.>!!

Of the 15 elements from lanthanum to lutetium, cerium has the highest natural abundance, and its
major inorganic salts are commercially available at moderate prices. The present author and his cowork-
ers have utilized this relatively inexpensive element in reactions which form carbon—carbon bonds,
studying the generation and reactivities of organocerium reagents. The cerium reagents, which are pre-
pared from organolithium compounds and cerium(]III) halides, have been found to be extremely useful in
organic synthesis, particularly in the preparation of alcohols by carbonyl addition reactions. They react
with various carbonyl compounds to afford addition products in satisfactory yields, even though the sub-
strates are susceptible to so-called abnormal reactions when using simple organolithiums or Grignard re-
agents.

This chapter surveys the addition reactions of organocerium reagents to the C—X mr-bond. Emphasis
is placed on the utility of cerium chloride methodology, and many examples of its practical applications
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are given. Experimental procedures are also described in detail to enable readers to employ this method
immediately in practical organic syntheses.

Other organolanthanide reagents are covered in Chapter 1.10 in this volume, while selective carbonyl
addition reactions promoted by samarium and ytterbium reagents are surveyed in Chapter 1.9.

1.8.2 ORGANOCERIUM REAGENTS

1.8.2.1 Generation of Organocerium Reagents

Organocerium reagents are prepared in situ by the reaction of organolithium compounds with anhy-
drous cerium chloride or cerium iodide, as shown in equation (1).!2-14 A variety of organolithium com-
pounds can be employed, including alkyl-, allyl-, alkenyl- and alkynyl-lithiums, which are all converted
to the corresponding cerium reagents.

THF

RLi + CeX, ‘RCeX,; + LiX )

X=ClLI

No systematic studies on the structure of organocerium reagents have been made so far. Although
some experimental results indicate that no free organolithium compounds are present in the reagents, the
structure of the reagents has not yet been elucidated. The cerium reagents are presumed to be o-(RCeX3)
or ate [(RCeX3)"Li*] complexes, but other possibilities such as a weakly associated complex (RLi-CeX3)
are not excluded. In this text, organocerium reagents are represented as ‘RCeX;’ for convenience.

1.8.2.1.1 General comments

Organocerium reagents can be generated without difficulty, but the following suggestions will help to
ensure success.

Cerium chloride, rather than cerium iodide, is recommended because preparation of the iodide requires
the handling of pyrophoric metallic cerium.! Anhydrous cerium chloride is commercially available from
Aldrich, but can also be prepared in the laboratory by dehydration of cerium chloride heptahydrate using
thionyl chloride,!® or by reduction of cerium(IV) oxide using HCO>H/HCI followed by dehydration.!6
Heating the hydrate without additive in vacuo is a comparatively simple method and is satisfactory for
the generation of organocerium reagents.

Ethereal solvents such as tetrahydrofuran (THF) and dimethoxyethane (DME) are employed in the re-
actions, with THF generally being preferred. Usually, THF freshly distilled from potassium or sodium
with benzophenone is used. Use of hot THF is not recommended, because on addition to cerium chloride
a pebble-like material, which is not easily suspended, may be formed.

1.8.2.1.2 General procedure for the preparation of anhydrous cerium chloride

Cerium chloride heptahydrate (560 mg, 1.5 mmol) is quickly ground to a fine powder in a mortar and
placed in a 30 mL two-necked flask. The flask is immersed in an oil bath and heated gradually to 135~
140 °C with evacuation (ca. 0.1 mmHg). After 1 h, a magnetic stirrer is placed in the flask and the cer-
ium chloride is dried completely by stirring at the same temperature in vacuo for a further 1 h.

The following procedure is reco