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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 rr-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, etc. 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 

Vll 
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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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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.1 Since 1981 a number of de¬ 
tailed X-ray diffraction analyses of synthetically useful enolate anions of alkali and alkaline earth cations 

1 
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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.2 Should the complete list of all 
such structures be required, a comprehensive search of the Cambridge Structural Database (CSD) is rec¬ 
ommended.3 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 Reaktivitat polarer Organome- 
talle’ describes alkali and alkaline earth aggregates and their reactivities.5 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’6 and by the same author in Vol. 7 of ‘Comprehensive Organome- 
tallic Chemistry’7 and by O’Neill, Wade, Warded, Bell and Lindsell in Vol. 1 of ‘Comprehensive Orga- 
nometallic Chemistry’.8 A short review by Fraenkel et al. summarizes the solution structure and dynamic 
behavior of some aliphatic and alkynic lithium compounds by 13C, 6Li and 7Li NMR studies.9 Additional 
comprehensive reviews regarding NMR spectroscopy of organometallic compounds contain information 
related to this topic.10 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.11 
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’,12 by Power, entitled ‘Free Inorganic, Organic, and Organometallic 
Ions by Treatment of Their Lithium Salts with 12-Crown-4’,13 and by Boche, entitled ‘Structure of Li¬ 
thium Compounds of Sulfones, Sulfoximides, Sulfoxides, Thio Ethers and 1,3-Dithianes, Nitriles, Nitro 
Compounds and Hydrazones’,14 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.15 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 states1617 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 evidence18 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 1971.19 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.20 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;21 structures such as (1)- 
(4) (M = metal; n = 1, 2, oi 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,23 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/. 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.24 

Exactly 10 years after the previous statement appeared, the first lithium enolate crystal structures were 
published as (5) and (6).1 Thus, structural information derived from X-ray diffraction analysis proved the 
tetrameric, cubic geometry for the THF-solvated, lithium enolates derived from t-butyl methyl ketone 
(pinacolone) and from cyclopentanone.25 Hence, the tetrameric aggregate characterized previously by 
NMR26 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 ^-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 species27 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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Scheme 1 

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 l.29 At pres¬ 
ent we assume that ample evidence points to the existence of aggregated intermediates in several 
alkylation and aldol-like reactions.30 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_)a: where the subscript x denotes the aggregation state of the species. The common descriptors of 
the aggregation state are monomer, dimer, trimer, tetramer, etc. 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.31 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 (M2+) is a divalent cation, e.g. (17) or (18). 
Obviously, the chelate rings found in (16) are entropically favorable relative to monodentate donors (S) 
in (14), (15), (17) or (18) (Scheme 2). 
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Several structural types are based on the combination of two units of (13). The edge-to-edge combina¬ 
tion of (13) yields a ‘ladder’-type structure (19). Of course there are various combinations of solvent 
donor ligands and/or chelate donors possible in (20) and (21). The face-to-face combination of (13) can 
produce a relatively cubic infrastructure (22) as previously seen in the enolates (5) 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) -A (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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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 a/.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 TT-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.34 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.35 However, the values of the M A 
distance for cases where A is carbon and M is a Group la or Ha metal are not particularly well defined. 
Hence, Table 1 represents a recent search of the CSD for these values.36 

Table 1 Carbanion-Metal Bond Lengths 

Bond Mean S.D. Minimum 

(A) 

Maximum 

(A) 

Nobs 

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 all examples listed in the CSD (version 4.20, 1990) located by a fragment search (i.e. CONNSER) for C—M 
bonds where M = group la or Ha 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.37 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,38 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?9 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-/*® ethyl-41 and cyclohexyl-lithium.42 
Methyl- and ethyl-lithium have also been examined in detail by quantum mechanical calculations and by 
electrostatic calculations.43 The structures of methyl- and ethyl-lithium 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 sp3- 
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 ethyllithium44 reveals some small 
changes relative to the room temperature structure, but the basic tetramer remains intact. 

(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 atom distance. The orientation of the cyclohexyl group is apparently 
determined by the interaction of a- and (3-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.45 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). 

Scheme 5 
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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.46 The composition of the crystalline 
material is (c-C3H5Li)2 (LiBr)24Et20. 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. 

(43) (44) 

Another mixed aggregate complex consisting of BunLi and t-butoxide was reported in 1990 as the 
tetramer (45).47 This complex was first isolated by Lochmann48 and has been shown to be tetrameric and 
dimeric in benzene and THF, respectively, by cryoscopic measurements 49 and it has also been studied 
by rapid injection NMR techniques.50 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.51 

[BunLi*LiOBul]4 

Bu‘ 

(45) 

Another example of a solvated, cubic tetramer is methyllithium—TMEDA (46).52 In this example an 
aggregate of composition [(MeLi)4-2TMEDA]„ with almost ideal 7a 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 /i-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).53 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-l-methoxybutane (49)54 and from 1-di- 
methylamino-3-lithiopropane (50)55 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 7Li NMR as well as 'H NMR suggest that although the major form of 1-dimethylami- 
no-3-lithiopropane (50) is the diastereomer (51), this structure is presumed to be in equilibrium with (52) 
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in toluene (or cyclopentane) with activation parameters AH% = 17 (16) ± 2 kcal mol ', ASt = 13 (10) ± 3 
cal (mol deg)-1 (1 cal = 4.184 J).55b 

Benzyllithium crystallizes from hexane/tolucnc solution m the presence of l,4-diazabicyclo[2.2.2]oc- 
tane (DABCO) in infinite polymeric chains.56 Insoection of the individual monomeric units of this struc¬ 
ture reveals a unique interaction of the lithium atoms in an irpLmanner with the benzylic carbanion. This 
bonding is based upon the three relatively short Li—C contacts as indicated in structure (53). 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 r|3-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.58 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+TMEDA59 and Na+ TMEDA60 cations. 

A dimer (58) of a-lithiated 2,6-dimethylpyridine crystallizes with TMEDA solvation.61 This dimer is 
completely unlike the polymeric benzyllithium (53) in that no r|3-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-CH2Li+ groups. Dimer (58) is 
a relatively rare example of a lithiated TT-system where Li+ exhibits only one carbon contact. 

Li Li 
/ 

Me 

:n 
Me' / 

Me 

(58) 

This discussion of aliphatic carbanion structures has included mainly organolithium compounds sim¬ 
ply because the structures of most aliphatic carbanions incorporate lithium as the counterion and also be¬ 
cause this alkali metal cation is the most widely used by synthetic organic chemists. For comparison the 
entire series of Group la methyl carbanion structures, i.e. MeNa, MeK, MeRb and MeCs, have been 
determined. Methylsodium was prepared by reaction of methyllithium with sodium r-butoxide.62 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- 
lde, has a hexagonal structure corresponding to the NiAs type (59).63 Each methyl group is considered to 
be coordinated to six K+ ions in a trigonal prismatic array. Methylrubidium and methylcesium, prepared 
from rubidium t-butoxide and cesium 2-methylpentanoate respectively, also possess hexagonal structures 
of the same type as methylpotassium.64 
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An extremely unusual pentacoordinate carbon with trigonal bipyramidal symmetry is observed in the 
crystalline, TMEDA solvate of benzylsodium.65 This benzylsodium complex is best described as a te- 
tramer with approximate D2d 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). 

Other aliphatic carbanion structures associated with Group Ila cations are known. Some examples of 
these are dimethylberyllium66 and lithium tri-f-butyl beryllate.67 Since the beryllium alkyl carbanions 
have not yet been utilized as common synthetic reagents, these structures will not be discussed further. 

Magnesium2+ 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),68 (EtMgBr OPri2)2 (62),69 (EtMgBrEt3N)2 (63),70 EtMgBr-2Et20 
(64)71 and the complex (EtMgCl-MgCl2-3THF)2 (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 OPr12)2 and (EtMgBrEt3N)2 are similar. They both incorporate bridging bromine 
atoms and four-coordinate, tetrahedral Mg2+ 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 MgCl2 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, BunBusMg, initially yields the dimeric complex [BusMg N(TMS)2]2.73 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 Mg2+ 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.74 Similar structures are found for the com¬ 
plexes of t-butylmagnesium chloride with (-)-sparteine75 and for ethylmagnesium bromide with 
(+)-6-benzylsparteine.76 

Reaction of MgH2, prepared by homogeneous catalysis, with 4-methoxy-l-butene in the presence of 
catalytic amounts of ZrCU yielded the monomeric magnesium inner ion complex Mg(C4H80Me)2.77 
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 MgEt2 
yielded the crystalline dimer of ethyl-3-(/V,/V-dimethylamino)propylmagnesium (79) and ethvl-3-((V-cy- 
clohexyl-./V-methylamino)propylmagnesium (80).78 
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MgEt2 + Mg[(CH2)3NMeR]2 

(77) R = Me 

(78) R = cyclohexyl 

(79) R = Me 

(80) R = cyclohexyl 

A triple ion was crystallized by Richey et al. from a solution made up by adding 2,1,1-cryptand to di- 
ethylmagnesium.79 Diffraction analysis reveals that this triple ion consists of [EtMg+(2,l,l-cryptand)]2 
cations and an (Et6Mg2)2“ 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.80 In this latter reaction, crystalline NpMg+(2,l,l-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,l,l-cryptand) Np3Mg~ 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. 

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.80 This struc¬ 
ture is illustrated as (83). It has been described as a rotaxane81 or ‘threaded’ structure. A related, but 
slightly different, structure is found for the MeMg+(15-crown-5) Me5Mg2“ complex.82 
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(83) 

The structures of a few dialkylmagnesium reagents have been characterized. These include 
(Me2Mg)„,83 (Et2Mg)„,84 Me2Mg TMEDA,85 [(CH2)5Mg]2-4THF,86 Me2Mg(quinuclidine)287 and catena- 
poly-dineopentylmagnesium-(x-dioxane = [Mg(C5Hn)2-2THF]„.88 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. Me2MgTMEDA, is 
illustrated as (84) with the bond angle as shown. The pentamethylenemagnesium complex, 
[(CH2)5Mg]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). 

One final diakylmagnesium structure is illustrated as (87).89 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. 

1.1.3.1.2 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]-.90 The structure of one of the anions in this complex is shown as (89). This 
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Table 2 a-Silyl-substitued carbanions 

Compound Aggregation 

state 

CSD refcode Ref 

TMS-methyllithium Me3SiCH2Li Hexamer JAFMUY 205 
Bis(TMS)methyllithium (Me3Si)2CHLi Polymer CIMVUP 206 

Bis(TMS)methyllithiumPMDETA (Me3Si)2CHLi PMDETA Monomer BIYXOW 207 
Tris(Me2PhSi)methyllitiumTHF Monomer CATZAY 208 

Bis(TMS)-2-methylpyridinelithium Dimer CAWMUI 209 
Bis(TMS)-2-methylpyridinelithium-2Et20 Dimer COXTOY 210 

Bis(TMS methyl)pyridinelithium-2TMEDA Dimer FERKOC 211 
TMS(cyclopentadiene)TMEDA Monomer CEZTIK 212 

Bis(TMS)methyldiphenylphospJiinelithiumTMEDA Dimer FIKPUK 213 
TMS-methyl(PMe2)LiTMEDA Dimer GIGGOS 214 

TMS-methyl(PMe2)Li THF Dimer GIKWS 215 
Bis(TMS)methyl-MgClEt2MgCi7Et Monomer MSIMMG 216 

9,10-Bis(TMS)anthracene-9-diylmagnesium Polymer FOXBID 217 
Bis(TMS)-2-methylpyridinemagnesium Dimer DONVUX 218 

(TMS)methyl(o-diphenyIphosphinophenyl)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(THF)4]+[Li {C(TMS)3}2]~, in toluene with pentamethyldiethylenetriamine (PMDETA) containing 
lithium chloride yields a complex whose formula is given as [(PMDETA)-Li-(|x-Cl)-Li-(PMDE- 
TA)]+[Li {C(TMS)3} 2]-.91 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). 

THF 

(Me3Si)3C Li - [Li(THF)4]+ 

Me3Si 

Me3Si"^ 

Me3Si 

SiMe3 
q - SiMe3 

i 

SiMe3 

toluene 

PMDETA, LiCl 

(88) (89) 

,-Me 
(Me3Si)3 —Li— C(SiMe3)3 

(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).92 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 ^-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 C3H5 anion is not planar.93 A rough outline of this structure is given in formula (92). 
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(91) 

The first example of an 'ry3-allyllithium was reported for the polymeric 1,3-diphenylallyllithium diethyl 
ether complex (93).94 In this polymer, the lithium atoms lie almost symmetrically above and below the 
allyl group. The C(l)—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(l)—Li or C(3)—Li distances. The 
structural features of (93) correspond to those found in many allyl transition metal complexes which dis¬ 
play r|3-bonding of the transition metal to the allyl group 95 

(93) 

Allylmagnesium chloride crystallizes upon treatment of allylmagnesium chloride in THF with 
TMEDA.96 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(l), i.e. C(l)—Mg = 2.18 A, and the other structural features, i.e. the C(l)—C(2) and 
C(2)—C(3) bonds and the tetrahedral geometry at C(l), are commensurate with an r|'-structure. The 
V -structure of allylmagnesium compounds in solution was confirmed by NMR techniques, as well as by 
calculations.97 J 

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 ^-structure 
(96), with two dienides attached to a tetrahedral, four-coordinate Mg that is chelated by a single TMEDA 
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THF, TMEDA 
^^MgCl - 

(Scheme 7).98 This structure is consistent with the hydrolysis product of this complex which is obtained 
as a 1,3-diene, although either a 1,3-diene or a 1,4-diene is obtained upon addition of (96) and similar 
homologous dienylmagnesium complexes to ketones. 

(95) (96) 

Scheme 7 

The crystal structures of indenyllithium-TMEDA," indenylsodium-TMEDA100 and bis(indenyl)mag- 
nesium101 are also known. These three structures are all different. The lithium compound is monomeric 
with ^-coordination; the sodium compound is infinitely aggregated with both iq1- and iq2-bonding; and 
the magnesium compound appears to include all three types of interactions, i.e. V-, ^H2- anc* r|5-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).102 Compound (98) is a doubly lithium bridged dimer chelated with one 
TMEDA per lithium atom and roughly depicted as (100).103 In the solid state, the sodium anion of (101) 
is monomeric with some of the relevant structural parameters shown in formula (102).104 

The functional equivalent of an enolate dianion (103) was prepared by Stork et al. by treatment of en- 
amine (104) with r-butyllithium.105 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). 

Bui 
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(97) (99) 
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<104) (103) (105) 

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 r-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. 

^^AtheureaJCti°n 0f Phenylacetylene with «-butyllithium and AWW'W'-tetramethylpropanediamine 
(TMPDA the dimeric complex (106) is obtained.10* Note that the carbanionic acetylene carbon bridges 
only two lithium atoms in this structure. Dimeric phenylethynyllithium is also detected in THF by low 
temperature “C NMR investigations and by cryoscopic measurements.107 However, r-butylethynvl- 
lithium^ crystallizes from THF-containing solutions as either the tetramer (107) of composition 

(Bu C=CLiTHF)4 or as the dodecamer (108) of composition [(ButC=CLi)i2-4THF] 108 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. y 

When crystallized in the presence of of AWW'W'-tetramethylhexanediamine (TMHDA) the cubic te¬ 
tramer (110) of phenylethynyllithium was obtained.109 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).110 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.111 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 

(111) 

(112) 

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.11 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. 

Phenylhthium 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).112 
With diethyl ether solvation, phenyllithium exists as a solid tetramer (114).113 In ether solution PhLi is 
known to be either dimeric114 or tetrameric.115 Monomeric phenyllithium was successfully crystallized 
with PMDETA as the ligand.116 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. 

Me / \ Me 

Me-N^ N-Me 

o<“>o 
Me-N [sj-Me 

\_/ Me 

(113) 

An interesting mixed tetrameric complex containing three equivalents of phenyllithium and one equiv¬ 
alent of lithium bromide, i.e. [(PhLi)3 LiBr 3Et20], depicted as (116), has been characterized.117 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). 

OEt2 

Alkyl substitution at the ortho positions of the aromatic ring influences the aggregation state and the 
structure by providing steric constraints. Whereas unsubstituted phenyllithiumdiethyl etherate crystal¬ 
lized as the tetramer (114), mesityllithiumdiethyl etherate is observed as the dimer (117) with stoichio¬ 
metry [mesitylLi-Et20]2.118 Mesityllithium gains an additional solvent molecule and crystallizes as the 
bis-solvated dimer (118) with stoichiometry (mesitylLi 2THFE from THF-containing solutions.119 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). 

(117) (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.120 Two different but related structures of o-methoxyphenyllithium are known. The 
most symmetrical of these is the tetramer (119) which crystallizes from pentane solution.121 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.122 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,123 for 2,6-dimethylaminophe- 
nyllithium124 and for o-t-butylthiophenyllithium.125 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-dimethoxyphenyl 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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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). 

(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, o-(dimethylaminomethyl)phenyllithium (126) crystallizes from an ether/hex¬ 
ane solution as the internal-chelated tetramer (127).126 This structure is analogous to tetrameric phenylli- 
thium (119). When an additional dimethylaminomethyl group is substituted at the ortho' position as in 
2,3,5,6-tetrakis(dimethylaminomethyl)phenyllithium, the aggregate crystallizes as the dimer (128).127 
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. 

(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.128 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.129 

(129) (130) 

A few arylmagnesium compounds have been characterized crystallographically. As early as 1964, 
Stucky and Rundle determined that phenylmagnesium bromide diethyl etherate consists of a magnesium 
atom tetrahedrally coordinated to two diethyl ether molecules, the phenyl group and a bromide.130 This 
Grignard reagent is depicted as (132). Diphenylmagnesium-TMEDA also crystallizes as a monomer 
(133) with a tetrahedrally, four-coordinate magnesium atom.131 
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Me Me 

(133) (132) 
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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)132 and bromide (135),133 as well as the organometallic, rotaxane 
(136).134 Note the similarity between these structures and the corresponding aliphatic dialkylmagnesium 
rotaxane (83). 

(134) X - Cl 
(135) X = Br (136) 

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 24-48 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 
THF solutions of 3,3-dimethyl-2-butanone (pinacolone) and cyclopentanone lithium enolates.1 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.135 Williard and Carpenter completed the characterization of both the Na+ and the K+ pinacolone 
enolates.136 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 AAQV'-trimethylethylene- 
diamine (TriMEDA) as indicated in formula (141).137 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 

(137) (138) • = Li 
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(139) (140) 

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. 

(141) 

In an attempt to influence the aggregation state of a simple ketone enolate by intramolecular chelation, 
the homolog of pinacolone (142) was prepared.138 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.139 It is noteworthy that the bulky silyloxy group 
serves as a ligand for the terminal, three-coordinate lithium atoms in (143). 

(144)/i = 0,1,2,3 
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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. 

The pinacolone lithium enolate condensation product with pivaldehyde (147) has been characterized 
as the tetrameric aggregate (148).141 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 

(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).143 Significant disorder between the cyclohexyl and the phenyl moieties is observed 
in this crystal structure; however, it is clear that there are no ^-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 ^-coordinated and in the other residue 
the lithium is -p1 -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 
(S)-(-)-l-amino-2-(methoxymethyl)pyrrolidine (SAMP) hydrazone of 2-acetylnaphthalene (156) yields 
the monomeric bis-THF-solvated species (157) as ruby red crystals.145 This is one of the few examples of 
the crystallization of a resolved enolate substrate.146 

An uncharacteristic enolate coordination is observed for the a,a'-ketodianion derived from dibenzyl 
ketone (158).147 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 enolate148 was subsequently modified 

when the diethyl ether solvated, magnesium bromide enolate derived from t-butyl ethyl ketone was char¬ 

acterized as the dimer (160) with bridging enolate residues.149 
Recently the isolation and structure determination of the aldol product of the chiral iron enolate (161) 

with benzaldehyde was obtained as (162).150 This structure is presumed to mimic closely the structure of 

the cyclic transition state for the aldol reaction. 
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(161) (162) 

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 f-butyl propionate 
(163), r-butyl isobutyrate (164) and methyl 3,3-dimethylbutanoate (165).151 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).152 The second structure of interest is the zinc ester enolate, i.e. Reformatsky reagent, 
derived from r-butyl bromoacetate.153 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 (V,/V-diethylglycine (168). It 
crystallizes as the internally chelated hexamer (169) which resembles the hexagonal prisms (138) and 
(140).154 

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 AfjV-di- 
methylpropionamide (170).155 This enolate is obtained as a dimer solvated by TriMEDA, 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. 

O 

(170) (171) 

The lithium enolate derived from A,A-dimethylcycloheptatrienecarboxamide (172) crystallizes as the 
bis-THF-solvated dimer (173).156 Neither the amide nitrogens nor the extended TT-system participates in 

complexation to the lithium atoms in this complex. 

(172) 

Two lithium enolates (174) and (175) derived from the vinylogous urethanes (176) and (177) have 
been crystallized and subjected to X-ray diffraction analysis.157 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.158 
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. 

(176) R = H (174) R = H 
(177) R = Me (175) R = Me 

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;159 however, the mixed nitrile anion-LDA(TMEDA)2 complex (179) is obtained when 
excess LDA is present.160 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 l-cyano-2,2- 
dimethylcyclopropyllithium (180) consists of an infinite polymer (181) that is solvated by THF.161 
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. 

Me,N 

Li 
';N \ 

■ NMe? 

(178) (179) 

(180) 

X X. 

(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-Li24-(Et20)6-(C6Hi4)].162 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. 

Me3Si ^.CN __ Me3Si CN 
/\ 

Li Li 

(183) (182) 

The crystal structures of both Na+C(CN')3“ 163 and K+C(CN)3- 164 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.165 
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1.1.3.6.4 Other stabilized enolates 

The crystal structure of a single stabilized nitronate carbanion derived from phenyInitromethane is re¬ 
ported as the polymeric ethanol solvate (185).166 The same geometry found in the nitronate anion (185) 
was also found for the t-butyldimethylsilyl ester derived from quenching this nitronate.167 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. 

Table 3 Stabilized Carbanions 

Compound name CSD refcode Ref. 

Ca(acac)2-2H20H20) BOLTIF 220 
Na(acac)H20 CAFNEC 221 

Ca(acac)(CH3C02-)-2H20) CUHGER 222 
Li[PhC(0)CHC(0)Ph]-2H20 Et3N DEKJUY 223 

Mg3(acac)6 DENGAE 224 
K-nitromalonamide NOMLNB 225 
Na(eaa) • 15 -cro wn- 5 BODKUG 226 
K(eaa)18-crown-6 CREALK, CRKEAC01, CRKEAC10 227 

CsC(NC>2)3 CSTNME 228 
K-1,1 -dicy ano-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-dinitroethylacetamide 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).168 Finally, Collum et al. 
have reported the structure of the lithiated anion derived from the N/v'-dimethylhydrazone of 2-methoxy- 
carbonylcyclohexanone (188).169 This enolate crystallizes as the dimeric, bis-THF-solvated aggregate 
(189). 

o o 

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).170 This structure illustrates 



Carbanions of Alkali and Alkaline Earth Cations 35 

(188) 

that the lithium atoms share very different environments, i.e. one five coordinate and one four coord¬ 
inate. The bromomagnesium derivative of /V-pivaloyltetrahydroisoquinoline (192) crystallizes from THF 
as a monomer with octahedrally coordinated Mg atoms.171 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. 

i 
H 

(190) 

THF 

(191) 

N-Phenylpyrrole (194) is monolithiated at the 2-position of the heterocyclic ring. This monolithium 
compound crystallizes as the TMEDA-solvated dimer (195).172 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. 

(194) 

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).14 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. 

(196) 

ywv 

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 la or Ila metal cations have been examined by X-ray diffraction analysis. The lithium carbanion 
of 2-benzyl-2-oxo-l,3,2-diazaphosphorinane (198) crystallizes as a monomeric bis-THF solvate (199) 
with a tricoordinate lithium atom.173 The magnesium salt of diethoxyphosphinyl acetone (200) is charac¬ 
terized as an intramolecularly chelated trimer174 similar in structure to [Mg(acac)]3. The Cu salt of this 
(3-keto phosphorus-stabilized anion exists only as a monomer.175 

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,14 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 a-Phosphorus-stabilized Carbanions 

Compound CSD refcode Ref. 

LiCH2PMe2-TMEDA CEDSIN, CEDSIN10 233,234 
LiCH2P(Me)Ph(-)-sparteine VAGHOA 234 

LiCH2P(Me)Ph TMEDA VAGHIU 234 
[(LiCH2PPh2)2(dioxane)3] dioxane DUJDIV 235 

[LiC(PMe2)3-2THF]2 CESCEI, CESCE10 236 
LiCH(PPh2)2 THF GIKXAZ 237 

(198) (199) 
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(200) 

structures. These structures have proven extremely valuable for structure reactivity correlations and this 
is discussed in the aforementioned review. 

Table 5 a-Sulfur-stabilized Carbanions 

Compound 
type 

Compound CSD refcode Ref. 

Sulfides (MeSCH2Li)2(TMEDA)2 CEPLEO 238 
(PhSCH2Li)2(TMEDA)2 CEPLAK 238 

[(£>2-Butenyl-l-SBu‘] TMEDA GAJDAW 239 
1,3-Dithianes [Li(2-methyl-1,3-dithiane)]2- (TMEDA) LIMDTE 240 

[Li(2-phenyl-1,3-dithiane]2 (TMEDA)2 THF LIPTHF 241 
Sulfoxides (a-Methylbenzyl phenyl sulfoxide Li)2 (TMEDA>2 FIGHE1 242 
Sulfones [a-(Phenylsulfonyl)benzyllithium]2(TMEDA)2 DIBXIV 243 

(Phenylsulfonylmethyllithium)2'(TMEDA)2 DOMSED 244 
2,2-Dipehnyl-l-(phenylsulfonyl)cyclopropyllithium(DME)2-(DME) VADKIU 245 

2,0-Lithium dianion of bis(TMS)methyl phenyl sulfone GEHZOI 246 
[a,a-lithiumtrirnethyl(phenylsulfonylmethyl)silane]6-Li02-(THF)io GAFXIU 247 

a-(Phenylsulfonylallyl)lithium-DME FAGFOI 248 
a-(Methylbenzyl)phenylsulfonyldilithiumdiglyme GAVYUX 249 

Isopropylphenylsulfonyldilithiumdiglyme GAVZAE 249 
Bis(TMS)methyl phenyl sulfone potassium (Et20)(18-c-6) SAKXOR 250 

Sulfoximes [(S)-(A-methyl-S-phenylsulfonimidoyl)methyllithiumh(TMEDA)2 FISNOW 251 
(TMS)[/V-(TMS)-S-phenylsulfonimidoyl][methyllithiumk 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.176’177 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).178 Sodium hexamethyldisilazide crystallizes as an unaggregated 
monomer from benzene solution.179 Two different crystalline forms of KHMDS are known as the 
polymeric dioxane solvate (203),180 and the unsolvated dimer (204).181 

Me3Six SiMe3 

Et N Et 
\ / \ / 
O—Li LEO 

Et' \ / Et 
N 

Me3Si^ XSiMe3 

Me3Si 
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Me3Si 
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-K. 
. . O 

O o 

Me3Si N SiMe3 
N 

K' K 

NX 

Me3Si/ SiMe3 

(201) R = Pr1 or SiMe3 (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, 
etc. Individual references to the structures of these compounds are best found in the CSD.3 A recent 
review of the various cage structures available for the main group metal amide bases and alkoxides is 



38 Nonstabilized Carbanion Equivalents 

given.182 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.183 Structural types such as (205), (206), (207) and (208) have been found for these com¬ 

pounds. 

Me R 
i i 

Me-Si-N-LHF 
I l l l 
F-Li-N-Si-Me 

i i 

R Me 

(205) (206) 

R 

Me N P 

Si Li 

Me F O 

(207) (208) 

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

1.13.82 Halides 

The effect of added halide salts on organic reactions is recently undergoing intensive scrutiny.185 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. 

NaOBu1 NABUOX, NABUOX10 253 
CsOH MeOH GAYCAK 254 

CsOPr1 IPRXCS 255 
Ba(OMe)2 MEOXBA 256 
Ca(OMe)2 MEOXCA 256 
Sr(OMe)2 MEOXSR 256 
(CuOBu')4 CUTBUX 257 

(LiCl)-(HMPA) CAWSIC 258 
(NaBr)(acetamide)2 DIACNB, NABRAA 259 

(LiCl)- (/V-methy lacetamide) LICMAC, LICMAC10 260 
(LiBr)(acetone)2 DECXEO 261 

(MgChMA-methylacetamide) NMALIE 262 
(LiI)(Ph3PO) LIPPHO 263 
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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)v 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-phenyE].186 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). 

A mixed Li+/Mg+ aggregate corresponding to (213) is formed with either phenyl or methyl carb¬ 
anions.188’189 An unusual lithium/magnesium acetylide is formed with stoichiometry 

Li2[(PhC=C)3Mg(TMEDA)]2 and is depicted as (214). The same authors also report the ion pair charac¬ 
terized as the mixed benzyllithium/magnesium-TMEDA complex (215).190 A different mixed 
lithium/magnesium aggregate depicted as (216) is found for the THF-solvated anion of tris(trimethylsi- 

lyl)methyl carbanion.191 
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1.1.3.92 With transition metals (cuprates) 

A dimeric complex of the type LhCu2R4 where R is phenyl has recently been characterized as the di¬ 
ethyl ether solvate (217).192 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. 

1.1.4 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.193 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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Table 7 X-Ray Crystal Structure of Cu/Li Carbanions 

Compound CSD refcode Ref 

[Li(THF)4] CESDAF 264 
[Li( 12-crown-4)2] [CuMe2] DAZWIK 265 

[Li(THF)( 12-crown-4)2] [CuPha] DAZWOQ 265 
[Li( 12-crown-4)2][Cu(Br)CH(TMS)3] (toluene) DAZWUW 265 

[LHTHFkKCusPhe] BEYROM 266 
[Li(PMDETA)(THF)] [Cu5Ph6] BEYRUS 266 
[Li(Et20)4] [LiCu4Ph6] • (Et20)2 CUTCEZ 267 
[LiCl2(Et20) io] [Li2Cu3Ph6]2 CESFIP 268 

Li2Cu2(C6H4CH2NMe2)4 CUWTUJ 269 
[Li(THF)3][CuMe(PBu'2) VACFEK 270 

[Li3Cu2Ph5(SMe2)4] 271 
[ {Li(Et2Q)) (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 a/.151 

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.194 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.195 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,196 Streitweiser,197 
Houk198 and others199 and classical spectroscopic techniques.200 There exist also a number of useful 
NMR techniques in addition to the 2D-HOESY method previously mentioned. These NMR techniques 
include analysis of 13C chemical shifts, 6Li-15N spin-spin splitting,7Li quadrupolar coupling201 and rapid 
injection NMR which has proven useful as a technique for structural investigations of aliphatic carba¬ 
nions.202 Last, but certainly not least, the excellent thermochemical measurements recently reported by 
Arnett and coworkers serve to correlate the solid state structural studies with solution species.203 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 

1.2.1.1.1 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.1 This report is the foundation 
of the seminal work of Prelog,2 Cram,3 Comforth,4 Karabatsos5 and Felkin,6 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,7’8 
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,9-12 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.3 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, Comforth proposes that the carbonyl and carbon-halogen dipoles prefer an anti 

orientation; nucleophilic reaction then takes place from the less-encumbered face (Figure 2).4 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 

O 

Figure I Open-chain model 

O 

R X 

Figure 2 Dipolar model 

M*" 

Figure 3 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¬ 
kers6 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 Eisenstein7 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.11 
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Figure 4 Felkin model 

A, favored B, disfavored 

Figure 5 Felkin-Anh model 

1.2.1.1.2 1 ^-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 (l).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. 

Nu 
R1 

(1) 

C?H 

OMEM 

BuM 

-78 °C 
>95% 

C7H 
Bu 

*OH 

OMEM 
H*! ' 

c7h (2) 

(la) (2a) (3a) 

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

Solvent 
M-Li 

Product ratio (2a):(3a) 
M - MgBr 

C5H12 67:33 90:10 
CH2CI2 75:25 93:7 

Et20 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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C7H 

H OR 

(lb) 

BuMgBr 

THF, -78 °C 

C7H 
,OH 

7H'5X^Bu 
H OR 

(3b) 

(3) 

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

R Product ratio (2b):(3b) 

—MEM, —MOM, —MTM, —CH2(2-furyl) >99:1 
—CH2Ph 99.5:0.5 

—CH2OCH2Ph 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 (3-alkoxy aldehydes proceeds with no 
selectivity.1314 

Similar selectivities (>99:1) are observed in the cyclic chelation controlled reaction of a-benzyloxy 
carbonyls such as (4a; equation 4) with Grignard reagents.15 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 

H Et 

(4) a: R1 = CH2Ph 

b: R1 = Bu'Me2Si 

RM R’O OH R'O OH 

,.<»'/-Et + -^"'R (4) 
HR H Et 

(5) (6) 

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

Ketone Reagent Temperature 

(°C) 

Time (h) Solvent Yield (%) Ratio (5):(6) 

(4a) MeMgCl -78 2 Et20 85 >99:<1 
(4a) MeLi -78 2 THF 90 60:40 
(4b) MeMgCl -78 2 Et20 78 60:40 
(4b) (Allyl)MgCl -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. 

RM 

H 

O 

(7) 

Simple addition of n-decylmagnesium bromide to (7) yields an approximately equal ratio of products 
(8) and (9).16 The use of conditions which promote chelation (excess Grignard reagent) produces a shift 
in the product ratio (63:37). Addition of ZnBr2 to the reaction mixture further increases the amount of 
chelation-controlled product formed (85:15; Table 4). 
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Table 4 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 
(«-Decyl)MgBr (3.0 equiv.) THF, 15 °C 90 63:37 
(n-Decyl)MgBr (6.0 equiv.) ZnBr2 (1.1 equiv.), Et20,-10 °C 21 85:15 
(n-Decyl)MgBr (1.5 equiv.) THF, HMPA (3.5 equiv.), -45 °C 71 21:79 
(n-DecyljMgBr (3.0 equiv.) THF, HMPA (6.0 equiv.), -20 °C 84 15:85 

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

EtMgBr Et20, 0 °C —» r.t. 87 70:30 

Addition of HMPA to the reaction mixture to suppress chelation causes a reversal in the stereoselectiv¬ 
ity, yielding (9) as the dominant product. Similar trends in the addition of ethyl metallics to (7) are re¬ 
ported.17 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. 

R~ 

Figure 6 

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.18 

Table 5 Stereoselective Additions to (10) 

RMgX 

EtMgBr 
EtMgBr, 2 equiv. HMPT 

BunMgBr 
BunMgBr, 2 equiv. HMPT 

PFMgBr 
PPMgBr, 2 equiv. HMPT 

PhMgBr 
PhMgBr, 2 equiv. HMPT 

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

48:52 71 
87:13 86 
43:57 71 
90:10 81 
29:71 48 
100:0 57 
30:70 73 
68:32 64 

Considerable work has been carried out on nucleophilic additions to more complex carbonyl substrates 
containing both a- and (3-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).19 

O OH OH 

(13) (14) (15) 

In general, organometallic additions to (13), yielding alcohols (14) and (15), result in only moderate 
selectivities when organolithium and Grignard reagents are used.20 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):(15) Yield (%) 

PhLi Et20 -78 48:52 88 
PhMgBr 

MeLi 
Et20 -78 48:52 85 
Et20 -70 60:40 60 

MeMgBr 
BunLi 

Et20 -50 67:33 57 
Et20 -78 69:31 83 

BunMgBr Et20 -78 75:25 86 
(Allyl)MgBr Et20 -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).21 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. 

(13) (16) (17) 

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 
MgBr2 0 49 50:50 
SnCL} 0 58 95:5 
ZnCl2 -78 10 >95:<5 
ZnCl2 0 60 90:10 
ZnBr2 0 75 95:5 
Znl2 0 57 >95:<5 
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Variation of the diol-protecting group or of other substituents on these a,(3-dihydroxycarbonyl 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)22 and to the homologated cyclohexylideneglyceraldehyde (19) (80:20 to 60:40).23 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. 

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).24 

OMOM 
RMgBr 

MOMO O 

(20) 

OMOM OMOM 

(9) 

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.25 Competitive (3-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 (3-chelation control predominates. In this case 
nucleophilic addition affords (26) as the sole product. 

O 

(23) R = SiMe2Bul 

(25) R = H 

PhMgBr 

0% (26) R = H, 100% 

GO) 

A number of other examples have been reported which involve highly selective Grignard or organo¬ 
lithium additions to carbohydrates.26 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 (3-alkoxycarbonyl compounds.27 
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In simple carbonyl compounds containing an a-amino substituent, nucleophilic additions generally 
occur via the cyclic chelate model.9,12 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 70:30.28 Conditions which 
favor coordination of the nitrogen and magnesium atoms (high temperature) are essential for the selectiv¬ 

ity observed. 

H 

(27) 

MgBr 

THF, 25 °C 

In contrast, the use of dibenzyl-protected groups in similar systems shows opposite stereoselectivity.29 
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 
preventing chelation; Comforth or Felkin-Anh modes of addition then predominate. Access to the chela¬ 
tion control products is not possible using Grignard or organolithium reagents. The use of titanium or tin 
reagents, however, provides (31) as the major product (Chapter 1.5, this volume). 

0 £ HO 

Bn2N^AH —RM— Bn2N H + Bn2N^A* (12) 

Rl R1 Rl 

(30) (31) (32) 

Table 8 Stereoselectivities in the Reaction of (30) with RM 

R' RM Temperature (°C) Yield (%) Ratio (31):(32) 

Me MeMgl 0 87 5:95 
Me MeLi -10 91 9:91 
Me PhMgBr 0 85 3:97 
Me EtMgBr 0 85 5:95 
Me PPMgBr 0 75 <3:>97 
Me Bu'MgBr 0 72 5:95 
Me Bu'Li -60 88 <3:>97 

CH2Ph MeMgl 0 85 8:92 
CH2Ph PhMgBr 0 84 3:97 
CH2Ph PhC=CLi -78 72 <4:>96 
CH^h PhCH2CH2MgBr -78 84 <4:>96 
CH^h (Allyl)MgCl -78 82 28:72 

Bu1 MeMgl 0 85 10:90 
Bu1 MeLi -10 89 20:80 
Bu1 PhMgBr 0 84 3:97 
Pr1 MeMgl 0 87 5:95 
Pr1 MeLi -10 81 14:86 
Pr1 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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RMgX 
+ (13) 

(34) (35) 

Table 9 Stereoselectivity in the Reaction of RMgX with (33) 

R Rl R2 Yield (%) Ratio (34):(35) 

Ph —CH2CH2CH2CH2— 20 0:100 
Ph —CH2CH2CH2CH2CH2— 61 16:84 
Ph —CH2CH2OCH2CH2— 72 45:55 
Ph Me Me 46 0:100 
Ph Et Et 15 12:88 
Et —CH2CH2CH2CH2CH2— 45 0:100 
Et —CH2CH2OCH2CH2— 57 34:66 
Et Et Et 55 52:48 
Et Pr1 Pr1 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.31 

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.11 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.27 

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).32 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. 

(39) (4°) (41) 

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

Substrate R' RM Yield (%) Ratio 

(37):(38) or (40):(41) 

(36) Ph BunLi 92 >99:1 
(36) Ph MeLi 96 >97.5:2.5 
(36) Ph (Allyl)MgBr 96 92:8 
(36) 1-Cyclohexenyl BunLi 56 >97:3 
(36) 1-Cyclohexenyl MeLi 69 >99:1 
(36) 1 -Cyclohexenyl (Allyl)MgBr 69 92:8 
(36) Cyclohexyl BunLi 98 94:6 
(36) Cyclohexyl MeLi 77 96:4 
(36) Cyclohexyl (Allyl)MgBr 93 78:22 
(39) Ph BunLi 91 83:17 
(39) Ph MeLi 91 80:20 
(39) Ph (Allyl)MgBr 92 63:27 
(39) 1-Cyclohexenyl BunLi 40 94:6 
(39) 1 -Cyclohexenyl MeLi 49 66:34 
(39) 1-Cyclohexenyl (Allyl)MgBr 54 71:29 
(39) Cyclohexyl BunLi 96 78:22 
(39) Cyclohexyl MeLi 75 67:33 
(39) Cyclohexyl (Allyl)MgBr 59 67:33 

major conformer 

Figure 9 

O 

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 (42c) proceed with high diastereofacial selectivity based on the 
Cram-Felkin-Anh model.33 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. 

X XX 

(42) a: X = Me (43) (44) 

b: X = OBn 

c: X = OMe 

1.2.1.1.3 Remote asymmetric induction 

In general, nucleophilic addition reactions using Grignard or organolithium reagents to (3-chiral or 
other remotely chiral ketones usually yield mixtures of stereoisomers which are not synthetically use¬ 
ful.912’27 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 91:9 
(42a) EtMgBr THF 92 >99:<1 
(42a) PPMgBr 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 Et20 87 93:7 
(42c) EtMgBr THF 68 90:10 
(42c) EtMgBr Et2Q 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.34 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. 

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 

BunMgBr THF 65 88:12 

BunMgBr Ether 70 15:85 

PFMgBr THF 73 91:9 

PFMgBr Ether 65 15:85 

BunMgBr + ZnI2 THF 56 94:6 

Figure 11 

Systematic studies on additions to P-asymmetric amino ketones of general structure (48, equation 16) 

result in the following conclusions.35 
(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. 

R1 

R2 

'NR32 

RM 
R HP H R2 HO ? H *R2 

R1/^^^NR32 + R’^^^^NR32 (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. 

Table 13 Diastereoselectivity of Grignard Additions to (51) 

R'MgX 
(53) 

R Yield (%) Diastereomer ratios 

Me EtMgBr 
BunMgBr 
Bu'MgBr 

96 73:27 
Me 92 73:27 
Me 90 83:17 
Me PhMgBr 97 90:10 
Ph MeMgBr 99 88:12 
Ph 
Et 

EtMgBr 
MeMgCl 

99 
93 

83:17 
82:18 

Bu' MeMgCl 66 52:48 
P-B1G6H4 MeMgCl 95 87:13 

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

1.2.1.1.4 Chiral auxiliaries 

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

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

i, R'M 

ii, H20 

(56) major 
+ 

(57) minor 

R1 

OHC 
OH 

(58) 

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 PPMgl Reflux Et20 99:1 
Me PhMgBr Reflux Et20 89:11 
Me Ph2Mg Reflux Et20 78:22 
Me PhMgl Reflux Et20 87:13 
Me EtMgl Reflux Et20 90:10 
Me Pi^Mgl Reflux Et20 90:10 
Me Pr"MgBr Reflux Et20 83:17 
Me Pi^MgCl Reflux Et20 79:21 
Me Bun2Mg Reflux Et20 87:13 
Me PPMgf Reflux Et20 67:33 
Me (Vinyl)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 Et20 87:13 
Vinyl MeMgl -78 Et20 95:5 
P/ MeMgl Reflux Et20 68:32 

Pr1 MeMgl -78 Et20 77:23 
Pr1 MeMgl Reflux Et20 69:31 
Pr’ PhMgBr Reflux Et20 85:15 
Pr1 PhMgBr -78 Et20 >99:<1 

Bu‘ MeMgl Reflux Et20 93:7 

Bu‘ 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.38 Excel¬ 
lent stereoselectivities (usually >90%) are found in the reaction of (59) 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).39 

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

R1 R'M Temperature (°C) 
Yield (%) 

(65) 
Configuration ee (%) 

Me MeMgBr 20 44 (S) 98 
Me MeMgBr -70 — (S) 98 
Me MeLi -70 47 (S) 95 
Et EtMgBr 5 77 (S) 100 

HC=C HG=CMgBr 20 63 cs) 97 ± 1 
a-Naphthyl CioHyMgBr 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.40 

Figure 13 

In a study of the factors influencing this nucleophilic addition, it was found that incorporation of an 
exocyclic oxygen atom into the carbonyl substituent (such as in 66; equation 17) has a profound effect on 
the selectivity of the reaction.41 Alkoxy groups capable of chelation (e.g. CH2PI1) 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). 

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

R n /?' Reagent (67):(68) 

CH2Ph 1 Me MeMgBr 33:67 
SiPrS 1 Me MeMgBr 97:3 

CH2PI1 2 Me MeMgBr 42:58 
SiPrS 2 Me MeMgBr 97:3 
CPh3 2 Me MeMgBr 86:14 

CfhPh 3 Me MeMgBr 81:19 
SiPr*3 2 Me (Me)2Mg 98:2 
TMS 2 Me (Me)2Mg 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.42 

Chiral acetals can be used as auxiliaries in the diastereoselective reactions of Grignard reagents with 
acyclic43 as well as cyclic a-keto acetals.44 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. 

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

R' R2 RMgX Yield (%) Ratio (70):(71) 

—CH2CH2CH2CH2— 
—CH2CH2CH2— 

—CH2CH2CH2CH2— 
—CH2CH2CH2— 

—€H2CH2CH2CH2— 
—CH2CH2CH2CH2— 

Me Ph 
Me Ph 
Me Ph 
Me Et 
Me Et 
Me Et 

MeMgBr 93 100:0 
MeMgBr 91 98:2 
EtMgCl 95 100:0 
EtMgCl 95 100:0 

(Vinyl)MgBr 95 97:3 
PhMgBr 85 95:5 
EtMgCl 98 >99:1 

(Vinyl)MgBr 90 98:2 
PhMgBr 84 97:3 
EtMgCl 92 >99:1 

(Vinyl)MgBr 93 >99:1 
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. 

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.45 

(72) (73) (74) 

(19) 

Table 18 Diastereoselective Additions to Chiral Acetal (72) 

RM Solvent Yield (%) Ratio (73):(74) 

MeMgl Et20 70 90:10 
BunMgBr Et20 65 87:13 

BunLi Et20 60 52:48 
Pr'MgBr Et20 60 80:20 
PhMgBr Et20 70 34:76 
PhMgBr THF 70 42:58 

PhLi Et20 60 49:51 
PhfeCLi 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 of 
removal, as well as the dual utility of the chiral acetal as both chiral auxiliary, and carbonyl-protecting 
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.47 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 preferen¬ 
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 through 
the cyclic-chelate mode. The magnesium ion coordinates with the carbonyl oxygen, as well as with the 
nitrogen (N-l) of the pyrrolidine ring. Complexation with the phenyl-substituted nitrogen (N-2) is dis¬ 
missed due to its electron deficiency with respect to N-l. 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 can 
be carried out by using the methyl ester (79; Scheme 7) as precursor.48 Grignard additions afford a var¬ 
iety of ketoaminals (80) in good yield; aldehydes (R1 = H) are available via diisobutylaluminum hydride 
reaction.49 A second Grignard addition, followed by hydrolysis, generates a-hydroxy aldehydes (82) in 
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HCl 
CHO 

Ph'T'R 
OH 

(78) 

Scheme 6 

Figure 15 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; R1 = H) react with equivalent 
selectivity to afford secondary alcohols. 

Table 19 Preparation of a-Hydroxy Aldehydes (82) 

Rl R2MgX Yield (%) 
(82) 

ee (%) Configuration 

Me PhMgBr 76 99 (R) 
Me EtMgBr 43 78 (R) 
Me (Vinyl)MgBr 44 93 (R) 
Et PhMgBr 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 (-)-frontalin50 and malyngolide51 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 Eliel11 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).53 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,55 and from the unavailability of the enantiomeric 
phenylmenthol. This latter limitation can be overcome by reversal of the order of nucleophilic addition. 

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

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

MeMgBr 0 62 95:5 

MeMgBr -78 86 >99:1 

C6Hi3MgBr -78 82 >99:1 

CsHnMgBr -78 80 99:1 
PhMgBr -78 90 >99:1 

C6HnMgBr -78 80 >99:1 
MeLi -78 74 50:50 

MeLi + LiCICri -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. 

OMe OMe 

(86) (87) (88) 

Scheme 8 

Table 21 Synthesis of a-Hydroxy Acids (88) 

Reagent (87) 
Yield (%) Yield (%) 

(88) 
ee (%) Configuration 

MeMgBr/THF 95 70 9 (S) 
MeMgBr/TMEDA/THF 
MeMgBr/Et3N/toluene 

99 
94 

72 
76 

32 
22 

(R) 
(S) 

MeLi/TFlF 93 70 0 — 

MeLi/LiC104/THF 99 73 48 (S) 
EtMgBr/Et3N/toluene >99 65 33 (S) 
PrnMgBr/Et3N/toluene >99 62 39 (S) 
Pr’MgBr/Et3N/toluene 95 57 41 (S) 
Bu‘MgBr/Et3N/toluene >99 55 50 (S) 

p-Tol-Li 93 60 76 Cs) 
p-Anisyl-Li 92 55 62 (S) 

1-Naphthyl-Li >99 62 65 (5) 
2-Thienyl-Li 90 73 87 (5) 
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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.9’12’58 

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 sp2 center 
(Figure 17).58 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.59 An excellent review of this field has been written by Ashby and Laemmle.58 

axial attack 

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.12 
(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 m-substituted alcohol 
(93; equation 22). Torsional strain controlled additions lead to rra/zs-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).12’58 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.58 

OH R 

(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/Et20 3,3.5-Me3 100:0 

PhLi 4-Bu1 58:42 

PhLi 4-Me 53:47 
PhLi 3-Me 44:56 
PhLi 2-Me 88:12 

HC=CNa/Et20 + NH3 4-Bu' 12:88 

HCsCLi/THF + NH3 2-Et 53:47 

HC=CLi/THF + NH3 3-Me 18:82 

HC^Li/THF + NH3 2-Me 45:55 
MeMgI/Et20 4-Bu' 53:47 
MeMgI/Et20 2-Me 84:16 
MeMgI/Et20 3,3>5-Me3 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 
PhMgBr/Et20 4-Me 54:46 
PhMgBr/Et20 3-Me 59:41 
PhMgBr/Et20 2-Me 91:9 
PhMgBr/Et20 3,3,5-Me3 100:0 
HG=CMgBr 2-Me 45:55 
HC^CMgBr 3,3,5-Me3 100:0 

RM 

(93) m-alcohol 

OH 

(94) frans-alcohol 

(22) 

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 

HOsCMgBr/THF 2-Me 50:50 
(Allyl)MgCl/Et20 2-Me 77:23 
(Vinyl)MgCl/THF 2-Me 92:8 

MeLi/Et20 2-Me 70:30 
BunLi/Hexane 2-Me 86:14 

PhLi/Et20 2-Me 95:5 
HC=CLi/THF-NH3 2-Me 21:79 

EtMgBr/Et20 
Pr"MgBr 

2-Methoxy 
2-Methoxy 

75:25 
87:13 

HOsCMgBr/THF 2-Methoxy 42:58 
(Allyl)MgX/Et20 

MeMgI/Et20 
PrI1MgBr/Et20 

2-Methoxy 82:18 
3-Me 
3-Me 

60:40 
61:39 

PhMgBr/Et20 
(Allyl)MgCl/Et20 

3-Me 
3-Me 

58:42 
65:35 

MeMgBr/Et20 3-Bu' 54:46 
Pr*MgBr/Et20 3-Bu‘ 61:39 

HC^CMgBr/THF 3-Bu' 65:35 
MeMgBr/Et20 3,4-cL-Me2 92:8 
PhMgBr/Et20 3,4-cL-Me2 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.60 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.576’61 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. 

Table 24 Preparation of Chiral Lactols (98) 

R Solvent Temperature (°C) Yield (%) ee (%) 

Bun Toluene -78 73 65 
Bun Ether -78 63 78 
Bun Ether -100 62 87 
Et Ether -100 51 88 
Pr1 Ether -100 52 >90 

n-CsHn Ether -100 58 90 
Allyl Toluene -78 70 20 

H 
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Ph 

N \ 
OMe 

R 
>=0 

R1 

Ph 

(99) X = Li 

\ 
OMe 

O 

(101) 

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 Solladie.62 

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.62’63 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.52,64 Although opti- 

Me2N 

NMe2 

(102) (S,S)-DEB 

H 2 equiv. (102) 
+ R2Li -. 

-78 °C 

OH 

H '" i" R2 

R1 

(23) 

(103) 
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Table 25 Enantioselective Additions of R2Li to Aldehydes (R'CHO) in the Presence of (102) 

Rl R2 (103) ee (%) 

Me Bun 46 
Et Bun 35 

Bun Me 34 
Ph Bun 52 

Bun Ph 15 
o-MePh Bun 56 
p-MePh Bun 49 
Et2CH Bun 46 

Pr1 Bun 53 
Bu' Bun 18 

CeHn Bun 48 
Vinyl Bun 24 

Ph Me 

Me 

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).65 

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. 

R'Li + R2CHO 

Q-n~ 
Me LiO 

(104) 
OH 

1* 

R'^R2 

(105) 

(24) 

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

R] R2 Temperature (°C) Yield (%) 
Alcohol (105) 

Optical purity (%) Configuration 

Me Ph -78 82 21 (R) 
Et Ph -123 32 39 (R) 
Pr" Ph -123 55 39 0s) 
Bun Ph -123 60 72 CS) 
Bu1 Ph -123 59 16 (S) 
Bun Pr1 -123 47 56 CS) 
Ph Bun -123 46 11 (R) 

HC=C Ph -78 76 54 (S) 

TMS—C=C Ph -78 99 78 CS) 
TMS—feC Ph -123 87 92 CS) 

Ph2MeS i—C=C Ph -123 88 80 CS) 
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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 

O 

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.66 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.67 Interestingly, all of the alcohols produced under these conditions have the (tf)-configura- 

tion. 

R'CHO + R22Mg 

(105) 

(25) 

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

/?' R2 Yield (%) Optical purity (%) 

Ph Me 56 34 
Ph Et 74 92 
Ph Pr" 90 70 
Ph Pr1 59 40 
Ph Bu11 94 88 
Ph Bu1 81 42 
Pr1 Bun 70 22 

This chiral ligand can also be used as an additive in the enantioselective reaction of stabilized anions 
to carbonyl compounds.68 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).69 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.70 

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.71 
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),72 lithium amides 
(112)73 and the tetrahydrofurylamine (113).74 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.75 

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. 

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

R'CHO + ArMgBr 
(106) or (107) 

(26) 

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

R1 Ar Ligand Temperature 

(°C) 

ee (%) Configuration Yield (%) 

Ph a-Naphthyl (106) -100 71 (S) 92 
Ph a-Naphthyl (106) -78 64 (S) 96 
Ph a-Naphthyl (106) -45 55 (■s) 94 
Ph a-Naphthyl (107) -100 75 (5) 94 
Bu‘ Ph (106) -100 60 (S) 82 

CeHn Ph (107) -100 55 Cs) 68 
Pr1 Ph (106) -100 47 (S) 68 
Bun Ph (106) -100 40 (■s) 73 

R 

(110) 
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Table 29 Enantioselective Additions of Organolithium Reagents (RLi) to Benzaldehyde in the Presence of (108) 

or(109) 

R Ligand Yield (%) 
(110) 
ee (%) Configuration 

Bun 108 73 95 CR) 

Bun 108 63 59 (R) 
Et 108 75 66 (R) 
Me 108 35 36 (R) 
Bun 109 71 58 (R) 
Prn 109 75 53 (R) 
Et 109 73 30 (R) 

Me 109 65 23 (R) 

MeO 

(111) (112) a: Ar = phenyl, R = H 

b: Ar = 2-pyridyl, R = H 

c: Ar = o-methoxyphenyl, R = H 

d: Ar = phenyl, R = OMe 

O 
N 

(113) 
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1.3.1 INTRODUCTION 

Organoaluminums have been reviewed extensively. The first thorough treatise was published in 1972 
by Mole 1 describing the preparation of organoaluminums and their reactions with various functional 
groups Negishi2'4 and Yamamoto3 have also reviewed the general properties and reactions of organoalu¬ 
minums. However, Negishi2 focused on the 1,2-nucleophilic additions of a,p-unsaturated organoalumin- 
ums, which specifically included the reactions of alkenylalanes and alkenylalanates with carbon 

77 
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electrophiles, whereas the Yamamoto review3 was of a more general nature. The preparation of alkenyl- 
and alkynyl organoaluminums has also been reviewed by Normant5 and Zweifel.6 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, 
Zweifel6 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.7-9 Yamamoto has reviewed the preparation and 
reactions of both allyl-7 and crotyl-aluminum9 reagents, while Hoffmann8 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¬ 
views10-13 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,13 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 Ashby14 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 observation15'16 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 

This seminal observation has recently been utilized by Yamamoto18 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-t-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 known19 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,20 a reasonable representation is formulated in Scheme 2. 
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(1) R = Me (MAD); R - Bu‘ (MAT) 

R 

A1L3 

axial attack 

R2M 

[axial attack] , 

R2 

equatorial carbinol 

Scheme 2 

L 

equatorial attack 

(3) 

R2M 

[equatorial attack] 

OH 

axial carbinol 

The equilibrium concentration of the reactive species would greatly favor substituted cyclohexanone 
(2; Scheme 2), since it has been demonstrated14-16 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 l8'21 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-r-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)21 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 1 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 MeLi — 79:21 

2 4-f-Butylcyclohexanone MAD MeLi 84 1:99 

3 4-r-Butylcyclohexanone MAT MeLi 92 0.5:99.5 

4 4-r-Butylcyclohexanone None EtMgBr 95 48:52 

5 4-r-Butylcyclohexanone MAD EtMgBr 91 0:100 

6 4-r-Butylcyclohexanone None BuMgBr 58 56:44 

7 4-r-Butylcyclohexanone MAD BuMgBr 67 0:100 

8 4-r-Butylcyclohexanone None AllylMgBr 86 48:52 

9 4-r-Butylcyclohexanone MAD AllylMgBr 90 9:91 

10 2-Methylcyclohexanone None MeLi — 92:8 

11 2-Methylcyclohexanone MAD MeLi 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 MeLi — 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 

Table 2 Facial Selectivities for the Addition of Organometallics to 

Presence of (1) 

Substituted Cyclopentanones in the 

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

equatorial alcohol 

1 2-Butylcyclopentanone None MeLi _ 75:25 
2 2-Butylcyclopentanone MAD MeLi 82 1:99 
3 3-Methylcyclopentanone None PrMgBr 54 55:45 
4 3-Methylcyclopentanone MAD PrMgBr 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).22,23 

R 

Cram product 

(5) 

Entries 1-4 in Table 321 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.21 Furthermore, additions of sp2-hybridized nucleo¬ 
philes (e.g. vinyl, enolate and phenyl) resulted in no stereoselectivity; also, although the ^-hybridized 
case listed in Table 3 (entry 12) proceeds in good yield, the anti-Cram facial selectivity is unimpressive 
(41:59; Cranv.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). 

(6) Anti-Cram product 

Table 3 Cram versus Anti-Cram Selectivity for the Addition of Organometallics to Aldehyde (4) in the 

Presence of (1; equation 1). 

Entry R in (4) Organometallic Additive Yield (%) Cram:anti-Cram 

1 Ph MeLi None _ -2:1 

2 Ph MeMgl None 64 72:28 

3 Ph MeTKOPdb 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:b / 

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 MeMgl 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 50:50 

28 PhCH2 BuMgBr MAT 94 39:61 

1.3.2.1.2 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,(3-unsaturated carbonyl substrates. Although organolithiums normally undergo 1,2-addition 
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processes to a,(3-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). 

R1 

O 

1,2-addition r2 

i, reagent (1) 
ii, RLi 

1,4-addition 
(2) 

Table 4 1,2- versus 1,4-Regioselectivity for the Addition of Organometallics to Cyclic Enones in the Presence of 

(1; equation 2) 

Entry Substrate Organometallic Additive 
Yield (%) 

1,4-Adduct (cis/trans) 1,2-Adduct 

1 a MeLi MAD 68(29:71) — 

2 a BunLi MAD 59(17:83) — 

3 a Bu'Li MAD 73(18:82) — 

4 a PhLi MAD 71(33:67) — 
5 a CH2=C(OBu')OLi MAD 87(10:90) — 
6 a EtMgBr MAT 35(15:85) — 
7 a BunC=CLi MAD Recovered SM — 
8 a MeLi None — 75 
9 b MeLi MAD 70 — 

10 b PhLi MAD Recovered SM — 

11 b Me3SiCssCLi MAD Recovered SM — 
12 c MeLi MAD — 77 
13 d MeLi MAD 26 11 
14 e MeLi MAD 65 (>95% trans) 16 
15 e MeLi MAT 63(>95% trans) 31 
16 e BusLi MAD 65 (>95% trans) 12 
17 e CH2=C(Me)Li MAD 75(>95% trans) — 
18 f MeLi MAD Recovered SM — 

19 g MeLi MAD Recovered SM — 

20 h MeLi MAD 74(37:63) — 

21 h Bu'Li MAD 83(24:76) — 

0 0 0 O 

Bu' 

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 cuprate25 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 521’24 summarizes the site selective additions of nucleophiles 
to acyclic a,(3-unsaturated carbonyl 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) 

Entry Substrate Organometallic Additive 
Yield (%) 

1,4-Adduct 1,2-Adduct 

1 (£)-PhCH=CHC(0)Me MeLi MAD — 78 
2 PhC=CC(0)Me MeLi MAD — 85 
3 (£)-PhCH=CHC(0)Ph MeLi MAD 24 60 
4 (£)-PhCH=CHC(0)Ph MeLi MAT 28 55 
5 (£)-PhCH=CHC(0)Ph Bu'Li MAD 77 9 
6 (£)-PhCH=CHC(0)Bu' MeLi MAD Recovered SM 
7 (£)-MeCH=CHCHO (Me3Si)3Al None — — 
8 (Me)2C=CHC(0)Mea (Me3Si)3Al None 85 — 
9 (Me)2C=CHC(0)Meb (Me3Si)3Al None — 85 
10 (Z)-PhCH=CHCHO (Me3Si)3Al None — 83 
11 (£)-MeC[Si(Me)3]=CHCHO (Me3Si)3Al None — 91 
12 HC=CC(0)Me (Me3Si)3Al None 72 (>95% trans) 

“Conducted at -78 ”C. bConducted 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.24 

SiMe3 
i, Al(SiMe3)3, -78 °C 

ii, MeOH 
1,4-addition 

i, Al(SiMe3)3, 20 °C 

ii, MeOH 
1,2-addition 

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, a,(3-unsatu- 
rated aldehyde substrates only undergo 1,2-additions with reagent (7). 

(U) 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;26 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 
selective 1,2-nucleophilic additions that takes advantage of the more reactive nature of the aldehyde 

moiety.27 

i, reagent (1) 

OH if R4m 
R*CHO + R2COR3 

R1 R4 aldehyde preference 

(9) 

i, Me2AlNMePh (8) 

ii, R4M 

ketone preference 

OH 

(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 5, 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) 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 

(1) EtMgBr 36:1 
None EtMgBr 8:1 

(1) PhMgBr 14:1 

(1) PhLi 21:1 
None PhLi 1:1 

(1) MeLi 6:1 
None MeLi 4:1 

(1) MeMgl 100:0 
None MeMgl 22:1 

(8) MeLi 1:7 

(1) MeMgl 9:1 
None MeMgl 5:1 

(1) Bu'MgCl 100:1 
(8) MeLi 1:6 
(8) PhLi 1:L 

(1) MeLi 100:0 
(8) MeLi 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. 

R 

O 

A + 
H R 

O 

,A 
(8) 

R2 

H 

R^OAlL2 + 
nr2 2 

(11) 

(10) (5) 

13.2.2 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. 

C02Me 

A1Bu'2 

(12) 
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Reagent (12) is readily prepared by the addition of disobutylaluminum hydride in the presence of 
hexamethylphosphoric triamide to a,(3-acetylenic esters.28 When the organoaluminum (12) is exposed to 
either aldehydes or ketones, the resulting hydroxy ester (14) is formed in good yields (equation 6). 

C02Me 

AIBu‘2 

(12) 

O „Ar 
(13) 

(6) 

Table 729 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 (BF3-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 (£)-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) 

Entry R 
Substrate (13) 

R' Yield (%) Temperature (°C) 

1 H Pr" 87 25 

2 H Pr1 87 25 

3 H Ph 83 25 

4 H Furanyl 80 25 

5 H (E)-PrnCH=CH 90 25 

6 Pr" Pr" 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 (3-hydroxy sulf¬ 
oxides (16) and (17). Inspection of Table 830 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 st- 

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- 

(R) (R) (S) (R) 

(16) (17) (15) 
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Table 8 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 MeTiCb Et20 79 82:18 
2 Ph Me3Al Toluene 66 26:74 
3 p-MeC<sH4 MeTiCb Et20 60 80:20 
4 p-MeC6H4 Me3Al Toluene 50 16:84 
5 a Me3Al Toluene 71 13:87 
6 a MeTiCb Et20 96 97:3 
7 b MeTiCb Et20 77 94:6 
8 b Me3Al Toluene 48 4:96 

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,31 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¬ 
viewed32’33 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,37-41 has renewed interest in this area.42-44 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. 

MAKR^jOR + R2COC02R3 

(20) (21) 

OH 

R2 7 CO,R3 
R1 

(22) 

(8) 

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;45 (iii) 
there is an observable solvent effect with a preference for hexane/ether mixtures; (iv) either (+)- or (±)- 
(2S,3/?)-4-dimethylamino-l,2-diphenyl-3-methyl-2-butanol (Darvon alcohol or Chirald) is the best of the 
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Table 9 Results of the Addition of Chiral and Achiral Alkoxy Trialkylaluminates to Keto Esters (equation 8) 

Entry R R' R2 R3 M Solvent ee (%) Config. 

1 (-)-A-Methylephedrine Et Me (-)-Menthol Li Ether/hexane (1:1) 62 (5) 
2 (+)-N-Methylephedrine Et Me (-)-Menthol Li Hexane 15 (S) 
3 (+)-/V-Methylephedrine 

(-)-Menthol 
Et Me (-t-)-Menthol Li Ether/hexane (1:1) 58 (R) 

4 Et Me (-)-Menthol Li Ether/hexane (1:1) 48 (S) 
5 (-t-)-Menthol Et Me (-)-Menthol Li Ether/hexane (1:1) 54 (S) 
6 (-)-Menthol Et Me (-l-)-Menthol Li Ether/hexane (1:1) 50 (R) 
7 (+)-Menthol Et Me (-t-)-Menthol Li Ether/hexane (1:1) 46 (R) 
8 (-)-A-Methylephedrine Et Me (-)-Menthol Li Hexane 49 (R) 
9 (-t-)-A-Methylephedrine Et Ph (-)-Menthol Li Hexane 0.2 (R) 
10 (-)-A-Methylephedrine Me Ph (-)-Menthol Li Hexane 38 (R) 
11 (-)-N-Methylephedrine Et Ph (-)-Menthol Na Toluene/hexane 52.5 (R) 
12 (-)-(Y-Methylephedrine Et Ph (-)-Menthol K Benzene/hexane 43 (R) 
13 (-)-iY-Methylephedrine Et Ph (-)-Menthol Na Benzene/hexane 53 (R) 
14 (-)-A-Methylephedrine Et Ph (-)-Menthol Li Benzene/hexane 23 (R) 
15 (+)-Darvon alcohol2 Et Ph (-)-Menthol Li Hexane/ether (75:100) 77 (R) 
16 (-t-)-Darvon alcohol3 Et Ph (-)-Menthol Li Hexane/ether (30:100) 82 (R) 
17 (-l-)-Darvon alcohol3 Et Ph (+)-Menthol Li Hexane/ether (75:100) 73 (S) 
18 (±)-Darvon alcohol3 Et Ph (-)-Menthol Li Hexane/ether (30:100) 79 (R) 
19 (±)-Darvon alcohol3 Et Ph (-)-Menthol Li Ether 84 (R) 
20 f-Butyl alcohol Me Ph (-)-Menthol Li Hexane 25 (R) 
21 f-Butyl alcohol Et Ph (-)-Menthol Li Hexane 27 (R) 
22 2-Methyl-2-butanol Et Ph (-)-Menthol Li Hexane 47 (R) 
23 3-f-Butyl-3-pentanol Et Ph (-)-Menthol Li Hexane 60 (R) 
24 2,4-Dimethyl-3-f-butyl- 

3-pentanol 
Et Ph (-)-Menthol Li Hexane/ether (75:100) 71 (R) 

a Darvon alcohol = (+)- or (±)-(2S,3/?)-4-dimethylamino-l,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)46>47 

LiAl(R1)4 + R2C0C02R3 -- 

(23) 

OH 

R2 7 co2r3 
R1 

(9) 

4R-CH=CH2 + LiAlH4 
5% TiCl4 

LiAl(CH2CH2R)4 

THF 

(10) 

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 (R3 in Table 10). In this case the dia¬ 
stereoselectivities are moderate (67 to 75%), but, since Corey 48 Oppolzei49 and Whitesell50 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 /?' R2 R3 Solvent de (%) Configuration 

1 Me(CH2)5— Ph (-)-Menthol THF 69 (R) 
2 Me2CH(CH2)3— Ph (-)-Menthol THF 73 (R) 
3 EtMeCH(CH2)2— Ph (-)-Menthol THF 74 (R) 

4 (ch2)2- 

\/(CH2)4- 

Ph (-)-Menthol THF 72 (R) 

5 0 o 
\_/ 

Ph (-)-Menthol THF 67 (R) 

6 Me(CH2)5— Me (-)-Menthol THF 67 — 
7 Me(CH2)5— H (-)-Menthol THF 75 — 

1.3.2.4 Additions of Alkylaluminums to Masked Carbonyl Substrates 

1.3.2.4.1 Regioselectivity and stereoselectivity of additions to a,[3-unsaturated acetals and ketals 

It is well known that a variety of aluminum hydride reagents cleave acetal substrates with excellent 
stereoselectivities.51’53 It is not surprising, therefore, that similar experiments have been attempted with 
trialkylaluminum reagents. Equation (11) outlines the generalized transformation. 

n = 0, 1; R = alkyl, amide; R* = alkyl, alkenyl, H; 

R2 = alkyl, alkenyl, H; R3 = alkyl, alkenyl, alkynyl 

In the specific case of n = 1, R = Me, R1 = cyclohexyl and R2 = H (equation 12) exposure to trimethyl- 
aluminum resulted52 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,(3-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.5455 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 (^^)-(4)-AjVXX-tetramethyltartaric acid diamide, the 1,2-addition product 
with the (/^-configuration (88% ee) is produced (entry 3, Table 11), whereas the corresponding (S,S)- 
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- 

124) (25) 
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cich2ch2ci 

x = 
^CONMe2 

/""CONMe2 

(26) (27) 

Scheme 3 

.0 CONMej 

R3""Y RV^CONMe2 

R' (28) 

R1 

HO^CONMe2 

R\ X 
y— O' "CONMe2 

/=\ 
R2 

(29) 

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,56 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) 

CONMe2 

CONMe2 

(30) 

,,CONMe2 

>CONMe2 

(31) 

Entry Substrate Solvent Product ratio 

1,2 versus 1,4 

1,2-Product (% ee) Configuration 

1 (30) CICH2CH2CI 1:6.5 88 (S) 

2 (30) Toluene 1:1.7 96 (S) 

3 (30) CHCI3 1:0 88 (R) 

4 (31) Toluene 1:2.8 96 (R) 

5 (31) CHCI3 1:0 86 (S) 

r'air2 ='V0R 
+ hoR 

X 

Pd(PPh3)4 

1,4-addition 

OR 

R'^^X 
(13) 

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). 

R1 
R,A1 

^2, 

R1 
R 

O O (14) 

O 

(32) 

0S02Me 

(33) 

The reaction presumably takes place via attack of the nucleophile at the ketal carbon center with con¬ 
comitant migration of the R1 moiety to the adjacent center.58 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 1257’58 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 R1 RAI Yield (%) Configuration a ee (%) 

(double bond geometry) 

1 p-MeOQH4 Me3Al 39 (S) >95 

2 p-MeOCs^ Me3Al, BunLi 89 (S) >95 

3 p-MeOC6H4 Et3Al, BunLi 90 (S) >95 

4 
Ph(CH2)3 _ 

(cis) Me3Al, BunLi 80 (cis) (S) >95 

5 Ph(CH2)3/^V (trans) Me3Al, BunLi 94 (trans) (S) >95 

6 p-MeOCgH4 Et2A10CBun, BunLi 4 — — 

7 p-MeOCft^ EtAl(OCBun)2 81 (S) >95 

8 
Ph(CH2)3^ 

(cis) Et2AlC=CBun 40 (cis) (S) >95 

9 
Ph(CH2)3^ 

(cis) EtAl(OCBun)2 84 (cis) (S) >95 

a 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 organoaluminums to masked ketone substrates is outlined in 
equation (15).59 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 R1 did not equal 
R2 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). 

R1 

R2 

HO 

(34) 

R1 

(35) 

(15) 

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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R1 

R2 

OAlMe2 

(36) 

0-AlMe2 

(37) 

(16) 

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

Entry Substrate Yield (%) Diastereomeric ratio 

1 

2 

3 

4 

83 

91 

16 

NR 

L3.2.4.3 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 demonstrated60’61 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. 

(17) 

Equation (17) outlines the organoaluminum-mediated transformation. Although there is no unequivo¬ 
cal definition for the proposed transition state structure,60 a chair-like version of (40) appears reason¬ 
able64 in light of the resulting double bond stereochemistry.61’62 Table 1462,63 lists 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 1^1, 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 
5-phenyl (R = SEt or SBu'), there is no rearrangement. 

1.3.2.4.4 1^-Addition to enol phosphates 

Although enol phosphates are known to undergo a coupling reaction with nickel-catalyzed Grignard 
reagents65 to afford substituted alkenes, the corresponding reaction with organoaluminums does not 
work; however, it has been demonstrated66 that the coupling reaction of organoaluminums and enol 
phosphates does proceed in the presence of palladium (see equation 18 and Table 1566). 

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.67 

The success of the reaction is dependent upon the presence of Pd(Ph3)4, since the addition fails in the 
absence of Pd or in the presence of either nickel or Pd(acac)2.66 

1.3.3 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 prepared68”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 1668”70), A-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 R1 R~ R X Yield (%) Temperature (° C) Time (h) 

Me Me 91 25 0.25 
Me Me 78 25 0.25 
Me Me 71 25 0.25 

Me Me 81 25 0.5 

PhCC Et 88 25 0.25 

Bu1 40 25 1.5 

Me Me 86 60 2 

Me Me 87 60 2 

PhCsC Et 83 25 2 

Me Me 48 25 1 

LDA 

O 

ClP(OPh)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 = CH2Ph) 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).68 In general the 1,2-addition of heteroatom-sub¬ 
stituted organoaluminum reagents to carboxyl-containing substrates may be rationalized in terms of the 

O 

O 
ii 
P(OPh)2 Pd(PPh3)4 R 

R1 
RA1X, R1 

(18) 
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Table 15 The Addition of Organoaluminums to Enol Phosphates (equation 18) 

Entry R2 R X Yield (%) 

1 
2 
3 
4 

5 

6 
7 
8 

9 
10 

Me(CH2)9C = CH2 
s/WV' 

Me Me 91 
Et Me 71 

PhC==C Et 82 

Me(CH2)3C=C Et 59 

Bu1 66 

Me Me 94 
Et Et 80 

PhC=C Et 67 

PhC=C Et 70 
Me Me 72 

rco2r‘ 

(43) 

r4 r2 
N-Al 

R5 r3 

(42) 

25-41 °C 

R 

O 

A^R4 
N 

i 
R5 

(44) 

R2 = R3 = Me; R2 = Cl, R3 = Me; R4 = R5 = H, alkyl; 

R4 = alkyl, R5 = OMe; R4 - H, alkyl; R5 - NR2 

(19) 

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

No. of 

Entry 
Substrate 

R R1 R4 
Reagent(42) 

R5 R2 R3 
equivalents 

(42) 
Yield 

(%) 
Reaction conditions 
Time (h)ITemp. (°C) 

1 Ph Me H H Me Me 2.2 77 17/41 
2 PhCH=CH Me H H Me Me 2.0 86 12/38 
3 Cyclohexyl Me 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 Cl 3.0 82 12/50 
6 Cyclohexyl Me H H Me Cl 3.0 93 12/50 
7 Cyclohexyl Me H CH2Ph Me Me 2.0 78 17/35 
8 Cyclohexyl Me Me Me Me Cl 2.0 76 12/50 
9 Ph Me (CH2)4 Me Me 1.1 94 5/40 
10 PhCH2CHNHCO Me Et (CH2)4 Me Me 1.1 77 40/40 

11 Me (CH2)4 Me Me 2.0 74 45/40 

12 Ph Me (CH2)5 Me Me 1.1 74 34/40 
13 Me(CH2)4 Et H NH2 Me Me 2.2 82 16/40 
14 Me(CH2)4 Et H PhNH Me Me 2.2 91 12/25 
15 Me(CH2)4 Et Me NHMe Me Me 2.2 72 16/40 
16 4-MeC6H4 Et H NMe2 Me Me 2.2 80 16/40 
17 4-MeC6H4 Et H NHPh Me Me 2.2 87 12/25 
18 4-MeC6H4 Et Me NHMe Me Me 2.2 72 12/45 

hard/soft acid and base theory, first defined by Pearson.71 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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O 
HO. 

(45) 

a^o Me2AlNHR (47) 
§ 

.CONHR 

24 h/41 °C / X 

OTHP 

R = CH2Ph, H 

OTHP 

(46) 

(20) 

1.3.3.1.1 Selenol ester formation 

Selenol esters are useful as active acyl equivalents, particularly with regard to macrocycle forma¬ 
tion.7273 Equation (21) outlines the conversion of esters to selenol esters via aluminum reagent (48).6,7 

aor1 

Me2AlSeR2 (48) A 2 
R SeR2 

(49) (50) 

(21) 

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%).73 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; R2 = Me) affords only the equatorial monoselenol ester.75 
The selectivity of this reaction is highly dependent upon the reaction solvent. When axial and equatorial 
methyl-4-r-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.7376 

WThen 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.77 However, organoaluminum re¬ 
agents, in the presence of transition metal catalysts,78-80 may be utilized to accomplish this 
transformation. Equation (23) outlines the overall transformation. 

The copper and palladium transition metal catalysts noted in Table 1878’79 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 
ofPd(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) 

R R1 Yield (50) (%) Solvent 

Ph 

O -V 
o 

Ph(CH2)3 

/ 

H 

Me(CH2)5 

H2C=CH(CH2)2 

-(CH2)4- 

* 

Me 

Me 

Et 

Et 

Me 

Me 

Me 

Me 

C02Me 

C02Me 

99 CH2C12 

Quantitative 

70 

CH2C12 

ch2ci2 

80 CH2C12 

93 

95 

84 

94 

78 

80 

CH2C12 

CH2C12 

ch2ci2 

CH2C12 

ch2ci2 

ch2ci2 

0 CH2C12 

92 Et20 

96 Et20 

67 (equatorial monoselenol ester) Et20 

SMe (51), 72% 

(22) 
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metal catalyst 
R'COCl + R3A1 -► R'COR (23) 

THF 

metal = Pd, Cu 

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

Entry R' R Catalyst Yield (%) 

1 Ph Et Pd(PPh3)4 70 
2 Ph Et Cu(acac)2PPh3 88 
3 Ph Me Cu(acac)2PPh3 95 
4 Ph Me Pd(PPh3)4 74 
5 CH2=CH(CH2)8 Me Pd(PPh3)4 59 
6 CH2=CH(CH2)8 Me Cu(acac)2PPh3 90 
7 CH2=CH(CH2)8 Et Cu(acac)2PPh3 91 
8 CH2=CH(CH2)8 Et Pd(PPh3)4 71 
9 Ph BuC=C Pd(PPh3)4 67 
10 PhCH=CH BuG=C Pd(PPh3)4 74 
11 C7H15 PhC=C Pd(PPh3)4 61 
12 CH2==CH(CH2)8 Me3SiC==C 

C6H13 SiMe3 

Pd(PPh3)4 51 

13 CH2=CH(CH2)8 

H ' 

Bu SiMe3 

Pd(PPh3)4 51 

14 Ph / 
H ' 

Pd(PPh3)4 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).81 

LiAl(SiMe3)3 (52) 

RCOC1 -- RCOSiMe3 (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 1981 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.82 The application of this transformation to a more highly functionalized molecule is outlined 

in equation (25). 
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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 C5H11 95 2 

2 Ph 93 1.5 

3 PhCH2 89 1.5 

4 Y 90 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. 

1.3.4 1,2-ADDITIONS OF ORGANOALUMINUMS TO CARBON-NITROGEN SYSTEMS 

1.3.4.1 Stereoselective Additions 

Tosylpyrazolines (56) stereoselectively react with trimethylaluminum to afford pyrazolols (57; equa¬ 

tion 26).83 

(26) 

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 f-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 organometallics. 

1.3.4.2 Organoaluminum-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' R2 

'Y 
N 

R2A1X 

oso2r3 

(58) 

R1 R2 

N — 

(60) 

R'NsCR2 

r'n=cr2 

(59) 

X" 

(27) 

MR4 

R4 = H 

R2 

R*NH—R4 

X 

(61) 

Table 2084 summarizes the variety of substrates (R1 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,(3-dialkylated amines, since 
the conversion of imine (60) to amine (61; equation 27) may be accomplished by exposure to either a hy¬ 
dride reagent (R4 = H) or an organometallic (R4 = alkyl). The a-monoalkylated cases are listed in entries 
8-13 and the a,a-dialkylated cases are listed in entries 14-20 (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.84 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 (R4 = allyl, crotyl and propargyl), it is interesting to note that apparently 
no alkenyl Grignards were utilized. 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 

13 

14 
15 
16 
17 
18 
19 
20 

Table 20 

Substrate (58) 
Rl R2 

—(CH2)4— 
—CHMe(CH2)3— 

—(CH2)s— 
—CHMe(CH2)4— 

—(CH2)6— 
Ph Me 
Ph Me 
—(CH2)s— 
—(CH2)5— 

Ph Me 
Ph Me 

—(CH2)4— 
—(CH2)5— 
—(CH2)5— 
Ph Me 
Ph Me 
Ph Me 
Ph Me 

Organoaluminum-mediated Beckmann Rearrangement (equation 27) 

R3 
Organoaluminum 
R X Product Yield (%) 

Temp. 
(°C) 

p-MeC6H4 Bu' SMe (60) 5 40 
p-Me-C6H4 Bu1 SMe (60) 46 40 

Me Me SEt (60) 62 0 
p-MeC6H4 Bu1 SMe (60) 66 0 
p-MeC6H4 Me SEt (60) 90 0 

Me Me SPh (60) 88 -78 
Me Bu’ SMe (60) 90 0 
Me Me Me (61)R4 = H 70 -78 
Me Et 0=CBu (61)R4 = H 67 -78 

Me Me Me (61)R4 = H 57 -78 

Me Me Me (61)R4 = H 63 -78 
Me Et C=CMe (61)R4 = H 60 -78 

Me Me Pr (61)R4 = H 88 -78 

p-MeC6H4 Me Me (61)R4 = allyl 51 -78 
Me Me Me (61)R4 = allyl 60 -78 
Me Me Me (61)R4 = propargyl 55 -78 
Me Me Me (61)R4 = propargyl 61 -78 
Me Et O^CPh (61)R4 = allyl 88 -78 

Me Me Me (61)R4 = crotyl 56 -78 

Me Et Me(CH2)3Cs=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,86’87 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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Me.Al 

Me(CH2) 10 N' 

(63) 

H 

trans-( 65) 

1.3.5 APPLICATIONS TO NATURAL PRODUCT SYNTHESIS 

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

The synthesis of the title compound (73), which is the defense substance of the termite soldier,88 is 
outlined in Scheme 5.89 

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)18 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-l position was (3 with regard to the proton substituent and, therefore, 
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approach of a nucleophile to the C-2 carbonyl moiety would also be from the less hindered (3-face; un¬ 
fortunately, the natural product required a (3-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-506fragment 

FK-506 (74) is an interesting natural product with potent immunosuppressive properties.90 

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.91 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,93’94 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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OH 

HO,, 

H ' 

O 

OH 

HO,, 

H ■ 

(75) 0 

O- 

(76) 

H 

Pr'3SiO, 

— H. H 

O 
0-% 
(77) 0 

2 equiv. 

Me(MeO)NAlMeCl 

(82) 

85% 

O 

Pr'3SiO,, 

H' "H 
HO 

O N(OMe)Me 

(78) 

Xc , Xc = 
/ 

o 

N^o 

ii, 2 equiv. (82), 

-20 °C to r.t./l 2 h 

CHO 
(79) 

O 

(80) (81) 

Scheme 6 

(83) 

i, 1.3 equiv. Me2AlNMe2 

0 °C to r.t./l.5 h 

ii, [O] 

(83) 

Scheme 7 
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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).95,96 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,(3-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 93,94 this example is terminated by a ketone. Presumably 
entropic factors are driving the ring closure to the ketone in this intramolecular process. 

(89) X = p-H 

1.3.53.2 Intermolecular protocol — application to prostanoids 

Scheme 9 outlines the synthesis of a prostanoid97 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 via 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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1.3.5.4 Synthesis of Nonracemic Sydowic Acid 

Sydowic acid (100) was prepared as outlined in Scheme 10.30 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 r<?-face compared to Grignard reagents. In contrast, methyltri- 
chlorotitanium addition resulted in a si-face stereoselectivity. 

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 ll.98 The organoaluminum-promoted Beckmann rearrangement produced an imine, 
which was stereoselectively reduced (essentially total selectivity) with DIBAL to afford piperidine (109; 
41% yield). 
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i, MsCl 

ii, 3 equiv. AlPr1^ 

CH2Cl2-toluene, -78 °C to r.t./l h 

iii, 2 equiv. DIBAL, 

CH2C12, -78 °C/2 h to 0 °C/2 h 

1.3.6 REFERENCES 

1. T. Mole and E. Jeffery, ‘Organoaluminum Compounds’, Elsevier, Amsterdam, 1972. 
2. E. Negishi, J. Organomet. Chem. Libr., 1976, 1, 93. 
3. H. Yamamoto and H. Nozaki, Angew. Chem., Int. Ed. Engl., 1978, 17, 169. 
4. E. Negishi, ‘Organometallics in Organic Synthesis’, Wiley, New York, vol. 1, 1980. 
5. J. F. Normant and A. Alexakis, Synthesis, 1981, 841. 
6. G. Zweifel and J. Miller, Org. React. (N.Y.), 1984, 32, 375. 
7. Y. Yamamoto, Acc. Chem. Res., 1987, 20, 243. 
8. R. W. Hoffmann, Angew. Chem., Int. Ed. Engl., 1982, 21, 555. 
9. Y. Yamamoto and K. Maruyama, Heterocycles, 1982, 10, 357. 

10. K. Maruoka and H. Yamamoto, Angew. Chem., Int. Ed. Engl., 1985, 24, 668. 
11. M. Nogradi, ‘Stereoselective Synthesis’, VCH, Weinheim, 1987. 

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

13. K. Maruoka and H. Yamamoto, Tetrahedron, 1988, 44, 5001. 
14. E. C. Ashby and J. T. Laemmle, Chem. Rev., 1975, 75, 521. 
15. E. C. Ashby and J. T. Laemmle, J. Org. Chem., 1975, 40, 1469. 
16. J. T. Laemmle, E. C. Ashby and P. V. Roling, J. Org. Chem., 1973, 38, 2526. 
17. H. M. Neumann, J. T. Laemmle and E. C. Ashby, J. Am. Chem. Soc., 1973, 95, 2597. 
18. K. Maruoka, T. Itoh and H. Yamamoto, J. Am. Chem. Soc., 1985, 107, 4573. 
19. T. Mole and J. R. Surtees, Aust. J. Chem., 1964, 17, 961. 
20. 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. Kitarnura, Pure Appl. Chem., 1988, 60, 1597. 
21. K. Maruoka, T. Itoh, M. Sakurai, K. Nonoshita and H. Yamamoto, J. Am. Chem. Soc., 1988, 110, 3588. 
22. M. Cherest, H. Felkin and N. Prudent, Tetrahedron Lett., 1968, 2199. 
23. Y.-D. Wu and K. N. Houk, J. Am. Chem. Soc., 1987, 109, 908. 
24. G. Altnau and L. Rosch, Tetrahedron Lett., 1983, 24, 45. 
25. G. H. Posner, ‘An Introduction to Synthesis Using Organocopper Reagents’, Wiley-Interscience, New York, 

1980. 
26. M. T. Reetz, J. Westermann, R. Steinbach, B. Wenderoth, R. Peter, R. Ostarek and S. Maus, Chem. Ber., 

1985, 118, 1421. 
27. K. Maruoka, Y. Araki and H. Yamamoto, Tetrahedron Lett., 1988, 29, 3101. 
28. T. Tsuda, T. Yoshida, T. Kawamoto and T. Saegusa, J. Org. Chem., 1987, 52, 1624. 
29. T. Tsuda, T. Yoshida and T. Saegusa, J. Org. Chem., 1988, 53, 1037. 
30. T. Fujisawa, A. Fujimura and Y. Ukaji, Chem. Lett., 1988, 1541. 
31. G. H. Posner, in ‘Asymmetric Synthesis’, ed. J. D. Morrison, Academic Press, New York, 1983, vol. 2, chap. 

8. 
32. G. Solladid, in ‘Asymmetric Synthesis’, ed. J. D. Morrison, Academic Press, New York, 1983, vol. 2, p. 179. 

33. G. Boireau, D. Abenhaim and E. Henry-Basch, Tetrahedron, 1980, 36, 3061. 
34. K. Soai, A. Ookawa, K. Ogawa and T. Kaba, J. Chem. Soc., Chem. Commun., 1987, 467. 
35. K. Soai, S. Yokoyama, K. Ebihara and T. Hayasaka, J. Chem. Soc., Chem. Commun., 1987, 1690. 
36. K. Soai, A. Ookawa, T. Kaba and K. Ogawa, J. Am. Chem. Soc., 1987, 109, 7111 and refs, cited therein. 

37. D. Abenhaim, G. Boireau and A. Deberly, J. Org. Chem., 1985, 50, 4045. 
38. G. Boireau, A. Korenova, A. Deberly and D. Abenhaim, Tetrahedron Lett., 1985, 26, 4181. 
39. A. Deberly, G. Boireau and D. Abenhaim, Tetrahedron Lett., 1984, 25, 655. 
40. G. Boireau, D. Abenhaim, A. Deberly and B. Sabourault, Tetrahedron Lett., 1982, 23, 1259. 
41. D. Vegh, G. Boireau and E. Henry-Basch, J. Organomet. Chem., 1984, 267, 127. 
42. F. A. Davis, M. S. Haque, T. G. Ulatowski and J. C. Towson, J. Org. Chem., 1986, 51, 2402. 

43. F. A. Davis and M. S. Haque, J. Org. Chem., 1986, 51, 4083. 
44. F. A. Davis, T. G. Ulatowski and M. S. Haque, J. Org. Chem., 1987, 52, 5288. 



106 Nonstabilized Carbanion Equivalents 

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

1971. 
46. F. Sato, Y. Mori and M. Sato, Chem. Lett., 1978, 1337. 
47. F. Sato, H. Kodama, Y. Tomuro and M. Sato, Chem. Lett., 1979, 623. 
48. E. J. Corey and H. Ensley, J. Am. Chem. Soc., 1975, 97, 6908. 
49. W. Oppolzer, C. Robbiani and K. Battig, Helv. Chim. Acta, 1980, 63, 2015. 
50. 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. 
51. H. Yamamoto and K. Maruoka, J. Am. Chem. Soc., 1981, 103, 4186. 
52. A. Mori, J. Fujiwara, K. Maruoka and H. Yamamoto, J. Organomet. Chem., 1985, 285, 83. 
53. K. Weinhardt, Tetrahedron Lett., 1984, 25, 1761. 
54. J. Fujiwara, Y. Fukutani, M. Hasegawa, K. Maruoka and H. Yamamoto, J. Am. Chem. Soc., 1984, 106, 5004. 
55. K. Maruoka, S. Nakai, M. Sakurai and H. Yamamoto, Synthesis, 1986, 130. 
56. S. Chatterjee and E. Negishi, J. Org. Chem., 1985, 50, 3406. 
57. Y. Honda, E. Morita and G. Tsuchihashi, Chem. Lett., 1986, 277. 
58. Y. Honda, M. Sakai and G. Tsuchihashi, Chem. Lett., 1985, 1153. 
59. S. Takano, T. Ohkawa and K. Ogasawara, Tetrahedron Lett., 1988, 29, 1823. 
60. K. Maruoka, K. Nonoshita, H. Banno and H. Yamamoto, J. Am. Chem. Soc., 1988, 110, 7922. 
61. K. Maruoka, H. Banno, K. Nonoshita and H. Yamamoto, Tetrahedron Lett., 1989, 30, 1265. 
62. K. Takai, I. Mori, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1984, 57, 446. 
63. I. Mori, K. Takai, K. Oshima and H. Nozaki, Tetrahedron, 1984, 40, 4013. 
64. 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. 
65. R. Armstrong, F. Harris and L. Weiler, Can. J. Chem., 1982, 60, 673. 
66. K. Takai, M. Sato, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1984, 57, 108. 
67. S. J. Danishefsky and N. Mantlo, J. Am. Chem. Soc., 1988, 110, 8129. 
68. A. Basha, M. Lipton and S. M. Weinreb, Tetrahedron Lett., 1977, 4171. 
69. J. Levin, E. Turos and S. M. Weinreb, Synth. Commun., 1982, 12, 989. 
70. A. Benderly and S. Stavchansky, Tetrahedron Lett., 1988, 29, 739. 
71. R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533. 
72. S. Masamune, Y. Hayase, W. Schilling, W. Chan and G. Bates, J. Am. Chem. Soc., 1977, 99, 6756. 
73. A. Kozikowski and A. Ames, Tetrahedron, 1985, 41, 4821. 
74. A. Kozikowski and A. Ames, J. Org. Chem., 1978, 43, 2735. 
75. A. Sviridov, M. Ermolenko, D. Yashunsky and N. Kochetkov, Tetrahedron Lett., 1983, 24, 4355. 
76. A. Sviridov, M. Ermolenko, D. Yashunsky and N. Kochetkov, Tetrahedron Lett., 1983, 24, 4359. 
77. T. Mole and E. A. Jeffery, ‘Organoaluminum Compounds’, Elsevier Amsterdam, 1972, p. 311. 
78. K. Wakamatsu, Y. Okuda, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1985, 58, 2425. 
79. K. Takai, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1981, 54, 1281. 
80. E. Negishi, V. Bagheri, S. Chatterjee, F.-T Luo, J. Miller and A. Stoll, Tetrahedron Lett., 1983, 24, 5181. 
81. J. Kang, J. Lee, K. Kim, J. Jeong and C. Pyun, Tetrahedron Lett., 1987, 28, 3261. 
82. L. Rosch and G. Altnau, J. Organomet. Chem., 1980, 195, 47. 
83. W. H. Pirkle and D. J. Hoover, J. Org. Chem., 1980, 45, 3407. 
84. K. Maruoka, T. Miyazaki, M. Ando, Y. Matsumura, S. Sakane, K. Hattori and H. Yamamoto, J. Am. Chem. 

Soc., 1983, 105, 2831. 
85. Y. Matsumura, K. Maruoka and H. Yamamoto, Tetrahedron Lett., 1982, 23, 1929. 
86. A. S. Cieplak, J. Am. Chem. Soc., 1981, 103, 4540. 
87. A. Narula, Tetrahedron Lett., 1981, 22, 2017. 
88. J. Braekman, D. Daloze, A. Dupont, J. Pasteels and B. Tursch, Tetrahedron Lett., 1980, 21, 2761. 
89. T. Kato, T. Hirukawa, T. Uyehara and Y. Yamamoto, Tetrahedron Lett., 1987, 28, 1439. 
90. H. Tanaka, A. Kuroda, H. Marusawa, H. Hatanaka, T. Kino, T. Goto and M. Hashimoto, J. Am. Chem. Soc., 

1987, 109, 5031. 
91. S. Mills, et al., Tetrahedron Lett., 1988,29,281. 
92. K. Okazaki, K. Nomura and E. Yoshii,7. Chem. Soc., Chem. Commun., 1989, 354. 
93. A. Itoh, S. Ozawa, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1981, 54, 274. 
94. A. Itoh, S. Itoh, S. Ozawa, K. Oshima and H. Nozaki, Tetrahedron Lett., 1980, 21, 361. 
95. S. J. Danishefsky, D. M. Armistead, F. J. Wincott, H. G. Selnick and R. Hungate, J. Am. Chem. Soc., 1987, 

109,8117. 
96. D. M. Armistead and S. J. Danishefsky, Tetrahedron Lett., 1987, 28, 4959. 
97. J. Levin, Tetrahedron Lett., 1989, 30, 13. 
98. 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 

1.4.2 1,2-ADDITIONS TO ALDEHYDES AND KETONES 108 

1.4.2.1 Reactions of Aldehydes 108 
1.4.2.2 Reactions of Ketones 116 

1.4.3 1,2-ADDITIONS TO IMINES, NITRILES AND AMIDES 119 

1.43.1 Reactions of Imines 119 
1.43.2 Reactions of Nitriles 123 
1.433 Reactions of Amides 124 

1.4.4 APPLICATIONS TO NATURAL PRODUCT SYNTHESIS 125 

1.4.5 REFERENCES 136 

1.4.1 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 reactions1 (e.g. with a primary iodide) and especially 1,4-additions2 (e.g. with 
a,p-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® 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),2 depend¬ 
ing upon whether <0.5 or 1.0 equiv. of CuX (X = I, Br) is involved. In the presence of CuCN, both 
Tower order’ monoanionic species (3)4 and ‘higher order’ dianionic salts (4)5 are possible. With the lat¬ 
ter class, mixed metal clusters result from treatment of this copper® source with one equivalent of both 
RMgX and R'Li.6 Reagents derived from organolithium precursors (Scheme 2) include mainly the Gil¬ 
man cuprates R2CuLi (5),1-2-7 organocopper species (6) akin to (2) but containing lithium salts as by¬ 
products of metathesis between the metals,1’2 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). 
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RMgX + <0.5 CuX 

RMgX + CuX 

RMgX + CuCN 

RMgX + R'Li + CuCN 

R2CuMgX = 

(1) 

RCu*MgX2 = 

(2) 

RCu(CN)MgX s 

(3) 

RR'Cu(CN)LiMgX s 

(4) 

a 'lower order' magnesium cuprate 

a Grignard-derived organocopper reagent 

a 'lower order’ Grignard-derived cyanocuprate 

a 'higher order' mixed metal cyanocuprate 

Scheme 1 

2 RLi + CuX - — R2CuLi (+ LiX) 

(5) 

RLi + CuX - — RCu*LiX 

(6) 

2 RLi + CuCN — R2Cu(CN)Li2 

(7) 

a 'lower order' or Gilman cuprate 

an organolithium-derived organocopper reagent 

a 'higher order' dilithium cyanocuprate 

Scheme 2 

1.4.2 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.8 Both benzaldehyde and rc-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). 

RCHO + R'2CuLi 

-90 °C, 10 min R’ 

80-85% 

R = Ph, n-C6H13; R'= Me, Bun 

(1) 

The facility and efficiency with which copper reagents add to aldehydes has been examined where un- 
symmetrical a- or ^-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,9 concurrent with studies10 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 (3-alkoxy al¬ 
dehydes (8) have been examined. For these systems, cuprates Me2CuLi and Bun2CuLi tend to afford 
good ratios in favor of anti isomers, irrespective of the protecting group on oxygen (equation 2) 9 Or¬ 
ganocopper species derived from vinyllithium, i.e. (vinyl)Cu-PBu3 and (vinyl)2CuLi, 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.9 

The initially discouraging outcome with a-alkoxy aldehydes9 has been reexamined in detail by Mead 
and Macdonald.11 Both acyclic and cyclic a,(3-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 - PhCH2OCH2 R' = Me 92% 30:1 

Bun 82% 17:1 

R = THP, PhCH2 R' = Me 90% >20:1 

(2) 

RCu-MgBr2 (prepared from RMgBr plus CuBr Me2S) in Et20 at -78 °C. The a-chelate model (11) ap¬ 
pears to account for the observed course of addition,12 without interference from (3-chelation or Felkin- 
predicted13 modes of attack (equation 3).14 By contrast, (10) did not show the same levels of 
stereoselectivity under identical conditions, and in fact for the one case studied (MeCu-MgBn) in this re¬ 
port11 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),11 nor was it of value in additions to a 
trialkoxy example (13), where the anti material (14b) actually dominated, albeit slightly (equation 4).15 
Lithium cation containing Gilman cuprates appear to be unpredictable,11 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 MgBr2-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).16 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.n 

(9) 
RCu*MgBr2 

Et20, Me2S 

-78 °C 

anti isomer (3) 

(ID (12a) (12b) 

Me 83% 94:6 

Bun 78% 93:7 

vinyl 80% 98:2 

Ph 69% 96:4 
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Further work by Sato on couplings with 2,3-O-isopropylideneglyceraldehyde (10) using the same class 
of reagents RCuMgX2 has established the critical role of solvent in determining the diastereomeric out¬ 
come.17 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.17 A cyclic mechanism12 (c/. 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. 

R = Bun, n-pentyl, n-C10H21, c-C6Hn 74-89% 

R = Ph, p-ClC6H4, p-N02C6H4 80-93 % 

R = CH2=C(SiMe3) 86% 

10:1 to 16:1 

>99:1 

>98:2 

M 

(10) 
RCu»MgBrI oxo 

O 

(17a) 

H 
H RCu 

(18) M = MgBrI or CuR 

(6) 

(7) 

Nonchelation-based 1,2-additions to this same aldehyde, thereby leading to high percentages of the 
anti product (17b), have been achieved18 using higher order cyanocuprate technology.5 Exposure of 
CuCN to an equivalent of Grignard reagent (19a) and methyllithium forms (stoichiometrically) the 
mixed metal cuprate (20),6 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 diastereomer (29) (Scheme 4).19 Pivotal was the role of the hydroxy-protecting group, as 
use of benzyl in place of r-butyldimethylsilyl drastically lowered the selectivity. A Felkin-Anh13’20 
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),19 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.9 

1,2-Additions to aldehydes possessing methoxycarbonyl groups positioned three atoms removed can 
be an especially attractive route to 4,5-trans-disubstituted-7-butyrolactones (32) following acid-cata¬ 
lyzed cyclization.21 The two possible isomers are formed in a >95:5 ratio using Me2CuLi or Bun2CuLi, in 
yields between 53-82% (equation 8). The authors point to the Felkin-Anh13-20 model (33), where this 
conformation assumes R > C^CChMe > 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,21 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 7:123) can be 
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(10) 

SiMe3 SiMe3 

R 
MgBr 

+ CuCN + MeLi 

(19) a: R = H 

b: R = n-C5Hu 

(10) + (20) 

SiMe3 

R 
CuLi 

l 

Me 

(23) 

THF 

-78 °C, 10 min 

25 °C, 1 h 

75% 
73% 

THF R 
'Cu(CN)LiMgBr 

Me 

(20) a: R = H 

bi R — n-C5Hu 

R 

(21a) 

(21b) 

Scheme 3 

95:5 
98:2 

(22a) 

(22b) 

R 

OAc OAc 

AcO 

OAc 

(24) D-Lyxitol 

OAc OAc 

OAc AcO 

OAc OAc 

OAc AcO OAc 

3 steps 

Scheme 4 

BulMe2SiO 
Nu 

o R’ 

(30) (31) 

i, R'2CuLi 

Et20, -78 to 25 °C 

ii, H30+ 

(8) 

(32b) 



112 Nonstabilized Carbanion Equivalents 

C02Me 

(33) 

(32a) 

MeO 

>°\ L 
M 

»^«/ L 
H 

(34) Nu~ 

induced using BF3-modified higher order cuprates.24 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-Et20, 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 ligand25 as part of the mixed cuprate (39). In this manner the 
otherwise room temperature inert reagent (39) reacts with BF3-Et20 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 BF3 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. 

(35) 

(38) + 

Bun (MeO 

cuprate (2 equiv.) 

-78 °C, 3 h 

Bun 

(36) 

Bun2Cu(CN)Li2 (38) 1:1 

4BF3 + 15-crown-5 8:1 to 10:1 

~y Cu(CN)Li2(39) no reaction 

(9) 

(39) + 4 BF3 

Bun(2-Th)Cu(CN)Li2 (40) + 4 BF3 

10:1 to 12:1 

4:1 

Still better ratios of (36) to (37) have been noted with cuprates (38) and (39) in the presence of tri- 
alkylsilyl halides.26 27 The presence of MesSiCl (2 equiv.) improves the otherwise nonselective reaction 
of (38) from 1:1 to 7:1 syn.anti, while solutions of cuprate (39) containing excess MesSiBr lead to a 19:1 
ratio in excellent yield (equation 10). The critical variable in this scheme is the MesSiCN 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 MesSiCl 
and/or MesSiCN (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 = Bun) 
together with both MesSiCl and Me3SiCN in a 1:1 ratio (equation 12). Further improvements in dia¬ 
stereoselectivity may be forthcoming by substituting MesSiBr for MesSiCl. 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) + (37) 
THF, - 78 °C 

(38) + 2 Me3SiCl 45% + SM 7:1 
(39) + 2 Me3SiCl 88% 10:1 to 11:1 
(39) + 2 Me3SiBr 97% 17:1 to 19:1 

(10) 
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R MeO 
R(MeO^-)- Cu(CN)Li2 n 

(39) 

+ 

2 Me3SiCl —1 RCu(CN)Li + MeO—)-^=-—SiMe3 + LiCl (minor) 

CuLi + Me3SiCN + LiCl (major) 

(41) (11) 

(42) 

Bun MeO > CuLi 

(41) 

Me3SiCl + Me3SiCN 

96-100% 

2 Me3SiCl 

55-80% 

2 Me3SiCN 

50% 

Me3SiCN 

35% 

(36) + (37) 

(36) + (37) 

(36) + (37) 

(36) + (37) 

10:1 to 12:1 

8:1 to 10:1 

(12) 

8.5:1 

7:1 

Products are also formed from crotylcopper additions to benzaldehyde in the presence of 
BF3-Et20.28 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). 

with BF3 98 2 

without BF3 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 
"/-attack with benzaldehyde.29 By contrast, the counterions Li+, MgBr+, and BEt3Li+ 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 (£)-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).30’31 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 H2O2, 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-C1 have been completely unsuccessful.34 High yields of ho- 
moallylic alcohols are to be expected using this reagent, even on such highly conjugated enals as 
cinnamaldehyde,35’36 or with enolizable ketones (Scheme 8).37 Recent work from our lab has shown that 
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Scheme 5 

Me Me 

Et2N ^ 

(49) 

a 

i, BunLi i, RCHO 

TMEDA, 0 °C ii, MejSiCl 

ii, CuCN, -78 °C Y 

Scheme 6 

(50) 

(51) 
i, MCPBA 

ii, 30% H202 
KF, KHCOj 
MeOH/THF, r.t. 

Scheme 7 

R = Ph, 88% 

allylcuprates are a-bound (rather than ir-bound) species, and that the allylic ligands are undergoing rapid 
a-y exchange at -78 °C.38 In light of these spectral studies, allylcuprates are clearly unique reagents 
among all those known in organocopper chemistry,1’2’39 and may find general utility as soft, extremely 
reactive allylic nucleophiles toward 1,2-addition. 

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’22 effects of crown ethers on lower order cuprate 1,2- 
additions 22 That is, notwithstanding an early report by Langlois,40 treatment of an aldehyde such as (35) 
with a THF or Et20 solution of Bun2CuLi 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 (Bun2Cu(CN)Li2, 
1:2 syn.anti) and lower order magnesium (Me2CuMgBr, 1:2 syn.anti) cuprates, as well as with aggre¬ 
gates such as Bun5Cu3Li2 (1:4.4 syn.anti).22 

(35) 

cuprate ('Bu ') 

crown ether 
OH OH 

(36) (37) 

Bun2CuLi + 18-crown-6 95% 1:4.2 

Bun5Cu3Li2 + 18-crown-6 96% 1:4.4 

Bun2CuLi 95% 3:1 

(14) 

To account for these anti-Cram selectivities, a radical mechanism is proposed based on the ability of 
FGCuLi-crown ether complexes to transfer electrons more easily than IGCuLi itself (e.g. to dicyclo¬ 
propyl ketone).22 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/0“ interaction. Moreover, 
the incoming nucleophile may prefer perpendicular attack, all of which taken together favors (55) to ulti¬ 
mately afford anti products. 

syn product — anti product 

(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.41 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. 

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.43 Subsequent intra¬ 
molecular transfer of the methyl group to the aldehyde from the endo direction gives initially (58), as il¬ 

lustrated in equation (16). 

OHC 

Fe(CO)3 

(56) 

RM T~Fe(CO)3 

R 

(57a) 

Fe(CO)3 

HO 

(57b) 

PhMgBr 88% 50:50 

MeLi/LiBr 85% 9:91 

Me2CuLi 40% >90:<10 

(15) 

O, 
Y 

H 

Me2CuLi 

Fe(CO)3 

(56) 

h3o+ HO , 

H 

(16) 

Fe(CO)3 

(57a) R = Me 

(58) 

1.4.2.2 Reactions of Ketones 

Although unhindered aldehydes are quite susceptible to attack by Gilman cuprates,8 ketones tend to be 
far more resistant electrophiles. For example, MeaCuLi requires temperatures around -10 °C before it 
will consume, to any significant degree, di-/j-butyl ketone,8 while acetophenone gives only 7% of the 
1,2-adduct after 24 h at 0 “C.44 More reactive species, e.g. Bun2CuLi, are effective above -35 °C,8 but 
still a far cry from the -90 °C conditions of aldehydic educts. Not surprisingly, esters are unresponsive at 
18 °C towards MeaCuLi, while it takes temperatures in excess of -10 °C for BunaCuLi to add in a 1,2- 
manner.8 Such is not the case, however, with thioesters. As Anderson showed some years ago, thioesters 
react with lower order cuprates, including MeaCuLi, 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. 

O 

Me2CuLi 

Et20, -78 °C 

2 h 

75% 

(17) 

Most of the early work in this area was done by House46 in the course of developing a model for cu¬ 
prate conjugate additions to a,(3-unsaturated ketones based on measured (polarographic) reduction 
potentials.47 Products of 1,2-addition or reductive elimination (in the case of e.g. 59a, 59b) can form 
upon exposure to MeaCuLi in EtaO depending upon the a-substitution pattern of the ketone,48 and 
whether aryl alkyl49 or diaryl50 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.50 This MeaCuLi/MeLi mixture has been applied to the stereoselective synthesis of axial alco¬ 
hols by Macdonald and Still.51 Relative to several of the more common sources of methyl anion, such a 
cuprate/RLi combination52 reacts predominantly to deliver the alkyl group from the equatorial face 
(equation 18).5152 The difference between results obtained with RLi or R2CuLi alone lead to the sugges¬ 
tion that R3CuLi2 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,53 points to the likely complexation between R^CuLi and the ketone (e.g. 61) in a Lewis acid- 
Lewis base sense.54 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.54 Use of MeLi/LiCICL in Et20 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.55 

-V 
X 

(59) a: X = 0C(0)Me (60) 

b: X = Br 

(63a) (63b) 

Mgl, 5 °C 51:49 

MgMe 70:30 

Li, -78 °C 79:21 

Li/Me2CuLi, -70 °C 94:6 

(18) 

The (RLi + R2CuLi) 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. 

(64) 

cuprate (3 equiv.) 

Et20, 0 °C, 15 min 

Cuprate Yield (%) Ratio 

MeLi + Me2CuLi 80 6:1 

Me2CuLi 85 6:1 

Ph2CuLi 85 6:1 

PhLi + Ph2CuLi 75 1:10 

(19) 

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 
Me2CuLi 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,0-unsaturated ketones.58 In Et20 at -78 °C even simple cyclic enones, 



118 Nonstabilized Carbanion Equivalents 

Scheme 10 

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

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=sCLi:CuI) exclusive 1,2-addition oc¬ 
curs with cyclic enones.59 While prior efforts to effect this chemistry in strictly ethereal solvents (diox- 
ane) have been unsuccessful,60 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). 

(73) 

R—■— )2 CuLi 

R = Li , HMPA 

-78 °C to r.t. 

R 

85-95% 
R = Prn,Bun rt = 1, 2 

Scheme 11 

Jones 

O 

R = Pr"; n = 1; ca. 100% 

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.61 Both 
MeLi and MeMgl give excellent percentages of the undesired isomer (76b). Switching to Me2CuLi is 
based on the notion that electron transfer46-50 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).61 

The direct conversion of a ketone carbonyl to a gem-dimethyl moiety has been accomplished, interes¬ 
tingly enough (cf. reactions of 6757) on bicyclic a,(3-unsaturated ketones containing a pendant COSR' 
group, as in (78), (79) and (80) (Scheme 12).62 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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organometallic 

Et20, 0 °C 

MeLi 
MeMgl 
Me2CuLi 

COX 

(78) R = H; n = 1 

(79) R = Me; n = 1 

(80) R = H; n = 0 

Scheme 12 

O 

i, MeLi, -78 °C 
(78) - 

ii, NaH, r.t. 

(82) 

Scheme 13 

Me2CuLi (3 equiv.) 
—:-► (81) 85% 

Et20, -40 °C, 2 h 

119 

(22) 

Transmetallation of a lithium enolate to a copper enolate in Davies’ iron carbonyl system [(iq5- 
C5H5)Fe(CO)(PPh3)COEt] allows for highly stereoselective additions to symmetrical ketones.63 Lithium 
enolates (83) alone give 2:1 to 6:1 ratios of (84a, RR,SS) and (84b, RS,SR), and additives (e.g. SnCl2, 
BF3, Et2AlCl, ZnCl2) 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 (2S,3/?)-3-hydroxyglutamic acid (87) or (3fl,4/?)-4-amino-3-hydroxy-6- 

methylheptanoic acid (88) as their hydrochloride salts (Scheme 15).64 

1.4.3 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 [3-chiral centers, the 
information available is even more sparse. That organocopper reagents do add to Schiff bases was shown 
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(83) M = Li 

CuCN R2C=0 
-- (83) - 

M = Cu(CN)Li 

Ketone 

O 

Ratio (71a):(71b) 

>40:1 (3:1 )a 

>60:1 (4:l)a 

10:1 (2:l)a 

R 

(84a) RR,SS 

+ 

61 

71 

68 

aRatio from reactions of Li enolates 

Scheme 14 

by Akiba, most notably where acidic a-hydrogens are present in these substrates (equation 23).65 The 
low basicity of RCu-BFj, prepared from Cul and RMgX in THF at -30 °C to which is added BF3 Et20 (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 Bun2CuLi BF3 (1 equiv.) or the magnesium analog Bun2CuMgBr BF3 (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. 

Attempts 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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Bun2Cu»BF3 

THF, -70 °C to r.t. 

78% 

Bu11 

l 
H 

(23) 

Bun2CuLi*BF3 

THF, -70 °C to r.t. 

63% 

Bu" 

Ph 
(24) 

has found that imine (89) reacts with Bun2CuLi BF3 to give an 82:18 mixture of Cram (90a) and anti- 
Cram (90b) products (equation 25).66 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. 

Ph 
H 

N 
R' 

(89) R' = CHMePh 

organometallic 

OR"’) 

R 
Ph" V" + 

NHR' 

(90a) 

Ph 

Bu2CuLi*BF3 82:18 

/B^)) ,R' = Pr" 96:4 

/Bd) ,R' = Pr‘ 100:0 

H 
Ph Vy L 

■ M- 

-T^N 
H R' 

(91) 

R 

NHR' 

(90b) 

(25) 

Claremon has briefly looked at the effect of catalytic Cul on the MeLi addition to glyceraldehyde ace- 
tonide NW-dimethylhydrazone (92).67 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 (>97:3) anti se- 

lectivities in high yields (85-98%). 

(92) (93a) 

MeLi, -10 to 25 °C, 95% 

MeLi (5 equiv.), -55 °C, 75% 

MeLi + Cul (0.1 equiv.), -20 °C, 46% 

6:1 
1:3 

NHNMe2 
(26) 

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 AW-dimethylchloromethylemmimum 
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chloride.68 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 no2 

OH 

BunLi/THF 

-90 to -30 °C 
\ 

O 
3 h 

\ +/ 
N 
|[ cr 

O^H 
+ f 

= N 

R O' 

cat. Cul R 

R'MgX R' 
(-DMF) 

Scheme 16a 

NO 

R 

y>= NOH 

R’ 

Copper(I) driven activation of the carbon-nitrogen double bond towards addition by RLi takes place in 
Et20, but not THF, where the solvent of poorer Lewis basicity does not compete for nitrogen complexa- 
tion (c/. 95). On this basis, Bertz converted the bis(tosylhydrazone) (94), via reaction with ‘Me3CuLi2\ 
to the gem-dimethylated product (96; Scheme 16b).69 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. 

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,71 products (98) can be isolated in 57-75% yields. 
Since BunLi and BusLi alone (versus Bun2Cu(CN)Li2 and Bus2Cu(CN)Li2) 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). 

Steglich, however, has found that higher order cuprates are the reagents of choice for additions to acyl¬ 
imines of type (100), generated in situ from ot-bromo amino acid derivatives (99).72 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)2Cu(CN)Li2, 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),73 and by Williams on a bromide,74 come to the same conclusion that 
R2Cu(CN)Li2 affords the best results (equation 28). Reactions of the former substrates are highly 
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organometallic (’R ') 

THF, -78 °C 

(97) 

Bun2Cu(CN)Li2 75% 

Bus2Cu(CN)Li2 57% 

BunLi 86% 

BusLi 61% 

O Br 

X A 
R2Cu(CN)Li2 

Ph N C02Me 

H 

(99) 

THF, -78 °C to r.t. 

O 

A r 
Ph N C02Me 

(100) 

O R 

XX. warm to r.t. 

Ph N C02Me 

H 

(101) R = vinyl 

Scheme 17 

O 

A, 
Ph N C02Me 

H 

(102) 

(27) 

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 Et20, only products of reduc¬ 

tion are observed. 

AcO R 

Ph \— CG2Et 
R2Cu(CN)Li2 

Ph \— C02Et 

)=N 
THF, <5 °C hN 

Ph 
2-6 h 

Ph 

(103) 
46-71% (104) 

R = Bu11, Bu\ thienyl, naphthyl 

Related 1,2-additions to imines in the (3-lactam area employing organocuprates have also met with 
considerable success.75-79 Net substitution reactions, proceeding via intermediate imino derivatives, have 
been achieved with lithium diallyl- and dialkyl-cuprates on educts such as (105)76 and (106).77 When a 
stereochemical label is present as in (107)78 and (108),79 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 a,(3-unsaturated 
substrates. According to the House model, correlating reduction potentials (EKd) with substrate reactivity 
toward lithium cuprates,47 prior complexation of the reagent with doubly bonded oxygen, rather than ni¬ 
trogen (presumably of either sp2 or sp hybridization), is an essential ingredient irrespective of EKd. 
Hence, attempted reaction of cinnamonitrile (111) with Me2CuLi failed.47 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 /2-butyl analog led to (113) along with several unidentified compounds with the same sub¬ 

strate under similar conditions. 
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BrYYP 

O H 

(107) 

Ph 

k 
O 

H 
l 

N 

O 

OAc 

rf rY 
S02Ph 

N /-Ns 
OHO H 

CuLi 
2 

Et20, THF 

-78 °C, 20 min 

(105) 

Br., 

Vi 
J-N 

O 

(109) 

y 
OAc R2CuLi (3 equiv.) 

/-N 
O H 

(108) 

THF, -30 to 0 °C 

(106) 

Brv 

H 

H 
I 

N R * Y 

(110) R = Bun, 60% 

R = allyl, 32% 
Scheme 18 

R2Cu(CN)Li2 

Et20, 0 °C, 1 h 

O 

+ recovered nitrile (29) 

(111) (112) R = Me 

(113) R = Bun 

Introduction of an additive, e.g. TMS-C1, 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 ail 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 

(Ill) 

i, 1.2 Me^uLi/MejSiCl Ph 

-78 °C, 2 h 

ii, H3CT 
O 

(114) 66% 

(30) 

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.83 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. RCuMgX2) or 2:1 (i.e. R2CuMgX MgX2) ratio are clearly not responsible for the 
chemistry observed, higher order reagents have been suggested as the reactive species (Scheme 19a). 

1.4.3.3 Reactions of Amides 

Considering the proficiency associated with additions of organolithium and organomagnesium re¬ 
agents to AkiV-disubstituted amides as a means of preparing aldehydes and ketones,84 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 A^-trimethylsilyl-A^-alkylformamides to arrive at this functional group.85 
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RMgX + 

R = alkyl, aryl 
CuX ’R3Cu(MgX)2' 

R'CN 

N“ 

RC“ + R^R' 

N 

Scheme 19a 

R N ~ 

R R' 

Treatment of formamide (115) with either LiCuR2 or catalytic CuBr/RMgBr in THF between -80 °C and 
-20 °C, followed by aqueous work-up, affords aldimine (116) exclusively of (£)-geometry (equation 31). 

A „ R 
H N 

1 

i, R'2CuLi or 
R' 

x 
R'MgX/cat. CuBr h^n 

1 
THF, -80 to -20 °C R 

(115) 
ii, H20 

(116) 

R = Bun, Bn; R1 = Bun; 92% 

(31) 

By switching to the corresponding A-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(I) salts. 

(115) 

R = Ph 

O 

cuprate 
-- R' 

RM 

.Ph 
N 

i 

SiMe3 

(117) 

Me3SiO 

(118) 

R' = Et, Bun, n-C12H25 

Scheme 19b 

(119) 

R' 

i 
H 

(120) 63-97% 

1.4.4 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 1,4-addition,2 and carbocupration86 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 controlled 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 (3 chelation controlled pathway (vide supra).9 Subsequent 
handling of (124), which included as the second critical step a dioxanone to dihydropyran enolate 
Claisen rearrangement,88 produces three key subunits, including (122). 
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(121) a: R = OH; Erythronolide A 
b: R = H; Erythronolide B 

OH 

O OBn 

(123) 

(122) 

A similar strategy invoking these two valued processes has also been applied to the ‘left wing' of the 
ionophoric antibiotic indanomycin (X-14547A),89 and more generally as an entry to C-pyranosides (125; 
Scheme 21).90 Treatment of aldehyde (126), itself prepared from elaboration of (127), likewise formed 
from (vinyl)2CuLi addition to aldehyde (128),89 with the Gilman reagent formed from CuI PBu3 and (£> 
propenyllithium in Et20 at low temperature affords a 24:1 ratio of alcohols (129a) and (129b) in good 
yield (Scheme 22).89 Unfortunately (129a) is of the undesired stereochemistry and necessitates an oxida¬ 
tion (PCC, 93%)-reduction (Zn(BH4)2, 88%) sequence to arrive at (129b) (>100:1 129b:129a). Related 
model studies on an isopropyl analog of (126) (c/. 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,88 albeit at abnormally high temperatures 
(ca. 110°C for 3-^1 h, affords the desired materials following aqueous acid hydrolysis and treatment with 
ethereal diazomethane of the initially formed silyl esters (Scheme 23).90 

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).91 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 Me2CuLi play an important role.92 L-Aspartic acid can be parlayed into 

Indanomycin 

Scheme 21 

(125) 
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^ C07Bu‘ 

O 
J 

CuLi 

Et20, -78 °C 

„0H 
C02Bu' 

»OH 

76% 
Ph O' 

O 
J 

C02Bul 

o 
J 

Ph O' 

(126) (129a) 

Ph O 

24:1 (129b) 
undesired:desired 

OH 

XHO 

Ph O 

(127) 

Ph O' 

(128) 

Scheme 22 

H^O 
^ CC^Bu1 

O 

(130) 

J 

i, make silyl 

enol ether 

ii, A 

iii, H30+ 

iv, CH2N2 

i, make silyl 

enol ether 

ii, A 

iii, h3o+ 

iv, CH2N2 

,CHO 
LiCu (1.1 equiv.) 

MOMO 

(136) 

Et20, -48 to -40 °C, 20 min 
93% 

CuLi 

O ^C02Me 

(134) 70% 

/\/ 

(J '"'CCLMe 

(135) 81% 

(32) 

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 MeaCuLi (vide 
supra)45 permits realization of the ketones (141) without epimerization in either type of transformation. 
Copper-catalyzed reactions using RMgBr/CuBr MeaS on (138) in THF at -23 °C are also effective 

(90%). 
With aldehydes (140a) and (140b) in hand, further 1,2-additions of MeaCuLi 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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NH2 
steps 

H°iC^/So2H - 

L-Aspartic acid 

Ph 

(138) 

i, NaN(SiMe3)2 
THF 

ii, Mel 

i, NaN(SiMe3)2 
THF/HMPA 

ii, Mel 

Ph 

Ph 

(139b) 

Ph 

Scheme 24 

(142) from the axial direction with smaller nucleophiles, while the bulkier cuprate comes in from the 

bottom to avoid a 1,3-diaxial interaction. 

(140a) 

(140b) 

Me2CuLi 

EtzO, -78 to 0 °C 
3 h 

Me2CuLi 

Et20, -78 to 0 °C 
3 h 

Ph Ph 

Scheme 25 

Ph 

As part of an extensive campaign en route to milbemycin (33, Smith’s synthesis of the ‘northern hemi¬ 
sphere’ (143) relied on the Ireland ester enolate Claisen rearrangements58 of both diastereomers (144a) 
and (144b).93 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- 



Organocopper Reagents 129 

convergent maneuver’,93 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 (3-alkoxyspiroketal 
oxygen(s), as in the six-membered ring state (146), presumably encourages pseudoaxial attack to give 
mainly (144b). 

OR' 

'Northern hemisphere' 

'Southern hemisphere' 

(145) 
Et20, -78 °C, 20 min 

ii, ,py,DMAP 

O 
0 °C, 1 h 

63% 

(144a) + (144b) 

1:7 

(33) 

(34) 

(146) 

An alternative route to milbemycin (33 by Baker relies on a straightforward sequence of steps to obtain 
homochiral alkyne (150), beginning with (S)-methyl 3-hydroxy-2-methylpropionate (147).94 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),95 leads to a formal total synthesis (Scheme 27). 

OH THPO 

XC^Me 4 steps 

(147) (148) 

OH 
7 steps OBn 

(150) 

(151) (152) 
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,96 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 (1 ^-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). 

(154) 

i, Bu'Li, pentane 

Et20, -78 to -50 °C 

ii, CuCN (0.5 equiv.) 

-78 to 0 °C 

10 min 

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).98 1,2-Addition of a MgBr2-Et20-modified (£> 1 -propenyllithium-derived reagent to 
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aldehyde (160) in Et20 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). 

(159) 

MgBr2*Et20 
Et20, -78 °C 

85% 

OBz 

+ anti isomer (36) 

(161a)R = H (161b) 
(162) R = BnOCH2CO 

In order to arrive at (+)-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).100 Although earlier work by Ireland had shown that using Me2CuLi in a 
hydrocarbon medium on (163) is not selective,101102 the potential for controlled delivery of ‘Me-’ is 
predicated on related work by White,103 which focussed on reduction of the corresponding methyl ke¬ 
tone. Thus, changing solvents to Et20 does indeed alter the 1:1 ratio to 4.5:1 with Me2CuLi, although the 
8-epimethyl nonactate predominates. The desired material (164) is best achieved using ‘MeTiCb’,1415 
prepared from TiCVMe2Zn in CH2CI2. 

Sato and coworkers have applied the organocopper methodology developed earlier by their group 
(vide supra)11 to a multigram scale preparation of a commonly used intermediate (166) for the synthesis 
of leukotriene A4 (LTA4).104 Hydromagnesiation105 of silylalkyne (167), catalyzed by titanocene di¬ 
chloride, is followed by transmetallation with Cul Me2S to give the vinylcopper species (168; Scheme 
28). Addition of (Z?)-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.104 

Analogs of leukotriene B4 (LTB4, 170) have aroused interest based on the potent chemotactic proper¬ 
ties of LTB4 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,107 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 = Me2S, LiBr or MgBr2) gave 

0HC^V^^CO2Me 
« \= 

LTA4 (166) 
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Me3Si 

(167) 

i, Bu'MgBr, Et20 

cat. [(Ti-CjHj^TiCy 

ii, CuI*Me2S, THF 

-70 °C 

Me3Si 

Cu*SMe2 

(168) 

CHO 

-70 °C, 30 min 
warm to r.t., 3 h 

85% 

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 Et20, thereby giving (174), saponi¬ 
fication of which gave the hexahydro LTB4 analog (175; Scheme 29). A double carbocupration,108 

starting with (CnH23)2CuLi and excess acetylene, and thence 1,2-addition to (173), ultimately led to the 
tetrahydro LTB4 analog (176; Scheme 30). Both (175) and (176) can also be converted to their corre- 

sponding lactones. 

n-C13H27 CuLi /=\ 
H — H 

-20 °C 

n-C[3H27 CuLi 

Prn 

i, BF3»Et20 / 
— n-C13H2/ 

ii, (173) 

co2r 

Prn 
(171) (172) 

OHC CCLMe 

(174) R = Me 
(175) R = H 

(173) 

Scheme 29 

i, 2 H H , -25 °C /=v CuLi i. BF3-Et20 

(n-CuH23)2CuLi - “ - n-CuH2/ '=4, 
ii, 4 H = H ,0°C 2 ii, (173) 

iii, HO ~ 

Scheme 30 
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Also within the domain of arachidonic acid derivatives, a 5-exo-dig cyclization109 of an a-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).110 A mix of alcohols (180)111 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. 

(177) (178) 

OH 

C02Me 

ii, h\ 

-- PhMe2Si-_/\ ~ (17?) 

or 

i, NaH/CS2, then Mel 

ii, Bu3SnH, A 

OSiMe2But OSiMe2But 

(181) 

Scheme 31 

COC1 

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 
Me2CuLi/MeLi.112 The process occurs in Et20 at -68 °C following the Macdonald and Still prescrip¬ 
tion,51 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 (3-lactam area, Grieco et al. have applied their development of substituted bicyclo[2.2. l]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).113 Readily obtained 
bromo aldehyde (187), upon treatment with the MeLi-derived higher order cuprate Me2Cu(CN)Li2 in 



134 Nonstabilized Carbanion Equivalents 

(183) (184) 

Scheme 32 

HF 

H2CyTHF 

25 °C, 3 h 

Et20 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 (3-keto ester (189), a known intermediate en route to (190; 

Scheme 33). 

MeLi 1:1 

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.114 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).911 TMEDA was not an acceptable substitute for HMPA. 
Addition of Cul to the Grignard, which according to Sato17 forms the organocopper complex RCuMgBrI, 
proceeds through a Cram cyclic transition state12 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 Oehlschlager 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.115 The 
erythro {anti) product (196b) can be obtained with the EtLi/BF3-Et20 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.116 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).114 
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(196a):(196b) = 89:11 

(197) (196b) 

(196b):(196a) = 92:8 

Scheme 35 

Both exo- and e/tdo-brevicomin (vide infra), in optically active form, have been synthesized by elabor¬ 
ation of a-alkoxy aldehyde (201).117 Condensation of the 1 -trimethylsilylvinylcopper reagent (198) with 
the (/?)-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 ercdoBrevicomin 
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1.5.1 INTRODUCTION 

In 1861, the first example of an organotitanium reagent was reported.1 Nevertheless, more than ninety 
years were necessary before the preparation of the stable compound, phenyltitanium isopropoxide, was 
achieved.2 Since then, a tremendous number of organotitanium derivatives have been synthesized,3 5 in 
which the metal atom bears a broad variety of ligands sharing both a- and ir-bonds. The stable cyclopen- 
tadienyltitanium (titanocene) derivatives became popular following their introduction by Ziegler as re¬ 

agents for alkene polymerization.6 
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 modem application of organotitanium 

139 



140 Nonstabilized Carbanion Equivalents 

and, later on, organozirconium reagents in synthesis.7 This was facilitated by the work that had already 
been performed8 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 
Tr-bonds and their advantages in comparison to other organometallic reagents in terms of chemo-, regio-, 

diastereo- and enantio-selectivity. 

1.5.2 ORGANOTITANIUM AND ORGANOZIRCONIUM NUCLEOPHILES: A GENERAL 
VIEW 

1.5.2.1 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,9 such as reductive elimination ((3-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 3-hydrogens (e.g. methyl, phenyl, benzyl, neopentyl, 1-norbomyl, trimethyl- 
silylmethyl, etc.) or are sufficiently hindered that they do not undergo hydrogen abstraction readily. 

R /R 
[Mf"^ ~- [M]”— | -* [Mf-2 + || + H (1) 

H 

R 

[M]"' -— [M]"-2 + R-R (2) 

R 

The ‘X’ ligands also influence the stability of the above reagents, primarily as a function of the sta¬ 
bility of the bonds (a or it) between the metal and the bond-forming atom. The most commonly used are 
alkoxy groups, VW-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,10 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 TiIV 
and ZrIV compounds are comparable with that of other metal-carbon bonds,11 whereas the rather unusual 
strength10 of the M—O bond [£(Ti—O) = 115 kcal mol-1; E{Zr—O) = 132 kcal mol-1; 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 
l),11 a fact relevant to certain stereoselective reactions that will be discussed later (Section 1.5.3.1.4). 

Table 1 Metal-Carbon and Metal-Oxygen Bond Lengths 

Metal 
„ Bond length 

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 
TiIV and Zrlv 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. Cl > OR > NR2). This trend can be ex¬ 
ploited to modulate the acidity of TiIV and ZrIV reagents by replacing, for instance in the titanium series, 
chlorine with alkoxy groups so that their acidity decreases in the sequence RTiCL > RTiChCOR') > 
RTiCl(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‘)3 is a yellow compound, isolated and purified 
by distillation at 50 °C under reduced pressure,1314 and the purple-red crystalline compound MeTiCb 
(m.p. ~29 °C) can be stored at low temperature for several weeks.15 They are not strongly toxic and do 
not afford toxic by-products.9 Easy to handle, they require very simple work-up that includes slightly 
acidic conditions to avoid Ti02-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 reported17 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.16 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,(3-unsaturated carbonyl compounds (Section 1.5.3.1.5), 
gew-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 Tilv and 
ZrIV chemistry. 

Ethyl levulinate (1) is reported to afford the lactone (2) when treated with methyltitanium triisopropox- 
ide (equation 3).18 In cases like this, in order to prevent lactonization, it may be expedient to use organo¬ 
zirconium derivatives that have a generally milder reactivity. 

MeTi(OPri)3 
x OTi(OPr')3 

(3) 

(1) (2) 

It is possible that the higher chemoselectivity of TiIV and ZrIV 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 TiIV and Zriv is 
much less polarized than the analogous C—Li or C—Mg bonds.16 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 a/.19 20 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).21 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. 

H 

(3) 

MeTi(OPri)3 OH 

(5) 

(4) 

Enantioselective addition has also been attempted with chirally modified Li or Mg reagents,22 but only 
TiIV and ZrIV 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 TiIV and Zriv 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.9 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 derivatives23 or by zinc, cadmium, lead and aluminum 
derivatives,9 in various solvents, including THF, Et20, CH2CI2, alkanes, etc. Monochlorotrialkoxytita- 
nium compounds (9) are also reported to undergo ligand exchange by treatment with alcohols (equation 
6),24 a reaction which can be used to modulate the chemical properties of the reagent, as was discussed in 
the previous section. 

R'Li 

or 

3 M(OR)4 MC1y 4 cim(OR)3 R*M(OR)3 (5) 

R'MgX 

(6) (7) (8) 

r2oh 
CITKOR'U ClTi(OR2)3 (6) 

-R'OH 

(9) GO) 

Monoalkyl TiIV and Zrlv reagents having A./V-dialkylamino ligand systems (12) can be prepared from 
the corresponding tetra(A,A-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((V,/V-diethylamino)- and chlorotris(/VjV-diethylamino)-titanium(IV) compounds (13) and (14) was 
devised,25 starting from lithium /V,/V-diethylamide and TiCU (Scheme 1). 

3 M(NR2)4 4 XM(NR2)3 4R‘M(NR2)3 (7) 

(11) R = Me, Et; X = Br, Cl (12) 

Ti(NEt2)4 
TiCl, (0.25 mol equiv.) TiCl4 (0.33 mol equiv.) 
--- LiNEt2 _. ClTi(NEt2)3 

(13) 
Scheme 1 

(14) 

When the ligand system consists of chlorine atoms, monoalkyl- and monoaryl-titanium(IV) com¬ 
pounds are readily made from TiCU by a chlorine atom replacement. The parent compound in this series, 
MeTiCU, is made conveniently from the reaction of TiCU and dimethylzinc without the use of ethereal 
solvents,26 the preparation being carried out in A7-pentane or dichloromethane. Other methylating species 
can be used, such as MeMgBr, MeLi and MeAlCU. When MeLi is used in diethyl ether, an equilibrium 
takes place between different complexation states of Ti in the resulting MeTiCU with the solvent (equa¬ 
tion 8).27 Transmetallation from organotin compounds like (15; equation 9) has also been utilized to 
make trichlorotitanium compounds.28 

MeLi 
TiCl4 

Et20 

Cl 

Cf I - OEt2 

/ Ti/ 
Me —j- OEt2 

Cl 

Cl 

I Cl 

/Ti\ 
Me — OEt2 

Cl 

MeTiCl3 (8) 

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 TiIV species in the proper stoichiometric ratio, as 
is shown in equation (10) for the preparation of MeTi(OPr‘)Cl2 (16).13 
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Ph Ph 

H 

Ph Cl 

(15) 

2 MeTiCl3 + MeTi(OPri)3 -► 3 MeTKOPr1)^ (10) 

(16) 

Dialkyl and diaryl Ti™ and ZrIV 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).13’29’30 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.31 

Cl2MCp2 R(Cl)MCp2 RLi> R2MCp2 (11) 

(17) (18) 

Ph TiCL 

Cl- 
Me^SnCl (9) 

Alkenyl and dienyl groups can be present in TiIV and ZrIV complexes as well. Vinyltitanium com¬ 
pounds cannot be exploited for nucleophilic additions, however, due to their propensity to undergo oxi¬ 
dative coupling reactions,32 likewise transition metal derivatives. Vinylzirconium compounds (20) can be 
prepared from alkynes (hydrozirconation; equation 12) by action of zirconium derivatives like (19).33 

R2C = CR' C*Z,C'H(1,>). R'y=<R2 (12) 

H ZrCp2Cl 

(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).34 Some of these unsaturated Tilv complexes, like (23)—(25) in Scheme 
2, obtained from allylmagnesium halides or allyllithium by reaction with titanium tetraisopropoxide or 
titanium tetramides,35 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 (allyl)Ti(OPr1)4MgBr which shows sharply enhanced selectivity 

towards aldehydes in comparison with the simple (allyl)Ti(OPr’)3.16 

(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 (£)- or ^-configuration] by reaction with either dichlo- 
robis(cyclopentadienyl)titanium or its zirconium analog (equation 14).36 37 Likewise, crotylmagnesium 
derivatives react with other Ti,v 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 (£)-isomer. Finally, some other allylic reagents having a trivalent titanium atom are interesting for 
their application in synthesis.38 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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Ti(OI¥)4 

Ti(NR2)4 

Ti(OPr‘)4 MgCl 

(23) 

-Ti(NR2)4_MgClH 

(24) 

Ti(NR2)4 Ti(NR2)4 Li+ 

(25) 

Scheme 2 

Cp2MCl2, THF 
or 

Li 
.+ 

MCp2Cl 

(31) 

(14) 

ClTi(NEt2)3 (14) 
■ Ti(NEt2)3 

MgCl 

ClTi(OPri)3 (26) 

Ti(OPri)4 (27) 

(28) 

• Ti(OPr‘)3 

(29) 

■ Ti(OPr‘)^"MgCr 

(30) 

Scheme 3 

Cp2TiCl2 

(32) 

2 ^^M§Br 
(15) 

1.5.2.3 Titanium versus Zirconium Reactivity 

Titanium and zirconium derivatives are in a certain sense complementary as reagents for carbonyl 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.39 Enhanced stability has also been 
verified for those zirconium complexes having branched alkyl groups,9 that in the case of titanium are 
quite unstable.911 

Generally speaking, the preparations of Tiiv and Zrlv reagents are quite similar, as was discussed in the 
previous section, but the Zrlv starting materials, like Zr(OR)4, are generally two or three times more ex¬ 
pensive than the corresponding Tiiv compounds and their reactions are slower. This is a characteristic of 
Zrlv species relative to their Tilv 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.40 



Organotitanium and Organozirconium Reagents 145 

With these few exceptions, ZrIV reagents perform nucleophilic additions to carbonyls with the same 
selectivity features as their titanium analogs,41 under milder conditions. Moreover, due to their lower ba¬ 
sicity,9 they are generally more suitable to interact with easily enolizable carbonyl compounds. The re¬ 
action of (34) with MeZr(OBun)3 to afford (35) serves to illustrate how versatile these reagents are in 
organic synthesis (equation 16).39 

(16) 

1.5.3 CARBONYL ADDITION REACTIONS 

1.5.3.1 Alkyl and Aryl Titanium and Zirconium Reagents 

1.5.3.1.1 Addition to simple ketones and aldehydes: chemoselectivity 

Methyltitanium triisopropoxide is probably the oldest and most widely studied organotitanium reagent 
for nucleophilic addition to carbonyls.21 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(OPr‘)3 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.16 It is also noteworthy to mention a one-pot proce¬ 
dure that allows the preparation of the reagent in situ.42 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 interchange43 and esterification, respectively.9 

O 

x 
R>^R2 

MeTi(OFV)3 

R 

\ OH 

(17) 

R1 = or * R2 = 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(OPri)3 in 1:1:1 molar ratios, only the aldehyde was con¬ 
sumed, leading almost quantitatively to its corresponding methylphenylcarbinol.42 Such features are fully 
exploited in the synthesis of macrocyclic lactones like (36; equation 18) 45 

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 
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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).44 

Table 4 Ligand Influence on the Addition to Benzaldehyde of Various MeTi(OR)3 Derivatives in Ether at -50 °C 

R Time (min) Yield (%) 

Propyl 60 20 
/-Propyl 

;-Propyl (distilled) 
60 
30 

90 
98 

(/?,5)-i-Butyl 30 99 
(S)-2-Methylbutyl 5 >95 

The reaction of MeTi(OPr‘)3 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 

(38) (39) 92% (40) 8% 

(42) (43) (44) 

MeTi(OPri)3 >97% <3% 

MeLi 39% 61% 

(42) (45) (44) 

MeTi(OPri)3 (22 °C> 2 d) 15% 

MeLi (0°C,2min) 51% 

(46) 

85% 

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 TiIV and ZrIV reagents (equations 22 and 23).16 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 42 

(41) (47) (43) (48) 

MeTi(OPr*)3 94% 6% 

MeLi 80% 20% 
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(49) (50) (51) 

MeTi(OPri)3 13% 

MeLi 50% 

OTi(OPri)3 o 

NC ^ Ti(OPri)3 =\ S Ti(OPr')3 
OEt Me 

(53) (54) (55) 

(52) 

87% 

50% 

(23) 

Ti(OPr‘)3 

(56) 

The picture remains substantially unchanged moving from the trialkoxy system to other ligand sys¬ 
tems. (Alkyl)Ti(NMe2)3, in spite of their appealing stability,47 fail to give Grignard-type additions, and 
lead only to low-yielding aminoalkylation reactions (Section 1.5.5.2).42,48 Alkyl- and aryl-chlorotitanium 
derivatives, like MeTiCb, Me2TiCl2 and Ph^TiCh, characteristically exhibit good reactivity leading to 
nucleophilic addition in high yields (Table 2), accompanied by high chemoselectivity.21 MeTiCb, 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.493 As al¬ 
ready mentioned (equation 8), it is easily obtained from MeLi and TiCU in ether and its Et20 complex is 
very reactive towards aldehydes, acting at -30 °C, much faster and higher yielding than MeTi(OPr')3 and 
having satisfactory chemoselectivity.27 Recently, an analogous trichlorotitanium derivative (57) has been 
prepared from 1,2-diorganometallic species with TiCU.496 The reaction of (57) with carbonyl compounds 

is represented in Scheme 4. 

Scheme 4 

The instability of TiIV reagents with branched alkyl groups is due to their tendency to decompose by 
(3-elimination.9 For this type of compounds the corresponding zirconium reagents are more suitable, 
since they do not undergo decomposition. For example, t-butylzirconium tributoxide (58b) is readily pre¬ 
pared from t-butyllithium and chlorozirconium tributoxide (58a) (equation 24).39 Alkyl- and aryl-zirco- 
nium(IV) tributoxides add to carbonyl compounds (Table 3) in the same fashion as TiIV derivatives, with 
the advantage of low basicity, as is shown by their reactions with enolizable carbonyl compounds (Sec¬ 

tion 1.5.3.1.2). 

ClZr(OBun)3 + Bu'Li __ Bu'Zr(OBun)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 ketones50 and other carbonyls.51 
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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, (3-tetralone is methylated in 90% yield, using a MeLi/TiCU reagent, 
versus 60% yield obtained with MeLi alone, due to competing enolization.27 

(59) (60) (61) 

MeLi 90% 10% (<55%) 

Me2Ti(OPri)2 >97% <3% (>90%) 

The above-mentioned requirements of low basicity and fast alkyl transfer are combined in alkylzirco- 
nium(IV) species,1641 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 Tr-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).11 

(63) (64) 

Me4Ti 20% 

Me4Zr 45% 

35% (45% SM) 

0% (55% SM) 

1.5.3.1.3 Stereocontrol in nucleophilic addition to carbonyl compounds 

An attempt to prepare (+)-cuparene (68), although unsuccessful, illustrates diastereoselectivity of TiIV 
reagents.16 Treatment of (67) with Me2TiCh (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 Zrlv 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;52 (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. 
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(67) 

+ 

(70) 5% 

(70) 66% 

Scheme 5 

(i) Diastereofacial selection 

Cram’s experiments using 2-phenylpropanal with various traditional organometallic reagents have al¬ 
ready been mentioned.19,20 The same substrate was also subjected to several TiIV and ZrIV complexes 
(equation 28),21 the results of which are summarized in Table 5. 2-Phenylbutanal, when treated with 
MeTi(OPr‘)3 in Et20, affords preferentially the ‘Cram’ product (87:13).53a ZrIV derivatives, like 
MeZr(OPr‘)3, follow the same tendency although in some cases the results are somewhat less appeal- 

\ 0 % OH OH 
^ u —- \_/, H + \_/,„ R (28) H*7 \ H*7 \ H*7 v 

Ph H Ph R Ph H 

(71) (72) 

'Cram' product 'anti-Cram' product 

Table 5 Diastereoselective Addition of TiIV and ZrIV Complexes to 2-Phenylpropanal (equation 28) 

Reagent (71).’(72) Ref. 

MeTi(OPr1)3 87:13 21 

MeTiCb 81:19 21 
MeTi(OPh)3 93:7 16 

MeLi/TiCU/Et20 90:10 ii 
Ph2TiCl2 80:20 ii 

BullTi(OPri)3 89:11 41 

(Allyl)Ti(OPri)3 68:32 53 

((Allyl)Ti(OPri)4]_ MgCl+ 75:25 11 

MeZr(OIV)3 90:10 41 

Ti™ complexes have been extensively used for the stereoselective introduction of side chains in steroi¬ 
dal molecules, e.g. pregnenolone acetate538 and the steroidal11 C-22 aldehyde (73; equation 29). In these 
cases satisfactory results are only obtained by using TiIV 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 ^-substituted aldehydes having a 

dithioacetal group at the a-position (75) was also observed (equation 30).53b 
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(75) anti:syn = 99:1 

(ii) Equatorial versus axial selection 

Nucleophilic additions to 4-t-butylcyclohexanone (76; equation 31), by various MeTi™ and MeZrIV re¬ 
agents (Table 6), are reported to afford mixtures of (77) and its C-l epimer (78) with the equatorial 
methyl bearing isomer (77) always predominating. MeTi(OPr‘)3 has been used successfully in the steroid 
field, as in the case of cholestan-3-one53a or as in the case of androstane-3,17-dione (79; equation 32)11 
which undergoes regio- and diastereo-selective methyl addition. MeTiCb 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 MeMgl furnishes random mixtures 
of both epimers.27 

MeTiX, 

Bu' 

O OH 

MeZrX, Bu' 
+ 

(76) (77) (78) 

(31) 

Table 6 Equatorial versus Axial Addition of MeTiIV and MeZrlv Reagents to 4-r-Butylcyclohexanone 

(equation 31) 

Reagent Solvent Temperature (°C) Equatorial: axial 
(77).'(78) 

Ref. 

MeTi(OPii)3 CH2CI2 +22 82:18 16 
MeTHOPdb Et20 +22 86:14 16 
MeTHOPdb Et20 0 89:11 16 
MeTKOPdb n-Hexane -15 to +22 94:6 53 

Me2TiCl2 CH2CI2 -78 82:18 21 
MeZr(OBun)3 + LiCl Et20 +22 80:20 39 

(79) (80) 

a-alcohol: (3-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 

1.5.3.1.4 Addition to chiral alkoxycarhonyl compounds 

Chiral a-, (3- or y-alkoxycarbonyl compounds are alkylated by TiIV and ZrIV 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, RaCuLi etc.,20,56,57 whereas TiIV and ZrIV reagents are capable of 1,3- and even 1,4-induc¬ 
tion.58 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 /VjV-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 MeTiCL as shown in Scheme 6.59-61 The 
induction is consistently over 90%. 

MeTiClj 

-78 °C 

(81) 92% 8% 

MeTiCl3 

-78 °C 

Me 
./C1 

■ O — Ti 
\ / i \ 

?C1C1 

PIT 

(82) 90% 10% 

Scheme 6 

Less acidic than TiIV and ZrIV chloroderivatives, MeTi(OPr')3 performs chelation-controlled addition 
to chiral alkoxy ketones59 as well as or better than organomagnesium compounds,41,58 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-Anh41 (or Comforth)62 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) 41 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.58,59, • An 
example drawn from carbohydrate chemistry is particularly significant in this regard (Scheme 8).11 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)3 under nonchelation control, only 
the Felkin-Anh product (92) is observed. 2,3-0-Isopropylidene-D-glyceraldehyde (93; equation 33) is 
also reported to react under nonchelation-controlled conditions with several RTi(OPr93 reagents.58 
Oddly, PhTi(OPr')3 favors the formation of the syn product, a unique result that is difficult to rationalize. 
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(83) 

\ / 
MeTi(OPri)3 Ti— 

-► O O 

(84) 

(88) >98% 

MeTi(OPri)3 

(87) <2% 

Scheme 7 

Me 

Scheme 8 

(93) 

RTi(OPri)3 

R = 

R = 

R = 

R = 

X 
v_/ 

X 
+ m; 

H bH H0 H 

(94) (95) 

Me 75% 25% 

Bun 90% 10% 

Allyl 71% 29% 

Ph 9% 91% 

(33) 

Very few examples of asymmetric 1,4-induction are reported in connection with the addition of acidic 
Ti,v 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).59 An early example of asymmetric 1,4-induction is provided by the reaction of o-phthalal¬ 
dehyde (96; equation 35)41 with 2 equiv. of MeTi(OPr‘)3 which affords an 83:17 molar mixture of 
racemic-l97) and meso-{98), whereas the analogous reaction with MeMgl 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 TiCL» as the chelating agent, and a suitable nucleophile 
like dialkylzinc, allylsilanes, allylstannanes, etc.59 The utilization of other nucleophiles, like silyl enol 
ethers will be covered in Part 1 of Volume 2. 
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1.5.3.1.5 Addition to a,(3-unsaturated carbonyl compounds 

a,(3-Unsaturated carbonyl compounds undergo 1,2-addition by MeTi(OPri)3.16’42 43 A rare case of con¬ 
jugate addition is reported in the reaction of (99; equation 36) with Ti(CH2Ph)4.65 

(99) 13% 87% 

Ti™ reagents are chemoselective and usually react with a,(3-unsaturated carbonyls faster than with 
their saturated analogs, as is shown by several cross experiments (equation 37).11 An exception to this 
generality was observed in the case of cyclohex-2-enone versus cyclohexanone,16 the latter being much 

more reactive (equation 22, Section 1.5.3.1.1). 

78% 22% 

1.5.3.2 Vinylzirconium Reagents: Addition to a,(3-Unsaturated Ketones 

Vinylzirconium(IV) complexes, unlike their TiIV analogs (Section 1.5.2.2), are rather stable and can be 
conveniently used to perform conjugate addition to a,(3-unsaturated ketones, sometimes in preference to 
the more popular alkenylcopper(I) reagents.66 Vinylzirconium(IV) complexes, as such, are not very reac¬ 
tive and need catalytic amounts of Ni(acac)2 (Scheme 9).67 68 The reaction has been exploited in a prosta- 

Scheme 9 
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glandin synthesis.68 A mechanistic investigation of the addition reaction of vinylzirconium(IV) com¬ 

plexes to carbonyls has been reported.69 

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 TiIV and Zriv 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)Ti(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,35 as well as with a 1:1 molar 
mixture of benzaldehyde and acetophenone giving (102) and (103) in 84:16 ratio, (equation 39),11 where¬ 
as ketones remain substantially untouched when alkyltitanium reagents are used likewise in cross re¬ 
actions (Section 1.5.3.1.1). 

^^/Ti(OI¥)3 

(38) 

O O 

Ph'""VOH 

(102) 84% 

(39) 

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.35 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)a 

Reagent (100/(101) (102):(103) 

(Allyl)Ti(OPii)3b 
[(Allyl)Ti(OPii)4r MgCl+ 

(Allyl)Ti(NMe2)36 
[(Allyl)Ti(NMe2)4]“ MgCl+ 

86:14 84:16 
(23) 98:2 98:2 
(104) 
(24) 

13:87 
4:96 

50:50 
< 1:99 

[(Allyl)Ti(NMe2)4]"Li+ (25) 2:98 9:91 

“Adapted from the tables reported in refs. 11, 16 and 35. bPrepared 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-f-butylcyclohexanone. The selectivity 
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^\^Ti(NMe2)3 

(104) 

^^,Ti(NMe2)3 

O +MgCl 

(105) 

+ Ti(OPr‘)4 MgCl+ 
90% 

(40) 

(1) (23) 

is rather low and can be improved by using tris(dialkylamino) ligands.538 An example of diastereofacial 
selectivity of allyl derivatives is offered by tetraallylzirconium in the addition of chiral (3-alkoxycarbonyl 
compounds;60 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-TiIV and -Zrlv 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 sp2-carbon atom), and diastereoselective. 

(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.16’35 

(Crotyl)Ti(OPri)4 MgCl+ 98% 

(Crotyl)Ti(NMe2)4~MgCl+ <2% 

hY° Y0 

A, + A 

O 

(Crotyl)Ti(OPri)4 MgCl+ 99% 

(Crotyl)Ti(NMe2)4“ MgCl+ 2% 

1% 

98% 

(41) 

(42) 
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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 (£)- or (Z)-geometry of the starting crotyl metal reagent.11 Examples of (Z)-crotylti- 
tanium(IV) derivatives are not known and only 'H NMR evidences allow such reagents to be assigned, 
not unambiguously, (^-configuration.11 The addition of several crotyl-Tilv and -Zrlv 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 Tilv 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. 

R 

>=0 + 

R1 

threo-( 109) eryt/iro-(110) 

R = or * H; R1 = alkyl or aryl; X = (NEt2)3, (OPr1^, (OPh)3, (OPr‘)3MgCl, (OBu)3, 

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

(equation 43)a 

Carbonyl compound Reagent threo: erythro 

Benzaldehyde (Crotyl)Ti(NEt2)3 (28) 69:31 
Hexanal (Crotyl)Ti(NEt2)3 (28) 82:18 

Acetaldehyde (Crotyl)Ti(NEt2)3 (28) 67:33 
3-Methylbutan-2-one (Crotyl)Ti(NEt2)3 (28) 97:3 

Heptan-2-one (Crotyl)Ti(NEt2)3 (28) 72:28 
3,3-Dimethylbutan-2-one (Crotyl)Ti(NEt2)3 (28) 99:1 

Acetophenone (Crotyl)Ti(NEt2)3 (28) 85:15 
Benzaldehyde (Crotyl)Ti(OPiJ)3 (29) 80:20 

Hexanal (Crotyl)Ti(OPr1)3 (29) 75:25 
3-Methylbutan-2-one (Crotyl)Ti(OPiJ)3 (29) 88:12 

Heptan-2-one (Crotyl)Ti(OPri)3 (29) 67:33 
Benzaldehyde [(Crotyl)Ti(OPrI)3]“ MgCl+ (30) 84:16 

Hexanal [(Crotyl)Ti(OPii)3]“ MgCl+ (30) 71:29 
3-Methylbutan-2-one [(Crotyl)Ti(OPiJ)3]- MgCl+ (30) 78:22 

Heptan-2-one [(Crotyl)Ti(OPri)3]_ MgCl+ (30) 56:44 
Benzaldehyde (Crotyl)Ti(OPh)3 85:15 

3,4-Dihydro-1 (2/7)-naphthalenone (Crotyl)Ti(OPh)3 65:35 
Octan-2-one (Crotyl)Ti(OPh)3 70:30 

aAdapted 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.538 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)3 in this case does not give significant advantages, 
considering both diastereoselectivity of addition and availability of the reagent relative to (28), (29) and 
(30).71 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.17,73 Several mechanistic interpretations are also available, accounting for 
chemo- and diastereo-selectivity of crotyltitanium(IV) reagents.11,538,74 

Crotyl-titanocene and -zirconocene complexes, like bis(cyclopentadienyl)-TiIV and -ZrIV derivatives 
(llla-d) react (equation 44) with aldehydes (Table 9) with pronounced threo diastereoselectivity 
(>90:<10 threo:erythro (112):(113) for Tilv reagents37 and approximately 80:20 for their ZrIV analogs).36 
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Less electronegative the halogen atom in (llla-c), higher the stereoselectivity of the addition.17-37 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. 

H 

(111) a: X = Cl, M = Ti (112) (113) 
b: X = Br, M = Ti 

c: X = I, M = Ti 

d: X = Cl, M = Zr 

Table 9 Diasteroselective Addition of Crotyl-titanocene and -zirconocene Derivatives to Aldehydes (equation 44)a 

Aldehyde Reagent threo .erythro Yield (%) 

Benzaldehyde (Crotyl)TiCp2Cl 60:40 96 
Benzaldehyde (Crotyl)TiCp2Br 100:0 92 
Benzaldehyde (Crotyl)ZrCp2Cl 81:19 90 
Benzaldehyde (Crotyl)ZrCp2Cl + BF3 OEt2 4:96 98 

Propanal (Crotyl)TiCp2Cl 66:34 92 
Propanal (Crotyl)TiCp2Br 96:4 92 
Propanal (Crotyl)ZrCp2Cl 86:14 88 

2-Methylpropanal (Crotyl)TiCp2Br 99:1 87 
2-Methylpropanal (Crotyl )TiCp2Br + BF3-OEt2 9:91 75 
2-Methylpropanal (Crotyl)ZrCp2Cl 88:12 90 

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

Reverse diastereoselectivity is also reported, as achieved by reaction of crotyl-TiIV and -Zr™ com¬ 
plexes with aldehydes in the presence of BF3-OEt2 (Table 9).72,75 

An interesting class of Tim-containing allylic reagents is represented by (r|5-C5H5)2Ti(T)3-allyl) com¬ 
pounds (trihaptotitanium compounds), like (114), that are readily prepared from (-r^-CsHs^TiCh (32) by 
action of allylic Grignard reagents76 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,38 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 l-phenyl-2-methyl-3-buten-l-ol in excellent yield.38 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 ll).38 Due to their pronounced air sensitivity, these iT-allyltita- 
nium(III) complexes are most commonly prepared in situ,38 The experiments reported in Table 10 show 
unambiguously the chemo- and regio-selective nature of their addition reactions.38 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. 

(32) (H4) 

Cyclic allyl residues enable the synthesis of cycloalkenes having a 1-hydroxyalkyl side chain.78 Cyclic 
Ti111 complexes, like (118) and (119) are readily obtained (Scheme 12) by treatment of (r)3-C5H5)2TiCl 
(117) with /-butylmagnesium chloride and cyclohexadiene or cyclopentadiene respectively, in THF at 
_40 °C for 10 min.76,79 Such complexes are quite unstable and can be prepared only in situ. Propanal 
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Cp2Ti 

(115) 

+ 
O 

Cp2TiO 

HC1 
Cp2TiCl 

Cp2TiCl + HC1 + 1/4 02 -- Cp2TiCl2 + 

OH 

Scheme 11 

(32) 

Table 10 Addition of Various Allyltitanium(III) Complexes (RTiCp2) to Carbonyl Compounds 

Carbonyl compound R Product Yield (%) 

Acetone 
Methyl vinyl ketone 

Benzaldehyde 
Chloroacetone 

Acrolein 
Levulinic acid methyl ester 

Acetone 

1-Methylallylb 
1-Methylallylb 
1-Methylallylb 

1,2-Dimethylallylb 
1,2-Dimethylallylb 
1,2-Dimethylallylb 

1-Ethylallylf 

2,3-Dimethy l-4-penten-2-o 1 
3.4- Dimethyl-1,5-hexadien-3-o lc 
2-Methyl-1 -phenyl-3 -buten-1 -o ld 

2,3,4-Trimethy 1-1 -chloro-4-penten-2-o 1 
4.5- Dimethyl-1,5-hexadien-3-o le 

y-Methyl-y-(l,2-dimethylallyl)-y-butyrolactone 
2-Methyl-3-ethy l-4-penten-2-o 1 

88 (92)a 
91 
93 
95 
90 
94 

83 (86)a 

aIf isolated Tim complex is utilized. "Prepared from (32), proper diene and PrMgBr. c65:35 mixture of threo.erythro diastereomers. 
"95:5 mixture of threo:erythro diastereomers. ‘-90:10 mixture of threo.erythro diastereomers. fPrepared from (32) and 

1-ethylallylmagnesium bromide; m.p. 90.5-91.0 °C. 

reacts with (119) stereoselectivity,78 affording exclusively the erythro compound (120) in 86% yield 
(Scheme 13); benzaldehyde also shows excellent stereoselection,78 in spite of a somewhat lower reaction 
yield (Scheme 13). V-Cyclohexenyltitanium derivative (118) reacts likewise (equation 46), although 
showing diminished stereoselectivity.78 A mechanistic interpretation of the stereochemical course of 
such addition reactions is also available.78 

Bu'MgCl 
Cp2TiCl2 - 

(32) 

Cp2TiCl 

(117) 

Bu'MgCl 

cyclohexadiene 

cyclopentadiene 

Scheme 12 

(119) 

o o 

(120) (119) (121) 

Scheme 13 

Modified 7)3-titanium compounds have been prepared from exocyclic dienes.78 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 (t^-CsHs^TiCl. 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 
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(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).78 

Cp2TiCl 

Bu'MgCl 

(122) (123) 

O OH 

(47) 

1.5.3.4 Heterosubstituted Allylic Titanium Reagents 

Tin reagents bearing heteroatom-substituted allyl residues are conveniently used in analogy with their 
nonsubstituted analogs to prepare homoallylic alcohols with sulfur,80-82 silicon,80,83-85 phosphorus,86,87 
and other (3-substituents.88 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 compounds35 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 alkenation35,83 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.89,90 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).81,82 In Table 11, this 
substituent effect is illustrated with cyclohexanecarbaldehyde.81,82 

Me3Si Ti(OPr1)4 Li 
.+ 

O 

(125) 

R = Ph, n-C6H13, Pr1; R1 = H 

R = Ph; R1 = Me 

(48) 

>99% 

91% 

<1% 

9% 

SPh 
+ 

Phosphorus-containing allyltitanium(IV) complexes, like (129), have been studied as well.86,87 The 
synthetic importance of their addition products to aldehydes lies on their ready deoxygenation to afford 

dienes stereospecificaliy (equation 50). 
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Table 11 Influence of Substituents on the Addition of Titanated Sulfur-containing Compounds (126) to 

Cyclohexancarbaldehyde (equation 49) __ 

Ri r2 & R4 (127):(128) 

H 
Me 
H 
H 

Me 
H 

H 
H 

Me 
H 
H 
H 

H H 99:1 
H H 99:1 
H H 96:4 

Me H 2:98 
Me H 85:4 
Me Me <1:99 

Ti(OPr‘)4Li 

O 

.A 
(129) 

R H 

OTiL„ 

PPh2 

i, Mel, 0 °C 

ii, heating to r.t. 

Metalated AAYliisopropyl 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.91 

R1 R1 

R2 i, BunLi 

R3 (A /O 

Y 
NPr*2 

ii, ClTi(OPri)3 

O 

r4^r5 

(130) 

(51) 

1.5.3.5 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,95,96 or diphenyl zirconocene92 in 
the presence of conjugated dienes. The equilibrium mixture contains (132) and (133) in approximately 
45:55 molar ratio (at 25°C),97,98 the former being the most reactive.94 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).99 

Cp2Zr ZrCp2 (52) 

(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-l position of isoprene.10(7-102 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.94 Furthermore, the yields of such reactions are, without 
exception, higher than 90%. The highly selective 1,2-addition of diene zirconocene complexes to a,(3- 
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.94 Anal¬ 
ogously, RTiCb 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,94 although their reactivity toward such substrates is considerably lower than that of their ZrIV 
analogs. 
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(133) 

(135) 
(137) 

a: R1 = Me, R2 - Ph 

b: R1 = R2 = Me 

c: R'-R2 = —CH2(CH2)9CH2 — 

d: R1 =R2 = Ph 

e: R1 = Pr\ R2 = H 

f: R1 = Bu\ R2 = Me 

Scheme 14 

i, CH2=CHC02R\ H+; ii, RR]CO; iii, RR'CO, H+; iv, RC02R‘ or RCN, H20/H+; v, CH2=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.105 
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-l,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).106 On the contrary, zirconocene complexes 
of 5-m-butadiene, 1,3-pentadiene, and 2,4-hexadiene (ca. 1:1 mixture of the s-cis and s-trans isomers) 
easily accept (equation 53) 2 equiv. of either butanal or 3-pentanone, at low temperature (ca. 30 °C) in 
high yields (95%).94,106 This can be exploited for the stepwise insertion of two different electrophiles 
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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).94 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. 
Attempts to invert the order of addition within the pairs of electrophiles tested (e.g. isobutanal/ethyl ace¬ 
tate) are often unsuccessful.94 

(133) 

(53) 

R1 = or * R2 = H, Me 
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(133) 

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.107 

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.108 109 Hetero- 
substituted propargyltitanium(IV) reagents are also very useful in the synthesis of natural products.110 

1.5.4 CHIRALLY MODIFIED TITANIUM REAGENTS: ENANTIOSELECTIVE ADDITION 

Different strategies have been pursued to achieve enantioselection in the addition of specially designed 
chiral Tilv reagents to carbonyl compounds. They are essentially based on the use of: (i) organotitanium 
derivatives having chiral ligands; (ii) complexes having asymmetrically substituted chiral Tilv atoms; 
and (iii) RTiX3-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 18.111 

R H 

Scheme 18 

i, oxidation 

ii, base 

H OH 

R (S)H 

1.5.4.1 Organotitanium Derivatives Having Chiral Ligands 

Early experiments characterized by low enantiomeric excesses have been reported.44’46 Ti™ 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.112a 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, (5)-l,l'-binaphthol, (-)-menthol, etc.n2a 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.112a 
Methyl- and phenyl-Ti™ complexes with different chiral ligands have been tested112ab in reactions 

with aromatic aldehydes. The enantioselectivity of the addition of chiral Tilv reagents having a bidentate 
l,l'-binaphthol ligand system to aromatic aldehydes (equation 55) has been also extensively examined, 
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mdOH KMgA 
ClTi(OPri)3 + R*OH - ClTi(OR*)3 -► RTi(OR )3 (54) 

or 

RLi 

and the results obtained are reported in Table 12.113 The relative topicity of the addition is Ik, leading to 
re attack of the phenyl group to the carbonyl function by the (M)-binaphthol Tilv reagent [hence, the (R)- 

alcohol] (equation 56) and si attack by its (P)-binaphthol analog. 

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

Aldehyde Temperature (°C) Product 

2-Methylbenzaldehyde -2 
4-Methylbenzaldehyde -2 

Anisaldehyde -69 
1-Naphthaldehyde -15 
1- Naphthaldehyde -75 
2- Naphthaldehyde -17 
2-Naphthaldehyde -65 

(2-Methylphenyl)phenylmethanol 
(4-Methylphenyl)phenylmethanol 

(4-Methoxyphenyl)phenylmethanol 
1 -N aphthy lpheny lmethanol 
1 -Naphthylphenylmethanol 
2-N aphthy lphenylmethanol 
2-N aphthy lphenylmethanol 

Yield (%) ee (%) 

89 85 
78 86 
84 82 
— 63 
82 >98 
— 57 
85 >98 

Attempts to prepare chiral TiIV reagents capable of transferring groups other than phenyl have been re¬ 
ported.11 Among these reagents, the methyltitanium (S)-acylpyrrolidinylmethoxide diisopropoxides (144) 
are of some interest. They are prepared (Scheme 19) from (5)-/V-acylpyrrolidinylmethanols (143) and di- 
methyltitanium diisopropoxide.114 Their reactions with either benzaldehyde or 1-naphthaldehyde lead to 
alcohols with acceptable enantiomeric excesses, as is shown in Table 13.114 

(145) 

O 

-20 °C 

Scheme 19 

(146) 
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Table 13 Enantioselective Addition of Methyltitanium (S)-fV-Acylpyrrolidinylmethoxides (144) to Aromatic 

Aldehydes (Scheme 19) 

Aldehyde R' R2 Product R ee (%) 

Benzaldehyde H H 
Benzaldehyde H Ph 
Benzaldehyde Me H 

1 -Naphthaldehyde Me H 
Benzaldehyde Me Me 
Benzaldehyde Me Ph 
Benzaldehyde Ph H 
Benzaldehyde PhCH20 Me 

1 -Naphthaldehyde PhCHiO Me 
Benzaldehyde PhCH^O Ph 

(146) Phenyl 33.0 
(146) Phenyl 17.6 
(145) Phenyl 23.9 
(145) 1-Naphthyl 27.6 
(145) Phenyl 18.6 
(145) Phenyl 39.0 
(145) Phenyl 13.9 
(146) Phenyl 23.0 
(146) 1-Naphthyl 27.0 
(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.11 

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,11 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). 

Scheme 20 

A noteworthy improvement comes from the use of ligand systems which are themselves optically ac¬ 
tive.11 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 14.115 Nothing is reported concerning the mechanism of the en¬ 
antioselective addition, since the absolute configuration of the asymmetrically substituted Tilv atom is 
not known. 

Ph, ,OH 

n-h 

so2r 

i, TiMe4 
Ph, -C> Me 

Ti R 

O 

A 
H OH 

ii, Pr'OH N 
OPr1 

R1 
so2r 

(149) (150) 

Scheme 21 
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Table 14 Enantioselective Addition of Methyltitanium(IV) derivatives (150) of Various V-Sulfonylated 

Norephedrines to Aldehydes (Scheme 21) 

R in (150) Aldehyde Yield (%) ee (%)a 

4-Tolyl 
4-Tolyl 
4-Tolyl 
Methyl 
Mesityl 
Mesityl 
Mesityl 
4-Tolyl 
Mesityl 

Benzaldehyde 
2-N itrobenzaldehyde 

1-Naphthaldehyde 
Benzaldehyde 
Benzaldehyde 

2-Nitrobenzaldehyde 
1-Naphthaldehyde 

Octanal 
Octanal 

78 
91 
96 
89 
93 
86 
92 
81 
82 

85 
79 
81 
62 
88 
90 
90 
60 
58 

aIn all cases the reaction products have the (/^-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).116a 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.1163 

BunLi Me^ 

O 

Ph 

ClTi(NEt2)3 

(151) + 

O O 

R 

O 

A 
>90% Me 

R2 

Me 

+ 

R1 = n-C8H17, R2 = H 94% 

R1 = Et, R2 = H 96% 

Ri = Pr‘, R2 = H 96% 

R1 = Me, R2 = Pr1 98% 

6% 

4% 

4% 

2% 

Scheme 22 

Lithiated chiral dihydro-1,4-dithiins (152) have been recently utilized116b in the addition to prochiral 
aldehydes in the presence of Ti(OPr‘)4 (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.536 When Ti(OPr')4 is replaced by TiCU, the addition becomes slower than the uncatalyzed re¬ 
action itself. 
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Ti(OPrJ)4 

(152) (153) 

S S NiCl2/NaBH4 

Scheme 23 

40% ee 

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.117 Ketones, 
like cyclohexanone, are easily dimethylated by MeTiCb, MeaTiCU and Me2Zn/TiCl4.118-119 Depending 
upon the molecular ratio of Me2Zn and TiCL, various products (43), (154) and (155) are obtained from 
cyclohexanone (equation 57), as is reported in Table 15.121 The reaction proceeds through cationic inter¬ 
mediates;120 various functionalities (e.g. carboxylic acid esters, primary and secondary alkyl halides) are 
well tolerated.120 Some problems arise when oi,(3-unsaturated ketones are utilized, because of the forma¬ 
tion of two distinct dimethylated products (equation 58).120 

(43) (154) (155) 

Table 15 Geminal Dimethylation of Cyclohexanone (equation 57) 

Entry TiCUIZnMej (mmol)11 Temperature (°C) Time (h) 
(43) 

Yield (%) 
(154) (155) 

1 30/10 -30 4 _ >90 _ 
2 10/10 -30 4 >90 — — 

3 22/22 -30 to +22 2 — — >90 
4 10/20 —30 to +22 4 >90 — — 

aIn all cases 10 mmol of cyclohexanone were used in CH2CI2. 

Aromatic aldehydes are also easily dimethylated by Me2TiCh, and aromatic acyl chlorides form t- 
butyl derivatives directly when treated with an excess of Me2Zn/TiCl4 in methylene chloride.121 Some 
examples are also known of application of such a reaction in the synthesis of natural products.118-119 
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1.5.5.2 Alkylative Amination 

Alkvltitanium(IV) complexes having /VTV-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 lea(Js 
stead to tertiary amines by addition of both the alkyl moiety of the reagent and one ol the 
/V„/V-dialkylamino ligands (equation 59).48 The synthetic interest of the reaction is restricted to noneno- 

lizable aldehydes, since enolizable carbonyl compounds lead to enamines. 

RTi(NR'2)3 
O 

R2 

NR1, 

R 

(59) 

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

Table 16 Alkylative Amination of Various Aldehydes by RTi(NEt2)3 

Aldehyde R Product 

Benzaldehyde Me 
4-Methylbenzaldehyde Me 

Benzaldehyde Bu 
2-Furylaldehyde Me 
Cinnamaldehyde Me 

Pivalaldehyde Me 

ATV-Diethyl-1 -phenylethylamine 
VTV-Diethyl-1 -p-tolylethylamine 

NJV- Diethyl-1 -phenylpentylamine 
A jV- Diethyl-1 -(2'-furyl)ethylamine 

V7V-Diethyl-4-phenylbut-3-en-2-ylamine 
V//-Diethyl-3,3-dimethylbut-2-ylamine 

Yield (%) 

48 
47 
15 
73 
44 
55 

1.5.5.3 Protection of Aldehydes 

The tendency of TiIV reagents like Ti(NR2)4 to release the ATV-dialkylamino group42-48 is conveniently 
exploited to temporarily inactivate a carbonyl function which is fairly reactive (e.g. an aldehyde),1 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. 

1.5.6 REFERENCES 

I. M. A. Cahours, Ann. Chim. Phys., 1861, 62, 257; M. A. Cahours, Liebigs Ann. Chem., 1862, 122, 48. 
2 D F. Herman and W. K. Nelson, J. Am. Chem. Soc., 1952, 74, 2693. 
3. M. Bottrill, P. D. Gavens, J. W. Kelland and J. McMeeking, in ‘Comprehensive Organometalhc Chemistry’, 

ed. G. Wilkinson, F. G. A. Stone and E. W. Abel, Pergamon Press, Oxford, 1982, vol. 3, chaps. 22.1-22.5; D. 
J. Cardin, M. F. Lappert, C. L. Raston and P. I. Riley, in ‘Comprehensive Organometalhc Chemistry’, chaps. 
23.1 and 23.2, and literature cited therein. 

4. D. J. Cardin, M. F. Lappert and C. L. Raston, ‘Chemistry of Organo-zirconium and -hafnium Compounds’, 
Wiley, New York, 1986; R. S. P. Coutts, P. C. Wailes and H. Weigold, ‘Organometalhc Chemistry of 
Titanium, Zirconium, Hafnium’, Academic Press, New York, 1974; G. E. Coates, M. L. H. Green and K. 
Wade, in ‘Organometalhc Compounds’, Chapman and Hah, London, 1968, vol. 2. 

5. U. Thewalt, ‘Titan-Organische Verbindungen’ in ‘Gmelin Handbuch der Anorganischen Chemie’, 
Springer-Verlag, Berlin, 1977, 1980, 1984, band 40, teil 1, 2; A. Moulik ‘Zirconium-Organische 
Verbindungen’, in ‘Gmelin Handbuch der Anorganischen Chemie’, 1973, band 10. 

6. K. Ziegler, E. Holtzkamp, H. Bred and H. A. Martin, Angew. Chem., 1955, 67, 54. 
7. G. Wilkinson, Pure Appl. Chem., 1972, 30, 627; P. J. Davidson, M. F. Lappert and R. Pearce, Chem. Rev., 

1976, 76, 219; R. R. Schrock and G. W. Parshall, Chem. Rev., 1976, 76, 243. 
8. C. Beermann and H. Bestian, Angew. Chem., 1959, 71, 618; D. F. Herman and W. K. Nelson, J. Am. Chem. 

Soc., 1953, 75, 3877; D. F. Herman and W. K. Nelson, J. Am. Chem. Soc., 1953, 75, 3882. 
9. B. Weidmann and D. Seebach, Angew. Chem., Int. Ed. Engl., 1983, 22, 31; Angew. Chem., 1983, 95, 12. 

10. M. F. Lappert, D. S. Patil and J. B. Pedley, J. Chem. Soc., Chem. Commun., 1975, 830. 
II. M. T. Reetz, ‘Organotitanium Reagents in Organic Synthesis’, Springer-Verlag, Berlin, 1986. 
12. M. T. Reetz, Pure Appl. Chem., 1985, 57, 1781. 
13. K. Clauss, Justus Liebigs Ann. Chem., 1968, 711, 19. 
14. M. D. Rausch and H. B. Gordon, J. Organomet. Chem., 1974, 74, 85. 
15. C. Beermann, Angew. Chem., 1959, 71, 195; H. Bestian, K. Clauss, H. Jensen and E. Prinz, Angew. Chem., 

Int. Ed. Engl., 1963, 2, 32; Angew. Chem., 1962, 74, 955. 
16. M. T. Reetz, Top. Curr. Chem., 1982, 106, 1. 
17. R. W. Hoffmann, Angew. Chem., Int. Ed. Engl., 1982, 21, 555. 
18. C. T. Buse and C. H. Heathcock, Tetrahedron Lett., 1978, 1685. 
19. D. J. Cram and F. A. A. Elhafez, J. Am. Chem. Soc., 1952, 74, 5828; D. J. Cram and J. Allinger, J. Am. Chem. 

Soc., 1954, 76, 4516. 



Organotitanium and Organozirconium Reagents 171 

20. D. J. Cram and K. R. Kopecky, J. Am. Chem. Soc., 1959, 81, 2748. 

21. M. T. Reetz. R. Steinbach, J. Westermann and R. Peter, Angew. Chem., Int. Ed. Engl., 1980, 19, 1011; Angew. 
Chem., 1980, 92, 1044. 

22. D. Seebach, H.-O. Kalinowski, B. Bastiani, G. Crass, H. Daum, H. Dorr, N. P. DuPreez, V. Ehrig, W. Langer, 
C. Nussler, H.-A. Oei and M. Schmidt, Helv. Chim. Acta, 1977, 60, 301; D. Seebach and W. Langer, Helv. 
Chim. Acta, 1979, 62, 1701; W. Langer and D. Seebach, Helv. Chim. Acta, 1979, 62, 1710; D. Seebach, G. 
Crass, E.-M. Wilka, D. Hilvert and E. Brunner, Helv. Chim. Acta, 1979, 62, 2695; J. P. Mazaleyrat and D. J. 
Cram, J. Am. Chem. Soc., 1981, 103, 4585; T. Mukaiyama, K. Soai, T. Sato, H. Shimizu and K. Suzuki, J. Am. 
Chem. Soc., 1979, 101, 1455. 

23. D. Seebach, B. Weidmann and L. Widler, in ‘Modern Synthetic Methods’, ed. R. Scheffold, Wiley, New 
York, 1983, vol. 3. 

24. O. V. Nogina, R. K. Freidlina and A. N. Nesmeyanov, Izv. Akad. Nauk SSSR, Ser. Khim., 1952, 74 (Chem. 
Abstr., 1953, 47, 1583). 

25. M. T. Reetz, R. Urz and T. Schuster, Synthesis, 1983, 540. 
26. A. Segnitz, Methoden Org. Chem. (Houben-Weyl), 1975, 13/7, 263. 
27. M. T. Reetz, S. H. Kyung and M. Hiillmann, Tetrahedron, 1986, 42, 2931. 
28. W. R. Baker, J. Org. Chem., 1985, 50, 3942. 
29. E. Negishi and T. Takahashi, Synthesis, 1988, 1. 
30. K. Kuhlein and K. Clauss, Makromol. Chem., 1972, 155, 145. 
31. R. K. Freidlina, E. M. Brainina, A. N. Nesmeyanov, Dokl. Akad. Nauk SSSR, 1961, 138, 1369 (Chem. Abstr., 

1962, 56, 11 608). 
32. G. M. Whitesides, C. P. Casey and J. K. Krieger, J. Am. Chem. Soc., 1971, 93, 1379. 
33. D. W. Hart, T. F. Blackburn and J. Schwartz, J. Am. Chem. Soc., 1975, 97, 679. 
34. M. T. Reetz, B. Wenderoth and R. Urz, Chem. Ber., 1985, 118, 348. 
35. M. T. Reetz and B. Wenderoth, Tetrahedron Lett., 1982, 23, 5259. 
36. Y. Yamamoto and K. Maruyama, Tetrahedron Lett., 1981,22, 2895. 
37. F. Sato, K. Iida, S. Iijima, H. Moriya and M. Sato, J. Chem. Soc., Chem. Commun., 1981, 1140. 

38. F. Sato, S. Iijima and M. Sato, Tetrahedron Lett., 1981, 22, 243. 
39. B. Weidmann, C. D. Maycock and D. Seebach, Helv. Chim. Acta, 1981, 64, 1552. 
40. H. Meerwein, B. V. Bock, B. Kirschnick, W. Lenz and A. Migge, J. Prakt. Chem. N.F., 1936, 147, 211; A. L. 

Wilds, Org. React. (N. Y.), 1944, 2, 178. 
41. M. T. Reetz, R. Steinbach, J. Westermann, R. Urz, B. Wenderoth and R. Peter, Angew. Chem., Int. Ed. Engl., 

1982, 21, 135; Angew. Chem., 1982, 94, 133; Angew. Chem. Suppl., 1982, 257. 
42. M. T. Reetz, J. Westermann, R. Steinbach, B. Wenderoth, R. Peter, R. Ostarek and S. Maus, Chem. Ber., 

1985,118,1421. 
43. B. Weidmann and D. Seebach, Helv. Chim. Acta, 1980, 63, 2451. 
44. B. Weidmann, L. Widler, A. G. Olivero, C. D. Maycock and D. Seebach, Helv. Chim. Acta, 1981, 64, 357. 

45. K. Kostova, A. Lorenzi-Riatsch, Y. Nakashita, M. Hesse, Helv. Chim. Acta, 1982, 65, 249. 
46. M. T. Reetz, R. Steinbach, B. Wenderoth and J. Westermann, Chem. Ind. (London), 1981,541. 

47. H. Burger and H. J. Neese, J. Organomet. Chem., 1970, 21, 381. 
48. D. Seebach and M. Schiess, Helv. Chim. Acta, 1982, 65, 2598. 
49. (a) M. T. Reetz and J. Westermann, Synth. Commun., 1981, 11, 647; (b) S. Achyntha Rao and M. Periasamy, 

Tetrahedron Lett., 1988, 29, 1583. 
50. M. T. Reetz, H. Hugel and K. Dresely, Tetrahedron, 1987, 43, 109. 
51. M. T. Reetz and S. Maus, Tetrahedron, 1987, 43, 101. 
52. E. L. Eliel, Asymm. Synth., 1983, 2, part A, chap. 5. 
53. (a) M. T. Reetz, R. Steinbach, J. Westermann, R. Peter and B. Wenderoth, Chem. Ber., 1985, 118, 1441; (b) 

54. 

55. 
56. 
57. 

58. 
59. 

60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 

68. 
69. 
70. 
71. 

72. 
73. 
74. 

Y. Honda and G. Tsuchihashi, Chem. Lett., 1988, 1937. 
M. Cherest, H. Felkin and N. Prudent, Tetrahedron Lett., 1968, 2199. 

N. T. Anh, Top. Curr. Chem., 1980, 88, 145. 
W. C. Still and J. A. Schneider, Tetrahedron Lett., 1980, 21, 1035. 
M. L. Wolfrom and S. Hanessian, J. Org. Chem., 1962, 27, 1800; T. Nakati and Y. Kishi, Tetrahedron Lett., 
1978, 2745; E. L. Eliel, J. K. Koskimies and B. Lohri, J. Am. Chem. Soc., 1978, 100, 1615; W. C. Still and J. 
H. McDonald, III, Tetrahedron Lett., 1980, 21, 1031; R. Bernardi, Tetrahedron Lett., 1981, 22, 4021. 
M. T. Reetz, Angew. Chem., Int. Ed. Engl., 1984, 23, 556 and literature cited therein. 
M. T. Reetz, K. Kesseler, S. Schmidtberger, B. Wenderoth and R. Steinbach, Angew. Chem., Int. Ed. Engl., 

1983, 22, 989; Angew. Chem., 1983, 95, 1007; Angew. Chem. Suppl., 1983, 151 1. 

M. T. Reetz and A. Jung, J. Am. Chem. Soc., 1983, 105, 4833. 
M. T. Reetz, M. Hiillmann and T. Seitz, Angew. Chem., Int. Ed. Engl., 1987, 26, 477. 

J. W. Cornforth, R. H. Cornforth and K. K. Mathew, J. Chem. Soc., 1959, 112. 
R. Block and L. Gilbert, Tetrahedron Lett., 1987, 28, 423. 
M. T. Reetz and M. Hiillmann, J. Chem. Soc., Chem. Commun., 1986, 1600. 
D. Roulet, J. Caperos and A. Jacot-Guillarmod, Helv. Chim. Acta, 1984, 67, 1475. 

G. H. Posner, Org. React. (N. Y.), 1972, 19, 1. 
M. J. Loots and J. Schwartz, J. Am. Chem. Soc., 1977, 99, 8045. 
J. Schwartz, M. J. Loots and H. Kosugi, J. Am. Chem. Soc., 1980, 102, 1333. 
F. M. Dayrit and J. Schwartz, J. Am. Chem. Soc., 1981, 103, 4466. 

L. Widler and D. Seebach, Helv. Chim. Acta, 1982, 65, 1085. 
D. Seebach and L. Widler, Helv. Chim. Acta, 1982, 65, 1972. 

M. T. Reetz and M. Sauerwald, J. Org. Chem., 1984, 49, 2292. 
Y. Yamamoto and K. Maruyama, Heterocycles, 1982, 18, 357. 
R Noyori I Nishida and J. Sakata, J. Am. Chem. Soc., 1981, 103, 2106; Y. Yamamoto, H. Yatagai Y Naruta 
and K Maruyama, J. Am. Chem. Soc., 1980, 102, 7107; T. Hayashi, K. Kabeta, I. Hamachi and M. Kumada, 



172 Nonstabilized Carbanion Equivalents 

Tetrahedron Lett., 1983, 24, 2865; S. E. Denmark and E. Weber, Helv. Chim. Acta, 1983, 66, 1655 and 

references cited therein. 
75. Y. Yamamoto, Y. Saito and K. Maruyama, J. Organomet. Chem., 1985, 292, 311. 

76. H. A. Martin and F. Jellinek, J. Organomet. Chem., 1967, 8, 115. 
77. H. A. Martin and F. Jellinek, J. Organomet. Chem., 1968, 12, 149. 
78. Y. Kobayashi, K. Umeyama and F. Sato, J. Chem. Soc., Chem. Commun., 1984, 621. 
79. F. Sato, FI. Uchiyama, K. Iida, Y. Kobayashi and M. Sato, J. Chem. Soc., Chem. Commun., 1983, 921. 
80. Y. Ikeda, J. Ukai, N. Ikeda and H. Yamamoto, Tetrahedron, 1987, 43, 731. 
81. Y. Ikeda, K. Furuta, N. Meguriya, N. Ikeda and H. Yamamoto, J. Am. Chem. Soc., 1982, 104, 7663. 
82. K. Furuta, Y. Ikeda, N. Meguriya, N. Ikeda and H. Yamamoto, Bull. Chem. Soc. Jpn., 1984, 57, 2781. 
83. Y. Ikeda and H. Yamamoto, Bull. Chem. Soc. Jpn., 1986, 59, 657. 
84. F. Sato, Y. Suzuki and M. Sato, Tetrahedron Lett., 1982, 23, 4589. 
85. E. van Hulsen and D. Hoppe, Tetrahedron Lett., 1985,26,411. 
86. J. Ukai, Y. Ikeda, N. Ikeda and H. Yamamoto, Tetrahedron Lett., 1983, 24, 4029. 
87. Y. Ikeda, J. Ukai, N. Ikeda and H. Yamamoto, Tetrahedron, 1987, 43, 723. 
88. A. Murai, A. Abiko, N. Shimada and T. Masamune, Tetrahedron Lett., 1984, 25, 4951. 
89. A. Murai, A. Abiko and T. Masamune, Tetrahedron Lett., 1984, 25, 4955. 
90. Y. Ikeda, J. Ukai, N. Ikeda and H. Yamamoto, Tetrahedron Lett., 1984, 25, 5177. 
91. D. Hoppe and A. Bronneke, Tetrahedron Lett., 1983, 24, 1687; T. Kramer and D. Hoppe, Tetrahedron Lett., 

1987,28,5149. 
92. G. Erker, J. Wicher, K. Engel, F. Rosenfeldt, W. Dietrich and C. Kruger, J. Am. Chem. Soc., 1980, 102, 6344. 
93. Y. Kai, N. Kanehisa, K. Miki, N. Kasai, K. Mashima, K. Nagasuna, H. Yasuda and A. Nakamura, J. Chem. 

Soc., Chem. Commun., 1982, 191. 
94. H. Yasuda and A. Nakamura, Angew. Chem., Int. Ed. Engl., 1987, 26, 723. 
95. H. Yasuda, Y. Kajihara, K. Mashima, K. Lee and A. Nakamura, Chem. Lett., 1981, 519. 
96. E. Negishi, F. E. Cederbaum and T. Takahashi, Tetrahedron Lett., 1986, 27, 2829. 
97. U. Dorf, K. Engel and G. Erker, Organometallics, 1983, 2, 462. 
98. H. Yasuda, K. Tatsumi and A. Nakamura, Acc. Chem. Res., 1985, 18, 120. 
99. G. Erker, K. Engel, J. L. Atwood and W. E. Hunter, Angew. Chem., Int. Ed. Engl., 1983, 22, 494; Angew. 

Chem., 1983, 95, 506; Angew. Chem. Suppl., 1983, 678. 
100. H. Yasuda, Y. Kajihara, K. Mashima, K. Nagasuna and A. Nakamura, Chem. Lett., 1981, 671. 
101. M. Akita, H. Yasuda and A. Nakamura, Chem. Lett., 1983, 217. 
102. Y. Kai, N. Kanehisa, K. Miki, N. Kasai, M. Akita, H. Yasuda and A. Nakamura, Bull. Chem. Soc. Jpn., 1983, 

56,3735. 
103. E. C. Ashby, Pure Appl. Chem., 1980, 52, 545; M. T. Reetz, S. H. Kyung and J. Westermann, 

Organometallics, 1984, 3, 1716; G. J. Erskine, B. H. Hunter and J. D. McCowan, Tetrahedron Lett., 1985, 26, 
1371. 

104. K. Yokoo, Y. Yamanaka, T. Fukagawa, H. Taniguchi and Y. Fujiwara, Chem. Lett., 1983, 1301; H. Shumann, 
W. Genthe, E. Hahn, J. Pickardt, H. Schwarz and K. Eckert, J. Organomet. Chem., 1986, 306, 215. 

105. G. Erker and U. Dorf, Angew. Chem., Int. Ed. Engl., 1983, 22, 777; Angew. Chem., 1983, 95. 506; Angew. 
Chem. Suppl., 1983, 1120. 

106. H. Yasuda, K. Nagasuna, M. Akita, K. Lee and A. Nakamura, Organometallics, 1984, 3, 1470; A. Nakamura, 
H. Yasuda, K. Tatsumi, K. Mashima, M. Akita and K. Nagasuna, in ‘Organometallic Compounds, Synthesis, 
Structure, and Theory’, ed. B. L. Shapiro, Texas A & M University Press, Austin, 1983, vol. 1, p. 29. 

107. J. Klein, in ‘The Chemistry of the Carbon-Carbon Triple Bond’, ed. S. Patai, Wiley, New York, 1978, p. 343. 
108. K. Furuta, M. Ishiguro, R. Haruta, N. Ikeda and H. Yamamoto, Bull. Chem. Soc. Jpn., 1984, 57, 2768. 
109. M. Ishiguro, N. Ikeda and H. Yamamoto, J. Org. Chem., 1982, 47, 2225. 
110. H. Hiraoka, K. Furuta, N. Ikeda and H. Yamamoto, Bull. Chem. Soc. Jpn., 1984, 57, 2777. 
111. A. Mori, K. Maruoka and H. Yamamoto, Tetrahedron Lett., 1984, 25, 4421; A. Mori, J. Fujiwara, K. Maruoka 

and H. Yamamoto, J. Organomet. Chem., 1985, 285, 83. 
112. (a) A. G. Olivero, B. Weidmann and D. Seebach, Helv. Chim. Acta, 1981, 64, 2485; (b) J.-T. Wang, X. Fan 

and Y.-M. Qian, Synthesis, 1989, 291. 

113. D. Seebach, A. K. Beck, S. Roggo and A. Wonnacott, Chem. Ber., 1985, 118, 3673. 
114. H. Takahashi, A. Kawabata, K. Higashiyama, Chem. Pharm. Bull., 1987, 35, 1604. 
115. M. T. Reetz, T. Kukenhohner and P. Weinig, Tetrahedron Lett., 1986, 27, 5711. 

116. (a) H. Roder, G. Helmchen, E. M. Peters, K. Peters and H. G. V. Schnering, Angew. Chem., 1984, 96, 895; 
Angew. Chem., Int. Ed. Engl., 1984, 23, 898; (b) G. Palumbo, C. Ferreri and R. Caputo, Tetrahedron 
Asymmetry, 1991, 2, in press. 

117. M. T. Reetz, J. Westermann and R. Steinbach, Angew. Chem., Int. Ed. Engl., 1980, 19, 900. 
118. M. T. Reetz, J. Westermann and R. Steinbach, J. Chem. Soc., Chem. Commun., 1981,237. 
119. M. T. Reetz, and J. Westermann, J. Org. Chem., 1983, 48, 254. 
120. M. T. Reetz, J. Westermann and S. H. Kyung, Chem. Ber., 1985, 118, 1050. 
121. M. T. Reetz and S. H. Kyung, Chem. Ber., 1987, 120, 123. 

122. M. T. Reetz and R. Peter, J. Chem. Soc., Chem. Commun., 1983, 406. 



1.6 
Organochromium Reagents 
NICHOLAS A. SACCOMANO 

Pfizer Central Research, Groton, CT, USA 

1.6.1 INTRODUCTION 

1.6.2 ORGANOCHROMIUM(III) CARBANION EQUIVALENTS 

1.62.1 Synthesis and Structure ofOrganochromium(III) Complexes 
1.622 Formation ofC—C Bonds: Background 

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

1.63.1 Carbonyl Addition Reactions: General Features 
1.6.3.2 Allylic Chromium Reagents: 12-Asymmetric Induction (Anti/Syn Control) 

1.63.3 Crotylchromium Reagents: a- or 2 3-Asymmetric Induction 
1.63.4 Other n,m-Asymmetric Induction 
1.63.5 Intramolecular Addition Reactions 
1.63.6 Miscellaneous Substituted Substrates 

1.63.7 Propargylchromium Reagents 
1.6.3.8 Enantioselective Addition Reactions 

1.6.4 ALKENYLCHROMIUM REAGENTS 

1.6.4.1 General Features 
1.6.42 Synthetic Applications 
1.6.43 Intramolecular Addition Reactions 

1.6.5 ALKYNYLCHROMIUM REAGENTS 

1.6.6 ct-ACYLCHROMIUM REAGENTS 

1.6.7 ALKYLCHROMIUM REAGENTS 

1.6.8 ALKYL-GEM-DICHROMIUM REAGENTS: ALKENATION REACTIONS 

1.6.9 CONCLUSION 

1.6.10 REFERENCES 

173 

174 

174 
175 

177 

177 
179 
181 
187 
187 
189 
191 
192 

193 

193 
197 
200 

201 

202 

202 

205 

207 

207 

1.6.1 INTRODUCTION 

Organochromium(III) complexes were among the first transition metal organometallic compounds to 
be synthesized and have enjoyed a rich history of investigation and utility.1 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 a-bond.1 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 u-bonds. Such processes are the substance of 

this review. 

173 
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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.2 However, preparation and adequate 
characterization of the first simple kinetically stable chromium(III) alkyl in solution was reported by 
Anet and Leblanc.3 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.4 The mechanism of chromium(II) ion mediated reductions of organic halides has been 
thoroughly investigated. Kinetic data have verified the formation of a discrete organochromium inter¬ 
mediate,5 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 l).6-8 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) salts (e.g. CrCh; 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.9 

Cr(Cl04)2 

HC104, H20 

2CIO4 
(1) 

(1) (2) 

—c-x —o C-Cr111 
H 

(3) Cr11 
(4) 

Scheme 1 

— C-H 

(5) 

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 Zeiss10 reported that the addition of PhMgBr to C1GI3 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.11 They have shown 
that (6) maintains three a-bonded phenyl groups arranged in a cis facial fashion, as illustrated in equation 
(2). A related series of organochromiums was first prepared by Kurras12 and subsequently investigated 
by Yamamoto and coworkers.13 Treatment of CrCb with organoaluininums 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).14 

The crystal structure reveals a complex of the mer-type geometry with the Cr—O distance of the THF li¬ 
gand trans to the a-aryl bond appearing longer than for the other THF molecules. Other Group VI a- 
alkyl and a-aryl complexes have been studied and this area has been reviewed.15 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. 

Cr-C 2.060 A 
Cr-0 2.225 A 

(6) 

CrCl3 + PhMgBr 
THF/-20 °C 

Ph 
Ph I Ph 

1 
Cr 

thf^J,Vhf 
1FIF 
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CrCU 
R,AI or R,A10Et 

THF 

R = Ph, Me, Et, Pr", Bu1 

[RCrCl2(THF)3] 

(7) 

(3) 

MgCl 
Cl 

THF 
Cr-C 2.015 A 
Cr-O(THF) 2.045 A 
Cr-O (THF') 2.214 A 
Cr-Cl 2.31 A 

(4) 

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 coworkers6 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 coworkers8 subsequently showed that 9-a-bromo-l 1 -(3-hydroxy- 
progesterone (12) when treated with chromium(II) acetate in DMSO provides 1 l-(3-hydroxyprogesterone 
(13), the A9>11alkene (14) and the 5,9-cyclosteroid (15) with the product distribution and yield being a 
function of solvent and additives (equation 7). These studies6-8 support the proposed mechanism of chro- 
mium(II) ion mediated reductions and also reveal the nucleophilic character of the in situ generated 
organochromium(III) intermediates. 

aq-Pli ^Cr2+ -PJi CN + PhMe (5) 

(2) (9) 40-50% (10) 40-45% 

Organochromium compounds prepared from chromium(III) 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 coworkers16 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 cr-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 (3-hydrogen elimina¬ 
tion of the alkoxychromium intermediate (29; equation 13), while (28) was generated by a chromium- 

mediated Tischchenko reaction.18 

CO, THF 
[Ph3Cr(THF)3] - 

83% 

Ph Ph 

HO-)-OH 

Ph Ph 

(6) (16) 

(8) 

O 

[PhCrCl2(THF)3] -— 

(24) 

PhCHO 

[PhCrCl2(THF)3] - 
Et20, r.t. 

O 

Ph-^—OH + 
A 

(25)71% (26) 36% 

O 0 x 
PIT ^ Ph + 

(27) 84% 

(11) 

(12) 

(24) (28) 20% 
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Ph 

H OCrm 

Ph 

(29) 

P-hydride elimination 
HCr111 + (27) (13) 

1.6.3 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¬ 
ers9’19 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 
CrCh (equation 14). Anhydrous chromium(II) chloride is commercially available20 or can be generated 
in situ by the reduction of chromium(III) chloride21 with either LAH9’19 or Na(Hg)22 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 commercially available material. 

R2 

CrCl2 

DMF or THF 

(14) 

CrCl3 
LiAlH4 

or Na(Hg) 

THF 

CrCl2 (15) 

Reduction of the allylic halide (or tosylate) in this reaction is consistent with expectations.4 Two mol 
equivalents of CrCh 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 

CrCl2, DMF 

X = Cl; 54% 

X = OTs; 55% 

82% 
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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 7-carbon of prenyl bro¬ 
mide adds to the carbonyl carbon of aldehydes (equation 23). This is a general feature of substituted 

allylchromiums. 

OH 

49% at 54% conversion 

(91% based on recovered ketone) 

(31) 

The addition to a,(3-unsaturated aldehydes proceeds exclusively in a 1,2-fashion (equation 24). This 
regiochemical preference is general for all organochromium compounds. The addition to 4-r-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). 

(32) (33) 88:12 (34) 
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Table 1 Addition of Allyl Organometallics (CH2=CHCH2M) to 4-r-Butylcyclohexanone (32; equation 25) 

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

Cr111 THF/r.t. 85 88:12 9 
ZnBr THF/5 °C 79 85:15 23 

Al2/3Br THF/5 °C 83 68:32 23 
MgBr THF/5 °C 33 45:55 23 

Li THF/-20 °C 67 35:65 23 
Na THF/-20 °C 68 35:65 23 
K THF/-20 °C 30 37:63 23 

BunaSn 
Sm111 

BF3 Et20 THF/-78 °C 93 92:8 24 
THF/r.t. 72 87:13 25 

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

In the original report of the CrCh-mediated carbonyl addition reaction Hiyama9’19 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,27 show 
that this reaction delivers the anti (threo) isomer (35) exclusively in 96% yield (equation 26). Conversion 
to the known (3-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).1114 A preferred transition state which is consistent with this and the stereochemical data has 
been proposed26’27 and is detailed in Scheme 2. The octahedral (£)-crotylchromium(III) reagent (40) is 
formed from either (E)- or (Z)-crotyl bromide with two equivalents of CrCh. Such double-bond isomer- 

Table 2 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 Pi^CHO THF 59 93:7 
3 PFCHO THF 55 95:5 
4 Bu'CHO THF 64 35:65 

5 PhCHO DMF 92 75:25 
6 n-C5HnCHO DMF 77 68:32 
7 Pr'CHO DMF 78 66:34 

8 Bu'CHO DMF 63 37:63 

(37) (38) anti (39) syn 
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ization of organometallic reagents to access the more stable (£)-double bond geometry is likely to be 
operative and is the situation which has been noted for crotyl-magnesium,28 -lithium,29 -zinc,30 -tita¬ 
nium3^’41 and -zirconium compounds.32 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 sy/i-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 
arcn-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 = Bu‘), (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. 

(43) anti 

Scheme 2 

OH 

(44) syn 

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 
Weber34 have suggested that substituted allyl metals are of three types with regard to alkene geometry 
and 1,2-diastereogenesis (Ik/ul).50 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 (ut) selective processes are independent of 
alkene geometry (Sn, Si); and for type 3; anti (Ik) 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)37 and the pentacoordinate silicates (entries 15 and 16)43 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. Trialky 1-stannanes38 and -si¬ 
lanes39 (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 a- and 
T^-crotyltitanium,41’42 -crotylzirconium3240 and organochromium(III) compounds.27 These reagents are 
believed to react exclusively via the cr-(£)-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 a/m-homoallylic alcohols. However, with sterically demanding aldehydes, the 'q3-crotyltitanocenes 
recently reported by Collins42 exhibit a higher anti selectivity than the chromium(III) organometallics.27 
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H R1 

(46) 

synclinal 

types 1 and 3 
R1 R2 

R* = H anti, R2 = H syn 

Scheme 3 

Entry 

1 
2 
3 
4 

5 
6 

7 

8 

9 
10 
11 
12 
13 
14 

15 
16 

Table 3 Addition of Crotyl Organometallics to Aldehydes (equation 28) 

M 
(48) 

Li 
MgCl 

Et3Al- Li+ 
Et3B- Li+ 

O 

-/ 

O 

Bun3Sn 

Bun3Sn 

Me3Si 
Me3Si 
CrCl2 
CrCl2 

Cp2ZrCl 
Cp2TiBr 

R Conditions (E):(Z) 
(48) 

Anti.syn 
(49):(S0) 

Yield (%) Ref. 

Ph THF/-78 °C 55:45 80 29 
Ph Ether/-10 °C 38:62 93 35 
Ph Ether/-70 °C 56:44 93 36 
Ph Ether/-70 °C 82:18 90 36 

Ph Ether/-78 °C 93:7 94:6 80 37 
Ph Ether/-78 °C <5:>95 6:96 22 37 

Ph BF3Et20 100:0 6:96 90 38 

Ph 
CH2Cl2/-78 ”C 

BF3Et20 
CH2CI2/-78 °C 0:100 6:96 90 38 

Pr1 TiCl4/CH2Cl2/-78 °C >99:<1 3:97 92 39 
Pr1 TiCWCH2Cl2/-78 °C 3:97 36:64 98 39 
Ph THF/r.t. 100:0 100:0 96 27 
Ph THF/r.t. 0:100 100:0 96 27 
Ph THF/-78 °C 86:14 90 40 
Ph Ether/-30 °C 100:0 92 41,42 

Ph THF, hexane/r.t. 88:12 88:12 82 43 
Ph THF, hexane/r.t. 21:79 22:78 91 43 

2 

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.49 Two of the four 
possible diastereomers (52) and (53) are available from the addition of an (£)-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 (Ik,Ik) 1,2-processes, respectively.50 Both 
reaction manifolds will afford the anti-1,2 stereochemical arrangement (a general feature of crotylchro- 
miums), where (A) leads to the 2,3-anti product (52) and (B) leads to the 2,3-syn product (53). Transition 
structure (B) (and consequently the formation of 53) was predicted to predominate by Cram’s rule • 
and is consistent with the Felkin-Ahn model.47 48 In the general model R1 represents either the largest 
group or that group whose bond to Ca maintains the greatest 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 53) was described. The potential for a- or 2,3- as well as 
1.2- asymmetric induction was first addressed by Heathcock and Buse.26 Addition of ciotyl bro- 
mide/CrCh 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-Cram46’48 ratio 
(55):(56) was modest. The major product (55) is that which is predicted by the Felkin-Anh addition 
model47 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.27 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.44’45 During studies directed toward the con¬ 
struction of the Rifamycin ansa bridge,44 crotylchromiums were shown to add to more complex substrate 

O 

(51) R2 = Me (E)-crotyl metal 

(lk,ul) 1,2-process 

R2 = Me 

(Ik,Ik) 1,2-process 

R2 = Me 

OH 

R1 

(52) 
1,2-anti-2,3-anti 

(anti-Cram) 

(53) 
1,2-anti-2,3-syn 

(Cram) 

Scheme 4 

(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.45 The stereochemical outcome was shown 
not to be a consequence of chelation control57 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 (Ik,Ik) 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.45 In a related transformation, 
addition of allylchromium to a (3-alkoxy-a-methyl aldehyde (84) also provided a Cram addition product 
(85) with 91% stereoselectivity (equation 41).51 

H 

+ others (33) 

(68) 

THF 
Et20 
PhMe 

(69) (70) 

61:39 
56:44 
61:39 

(34) 
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Table 4 Crotylchromium Addition to Chiral Aldehydes with a-Methyl and (3-Alkoxy Substituents 

(36) 

(37) 

(38) 

(39) 

(40) 

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

Reaction of crotylchromium with a-methyl-(3,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 BF3-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) 



Organochromium Reagents 185 

Pr'O 

Pr'O Pr'O 

(41) 

via an oxidation (PDC)-reduction (LiBEt3H) 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.47 54 

RO SiMe.OH RO SiMe^OH 

+ ^ ' (42) 

(88) 

>90 

(89) 

<1 

(90) (91) 

9 

J 

(87) 
SnBu3 

BF3*OEt2 

CH2C12 

85% 

(88) + (89) + (90)/(91) 

3.6 : 88.4 : 8 

(43) 

Chromium-mediated addition of crotyl halides to a-alkoxy chiral aldehydes has been the subject of 
several interesting reports. Reaction of crotyl bromide/CrCh with 2,3-CMsopropylideneglyceraldehyde 
(92; equation 44)57 provides the 1,2-anti products with 98% stereoselectivity, given by the ratio (93 + 
95):(94 + 96),53 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 coworkers56 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).58’60 

The addition of y-alkoxy allylic chromium(III) reagents to aldehydes has been reported by Takai and 

coworkers.76 This work is reviewed in Section 1.6.3.6. 
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f R2^^.Br 

R'O^'CHO CrCl2, THF 

(102) 

(46) 

Table 5 Addition of Substituted Allylchromium Reagents to Protected a-Hydroxy Aldehydes (equation 46)55 

Entry R' R2 (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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1.6.3.4 Other n,/n-Asymmetric Induction 

The use of allylic chromium reagents to control the relative stereochemistry of remote asymmetric 
centers has been described by Takeshita and coworkers.61-64 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 y-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).62 A similar strategy was developed for 
the synthesis of ceroplastol II (116) and albolic acid (117).63 Reaction of (108) with (118) in the presence 
of CrCh 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). 

(114) (115) (116) R = CH2OH 
(117) R = C02H 

R 

1.6.3.5 Intramolecular Addition Reactions 

The intramolecular variant of the chromium(II) ion mediated 
was first described by Still and Mobilio65 in an elegant synthesis of W-^rdiol (122 R - HX Cluo- 
mium(II)-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 Ik. This result is in accord with a synclinal c ai 
transition structure (124) in which both hydrocarbon chains diverge from the reacting centers pseudo- 
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OBn 

(49) 

equatorially (dihedral angle C(2)—C(l)-C(14)—C(13) = ca. 30°; 125). Medium66’67 and large68’69 ring 
closures employing allylstannanes,68’69 allylzinc66 and allylnickel67 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).72’73 

re,re (Ik) 

(124) 

A related reaction has been described by Kitagawa and coworkers70 in which (126) exclusively pro¬ 
vides (127) upon treatment with CrCH-LAH (equation 51). The relative stereochemical result is qualita¬ 
tively identical to that reported by Still and Mobilio.65 Cyclodecadienol (127) was subsequently 
transformed into (±)-costunolide. A third example of a related chromium-initiated cyclization was re¬ 
ported by Takeshita and coworkers62 in a synthesis of cycloaranosine (115). Serial treatment of (128) 
with MsCl/pyridine and CrCb-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 I.6.3.6.72 

Inti’amolecular alkenylchromium additions to aldehydes have been reported94,95 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.71 Treatment of (130; Scheme 5) with CrCb 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[6]furan (133) is obtained directly in excellent yield. 
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(126) (127) 

189 

(51) 

(128) (129) 

(52) 

(133) 

Scheme 5 

1.6.3.6 Miscellaneous Substituted Substrates 

Allylic chromium reagents bearing an electron-withdrawing group at the (3-position of the starting 
halide have been the subject of several reports.72-75 Oshima and coworkers and Drewes and Hoole have 
shown that CrCl3-LAH facilitates the addition of ethyl a-bromomethylacrylate (134) to benzaldehyde to 
generate the a-methylenelactone (135; equation 53) directly 72 It was noted that when commercially 
available CrCl2 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(II) ion added specifically to the al¬ 
dehyde functionality in (135) to provide keto lactone (137; equation 54). Appending a substituent at the 
(3-position of (134) (i.e. Bu; 139) introduces the possibility for 1,2-asymmetric induction. In sharp con¬ 
trast to other allylic chromium reagents, (£)- or (Z)-( 139) upon treatment with CrCl3-LAH adds to benz¬ 
aldehyde with ul relative topicity to provide the yy«-a-methylenelactone (140) stereospecifically. An 
intramolecular variant of this reaction reported by Oshima and coworkers,72 describes the transformation 
of (141) cleanly into (142; equation 56). Other reducing metal centers (Ni66-74 and Zn67-73) have been 
used to initiate the construction of a-methylenelactones from allylic bromides and aldehydes. These pro¬ 
cesses also proceed with ul relative topicity. Another example of a trisubstituted allylic chromium re¬ 
agent bearing an electron-withdrawing group at the (3-position to the chromium atom was reported by 
Knochel and coworkers.75 Sulfone (143) adds to isovaleraldehyde (144) in the presence of CrCl2. The 
addition proceeds stereoselectively to provide a 96:4 ratio of syn-(l45) 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 (£)-alkene geometry fixes the y-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. 

C02Et 

(134) 

O CrCi3, LiA1H4 

THF 

94% 

(135) 

+ 
Et02C OH 

(138) 

(53) 

(136) 

CrCl3, LiAlH4 

(134), THF 

90% 

O 

(54) 

re,si (ul) si,re (ul) 

(147) (148) 

Takai and coworkers have recently reported their findings on the addition of 7-alkoxyallylic chromium 
compounds to aldehydes.76 The reagents, which were generated by the reduction of dialkyl acetals (149) 
with CrCh 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 (3-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. 
Erythro/threo 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-oxygen 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 hydrogen77 and the presence of fewer eclipsing interactions make (157) the favored transition state 
and the erythro isomer (151) the predominant product. 

0 R2 OH R2 OH 

+ r4^"h 

CrCl2, Me^Sil 

THF, -30 °C 
R'c/ 

.V
* + ^>C^R4 

R'O R3 

(58) 

(149) (150) (151) erythro (152) threo 

Table 6 Reaction of Unsaturated Dialkyl Acetals with Aldehydes using CrCl2/TMS-I (equation 58)76 

Entry R' R2 R3 RA Time (h) Yield (%) 
Erythro.threo 
(151):(152) 

1 Me H H Ph 3 99 88:12 
2 Bn H H Ph 1.5 91 71:29a 
3 Bn H H Ph 3 98 88:12 
4 Bn H H Ph 9 33 91:9b 
5 Bn H H n-CsHn 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 76:24c 
10 Bn Me H Ph 3 99 85:15 
11 Bn Me H n-CsHn 3 99 88:12 
12 Bn H Me Ph 8 88 92:8 
13 Bn H Me n-CsHn 5 83 93:7 

“Reaction performed at 25 °C. bReaction performed at -42 °C; 42% PhCHO recovered.c 1,2-Addition. 

O 

H 
+ 

O 

(153) 

°\/Ph 

(154) 

O O Ph O O Ph 

(151) erythro (152) threo 

(157) (158) 

1.6.3.7 Propargylchromium Reagents 

The chromium-mediated addition of propargyl halides to carbonyl compounds was studied by Gore 
and coworkers.78-80 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). 

CiCl2, 25 °C 

THF, HMPA 

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

Entry R' R2 R3 R4 (161)(162) (equiv.) 
HMPT 

Yield (%) 

1 H H H n-C7Hi5 85:15 0 72 
2 H H —(CH2)5— 65:35 0 68 

3 H H —(CH2)5— 21:79 5 70 
4 H C5H11 H Pr11 0:100 0 80 
5 H C5H11 Me Me 0:100 0 78 
6 H C5H11 —(CH2)5— 0:100 0 78 
7 n-C7Hi5 H H Pr" 100:0 0 76 
8 n-CyHis H Me Me 0:100 0 66 

9 n-C7Hi5 H -<CH2)5— 60:40 0 75 
10 n-C7Hi5 H —(CH2)5— 20:80 1 68 

11 Pr" Et H Pr" 100:0 0 65 
12 Pr" Et Me Me 75:25 0 60 
13 Pr" Et -<CH2)5— 80:20 0 50 

Scheme 6 

CrCl2 

(166) 

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,81 tin82 and chromium83 metal centers. Gore and coworkers83 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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(167) (168) 

R2CHO (169) 

THF, 20 °C 

R1 OH 

+ 

R1 OH 
(61) 

(170) (171) 

Table 8 Enantioselective Addition of Allylchromium Reagents to Aldehydes (equation 61) 

Entry Rx R2 (170):(171) Yield (%) ee (%) 

1 H Pr (SR) 58:42 49 16 
2 H CH2CHMe2 (SR) 58:42 58 16 
3 H C-C7H15 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 

1.6.4.1 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.84 Treatment of 2-iodopropene (173) and benzaldehyde with anhydrous chromium(II) chloride in 
DMF afforded allylic alcohol (174) in quantitative yield (equation 62).84 

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 CrCh. 
The separate addition of (£>bromostyrene (180) and (Z)-bromostyrene (182) to benzaldehyde occurs 
stereospecifically to provide (£>(181) and (Z)-(183), respectively (entries 6 and 7). However, trisub- 
stituted (£)- and (Z)-vinyl iodides (184) and (186) add to benzaldehyde in a stereoconvergent fashion 
wherein (£>(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 coworkers85 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,86 shows that nickel, as a trace contaminant in commercially available CrCh is es¬ 
sential for most Barbier-like organochromium reactions. Consonant with this finding is the fact that high 
purity CrCh, 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(Q) to provide a nickel(II) species (195)87 which, after 
metal exchange with chromium(III), affords an alkenylchromium(III) reagent. The appropriate quantities 
of nickel(O) and chromium(III) are provided by the facile redox couple between nickel(II) and chro¬ 
mium®.88 In cases where (194) is an iodide, both nickel(II) and palladium(II) 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(O) under¬ 
goes facile oxidative addition to alkenyl and aryl triflates,89 the alkenylpalladium triflate (195; M = Pd, 

+ 

o 
CrCl2, DMF 

(62) 

(173) 

15 min, 25 °C 
100% 

(174) 
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Table 9 CrCl2-mediated Addition of Alkenyl Halides to Aldehydes and Ketones (equation 62) 

i 
(173) 

Entry Alkenyl halide Aldehyde!ketone Yield (%)b Time (h) Product 

PhCHO 100 0.25 

Ph 

OH 

(174) 

2 ^1 
(173) 

n-C8H17CHO 100 

n-C8H17 

(173) 

(177) 

Br 

(177) 

Ph 

Br 

(180) 

Ph Br 
\=/ 

(182) 

Ph 
w 

8 I 

(184) 

Cyclohexanone (172) 22c 

PhCHO 

n-C8H17CHO 

PhCHO 

PhCHO 

PhCHO 

80 

82 

78 

91 

15 

77 1.5 

n"C8Hi7 

OH 

(179) 

Ph 
V 

Ph 

HO 

(181) (E) only 

HO 

Ph^_\—Ph 

(183) (Z) only 

Ph 
w 

-Ph 

HO 

(185) (£) only 
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Table 9 (continued) 

Entry Alkenyl halide Aldehyde Ike tone Yield (%)b Time (h) Product 

9 PhCHO 

(186) 

10 Phi (187) n-C8H17CHO 

11 PhBr (189) n-C8H|7CHO 

90 

83 

13d 

Ph 
\—/ 

-Ph 

HO 

(185) (E) only 

Ph n‘QHi7 

OH 

(188) 

Ph n-C8H17 

OH 

(188) 

a Reaction run at 25 °C, 4 equiv. of CrCl2 used. b Isolated yields. c 50 °C, 3 h. d 90 °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 car'banion equiv¬ 
alents have appeared.90 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).85 This fact is disclosed by comparison of Table 9 with 
Table 10. 

OHC 

(190) 
R 

H2OC(Me) 
h2c=ch 

" Ph 

Br 

I 

86 

81 

(63) 

OHC /= 
\_/ 

(192) 

CN 
/ 

CrCl2, RX 

DMF, 25 °C 

R X Yield (%) 
H2C=C(Me) I 96 

H2C=CH Br 92 
Ph I 87 

(193) 

CN 
/ 

(64) 

^^Cr111 

(196) 
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Ent 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
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Table 10 CrCl2-mediated/NiCl2-catalyzed Addition of Alkenyl Triflates to Aldehydes 

Triflate Aldehyde Time (h) Product Yield (%) 

PhCHO 

n-C8H17CHO 

OHC 
V 

CN 
/ 

n-C8H17CHO 

n-C8H17CHO 

V 
OTf 

Ph OTf 

M, 

Ph 7/ 

OTf 

Et Et 

OTf 

PhCHO 

PhCHO 

PhCHO 

PhCHO 
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O CrCl2 

"OTf + X 
r2^h cat. NiCl2 

R1" (65) 

DMF OH 

(197) (198) (199) 

1.6.4.2 Synthetic Applications 

A great portion of the chemical research involving alkenylchromium reagents is described by Kishi 
and coworkers. During synthetic studies directed towards palytoxin,92 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 

15 

11 O' 

o 

H 
17 

„OH 

18 

o- 
BnO 

17l 

BnO 

18 

,..OBn 

CrCl2, DMSO 

l%NiCl2 

71% 

(201) 3 equiv. 0SiPh,Bul 

OBn 

(202) 

.OBn 

OSiPh2Bu' 

1.3:1.0 (203) 

(66) 

(200) 

17 

!^V8 

OSiPh2Bul 

(204) 3 equiv. 

CrCl2, DMSO 

l%NiCl2 

58% 

OBn 

OBn 

(67) 

(206) 1.0 

OBn OSiPh2Bu' 
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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 (3-iodoenones91 exclusively provide products with an (£)-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),84’85 is evident in equations (68) and (69). Both (£)- and (Z)-iodoalkenes provide only (£)-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.47 The reactions outlined in equations (68) and (69) serve as useful 

model studies for the coupling reaction between the C(l)—C(7) and C(8)—C(51) fragments in the actual 

synthesis of Palytoxin. 
Kishi and coworkers93"95 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(II) chromium(II)-mediated coupling of (Z)-iodoalkene 

OBn 

8a-(210) : 8p-(211) 
From (£>(207) 72% 2 : 1 
From (Z)-(208) 15% 2 : 1 

OBn 

8a-(214) : 8|3-(215) 
From (£>(212) 82% 5 : 1 
From (Z)-(213) 28% 5 : 1 
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(218) with alkoxy aldehyde (219; equation 70).93 The reaction proceeds with excellent stereochemical 
control via a Felkin-Anh approach and provides a >15:<1 ratio of m-allylic alcohols (220) and (221). 
Continuing studies in this area include the synthesis of C-sucrose (226).94 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). 

(216) Isomaltose: X = O, Y = H 

(217) Methyl-C-glycoside: X = CH2, Y = Me 

BnO 

(218) 

+ 

OBn 

OHC 
A^OBn 

OBn 

OSiMe2Bul 
(219) 

CrCl2 

DMSO 
1% NiCl2 

BnO OSiMe2Bu' BnO OSiMe2Bu' 

(70) 

(220) >94% (221) <6% 

(224) 9% (225)91% 
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1.6.4.3 Intramolecular Addition Reactions 

Examples of intramolecular addition reactions of alkenylchromium reagents to aldehydes have ap¬ 
peared.9697 In the course of synthetic studies in the brefeldin structural series, the nickel(II)/chro- 
mium(II)-mediated intramolecular addition reactions of (£)-iodoalkenes (227) and (230) were studied by 
Schreiber and Meyers (equations 72 and 73).96 Treatment of (227) with CrCte and a catalytic portion of 
[Ni(acac)2] 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.97 Treatment of (223; equation 74) with CrCli/NiCh af¬ 
forded the cyclized product (234) as a single diastereomer in 56% yield. 

(72) 

OHC 

(73) 

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

(74) 

1.6.5 ALKYNYLCHROMIUM REAGENTS 

The generation of alkynylchromium reagents and their addition to carbonyl compounds has been stud¬ 
ied by Takai and coworkers.98 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). 

+ 
O Bu—^—I 

A - 
H CrCl2, DMF 

25 °C 
85% 

(235) 96% (236) 4% 

(75) 

CrCl2, DMF 
25 °C 
76% 

(237) 

OHC /=\ CN 
\_/ \_/ 

Bu — I 

CrCl2, DMF 
25 °C 
78% 

(238) 

(77) 

(78) 
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O Bu'Me2Si —= Br 

CrCl2, DMF 

25 °C 

83% 

Bu‘Me2Si 

(240) 

(79) 

1.6.6 a-ACYLCHROMIUM REAGENTS 

The aldol-type reaction of a-bromo ketones with aldehydes, mediated by CrCl2, has been studied by 
Dubois and coworkers.99 The reaction is carried out by addition of (241; equation 80) to a solution of 
(242) and CrCl2 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 CrCl2. Moreover, Nozaki and coworkers100 have demonstrated that chro- 
mium(II) chloride treatment of 1-bromocyclododecanone followed by treatment with either methyl 

iodide or TMS-C1 produces only cyclododecanone. 

O O O OH O OH 

R2 2Ati CrCl2 r,A^r3 + r|A^r3 (80) 

THF, ~24 h r2 
R1 R3 H 

Br R2 

(241) (242) (243) anti (244)syn 

Table 11 Reaction of a-Bromo Ketones (241) with Aldehydes (242) using CrCl2 (equation 80)" 

Entry Rx R2 R3 Yield (%) 
Anti:syn 

(243):(244) 

1 
2 

Bu' Me Me 50 0:100 

Bu' Me Et 81 0:100 
3 Bu' Me Pr1 70 0:100 
4 Bu1 Me Pr 83 0:100 
5 Bu1 Me Ph 75 0:100 
6 Bu1 Me Bu' 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.101 Organochromium reagent (246) can be generated in situ by treatment of trimethylsilylme- 
thylmagnesium chloride (245) with CrCb (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.102 Preparation of 
a variety of dichlorotris(tetrahydrofuran)alkylchromium(III) complexes (249) has been earned out by 
treatment of CrCH with organomagnesium or organolithium reagents in tetrahydrofuran (equation 81). 
Complexes of this sort can also be prepared from organoaluminums and CrCh,12,13 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 (R3 = H; Table 12, entries 2, 5 and 8), but towards ketones (250) is 
entirely unreactive (R3 * 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 CrCl2 
and organic halides has been reported by Takai and coworkers.103 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),104 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(II) ion reduction of iodobutane provides only 11% of 1-phenyl-1-pentanol (259; 
equation 86) after 24 h. However, Kauffmann and coworkers102 have demonstrated that the butylchro¬ 
mium reagent prepared from n-butyllithium and CrCl3 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.103 Treatment of aldehyde (260) with a-chloro sulfide (261), Lil and CrCl2 gives 0-phenylthio 
alcohols (262) and (263) (equation 87 and Table 14). The syn isomer (262) was generated dia- 
stereoselectively in all cases (262:263 > 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). 

Me3Si MgCl 
CrCl3 

THF 

(245) 

Me3Si ^^CrCl2 

(246) 

RCHO OCrCl2 HC104 

THF Me3Sl R H20, 60 °C 

(247) 

R = C8H17 45% 
R = C6H13 47% 

Scheme 8 

R^^ 

(248) 

CrCl3 
RMgX or RLi -1 

THF 

R\ 
[R1Cr(THF)3Cl2] + )=0 

R3 

(250) (251) 

[RCr(THF)3Cl2] 

(249) 

THF 

-60 °C to r.t. 

18 h 

OH 

R2 

(252) 

(81) 

(82) 

Table 12 Addition of Alkylchromium(III) Complexes (250) to Carbonyl Compounds (equation 82) 

Entry Rx R2 R3 (250):(251) Yield (%) 

1 Me n-C6Hi3 H 1:1 36 
2 Me n-C6Hi3 H 3:1 85 
3 Me Me Me 1:1 0 

4 Me n-C6Hi3 
Me 

H 
Me 2:1:1 71 

0 

5 Pr" n-C6Hi3 H 3:1 73 
6 Bu11 Et Et 1:1 0 

7 Pr" n-C6Hi3 
Et 

H 
Et 2:1:1 66 

0 

8 PhCH2 n-C6Hi3 H 1:1 52 
9 PhCH2 n-C6Hn H 3:1 65 
10 Bun n-C6Hi3 H 1:1 81 

R*S 

CrCl2 

Li, THF R2CHO 

(255) 

(83) 

(253) (254) (256) 
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Table 13 Addition of a-Halo Sulfides (253) to Aldehydes (255) Using CrCl2 (equation 83) 

Entry R' R2 Temp (°C) Time (h) Yield (%) 

1 Me Ph 40 5 88 

2 Me CgHn 40 9 72 

3 Me PrCH=CH 40 13 64 

4 Ph Ph 60 10 63 

5 Ph C8Hl7 40 10 48 

a 1,2-Product only 

O O MeSCH2Cl 
Ph SMe 

O 

+ Lil, CrCl2 OH 
THF 

40 °C, 5 h 

(257) 94% 86% recovered 

MeSCH2Cl 

Lil, CrCl2 

THF 

40 °C, 3 h 

O SMe 

OH 

(258) 

(85) 

O 
i, BunI, CrCl2, DMF, r.t., 24 h, 11% or 

ii, BunLi, CrCl3, THF, 18 h, -60 °C to r.t., 81% 
(86) 

(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 l,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. 

(260) (261) 

CrCl2 

Lil 

THF, 25 °C 

SPh 

OH 

(262) syn 

SPh 

+ R'^^R2 (87) 

OH 

(263) anti 

Table 14 Addition of a-Halo Sulfides (261) to Aldehydes (260) using CrCl2 (equation 87) 

Entry R' R2 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 Pr" TMEDA 6 95 86:14 — 0 
4 Ph Pr* TMEDA 25 46 80:20 — 25 
5 C8Hi7 Me — 17 17 86:14 11 0 
6 C8Hi7 Me TMEDA 1.5 25 90:10 19 0 
7 CgHn Me HMPA 20 33 97:3 23 5 
8 C8Hi7 Me Ph3P 20 23 84:16 10 24 
9 C8H,7 Me DIPHOS 19 53 >98:<2 <3 32 
10 CsHn Pr" DIPHOS 40 8 >98:<2 <5 71 
11 c-QHn Me DIPHOS 18 11 90:10 <5 50 
12 C-C6H11 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.105 106 A variety of gem-dichromium reagents have also been used for this purpose.107-109 Takai 
and coworkers107 have reported the conversion of aldehydes (264) to vinyl halides (265) and (266) using 
haloform and chromium(II) salts in THF (equation 88 and Table 15). The (E)-alkenyl halide is generated 
selectively with the exception of the CHI3/C1CI2 reactions of a,(3-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 < I. In addition, the (£):(Z) ratio 
(265):(266) is also a function of the haloform used and increases in the order I < Br < Cl. The use of 
HCBrs/CrCb provides a mixture of alkenyl chlorides and bromides (entries 2 and 6). This problem can 
be alleviated by the use of CrBr3/LAH as the source of CrBr2, which affords the alkenyl bromides 
cleanly. Haloform-CrCb 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). 

CHX3, Cr11 

THF 

+ (88) 

(264) (EH265) (Z)-(266) 

Table 15 Selective Synthesis of (E)-Alkenyl Halides (265) from Aldehydes (264) and CHXs-CrCb/THF 

(equation 88) 

Entry Aldehyde HaloformX Chromium(II) Temperature Time (h) Yield (%) (265):(266) 
(264) source CC) 

1 PhCHO I CrCl2 0 3 87 94:6 
2 PhCHO Br CrCl2 25 1.5 X = Br 32 95:5 

X = Cl 43 95:5 

3 PhCHO Br CrBr3/LiAlH4 50 1 70 95:5 
4 n-CgHnCHO Cl CrCl2 65 2 76 95:5 
5 n-CgHnCHO I CrCl2 0 2 82 83:17 
6 n-CgHnCHO Br CrCl2 25 2 X = Br 37 89:11 

X = Cl 32 90:10 
7 n-CgHnCHO Br CrBr3/LiAlH4 50 2 61 87:13 

8 
9 ( V-CHO 

Cl 
I 

C1-CI2 

CrCl2 
65 
0 

4 
1 

76 
78 

94:6 
89:11 

10 \_/ Br CrBn/LiAlFH 50 2.5 55 89:11 

11 Ca 
N-7 CHO 

Cl CrCl2 65 2.5 55 92:8 
12 I CrCl2 0 0.5 76 75:25 to 55:45 

13 Bu'—^>=0 I CrCl2 25 4 75 — 

O 

pA 
+ 

Ph 

0 CHI,, CrCl, 

X —!L 
A""'" THF, 0 °c 

PlA + 
O 

pA 
(89) 

(267) (E):(Z) 94:6 88% recovered 
91% 

Takai and coworkers108 have reported that the formation of alkyl-gem-dichromium compounds (269) 
can be achieved by the CrCh 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 (£)-selection (entries 1-5). 

R2-< 
I 

(268) 

Table 16 

CrCl2-DMF Cr111 

R2—( 

Cr111 

(269) 

ehydes(270)w 

R'CHO 

.Rl + (90) 
R1 

(272) 

ids (269; equation 90) 

THF 

Alkenation of Aid 

(270) 

(271) 

th gem-Dichromium Compour 

Entry R' R2 Conditions3 Time (h) Yield (%) (271):(272) 

1 n-CsHi i Me A 4.5 94 96:4 

2 n-C] 1H23 Me A 5.0 81 95:5 

3 Ph(CH2)2 Me A 10 85 97:3 

4 Et2CH Me A 2.0 99 98:2 

5 4-Pr1C6H4 Me A 10 97 84:16 

6 4Pr1C6H4 Me C 5.0 84 78:22 

7 n-CsHi 1 Pr A 24 38 96:4 

8 n-C8Hi7 Pr B 1.5 85 95:5 

9 n-CsHn Pr B 1.0 96 99:1 

10 Bu‘ Pr B 1.0 87 88:12 
11 Ph Pr C 0.5 60 51:49 
12 n-CsHi 1 Pr1 A 24 12 72:28 

13 Ph Pr1 B 2.0 79 88:12 
14 Ph Bul B 2.0 80 96:4 
15 Ph H A 24 70 — 
16 Ph H B 3.0 92 

_ 

aA: (270) 1.0 mmol, (268) 2.0 mmol. CrCl2 8.0 mmol, THF; B: (270) 1.0 mmol, (268) 2.0 mmol, CrCl2 8.0 mmol, DMF 8.0 mmol, 

THF; C: (270) 1.0 mmol, (268) 2.0 mmol, CrCl3 8.0 mmol, Zn° 6.0 mmol, THF. 

However, all other gem-dichromium reagents (R2 = Pr, H, Pr1) 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/CrCb as a source of chromium(II) ion provides 
inferior stereochemical results (Table 16, entries 6 and 11). Lastly, Takai and coworkers109 have reported 
the synthesis of (£)-alkenylsilanes. Treatment of dibromotrimethylsilane (273) with CrCh 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 (£)-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).110,111 Subsequent addition to an aldehyde provides the (3-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 CrCl2, 25 °C 

Me^Si- 

Br THF 

Me^Si 

Cr111 

Cr111 

R'CHO 

(275) 

+ Me3Si (91) 

(273) (274) (276) (277) 
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Table 17 Synthesis of (£)-Alkenylsilanes (276) from Aldehydes (275) and gem-Dichromium Reagents (274) 

Entry Aldehyde (275) Time (h) Yield (%) Comment 

1 PhCHO 24 82 
2 PhCH2CH2CHO 24 86 
3 n-C8H17CHO 24 82 

4 / V-CHO 18 81 

5 PhCH=CHCHO 18 79 1,2-Addition 

6 

O 

16 76 Addition to aldehyde 

7 NC —CHO 24 72 Addition to aldehyde 

8 60 0 99% recovery of starting material 

R1 

X 

Cr1" 
CrCl2 Crm 

Ri_/ 
CrCl2 Crm 1 

R1_/ 
r2cho 

R2\^H. R ^ R \ r1 
X Crm 

i 

*“£-1 
U

 

X
 

_
1

 

(278) (279) (280) 

R1 = halogen, SiMe3, alkyl 

Scheme 9 

R2 

R1 

(281) (282) 

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 compounds12 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. 
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1.7.2 PREPARATION OF ORGANOZINC REAGENTS 

1.7.2.1 Introduction 

The carbon-zinc bond,12’3 which is a moderately strong carbon-metal bond (bond energy of Me2Zn = 
42 kcal mol-1; 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 *" I^Zn 

-ZnX2 

(1) (2) 

RM 

Transmetallation RM + ZnX2 * RZnX R2Zn 
-MX -MX 

(1) (2) 

Scheme 1 

1.7.2.2 Preparation by Oxidative Addition 

Zinc organometallics can be prepared by heating an alkyl halide/zinc mixture without solvent.1 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.1 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,4 or in THF at high temperatures (50-60 °C).5 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.6 The reduction of zinc chloride with various reagents such as potassium,6be potassium- 
graphite60 (CgK) or lithium in the presence of naphthalene66 affords a very reactive zinc powder, which 
allows otherwise impossible reactions (see Scheme 2).6d Activation of zinc by ultrasound wave irradia¬ 
tion63 or by the use of active zinc slurries prepared by metal vapor techniques7 has also been reported. A 
very convenient activation8 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-C1. 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,5'811,13 benzene/AA^-dimethylacetamide912’16 or benzene/HMPA10 in good yields. In polar sol¬ 
vents such as DMF, zinc inserts even into C(sp2)—I bonds of aromatic and heteroaromatic iodides affor¬ 
ding zinc reagents such as (llb).5a 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 NuClbCuZnh.18 Interestingly, the presence of the THF soluble copper salt CuI-2LiI allows io- 
domethylzinc iodide (13) to convert allylic bromides directly to homoallylic iodides in high yields (see 
Scheme 3).17 

ZnCl2 

i, Li (2.1 equiv.), naphthalene (10 mol %), DME, 25 °C, 15 h; ii, DME, reflux, 10 h 

Scheme 2 

FG—R—I-- FG—R—Znl (1) 

85-95% 

FG = OCOR, CONR2, C02R, N(COR)2, Cl, Si(OR)3, P(0)(0R)2, SR, S(0)R, S(0)2R 

i, Zn (1.5-2.5 equiv.) pretreated with 4 mol % of 1,2-dibromoethane, then 3 mol % of Me3SiCl, 

addition of the alkyl iodide in THF (2-3 M solution) at 25—45 °C, then 1-12 h at 30-45 °C 

IZn C02Et >0, IZn O Ac IZn 

X^^Znl 

(3) n = 2, 3 or 48-12 (4) n = 3, 4 or 55'11 (5) n = 2 or 38'11,13 (6)« = 0orl14 

Znl (EtO)3Si ^Znl 

(9) 11,16 (10) n = 2 or 35 

L . 

Nu Cu*ZnI2 

Nu = CN, SR, NR2, Ar, allyl, alkynyl, CH(R)CN 

Cu. . FZnL 

R 

70-95% 

R 

Scheme 3 
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The same methodology has been used to prepare various functionalized benzylic zinc organometal- 
lics,19 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). ort/io-Bis(trimethylsilyl)aminobenzylic 
zinc organometallics can be easily prepared and used for the synthesis of heterocycles such as indoles 

(see equation 4).19b 

OAc OAc 

ZnCl 

i, Zn, THF, 0 °C, 5 h; ii, CuCN, 2LiCl, -78 °C to -20 °C, 5 min; 

iii, RCOC1, -20 °C, 14 h; iv, aqueous work-up 

(3) 

(4) 

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 prepared21 in high yields 
at 25 °C, the preparation of (14) has to be performed below 10 °C22 and (16) can only be obtained in 
good yield5c if prepared below -5 °C. Cinnamylzinc bromide has to be prepared at -15 °C.22a 

(14) (15) (16) 

1.7.2.3 Preparation by Transmetallation Reactions 

Grignard reagents1,2’3’23 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-f-butylzinc24 or divinylzinc (see Scheme 4).25 Although moderate yields are often obtained,1 some 
optically active dialkylzinc reagents have been prepared in 49-81% yield.1,26 

RMgX + ZnX2 -- RZnX + MgX2 (5) 

(1) 

Compared to Grignard reagents, lithium organometallics27 have been used less frequently for the prep¬ 
aration of organozinc compounds. Their high reactivity28 or their easy availability29,30 can, however, be 
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2Bu'MgCl + ZnCl2 -*- Bu'2Zn; 

57% 
MgBr + ZnCl2 - 

10-25% 
Zn 

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,1’31 but only one alkyl group per molecule of R3A1 is transferred to zinc (see equation 6).31a 

Fe(CO)3 
>95% 

Fe(CO)3 

ii 
2LiCHCl2 -► Zn(CHCl2)2 

>95% 

(17) (18) 

i, ZnBr2 (1.1 equiv.), THF, -78 to 25 °C; ii, ZnCl2 (0.5 equiv.), THF, -74 to 25 °C 

Scheme 5 

i 

2Me3Al + Zn(OAc)2 -- Me,Zn + Me2A10C0Me (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.133 
Miscellaneous methods, such as the insertion of diazomethane into zinc halides,34 the electrolysis of 
alkyl halides,35 the opening of siloxycyclopropanes,12b’c a bromide-zinc exchange reaction,36 the reduc¬ 
tion of Tr-allylpalladium complexes37 and the metallation of acidic hydrocarbons,1,38 have been reported. 

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.1,39 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,40 boron trifluoride etherate,10 chlorotri- 
methylsilane 41 and trimethylsilyl triflate,42 or the addition of Lewis bases (nucleophilic catalysis) such 
as tetraalkylammonium halides43 and amino alcohols,44,45 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¬ 
action1,40,43 with zinc organometallics having (3-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,43 as shown in Table 1 (nucleophilic catalysis). 
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R' 

A 

electrophilic catalysis 

.8 

o'A 

(19) 

B: 

R2Zn - 
nucleophilic catalysis 

5- 8 + 

R2Zn—B 

(20) 

Scheme 6 

R 

H 

+ 
O 

+ 
H 

OH 

.M 
R' 

H 

Scheme 7 

Table 1 Influence of the Addition of Tetrabutylammonium Salts on the Reaction of Benzaldehyde with 

Diisopropylzinc in Ether43 

Catalyst Reduction product (%) 

(benzyl alcohol) 

Addition product (%) 

(1 -phenylbutanol) 

Relative rate 

None 44 56 1.0 

BU4NI 23 77 1.1 

Bu4NBr 8 92 4.1 

Bu4NC1 6 94 8.9 

1.7.3.2 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 l-(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.40 Thus, the treatment of distilled Bu2Zn with benzaldehyde 
affords a 15% yield of 1-phenylpentanol, whereas the same reaction in the presence of 2 equiv. of MgBn 
produces 70% of the addition product.40 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-C1 and with DMA or NMP as a cosolvent (see equation 8) 41 

i 

+ R’CHO - 
22-97% 

(8) 

i, Me3SiCl (3 equiv.), toluene, DMA, 25-60 °C, 3 h to 3 d 

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-OEt2.10 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 BF3-OEt2, but only the 1,4-addition product is obtained if the 
reaction is performed with TMS-C1 as an additive (see Scheme 9).10 

FG—R—Znl A FG—RCu(CN)ZnI - 

68-93% 

(21) (22) 

ester, nitrile, enoate or imide 

H 
OH U 

FG—R R' 

i, CuCN*2LiCl (1.0 equiv.), THF, 0 °C, 10 min; ii, R'CHO (0.7-0.85 equiv.), BF3*OEt2 (2 equiv.), 

-78 °C, then 4-16 h at -30 °C 

Scheme 8 

OAc 

0 

pA + pA ♦ A 
AcO Cu(CN)ZnI AA + C^OH 

1 equiv. 1 equiv. (23) 1.4 equiv. 93% (GLC yield) (24) 

Ph 

86% (isolated yield) 

i, BF3*OEt2 (2.8 equiv.), -78 to -30 °C, 2 h 

O Ph O O O 

i, cinnamaldehyde, BF3*OEt2 (2 equiv.), -78 to -30 °C, then -30 °C, 4 h; 

ii, cinnamaldehyde, Me3SiCl (2 equiv.), -78 to 25 °C overnight 

Scheme 9 

A transmetallation to titanium derivatives1213’45^7 also promotes the addition of various zinc organo- 
metallics to carbonyl compounds. However, the functional group tolerance seems to be limited (see 
Scheme lO).1013,47 Interestingly, diethylzinc reacts with aromatic 1,2-diketones to give a-ethoxy ketones 
(see equation 10).48 

PrZnBr 

86% 

OH 

i, ClTi(OPri)3 (1 equiv.), -30 °C, then PhCHO (1 equiv.), -20 to -25 °C, 2 h;46 

ii, ClTi(OPr1)3 (1 equiv.), -30 °C, then PhCHO (0.75 equiv.), 0 °C, 2 h 

Scheme 10 



218 Nonstabilized Carbanion Equivalents 

Et2Zn + 
Et20, 25 °C, then H30+ 

O 

O 

EtO 

(10) 

1.7.3.3 Addition Reactions of AHylic and Propargylic Zinc Reagents 

The addition of allylic and propargylic zinc bromides to aldehydes and ketones proceeds read- 
ily22,39,49,50 and is of high synthetic interest since the starting allylic and propargylic organometallics are 

easily prepared (see Scheme ll).22 Several functionalized aldehydes or ketones can be used. 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.52 Highly functionalized allylic zinc 
halides29-53-54 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). 

>95% 52-95% 

i, Zn (1 equiv.), THF, 10 °C, 3-4 h; ii, R*COR2 (aldehyde or ketone), 25 °C, several hours 

Scheme 11 

i, H2C=CHCH2ZnBr (2.5 equiv.), THF, -5 to 0 °C, 2 h; ii, H2C=CHCH2ZnBr (1.25 equiv.), 25 °C, several hours 

Scheme 12 

+ 
O ii 

60-95% 

i, Zn, THF, then Bu4NF, then H30+;53 

ii, THF, 25 °C, overnight, then Pd(PPh3)4 (5-10 mol%), 65 °C, 16-24 h 

Scheme 13 
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Scheme 14 

The in situ generation of allylic zinc reagents in the presence of an electrophile (Barbier conditions)55 
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.60 In this case, the reaction has a radical character61 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.50,62 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 = C02R,56 S02R,57 SOR,42 PO(OR)2,58,56c SiMe359 

O 

Scheme 15 

O OH 

i, aq. NH4C1, THF, 25 °C, 10-20 min 

Scheme 16 

Under suitable reaction conditions,63 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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O 

+ ZnBr 
Rl >»-ZnBr 

R2 

Scheme 17 

more stable zinc alcoholate (29) is present (see equation 12). Propargylic bromides (31)1.22,64,65,66 ^ 
readily converted to the corresponding zinc derivatives (Zn, THF, -10 to -5 °C), which exist as allenic 
organometallics of type (32) if R1 = H or Ph and R2 = alkyl or H, and as a mixture of (32) and (33) if R1 
= 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 R1 and 
R2 of (31), on the solvent, and/or on the carbonyl group used. With allenylzinc bromides in which R1 = H 
and R2 = alkyl, an almost exclusive formation of alkynic alcohols of type (34) is observed.66 In the 
presence of polar cosolvents like HMPA, a reversible addition to ketones is observed.65d 

Reaction time = 5 min 44% 56% 

Reaction time = 12 h 100% 0% 

(12) 

Br i BrZn R2 ZnBr 
R1 —” / » T?1 - / K \ 

A=- + 
R —= { 

R2 >90% R1 R2 

(31) (32) (33) 

ii 

>80% 

i, Zn (1 equiv.), THF, -10 to -5 °C; ii, R3COR4, 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 reagents49 add to sterically hindered aldehydes 
to produce mostly the ami-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 symalcohols (39) with a high selectivity576 via a transition state such 
as (40), which minimizes the steric interactions between R1, R2 and the PhS02 group (see Scheme 20) 
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Remarkable selectivities are observed in the addition of allenic zinc chlorides to aldehydes, affording 
artri-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 arm-alcohols (42) in 92-99% 
stereoisomeric purity. 

R M anti (%) syn 

Pr' 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 H30't 

Scheme 19 

S02Ph n 

^ * hAr2 

Zn, THF 

25-40°C 
PhSO, OH 

XX 
90-99% 

1 

R1 R1 

(38) (39) 

R‘ R2 syn (%) 

Me Ph 100 

Me c'QHn 100 

Me C5H„ 88 

Pr Ph 100 

Pr c5h„ 67 

Scheme 20 

anti (%) 

0 

0 

12 

0 

33 

. ZnCl 

R' 

SiMe3 

R 

(42) 

The addition of methylzinc (and cadmium) organometallics to chiral aldehydes67 proceeds with low 
stereoselectivity and leads to a mixture of syn- and arm-alcohols (see Scheme 22). A better dia- 
stereoselectivity can be achieved by using the mixed copper—zinc reagents RCu(CN)ZnI. In contrast, 
the more reactive diallylzinc reacts with several a-alkoxy aldehydes68 of type (43) to give anti addition 
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i, Bu'Li, THF, -90 °C, 1 h, then ZnCl2 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 rule69 via a 
transition state such as (45). Zinc has a strong ability to complex with oxygen atoms1’2,3 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 + MeMX 
ether, 0-25 °C, 2 h 

+ Ph 
OH 

M X 

Mg Br 

Zn Br 

Cd Br 

anti (%) 

69.5 

56.0 

62.2 

syn (%) 

30.5 

44.0 

37.8 

Scheme 22 

ZnEt2 

Ef 

(46) (48) (47) 

(syn/anti: 85/15) 

(49) 

i, Et2Zn, 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)?x The low reactivity of R2Zn toward ketones makes a 
stereochemical study rather difficult, since extensive reduction is observed. However, it has been 
found7"3 that methylzinc (and cadmium) derivatives give more axial attack with 4-r-butylcyclohexanone 
than the corresponding magnesium reagents, whereas allyl-49 and propyl-zinc72b and -cadmium com¬ 
pounds mainly furnish the products derived from an equatorial attack (see Scheme 24). The low ten¬ 
dency of Pr2Cd to reduce 4-f-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).72c 

OH 

RM -- 
bu'^^7L'r 

M Equatorial attack (%) 

MeMgBr 68.4 

Me2Zn»MgBr2 46.5 

Me2Cd*MgI2 51.6 

PrMgBr 69.0 

Pr2Zn‘MgBr2 75.0 

Pr2Cd*MgBr2 80.0 

(Allyl)2Mg 44.5 

(Allyl)2Zn 84.0 

(Allyl)2Cd 77.5 

R 

Axial attack (%) 

31.6 

53.5 

48.4 

31.0 

25.0 

20.0 
55.5 

16.0 

22.5 

Scheme 24 

1.7.3.5 Enantioselective Addition Reactions 

The enantioselective addition of organometallics to aldehydes is a useful approach to optically active 
secondary alcohols.523’73 Diorganozinc reagents73-84 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.25b Alkylzinc halides afford secondary alcohols with a substantially lower enantio¬ 
meric excess.82 Many aldehydes are good substrates,25b’79 but the best results are usually obtained with 

aromatic aldehydes.73-84 

R2Zn + R’CHO 
chiral catalysis 

OH 

R’ R 
or = 

OH 

04) 

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.76 Only the ethyl groups coming from the second equivalent of 
Et2Zn are transferred to the aldehyde. Thus, the sequential addition of (C2H5)2Zn and (C2D5)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 (C2D5)2Zn first, followed by (C2H5)2Zn gave only nondeuterated prod¬ 
ucts.25*5 A six-membered bimetallic transition state of type (66) has been proposed73 76*5’80’82’85 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 Et2Zn, which is made more nucleophilic by 
the coordination of a donor ligand (nucleophilic catalysis), transfers the ethyl group.85 The catalytic 
cycle73 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 side82 affords the di- 

Table 2 Catalysts (50)—<65) for the Enantioselective Addition of Diorganozinc Reagents to Aldehydes3 

(50) (R), 48.8% ee74b (51) (R), 85% ee15 

R 
i 

NMe 

OH 

(52a) R = Me; (S), 99% ee16a 

(52b) R = polymer; (S), 92% ee16b 

(53) (R), 80% ee11 (54) (R), 68% ee18 (55) (S), 90% ee19 (56a) R* 1 = Ph, R2 = Me; (S), 97% ee80 
(56b) R1 = H, R2 = Me; (R), 74% ee80 
(56c) R1 = H, R2 = n-C5Hn; (R), 100% ee80 

H 
i 

(57) (R), 92% ee81 (58) (5), 95% ee82 (59) (/?), 90% ee82 

(60) (S), 91% ee82 (61) (R), 89% ee83 (62) (R), 87% ee82 

(65a) X = O; (R), 91% ee25b 
(65b) X = 2H; (R), 82% ee25b 

a The absolute configuration of 1-phenylpropanol obtained by the addition of Et2Zn 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 Et2Zn, unless a tridentate chiral inductor such as (64) is used.25b 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 alcoholate (72), the product (73) is lib¬ 
erated, regenerating the catalyst (68). Interestingly, the use of a configurationally impure catalyst such as 
l-piperidyl-3,3-dimethyl-2-butanol (74; 10.7% ee) affords, upon addition of Et2Zn to benzaldehyde, a 
product of 82% enantiomeric excess. This asymmetric amplification phenomenon84® 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,84b chiral oxazaborolidines as catalysts84c or secondary 
amino alcohols derived from camphor.84d Applications to the preparation of optically active 2-furylcarbi- 
nols have been reported.84e 

R, 8 + 

H 
Et 

Et 

°76-F, ZnA-Et 

Zn-X 
8- 8 + 

(66) (71) (74) 

Et2Zn EtH 

V ^ 

s 

(67) L = Large 
S = Small 

L 
> 

s' 

(72) 

Scheme 25 

1.7.4 ADDITION REACTIONS OF ORGANOCADMIUM AND ORGANOMERCURY 
REAGENTS 

1.7.4.1 Addition Reactions of Alkyl- and Aryl-cadmium Reagents 

Whereas organomercury compounds86 do not add to aldehydes and ketones, cadmium organometallics 
show a useful reactivity.2’39,87,88 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.87 88 Purified diorganocadmium 
compounds react very slowly with aromatic aldehydes.89,90 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).91 The replacement of ether by THF leads to slower addition rates.92 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).94 Synthetically useful is the reaction of 
dialkylcadmium compounds with certain functionalized ketones87,95 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-r-butylcyclohexanone has been reported (see Section 

1.7.3.4). 

Et2Cd + PhCHO —Et—CH(OH)Ph (15) 

85% 

i, MgBr2 (1.2 equiv.), ether, 35 °C, 1 h 

2 EtO MgBr + Cdl2 
ether, -15 °C, 6 h 

85% 

O 

EtO Cd OEt + 50_90% 

(75) R H 

OH 

OEt 

Scheme 26 

60% 

Scheme 27 

1.7.4.2 Addition Reactions of Allylic and Benzylic Cadmium Reagents 

Allylic cadmium organometallics react in good yields (50-90%)49a 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).49a If polyfunctionalized substrates are used, the allylic cadmium reagent shows a high 

Scheme 28 
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chemoselectivity and attacks only the aldehyde function (see equation 16).97 Enones react with allylic 
cadmium organometallics to give only the 1,2-addition product in high yields.98 Benzylic cadmium20" 
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.100 
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1.8.1 INTRODUCTION 

Elements of the lanthanide series possess unique electronic and stereochemical properties due to their 
/-orbitals, and have great potential as reagents and catalysts in organic synthesis.1^ 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.5-11 

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 n-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 (l).'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 + CeX3 -► RCeX2' + LiX (1) 

X = Cl, I 

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 a-(RCeX2) 
or ate [(RCeX3)_Li+] complexes, but other possibilities such as a weakly associated complex (RLi CeXs) 
are not excluded. In this text, organocerium reagents are represented as ‘RCeX2’ 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.14 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,15 or by reduction of cerium(IV) oxide using HCO2H/HCI followed by dehydration.16 
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 recommended for the small-scale preparation of anhydrous cerium 
chloride. Cerium chloride heptahydrate (ca. 20 g) is placed in a round-bottomed flask connected to a dry 
ice trap. The flask is evacuated and heated to 100 °C for 2 h. The resulting opaque solid is quickly pul¬ 
verized in a mortar and is heated again, in vacuo at the same temperature, for 2 h with intermittent shak¬ 
ing. A stirrer is then placed in the flask, which is subsequently evacuated, and the bath temperature is 
raised to 135-140 °C. Drying is complete after 2-3 h of stirring. 

Anhydrous cerium chloride can be stored for long periods provided it is strictly protected from mois¬ 
ture. Cerium chloride is extremely hygroscopic; hence, it is recommended that it be dried in vacuo at ca. 
140 °C for 1-2 h before use. 
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1.8.2.1.3 General procedure for the generation of organocerium reagents 

Cerium chloride heptahydrate (560 mg, 1.5 mmol) is dried by the procedure described above. While 
the flask is still hot, argon gas is introduced, after which the flask is cooled in an ice bath. Tetrahydro- 
furan (5 mL) is added all at once with vigorous stirring. The ice bath is removed and the suspension is 
stirred well for 2 h or more (usually overnight) under argon at room temperature. The flask is cooled to 
-78 °C and an organolithium compound (1.5 mmol) is added with a syringe. Stirring for 0.5-2 h at the 
same temperature, or a somewhat higher temperature MO to -20 °C), results in the formation of a yel¬ 
low or red suspension, which is ready to use for reactions. 

1.8.2.1.4 Reactions with ketones and similar compounds 

The addition reactions are usually carried out at -78 °C, except for reactions of the Grignard re¬ 
agent/cerium chloride system (Section 1.8.4), which are conducted at 0 °C. A substrate is added to the 
well-stirred organocerium reagent and the mixture is stirred until the reaction is complete. Work-up is 
carried out in the usual manner: quenching with dilute HC1 or dilute AcOH and extraction with a suitable 
organic solvent. When the substrates are acid sensitive, work-up using tetramethylenediamine is recom¬ 
mended.17 

1.8.2.2 Scope of the Reactivity 

1.8.2.2.1 Thermal stability 

The reagents are generally stable at low temperature (-78 to -20 °C) and react readily with various 
carbonyl compounds to give the corresponding addition products in high yields. However, at tempera¬ 
tures above 0 °C, reagents with (3-hydrogens decompose; reactions with ketones provide reduction prod¬ 
ucts (secondary alcohols and pinacol coupling products), as shown in Scheme 1. Other reagents, such as 
methyl- and phenyl-cerium reagents, are stable at around room temperature but decompose at about 60 

13,14,18 

R'CeX2 

R1 = Et, Bun, Bus 

X = Cl, I 
0-50 °C 

R2COR3 

-78 to -65 °C 

R2COR3 

0 °C to r.t. OH 

Scheme 1 

1.8.2.2.2 Reactions with organic halides, nitro compounds and epoxides 

The reactivities of organocerium reagents toward organic halides are in sharp contrast to the re¬ 
activities of alkyllithiums. No metal-halogen exchange occurs at -78 °C; aryl bromides and iodides are 
quantitatively recovered unchanged after treatment with rc-butyl- or t-butyl-cerium reagents.1819 Alkyl 
iodides are also inert to prolonged treatment with organocerium reagents at the same temperature. 
Benzylic halides undergo reductive coupling to give 1,2-diphenylethane derivatives upon treatment with 

the n-butylcerium reagent.18 
Nitro compounds react immediately with organocerium reagents at -78 °C to give many products,19 

while epoxides undergo ring opening followed by deoxygenation to yield substituted alkenes.20 
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1.8.2.3 Reactions with Carbonyl Compounds 

Organocerium reagents react readily with various ketones at low temperature to give the addition prod¬ 
ucts in good to high yields.12-14 21 Some representative results are shown in Table l,12’13 together with the 

results obtained on using the corresponding organolithiums alone. 

Table 1 The Reaction of Organocerium Reagents with Ketones 

Ketone Reagent Product Yield (%) 

(PhCH2)2CO 

(PhCH2)2CO 

(PhCH2)2CO 

BunCeCl2 

BulCeCl2 

HG=CCeCl2 

(PhCH2)2C(OH)Bun 

(PhCH2)2C(OH)Bu' 

(PhCH2)2C(OH)C=CH 

96 (33) 

65 (trace) 

95 (60) 

OH 

o° PhCsCCeCl2 89 (30) 

BunCeCl2 

H2C=C(Me)CeCl2 

-\—COMe 
BunCeCl2 

p-IC6H4COMe BunCeCl2 

p-BrC6H4COMe BunCeCl2 

p-BrC6H4COCH2Br PhC=CCeCl2 

p-NCC6H4COMe BunCeCl2 

m-02NC6H4C0Me BunCeCl2 

Ph 
1 

^7| 
NcOPh BunCeCl2 

c6h„ 

Ph 

BunCeCl2 

OCOPh 

Ph 

OH 

Bun 

OH 

p-IC6H4C(OH)(Me)Bun 

p-BrC6H4C(OH)(Me)Bun 

p-BrC6H4C(OH)(CH2Br)C=CPh 

p-NCC6H4C(OH)(Me)Bun 

Complex mixture 

Ph 

h„c6\ 

OH 

\ Ph 

Bun 

Ph 

O < 
.OH 

Ph 

Bun 

88 (trace) 

88(12) 

57 (<10) 

93 (trace) 

96 (43) 

95 (trace) 

48 

93 

52 

1 The figures in parentheses indicate the yields obtained by use of the lithium reagent alone. 

It is noteworthy that the reagents are only weakly basic and react even with readily enolizable ketones 
in moderate to good yields. Another important fact is that selective carbonyl addition occurs in the 
presence of carbon-halogen bonds. 

The chemoselectivity between aldehydes and ketones has been studied by Kauffmann et al22 Cerium 
reagents exhibit moderate aldehyde selectivities, although these are much lower than those of the organo- 
metallic reagents of titanium, zirconium and chromium (Scheme 2).23~26 
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O x 
n-C6H13^H 

+ 

O 
OH 

RCeX2 

n-C6H13^R 

MeCeCl2 79 

MeCeI2 87 

BunCeI2 90 

Scheme 2 

Et Et 

+ r^*Xh 
: 21 

: 13 

: 10 

Stereoselectivities have been studied by several research groups. In the case of a-heterosubstituted car¬ 
bonyl compounds, both chelation control and nonchelation control have been observed, depending on the 
reagents and substrates (Section 1.8.2.6). 

1.8.2.4 Selective Addition to a,(3-Unsaturated Carbonyl Compounds 

Organocerium reagents react with a,(3-unsaturated carbonyl compounds to give 1,2-addition products 
in good to high yields (equation 2).27 28 

RCeCl2 
R2 O THF 

-78 °C 

(2) 

The reactions of (E)- and (Z)-l-(4'-methoxyphenyl)-3-phenyl-2-propen-l-ones (la and lb; Scheme 3) 
are representative examples. The 1,2-selectivities are generally higher than those of the corresponding 
lithium reagents and Grignard reagents (Table 2);28 however, the selectivity can be severely eroded by 
steric effects, as exemplified by the reactions of an isopropylcerium reagent. 

The reactions of (Z)-PhCH==CHCOC6H4-p-OMe with cerium reagents provide (Z)-allyl alcohols in 
excellent yields, suggesting that the addition reactions proceed almost exclusively through a polar path¬ 

way. 
Another notable difference between cerium and lithium reagents has been observed in the reaction of a 

stabilized carbanion with cyclohex-2-enone. The reaction with a-cyanobenzyllithium is known to be 
thermodynamically controlled; thus, the initially formed 1,2-adduct dissociates to the starting carbanion 
and a-enone, which in turn are gradually converted to the thermodynamically stable 1,4-adduct.29 In 
contrast, the corresponding cerium reagent affords the 1,2-adduct exclusively in good yield, regardless of 
reaction time (Scheme 4 and Table 3).28 Trivalent cerium is strongly oxophilic and intercepts the inter¬ 
mediate 1,2-adduct by virtue of its strong bonding to the alkoxide oxygen, thus suppressing the reverse 

reaction. 

R = Me, Bu, Ph, Pr*; M = CeCl2, Li, MgBr 

Scheme 3 
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Table 2 Reaction of Organocerium, Organolithium or Grignard Reagents with (E)- or 

(Z)-PhCH=CHCOC6H4-OMe-p 

Substrate Reagent 
Conditions* 

Solvent Time (min) (2a) 
Yield of products (%)b 

(2b) (3) 

(la) MeCeCh THF-ether (12:1) 30 98 0 Trace 
MeLi THF-ether(5:l) 30 65 0 17 

MeMgBr THF 30 38 0 65 
BuCeCh THF-hexane (8:1) 30 50 0 43 

BuLi THF-hexane (2:1) 30 36 0 50 
BuMgBr THF 30 10 0 76 
PhCeCh THF-ether (8:1) 30 90 0 4 

PhLi THF-ether (3:1) 30 85 0 10 
PhMgBr THF 30 14 0 78 
PriCeCl2 THF-hexane (4:1) 30 42 0 35 

PTLi THF-hexane (3:1) 30 39 0 57 
PFMgCl THF 30 44 0 51 

(lb) MeCeCh THF-ether (12:1) 60 Trace 97 Trace 
MeLi THF-ether (5:1) 60 Trace 96 Trace 

MeMgBr THF 60 26 20 38 
BuCeCb THF-hexane (8:1) 60 Trace 97 Trace 

BuLi THF-hexane (2:1) 60 Trace 70 20 
BuMgBr THF 60 20 25 50 
PhCeCb THF-ether (8:1) 90 Trace 93 4 

PhLi THF-ether (3:1) 90 Trace 90 4 
PhMgBr THF 90 25 20 45 

All reactions were carried out at -78 °C.b Isolated yield. 

Table 3 

M 
Conditions* 

Temperature (°C) Time (min) 
Yield (%) 

1,2-Addition 1,4-Addition Ref. 

Li -70 1 29 36 29 
Li -70 15 21 49 29 
Li -70 180 0 90 29 

CeCl2 -78 4 61 0 28 
CeCl2 -78 15 60 0 28 
CeCl2 -78 240 62 0 28 

a All reactions carried out using THF as solvent. 

1.8.2.5 Addition to C—N tr-Bonds 

The reaction of cerium reagents with imines and nitriles which possess a-hydrogens has been studied 
by Wada et al.30 Available data indicate that the reagents do not effectively add to these substrates, al¬ 
though the results are better than with alkyllithiums themselves. A modification of the procedure im¬ 
proves the yields of addition products. Thus, addition of the organocerium or organolithium reagent to an 
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admixture of cerium chloride and imine or nitrile at -78 °C affords the adducts in acceptable yields, as 
exemplified in equation (4).30 

Pi^^N' Ph 

i, CeCl3 

ii, Bu"CeCl2 

92% 

Bun 

Pr" N' 
l 

H 

Ph 
(4) 

It has been reported by Denmark et al. that aldehyde hydrazones react smoothly with organocerium re¬ 
agents to give addition products in good to high yields (Section 1.8.2.6).31 

1.8.2.6 Synthetic Applications 

1.8.2.6.1 Alkylcerium reagents 

Mash has recently employed a methylcerium reagent in the synthesis of (-)-chokol A.32 The reagent 
reacts with the readily enolizable cyclopentanone derivative (4) to give (-)-chokol A in 80% yield, as 
shown in Scheme 5. 

i, MeCeCl2 (5 equiv.), THF, -78 °C, 2 h 

Scheme 5 

Corey and Ha have successfully employed a cerium reagent at the crucial step in the total synthesis of 

venustatriol, as illustrated in Scheme 6.33 

Scheme 6 
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In a total synthesis of (—)-bactobolin, Garigipati and Weinreb used a dichloromethylcerium reagent. 
The intermediate product (5) was isolated in 54% yield as a single isomer, as shown in Scheme 7. Di- 
chloromethyllithium alone in this reaction afforded intractable material. 

O 

SESHN Q ci2CHLi/CeCl3 

H 1 " Et20, -100 °C 

SESHN 

54% 

SES: Me3SiCH2CH2S02 

CHC12 
OH 6 stePs 

The stereochemistry in the reactions mentioned above is consistent with a chelation-controlled addi¬ 
tion of the organocerium reagents. On the other hand, nonchelation-controlled addition of alkylcerium 
reagents to carbonyl components has also been observed, as shown in Scheme 8.35,36 

i, BunCeCl2, THF, -78 °C; ii, PFCeCl^ THF, -78 to -60 °C 

Scheme 8 

Johnson and Tait prepared a trimethylsilylmethylcerium reagent and examined its reaction with 
carbonyl compounds.17 The reagent adds to aldehydes and ketones including many readily enolizable 
ones to afford 2-hydroxysilanes. This modified Peterson reagent gives vastly superior yields in compari¬ 
son with trimethylsilylmethyllithium. An example is shown in Scheme 9. 

Me3SiCH2CeCl2 50% aq. HF 

83% 

Scheme 9 

The same reagent reacts with acyl chlorides to afford l,3-bis(trimethylsilyl)-2-propanol derivatives, 
which efficiently undergo a trimethylchlorosilane-promoted Peterson reaction to afford allysilanes in 
high overall yields (equation 5).37 

O Me3SiCH2CeCl2 (>2 equiv.) 

72-90% 
SiMe3 

R = n-C9H19, Ph(CH2)2, PhCH=CH, PhCH=C(Me) 

(5) 
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Recently, Mudryk and Cohen have found that reactions of lactones with organocerium reagents pro¬ 
vide lactols in good yields, as exemplified in Scheme 10.38 This reaction leads to an efficient one-pot 
synthesis of spiroketals, as illustrated in Scheme 11.38 

Scheme 10 

i, CeCl3 

Denmark et al. have recently reported that aldehyde SAMP-hydrazones react with various alkylcerium 
reagents in good yields and with high diastereoselectivities.31 The method can be applied to the synthesis 
of optically active primary amines, as exemplified in Scheme 12. 

i, MeCeCl2, THF; ii, MeOH; iii, H2 (375 psi = 2.59 MPa), Raney nickel, 60 °C 

Scheme 12 

1.8.2.6.2 Allylcerium reagents 

Cohen et al. have extensively studied the generation and reactivities of allylcerium reagents.39’40 
Allylcerium reagents react with a,(3-unsaturated carbonyl compounds in a 1,2-selective fashion. It is par¬ 
ticularly noteworthy that unsymmetrical allylcerium reagents react with aldehydes or enals mainly at the 
least-substituted terminus, as opposed to other allylorganometallics such as allyltitanium reagents. An 

example is shown in Scheme 13.39 
Another prominent feature is that the reaction at -78 °C provides (Z)-alkenes, while at -40 °C (£)-alk- 

enes are formed. Allylcerium reagents have been successfully employed in an economical synthesis of 
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i, MX„, -78 °C 

ii, MeCH=CHCHO, -78 °C 

MX„ = CeCl3 82% 95 

MX„ = Ti(OPri)4 90% 10 

Scheme 13 

some pheromones. Typical examples, which illustrate these characteristic reactivities, are shown in 

Schemes 14 and 15.40 

H2C = CHCHO , -78 °C 

i, ii 
65% 

-to °C 
H2C = CHCHO,-78 °C 

48% 

OH 

i, lithium p,p'-di-t-butylbiphenylide (LDBB) or lithium l-(dimethylamino)naphthalenide (LDMAN), 

-60 °C; ii, CeCl3, -78 °C; iii, H2C=CHCHO; iv, Bun3P/PhSSPh 

Scheme 14 

(Z)\(E) = 98:2 

i, LDBB; ii, Ti(OPri)4; iii, CH20; iv, Ph3P/CBr4, MeCN; v, CeCl3; vi, Ac20/pyridine 

Scheme 15 

1.8.2.6.3 Alkenyl- and aryl-cerium reagents 

Suzuki et al. found that a-trimethylsilylvinylcerium reagents add to readily enolizable (3,7-enones. 
The method has been employed in the synthesis of (-)-eldanolide, as shown in Scheme 16.41 

Paquette and his coworkers have employed alkenylcerium reagents in the efficient stereoselective syn¬ 
thesis of polycyclic molecules 42 43 A typical example is illustrated in Scheme 17. p,y-Enone (6) reacts 
with alkenylcerium reagent (7) with high diastereoselectivity to give adducts (8) and (9) in a ratio of 
95:5. The major product (8) undergoes an oxy-Cope rearrangement, creating two chiral centers with high 
stereoselectivity to furnish (10). 
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i, H2C=C(SiMe3)CeCl2, THF-Et20-hexane (4:1:1), -78 °C, 0.5 h 

Scheme 16 

BunLi, THF, -20 °C 

(8) - 
68% 

O 

Scheme 17 

A notably stereoselective reaction of an arylcerium reagent has been reported by Terashima et al,44 As 
shown in Scheme 18, the cerium reagent provides adducts (11) and (12) in a ratio of 16:1 in 95% com¬ 
bined yield. In contrast, the organolithium reagent gives a lower and reversed stereoselectivity. 

MOMO OMOM 

Me2BulSiO 

MeOCON Me O 

M 
CeCl2 

Li 

OBn 

Conditions 
THF, -78 °C 

THF, 0 °C 
Ether/THF (4:1), 0 °C 

Ether, 0 °C 

Yield (%) (U):(12) 
95 94:6 

56 12:88 

74 11:89 

77 34:66 

Scheme 18 
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Recently a new method for synthesizing coumarin derivatives has exploited the properties of aryl- 
cerium reagents, as illustrated in Scheme 19.45 Interestingly, the bulky arylcerium reagent (13) adds to 

the easily enolizable r-butyl acetoacetate in satisfactory yield. 

THF, -78 °C 

Scheme 19 

An example of the reaction of an alkenylcerium reagent with a cyclopentanone derivative has been re¬ 
ported. As shown in Scheme 20, the (£)-cerium reagent adds to the ketone to provide a single adduct in 
modest yield.46 However, the (Z)-cerium reagent did not react, presumably due to steric effects. 

SiMe2Ph 

(E):(Z) 50:5C 

Scheme 20 

1.8.2.6.4 Alkynylcerium reagents 

The trimethylsilylethynylcerium reagent, which was initially prepared by Terashima et al., is useful for 
adding ethynyl groups to carbonyl moieties.47 This method was successfully employed in the preparation 
of daunomycinone and related compounds 47-51 Illustrative examples are shown in Scheme 21.49 

SiMe3 

O OH 
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The utility of this reagent has been demonstrated by Tamura et al. in its reaction with the readily enol- 
izable ketone (14).52,53 The ethynylation of the ketone proceeds smoothly with the cerium reagent, as 
shown in Scheme 22; in sharp contrast, the corresponding lithium reagent provides the desired adduct 
(15) in only 11% yield. 

Me3Si = CeCl2 

THF, -78 °C, 2 h 

82% 

Scheme 22 

(15) 

Some other alkynylcerium reagents have been generated and used for the synthesis of alkynyl alcohols 
and related compounds in good yields.54-56 An example is illustrated in Scheme 23. 

OMPM 

1.8.3 CERIUM ENOLATES 

Cerium enolates are generated by the reaction of lithium enolates with anhydrous cerium chloride in 
THF.57 The cerium enolates react readily with various aldehydes and ketones at -78 °C (Scheme 24). 
The yields are generally higher than in reactions of lithium enolates. This is presumably due to the 
relative stabilities of the adducts, that of the cerium reagent being greater by virtue of coordination to the 
more oxophilic cerium atom. The stereochemistry of the products is almost the same as in the case of 
lithium enolates, as shown in Table 4. The reaction is assumed to proceed through a six-membered, 

chair-like transition state, as with lithium enolates. 
A synthetic application of this cerium chloride methodology has been reported by Nagasawa et al., as 

shown in Scheme 25.58 It is noteworthy that aldol reaction of the cerium enolate proceeds in high yields, 
even though the acceptor carbonyl group is sterically crowded and is readily enolized by lithium 

enolates. 
Fukuzawa et al. found that reduction of a-halo ketones followed by aldol reaction with aldehydes or 

ketones is promoted by Cel3, CeCl3/NaI or CeCl3/SnCl2.59 60 These reactions are carried out at room 

O 

R1 
R2 

i, LDA 

ii, CeCl3 

R1 

OCeCl2 

R2 

Scheme 24 
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Table 4 

Enolized ketone Acceptor carbonyl compound 

PhCOCH2Me MeCOCHiMe 
MeCOCH2Me 

Reagent Yield (%) Threo. erythro 

LDA-CeCb 62 40:60 
LDA 11 37:63 

LDA-CeCb 93 20:80 
LDA 63 20:80 

LDA-CeCb 94 91:9 
LDA 60 91:9 

LDA-CeCb 91 93:7 
LDA 26 88:12 

Scheme 25 

temperature. Use of CeCb provides a,(3-unsaturated carbonyl compounds, while methods using 
CeCh/Nal or CeCb/SnCh afford exclusively (3-hydroxy ketones, as shown in Scheme 26. 

Cel3 

70-98% 

CeCl3-NaI or CeCl3-SnCl2 

30-97% 

Scheme 26 

O R3 

1.8.4 GRIGNARD REAGENT/CERIUM CHLORIDE SYSTEMS 

The addition of Grignard reagents to C—X ir-bonds is undoubtedly one of the most fundamental and 
versatile reactions in synthetic organic chemistry. Nevertheless, it is also well recognized that these re¬ 
actions are often accompanied by undesirable side reactions such as enolization, reduction, condensation, 
conjugate addition and pinacol coupling. In some cases, such abnormal reactions prevail over the ‘nor¬ 
mal addition reaction’, resulting in poor yields of the desired products. 
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It has been found that use of cerium chloride as an additive effectively suppresses abnormal reactions, 
resulting in the formation of normal addition products in significantly improved yields.6162 The reactions 
are usually carried out by one of the following two methods. 

(i) The Grignard reagent is added to the suspension of cerium chloride in THF at 0 °C, the mixture is 
stirred well for 1-2 h at the same temperature and finally the substrate is added (method A). As vinylic 
Grignard reagents decompose rapidly on treatment with cerium chloride at 0 °C, reactions using these re¬ 
agents should be carried out at a lower temperature. 

(ii) The Grignard reagent is added at 0 °C to the mixture of substrate and cerium chloride in THF that 
has previously been stirred well for 1 h at room temperature (method B). 

Representative examples of the reactions of various carbonyl compounds with Grignard reagents under 
these conditions are listed in Table 5.62 It is emphasized that enolization, aldol reaction, ester condensa¬ 
tion, reduction and 1,4-addition are remarkably suppressed by the use of cerium chloride. Various ter¬ 
tiary alcohols, which are difficult to prepare by the conventional Grignard reaction, can be synthesized 
by this method. 

The Grignard reagent/cerium chloride system has been applied to practical organic syntheses.63-69 A 
typical example is shown in Scheme 27.63 In sharp contrast to the reaction in the presence of cerium 
chloride, the Grignard reagent alone affords only a 2% yield of the adduct. 

Recently this method has been successfully applied to the preparation of substituted allylsilanes from 
esters. A variety of allylsilanes with other functional groups have been synthesized in good yields, as 
shown in Scheme 28.70’71 

. SiMe3 
2 Me3SiCH2MgCl/CeCl3 

^ j 
silica gel 

OR2 R1 — 
\ R1' 

^ SiMe3 

OH SiMe3 

R1 = Me3SiCH2, C1(CH2)„ (n = 1, 3), (MeO)2CH(CH2)„ (n = 0, 1,3, 4), PhCH=CH, etc.; R2 = Me or Et 

Scheme 28 
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1.9.1 INTRODUCTION 

In contrast to more traditional organometallic nucleophiles, the application of samarium and ytterbium 
reagents to selective organic synthesis has a relatively brief history. Early studies of lanthanide reagents 
simply sought to develop reactivity patterns mimicking those of more established organolithium or Grig- 
nard reagents. However, as the complexity of organic molecules requiring synthesis increased, demands 
for more highly selective reagents heightened accordingly. Consequently, the search for reagents which 
would complement those of the traditional organometallic nucleophiles brought more serious attention to 
the lanthanides, and an explosive expansion in the application of lanthanide reagents to organic synthesis 
began. This growth is perhaps best reflected by the publication of a number of excellent review articles.1 
In addition, quite thorough surveys on the synthetic and structural aspects of organolanthanide chemistry 
have appeared.2 This chapter concentrates on applications of samarium and ytterbium reagents in selec¬ 
tive organic synthesis, and specifically their employment in C—X rr-bond addition reactions. Emphasis 
is placed on transformations that are unique to the lanthanides, and on processes that complement exist¬ 
ing synthetic methods utilizing more traditional organometallic reagents. Since additions to C—X tt- 

bonds comprise one of the most essential aspects of carbon-carbon bond formation, fundamental 
contributions made in this area are by definition of substantial importance to the art of organic synthesis. 

The perception that lanthanide metals were rare and therefore inaccessible or expensive was a contrib¬ 
uting factor to their long-lasting neglect and slow development as useful synthetic tools. In fact, ‘rare 
earths’ in general are relatively plentiful in terms of their abundance in the earth’s crust. Samarium and 
ytterbium occur in proportions nearly equal to those of boron and tin, for example.3 Modem separation 
methods have made virtually all of the lanthanides readily available in pure form at reasonable cost. 

251 
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Unlike many of their main group and transition metal counterparts, inorganic lanthanide compounds 
are generally classified as nontoxic when introduced orally.4 In fact, samarium chloride and ytterbium 
chloride exhibit similar toxicity to that of sodium chloride (LD50 of >2000-6700 mg kg-1 in mice versus 
4000 mg kg-1 for NaCl). Although toxicity may obviously vary to some extent based on the ligands at¬ 
tached to the metal, in most cases lanthanide complexes are converted to hydroxides immediately on in¬ 
gestion, and thus have limited absorption through the digestive tract. Moderate toxicity is exhibited by 
lanthanide salts introduced via the intraperitoneal route. 

The +3 oxidation state is the most stable oxidation state for both samarium and ytterbium. The +2 oxi¬ 
dation state of ytterbium (f14), and samarium (J6) is also of great importance with regard to applications in 
organic synthesis. As expected on the basis of its electronic configuration, Yb2+ is the more stable of 
these two dipositive species, and Sm2+ is a powerful one-electron reducing agent (Sm2+/Sm3+ = -1.55 V, 
Yb2+/Yb3+ = -1.15 V). The utility of Sm2+ as a reductant in organic synthesis is discussed in detail 
below, and various aspects of its chemistry have been previously reviewed as well.1 The type of two- 
electron redox chemistry on a single metal center, typical of several transition elements, is not observed 
in lanthanides. 

It is the special combination of inherent physical and chemical properties of the lanthanides that sets 
them apart from all other elements, and provides a unique niche for these elements and their derivatives 
in selective organic synthesis. The lanthanides as a group are quite electropositive (electronegativities of 
samarium and ytterbium are 1.07 and 1.06, respectively, on the Allred-Rochow scale3) and the chemistry 
of these elements is predominantly ionic. This is because the 4/-electrons do not have significant radial 
extension beyond the filled 5s25p6 orbitals of the xenon inert gas core.2b The lanthanides therefore be¬ 
have as closed-shell inert gasses with a tripositive charge, and in general electrostatic and steric interac¬ 
tions play a greater role in the chemistry of the lanthanides than do interactions between the metal and 
associated ligand orbitals.2b’5 

The /-orbitals do play a bonding role in complexes in which the coordination number is higher than 
nine. Compared with transition metals, the ionic radii of the lanthanides are large.3 Most transition metal 
ionic radii lie in the range from 0.6 to 1.0 A, whereas the lanthanides have an average ionic radius of ap¬ 
proximately 1.2 A. Divalent species are, of course, even larger; eight-coordinate Sm2+ has an ionic radius 
of 1.41 A, for example. The relatively large ionic radii of the lanthanides allow the accommodation of up 
to 12 ligands in the coordination sphere, and coordination numbers of seven, eight and nine are common. 
Owing to the well-known ‘lanthanide contraction’, ionic radii decrease steadily across the row of lan¬ 
thanides in the periodic table; eight-coordinate Sm3+ has an ionic radius of 1.219 A, whereas the ionic 
radius of eight-coordinate Yb3+ is only 1.125 A.3 The lanthanide contraction is a consequence of poor 
shielding of the 4/-electrons, resulting in an increase in effective nuclear charge and a concomitant de¬ 
crease in ionic radius. As expected, higher coordination numbers are most common in the larger, early 
lanthanides. 

According to the concept of hard and soft acids and bases (HSAB) established by Pearson,6 lanthanide 
+3 ions are considered to be hard acids, falling between Mg2+ and Ti4+ in the established scale. Lan¬ 
thanides therefore complex preferentially to hard bases such as oxygen donor ligands. 

The strong affinity of lanthanides for oxygen is further evidenced by the bond dissociation energies 
(D°o) for the gas phase dissociation of diatomic lanthanide oxides (LnO).7 Although they are among the 
lowest values for the lanthanides, both SmO (136 kcal mol-1; 1 cal = 4.18J) and YbO (95 kcal moL1) ex¬ 
hibit values significantly higher than that for MgO (86.6 kcal moL1). This demonstrated oxophilicity 
(strong metal-oxygen bonds and hard Lewis acid character) has been used to great advantage in organic 
synthesis. As described below, these properties have been exploited extensively to enhance carbonyl sub¬ 
strate reactivity, and also to control stereochemistry in carbonyl addition reactions through chelation. 

1.9.2 SAMARIUM REAGENTS 

Surprisingly few organosamarium reagents have been synthesized and exploited for their utility in se¬ 
lective organic synthesis. However, examples of both organosamarium(III) and organosamarium(II) re¬ 
agents are known, and provide some insight into potentially useful areas of further study. By far the most 
extensive work thus far has been carried out on use of samarium(II) species as reductants and reductive 
coupling agents in organic synthesis. Applications of all three of these types of reagents to C—X n-bond 
additions are discussed below. 
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1.9.2.1 Organosamarium(III) Reagents 

Organosamarium(III) dihalides are typically generated by a simple transmetalation reaction involving 
SmCb or Sml3 and 1 equiv. of an organolithium or Grignard reagent. Unfortunately, little charac¬ 
terization of such reactions has been performed. As a consequence, limited information is available on 
the structure of these molecules or the exact nature of the reactive species in such mixtures. While they 
have been denoted as simple monomeric cr-bonded species (‘RS111X2’), certainly other compositions (e.g. 
‘ate’ complexes or species resulting from Schlenk-type equilibria) cannot be excluded. 

Reagents prepared in this fashion have been demonstrated to undergo facile carbonyl addition re¬ 
actions. Two promising features of these reactions have emerged. The first is that modest selectivity in 
reactions of aldehydes over that of ketones can be achieved (equation l).8 The second, and perhaps more 
exciting, development is the efficient reaction of organosamarium(III) reagents with highly enolizable 
ketones (equation 2).9 Good yields of 1,2-addition products can be obtained from ketone substrates that 
produce less than 35% of carbonyl addition product on reaction with organolithium reagents alone. Rig¬ 
orously anhydrous samarium salts must be used in order to achieve high yields of the alcohols. This car¬ 
bonyl addition process with enolizable ketones takes advantage of the attenuated basicity of 
organosamarium reagents as compared to that of their organolithium counterparts, as well as the ampli¬ 
fied Lewis acidity of the Sm3+ ion. The combination of these factors apparently minimizes enolization of 
the carbonyl substrate, while at the same time enhancing nucleophilic addition. Although only a limited 
study of this phenomenon has been carried out to this point, the process rivals that of organocerium re¬ 
agents (Volume 1, Chapter 1.8), and certainly the results bode well for future exploration. 

BunLi/SmI3 + n-C6H13CHO/EtCOEt 

i, THF, -70 °C 

ii, H30+ 

85% 

OH 

n-C6H)3 Bun 

76% 

HO Bun 

+ B^E, 

24% 

(1) 

BunLi/SmCl3 + 

i, THF, -78 °C, 3 h 

ii, H30+ 

60% 

Bu" OH 

Ph^X^Ph (2) 

Reaction of benzylic halides with 2 equiv. of dicyclopentadienylsamarium reportedly generates a 
benzylsamarium(III) species along with dicyclopentadienylsamarium halide (equation 3).10 Benzylsama- 
riums undergo carbonyl addition with a variety of aldehydes and ketones, providing high yields of the 
corresponding alcohols (equation 4).10’11 These complexes also react with carboxylic acid chlorides, pro¬ 
viding modest yields of ketones and minor amounts of dibenzylated tertiary alcohol by-products (equa¬ 

tion 5).10’11 

THF 
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Ph (4) 
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,A 
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Ph 

OH 
Ph 
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The preparation and reactivity of organosamarium ‘ate’ complexes have also been described.12 By ad¬ 
dition of methyllithium to samarium trichloride in Et20 in the presence of TMEDA, 
[Li(TMEDA)]3[Sm(Me)6] can be isolated in 48% yield as a crystalline solid. This complex is extremely 
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sensitive toward air and moisture, and yet has been fully characterized. Preliminary studies indicate that 
it provides good selectivity for 1,2-carbonyl addition in reactions with several unsaturated aldehydes and 
ketones (equation 6). Unoptimized yields in all cases exceed 80%. Chemoselectivity has also been brief¬ 
ly studied with somewhat less impressive results. Reaction of the ‘ate’ complex with a 1:1 mixture of 
benzalacetone and cinnamaldehyde demonstrated that addition to the aldehyde was favored by a ratio of 

only 1.5:1 to 2:1. 

+ [Li(TMEDA)]3[SmMe6] 

THF, Et20 

-78 °C, 2 h 

>80% 
>95% 

Bu (6) 

O 
<5% 

These preliminary results indicate that substantial promise holds for the further development of 
organosamarium(III) reagents. The synthesis and characterization of new organosamarium complexes, 
and application of these reagents to selective synthetic transformations awaits more extensive explora¬ 
tion. 

1.9.2.2 Organosamarium(II) Reagents 

Like the organosamarium(HI) reagents discussed in Section 1.9.2.1, few organosamarium(II) reagents 
have been satisfactorily characterized. In many respects, however, the known chemistry of these reagents 
mimics that of organomagnesium halides. For example, the preparation of organosamarium(II) halides is 
apparently best carried out by reaction of samarium metal with organic halides (equation 7).13 This pro¬ 
cedure generates a mixture of divalent and trivalent organosamarium species as determined by magnetic 
susceptibility measurements and a variety of other analytical methods. Solutions of these reagents exhibit 
reactivity with ketones that is very similar to that of the corresponding Grignard reagents (equation 8). 

THF 

Sm + Phi -- 'PhSml' (7) 
-30 °C 

O THF Ph OH 
PhSml' + U —— D X (8) 

Ph^Ph 41% Ph Ph 

Reactions of organosamarium(II) halides with aldehydes are somewhat more complicated and synthet¬ 
ically less useful than those with ketones. The ability of Sm2+ species to serve as strong reducing agents 
introduces a number of alternative reaction pathways.14 For example, reaction of ‘EtSmF with benzalde- 
hyde provides a mixture of benzyl alcohol, benzoin, hydrobenzoin, and benzyl benzoate in low yields. 
The first three products presumably arise from benzaldehyde ketyl, generated by single-electron transfer 
from the Sm2+ reagent to benzaldehyde. The benzyl benzoate apparently is derived from a Tischenko- 
type condensation reaction between a samarium alkoxide species and benzaldehyde.1415 

The intermediate generated by the reaction of samarium metal with methyl (3-bromopropionate has 
found a useful niche in selective synthesis. This reagent, when treated with acetophenone, generates a y- 
lactone directly in yields of about 70% (equation 9).15 Although a significant amount (20%) of pinacol 
product from the ketone is also generated in this process, the method does provide a useful alternative to 
the use of other 0-metallo ester nucleophiles. Similar processes using zinc or magnesium in place of sa¬ 
marium provide the y-lactones in yields of less than 30%, with unreacted starting material the predomi¬ 
nant substance isolated. A samarium(II) ester homoenolate is postulated as the reaction intermediate in 
this transformation. Several other lanthanide metals (e.g. cerium, lanthanum and neodymium) have been 
found to work equally well in this transformation. 

70% 
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1.9.2.3 Reactions Promoted by Samarium Diiodide and Dicyciopentadienylsamarium 

Although organosamarium reagents have made little impact thus far in selective organic synthesis, the 
emergence of low-valent samarium reagents as reductive coupling agents has had a major influence on 
the field of C—X u-bond addition reactions. The disclosure of a convenient procedure for generation of 
samarium diiodide (Smh) and subsequent development of this reagent by Kagan and his coworkers pre¬ 
cipitated explosive growth in the application of this reductant in organic synthesis. Simple functional 
group reductions as well as a host of reductive coupling reactions have since been investigated. In these 
processes, Sml2 demonstrates reactivity and selectivity patterns which nicely complement reductants 
such as zinc, magnesium and other low-valent metal reductants. In addition to the advantages Smh pro¬ 
vides as a THF-soluble reductant, the Sm3+ ion generated as a result of electron transfer can serve as a 
template to control stereochemistry through chelation in C—X n-bond addition reactions. It has thus 
become the reagent of choice for numerous synthetic transformations. 

Samarium diiodide is very conveniently prepared by oxidation of samarium metal with organic di¬ 
halides16 or with iodine (equations 10-12).17 Deep blue solutions of Sml2 (0.1 M in THF) are generated 
in virtually quantitative yields by these processes. This salt can be stored as a solution in THF for long 
periods when it is kept over a small amount of samarium metal. Tetrahydrofuran solutions of SmH are 
commercially available as well. If desired, the solvent may be removed to provide Smh^THF),, as a 
powder. For synthetic purposes, Sml2 is typically generated and utilized in situ. 

THF 
Sm + -- Sml2 + 0.5 H2C = CH2 (10) 

0 °C, 1 h 

THF 
Sm + -- Sml2 + H2C=CH2 (11) 

0 °C, 1 h 

THF 

Sm + I2 -- Sml2 (12) 
65 °C, 16 h 

Other ether solvents (e.g. Et20, DME) are ineffective for the preparation of SmH, and samarium(II) 
salts such as SmBr2 are only slowly generated by procedures analogous to those utilized for preparation 
of Sml2. Furthermore, SmBr2 is not nearly as soluble in THF as is Smh. With the exception of studies on 
dicyciopentadienylsamarium (vide infra), little effort has been made in exploring other potential sama¬ 

rium^) reducing salts. 
Samarium diiodide has been characterized in solution by absorption spectroscopy, magnetic suscepti¬ 

bility measurements, titrations of lanthanide ions with EDTA, potentiometric titrations of iodide ion, and 
acidometric titration and reaction of iodine, which measures the reductive capability of the solutions.l6b>c 
All of these analyses are consistent with a species possessing the stoichiometry ‘Smh’. However, little is 
known of the degree of aggregation or solution structure of this reagent. Crystal structure determinations 
of Sml2(NCBu()2 and Sml2[0(CH2CH20Me)2]2 have been performed.18 The former is an infinite chain 
of SmhfNCBu'h with bridging iodides. The geometry about the samarium ion in this complex is a dis¬ 
torted octahedron. The diglyme complex is monomeric in the solid state; the geometry about the octaco- 
ordinate samarium ion is best described as a distorted hexagonal bipyramid. 

Dicyciopentadienylsamarium (Cp2Sm) is readily prepared by reaction of Smh with dicyclopentadienyl 
sodium.19 It is a red powder that can be stored for days at a time under an inert atmosphere without any 
apparent decomposition. Although it has limited solubility in most organic solvents, Cp2Sm is emerging 
as a useful reductant. It appears to have reduction capabilities even greater than those of Smh. 

Both Smh and Cp2Sm have unique characteristics which lend themselves to selective organic syn¬ 
thesis, and their application to a variety of problems in formal C—X ir-bond addition reactions is out¬ 

lined below. 

1.9.2.3.1 Barbier-type reactions 

As a homogeneous reductant, Smh provides many advantages over more traditional reagents such as 
magnesium or lithium in Barbier-type syntheses. Both intermolecular and intramolecular variants of the 
Barbier reaction utilizing Smh are finding important uses in the synthesis of complex organic molecules. 
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Samarium diiodide has been utilized successfully to promote intermolecular Barbier-type reactions be¬ 
tween ketones and a variety of organic halides and other substrates.16c Allylic and benzylic halides 
(chlorides, bromides and iodides) react with ketones within a few minutes at room temperature in THF 
when treated with 2 equiv. of Sml2 (equation 13). Unsymmetrical allylic halides provide mixtures of re- 
gioisomers in these coupling reactions. Diallylated (or dibenzylated) tertiary alcohols result from Sml2- 
promoted reactions of allylic iodides or benzyl bromide with carboxylic acid halides (equation 14).20 In 
some instances, homocoupling of the organic halide or carboxylic acid halide effectively competes with 
the desired cross-coupling reaction. 

O 

+ 
n-C6H 

2SmI2, THF 

r.t., 0.5 h 

69% 

OH 

n-CfiH 6n13 

Ph (13) 

(14) 

Allylic halides are not as readily accessible as allylic alcohols or their ester derivatives. Thus, the re¬ 
quirement that allylic halides must be used as precursors for carbonyl addition reactions in conjunction 
with magnesium and other similar reductants is a severe restriction limiting the convenience of these 
routes to homoallylic alcohols. In this regard, samarium diiodide can be used to great advantage, because 
substrates other than allylic halides are suitable precursors for such transformations. For example, allylic 
phosphate esters have been reported to couple with carbonyl substrates in the presence of Sml2 (equation 
15).21 Since esters and nitriles are unreactive under these conditions, the Smh-mediated process is likely 
to be more chemoselective than those promoted by magnesium or lithium. 

Curiously, the geometry about the allylic double bond is retained in these reactions (as demonstrated 
by stereospecific reactions with neryl phosphate and geranyl phosphate), even though the coupling lacks 
regioselectivity (/.<?. homoallylic alcohols are isolated as mixtures of products in which coupling has oc¬ 
curred at the a- and y-positions of the allylic phosphates). The procedure also lacks stereoselectivity; re¬ 
actions of substituted allylic phosphates with prochiral aldehydes and ketones provide mixtures of 
diastereomers. The process has other limitations; although alkyl ketones couple nicely utilizing this pro¬ 
cedure, aryl ketones and aldehydes provide significant amounts (50-85%) of pinacol by-products. This is 
a result of the reducing capabilities of Sml2. Furthermore, a,(3-unsaturated aldehydes and ketones pro¬ 
vide complex mixtures of products. 

Allylic acetates can also be utilized as substrates in Sml2-mediated carbonyl addition reactions, but 
only when these reactions are performed in the presence of palladium catalysts.22 No reaction occurs in 
the absence of the palladium catalyst, and a 'rr-allylpalladium species is undoubtedly a key intermediate. 
Once generated, the ir-allylpalladium probably undergoes oxidative-reductive transmetalation with 
Sml2, generating an allylsamarium species. The latter reacts with the aldehyde or ketone, providing the 
observed products (Scheme 1). Significantly, palladium(II) salts can also be utilized in the reaction, indi¬ 
cating that Sml2 produces a palladium(O) species in situ which is capable of entering the catalytic cycle. 
In these reactions, there is a type of synergism between the palladium(O) catalyst and Smh; the latter 
serves as the stoichiometric reductant in the process, while the palladium catalyst functions as an activa¬ 
tor for the relatively unreactive allylic acetate. Samarium diiodide regenerates the catalyst, and brings 
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about a charge inversion in the process by converting the electrophilic TT-allylpalladium species to a nu¬ 
cleophilic allylsamarium. 

Ph ^^OAc Ca‘- P<1(P1,hA- 

Ph 
2SmI2 

V 
Pd° 

75% 
Scheme 1 

In most cases, carbon-carbon bond formation occurs at the least substituted terminus of the allylic 
unit. A wide range of aldehydes and ketones can be utilized in the reaction, and one cyclization process 
has been reported (equation 16). Aromatic and a,(3-unsaturated substrates cannot be used owing to com¬ 
petitive pinacolic coupling reactions promoted by Smh. 

Propargylic acetates undergo analogous reactions with ketones.23 Aldehydes can be utilized only with 
highly reactive propargylic acetates, again due to competitive pinacolic coupling. Primary propargylic 
acetates produce mixtures of allenic and homopropargylic alcohols, whereas most secondary and all ter¬ 
tiary propargylic carboxylates provide exclusively the allenic alcohols (equation 17). Although other 
transition metal salts, e.g. palladium(II), nickel(II) and cobalt(II), can be utilized as catalysts, lower 

yields are obtained. 

In addition to reactive allylic and benzylic substrates, other organic precursors have proven suitable for 
Smh-promoted intermolecular Barbier-type reactions. Primary organic iodides and even organic tosyl- 
ates undergo carbonyl coupling, but under much harsher conditions than their allylic halide counterparts. 
Typically, reactions must be heated for 8-12 h in THF to accomplish complete conversion to product. 
Again, the ability to utilize organic tosylates in these transformations sets Smh apart from more tradi¬ 
tional reductants (equation 18). A Finkelstein-type reaction apparently converts alkyl tosylates to the 
corresponding iodides, which are subsequently involved in the coupling reaction. Addition of a catalytic 
amount of sodium iodide to the reaction mixture greatly facilitates the coupling. Alkyl bromides are less 
reactive than corresponding iodides and tosylates, and alkyl chlorides are virtually inert. 

2SmI2, cat. Nal 

u'^6“13 THF, 65 °C, 10 h 

95% 

Much milder reaction conditions in the Barbier-type reaction can be employed by utilizing iron(ID) 
salts as catalysts. For example, when 2 mol % FeCl3 is added to Sml2, the Barbier reaction between a pri¬ 
mary organic iodide and a ketone is complete within 3 h at room temperature (equation 19). The iron(III) 
is probably reduced by Sml2 to a low-valent species which serves as an efficient electron transfer cata¬ 

lyst, thus lowering the activation energy for the coupling process (vide infra). 

BunOTs 

O OH 

X 
Bu" n-C6H13 

(18) 
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O 

BunI 
n-C6Hi3 

2SmI2, cat. FeCl3 

THF, r.t., 3 h 

73% 

.OH 

Bun/^n-C6H13 
(19) 

Utilization of THF-HMPA as solvent for the reaction provides another useful technique for facilitating 
the SmU-mediated Barbier-type coupling reaction.24 Even in the absence of a catalyst, both BunBr and 
BusBr are cleanly coupled with 2-octanone within 1 min at room temperature in this solvent system, pro¬ 
viding greater than 90% yields of the desired tertiary alcohols. 

Dicyclopentadienylsamarium (Cp2Sm) presents a third means by which less reactive organic halides 
can be induced to participate in intermolecular Barbier-type processes (equation 20).19 Experimental 
conditions in intermolecular Barbier reactions are much milder with Cp2Sm (ambient temperature) than 
with SmU (THF heated at reflux). Secondary alkyl iodides, reluctant to undergo SmU-mediated Barbier 
coupling under normal conditions, can be efficiently coupled with ketones utilizing Cp2Sm. 

BunI + 

O 2Cp2Sm 

Bu‘ -^4—-V thf, r.t. 

65% 

OH 

86% 

+ 

Bun 

bU'^^7L°h <20) 

14% 

Alkenyl halides and aromatic halides are unreactive with ketones in the presence of SmU in THF.160 
Pinacolic coupling products can be detected in 10-20% yield under these conditions. In THF/HMPA, io- 
dobenzene reacts in the presence of a ketone to generate a phenyl radical, which abstracts a hydrogen 
from THF. Samarium diiodide induced coupling of the THF radical to the ketone (or ketyl) provides the 
major observed product (equation 21).25 

Aldehydes cannot be coupled to marginally reactive organic halides in SmU-promoted processes. A 
mixture of products results as a consequence of a Meerwein-Ponndorf process, initiated by reaction of 
the secondary samarium alkoxide intermediate with the aldehyde.26 Highly reactive (allylic and benzylic) 
halides can be utilized and couple fairly efficiently with aldehydes, since they react quickly enough to 
suppress the undesired consecutive reaction. A two-step process (Barbier coupling followed by in situ 
oxidation) can be successfully employed with these reactive halides, providing high yields of coupled ke¬ 
tone (equation 22).26b 

O x 
n-C7H15"'"^ H 

2SmI, 
i, Bu'CHO O 

Ph Br 

ii, H3CT 
n-C7Hi5 Ph + Bu'^^OH (22> 

74% 

Dicyclopentadienylsamarium has been utilized to ameliorate the problem of Meerwein-Ponndorf oxi¬ 
dation in Barbier coupling reactions with aldehydes.19 Dicyclopentadienylsamarium accelerates the 
coupling process, thereby preventing subsequent oxidation from occurring to any great extent. The en¬ 
hanced reactivity of Cp2Sm permits even secondary alkyl iodides to undergo Barbier reactions with alde¬ 
hydes, providing the desired alcohols in reasonable yields (equation 23). Further studies are likely to 
uncover other useful reactivity patterns for Cp2Sm that complement those of SmU. 

Pr1! 

O x 
n-C6H13^H 

3Cp2Sm OH 

THF, r.t. n-C6H13^ Pr1 
50% 

(23) 

The mechanism of the intermolecular SmU-promoted Barbier-type reaction is still open to debate. Di¬ 
rect SN2-type displacement of the halide by a ketyl or a ketyl dianion is unlikely, since optically active 
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2-bromooctane reacts with cyclohexanone in the presence of Sml2 to provide an optically inactive ter¬ 
tiary alcohol.27 One caveat concerning this evidence is that Smh itself reacts with organic halides in a 
Finkelstein-type reaction.16c27 Thus, racemization of the 2-bromooctane prior to coupling has not been 
ruled out in these studies. 

Reduction of the organic halide to an organosamarium species might also be involved. Subsequent car¬ 
bonyl addition by this organometallic reagent would provide the observed product. This mechanism 
finds support in studies utilizing 2-(bromomethyl)tetrahydrofuran as the alkyl halide substrate. Treatment 
of this halide with Sml2 in the presence of 2-octanone produces a 60% yield of 4-penten-l-ol, and only 
3% of coupled product.27 This is indicative of the generation of a tetrahydrofurfuryl anion, which rapidly 
rearranges to the ring-opened alkoxide. 

Another plausible mechanism for the Sml2-mediated Barbier reaction involves coupling of ketyl and 
alkyl radicals in a diradical coupling mechanism.27 Alternatively, addition of an alkyl radical to a Sm3+- 
activated ketone carbonyl may be invoked.28 

Highly selective synthetic transformations can be performed readily by taking advantage of the che- 
moselectivity of Smh. It has been pointed out that there is a tremendous reactivity differential in the Bar- 
bier-type reaction between primary organic iodides or tosylates on the one hand, and organic chlorides 
on the other. As expected, selective alkylation of ketones can be accomplished by utilizing appropriately 
functionalized dihalides or chlorosulfonates (equation 24).16c Alkenyl halides and, presumably, aryl 
halides can also be tolerated under these reaction conditions. 

O 

n-C6H 
+ TsO 

Cl 

2SmI2, cat. Nal 

THF, 65 °C, 24 h 

62% 

n-C6H Cl 
(24) 

Nitriles and esters are also unreactive in Smh-promoted Barbier reactions. A very useful procedure for 
lactone synthesis has been developed making use of this fact. Treatment of y-bromobutyrates or 8-bro- 
movalerates with Sml2 in THF/HMPA in the presence of aldehydes or ketones results in generation of 
lactones through a Barbier-type process (equations 25 and 26).24 This nicely complements the (3-metallo 
ester or ‘homoenolate’ chemistry of organosamarium(III) reagents described above (Section 1.9.2.1), and 
also the Reformatsky-type chemistry promoted by SmH (Section 1.9.2.3.2). Further, it provides perhaps 
the most convenient route to y- and 8-carbanionic ester equivalents yet devised. 

O 

n-Cn H 
+ Br' C02Et 

2SmI2 

THF, HMPA 

r.t., 1 min 

44% 

n-CnH23 

(25) 

O 

A very convenient hydroxymethylation process has been developed based on the Sml2-mediated Bar- 
bier-type reaction.29 Treatment of aldehydes or ketones with benzyl chloromethyl ether in the presence 
of Sml2 provides the alkoxymethylated products in good to excellent yields. Subsequent reductive cleav¬ 
age of the benzyl ether provides hydroxymethylated products. Even ketones with a high propensity for 
enolization can be alkylated by this process in reasonable yields. The method was utilized by White and 
Somers as a key step in the synthesis of (±)-deoxystemodinone (equation 27).30 This particular ketone 
substrate resisted attack by many other nucleophilic reagents (such as methyllithium) owing to competi¬ 

tive enolate formation. 
A unique alkoxymethylation reaction can be accomplished by treatment of a-alkoxycarboxylic acid 

chlorides with ketones in the presence of Sml2 (equation 28).31 The reaction is postulated to proceed by a 
reductive decarbonylation process, leading to a relatively stable a-alkoxy radical. Addition of this radical 
to the Sm3+-activated carbonyl and further reduction and hydrolysis provides the observed product. An 
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alternative mechanism involves reduction of the a-alkoxy radical to a transient anion, followed by nu¬ 
cleophilic addition and eventual hydrolysis. These two processes have not been distinguished at this 
point. With acid halides that do not afford a particularly stable radical on decarbonylation, reduction to 
the samarium acyl anion becomes competitive with the decarbonylation process. The chemistry of acyl 
radicals and samarium acyl anions is discussed separately in Section 1.9.2.3.5. 

Halomethylation of aldehydes and ketones is difficult to achieve using a-halo organolithium species 
owing to the thermal instability of these organometallics. As an alternative, Sml2 or samarium metal can 
be utilized as a reductant in conjunction with diiodomethane to induce an analogous iodomethylation re¬ 
action.32 A wide range of aldehydes and ketones are efficiently alkylated at room temperature under 
these conditions. Even substrates that are susceptible to enolization react reasonably well, providing 
moderate yields of the iodohydrin (equation 29).32a Only 1,2-addition products are observed with con¬ 
jugated aldehydes and ketones (equation 30).32a Excellent diastereoselectivity is achieved in reactions 
with both cyclic and acyclic ketones (equations 31 and 32).32b 

Utilization of dibromomethane also results in the isolation of iodohydrins. Based on this observation 
and the fact that SmU will cleave epoxides to generate iodohydrins, it has been suggested that the iodo- 
methylsamarium alkoxide species that is initially generated cyclizes to an epoxide intermediate. The 
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(32) 

S1T1I2X that is produced as a result of this process then serves to open the epoxide, generating the iodohy- 
drin. Although this appears to be a likely scenario, a more direct route involving a Finkelstein reaction 
between the bromomethylsamarium alkoxide and various samarium iodide salts'60'27 cannot be ruled out 
(Scheme 2). 

O 

rAr. 
CH2Br2 

2 Sml2 

SmI2X 

h3o+ 

A one-pot carbonyl methylenation reaction has been developed based on this iodomethylenation re¬ 
action.33 Treatment of an iodomethylsamarium alkoxide (generated in situ by reaction of aldehydes or 
ketones with SmlT/CFhh) with Smh/HMPA and AjV-dimethylaminoethanol (DMAE) induces a reduc¬ 
tive elimination, resulting in the generation of the corresponding methylenated material (equation 33). 

When a-halo ketones are treated with diiodomethane and samarium at 0 °C, cyclopropanols can be ob¬ 
tained in reasonable yields. Curiously, under the same conditions 1,2-dibenzoylethane also leads to cy¬ 
clopropanol products (equations 34 and 35).32a Several pathways for conversion of a-halo ketones to the 
observed cyclopropanols can be envisioned. It has been proposed that the mechanism of this reaction in¬ 
volves reduction of the a-halo ketone by Sm (or Smh) to a samarium enolate. Cyclopropanation of this 
enolate with a samarium-based carbenoid subsequently provides the observed product.320 

O 

Ph 

CH2I2, Sm 

THF, 0 °C 

88% 

(34) 

CH2I2, Sm 

THF, 0 °C 

68% 

(35) 

Although numerous reductants (e.g. magnesium, lithium, sodium, organolithiums, organocuprates and 
chromium(II) salts, to name only a few) have been utilized in attempts to promote intramolecular Bar- 
bier-type reactions, Smh is by far the most general reductive coupling agent in terms of its utility and its 
scope of application. It has therefore become the reagent of choice for such processes. 

Isolated cyclopentanols can be synthesized with considerable diastereoselectivity when appropriately 
substituted to-iodoalkyl ketones are treated with Smh in THF at -78 °C and allowed to warm to room 
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temperature (equation 36).34 The reaction is clearly not subject to steric inhibition about the ketone car¬ 
bonyl, and provides a useful alternative to intermolecular reactions between organometallic reagents (e.g. 
RLi or RMgX) and a-substituted cyclopentanones. Intermolecular reactions between organometallic re¬ 
agents and cyclopentanones often suffer from competitive enolization and/or reduction processes. 

93% 7% 

Perhaps more valuable is the application of the Sml2 reductive coupling technology to the synthesis of 
bicyclic alcohols. Shiner and Berks have demonstrated that the procedure can be utilized to generate 
three-membered rings starting from a-tosyloxymethylcycloalkanones (equation 37).35 An advantage of 
Sml2 over reductants such as magnesium is that one is not restricted to organic halides in these reactions. 
As in this example, organic tosylates appear perfectly well suited to the Barbier process also. 

(37) 

Although the synthesis of four-membered rings has yet to be thoroughly explored, samarium diiodide 
can be utilized in the annulation of five- and six-membered rings through an intramolecular Barbier pro¬ 
cess.36 The development of this approach to six-membered ring formation in fused bicyclic systems is 
particularly important. Prior to this discovery there existed no reliable and convenient method to achieve 
this simple annulation process. The reactions proceed with considerable diastereoselectivity when cy- 
clopentanone substrates are utilized, or when substituents are placed at the a-position of the cycloalka- 
none (equations 38 and 39). Diastereoselectivity in other systems depends on whether or not an iron(III) 
catalyst is utilized in the reaction. In addition, in some cases higher diastereoselectivities can be obtained 
utilizing samarium metal, ytterbium metal, or YbU as reductant (Section 1.9.3.3). Unfortunately, the 
sense and magnitude of stereoselectivity that can be achieved by employing these other reductants are 
unpredictable from substrate to substrate. 

2SmI2, cat. Fem 

THF, -78 °C to r.t. 

67% 

(39) 

The SmU-mediated intramolecular Barbier procedure has been applied to several diverse systems, and 
in each case has been determined to be superior to other protocols. Suginome and Yamada applied the 
technique to syntheses of exaltone and (+)-muscone (equation 40).37 Surprisingly, cyclization in this case 
generates a single diastereomer. It is claimed that the SmU procedure provides better yields than proce¬ 
dures incorporating Mg/HgCU or n-butyllithium. 

Murray and coworkers have used the SmU-promoted intramolecular Barbier synthesis to produce 3- 
protoadamantanol (equation 41).38 Although the yield in this example was not particularly high, it was 
the only method among several attempted that proved successful.39 

In an elegant approach to polyquinenes. Cook and Lannoye developed a bisannulation process based 
on the SmU-mediated cyclization process (equation 42).40 Remarkably, both of the carbon-carbon bond- 
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44% 

263 

(40) 

(41) 

forming reactions in this process proceed with approximately 90% yield, providing an incredibly effi¬ 
cient entry to these complex molecules. 

Exceptionally clean cyclization can be accomplished by utilizing conjugated enones as precursors for 
the Barbier reaction (equation 43).41 High diastereoselectivity is achieved in these reactions, and under 
the mild conditions required for cyclization the TMS ether protecting group remains intact. It is also in¬ 
teresting that a neopentyl halide is effective in the cyclization. This result would appear to exclude an 
SN2-type displacement of an organic halide by a samarium ketyl as a possible mechanism for the SmL- 
promoted intramolecular Barbier reaction. 

Ketyls appear to be important intermediates in Barbier-type coupling reactions promoted by SmL. 
This provided the very real possibility that the Sm3+ ion generated on electron transfer could be utilized 
as an effective Lewis acid template to control stereochemistry via chelation in suitably functionalized 
substrates. Indeed, a number of systems have been designed with this idea in mind. In (3-ketoamide sys¬ 
tems, the samarium(III) ion can participate in a rigid, chelated intermediate which serves to control 
stereochemistry in the cyclization process (equation 44).42 These particular cyclization reactions appear 
to proceed under kinetic control; there is no evidence to suggest that any equilibration takes place under 
the reaction conditions, and a single diastereomer is generated in each example. Six-membered rings can 
also be constructed by this process, although the yields are lower. By-products derived from simple re¬ 

duction of the ketone to an alcohol are also isolated in these cases. 

I 

NEt2 

2SmI2 

THF, -78 °C, 0.5 h 

87% 

HO CONEt2 

(44) 

Allylic halide precursors provide exceptional yields of cyclic products, and both five- and six-mem¬ 
bered rings comprising several different substitution patterns can be accessed by the same technology 
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(equations 45 and 46).42 In some cases, excellent stereochemical control at three contiguous stereocen¬ 

ters is established. 

A number of analogous (3-keto esters have also been explored as substrates for intramolecular Barbier 
cyclization.42 In the alkyl halide series, a convenient route to 2-hydroxycyclopentanecarboxylates results 
(equation 47). However, six-membered rings are inaccessible utilizing this procedure. In contrast to (3- 
ketoamide substrates, the (3-keto ester series provide products which are clearly under thermodynamic 
control; that is, the observed diastereoselectivity is the result of a retroaldol-aldol equilibration, which 
serves to equilibrate the initially formed samarium aldolates. In most cases, diastereoselectivity is high, 
and the sense of relative asymmetric induction is predictable, based on a simple model for the reaction. 
However, the degree of diastereoselectivity is highly dependent on substituent and solvent effects. In 
particular, the use of coordinating solvents or additives (such as tetraglyme, 18-crown-6, or NJV-di- 
methylacetoacetamide) that serve to strip the samarium(III) ion away from the chelating center, radically 
diminish the diastereoselectivity observed in these reactions. It should be pointed out that these cycliza- 
tions cannot be carried out by treating the substrates with activated magnesium. Unreacted starting ma¬ 

terial is recovered under these conditions 42 

Evidence for a radical coupling mechanism (as opposed to a carbanionic carbonyl addition mechan¬ 
ism) in the intramolecular SmU-promoted Barbier reactions has come from studies on appropriately 
functionalized substrates in the (3-keto ester series. It is well known that heterosubstituents are rapidly 
eliminated when they are adjacent to a carbanionic center. Indeed, treatment of a (3-methoxy organic 
halide (suitably functionalized for cyclization34’43) with an organolithium reagent leads only to alkene 
(equation 48). No cyclized material can be detected. On the other hand, treatment of the same substrate 
with SmU provides cyclized product and a small amount of reduced alcohol, with none of the alkene de¬ 
tected by gas chromatographic analysis (equation 49).44 

(48) 
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These results, together with the mechanistic studies by Kagan et al.21 lend strong support for a radical 
cyclization process. Two general mechanisms are suggested (Scheme 3). In both, initial electron transfer 
from Smh to the ketone carbonyl occurs, generating a ketyl. This chelated intermediate might suffer one 
of two fates. Dissociative electron transfer from the second equivalent of Smh to the halide could occur 
(pathway A), providing a diradical species. Closure to the samarium aldolate and hydrolysis would result 
in formation of the observed product. Alternatively, the initially generated ketyl could undergo a disso¬ 
ciative intramolecular electron transfer to the halide (pathway B). Addition of the alkyl radical to the 
Sm3+-activated ketone carbonyl,28 subsequent reduction of that intermediate with the second equivalent 
of Sml2 and hydrolysis would again complete the process. Experiments have yet to be designed and 
earned out to distinguish between a process involving cyclization after single-electron transfer and two- 
electron cyclization processes. However, it is clear that samarium carbanions are not involved in these 
intramolecular processes. 

Sm3+ 

O O O O 

Scheme 3 

Sm3+ 
/ \ 

O O 

Allylic halide substrates in the (3-keto ester series cyclize well, and convenient routes to five-, six- and 
seven-membered rings have been described (equations 50 and 51).42 Unfortunately, the dia- 
stereoselectivity in these examples again is highly dependent on the substitution patterns about the dicar¬ 

bonyl substrate. 

n Yield (%) Diastereoselectivity (1) : (2) 

1 84 86: 14 

2 73 64 : 36 

3 64 50:50 

(50) 

(51) 

86% 14% 
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Attempts to cyclize ethyl (£)-2-acetyl-2-methyl-6-bromo^l-hexenoate have been unsuccessful, with 
ethyl 2-methyl-3-oxobutanoate isolated as the major product of the reaction (equation 52). Loss of bu¬ 
tadiene, as required for this transformation, is clearly facilitated by the ability of a (3-keto ester stabilized 
(radical or anion) intermediate to serve as an effective leaving group in the reaction. Thus, cyclization o 
(£)-8-bromo-4-methyl-6-octen-3-one proceeds smoothly to provide the expected carbocycle in 91% iso¬ 

lated yield (equation 53). 

These examples again have some mechanistic implications in that they appear to rule out cyclization 
via Sn2 displacement of the halide by a samarium ketyl. However, one cannot distinguish between a 
mechanism based on allylsamarium addition to the carbonyl versus an electron transfer mechanism as 
outlined for the alkyl halide substrates above. Both mechanisms allow for isomerization of the double 
bond (via 1,3-allylic transposition in the case of an allylmetallic,45 or configurational instability in an 
allylic radical46 in a diradical coupling mechanism) and also provide reasonable routes for generation of 
butadiene. Further mechanistic work is clearly required in order to provide a more detailed understanding 
of all of these intramolecular Barbier-type reactions. 

1.9.2.3.2 Reformatsky-type reactions 

In addition to serving as a useful replacement for lithium or magnesium in Barbier-type coupling re¬ 
actions, Smh also provides advantages over zinc as a reductant in Reformatsky-type coupling reactions 
(equation 54).16c-27 The latter only performs well when an activated form of zinc is utilized, and thus the 
homogeneous conditions afforded by Smh provide the advantage of enhanced reactivity under milder 

conditions. 

(54) 

The procedure has been adapted to permit construction of medium- and large-ring lactones through an 
intramolecular process (equation 55) 47 Eight- to fourteen-membered ring lactones can be synthesized 
under high dilution conditions in 75-92% yields, and the process appears much better than procedures 
involving use of Zn-Ag/Et2AlCl.48 Diastereoselectivity in the Smh-mediated cyclizations utilizing 
a-bromopropionate ester precursors was less than 2.5:1. 

O 

Br H 

O 

i, 2SmI2, THF, 0 °C 

ii, Ac20, DMAP 

85% 

(55) 

Vedejs and Ahmad have used this Smh-promoted macrocyclization technique as a key step in the total 
synthesis of a cytochalasin (equation 56).49 In this reaction, the 11-membered ring product is isolated in 
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46% yield as a single diastereomer. Curiously, the zinc-promoted process provides a 1:1 mixture of dia- 
stereomers in 75% yield. 

(56) 

Reductive cyclizations of p-bromoacetoxy aldehydes and ketones promoted by Smh afford p- 
hydroxyvalerolactones with unprecedented degrees of 1,3-asymmetric induction (equation 57).50 Numer¬ 
ous attempts at utilizing zinc-mediated intramolecular Reformatsky reactions to access these lactones 
have failed. The successful development of the Sml2-based methodology therefore provides perhaps the 
most convenient entry to this important class of molecules.50 

(57) 

Yields in the Sml2-promoted intramolecular Reformatsky reaction are typically higher for ketones than 
for aldehyde substrates, but in both series diastereoselectivity is virtually complete. It has been suggested 
that reaction of Sml2 with the P-bromoacetoxy initially generates a Sm3+ ester enolate, with cyclization 
taking place through a rigid cyclic transition structure enforced by chelation (Scheme 4).50 

In contrast to other reported methods of 1,3-asymmetric induction, the Smh-mediated intramolecular 
Reformatsky procedure permits strict control of stereochemistry even in diastereomeric pairs of sub¬ 
strates bearing a-substituents (equations 58 and 59).50 Although the diastereoselectivity is somewhat 
lower for the syn diastereomeric substrate, where the a-substituent would be axially disposed in the pro¬ 
posed transition structure leading to the product, 1,3-asymmetric induction is still predominant and over¬ 
whelms other effects to an impressive extent. 

Only a few exceptions to this general pattern of diastereoselection have been observed.50 51 Some syn 
diastereomeric a-substituted p-bromoacetoxy aldehydes and ketones provide diastereomeric mixtures of 
products or the opposite diastereomeric product than is anticipated on the basis of the transition structure 
proposed in Scheme 4 (equation 60). Steric factors which preclude access to chair transition structures 
may be responsible for the change in the sense of diastereoselectivity in these examples. 

O O 
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Surprisingly, 1,3-asymmetric induction can be relayed from a tertiary acetoxy stereocenter (equation 
61). The unprecedented degree of stereochemical control exhibited by this process appears to be general 
for aldehydes and ketones, although the scope of the reaction with regard to substituents at the (3-position 

is limited.51 

O O 

B'vA0 O 2SmI2 
> 

. THF, -78 °C ./ A. 
Ph 75% Ph OH 

>97% 

O 

(61) 

Seven-membered ring lactones can be accessed in excellent yields by the Smb-mediated intramolecu¬ 
lar Reformatsky reaction as well. Although several substitution patterns provide exceptional relative 
asymmetric induction in this process (equation 62), it is clear that high diastereoselectivity cannot be 
achieved for all substitution patterns in the formation of seven-membered ring lactones.52 

1.9.2.3.3 Ketyl-alkene coupling reactions 

The ability of Smb to generate ketyls prompted its use for the reductive cross-coupling of ketones with 
alkenes. Both intermolecular and intramolecular processes of this type have been described. 

Conjugated esters react with aldehydes and ketones in the presence of 2 equiv. of Smb and a proton 
source, affording reasonable yields of butyrolactones (equation 63).53 The presence of HMPA dramati¬ 
cally enhances reactivity (and yields), permitting reactions to run to completion in 1 min as opposed to 
3-6 h without this additive. The method complements electroreductive,54 photoreductive,55 and other 
metal-induced ketone-alkene cyclizations56 that have been developed. Use of unsaturated esters such as 
ethyl methacrylate and ethyl crotonate leads to diastereomeric mixtures of products in reactions with pro- 
chiral aldehydes and ketones.53c Conjugated nitriles do not fare as well as their unsaturated ester counter¬ 
parts in these reactions. Yields of 17-20% are reported for the nitrile substrates.533 In terms of the ketyl 
precursor, both aliphatic and aromatic ketones and aldehydes can be utilized,533 and even formaldehyde 
is effective to some degree.53b 

The reaction is considered to proceed by a radical process.530 When the reaction is carried out with 
MeOD as the proton source, a-monodeuterolactone is generated. Two mechanisms can be envisioned 
which are consistent with this observation. The first involves coupling of a samarium ketyl with an 
allylic radical derived from single-electron reduction of the unsaturated carbonyl substrate. Protonation 
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and cyclization to the lactone completes the process. A more likely mechanism involves simple ketyl ad¬ 
dition to the conjugated ester. Subsequent reduction of the radical intermediate, protonation and cycliza¬ 
tion would again provide the observed lactones. A third mechanism initially suggested involved 
reduction of the unsaturated ester by Smh, generating a stable samarium (B-metallo ester intermediate. 
Direct addition of this intermediate to a ketone or aldehyde would also provide an entry to the lactone 
(see Section 1.9.2.2). This latter mechanism seems unlikely, since addition of an aldehyde or ketone to a 
mixture of ethyl acrylate and Sml2 failed to produce a reasonable yield of lactone. 

Bicyclic butyrolactones can be generated when intramolecular versions of the reaction are carried out 
(equation 64).57 The yields are improved by addition of HMPA, and reactions can be carried out under 
milder conditions. Addition of a catalytic amount of FeCL has little effect on the yields. In most cases, 
diastereoselectivities range from 2.5:1 to 4:1. 

90% 10% 

A much more highly diastereoselective process results when alkenic (B-keto ester and (B-ketoamide 
substrates can be utilized in the ketone-alkene reductive coupling process. Both electron deficient and 
unactivated alkenes can be utilized in the reaction (equations 65 and 66).58 In such examples, one can 
take advantage of chelation to control the relative stereochemistry about the developing hydroxy and car- 
boxylate stereocenters. Favorable secondary orbital interactions between the developing methylene radi¬ 
cal center and the alkyl group of the ketyl,54c,56a’59 and/or electrostatic interactions in the transition 
state543,55,59 account for stereochemical control at the third stereocenter. 

2SmI2 

THF, MeOH, -78 °C 

88% 

(66) 

Since 2 equiv. of Smh are required for the reaction, the reductive coupling process must be a two-elec¬ 
tron process overall (Scheme 5).58 Cyclization appears to occur after transfer of a single electron, with 
Sm3+ controlling the stereochemistry at this stage by chelation with the Lewis basic ester carbonyl. Sub¬ 
sequent reduction to a transient carbanion, followed by immediate protonation, accounts for the observed 
products. Only if a transient anion is generated can one account for >90% deuterium incorporation at the 

methyl group when the reaction is performed in MeOD (equation 61).^ 
There is an inherent competition between simple reduction of the ketone and the reductive cyclization 

process with unsaturated carbonyl substrates. Cyclization processes that are slower than that of the ketyl- 
alkene cyclization forming a five-membered ring, suffer from lower yields owing to this competition. For 
example, ketyl-alkyne coupling can also be achieved when mediated by SmL, but yields are lower than 
those achieved with analogous keto-alkenes (equation 68). This might have been expected on the basis 
that radical additions to alkynes are slower than corresponding additions to alkenes.60 Similarly, the rate 
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retardation encountered in formation of six-membered rings by radical processes prevents the construc¬ 
tion of 2-hydroxycyclohexanecarboxylates by the Sml2-promoted ketyl-alkene cyclization process. 

Me3Si 
2SmI2 

THF, MeOH 

-78 °C to r.t. 

51% 

(68) 

An elegant tandem radical cyclization process promoted by Sml2 has been developed as a key step in 
the synthesis of (i)-hypnophilin and the formal total synthesis of (±)-coriolin (equation 69).61 Cycliza¬ 
tion in this case again occurs after transfer of a single electron, and in fact the entire process requires less 
than 2 equiv. of Sml2. When cyclizations were quenched with D2O, no deuterium was incorporated at the 
newly formed vinyl carbon. This implies that the alkenyl radical produced after tandem cyclization ab¬ 
stracts a hydrogen from the solvent faster than it is reduced to the anion by Sml2. This and the work by 
Molander and Kenny described above58 are completely in line with observations of Inanaga et al. in 
work on the reduction of organic halides with Smh.25 Thus, alkyl halides are reduced to hydrocarbons by 
means of a transient anion (which can be trapped by D2O) with Sml2, whereas aryl (and presumably al¬ 
kenyl) halides show no deuterium incorporation on reduction. With ,sp2-hybridized radicals, hydrogen 
abstraction from the THF solvent is thus faster than reduction by SmH to the anion. Further studies in ke- 
tone-alkene reductive cyclization reactions are bound to lead to exciting new entries to highly complex 
carbocyclic ring systems. 

1.9.2.3.4 Pinacolic coupling reactions 

As expected with a reagent that is capable of generating ketyls, intermolecular pinacolic coupling re¬ 
actions can also be carried out with considerable efficiency using SmH. Treatment of aldehydes or 
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ketones with SmU in the presence of a proton source such as methanol results in selective reduction to 
the corresponding alcohols, and the formation of pinacols is negligible. However, in the absence of a 
proton source, both aldehydes and ketones can be cleanly coupled in the presence of Smb to generate pi¬ 
nacols (equation 70).62 The yields are excellent in nearly every case, and the method therefore competes 
effectively with other established procedures for this process. Unfortunately, roughly equimolar ratios of 
threo and erythro isomers are generated in these reactions. Aromatic aldehydes and ketones couple with¬ 
in a few seconds at room temperature in THF. Aliphatic aldehydes require a few hours under these con¬ 
ditions, and a day is needed for complete reaction of aliphatic ketones. Amines, nitriles, aryl halides and 
nitro groups are tolerated under these conditions. Samarium diiodide is thus superior to other reductants 
in terms of its functional group compatibility. Surprisingly, even carboxylic acids can also be incorpor¬ 
ated into substrates with little decrease in the yields of pinacolic products. It is not clear why competitive 
reduction to the alcohols is not observed in this instance, since a proton source is provided by the acid. 

Dicyclopentadienylsamarium also promotes intermolecular pinacolic coupling reactions with excep¬ 
tional efficiency.19 Both benzaldehyde and acetophenone are reported to undergo coupling very rapidly 
at room temperature in the presence of this reductant. After hydrolysis, pinacols are isolated in virtually 
quantitative yields. 

Samarium diiodide has also been utilized as a reductant to promote pinacolic coupling reactions medi¬ 
ated by low-valent titanium species (equation 71).63 Utilizing this protocol, high diastereoselectivity can 
be achieved, although the yields for this particular process were not reported. 

OH 

+ Ph^^Ph (71) 

OH 

8% 

Intramolecular pinacolic coupling reactions have also proven successful with SmU. Yields with simple 
diketones are relatively low.62b However, excellent yields and diastereoselectivities are achieved in intra¬ 
molecular pinacolic coupling reactions of (3-keto ester and (3-ketoamide substrates (equation 72).64 A 
variety of substitution patterns can be tolerated in these reactions to generate five-membered carbo- 
cycles. Six-membered rings can also be generated by this process, but substantially lower yields and dia¬ 
stereoselectivities are observed (equation 73).44 Yields obtained for (3-ketoamide substrates are also 

lower than those observed in the (3-keto ester series. 

2 PhCHO 

Sml2, Cp2TiCl2 

THF, -78 °C to r.t. 

OH 

Ph 
Ph 

OH 

92% 

(72) 

Curiously, the relative stereochemistry between the carboxylate and the adjacent hydroxy group in the 
SmU-mediated intramolecular pinacolic coupling reaction is opposite to that observed in the intramolec¬ 
ular Barbier reactions and ketone-alkene reductive coupling reactions discussed previously (compare 
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equation 72 with equations 47 and 66, for example). From a synthetic point of view, this result is highly 
advantageous because it provides entry to the manifold of diastereomeric products. The results also have 
mechanistic implications. Unlike potential substrates for ketone—alkene reductive coupling reactions, 
precursors for the pinacolic coupling reaction contain two nearly equally reducible functional groups. 
This complicates any rational assessment of the stereochemical outcome of these reactions. Furthermore, 
several different mechanisms can be proposed for the intramolecular pinacolic coupling reaction. One 
scenario involves two-electron reduction followed by cyclization. After initial reduction of one of the 
carbonyl substituents to a ketyl, intermolecular reduction to generate a dianion could ensue. Subsequent 
nucleophilic attack by this dianion at the unreduced carbonyl and hydrolysis would provide the observed 
product. A mechanism of this type can be ruled out. Ketyl dianions are generally inaccessible, even 
under the most brutal reducing conditions. Reduction of a ketyl is highly endothermic,65 and certainly 
SmU is not a strong enough reducing agent to generate such a species. Furthermore, a dianion intermedi¬ 
ate would quickly become protonated under reaction conditions utilized for these reactions (pA'a BuT)H 
= 17, pKa MeOH = 16, pK* carbonyl dianion ~ 49-51), resulting in large amounts of uncyclized reduc¬ 

tion products.653 

The most feasible pathway to coupled products is intramolecular ketyl addition to the Sm3+-coordi- 
nated ketone (see Scheme 6). Several examples of ketyl addition to Lewis acid activated carbonyls have 
been reported in the literature.66 Clerici and Porta have demonstrated in detailed experiments that inter¬ 
molecular addition of ketyls to carbonyls can be a rapid process.66a_c Generally, ketyl addition to carbon¬ 
yls is a reversible reaction. Flowever, reversibility can be greatly affected by Lewis acid chelation of the 
complex, and further reduction of the radical intermediate (8) by the second equivalent of SmU would 
serve to make the process irreversible.653’666 

(3) 
(5) 

(7) 
Scheme 6 

In the Smh-promoted pinacolic coupling, two different ketyls can be generated initially. In either of 
these intermediates, chelation of the resulting Sm3+ ion with the carboxylate (carboxamide) moiety (4) 
and (6) might be of minimal consequence. That is, Lewis acid activation of the unreduced aldehyde or 
ketone (5) and (7) may be required for efficient cyclization. A frontier molecular orbital approach is use¬ 
ful in thinking about the effects of Lewis acid complexation on the rate of radical addition to activated 
carbonyl substrates versus their unactivated counterparts.67 Reetz has quantitatively measured the effect 
of Lewis acid complexation on the HOMO ('ttco) and LUMO (•tt*co) of carbonyl substrates.68 Calcula¬ 
tions indicate that the LUMO energy decreases by ~50 kcal on coordination with BF3. Thus, the electro- 
philicity of the carbonyl is greatly enhanced, making it more susceptible to nucleophilic radical addition. 
In the SmU-promoted pinacolic coupling reaction, the rate of ketyl addition may be substantially in¬ 
creased by complexation of Sm3+ to the ketone as in intermediates (5) and (7). If complexation is re¬ 
quired for efficient cyclization, this would explain the c/s-diol stereochemistry observed for these 
substrates, regardless of which carbonyl is first reduced to initiate the reductive cyclization process. 

Dipolar repulsion between the carboxylate moiety and the developing diol centers in intermediates (5) 
and (7) would account for the (trans) relative stereochemistry between these stereocenters. Following cy¬ 
clization, intermolecular reduction of the Sm3+-chelated complex (8) by the second equivalent of SmU 
and protonolysis by alcohol irreversibly drives the reaction to completion, generating the observed 
products. 
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Certainly another plausible mechanism must also be considered. After initial ketyl formation, a second 
intermolecular reduction could follow, generating a diketyl intermediate. Subsequent carbon-carbon 
bond formation and protonolysis would again provide the observed products. One cannot unambiguously 
distinguish between this mechanism and the ketyl addition mechanism. However, both cis- and trans- 
diols might be expected from a diketyl coupling reaction. Corey has investigated intramolecular pina- 
colic coupling reactions promoted by Ti2+ (which also lead to generation of c/s-diols), and argues that a 
diketyl coupling mechanism is unlikely.666 Strong dipolar repulsion between the Ti3+-complexed ketyls 
would appear to favor generation of trans-diols. The same argument may tpply in the SmL-mediated 
process; exclusive formation of cis-diols would not seem likely from coupling of a di-Sm3+-complexed 
diketyl. Furthermore, one might speculate that Lewis acid catalyzed intramolecular carbonyl addition (by 
the ketyl) may be faster than intermolecular reduction of a ketone to a ketyl by SmL. 

In a useful extension of the methodology, highly functionalized nonracemic carbocycles can be syn¬ 
thesized by intramolecular pinacolic coupling reactions utilizing readily available oxazolidinone precur¬ 
sors (equation 14).44 

Related to the intramolecular pinacolic coupling reactions in some respects is a ketone-nitrile reduc¬ 
tive coupling process. This process also permits the construction of highly functionalized carbocycles,44 
although the yields are somewhat reduced owing to the reluctance of nitriles to undergo such radical ad¬ 
dition reactions (equation 75). Presumably, simple reduction of the ketone to the alcohol competes with 
the desired process. 

2SmI2 

THF, BulOH 

45% 

(75) 

1.9.23.5 Acyl anion and acyl radical chemistry 

Lithium acyl anions, long sought as unique intermediates, have only recently been synthesized and 
utilized effectively in synthetic organic chemistry.69 These reactive organometallics are generated by re¬ 
action of organolithiums with carbon monoxide at extremely low temperatures. Samarium acyl anions 
can be prepared in a somewhat analogous fashion. Thus, when Bu'Br is added to Cp2Sm while under an 
atmosphere of CO in THF at low temperature, a samarium acyl anionic complex is apparently generated 
(equation 76).70 Addition of an aldehyde to the reaction mixture at -20 °C, followed by hydrolysis, re¬ 
sults in the formation of an a-ketol in modest yields. 

THF 

Bu'Br 4- Cp2Sm + CO ' 
-20 °C 

Bu‘ 

O i, heptanal 

ii, h3o+ OH 

42% 

(76) 

In the absence of the aldehyde, homocoupled pinacol and a compound resulting from a double carbon- 
ylation are isolated in low yields.70 Both products are consistent with initial formation of a samarium 

acyl anion. 
In addition to the carbon monoxide insertion route, samarium acyl anions can also be prepared under 

reductive conditions by reaction of Sml2 with acyl halides.*c’7* In the absence of any other electrophiles, 
the acyl halides provide moderate yields of a-diketones (equation 77). The main by-product generated in 

these reactions is the a-ketol. 
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O 

n-C8Hi7 Cl 

2SmI2 

THF, r.t., 10 min 

50% 

O 

n-C8H17 
n-C8H17 

O 

(77) 

Mechanistic studies strongly suggest the intermediacy of a samarium acyl anion. For example, the phe- 
nylacetyl radical (PhCH2CO ) is known to rapidly decarbonylate (k = 5.2 x 107 s”1), providing a benzyl 
radical which dimerizes to bibenzyl.72 However, addition of phenylacetyl chloride to a solution of Sml2 

in THF leads to a 75% yield of the expected diketone, and neither toluene nor bibenzyl is detected. Ap¬ 
parently, intermolecular reduction of this acyl radical to the corresponding anion proceeds at a rate which 

is greater than 5.2 x 107 s-1. 
The acylsamarium species has not been isolated or characterized spectroscopically. Its structure has 

tentatively been assigned as (9) or (10), analogous to that of Cp2LuCOBu‘. The latter compound has been 

prepared from Cp2LuBu' and C0.lc 

O 

.A R' 'Sml2 

(10) 

Samarium acyl anions can be trapped by electrophiles other than acid halides. For example, addition of 
a mixture of a carboxylic acid chloride and an aldehyde or ketone to a solution of SmH in THF results in 
the synthesis of a-hydroxy ketones (equations 78 and 79).73 Intramolecular versions of the reaction have 
also been performed, although the scope of the reaction is limited owing to the difficulty in obtaining 
suitable substrates for the reaction (equation 80).74 

Intramolecular trapping studies have verified the intermediacy of acyl radicals in the conversion of 
carboxylic acid chlorides to samarium acyl anions by SmH.75 Treatment of 2-allyloxybenzoyl chlorides 
with Sml2 resulted in a very rapid reaction, from which cyclopropanol products could be isolated in 
yields of up to 60% (equation 81). Apparently, initial formation of the acyl radical was followed by rapid 
radical cyclization. The (3-keto radical generated by this process undergoes cyclization by a radical or an¬ 
ionic process, affording the observed cyclopropanols (Section 1.9.2.3.1). 

1.9.2.3.6 Miscellaneous 

A new method for the masked formylation of aldehydes and ketones has been developed which relies 
on the ability of SmH to generate phenyl radicals from iodobenzene. As pointed out previously, aryl 
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halides do not undergo Barbier-type coupling reactions with ketones in the presence of Sml2. Instead, 
THF adducts of the carbonyl compounds are obtained (equation 21).25 When 1,3-dioxolane is utilized in 
place of THF, the initially formed phenyl radical can abstract a hydrogen from the dioxolane. The result¬ 
ing dioxolanyl radical can couple to the carbonyl, generating the observed products (Scheme 7).76 Both 
aldehydes and ketones can be utilized in the reaction, with yields ranging from 73-77% for five different 
substrates. 

SmI, + Phi 
MeCN, HMPA 

<5 min 
Sml3 + Ph* 

Ph* +0,0 PhH +0.0 

ra 
0. .O + 

.. Sm3+ 

Sml, 

R H (R') 

Scheme 7 

OH 

H20 r- H(R') 

O^O 

Martin et al. have described the reductive cyclization of w-unsaturated a-amino radicals mediated by 
Sml2.77 Reduction of u>-unsaturated iminium salts by SmH in the presence of camphorsulfonic acid 
generates the ui-unsaturated a-amino radicals, which cyclize to provide good yields of nitrogen hetero¬ 
cycles (equation 82). The process is restricted to the formation of five-membered nitrogen heterocycles, 
and increased steric bulk adjacent to the radical center was also found to inhibit cyclization. As expected, 
the presence of an activating group on the acceptor double bond (e.g. an aryl substituent) increases the 
yield of the cyclization. The process could be carried out electrochemically as well as by utilizing co¬ 
balt® reductants, but the relative strengths and weaknesses of these various approaches has yet to be 

fully assessed. 

1.9.3 YTTERBIUM REAGENTS 

Ytterbium reagents have certainly not attained the status achieved by the corresponding samarium re¬ 
agents in terms of their utility in selective organic synthesis. Nevertheless, there are indications that 
ytterbium reagents, too, have the potential to serve as selective nucleophiles in C X n-bond addition 
reactions, and eventually will take their place among the other lanthanide reagents with a unique role in 
organic synthesis. The similarity between samarium and ytterbium reagents in many cases is quite strik¬ 
ing. As a consequence, the organization of this section mirrors that of the samarium reagents above, and 
many resemblances between the two classes of reagents will become apparent. 
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1.9.3.1 Organoytterbium(III) Reagents 

Remarkably little chemistry of organoytterbium(III) reagents has been explored as it pertains to selec¬ 
tive organic synthesis. These reagents do show promise as useful organic nucleophiles, however. Re¬ 
action of 4-t-butylcyclohexanone with BunLi—YbCb provides a nearly quantitative yield of the expected 
carbonyl addition product (equation 83).9 Unfortunately, no mention is made of the diastereoselectivity 
of this process. Although it might be anticipated that organoytterbium(III) reagents, like their cerium and 
samarium counterparts, will undergo clean carbonyl addition to highly enolizable ketones, this point has 

apparently not been addressed. 

1.9.3.2 Organoytterbium(II) Reagents 

The accessibility of a stable +2 oxidation state for ytterbium leads to the possibility of Grignard-type 
reagents and chemistry. Indeed, both the methods of preparation and reactions of organoytterbiums re¬ 
ported to date closely mimic those of the corresponding Grignard reagents. In spite of rather significant 
study, these organoytterbium reagents have yet to really assume a special role in organic synthesis. 
Nevertheless, some unique reactivity patterns have been observed, and with further systematic study one 
can expect more original reaction manifolds to emerge. 

Organoytterbium(II) halides are most conveniently prepared by oxidative metalation of organic 
iodides with ytterbium metal (equation 84).13 Since an induction period is often noticed in such re¬ 
actions, activation of the metal with a trace amount of CH2I2 can be utilized to facilitate this process.78 

THF 
EtI + Yb -- EtYbl (84) 

-20 °C 
83% 

Compounds prepared in this fashion have been determined to consist largely of ‘RYbF stoichiomet¬ 
ries, although the possible existence of Schlenk-type equilibria has never been examined. Ytterbium to 
iodine ratios determined by elemental analysis, the measured magnetic susceptibilities, and reactivity 
patterns of these reagents are all consistent with this formulation.13 From magnetic susceptibilities, the 
calculated percentages of ‘RYbl’ generated in solution by this procedure were determined to range from 
83-93%, depending on the structure of the organic iodide substrate. This is drastically different from the 
situation involving samarium reagents discussed in Section 1.9.2.2, in which significant amounts of Sm3* 
species were also generated. The attenuated reductive capabilities of Yb2+ species accounts for the in¬ 
creased selectivity in generation of the organoytterbium(II) reagents. 

Oxidative-reductive transmetalation of ytterbium metal with diorganomercury compounds has been 
utilized as an entry to dialkynyl- and polyfluorinated diaryl-ytterbiums (equations 85 and 86).79 The dial- 
kynylytterbiums are indefinitely stable in an inert atmosphere at room temperature. On the other hand, 
the polyfluorinated diarylytterbiums exhibit variable stability. Isolated yields are often low owing to 
thermal decomposition of these organometallics. However, most can be generated in nearly quantitative 
yields by this procedure and simply characterized in situ. 

THF 
Ph—Hg—^—Ph + Yb -- Ph = Yb = Ph + Hg (85) 

19 °C, 4 h 
98% 

THF 
(o-HC6F4)2Hg + Yb 

0 °C, 3 h 
84% 

(o-HC6F4)2Yb + Hg (86) 
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Metal-hydrogen exchange processes have also been exploited to generate dialkynylytterbiums (equa¬ 
tion 87).79b>d Clearly, this procedure is of much less synthetic value than the oxidative-reductive trans- 
metalation method described above. Of perhaps greater synthetic utility is the metal-hydrogen exchange 
reaction of MeYbl with other carbon acids. For example, phenylacetylene and fluorene both react readily 
to generate reasonable yields of the corresponding organoytterbium iodides (equations 88 and 89).80 Tri- 
phenylmethane and diphenylmethane do not react under these conditions. Incidentally, methyl Grignard 
reagents provide far lower yields of metalated products than organoytterbiums under comparable re¬ 
action conditions. 

THF 
(C6F5)2Yb + 2 Ph — -*- Ph—===— Yb —===—Ph + 2C6F5H (87) 

41% 

THF 
MeYbl + Ph—= -► Ph = Ybl + CH4 (88) 

-20 °C 

Useful applications of organoytterbium reagents to organic synthesis pale in comparison to those of or- 
ganocerium and organosamarium reagents. Most reactivity patterns of organoytterbiums closely mimic 
those of organomagnesium and organolithium reagents. Carbonation reactions can be carried out on or¬ 
ganoytterbiums, but yields are modest. Alkynes can be converted to a one-carbon homologated carbox¬ 
ylic acid in about 50% overall yield (equation 90) .80 Carbonation of bis(pentafluorophenyl)ytterbium 
generates the expected carboxylic acid in 50% yield, along with nearly 20% of 2,3,4,5-tetrafluorobenzoic 
acid. It is proposed that the latter is generated by an ortho oxidative metalation reaction which is trig¬ 
gered by the initially formed ytterbium(II) carboxylate (equation 91).81 

i, MeYbl 

ii, C02 

Ph—= -► Ph = C02H (90) 

iii, H30+ 

50% 

i, C02 

(C6F5)2Yb -- 

ii, h3o+ 

c6f5co2h + o-HC6F4C02H 

50% 16% 

(91) 

Organoytterbium(II) reagents react with aldehydes and ketones to provide modest yields of the corre¬ 
sponding alcohols (equation 92).82 Significant quantities of pinacol products are generated when dior- 
ganoytterbiums are reacted with aromatic ketones, presumably as a result of electron transfer from the 
ytterbium(II) organometallic. Although principally carbanion transfer reagents, it is clear that organo- 

ytterbium(II) reagents can also serve as effective reductants. 

PhYbl 

THF 

78% 
(92) 

Organoytterbium(D) halides provide higher 1,2-selectivity in reactions with a,(3-unsaturated aldehydes 
and ketones than their Grignard counterparts, although yields are sometimes low (equation 93).78 83 

More surprising is the attenuated reactivity of organoytterbium reagents for ketones, especially when 
compared to carboxylic acid esters. Competitive reaction of phenylytterbium iodide with a 1:1 mixture of 
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+ PhYbl 
THF 

r.t., 18 h 
37% 

(93) 

methyl benzoate and acetophenone results in the formation of 34% benzophenone and only 17% 1,1-di- 
phenylethanol.9 Unfortunately, no account was made of the remainder of the material. However, these 
results imply that organoytterbium reagents are more reactive towards esters than ketones. The attenu¬ 
ated reactivity towards ketones has been exploited in the development of a selective ketone synthesis 
from carboxylic acid derivatives (equation 94).84 Iron trichloride proved to be an effective catalyst for 
this reaction, providing higher selectivity than reactions utilizing copper(I) salts or with the organoytter¬ 
bium reagent alone. Unfortunately, yields reported are too low to be of much value in synthesis. 

PhYbl 

cat. FeCl3 

THF, -20 °C 
24% 

O 

A, 
Ph Ph 

99% 

Ph OH 

PhX Ph 

1% 

(94) 

Phenylytterbium(II) iodide has also been demonstrated to react selectively with NTV-dimethylbenz- 
amide, affording a 60% yield of benzophenone (equation 95).14a Under comparable conditions, the corre¬ 
sponding Grignard reagent provided benzophenone in only 20% yield. 

O 

PhYbl + A 
Pit NMe2 

THF 

65 °C, 2 h 
60% 

O 

(95) 

Nitriles do not undergo efficient reactions with organoytterbium reagents.9 However, isocyanates are 
reported to provide good yields of the corresponding amides (equation 96).13 

O 
PhYbl + PhNCO -- U (96) 

52% PhHN Ph 

1.9.3.3 Barbier-type Reactions Promoted by Ytterbium Diiodide 

Although the application of SmU as a reductant and reductive coupling reagent has already had a 
major impact on selective organic synthesis, utilization of the corresponding ytterbium reagents has 
lagged behind. There are several important reasons for this. First, although several rapid and convenient 
syntheses of SmU have been reported, preparation of YbBr2 by reaction of ytterbium with 1,2-dibro- 
moethane requires a reaction time of over 2 d. In addition, although Smh is relatively soluble in solvents 
like THF (0.1 M), both Ybh and YbBr2 have limiting solubilities of <0.04 M in the same sol vent.166,85 
Finally, the redox potential of ytterbium(II) species is borderline for the types of transformations that are 
of interest to synthetic organic chemists. Nevertheless, some transformations have been reported which 
nicely complement those accomplished by SmU. 

Intermolecular Barbier-type reactions are reportedly not possible when YbU is utilized as the reduc¬ 
tant.16c However, intramolecular versions of the reaction proceed smoothly.36 Both five- and six-mem- 
bered rings can be generated in this process, and in some cases the observed diastereoselectivities exceed 
those achieved with SmU (equation 97). Unfortunately, diastereoselectivity is not always high nor pre¬ 
dictable, and thus mixtures of cis and trans bicyclic alcohols are usually generated. 

68% 
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Other types of reactions that so successfully employ Sml2 as a reductant have yet to be attempted uti¬ 
lizing Ybl2. As a milder reductant that might also provide some advantages in terms of dia- 
stereoselectivity over Smh, Ybh and other ytterbium(II) reagents may have a bright future in synthetic 
organic chemistry. 

1.9.3.4 Miscellaneous 

Ytterbium metal has been found to promote cross-coupling reactions between diaryl ketones and a var¬ 
iety of C—X TT-bond electrophiles.86 The reactions reportedly occur by nucleophilic addition of an ytter¬ 
bium diaryl ketone dianion to the electrophiles. The net result of these transformations is that the diaryl 
ketones have been converted by the ytterbium from an electrophilic species to a nucleophilic diarylcarbi- 
nol anion equivalent. Although this methodology probably will not be a general one from the point of 
view of the ketone (alkyl ketone dianions are, in general, energetically inaccessible), the procedure does 
have synthetic utility when nucleophilic incorporation of diarylcarbinols is desired. 

The earliest studies on this reaction began with an attempt to generate simple symmetrical pinacols.86 
Reaction of 1 equiv. of ytterbium metal with 2 equiv. of a diaryl ketone in THF/HMPA provided excel¬ 
lent yields of the corresponding symmetrical pinacols (equation 98). Interestingly, when equimolar quan¬ 
tities of ytterbium metal and benzophenone were employed, the sole product isolated after aqueous 
work-up was benzhydrol. When D2O was utilized to quench this reaction mixture, C-deuterated benzhy- 
drol was formed (equation 99). These latter results indicated that a discrete ketone dianionic intermediate 
was generated in the reaction between ytterbium metal and diaryl ketones. 

THF, HMPA 

r.t., 10 min 

97% 

O 

+ Yb 
Ph^ Ph 

THF, HMPA 

r.t., 10 min 

D,0 D OH 
\/ 

Ph^Ph 

98% 

(98) 

(99) 

Spectral studies lend support to the existence of a discrete organoytterbium species. IR spectra taken of 
reaction mixtures provide evidence for a three-membered oxametallacyclic structure (11) incorporating a 
divalent ytterbium.86 Of course, the precise nature of this intermediate is still unknown; nevertheless, 
available evidence does point to a unique type of intermediate which may prove useful in further syn¬ 

thetic transformations. 

Ph 

Ph 

(ID 

Indeed, it has been found that unsymmetrical pinacols can be generated in surprisingly high yields by 
treating 1 equiv. of a diaryl ketone with 1 equiv. of ytterbium metal, and subsequently quenching the re¬ 
sultant reaction mixture with a variety of aldehydes and ketones (equation 100).86 Yields in most cases 
are high and this particular transformation represents one of the very few ways in which such a process 
can be accomplished efficiently. Reaction of benzophenone/ytterbium with 2-cyclohexen-l-one provides 

mixtures of 1,2- and 1,4-addition products, together with some benzhydrol. 

O THF MeCHO 

X + Yb -- (11) 
ph r.t., 15 min 

Recognition that a discrete intermediate could be trapped by aldehydes and ketones led to further 
studies involving a variety of electrophiles.86 For example, CO2 was found to react effectively with the 
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ytterbium intermediate, providing good yields of a-hydroxycarboxylic acids (equation 101). Carbonyla- 
tion did not take place at room temperature under ambient pressures of CO, and carbon disulfide pro¬ 
vided a mixture of unidentified products. 

Ph 

O 

A Yb 
THF 

(ID 
Ph 

CO, 

1 atm 

HO Ph 
\/ 
^co2h 

(101) 
Ph 

61% 

Carboxylic acid derivatives such as esters and amides undergo nucleophilic acyl substitution reactions 
with the ketone dianion derived from benzophenone, providing modest yields of the corresponding car¬ 
bonyl products (equations 102 and 103).86 Benzhydrol is a significant by-product in these reactions. 

O 

A + Yb 
Ph Ph 

Tjjp MeC02Et 

-- (ID -- Ph 
r.t., 2 h 

HO Ph 

O 
43% 

O 
O 

A + Yb 
Ph Ph 

THF HCONMe, 

(ID HO 
H 

r.t., 2 h ph ph 

31% 

(102) 

003) 

Isocyanates also react with the ytterbium ketone dianion, providing the expected amides in good yields 
(equation 104).86 
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Finally, nitriles undergo addition with several different diaryl ketone dianions, affording a-hydroxy 
ketones after hydrolysis of the reaction mixture (equation 105).86 In some cases, deoxygenated ketones 
appear as minor by-products of the reaction. 
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1.10.1 INTRODUCTION 

Over 100 years have passed since the appearance of the first report of the formation of crystalline 
complexes between boron trifluoride and aromatic aldehydes.1 Since then, Lewis acids have found a 
prominent role in organic synthesis through their action on carbonyl-containing compounds. They have 
been used as additives or catalysts in carbonyl addition processes, and in many cases they constitute the 
essential component of basic carbon-carbon bond forming reactions. Most recently there has been im¬ 
pressive development in the area of asymmetric catalysis by Lewis acids. New chiral reagents possessing 
near complete asymmetric control are being reported at an increasingly rapid rate. The true origins of the 
‘Lewis acid effect’, however, are still poorly understood. Three examples from simple nucleophilic addi¬ 

tions to 4-r-butylcyclohexanone (1) are illustrative. 
Addition of MeLi to (1) at -78 °C in diethyl ether requires 60 min to reach completion and affords a 

65:35 mixture of axiahequatorial alcohols (Figure l).2'3 In the presence of LiCICL, however, the same 
addition is complete within 5 s and proceeds with higher stereoselectivity to give predominantly the axial 
alcohol in a 92:8 ratio. Precomplexation of the ketone with the bulky Lewis acid, methylaluminum(2,6- 
di-Ubutyl-4-methylphenoxide) (MAD), on the other hand, affords the equatorial alcohol almost exclu- 

sivelv.3 
Rationalization, let alone a priori prediction, of these results based on common structural models is not 

a trivial issue. In order to address such problems one needs a better understanding of the energetics and 
conformational properties of Lewis acid carbonyl complexes. The aim of this chapter is to survey the lit- 

283 
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MeLi, 60 min 65:35 

MeLi/LiC104, 5 s 92:8 

MeLi/MAD, 2-3 h 1:99 

Figure 1 Effect of additives on the reaction of MeLi and f-butylcyclohexanone 

erature that has helped to elucidate the structural consequences of complexation between Lewis acids 
and a carbonyl moiety. To facilitate the focus and analysis of the large body of available data on this sub¬ 
ject, the structural questions of prime interest will be summarized in the following section. The ensuing 
sections will then draw upon pertinent data in an attempt to explain each particular issue. 

1.10.2 STRUCTURAL ISSUES 

1.10.2.1 Effects on Rate and Reactivity 

Perhaps the best known effect of Lewis acids on the reaction of carbonyl-containing compounds con¬ 
cerns their ability to enhance reactivity. For example, the AICb-catalyzed Diels-Alder reaction of an¬ 
thracene and maleic anhydride in dichloromethane at room temperature is complete in 90 s, while the 
uncatalyzed reaction has been estimated to require 4800 h for 95% completion.4 Such dramatic rate en¬ 
hancements in Lewis acid promoted reactions are generally rationalized in terms of an increase in the 
polar character of the carbonyl group. This suggestion has direct implications for the structure of Lewis 
acid carbonyl complexes. Possible consequences include a longer C—O bond, increased dipole moment5 
and an influence on the conformational preferences of groups proximal to the carbonyl ligand. An exam¬ 
ination of the theoretical and experimental results that pertain to these issues may, in turn, shed some 
light on the origins of rate enhancement. 

1.10.2.2 a- versus Tr-fq2)-Bonding 

In principle, a carbonyl ligand can coordinate to a Lewis acidic metal center either through its lone pair 
electrons to form a a-bond or through the carbonyl TT-system to afford ri2-metallooxirane complexes 
(Figure 2). A preference for one mode of bonding over the other will not only depend on the nature of 
the Lewis acid but also on the steric and electronic requirements of the carbonyl ligand. Moreover, dif¬ 
ferent modes of bonding impose different constraints upon the conformation and reactivity of the ligand. 
For example, iq2-bonding necessarily blocks one face of the carbonyl ligand, thereby directing the ap¬ 
proach of a reactive reagent to the opposite face. However, a simple rule of face selectivity is not avail¬ 
able for the cr-bound carbonyl complex. On the other hand, the conformational biases of substituents syn 
and anti to the metal (Figure 2; R1 and R2) in these systems would be quite different than for T]2-com- 
plexes, where R1 and R2 occupy symmetric volumes of space with respect to an achiral Lewis acid. Fur¬ 
thermore, one might expect a more polar and perhaps more reactive C—O bond for a-complexes. 
Therefore, it would be helpful to know if any preference for Lewis acid a- or ir-(iri2)-coordination and 
syn or anti to particular substituents, exists. 
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,0 

MvL.R2 

R1 

Figure 2 a-Bonding versus n-bonding 

1.10.2.3 Conformational Issues 

1.10.2.3.1 Conjugated carbonyls: s-cis versus s-trans 

Although there are many conformational issues which can influence the stereochemical outcome of the 
reaction of carbonyls, the central question for most simple a,|3-unsaturated carbonyl systems is whether 
the reactive intermediate adopts an s-cis or s-trans conformation (Figure 3). Since the s-cis and s-trans 
arrangements expose different faces of an a,(3-unsaturated moiety, this issue becomes particularly im¬ 
portant in enantioselective additions to these systems. The question can now be posed as to how coordi¬ 
nation to a Lewis acid may affect the equilibrium between the s-cis and s-trans arrangements. 

M 

s-trans s-cis 

Figure 3 s-cis versus s-trans 

1.10.2.3.2 Nonconjugated carbonyls 

Despite the great deal of attention devoted to nucleophilic additions to a-chiral carbonyls, the source 
of stereoselectivity in these reactions (predicted by Cram’s rules of asymmetric induction6) remains 
largely unresolved. Neither direct structural studies nor correlation of reactant and product stereochemis¬ 
tries have yielded any conclusive support for a single comprehensive model. Similarly, the effect of 
Lewis acids on these systems is only understood at the level of chelation-controlled additions (vide 

infra). 

Nu 

Figure 4 Postulated effect of Lewis acids (LA) on the trajectory of nucleophilic attack 
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It has been suggested that Lewis acids could affect the trajectory of nucleophilic additions to carbonyl 
electrophiles (Figure 4).7 For a-chiral carbonyls this change may translate to a more acute angle of at¬ 
tack, and thereby closer proximity of the nucleophile and the center of chirality. This hypothesis is sup¬ 
ported by MNDO calculations of the FL/pivalic aldehyde system,8 and also by an investigation of 
nucleophilic additions to chiral thionium ions.9 Higher levels of diastereoselectivity are observed with 
larger aryl substituents on the thionium species (Figure 5).9 Bulky aryl groups can thus be envisioned as 
playing a role similar to that of a coordinating Lewis acid and increasing the stereoselectivity by reorien¬ 
tation of the trajectory of attack. Still, this proposal does not address the question of the influence of 
Lewis acids on the inherent conformational preferences a to a carbonyl. A structural model of this effect 
would undoubtedly be of great value for the design of stereospecific reactions of this type, and it may 
also provide some insight into the origins of Cram selectivity itself. 

Me 

Figure 5 Diastereoselectivity in nucleophilic additions to chiral thionium ions 

1.10.3 THEORETICAL STUDIES 

Most of the early theoretical studies of Lewis acid carbonyl interactions focused on alkali metal ca¬ 
tions such as Li+ and Na+, partly due to the significance of such interactions in biological systems and 
partly due to computational limitations. In 1973 some of the first calculations on the formaldehyde/Li+ 
system were performed.10 Using both ab initio (SCF-LCAO-MO) and semiempirical (CNDO/2) meth¬ 
ods the researchers found that in the ground state the complex possesses Civ symmetry in which Li+ lies 
on the axis of the carbonyl C—O bond with an O—Li distance of 1.77 A. 

Interestingly, the energy of interaction showed a strong preference for the linear geometry of C—O— 
Li, whereas little out of plane angular dependence was observed (Figure 6).10 A second study of the same 
complex, using larger basis sets and a full configuration interaction (Cl) analysis, later confirmed these 
results (linear C—O—Li, Civ symmetry, d[0—Li] = 1.70 A) and also indicated that the C—O bond 
length of the complex (1.23 A) is close to that of isolated formaldehyde at equilibrium.11 Thus it was ar¬ 
gued that structural relaxation of the carbonyl group was not important. However, a Mulliken population 
analysis revealed a pronounced polarization of the formaldehyde electron density towards oxygen, indi¬ 
cating that complex stabilization is achieved mainly through electrostatic ion-dipole interactions with 
little covalent character for the O—Li bond. 

Li 
i 

+ 0 

H 

difficult 

H 

facile 

H 

H' 
:0—Li 

Figure 6 Relative ease of distortions for the Li+/formaldehyde complex 

(based on ab initio results of ref. 10) 

In 1979 the results of ab initio calculations at the 4-31G and 6-31G level on the same complex as well 
as a formaldehyde/H+ complex were reported.12,13 Structural and energetic comparisons of the two com¬ 
plexes showed that while Li+ prefers a linear geometry for electrostatic ion-dipole bonding, the proton 
coordinates to the carbonyl through a largely covalent bond, resulting in a bent structure (Cs symmetry) 
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for the H2CO—H+ complex with a CO—H angle of 124.5°. The energy of the Li+/formaldehyde com¬ 
plex was then compared to the energy of Li+ complexes of urea, acetone, carbonyl fluoride and carbonic 
acid. Based on these calculations the order of Li+ affinities of Lewis bases with the general formula 
R2C=0 could be assigned as R = NH2 > Me > OH > H > F, consistent with intuitive notions of electron- 
donating or electron-withdrawing abilities of the substituents R. 

Complexation of acetone with a sodium cation was investigated through a combination of ab initio and 
semiempirical calculations.14 The investigators concluded that, similar to the lithium complexes, 
Na+/acetone adopts a linear geometry, with Na 1.22 A from the carbonyl oxygen. These results are in full 
accord with an extensive ab initio study of proton, lithium and sodium affinities of first and second row 
bases.15 Both groups, however, also pointed out deficiencies in their theoretical methods which could ac¬ 
count for some of the discrepancies with experimentally determined Lewis acid-base bonding energies.16 

The geometries found for the complexes of formaldehyde with first and second row cations in theoreti¬ 
cal studies were analyzed in terms of molecular orbitals.17 Based on the results of photoelectron spectro¬ 
scopy,18 it was argued that the carbonyl group contains two nonequivalent lone pairs; an sp-hybridized 

orbital contains one pair of electrons along the C=0 axis and a second, higher energy lone pair in a 

p-like orbital lies perpendicular to the C=0 axis (Figure 7).17 

0 Q+ H 
•l^O 

1 
•00 0 •00 

H^H 

(a) (b) (C) 

Figure 7 Proposed molecular orbital scheme for uncomplexed and complexed formaldehyde 

When the Lewis acid interacts with only one lone pair of the carbonyl a bent geometry is observed, 
since the second lone pair can be stabilized by acquiring more 5-character in an sp2-like orbital (Figure 
7b). The linear geometry is favored for Lewis acids with a second vacant orbital that can accommodate 
additional electron donation from the second p lone pair (Figure 7c). The structures of a number of Lewis 
acid/formaldehyde complexes were thus rationalized and it was also noted that these geometric preferen¬ 
ces may be weak, since in some cases strong Lewis acid carbonyl interactions were found in structures 
distorted by as much as 30° from their optimum (bent or linear) geometries. 

It has been noted that although the linear geometry is consistently predicted for cationic Lewis acid 
carbonyl complexes in ab initio calculations, extrapolation of these results to neutral Lewis acid com¬ 
plexes may not be justified.19 Semiempirical MNDO calculations predicted the bent conformation as the 
lowest energy structure for neutral Lewis acidic derivatives of beryllium, boron and aluminum com¬ 
plexed with fra«5-2,3-dimethylcyclopropanone, whereas linear structures were predicted for the cationic 

complexes of beryllium and aluminum (Table l).19 

Table 1 Geometric Preferences for the Complexes of Dimethylcyclopropanone with Lewis Acids; 

MNDO-calculated Heats of Formation for the Bent and Linear Geometries 

M Angle (a) 
Bent 

AH (kcal moL1) Angle (a) 
Linear 

AH (kcal mol-1) AAH 

BeH+ 150.0° 138.7 180.0° 137.1 1.6 

BeH2 149.8° -21.04 179.9° -26.63 0.41 

AIMe2+ 136.0° 111.7 179.5° 108.8 2.9 

AIMe3 138.8° -52.24 180.0° -49.49 2.75 

BF2+ 133.5° -11.27 180.0° -6.85 4.42 

bf3 133.4° -270.8 180.0° -265.6 5.2 

In a recent article the question of the effect of Lewis acids on the conformational preferences of a,(3- 
unsaturated carbonyl systems was addressed.20 Calculations were first conducted on three uncomplexed 
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a,(3-unsaturated carbonyl compounds and the relative energies of the s-cis and s-trans conformations 
were compared. As can be seen from Table 2,20 while the s-trans conformation is favored for uncom- 
plexed acrolein, both acrylic acid and methyl acrylate prefer the s-cis conformation, although this pref¬ 

erence is not strong. 

Table 2 Relative Ground State Energies of a,(3-Unsaturated Carbonyls 

O 

A - 
O 

-- II 

\ x 

Entry X s-trans 
Relative energies (kcal mol- 

s-cis 
') . 

£ab’C Basis set 

1 —H 0.0 1.8 8.9 (5.0) 6-31G*//3-21G* 
2 —OHa 0.6 0.0 7.5 (3.8) 6-31G*//3-21G* 
3 —OMea 0.7 0.0 7.4 6-31G*//3-21G* 

“Values are for the (Z)-conformations of acrylic acid and methyl acrylate. bBarriers to rotation: calculated relative energies for an 
optimized structure with the t(C=C—C=0) angle constrained to 90°. Experimentally determined values given in parentheses 
when available. 

Next, complexation with various Lewis acids was studied extensively. Protonation of acrolein, for 
example, affords a bent complex in which both the C—O and the C—C double bonds are longer by 
0.03-0.07 A. The C—C single bond is comparably (0.06 A) shorter than in uncomplexed acrolein. Al¬ 
though protonation anti to the C=C bond seems to have little effect on the equilibrium between s-cis 

and s-trans (compare entries 1 from Tables 2 and 3), syn protonation seems to strongly disfavor the s-cis 

conformation, presumably due to steric interactions (Table 3; entry 2). Anti coordination is slightly fa¬ 
vored for the s-trans conformation but strongly preferred for the s-cis complex. Protonation of acrylic 
acid and methyl acrylate is more complicated since in addition to the s-cis/s-trans and syn/anti issues, 
(E)/(Z) conformational preferences of the acid or ester should also be considered. It was found that the 
(£)/(Z) equilibrium is not strongly influenced by Lewis acid coordination. Here the more stable (^-con- 
former will be assumed in order to focus on the two other issues. Thus, for both protonated (Z)-acrylic 
acid and protonated (Z)-methyl acrylate the syn, s-trans structure has the lowest energy (Table 3).20 As 
compared to acrolein, the syn-anti preference is now reversed but the greater s-trans stability is main¬ 
tained. 

Table 3 Conformational Preferences of Protonated a,(3-Unsaturated Carbonyls 

Entry X s-trans 
Relative energies (kcal mol-1) 

a s-cis P Basis set 

1 —H (Anti)* 0.0 121° 1.8 120° 6-31G*//3-21G* 
2 —H (Syn)* 0.4 239° 6.0 236° 6-31G*//3-21G* 
3 —OHb (Syn)* 0.0 239° 4.2 123° 6-31G*//3-21G* 
4 —OHb (Anti)* 5.6 123° 6-31G*//3-21G* 
5 —OMeb (Syn)* 0.0 240° 3.6 238° 6-31G*//3-21G* 

“The terms syn and anti refer to the position of the Lewis acid relative to the C=C double bond. Calculated relative energies for 
the (Z) conformers. 

It was noted that a fourth low energy complex for methyl acrylate is structure (7), which is concep¬ 
tually related to (Z)-acrylic acid by coordination of the Lewis acid Me+ syn to the double bond. 

At this point, a simple steric argument seems capable of rationalizing these results. Thus, the problem 
can be viewed in the following manner: protonation occurs on the least-hindered lone pair regardless of 
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(7) 

the inherent s-cis/s-trans preference of the substrate but always with retention of a (Z)-acid or -ester con- 
former; syn to H for acrolein and syn to the double bond for (Z)-methyl acrylate. In the latter case (syn to 

C=C) steric interactions between the Lewis acid and the double bond locks the s-trans conformation, 
yielding the (Z)-syn-s-trans structure. All other planar conformations suffer from one or more severe 
steric interactions, which lead to higher energy structures. Such a ‘gearing effect’ has been proposed be¬ 
fore for other Lewis acid carbonyl complexes110 and will be discussed further in light of some ex¬ 
perimental results in the ensuing sections. 

Two other Lewis acids were also included in these studies. Lithium cation coordination with acrolein 
gave a linear, s-trans complex as the most stable structure (Table 4).20 An increase of the s-cis-s-trans 
gap by 1.4 kcal mol-1 is now difficult to rationalize on steric grounds since the C==0-Li bond is nearly 
linear. The researchers have suggested that this effect is due to an increase in the electron density on the 
carbonyl oxygen upon complexation, which in turn would increase ‘nonbonded electron pair-hydrogen 
repulsion of the alkene termini in the s-cis conformer’. A similar effect is observed with (Z)-acrylic acid, 
where the linear s-trans structure is once again more stable than the s-cis complex by 1.5 kcal mol-1. 

Table 4 Conformational Preferences of a,(3-Unsaturated Carbonyls Coordinated to Lithium Cation 

Li+ 

X 

Entry X 
Relative energies (kcal mol ‘) 

s-trans a s-cis P £aa Basis set 

1 —H 0.0 178° 3.2 169° 12.0 6-31G*//3-21G 
2 —OH 0.0 189° 1.5 180° 8.5 6-31G*//3-21G 

“Rotational barrier for isomerization calculated for an optimized structure with t(C=C—C=0) angle constrained to 90°. 

The borane complexes of acrylic acid and methyl acrylate were studied next (Table 5).20 The syn, 
s-trans conformers are again preferred. Notably, the steric arguments discussed previously can nicely ra¬ 
tionalize these results. Single point calculations on a linearly restricted BH3 complex (a = (3 = 180°) re¬ 
vealed only a 0.1 kcal mol-1 preference for the s-trans structure, thereby supporting the notion that, in 
contrast to the Li+ case, the steric gearing effect is dominant in determining the structure here. 

Table 5 Conformational Preferences of a,(3-Unsaturated Carbonyls Coordinated to Borane 

"BH3 

+ 0) « 

Ax 

Entry X s-trans 
Relative energies (kcal mol *) 

a s-cis P Basis set 

1 —OMe (Syn) 0.0 230° 1.4 221° 3-21G//3-21G 
2 —OMe (Anti) 5.4 154° 4.4 154° 3-21G//3-21G 

3 —OH (Syn) 0.0 230° 1.3 221° 3-21G//3-21G 
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LePage and Wiberg have analyzed the rotational barriers of Lewis acid coordinated aldehydes and 
ketones.21 Calculations on formaldehyde complexes of BH3, BF3, AIH3 and AICI3 revealed a number of 
interesting effects. A planar [t(R—C—O—M) = 0°] bent geometry with a C—O M angle of 120 
seems to be optimal for these neutral Lewis acids (Table 6; Figure 8). Small distortions (15 ) in the nodal 
plane, however, can be accommodated fairly readily, with aluminum complexes being more flexible than 

the complexes of boron (Figure 8).21 

Table 6 Calculated Relative Energies for the Bent and Linearly Coordinated Complexes of Formaldehyde 

H 

M 

£ 
Relative energies (kcal mol ’) 

Entry M bent a linear P Basis set 

1 H+ 0.0 117.4° 24.2 180° MP3/6-31G*//6-31G* 

2 bh3 0.0 122.5° 10.4 180° MP3/6-31 G*//6-21G * 

3 bf3 0.0 122.1° 4.00 180° MP2/6-31 G*//6-21G * 

4 AIH3 0.0 125.1° 5.95 180° MP2/6-31 G*//6-21G* 

5 AlCb 0.0 141.2° 4.63 180° 6-31G*//6-21G* 

Figure 8 Rotational profile for formaldehyde complexes of BH3 and AIH3 [ t (H—C—O—M) = 0°] 

Perpendicular tt-bonding is predicted to be energetically even less favorable than the linear mode of 
coordination in the nodal plane (Figure 9).21 Once again small distortions are facile, although aluminum 
seems to be less tolerant of ir-bonding than boron. 

With propanal, borane (BH3) coordinates through the less-hindered, anti (syn to H) lone pair to yield a 
complex which is 2.8 kcal mol-1 more stable than the syn complex. Surprisingly, the rotational restric¬ 
tions about the C—C—C—O bond of propanal are somewhat relaxed upon coordination of a Lewis acid 
(Figure 10).21 

This phenomenon was rationalized by arguing that the C=0 dipole moment is decreased upon Lewis 
acid complexation, thereby reducing dipole-induced dipole stabilization of the lowest energy (methyl) 
eclipsed conformer. 

In addition to these provocative results several important shortcomings of theoretical methods, even at 
this level of sophistication, were emphasized. Among other things, the calculated coordination energies 
and rotational barriers are both strongly basis set and electron correlation dependent. Moreover, there are 
also many discrepancies with empirical results and no consistent trends in the theoretical disagreements 
with experiment can be found. The rotational barrier for the BFL/formaldehyde complex was calculated 
to be 4-6 kcal mol-1 lower than the spectroscopically determined value (8-10 kcal mol-1). In contrast, 
the coordination energy of BF3 with dimethyl ether was found to be much larger than the experimental 
value. 
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Figure 9 Energy profile for out of plane bending for formaldehyde complexes of 

BH 3 and A1H 3 (C—O—M = 120°C) 

Figure 10 Energy profile for rotation about the C« bond of propanal and the effect of BH3 complexation 

These points prompt a few words of caution regarding the results discussed in this section and some 
comments on theoretical results in general. In particular, besides considerations of the size and effect of 
basis sets, one needs to examine the energy dependence on electron correlation. For donor-acceptor 
complexes, such as Lewis acid-carbonyls, electron correlation seems to be crucial. It is also instructive 
to consider the dipole moments of various structures in theoretical studies. Assumption of a gas phase 
environment may overestimate destabilization due to a large dipole, as dipoles can often be stabilized 
quite effectively in solution.22 At times the interpretation of theoretical results are the source of trouble 
and confusion. Thus two different groups propound apparently conflicting and opposite views on the ef¬ 

fect of Lewis acids on the carbonyl dipole. 
In recent years theoreticians have exhibited a serious interest in some of the central questions of ex¬ 

perimental organic chemistry. Unfortunately, at present, due to computational limitations, theory is un¬ 
able to reliably address systems of great complexity. Larger basis sets and more efficient computing 
machines would naturally facilitate the examination of larger systems with increasing reliability. Another 
essential component, however, appears to be sensitivity towards the true origins of the observed effects 
or the source of disagreement among different theoretical studies or with experimental values. Difficult 
as they may be to achieve, coherent conceptual frameworks with strong powers of prediction are central 
to any theory that hopes to explain a complex problem such as Lewis acid carbonyl complexation. Thus 
from the experimentalist’s viewpoint, a predictive tool that can be readily tested and utilized is invariably 
more useful than the actual numerical results which may or may not be an accurate reflection of reality. 

As a final note to this discussion, one may recognize that, despite their discrepancies and disagree¬ 
ments, the ab initio calculations point to a few general observations. To begin with, ionic and covalently 
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bound Lewis acid complexes can be regarded as two distinct categories. Ionic complexes (except for that 
of H+) have a primarily ion—dipole mode of coordination with a preference for a linear or near linear geo¬ 
metry. Slight (up to 15°) geometric distortions of these complexes seem to occur with relative ease and 

are independent of the direction of bending. 
Covalently bound Lewis acids, on the other hand, prefer a planar, bent conformation in the direction of 

one of the ^-hybridized carbonyl lone pairs. When the two sites of coordination on the carbonyl are 
nonequivalent, steric effects appear to determine the coordination geometry. The Lewis acid generally 
lies syn to the small group. For a,(3-unsaturated carbonyls Lewis acid coordination increases the s-trans 
preference through steric and/or electronic influences. For nonconjugated carbonyls conformational ef¬ 
fects on the substituents of the carbonyl group are either negligible or undetectable by theory. As will be 
shown in the following sections many of these generalizations are manifest in experimental observations. 

1.10.4 NMR SPECTROSCOPY 

The nature of donor-acceptor complexes has been the subject of various NMR studies conducted as 
early as the 1960s. Early calorimetric studies23-25 showed that boron trihalides are capable of forming 
donor-acceptor complexes with a number of Lewis bases and the heats of adduct formation for some of 
these complexes were determined. Gaseous boron trifluoride, for example, was shown to form a complex 
with ethyl acetate in a highly exothermic reaction (-AH - 32.9 ± 0.2 kcal mol-1)-25 IR and UV analysis 
of BF3 complexes of aromatic aldehydes indicated a cr-complex with a lengthened C=0 bond and a 
highly delocalized Tr-system.26 More detailed structural information, however, was acquired only after 
closer inspection by low temperature 'H, 1 'B, l3C and 19F NMR studies.27 

Initially, it was established that boron trihalides form complexes of 1:1 stoichiometry with ethereal and 
carbonyl-containing Lewis bases. Alkyl ethers appeared to form stronger complexes than acetone and di¬ 
methyl formamide. In addition, dimethyl ether was found to complex more strongly than dimethyl sul¬ 
fide, a trend which is the opposite to that observed with gallium and tin Lewis acids.28 Low temperature 
*H NMR spectra of BF3/methyl ketone complexes further revealed that, while BF3 exchange is rapid at 
room temperature, separate signals due to free and bound species can be observed at -90 °C.29 The Lewis 
acidity of various boron derivatives was correlated with the chemical shift differences between the free 
and complexed ligand, and the order of decreasing Lewis acidity was established as BBr3 > BCI3 > BF3 > 
BH3. 

Syn-anti isomerization about the C=0 bond of BF3/diethyl ketone adduct at low temperatures gave 
the first indication of an asymmetrical, bent structure.30 At -125 °C two separate signals could be distin¬ 
guished for the methylene protons a to the carbonyl. Since intermolecular exchange is slow even at 
-90 °C it was argued that the two sets of signals are due to protons syn and anti to the Lewis acid. A 
coalescence temperature of -111 °C (An = 30 Hz) suggested a barrier of ca. 8 kcal mol-1 for the syn-anti 
isomerization. 

Low temperature (-50 °C) 'H and 19F NMR spectra of a- or (3-substituted ketones, esters and nitriles 
complexed to boron trifluoride showed that boron coordinates preferentially at the most basic and least- 
hindered base when more than one coordination site is present in the ligand.31 Ordinarily a relative 
measure of chemical shifts for each type of complex would be derived from the spectra of a number of 
model complexes. For example, 19F chemical shifts for BF3 complexes of ketones (acetone), esters 
(methyl acetate), nitriles (acetonitrile) and ethers (diethyl ether) were measured as 149 p.p.m., 150 
p.p.m., 144 p.p.m. and 156 p.p.m., respectively. Inspection of the resonance frequency and relative inten¬ 
sities of each peak would then reveal the types and ratios of the complexes present in solution. 

Methoxyacetonitrile showed exclusive coordination at the methoxy oxygen while methoxymethyl ace¬ 
tate indicated interactions with BF3 at both the ether and the carbonyl oxygens. Interestingly, a large dif¬ 
ference was observed in the preferred site of coordination between methyl methoxyacetate and 
methoxymethyl acetate (equations 1 and 2). The apparent lower basicity of the ether oxygen in the latter 
was attributed to the electron-withdrawing effects of the proximal acetate group. 

F3B O 82:12 O 
(1) 

T = -105 °C 
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F3B. 
15:85 O 

r=-ioo°c 

(2) 

The BF3/2-methoxyethyl acetate system showed a marked temperature dependence. Complexation at 
the carbonyl oxygen is dominant at low temperature (63% carbonyl complex at -105 °C) but a shift to 
the methoxy base is observed upon warming to -60 °C (61% ether complex). 

A systematic study of cycloalkanones established the order of their basicity towards boron triflu¬ 
oride.32 It was concluded that steric effects control the extent of complexation. For simple cycloalka¬ 
nones C„ (where n depicts the size of the ring) the basicities were shown to decrease in the order Cs > C5 

> C7 > C6 = C9 > C10 > C4. 
NMR spectra of various carbonyl-containing steroids were investigated.33,34 Here, intermolecular ex¬ 

change was slow even at 0 °C. In the presence of hydroxy or ether functionality little or no complexation 
at the carbonyl sites was observed.34 For BF3/androstene-3,17-dione (Figure 1 la) complexation occurred 
solely on the enone carbonyl of the A-ring, in contrast to 5(3-androstane-3,17-dione (Figure lib), where 
the carbonyls of the a- and the D-ring were complexed in a 64:36 ratio.33 

64:36 

Figure 11 Complexation of steroids to boron trifluoride 

In the same study, 2-cyclohexen-l-one was studied as a model enone. The 13C NMR spectrum at -85 
°C showed two sets of signals for both the C-a and C-(3 carbons of the complexed ligand, presumably 
due to slow syn-anti isomerization of BF3. However, it was not determined which conformer predomi¬ 
nates or what the barrier to isomerization might be. 

*H and 13C NMR studies of cyclic and acyclic BF3/ketone complexes clearly demonstrated the unsym- 
metrical, bent nature of their structures and suggested a barrier of 8-10 kcal mol-1 for syn-anti isomeri¬ 
zation about the carbonyl group of simple alkyl ketones.35-37 Cyclopentanone, for example, displayed 
two separate sets of signals for the methylene groups syn and anti to BF3 at -100 °C with a coalescence 
temperature of-64 °C (AG = 10.3 kcal mol-1)- An interesting comparison can be made between the com¬ 
plexes of acetone (8) and ethyl methyl ketone (9).35 Complexation of acetone at -30 °C resulted in a 
slight shift (0.1 p.p.m.) of the a-carbon resonance, while for ethyl methyl ketone the two ot-carbons 
showed a much larger shift (ca. 2 p.p.m.), one upfield and the other downfield from their original fre¬ 

quencies (Figure 12).35 

,BF3 
O 

31.0 p.p.m. 39.3 p.p.m. ) ( 27.8 p.p.m. 

(+0.1) (+2.2) (-2.0) 

(8) (9) 

Figure 12 Selected 13C chemical shifts of BF3-coordinated ketones. Numbers in parentheses 

depict the change in chemical shifts from those of the free ligand in p.p.m. 

These results are consistent with a single preferred conformation for (9) with slow syn-anti exchange 
and probably an averaging effect for the rapidly isomerizing acetone complex. It is noteworthy that the 
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relatively small difference in the steric bulk of the methyl and ethyl substituents can affect the syn—anti 

equilibrium. 
For simple cyclic ketones (Cn) the barrier for syn-anti isomerization of BF3 was shown to decrease in 

the order C5 > C7 = Ce > C4, a trend which closely follows the order of their basicities towards BF3 (vide 

supra). 
In contrast to boron-centered Lewis acids, tin and titanium derivatives prefer a 1:2 (acid:base) stoi¬ 

chiometry in complexation with carbonyls. 13C and *H NMR spectra of an equimolar solution of SnCU 
and 4-r-butylbenzaldehyde showed signals only for free ligand and a 1:2 (acid:base) complex over a wide 
temperature range.38 Only with excesses of SnCU was any 1:1 adduct observed and even in the presence 
of 10 equiv. of Lewis acid, only 25% of the 1:1 complex could be detected. Intermolecular exchange in 
this case was shown to be slow below -40 °C and no syn-anti isomerization could be detected. 

Similar observations were made in a study of TiCL/carbonyl complexes but over a smaller tempera¬ 
ture range and to a more limited extent.39-41 Thus, 'H NMR studies showed that TiCL forms 1:2 adducts 
with ketones, esters, ethers and nitriles. Ethers and esters were once again stronger ligands than 
ketones.39 TiCL has also been used as a diagnostic shift reagent for NMR studies of (3-lactams and sev¬ 
eral a,(3-unsaturated carbonyls.40’41 Both functionalities form strong complexes (as deduced from the 
changes in 'H and 13C chemical shifts) but more detailed structural information has not been obtained. 

The structure of carbonyls complexed to lanthanide shift reagents [LSR, e.g. Eu(fod)3] has been the 
subject of some debate in the literature.42-45 The two prevailing models for the structure of these com¬ 
plexes are known as the one-site and the two-site models, simply referring to the linear and bent geomet¬ 
ries of coordination, respectively. The position of the lanthanide Lewis acid is generally determined by 
comparing the observed induced shifts with calculated values for randomly generated structures followed 
by a search for the best fit. The choice between a linear geometry and a ‘time-averaged geometry’ of two 
bent structures may be a difficult one, since the corresponding calculated values are probably quite simi¬ 
lar. Although crystallographic studies of LSR complexes show a bent geometry,47 strong spectroscopic 
evidence for the linear, one-site model has also been obtained.44-46 Both models, however, agree that the 
location of the Lewis acid is strongly affected by the steric environment of the carbonyl group, and also 
that in line with ab initio predictions, distortions away from the lowest energy geometry appear facile. 

NMR spectroscopy of Lewis acids complexed with a,(3-unsaturated carbonyls has shed light on their 
structure and conformational preferences. Low temperature 'H and I3C NMR spectra of BF3/2-cyclo- 
hexenone indicated slow exchange at -80 °C.48 A mixture of syn and anti complexes was detected but 
the anti preference seemed to increase with increasing bulk at the a-carbon. 

*H and 13C NMR of a wide range of Lewis acids complexed with crotonaldehyde, tiglic aldehyde, 3- 
pentenone and methyl crotonate were investigated.49 Correlation of 'H and 13C shifts at -20 °C consist¬ 
ently showed an anti, s-trans conformation for crotonaldehyde complexed with 12 different Lewis acids. 
Notably, 13C NMR shifts suggested significant decrease of electron density on C-l and C-3 but an in¬ 
crease of charge on C-2. This observation may be the result of a greater contribution from the enol reson¬ 
ance structure of the complex (Figure 13). 

O 

Figure 13 Enol resonance structure of BF3/enal complexes 

The linear correlation between the changes in chemical shifts (A8) of different protons for complexed 
and uncomplexed crotonaldehyde has a somewhat different character for a,(3-unsaturated ketones and es¬ 
ters. Conformational isomerization, for example, was found to be rapid for enones (2-cyclohexenone, 
2-pentenone) even at low temperatures, although it was evident that the syn conformation, in which the 
Lewis acid and H-2 are in close proximity, is one of the low energy conformers. The change in the reson¬ 
ance frequency of H-2 was attributed to ‘through-space deshielding’ due to the anisotropy of the Lewis 
acid. Complexes of methyl crotonate provided further evidence for the predominance of the syn confor¬ 
mation. Correlation of the changes in chemical shifts of the H-2 resonances of this system with those of 
the crotonaldehyde complexes suggested through-space interactions of the Lewis acid with H-2, consist¬ 
ent with an abundance of conformer (10). 

Finally, a scale of Lewis acidity based on the induced changes in chemical shifts was established 
(Table 7). Of special relevance for synthetic applications may be the relative powers of BF3 and TiCL. 
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(10) 

These results suggest that the mildness of BF3/Et20 (relative to TiCL) may simply be due to the low ef¬ 
fective concentrations of free Lewis acid, since uncomplexed BF3 seems to be a much stronger Lewis 
acid. Furthermore, in cases where a second potential site of coordination (e.g. an ether functionality) is 
present in the ligand, the effective concentration of BF3 may be even lower. 

Table 7 Relative Lewis Acidities as determined by 'H NMR Spectroscopy.3 

Lewis acid Relative power Lewis acid Relative power 

BBr3 1.00 ±0.005 EtAlCl2 0.77 
BCI3 0.93 ± 0.020 TiCL 0.66 ± 0.030 
SbCl5 0.85 ± 0.030 Et2AlCl 0.59 ± 0.030 
AICI3 0.82 SnCL 0.52 ± 0.040 
bf3 0.77 ± 0.020 

“Relative power refers to the induced A8-values of the H-3 resonances of various a.p-unsaturated carbonyl bases. 

Lewis acids that possess two empty sites of coordination are capable of imposing conformational con¬ 
straints on a carbonyl ligand either by forming 2:1 complexes or via chelation when a second basic site is 
present in the ligand. Despite the popularity of the ‘chelation-control’ model since its original proposal in 
1952 by Cram and coworkers,50 rigorous and direct experimental evidence for chelation in a- and 
(3-alkoxycarbonyls was only obtained recently from variable temperature 'H and l3C NMR.51-54 

NMR titration experiments with 2-methoxycyclohexanone (11; equation 3) and TiCL at 23 °C indi¬ 
cated the formation of a conformationally rigid 1:1 adduct, in which both the carbonyl carbon and the 
carbon bearing the methoxy group had lower field chemical shifts with respect to the free ligand.51,52 The 
reaction of MeTiCb and 2-benzyloxy-3-pentanone was monitored by 13C NMR spectroscopy (equation 
4). At -45 °C two new sets of carbonyl signals (downfield from those of the free ligand) appeared imme¬ 
diately upon addition of MeTiCb. Additionally, broadening and an upfield shift of the titanium-bound 

O Cl 

(11) (12) 
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methyl group indicated formation of an octahedral complex. These signals were assigned to the two dia- 
stereomeric structures (14) and (15), in which the methyl group occupies a meridional position cis or 
trans to the carbonyl ligand. Structures with axially disposed methyl substituents were discarded, based 
on precedence from previous NMR and crystallographic studies. Kinetics and crossover experiments also 
showed that product formation is due to bimolecular rather than intramolecular methyl transfer.53 

P-Alkoxycarbonyls can also form stable and conformationally rigid chelates. Spectroscopic evidence 
for these structures was provided by a study of titanium-, tin- and magnesium-derived Lewis acids and 
(3-alkoxy aldehydes (16) and (17).54 Variable temperature (—80 °C to —20 C) l3C and ’H NMR spectra 
showed that (16) can form conformationally rigid 1:1 adducts with TiCL, SnCL and MgBr2/Et20. 

H 

BnO O 

(16) (17) 

The splitting pattern and coupling constants for the C-2 methine hydrogen (J ax-ax — 9.7 Hz, /ax-eq — 3.5 
Hz) further indicated its pseudo-axial disposition, and structure (18) was proposed for the TiCL complex 

(equation 5). 

(5) 

Aldehyde (17) behaved somewhat differently (equation 6). In this case, the splitting pattern for the C-3 
methine hydrogen suggested a pseudo-equatorial location in the TiCL complex, but no discreet, stable 
chelate could be detected with SnCL even at -93 °C. The preference for structure (19) with an axial 
methyl group was rationalized based on the observation that the alternative conformation (20) would be 
disfavored due to an A1-Mike interaction between the equatorial methyl group and the benzyl protecting 
group. The benzyl group, in turn, should be locked in its conformation due to steric interactions with the 
chlorine ligands of the Lewis acid. 

Further support for this hypothesis was obtained by studying systematic changes in the steric and elec¬ 
tronic requirements of the oxygen-protecting group.55 The 0-methyl derivative (21a), for example, was 
shown to form a rigid chelate with TiCL, in which the C-3 methyl substituent is equatorially (Ax-ax = 10 
Hz, Jax-eq = 1 Hz) disposed (equation 7). Apparently, the size of the oxygen-protecting group in (22) is 

PO O 

(21a) R = n-hexyl, P = Me 

(21b) R = rt-hexyl, P = Et 

Cl H 

(7) 
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reduced to the extent that an equatorial substituent can now be accommodated. To appreciate the delicate 
balance of various influential factors here, it can be noted that in the O-ethylated complex (21b) the C-3 
alkyl group is once again forced to adopt an axial disposition (cf. 19). 

Yet another interesting observation was made in die study of (3-siloxy aldehydes.56 'H and 13C NMR 
spectra of silyl ether (23; equation 8) showed only 1:2 (acid:base) adduct formation and no evidence for 
chelation over a wide range of concentration and temperature (-80 °C to -20 °C). The researchers pro¬ 
posed that the reason for lack of chelation with silicon protecting groups may be electronic in nature: 
delocalization of the oxygen lone pair electrons into empty silicon d-orbitals could reduce oxygen ba¬ 
sicity. Ab initio calculations on a number of alcohols, ethers and silyl ethers supported this proposal by 
indicating a large Si—O—C bond angle (131°), which may result from Si—O TT-interactions, thereby as¬ 
cribing double bond character to the Si—O bond.57 A search of the Cambridge Structural Database 
(CSD) for the silyl ether [Si—O—C (sp3)] substructure indicated a mean value of 126 ± 9 °C for the Si— 
O—C bond angle and 1.65 ± 0.05 A for the Si—O bond length in the solid state.58 Moreover, the Si—O 
bond length shows a linear decrease with increasing Si—O—C bond angle (Figure 14), suggesting that 
the Si—O—C bond angle may be a valid measure of the Si—O double bond character. No such correla¬ 
tion was found between the Si—O—C angle and the C—O bond length (Figure 15). 

1.5 

X .41-I-1-1-I-I 
80 100 120 140 160 180 

Si—O—C angle (°) 

Figure 14 Correlation of the Si—O bond lengths and Si—O—C (sp3) bond angles 

(data from Cambridge Crystallographic Data Base) 

From this discussion it is quite clear that NMR spectroscopy is one of today’s most powerful tools in 
the pursuit of structural information. Not only can NMR spectroscopy provide accurate and easily ac¬ 
cessible structural data regarding a large variety of chemical species, but its ability to reveal energetic 
and solution dynamics data is unmatched even by X-ray crystallography.59 Detection of Lewis acid car¬ 
bonyl complexes by these methods has produced several noteworthy results. It is quite evident that Lewis 
acids form strong and stable complexes with a variety of oxygen bases. The order of Lewis basicity of 
some of the most common oxygen-containing functional groups towards Lewis acids has been estab¬ 
lished. Thermodynamically, ethers seem to be stronger bases than carbonyls, although kinetic basicities 
of these groups have not been measured. Carbonyl-containing compounds listed in the order of reducing 
basicity towards common Lewis acids are amides > esters > enones > ketones > aldehydes. Effective ba¬ 
sicity seems to be dependent on both electronic and steric effects. Thus a sterically congested ester may 
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Figure 15 Correlation of the C—O bond lengths and Si—O—C (sp3) bond angles 
(data from Cambridge Crystallographic Data Base) 

coordinate more weakly than an unhindered aldehyde. An order of Lewis acidity towards carbonyl bases 
has also been deduced from NMR spectroscopy (Table 7), which may prove helpful in fine-tuning the re¬ 

activity of Lewis acidic catalysts. 
Most of the available data point to a bent, planar conformation for Lewis acid carbonyl complexes. 

Syn-anti isomerization seems to be fast at room temperature on the NMR timescale but at low tempera¬ 
ture individual isomers can be observed. The barrier to isomerization is estimated as 8-10 kcal mol-1, but 
the mechanism of this process (i.e. through a parallel or perpendicular arrangement) is unresolved. The 
syn-anti equilibrium is quite sensitive towards the relative size of the carbonyl substituents and the 
Lewis acid prefers to lie syn to the smaller substituent. 

In agreement with ab initio predictions, Lewis acid complexation with a,(3-unsaturated carbonyls 
seems to encourage adoption of the s-trans conformation. In the complexes of conjugated esters and 
ketones the gearing effect discussed previously may be responsible for the abundance of the (Z)-syn- 
s-trans conformation. 

Strong evidence for Lewis acid chelation with bidentate bases has been gathered. Subtle and intricate 
factors seem to contribute to the overall conformation of the chelated complex but the importance of pro¬ 
tecting groups for the alkoxy ligands should be emphasized. Silicon protecting groups reduce oxygen ba¬ 
sicity probably through a combination of steric and electronic effects and thereby disfavor chelation. 
Alkyl ethers, on the other hand, are strong chelators, but small differences in the size of the protecting 
group may result in large differences in the overall conformation of the Lewis acid chelate. 

There are also a few interesting topics which have not yet been addressed. The question of the confor¬ 
mational preferences of a-chiral aldehydes upon Lewis acid complexation is among the most important 
issues. Theoretical predictions imply that the small magnitude of the differences in energy may prevent 
detection of individual conformers even at very low temperatures. However, it is not inconceivable that 
through the proper choice of Lewis acid and design of an appropriate carbonyl ligand one may exagger¬ 
ate the energetic differences such that detection becomes possible. 

Stereoelectronic effects of various remote substituents on the basicity of the carbonyl is yet another in¬ 
triguing question. Electronic effects of remote substituents have been postulated to be responsible for 
stereoselective additions to carbonyls in rigid adamantanone systems.60 If present, such stereoelectronic 
effects would similarly be expected to bias the energetics and structural features of Lewis acid complexa¬ 
tion. 

Finally, the mechanism of syn-anti isomerization remains elusive. Is ir-bonding truly higher in energy 
than the linear, planar arrangement as predicted by theory? The answers to these questions will un¬ 
doubtedly help to clarify our emerging view of the interactions of the carbonyl group with Lewis acids. 
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1.10.5 X-RAY CRYSTALLOGRAPHY 

There are two distinct approaches to the analysis of X-ray structural data. In one approach a detailed 
consideration of individual angles and distances in single crystal structures is used to attain insights into 
the properties and reactivity patterns of a particular compound or class of compounds. On the other hand, 
a statistical analysis of a large number of crystal structures that share a common structural feature can be 
used to extract generalizations regarding particular types of interactions or molecular properties. Clearly, 
the latter approach is more useful and more reliable in deriving a general sense of a bond length or bond 
angle, while a detailed analysis is preferred when various factors which may contribute to the final struc¬ 
ture of a complex (especially those with unusual structures) are to be determined. Since both methods 
have their merits, a combination of the two has been adopted throughout this section. 

Such a combination was used in connection with a study of the crystal structure of the LiBr/acetone 
complex.61 In this dimeric complex (Figure 16) each lithium ion is coordinated by two molecules of 
acetone through the carbonyl lone pair electrons with a bent, planar geometry in a tetrahedral environ¬ 
ment. The Li—O bond length is measured as 2.0 A with an Li—O—C angle of 145°. Although the ob¬ 
served Li—O distance is very close to various theoretical predictions (vide supra) the nonlinear 
coordination geometry disagrees with ab initio calculations. To probe the source of this discrepancy and 
to determine the true low energy conformation of alkali metal/carbonyl complexes the researchers con¬ 
ducted a general search of the Cambridge Structural Database (CSD). Of the nine crystal structures that 
were analyzed in this study, six contained Li+, two Na+ and one K+ as the Lewis acid bound to the carbo¬ 
nyl ligands. The coordination angle for Li+ was consistently found to be bent (120°-156.3°) but large dis¬ 
tortions from planarity (up to 55°) seemed to occur randomly. The Li—O bond distance showed no linear 
dependence on the Li—O—C—X dihedral angle. 

Figure 16 Crystal structure of LiBr*(acetone)2 complex 

The crystal structures of Na+ complexes, however, showed that linear and bent geometries are equally 
accessible and bending out of the plane of the carbonyl was once again observed (Figure 17).62 

Figure 17 Linear complexation of a Na+/acetone complex 

The workers concluded that the potential energy surface for carbonyl coordination to alkali metals is 

likely to be fairly flat with respect to changes in the M—0=C angle and the M—0=C—X dihedral 
angle. This proposal would also account for the discrepancy between theory and the experimental results 

regarding the exact structure of the lowest energy species. 
A more recent search of the CSD for alkali metal/carbonyl crystal structures also confirmed these re¬ 

sults.63 The average Li—O bond length and the Li—O—C bond angle were found to be 1.99 ± 0.07 A 
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and 139 ± 3°, respectively. Of the 23 examples found, 9 exhibited coordination by more than 10° out of 

the plane of the carbonyl group. 
Thus, cationic alkali metal Lewis acids do not exhibit any strong directional preferences in coordina¬ 

tion to carbonyls.64 In particular, bending towards the tt-cloud of the carbonyl with no significant leng¬ 
thening of the M—O bond is commonly observed. Coordination seems to occur from the direction that 
best satisfies the cation’s electron demand and minimizes steric interactions. These, in turn, depend on 
the coordination number of the cation, the relative size and electronic properties of the ligands, and, in 
the solid state, on crystal-packing forces. It is, therefore, not at all surprising that gas phase calculations, 
which assume a 1:1 stoichiometry and necessarily ignore packing forces, predict different low energy 
structures, since under those conditions the linear geometry might very well be favored. What theory 
would predict as the lowest energy conformation of a multicoordinated, alkali metal/carbonyl complex is 
an interesting question which, at present, remains unanswered. 

Finally, the biological relevance and importance of metal cation/carbonyl interactions, although be¬ 
yond the scope of the present discussion, should be noted. Such interactions may play a significant role 
in determining the structures and conformations of metal-binding peptides or metalloproteins. Two pro¬ 
vocative crystal structures of Li+ bound to the cyclic decapeptides antamanide and perhydroantamanide 
have been reported.65,66 In the former, lithium was found to be pentacoordinated to four carbonyl oxy¬ 
gens and the nitrogen atom of an acetonitrile solvent molecule in a pseudo square pyramidal arrangement 
(Figure 18).65 In this structure, the Li—O bond lengths and Li—O—C bond angles are similar to the 
values discussed previously and are consistent with the principles of the foregoing discussion. 

Figure 18 Crystal structure of Li+/antamanide complex 

Relative to alkali metals, neutral Lewis acids seem to perform much more consistently. Crystal struc¬ 
ture of the BF3/benzaldehyde complex may serve as a representative example (Figure 19).67 Here the 
Lewis acid is placed 1.59 A from the carbonyl oxygen, along the direction of the oxygen lone pair and 
anti to the larger phenyl substituent.68 

Although crystal structures of other bimolecular complexes of carbonyls with boronic Lewis acids 
have not been reported, a number of intramolecular chelates have been detected in the solid state.69-71 In 
all these cases boron is found to lie in the direction of the carbonyl lone pair with no more than 11 ° dis¬ 
tortion away from the best plane of the carbonyl group. The average B—O bond length is 1.581 ± 0.019 
A and the B—O—C angle lies between 112° and 119°. 

A search of the CSD files for the A1—0=C substructure revealed 30 such interactions with Lewis 
acidic aluminum atoms from 23 crystal structures.72 Mean values for the A1—O distances and 
A1—O—C bond angles were found to be 1.88 + 0.09 A and 136 ± 4°, respectively. Aluminum was found 
to lie within ±8° of the carbonyl plane where 0 in Figure 20 had a mean value of 83 ± 1°. 
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Figure 19 Crystal structure of BF3/benzaldehyde complex 

Figure 20 

The crystal structure of the AlCL/tetramethylurea (AICI3/TMU) complex shows a 1:1 adduct, in which 
aluminum binds to the carbonyl lone pair electrons at an angle of 132.5° and at a distance of 1.78 A (Fig¬ 
ure 21).73 The C—O bond length (1.239 A) is approximately 0.06 A longer than that of unbound TMU 
and 0.03 A longer than in the corresponding Me2SnCl2/TMU complex. The Lewis acid is once again co- 
planar with the carbonyl, although the dimethylamino group syn to aluminum is twisted out of conjuga¬ 
tion to avoid steric interactions. 

Figure 21 Crystal structure of AICI3/TMU complex 

Based on statistical analyses it may be reasonable to propose that this structure reflects the idealized or 
low energy mode of coordination to carbonyls for aluminum-centered Lewis acids. It would be interes¬ 
ting to see how distortions away from such an arrangement may come about. Imposition of steric conges¬ 
tion through bulky substituents is one way to address this question. The crystal structure of 
(2,6-di-t-butyl-4-methyl)phenoxydiethylaluminum/methyl toluate was recently reported (Figure 22).74 

In this structure a pseudo-tetrahedral aluminum is positioned 1.89 A from the carbonyl ligand. The 
Al—O_C angle of 145.6° is on the more linear end of the Al—O—C angle spectrum, but, more interes¬ 

tingly, the Al_0=C—C torsion angle (49.9°) shows considerable bending towards the TT-plane. Clear¬ 
ly, this distortion from the ‘idealized’ structure is a result of the unusually bulky phenoxide ligand on the 
Lewis acid, coupled with the fact that in (Z)-aromatic esters both sp2-lone pairs are fairly hindered. No¬ 
tice that other available mechanisms for relief of steric strain were not employed. Either twisting of the 
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Figure 22 Crystal structure of Et2 Al(OAr)/methyl toluate complex 

phenyl substituent or alteration of an idealized (Z)-ester conformation could have accommodated a more 

planar Lewis acid complex, but neither occurs to any considerable extent [t(0=C—O—O) = 4.1 , 
T(0=C—C=C) = 12.1°]. Furthermore, a linear Lewis acid complex would also avoid steric interactions 
with the carbonyl substituents but this mode of coordination seems to be excluded as well. These results 
suggest that the energetic barrier for out-of-plane bending of the Lewis acid is less steep and probably 
lower than the barrier for either (£)/(Z) ester isomerization, rotation about the phenyl-carbonyl C—C 
bond or in-plane distortion to a linear structure. The latter proposition is in sharp contrast to theoretical 

predictions. 
When a Lewis acid possesses two empty coordination sites, another degree of complexity is added to 

the structural issues discussed above. Titanium(IV) Lewis acids, for example, show a strong preference 
for a six-coordinate, octahedral arrangement. Thus, the acid:carbonyl stoichiometry for these complexes 
is often 1:2 or, when only a single equivalent of the carbonyl base is present, dimeric structures with 
bridging ligands are observed. The crystalline 1:1 adduct of TiCL and ethyl acetate, for example, con¬ 
tains dimeric units of two octahedral titaniums with bridging chlorine atoms (Figure 23).75 The 2.03 A 
long Ti—O bond is almost coplanar with the carbonyl group [T(Ti—0=C—C) = 2.86°] and the 
Ti—O—C angle is measured as 152°. 

Figure 23 Crystal structure of TiCl4/ethyl acetate complex 
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These values agree well with the average Ti—0=C bond lengths and bond angles derived from sear¬ 
ches of the CSD files (Ti—Omean = 2.14 ± 0.07 A), although the Ti—O—C angle is on the wider side of 
the observed range (Ti—O—Cmean = 125 ± 12°).76 Meanwhile, the (Z)-conformation of the ester is re¬ 

tained [t(0=C—O—C) = 2.6°] by coordinating the Lewis acid syn to the methyl substituent. 
In line with the behavior of aluminum-centered Lewis acids, deviations from the ‘idealized’ conforma¬ 

tion are observed when steric congestion is imposed on the structure. This point is illustrated in the crys¬ 
tal structure of the TiCL/ethyl anisate complex (Figure 24).77 Although at first glance the main features 
of this complex (dimeric complex, octahedral titanium, etc.) are very similar to those of the TiCWethyl 
acetate structure, out-of-plane bonding to the carbonyl clearly distinguishes the two structures. The 
Ti—O—C—C dihedral angle is 45.7° and the Ti—O—C angle has now opened up to 168.7°. The (Z)- 
conformation of the ester is still intact [t(0=C—O—C) = 1.4°] and the Lewis acid is bound more or 
less syn to the phenyl substituent, which, in turn, is twisted out of conjugation and away from the Lewis 
acid by 13.0°. These structural features are very similar to those of the bulky aluminum Lewis acid com¬ 
plex discussed previously and one may expect them to be quite general in similar systems. Interestingly, 
distortions from the ‘idealized’ structures are more prominent for the titanium complex, which may sug¬ 
gest that, in the dimeric form, TiCL is in fact even larger than the aryloxyaluminum reagent, or that tt- 
distortion occurs more readily for Ti than for Al. 

Figure 24 Crystal structure of TiCl4/ethyl anisate complex 

Extreme out-of-plane bonding is observed in the crystalline complex of TiCL and acryloylmethyl lac¬ 
tate (Figure 25).78 In this structure Ti is bound by two ester carbonyls in a seven-membered ring chelate. 
Both carbonyls are Tr-bonded with T(Ti—0(1 )=C—C) = 63.6 and r(Ti 0(2) C C) - 48.1 . Both 
esters, however, remain very close to planarity (ti = 8.8°, t2 = 4.1°) and in the preferred (^-conforma¬ 
tion. Furthermore, due to the presence of a chelate ring the Lewis acid is anti to the acrylate double bond 
and the enoate adopts an s-cis geometry. It is difficult to rationalize ir-bonding in this case since direct 
steric interactions appear to be unimportant. Moreover, rr-bonding cannot be the result of chelation since 
crystal structures of TiCL chelated by acetic anhydride79 or 3,3-dimethyl-2,4-pentanedione80 show no 
evidence for ir-bonding. Even the seven-membered ring diester chelate of TiCL with diethyl phthalate 
has the Lewis acid coplanar with the carbonyl ligands (Figure 26).79 81 Another noticeable feature of the 
chelated structures is that they are all monomeric, probably due to the ability of the bidentate ligands to 

satisfy titanium ’ s desire for hexacoordination and octahedral geometry. 
In the previous section it was noted that in solution tin-derived Lewis acids, like titanium, prefer to 

form 1:2 acid:carbonyl or 1:1 chelated adducts. Consistent with these findings, the crystal structure of 
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Cl 

Figure 25 Crystal structure of TiC^/acryloylmethyl lactate complex 

Figure 26 Crystal structures of two TiCl 4 chelates 

SnCU/4-r-butylbenzaldehyde shows a 1:2 stoichiometry with two nonequivalent aromatic aldehydes, cis 
to one another around the octahedral tin atom (Figure 27).38 

Figure 27 Crystal structure of the SnCl4 /4-1 -butylbenzaldehyde complex 

Similarly to the BF3/benzaldehyde complex, tin lies within the carbonyl plane with respect to both al¬ 
dehydes (ti = 2°, T2 = 4°), in the direction of sp2-hybridized lone pairs (Sn—0(1)—-C(l) = 128°, 
Sn—0(2)—C(2) = 126.2°) and anti to the aromatic ring. 
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These measurements and the Sn—O bond lengths (2.23 A) are close to the average values of tin-car- 
bonyl bond angles and bond lengths found in the CSD files (Sn—O = 2.3 ±0.1 A; Sn—O—C = 127 ± 
10°).82 However, the 1:2 stoichiometry and the cis relationship of the carbonyl ligands are not universal. 
Only slight alterations in the nature of the Lewis acid or its ligands are necessary to alter this arrange¬ 
ment. For example, an X-ray analysis of Ph2SnCl2/p-dimethylaminobenzaldehyde shows a monomeric 
1:1 complex with a pentacoordinated, trigonal bipyramidal tin atom (Figure 28).83 

Figure 28 Crystal structure of Ph2Sn2/p-NMe2C6H4CHO complex 

Although neither the Sn—O bond length (2.3 A) nor the bond angles [Sn—O—C = 121°, 
T(Sn—0=C—C) = 4°] nor the anti geometry of coordination have changed significantly compared to 
the SnCL complex, the environment about the Sn atom is clearly different. It is likely that these changes 
are caused by the substitution of chlorines for aryl groups on the Lewis acid. Thus, crystal structures of 
Ph3SnCl/tetramethylurea (TMU),84 Me2SnCl2/TMU,85 Me3SnCl/triphenylphosphoranyldiacetone86 and 
Me2SnCl2/salicylaldehyde87 all feature pentacoordinated, trigonal bipyramidal 1:1 adducts, while 
SnX4-2L (X = Cl, Br, I; L = urea or thiourea) complexes contain cA-octahedral tin centers.88 The cis and 
trans stereochemistry of the octahedral complexes seems to depend on the size and the basicity of the 
base, as well as the nature of the Lewis acid. Me2SnCl2/DMU85 and SnCL/ethyl cinnamate89 are both 
rrarcs-octahedral 1:2 complexes. The latter complex is particularly relevant to the discussion of the con¬ 
formational preferences of a,(3-unsaturated carbonyl complexes (Figure 29).89 Here the ligand adopts a 
(Z)-s-trans conformation with tin coordinated syn to the double bond. The Sn—O—C—C dihedral angle 
of 21° indicates some out-of-plane bonding, although not as much as in the titanium complexes. 

Figure 29 Crystal structure of SnCl4/ethyl cinnamate complex 
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Crystal structures of chelated tin Lewis acids have also been obtained. Recently, X-ray analysis of two 
five-membered chelates of SnCL were reported.90 SnCL complexes of 2-benzyloxy-3-pentanone and 
methoxyacetophenone are both 1:1 monomeric chelates with distorted octahedral geometry (Figure 
30).90 In the former complex, tin is apparently coplanar with the carbonyl plane (10° puckering of the 
stannacycle) at a distance of 2.184(3) A away from the carbonyl oxygen. More importantly, the ether 
oxygen is planar and seems to coordinate to the Lewis acid through an sp2-like lone pair. This point lends 
credence to the assumption of A1,3-like interactions between the oxygen-protecting group and an a-sub- 
stituent, as discussed in the last section.54 It should also be noted that coordination along the direction of 
a trigonal lone pair of ether oxygen atoms is not altogether unexpected and is, in fact, well documented 
for other Lewis acids such as lithium cation.91 

Cl 2 

Figure 30 Crystal structures of two SnCl a chelates 

Methoxyacetophenone chelates SnCU in much the same way.90 There are, however, two distinct con¬ 
formations about the ether oxygen in these crystals. In one conformer, the ether group is planar with sp2- 
like donation to the Lewis acid, while in the second conformer the ether oxygen is better described as 
.^-hybridized and pseudo-tetrahedral. 

In summary, crystallographic studies have provided a wealth of structural information regarding car¬ 
bonyl complexation of various Lewis acids. More specifically, it has been shown that alkali metal cations 
do not show a strong directional preference for binding to carbonyls and for these complexes coordina¬ 
tion numbers and coordination geometries vary greatly. Boron, aluminum, titanium and tin Lewis acids 
all accept electron density from sp2-lone pairs of a carbonyl ligand at ca. 130-140°, but in the presence 
of steric interactions they easily distort from their optimal geometry. For aluminum, titanium and tin 
complexes there is fairly strong evidence that, contrary to theoretical predictions, these distortions are in¬ 
variably out of plane, towards the ir-cloud of the carbonyl group rather than the linear, in-plane geo¬ 
metry. This may also suggest a mechanism for syn-anti isomerization of the Lewis acid, although this 
point is less clear. 



Lewis Acid Carbonyl Complexation 307 

The stoichiometry of complexation is ordinarily 1:1 (acidicarbonyl) for boron- and aluminum-centered 
Lewis acids, which give pseudo-tetrahedral complexes, and 1:2 for octahedral TiIV complexes. Tin(IV)- 
derived Lewis acids can form either 1:2 octahedral or 1:1 trigonal bipyramidal complexes, depending on 
the nature of their ligands and on the carbonyl base. 

Lewis acids prefer to lie syn to the smaller substituent of the carbonyl, e.g. syn to H for aldehydes, anti 
to —OR for simple alkyl esters. In a,|3-unsaturated systems, Lewis acid coordination syn to the double 
bond favors the s-trans conformation, but in two crystal structures, where coordination anti to the alkene 
occurs, s-cis complexes are observed.78111 Finally, chelation with titanium and tin occurs readily and 
yields stable, crystalline complexes. 

Some of the shortcomings and difficulties encountered in the attainment of structural data from crys¬ 
talline compounds should also be noted here. The single most important difficulty in X-ray crystal¬ 
lographic analyses is the task of obtaining suitable, X-ray diffracting crystals. This task is made even 
more formidable for the highly reactive and often unstable Lewis acid carbonyl complexes. Most of the 
crystal structures discussed here were obtained by crystal growth and data collection at low temperatures, 
under inert atmospheres. Once the X-ray diffraction data are available, care should be taken to avoid 
overinterpretation of single structures and invalid generalizations. In this section, statistical analyses of a 
large number of crystal structures have been used to distinguish the ordinary from the unusual. In un¬ 
usual systems, crystal-packing forces may be the cause of deviations from the norm, and it is always im¬ 
portant to take this factor into consideration. Lastly, it is worth noting that crystal structures represent 
static single point conformations and their relevance to dynamic chemical reactions is not clear. Never¬ 
theless, in the past chemical dynamics have been cleverly inferred from crystallographic data,59 although 
performing such a task for the case at hand would require a very serious and systematic effort. 

1.10.6 TRANSITION METALS AS LEWIS ACIDS 

Despite the focus of this chapter on the most commonly utilized Lewis acids in organic synthesis, a 
much larger body of data regarding the structure of donor/acceptor complexes of transition metals with 
carbonyls exists. Although a comprehensive treatment of this subject is beyond the scope of the present 
discussion, it is nonetheless worthwhile to consider the structural features of some of these complexes 
briefly, since many demonstrate novel and unusual ways of interacting with the carbonyl group.92 

To begin with, one can consider those high valent transition metals that seem to behave analogously to 
the Lewis acids discussed thus far. The crystal structure of a cationic iridium complex 
[IrH2(Me2CO)2PPh3]BF4 shows cis coordination of two acetone ligands to an octahedral iridium atom 
(Figure 31 ).93 Iridium is coordinated to the lone pairs of the acetone ligands, coplanar with the carbonyl 
at an Ir—0=C angle of 133.1° for one acetone ligand and 134.9° for the other. Aside from the interest in 
this complex due to its role as an active dehydrogenation catalyst,94 one can also regard it as an effective 
Lewis acid towards acetone, since it seems to possess all the necessary structural characteristics. 

Figure 31 Crystal structure of [IrH2(Me2CO)2PPh3]BF4 

Dicarbonylcyclopentadienyliron cation (Fp+) is another reactive Lewis acid. This 16-electron complex 
is known to coordinate ethers, nitriles and various carbonyl-containing compounds quite effectively and 
with 1:1 stoichiometry. The resultant 18-electron complexes are often stable, crystalline compounds and 
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the crystal structures of a few of them have been solved.95 97 X-ray analysis of Fp(cyclohexenone)BF4, 
for instance, shows iron a-bonded in the plane of the carbonyl [T(Fe 0=C C) = 3.7(9) ] at 
132.81(4)° (Figure 32).95’97 Interestingly, iron is coordinated syn to the double bond, which could be ex¬ 
plained by steric or electronic arguments. Sterically, coordination next to the smaller methine, as op¬ 
posed to the methylene, a to the carbonyl should be favored. A similar preference may be expected if the 
enone moiety is envisioned in an enol ether resonance structure (c/. Figure 33). Thus, the known pref¬ 
erence of enol ethers to adopt a (Z)-conformation may be extended to this case to explain the observed 
result. The latter, electronic argument, however, does not appear to override steric factors in an aldehyde 
complex. Preliminary results from a crystal structure of Fp(cinnamaldehyde)PF6 indicate metal coordina¬ 

tion cis to the aldehydic hydrogen and trans to the enal double bond.97 

Figure 32 Crystal structure of Fp(cyclohexenone)PF6 

Me. 
O O' 

Me 

Figure 33 Analogy between synlanti Lewis acid complexes and (E)/(Z) enol ethers 

Fp(4-methoxy-3-butenone)BF4 also shows coordination syn to the double bond, s-trans geometry and 
no evidence for ir-bonding [Figure 34; T(Fe—0=C—C—O) = 0(1)°].97 Fp(tropone)BF4 is yet another 
complex whose crystal structure has been solved.96 In this case, the complex is particularly stable due to 

Figure 34 Crystal structure of Fp(4-methoxy-3-butenone)BF4 
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the high basicity of the tropone ligand and the crystal shows very similar structural features to other 
Fp(carbonyl) complexes. 

A tungsten-derived Lewis acid, [(Me3P)(CO)3(NO)W]+SbF6“, was recently reported to catalyze diene 
polymerization and Diels-Alder reactions.98 A crystal structure of the acrolein-bound complex (Figure 
35) shows tungsten a-coordinated [t(W—0=C—C) = 180°], syn to hydrogen, at an angle of 137.1°. In 
line with ab initio predictions, acrolein adopts an s-trans conformation, despite the absence of any ob¬ 
vious steric interactions in the s-cis conformer. It is apparent from this crystal structure that the tungsten 
complex behaves in a similar fashion to classical Lewis acids, and its structure can be predicted based on 
the same principles. 

Figure 35 Crystal structure of (Me3P)(CO)3(NO)WFSbF5 

The cationic complex [(^5-C5H5)Re(NO)(PPh3)]+ (Z) is capable of binding carbonyls either rf, 
through the iT-system, or by cr-bonding through the lone pair electrons.99,100 Crystal structures of Z(phe- 
nylacetaldehyde) and Z(acetophenone) clearly show the two different modes of complexation (Figure 

36). 

The authors attributed the difference in binding to increased steric bulk and lower ir-acidity of ketones 
as compared to aldehydes. No crystal structures of Fp+/aldehyde complexes are available in order to 
determine whether Fp+ has a similar ‘amphichelic’ binding property but (Ph3P)(CO)2Fe° binds cinnamal- 
dehyde in an V fashion.101 Additionally, it is worth noting that both of the rhenium complexes shown 
here are chiral and it has been shown that in the enantiomerically pure form, they undergo nucleophilic 
additions to the carbonyls with high enantioselectivities 99,100 Finally, the significance of the phenylace- 
taldehyde crystal structure should not escape attention. This is the first crystal structure of a nonchelated, 
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a-substituted Lewis acid/aldehyde complex. Despite the unusual r|2-bonding in this complex there may 
be direct implications for the conformational preferences of Lewis acid/a-chiral aldehyde complexes. 
Remarkably, the phenyl ring lies nearly perpendicular to the plane of the carbonyl at a dihedral angle of 
t(C—C—C=0) = 94°, which is reminiscent of the Felkin-Anh proposal for the reactive conformation 
of a-substituted carbonyl systems.102 However, it also seems reasonable to argue that the phenyl group 
occupies the sterically least congested area of space, and that the observed conformation is merely an ar¬ 
tifact of the steric requirements of this particular complex, rather than a general, electronic phenomenon. 

r|2-Bonding appears to occur with electron rich metals and electron deficient carbonyls. This combina¬ 
tion allows for better back-bonding from the metal to the carbonyl 7r*-orbital and disfavors competitive 
a-coordination by lowering the carbonyl lone pair basicity. Hexafluoroacetone, for example, is r)2-bound 
to Ir(Ph3P)2(CO)Cl103 (c/. ref. 93), and electron rich Ni° complexes show ir-bonding to both aldehydes104 
and ketones.105 The crystal structure of (TMEDA)Ni(C2H4)(H2CO), for example, shows formaldehyde 
bound in a metallooxirane structure in which the C—O bond has lengthened to 1.311 A (Figure 37).106 
Similarly, a molybdenum Lewis acid bound to benzaldehyde shows Ti2-Tr-bonding and a C—O bond 
length of 1.333 A.107 Acetone bound to pentamineosmium(II) (C—O = 1.322 A) has also been detected 
in the solid state and n-bonding is observed in this case as well.108 

Figure 37 Crystal structure of (TMEDA)Ni(C2H4)/formaldehyde complex 

Finally, carbonyls can bind two metals at once. The crystal structure of a bridging (p,), Tp-bound acet¬ 
aldehyde complex, for example, shows the carbonyl coordinated to two molybdenum atoms (Figure 
38).109 It appears that in this structure the carbonyl utilizes its it as well as its lone pair electrons to bond 
to the two metal centers. Conceptually one can think of this molybdenum complex as a bidentate Lewis 
acid that chelates the carbonyl group. 

Figure 38 Crystal structure of (T)2-p-MeCHO)Cp2(CO)4 Mo2 

In conclusion, it can be noted that high valent transition metals seem perfectly capable of serving as ef¬ 
fective Lewis acids. Many of the systems discussed here exhibit exceptional robustness, stability and a 
propensity to form crystalline complexes. This would facilitate the task of crystallization and structural 
analysis, and one can imagine that transition metal complexes can be used as structural probes of Lewis 
acid-carbonyl interactions. In this vein, the first glimpse of the origins of Cram selectivity in a-chiral al¬ 
dehydes may have been obtained from the crystal structure of a rhenium aldehyde complex. Lastly, the 
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variety of ligands and metals that can be exploited in this field provide a useful handle for the custom 
design of Lewis acidic reagents. These constructs may also benefit from the large body of structural (es¬ 
pecially crystallographic) data that is available for transition metal complexes. 

1.10.7 STRUCTURAL MODELS FOR LEWIS ACID MEDIATED REACTIONS 

A significant aim of the structural theory of organic chemistry is to acquire the ability to predict the 
behavior of molecules of known chemical structure. Ideally, one would be able to predict such ‘struc¬ 
ture-reactivity’ relationships based on the principles of quantum mechanics, but such an accomplishment 
is, at present, not possible. The shortcomings of modem theoretical chemistry in performing a reliable 
analysis of complex organic molecules have already been mentioned. An even greater hurdle, however, 
may lie still further ahead in answering the question of chemical selectivity. Thus, even if one were to 
predict the structure and energy of a molecular system correctly, to choose between a large number of 
available reaction paths and to predict the lowest lying transition state remain very difficult tasks indeed. 

As a corollary, reliable prediction of the structure of Lewis acid carbonyl complexes is by no means a 
solution to the problem of predicting their reactivity. To address the latter problem one needs to correlate 
the structural information with the observed patterns of reactivity and vice versa. 

In this section the stereochemical implications of the structural knowledge gained in the previous sec¬ 
tions will be discussed briefly. In some cases, this knowledge has resulted in the confirmation and/or de¬ 
velopment of various transition state models. In other instances, where compounds of known structure 
behave contrary to the predictions of structural theory, it has revealed inadequacies in, and limitations of, 
a model or collection of models. 

1.10.7.1 Additions to a,(3-Unsaturated Carbonyls 

Asymmetric Diels-Alder reactions have been the subject of some of the more thorough mechanistic 
studies. Fairly reliable structural models for predicting the outcome of these reactions exist. In a review 
of the subject, it has been suggested that the stereochemical course of the reaction of a variety of chiral 
acrylates could be consistently predicted based on two models (Figures 39 and 40).110 Model A positions 
the complex in a (Z)-syn-s-trans conformation and presumes attack from the least-hindered face of the 
double bond. This model is consistent with almost all of the structural data for systems of this type (e.g. 
SnCWethyl cinnamate X-ray diffraction study). Contrapuntally, the large number of experimental obser¬ 
vations that can be explained by this model support the assumption that the crystal structure conforma¬ 
tion (26) is relevant to the course of these reactions. 

Figure 39 Model A for Lewis acid mediated Diels-Alder reactions 
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Model B 

Figure 40 Model B for Lewis acid mediated Diels-Alder reactions 

Model B describes the case in which a chelating group is present in the dienophile, as shown in Figure 
40. In contrast to model A, the Lewis acid complex is now anti-s-cis, although the (Z)-ester conformation 
is still intact. The s-cis conformation is also observed in two crystal structures of chelated complexes, al¬ 
though one of these (cf. Figure 25) is somewhat unusual.111 

A similar model was proposed in describing the asymmetric Diels-Alder reaction of chiral a,(3-unsatu- 
rated A-acyloxazolidinones (31).112-114 The researchers noted that the reaction stoichiometry and the na¬ 
ture of the Lewis acid are crucial in obtaining high levels of diastereoselection (Table 8).112-114 In 
particular, stoichiometric amounts of chelating Lewis acids (i.e. SnCL, TiCL, ZrCL) resulted in in¬ 
creased stereoselectivities relative to Lewis acids with only a single coordination site (i.e. AICI3, 
EtAlCL, Et2AlCl). The most diastereoselective reactions, however, were observed when a slight excess 
(1.4 equiv.) of Et2AlCl was used. These results were interpreted in terms of the action of the ionic 
species Et2Al+(Et2AlCl2~) as the effective Lewis acid. Faster reaction rates, improved endo selectivity 
and Lewis acid concentration studies were all consistent with this interpretation and structure (34) was 
proposed as a transition state model.112 In support of this hypothesis, the researchers have pointed to 

Table 8 Lewis Acid Promoted Diels-Alder Reaction of Chiral a,(3-Unsaturated Acyloxazolidinones 

Xv = 

o 

A 
v_y 

Pr1 

Lewis acid (equiv.) Temperature (°C) Time (h) Conversion (%) (32):(33) X(endo):X(exo) 

SnCL (1.1) -78 2 70 3.1:1 14.9:1 
TiCL(l.l) -78 3 100 2.7:1 9.9:1 
ZrCL (1.4) -78 3 100 7.2:1 99:1 
A1C13(1.0) -78 3 60 1.5:1 4.2:1 

EtAlCl2 (1.1) -78 3 50 1.7:1 11:1 
Et2AlCl (0.8) 0 6 100 6.5:1 15:1 
Et2AlCl (1.4) -78 2.5 100 17:1 50:1 



Lewis Acid Carbonyl Complexation 313 

work on the complexation of dialkylaluminum chlorides and amine bases, where similiar phenomena 
were observed.115 

Et 

(34) 

Some of the Lewis acid catalyzed Michael additions to a,P-unsaturated carbonyls can also be ration¬ 
alized based on these models. For example, BF3-mediated additions of organocopper reagents to chiral 
a,p-unsaturated esters such as (-)-8-phenylmenthyl crotonate (35) occur with high levels of dia- 
stereoselectivity.116-118 The product stereochemistries for these reactions could be predicted by assuming 
the reactive conformation (36), which follows the basic structural tenets of model A (Figure 41).117 

Figure 41 BF3-mediated asymmetric Michael additions to chiral crotonates 

The inventors of the chiral catalyst (38) for asymmetric 1,4-additions to a,(3-unsaturated ketones119 
have proposed the transition structure depicted in (40) as a possible model for the Lewis acid catalyzed 
1,4-addition to cyclohexenone (Figure 42).120 

Figure 42 A model for catalytic asymmetric 1,4-addition to cyclohexenone 
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This model is consistent with the conformation found in the structure of Fp(cyclohexenone)BF495,97 
and the similarities can be seen in Figure 42.'19,120 Notice that the assumption that Lewis acid (Li+) coor¬ 
dination occurs syn to the double bond is essential for mediation of attack on the re face of the double 
bond. Anti coordination (if all else is retained) would result in si face addition. 

Catalytic asymmetric induction in Diels—Alder reactions is somewhat more difficult to analyze based 
on these models. The chiral Lewis acids shown in Figure 43 all promote asymmetric Diels-Alder cy¬ 
cloaddition with variable degrees of enantioselectivity.121-128 

(42) R‘,R2 = H 

(43) R1 = H, R2 = Me 

RV 
R4 O 

Ph Ph 

TiX7 

Ph 

X = Cl, OPr1 

O 

Ph 

(44) R3 = Me, R4 = Bul 

(45) R3 = H, R4 = Ph 

TsO 
O 

AlEt 
TsO O 

(46) 

(47) Met = TiX2 (49) 

(48) Met = A1X (50) 

Figure 43 Chiral catalysts for asymmetric Diels-Alder reactions 

Construction of useful structural models for these reactions, however, would require not only a full 
structural characterization of the Lewis acid, but also knowledge of the preferred conformation of the 
chiral ligands. In many cases the catalysts are generated in situ and the stoichiometry or the aggregation 
state of the Lewis acid are not well defined. The latter point is particularly important since both titanium 
and aluminum alkoxides are known to form dimeric or polymeric species.129 

The well-characterized aluminum Lewis acid (52) has been reported to catalyze hetero Diels-Alder re¬ 
actions of aldehydes with high enantioselectivity (Figure 44).130 

The model proposed for the reaction of simple aromatic aldehydes (54) places the Lewis acid syn to 
the aldehydic hydrogen, consistent with the frequent observation of this preference in crystal structures 
of Lewis acid-aldehyde complexes (cf. Figures 19, 27 and 28). 

Chiral lanthanide shift reagents (LSR) also promote asymmetric hetero Diels-Alder reactions (Figure 
45).131-134 Lack of rigorous structural information regarding LSR/carbonyl interactions, however, does 
not allow meaningful speculation on the source of chirality transfer. 

In addition, chiral dienes seem to exhibit a curious behavior in the presence of chiral LSRs (Table 
9).i31_134 Diastereoselection is highest when a ‘mismatched’ diene/catalyst pair is used. The researchers 
have proposed a novel ‘interactivity’ between the catalyst and the chiral auxiliary, the nature of which is 
at this point unclear. 

1.10.7.2 Additions to Nonconjugated Carbonyls 

The design of novel Lewis acidic reagents for additions to nonconjugated carbonyls, based on structu¬ 
ral information, has attracted much attention in recent years. An excellent overview of this subject has 
recently appeared, in which the mechanistic aspects of and various models for carbonyl addition pro¬ 
cesses are highlighted.135 In particular, attention was directed towards the ab initio treatment of solvation 
effects in additions to the carbonyl group.136,137 These calculations indicated that in the addition of water 
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Figure 44 Catalytic asymmetric hetero-Diels-Alder reaction 

OBu‘ 

i, PhCHO; 1% (+)-Eu(hfc)3 

ii, TFA O 
42% ee 

Ph 

(56) 

Figure 45 Asymmetric hetero-Diels-Alder reactions catalyzed by chiral lanthanide shift reagents 

Table 9 Interactivity of Lanthanide Shift Reagents and Chiral Dienes in Hetero-Diels-Alder Reactions 

OR OR OR 

AcQ^J PhCHO AcO Ao AcO. 
P0 

Lewis acid [1 1 
s' \ s'" 

MejSiO^^ MejSiO^ ̂ ^Ph Me3SiO 

(57) (58) L-pyranose (59) D-pyranose 

Lewis acid R Product ee (%) 

Eu(fod)3 
(+)Eu(hfc)3 
(+)Eu(hfc)3 

(+)Eu(hfc)3 

(-)-Menthyl 
Bu( 

(-t-)-Menthyl 
(-)-Menthyl 

D-Pyranose 
L-Pyranose 
L-Pyranose 
L-Pyranose 

10 
42 
18 
86 

or ammonia to formaldehyde, the intermediacy of a molecule of water in a six-membered transition 
state can considerably lower the transition energy, relative to a four-membered transition state (Figure 
45) 135-137 

This seemingly simple result may have far reaching consequences. For example, it may help to explain 
the effect of added lithium salts in nucleophilic additions to cyclohexanones as discussed earlier in this 
chapter. Thus, model (63) shown in Figure 472-135-'37 can explain the enhancement of rate and may also 
be relevant to the origins of stereoselectivity in this reaction. Of course, the exact location of the hthium 
atom and the aggregation state of the adding nucleophile are subject to speculation, since for lithium 

these parameters seem to be highly variable. 
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H 

X-H H20 

H '"J—O 

H 

(60) 

H „ „H. 
X O 

H'"i H 
l o 

H 

AE > -40 kcal mol 1 

(61) 

Figure 46 Four-membered versus six-membered transition states; role of a bridging catalyst 

Figure 47 A model for LiC104-mediated addition of MeLi to 4-r-butylcyclohexanone 

It may be recalled that an opposite stereochemical result is obtained by employing the bulky aluminum 
reagents MAD and MAT.3 This observation has been explained by invoking out-of-plane complexation 
of the Lewis acid in a direction which would prevent equatorial attack (Figure 48).3-74 The X-ray crystal 
structure of methyl toluate complexed with a bulky aluminum Lewis acid is fully consistent with this 
model.74 However, it is worth mentioning that a six-membered transition state, perhaps involving 
[Me2(ArO)Al]~Li+, has not been considered as an alternative mechanism. 

Figure 48 A model for MAD-mediated addition of MeLi to A-t -butylcyclohexanone 

It is more difficult to account for the remarkable anti-Cram selectivity observed in the MAT-mediated 
nucleophilic additions to ct-chiral aldehydes, although out of plane coordination may play an important 
role (Figure 49).3 
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Chiral Lewis acidic catalysts derived from (3-amino alcohols constitute a major field of recent develop¬ 
ment. These reagents have been used for enantioselective reduction of ketones138-145 and for dialkylzinc 
additions to aldehydes.146-155 

OH 

Ph 

+ 

OH 

Ph 

(68) (69; Cram) (70; anti-Cram) 

MeMgBr 72:28 

MeMgBr/MAT 7:93 

Figure 49 Anti-Cram addition of MeMgBr to a-phenylpropanal mediated by the bulky aluminum 

Lewis acid MAT 

The isolation and characterization of the reagent derived from the reaction of (3-amino alcohols and 
borane accompanied the first report of a truly catalytic procedure for the enantioselective reduction of 
ketones.143,144 A representative example is shown in Figure 50.135 143’144 Based on 'H and nB NMR spec¬ 
troscopy, a six-membered, boat-like transition state model (73) was postulated.135’143 

(73) 

Figure 50 Catalytic asymmetric reduction of ketones 

In this model the sense of asymmetric induction is controlled by two principle factors: (i) coordination 
of borane on the least-hindered face of the bicyclic ring system; and (ii) coordination of the Lewis acid 
syn to the small group (Rs). The latter point is in good agreement with the structural data that has been 
presented in this chapter, and is further supported by results from the asymmetric reduction of oxime 
ethers (Figure 51).145 As predicted by the model (75 and 78), (£)- and (Z)-oxime ethers afford enantio¬ 
meric amines upon reduction by the reagent derived from (-)-norephedrine and borane (2 equiv.). Here, 
Lewis acid coordination is dictated by the (£)/(Z) stereochemistry of the oxime ether rather than by the 

rule of coordination syn to the small group. 
A very similar model can be invoked to explain the results of catalytic enantioselective dialkylzinc ad¬ 

ditions to aldehydes.135 The catalysts used in these reactions are invariably lithium- or zinc-centered 
Lewis acids. The transition structure shown in Figure 52135’146’150 has been put forward by several groups 
and predicts the stereochemical outcome of many systems of this general type (83-89; Figure 53) quite 
nicely. In this model a dialkylzinc molecule is coordinated to a basic site (X) on the least-hindered face 
of the catalyst. The Lewis acidic metal can then deliver a molecule of aldehyde by coordination syn to 
the aldehydic hydrogen. The assumption of a boat transition state can be justified by invoking Zn-0 in¬ 
teractions along the reaction path and comparison with various zinc-alkoxide crystal structures (e.g. 

MeZnOMe). 
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R(X 
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OH 
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nh2 nh2 
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J| 

OH 

nh2 nh2 

Rl^^ Rs RiT Rs BH3 (2 equiv.) Rl^ Rs Rr Rs BH3 (2 equiv.) 

fZj-(74) (RH 76) (EH 77) (S)-( 79) 

Figure 51 Asymmetric reduction of oxime ethers 

Figure 52 A model for catalytic asymmetric dialkylzinc additions to aldehydes 
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(R)-(S4) (ref. 151, 152) (S)-(85) (ref. 151, 152) 

Ph 

(RHS6) (ref. 151, 152) (S)-(87) (ref. 151, 152) 

pjMe /—R 

'n 
Zn-Et 

6 

(S)-(88) (ref. 145, 149) 

Figure 53 Chiral catalysts for asymmetric dialkylzinc additions to carbonyls 

Two interesting features of these models include the presence of an acid/base pair for organization of a 
well-defined six-membered transition state, and the role of the asymmetry adjacent to the basic group 
(X), which determines the face selectivity of the reaction. Note that for some catalysts (i.e. 85 and 87) the 
‘least-hindered’ site of coordination is not necessarily the convex face of a polycyclic system. 

Lastly, the similarities between (73) and (82) suggest that these catalysts may be used interchangeably 
for reductions and dialkylzinc additions. Furthermore, the choice of small and large groups may not al¬ 
ways be obvious. For example, in simple a,(3-unsaturated ketones or in 1-chloroacetophenone the large 
group is not well defined.144 Enone (90) is reduced to the (fl)-allylic alcohol upon treatment with one 
equivalent of borane and a catalytic amount of (91; Figure 54).144 Assuming that (73) is a valid transition 
structure, this result would suggest that the Lewis acid coordinates anti to the enone double bond, which, 

in light of the structural data, is somewhat surprising. 

Figure 54 Catalytic asymmetric reduction of enones 
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In this particular substrate one should also consider other potential sites of coordination for boron, 
such as the ester or the lactone carbonyl, which may be considered more basic than the carbonyl of the 

ketone. 
Recent reports by two groups propose two new and entirely different models for similar catalytic dial- 

kylzinc additions.154’155 One of these154 assumes a pentavalent, pseudotrigonal bipyramidal zinc(II) cata¬ 
lyst (93)157 and the other155 purports transfer of the alkyl group from the carbonyl-bearing metal (94; 

Figure 55). 

(93) (94) 

Figure 55 Two models for catalytic dialkylzinc additions to carbonyls 

Structural evidence for these models has been gathered from X-ray crystal structures and, in the case 
of (94), from crossover experiments. Use of two different dialkylzinc reagents for the generation of the 
catalyst and the nucleophile gave a statistical mixture of possible products. -55 This result is in contrast to 
the findings of another group,149 who found no crossover in a very similar system. It is interesting to note 
that model (94) essentially represents metal coordination to the ir-face of the carbonyl as opposed to a- 
bonding in all other models. Clearly, more mechanistic details are needed in order to identify the true 
mechanism of these reactions. This problem, however, is a good demonstration of a case where the va¬ 
lidity of several plausible models cannot be discerned despite the availability of crystallographic and 
spectroscopic data. 

The aldol reactions of isocyanoacetates and a variety of aldehydes proceeds with very high levels of 
asymmetric induction under the influence of catalytic amounts of a chiral Au1 complex (Figure 56).158-159 
This remarkable transformation provokes speculation regarding the possible mechanism of catalysis and 
provides a challenge to model-building exercises. Although a crystal structure of an AuVcarbonyl com¬ 
plex is not presently available, one may draw analogies with the isoelectronic, square planar Ni°/ir)2-ben- 
zaldehyde complex (Figure 56).160 Note that both the nickel and the gold compounds can be formally 
viewed as ^-transition metal complexes with a preference for the square planar geometry.161 According¬ 
ly, one may expect Au1 Lewis acids to form T)2-square planar complexes with carbonyls, although the 
presence of other bases (i.e. isocyanate, tertiary amines) may completely alter this bias.162 Thus, it should 
be emphasized that the proposed transition structure (95) is highly speculative and neither the orientation 
of the aldehyde nor the role and structure of the diamine linker can be predicted reliably. 

1.10.8 CONCLUSIONS 

Interactions of the carbonyl group with Lewis acids are colorful and varied, but by no means unpre¬ 
dictable. The structural information gathered in this chapter points, fairly consistently, to the same set of 
principles. ‘Rules of complexation’ such as coordination syn to the small substituent, s-trans preference 
due to gearing effects and distortions towards the ir-cloud in response to steric strain are among these 
principles. Section 1.10.7 illustrated a few examples of how the predictive power of such structural rules 
have been applied to the design of novel and highly selective Lewis acidic catalysts. 

In the context of future prospects in catalysis, transition metal complexes seem to provide a particular¬ 
ly diverse source of useful Lewis acids. Although the structural features of these complexes were not dis¬ 
cussed extensively in this chapter, r)2-bonding seems unique to these complexes and warrants further 
exploration. 

For the design of new reagents one would also like to understand the conformational changes of the 
carbonyl group upon complexation. The s-trans effect on unsaturated carbonyls is a clear example of 
such effects. More subtle, and perhaps more interesting, are the conformational consequences of Lewis 
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Figure 56 A possible model for the catalytic asymmetric aldol reaction of isocyano acetates and aldehydes 

acid complexation for nonconjugated carbonyls. The relevance of these issues to the topic of chelation- 
controlled additions was discussed at length. Similar effects for nonchelating carbonyls, however, are 
completely unresolved, but one may hope to generate a coherent set of rules in these systems as well. Im¬ 
pressive achievements of the past and worthy rewards of the future provide a strong incentive to pursue 
this and other structural problems of Lewis acid-carbonyl complexation with vigor and optimism. 
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1.11.1 INTRODUCTION 

The importance of the Lewis acidic nature of organometals in addition reactions to C=X bonds (X = 
heteroatom) has been well documented.1 The complexation of organometallic compounds with C=X 
bonds is considered to be the origin of the promotion of the addition reactions and the generation of 
chemo-, regio- or stereo-selectivities. The complexation phenomena are discussed in detail in Chapter 
1.10, of this volume. In reactions of simple organometals such as alkyl-magnesiums or -aluminums, a 
single organometallic species undertakes both of the tasks involved in the C—C bond formation process: 
complexation and nucleophilic attack. For example, reaction of benzophenone with Me3Al in a 1:1 ratio 
is reported to give a monomeric 1:1 complex at room temperature, which decomposes to dimethyl- 

aluminum 1,1-diphenylethoxide at 80 C (equation l).2 

Ph 

y= O + Me3Al 

Ph 

Ph Ph 

^)=:OMe3Al -*- —^—OAlMe2 (1) 

Ph Ph 

In recent years, a new type of addition reaction to C=X bonds is emerging in organic synthesis which 
utilizes a binary reagent system composed of a nucleophilic organometal and a Lewis acid. In contrast to 
the addition of simple organometals mentioned above, this new methodology assigns the task of the nu¬ 
cleophilic attack and the complexation to the two separate reagents. Consequently, the selection of an ap¬ 

propriate Lewis acid allows a modification of the nature of the C=X bonds through complexation, 

325 
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which dramatically enhances the rate of organometal addition reactions, increases the yields, changes the 
regio- or stereo-selectivities and allows chemoselective reactions to be conducted in complex molecules 
possessing other sensitive functional groups. It should also be noted that the complexation of a Lewis 
acid with an organometal can modify the nature of the nucleophiles, for example by the ate complex for 
mation, which offers another advantage of these reagent systems. The development of the binary re¬ 
agents, especially that of effective Lewis acids, is one of the hot topics in contemporary organic 
synthesis. The synthetic aspects of these useful reagent systems will be reviewed here. 

The addition reactions can be divided into two categories depending on the nature of the nucleophilic 
organometals employed: (i) the Lewis acid promoted addition reactions of relatively unreactive organo- 
metals such as alkyl-silanes, -stannanes, etc., where, although the reagents are stable and storable, they 
turn to highly reactive species in the presence of appropriate Lewis acids; and (ii) the Lewis acid pro¬ 
moted addition reactions of reactive organometals such as alkyl-lithiums, -magnesiums, etc., where, 
although the reagents themselves are generally capable of reaction with the electrophiles, the presence of 
the Lewis acids results in the variation of the reaction course. The present review deals with both of these 

categories with some emphasis on the latter. 
Although these methodologies have proved to be quite useful in organic synthesis, the precise mechan¬ 

isms are still not known in many cases because of the lack of mechanistic studies. The following can be 
presented as the candidates in the reaction of an R—ML,j/M'Lm system, in which R ML„ represents the 
nucleophilic organometals and M’Lm the Lewis acids: (i) the original organometallic compound R ML„ 

attacks a C=X bond activated by a Lewis acid M'Lm; (ii) the ate complex ML„+[RM'Lm],_ generated 
from R—ML„ and M'Lm (equation 2), adds to a C=X bond; or (iii) a new organometallic species 
R—M'Lm - i formed by the transmetalation, which produces another Lewis acid ML„ + i (equation 3), 

reacts with a C=X bond. 

RML„ + MLm ML„ RMLm (2) 

RML„ + MLm RMLm_j + MLn+1 (3) 

This chapter focuses the attention on the reactions of nonstabilized carbanionic compounds such as 
alkyl, vinyl, aryl, alkynyl metals, etc., and the chemistry of the stabilized system, i.e. allylic, propargylic 
or oxaallylic carbanions is presented in Volume 2 of this series. Electrophiles with C=X bonds which 
are discussed include aldehydes, ketones, epoxides, aziridines, acetals, orthoesters and imines, all of 
which turn into highly reactive electrophiles in the presence of Lewis acids. 

1.11.2 LEWIS ACID PROMOTED REACTIONS OF ALDEHYDES AND KETONES 

1.11.2.1 Control of the Reactivity 

A classic example of a Lewis acid promoted addition reaction is that of organocadmiums to aldehydes 
or ketones.3-4 Despite the conventional use of the alkylcadmiums in the ketone synthesis from acid 
halides, organocadmium compounds add rapidly and efficiently to simple carbonyl compounds, provided 
that in situ reagents prepared from Grignard reagents and cadmium halides are employed.5 6 Pure dialkyl- 
cadmiums show almost no reactivity towards ketones. However, addition of magnesium halides greatly 
increases the reactivity. These phenomena have been interpreted in terms of a prior complexation of the 
carbonyl group with MgX2, followed by an attack of R2Cd on the resultant complex. Magnesium halides 
promote addition reactions far more effectively than zinc, cadmium, lithium or aluminum salts (equation 

4).7 

O R2Cd*MgX2 
R = Me R’ = n-C6H13 60% 

R = Me pq
 

il S3
" 

60% 

R = Ph R' = Me 55% 

R = Ph R' = Bun 65% 

Organozinc reagents behave similarly. Reagents prepared in situ from Grignard reagents and ZnBr2, or 
reconstituted reagents from distilled R2Zn and MgBr2 react smoothly with aldehydes and ketones (equa- 
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tion 5).8,9 TiCU-promoted addition reaction of alkylzincs has also been developed. It is carried out by ad¬ 
ding R2Zn to a solution of the carbonyl component and TiCL. Another procedure, the addition of carbo¬ 
nyl compounds to a solution of R2Zn and TiCL, is reported to be less effective (equation 6).10 

O 

R 

R 2Zn*MgBr2 OH 

H R R 

R = Et R' = Et 70% 

R = Et R' = Bun 70% 

R = Ph R=Et 70% 

R = Ph R’ = Bun 50% 

(5) 

81% 

TMS-C1 or TMS-I, formed in situ, works as the promoter in addition reactions of zinc homoenolates 
(P-metallocarbonyl compounds), generated from 1-alkoxy-l-siloxycyclopropanes and ZnX2 (equation 
7). No reaction takes place with the purified zinc homoenolates. In contrast, titanium homoenolates are 
reactive enough to add to aldehydes in the absence of the Lewis acid promoter.11 Related reactions of 
zinc esters with aldehydes in the presence of (Pr‘0)3TiCl have been reported (equation 8).12 

O 
+ 

OSiMe 

OEt 

3 ZnX2 

+ 

H 

X- 

SiMe3 

OSiMe3 

R/^"''^C02Et 

R =Ph, 89%; R = MeCH=CH, 72%; R = n-C6H13, 44% 

(7) 

O O (IVOKTiCl 

(8) 

Organic synthesis utilizing the Group IVB organometals has been a growing field in the past decade.13 
Various organo-silanes or -stannanes with activated carbon-metal bonds can be used in addition re¬ 
actions to ketones and aldehydes. Although certain organostannanes add to carbonyls in the absence of 
the Lewis acid, the presence of the promoters dramatically enhances the rate and allows the reaction to 
be conducted under mild conditions. In the presence of TiCL, SnCL, AICI3, BF3 OEt2, TMSOTf, Me30+ 
BF4-, TrC104, etc., allylation of aldehydes with allyl-silanes or -stannanes proceeds smoothly, and 
homoallylic alcohols are obtained in high yields.14-15 The Lewis acid promoted aldol reactions of silyl 

enol ethers are reviewed in Scheme l.16 

M — R3Si, R3Sn 

X 

Scheme 1 
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Organo-silanes and -stannanes possessing sp carbon-metal bonds also add to carbonyls in the presence 
of Lewis acids. Alkynylation with silyl- and stannyl-alkynes is promoted by A1C13 or ZnCl2 (equations 9 
and IO).17-19 Notably, the reaction of l,3-bis(trimethylsilyl)-l-propyne with chloral affords alkymc alco¬ 
hol instead of allenylic alcohol, showing the preferential cleavage of sp C Si bonds (equation 11). 

AICI3 R 
Me3Si—=1—SiMe3 -- )-=~ SiMe3 (9) 

Me3SiO 

R = Et, 67%; R = Pr\ 51%; R = n-C8H17, 46% 

C13C 

O 

A 
Me3Si —=-^ 

H 
SiMe3 

AICI3 

50% 

C13C 
\ 

Me3SiO 
\ 

SiMe3 

(11) 

Trialkylsilyl cyanides, which also possess sp C—Si bonds, react with carbonyls.20 Znl2,21 24 AICI3,25 

TMSOTf,26 LnCl3 (Ln = La, Ce, Sm),27 etc., are employed as the promoter, and cyanohydrin silyl ethers 
are obtained in high yields even from hindered ketones (equation 12). The products are converted to vari¬ 
ous synthetically important intermediates such as cyanohydrins, a,(3-unsaturated nitriles or amino alco¬ 

hols. 

+ R3SiCN 
Lewis acid 

OSiR3 

(12) 

Other organo-silanes and -stannanes are relatively inert, and addition reactions to aldehydes or ketones 
have been quite limited. However, there seems to be no reason why these organometals should not find 
applications in the future through the development of appropriate promoters. Actually, several examples 
appear in the literature. Aryl- or vinyl-silanes, which possess sp1 C—Si bonds, add to chloral in the 
presence of AICI3 (Scheme 2).17 The intramolecular addition reactions of alkylstannanes to ketones pro¬ 

ceed with TiCL (equations 13 and 14).28’29 

SiMe3 

OH 

Me3Si^SlMe3 

- CCLCHO 
AICI3 

80% 

Scheme 2 

PhSiMe3, AICI3 

67% 

OSiMe3 

Ph CC13 

O 

n-C6H 

SnMe3 

TiCl4 

70% 

P^^n‘C6H13 

OH 
(13) 
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In contrast to the inertness of alkyl-silanes and -stannanes, alkylplumbanes in the presence of TiCLt 
add to aldehydes. The effectiveness of BF3 as the promoter eliminates the possibility of organotitanium 
species occurring as intermediates. Addition of R4Pb to a mixture of an aldehyde and TiCU is important, 
as clean reaction does not occur when the order of addition is reversed, i.e. addition of the aldehyde to a 
mixture of R4Pb and TiCfi. As the reagent reacts only with aldehydes and not with ketones, octanal can 
be butylated selectively in the presence of 2-octanone (equation 15).30 

O R 4Pb, TiCl4 

R' = Ph 96% 
R = n-C6Hn 98% 

R' = n-C7H15 88% 

-O 84% 

(15) 

Alkylcoppers (RCu) were shown to add to aldehydes in the presence of BF3-OEt2 (equation 16).31,32 

5% 90% 

Organolithiums are widely used nucleophiles in organic synthesis, and normally add to aldehydes and 
ketones smoothly. However, they sometimes fail to react for such reasons as the presence of sensitive 
functionalities, the deprotonation side reactions, steric hinderance, etc. One of the popular modifications 
of the alkyllithium reactions is the addition of magnesium salts. The coupling reaction of lithiated sul- 
fones with enolizable aldehydes or ketones gives a low yield of (3-hydroxy sulfones because of the de¬ 
protonation. The process is greatly improved by the presence of MgBr2 (Scheme 3).33,34 The reaction is 
successfully employed in the total synthesis of zincophorin (equation 17).35 A vinyllithium-MgBr2 com¬ 
plex is used instead of vinyllithium in the synthesis of (-)-vertinolide (equation 18).36 

Lithium salts are also effective for promoting the organolithium or magnesium addition reactions. 
LiCICL was found to enhance the rate of MeLi or Me2Mg addition to 4-r-butylcyclohexanone.37 Another 
example is shown in the reaction of 2-acetylpyridine with alkyllithiums, where added LiBr raises the 
yields of the adducts.38 This phenomenon is explained by the coordination of LiX to the carbonyl oxygen 

prior to the C—C bond formation. 
Recently, BF3 has also been found to be an effective promoter of organolithium reactions. At low tem¬ 

peratures, various organolithiums are able to coexist with the Lewis acid in solution without provoking 
transmetalation, which would give unreactive alkylboranes. Addition of lithiated sulfones to the enoliz¬ 
able aldehydes is carried out in the presence of BF3 OEt2 at -78 °C (Scheme 4).39,40 BF3 OEt2 promotes 
the reaction of the sterically demanding vinyllithium reagents with aldehydes (equation 19)41 RLi BF3 

reagents are finding wide use in organic synthesis, and further examples are shown in the following sec¬ 

tions. 
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The complex reagents of organo-lithiums and -magnesiums with transition metal halides (TiCU, CrCb, 
UCLt, Mnl2, CeCb, VCI3, etc.) have been developed. Although the actual reacting species or the effect of 
the Lewis acids is not fully clear, they provide unique and useful methodologies in organic synthesis. 

The chemistry of organotitanium reagents has been explored by Reetz42^4, Weidmann and Seebach.45 
The MeLi-TiCL system provides a nonbasic reagent which reacts chemo- and stereo-selectively. Nitro, 

O 

.A 
R H 

OMe 

S02Ph 

BF3*OEt2 

OSiN^Bu1 

R = b L , 90%; R = O' 'O , 89% 
n-C5Hu 

Scheme 4 
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R’.Si O *3 

A + 
R H Li 

>- \ 
BF3»OEt2 

R = Ph, 47%; R = , 40%; R = ,60% 

(19) 

cyano or ester groups do not interfere with the carbonyl addition. The reaction proceeds smoothly with 
enolizable ketones without proton abstraction (Scheme 5).46 

X = C02Et, 83%; X = CN, 86%; X = NOz, 85% 

Scheme 5 

Organochromium reagents generated from alkyl-lithiums or -magnesiums and CrCb react with alde¬ 
hydes selectively in the presence of ketones (equation 20).47,4* RLi—UCI4 reagents, developed recently, 

are also aldehyde selective 49 

O MeLi, CrClj 

71% 0% 

A similar chemoselectivity is observed with alkylmanganese compounds prepared from alkyl-lithiums 
or -magnesiums and Mnh. The organometallic compounds react with aldehydes at -50 °C, while ketone 

addition occurs only at higher temperatures (Scheme 6).50-51 
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CHO 

O ' RMnF 

-50 °C 

+ 
O 

R = Bun, 90%; R = Ph, 86%; R = Pr"Oe, 82%; R = ,68% 

O 

' BunMnI' 

20 °C, 86% 

Scheme 6 

RLi-CeCb is an effective alkylating reagent for easily enolizable ketones, which give very low yields 
of the adducts with alkyl-lithiums or -magnesiums.52,53 Selective 1,2-addition reactions with a,{3-unsatu- 
rated ketones can be conducted with the cerium reagents (Scheme 7).54 

BunLi, CeClj 

96% 

Scheme 7 

The reactions of RU-VCI3 or RMgX-VCb with aldehydes result in oxidative carbon-carbon bond 
formation, affording ketones. Since a lithium alkoxide is converted to a ketone in the presence of VCI3, 
the vanadium(III) species is considered to work as an oxidant (Scheme 8).55,56 
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1.11.2.2 Control of the Stereoselectivity 

The stereochemistry of organometal additions to cyclic ketones has been extensively studied using 
various alkyl metals. The results are used to gain knowledge concerning the solution state of the particu¬ 
lar organometals and to explore the driving force behind the steric course of the addition. 

Addition to cyclohexanones is considered to be influenced by two factors: (i) the steric interaction of 
the incoming groups with 3,5-axial substituents; and (ii) the torsional strain of the incoming groups with 
2,6-axial substituents. Steric strain hinders axial attack, whereas torsional strain hinders equatorial attack. 
The actual stereochemistry of the addition depends upon which factor is greater in a particular case.1 The 
production of the desired isomer in high stereoselectivity is required from the synthetic point of view. 

In a large number of studies on the addition reactions to 4-t-butylcyclohexanone, acceptably high se- 
lectivities have been attained with only a limited number of methods. Selective equatorial attack is ob¬ 
tained with bulky nucleophiles, since steric interactions of the incoming bulky reagents with 3,5-axial 
hydrogens outweigh torsional effects. For example, Bu'MgBr gives the axial alcohol exclusively.1 Simi¬ 
larly, MeTi(OPr')3, which possesses bulky ligands, is superior to MeLi for equatorial attack.57 

The use of organometal-Lewis acid complex reagents is quite effective in controlling the axial-equa¬ 
torial problem, since the reaction course can be modified by the Lewis acid complexation to carbonyl 
oxygen. Although MeLi showed a low selectivity in the addition to 4-t-butylcyclohexanone, the presence 
of an appropriate Lewis acid dramatically enhances either equatorial or axial attack. The MeLi-Me2CuLi 
reagent shows a high tendency to deliver a methyl moiety from an equatorial site.58 A high equatorial se¬ 
lectivity as well as a considerable rate enhancement is also observed with the MeLi-LiCICL reagent, and 
the results are interpreted as the complexation of Li+ to carbonyl followed by the addition of MeLi (Fig¬ 

ure l).37-59 

ax\eq Reagent 

88:12 Me3Al (3 equiv.) 

99:1 MeLi-MAD 

99.5:0.5 MeLi-MAT 

Bu[ 

Reagent eq:ax 

Bu'MgBr 100:0 

MeTi(OrV)3 94:6 

MeLi-LiC104 92:8 

MeLi-Me2CuLi 94:6 

Figure 1 

Axial attack has been rather difficult to attain. The treatment of the ketone with 3 equiv. of Me3Al has 
been known to give equatorial alcohol predominantly, although low selectivity was obtained using 1 
equiv. of reagent. Methylation of the Me3Al-complexed carbonyl was suggested. This methodology, 
however, was not applicable to ethyl- or butyl-aluminum because of the competitive carbonyl reduction.1 

A selective axial attack is achieved by employing bulky organoaluminum ligands; methylaluminum 
bis(2,6-di-r-butyl-4-methylphenoxide) (MAD) or methylaluminum bis(2,4,6-tri-f-butylphenoxide) 
(MAT). Treatment of carbonyl compounds with the aluminum reagents prior to alkyllithium or Grignard 
addition gives equatorial alcohols in high selectivities. Various alkyl groups can be introduced by this re¬ 
action (Figure 1). Since addition of ketones to a mixture of MeLi and MAD resulted in low selectivity, 
the possibility of the ate complex Li+ [Me-MAD]~ as the reactive intermediate was excluded. Preferential 
formation of the sterically favored isomer (lb) rather than the alternative (la) was suggested for the tran¬ 

sition state (Figure 2).60’61 
Similar tendencies are observed with other cyclic ketones. With 2- or 3-methylcyclohexanone, MeLi- 

LiX (X = CuMe2, CIO4) or MeTi(OPr‘)3 favors equatorial attack, whereas Me3Al (3 equiv.), MeLi- 

MAT, or MeLi-MAD attacks from the axial site (Figure 3).58“61 
In relation to the synthesis of chain molecules with a series of asymmetric centers, macrohdes or 

polyether antibiotics, asymmetric induction in the addition reactions of organometals to chiral aldehydes 
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MAD: R = Me 

MAT: R = Bu' 

Figure 2 

ax.'.eq. 

MeLi-MAD 93:7 

MeLi-MAT 

ax.'.eq. 

97:3 

O 

MeLi 

eq.:ax. 

92:8 
MeLi 

eq.:ax. 

83:17 
MeTi(OPri)3 96:4 MeTi(OPr*)3 89:11 

MeLi-LiC104 96:4 

MeLi-Me2CuLi 97:3 

Figure 3 

has been extensively studied.42-62 In the following part, Cram/anti-Cram selectivity, and the chela¬ 
tion/nonchelation problem is discussed. 

Addition to chiral aldehydes which have no additional functional group capable of interacting with 
metal species is governed by electronic and/or steric factors. Of several mechanistic rationalizations pro¬ 
vided since Cram, the Felkin model best agrees with the prediction based on ab initio calculations. In this 
model, M and S represent medium and small groups, respectively, attached to the chiral a-carbon, and L 
represents either the largest group or the group whose bond to the a-carbon provides the greatest 
overlap with the carbonyl it* orbital. A nucleophile approaches from the opposite side of the L group 
(Figure 4). Although the selectivity of this type of reaction had not previously been very high, the Lewis 
acid promoted addition methodologies succeeded in attaining high Cram selectivities, or even anti-Cram 
selectivities (equations 21 and 22). 

MeLi-TiCL46 or PbEu-TiCL30 reagents show high Cram selectivities in addition reactions to 2-phe- 
nylpropanal. An explanation was presented by Heathcock for the selectivities achieved by the Lewis acid 
promoted additions compared to simple organometal additions. In the latter cases, a trajectory is fol¬ 
lowed that brings the nucleophiles closer to H rather than to R\ and asymmetry in R* is transferred 

Figure 4 
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R“ 

MeTi(OPri)3 93:7 

MeLi-TiCl4 90:10 

PbEt4-TiCl4 93:7 

MeLi-K[2.2.1] 9:1 

Bu2CuCNLi2-15-crown-5-BF3 8-10:1 

T 
CHO r- Ph^ 

MeMgl-MAT 93: 7 

EtMgBr-MAT 87:13 

Bu2CuLi-K[2.1] 5:1 

OH 

R 

(21) 

(22) 

imperfectly. When a Lewis acid coordinates with an aldehyde occupying the position syn to H,63 the 
nucleophile may be forced to approach the carbonyl plane in a perpendicular fashion, resulting in greater 

stereoselectivity (Figure 5).64 

Nu 

O 

Figure 5 

The presence of crown ethers was found to enhance the Cram selectivity. The MeLi/18-crown-6 re¬ 
agent system shows a similar level of selectivity to the above reagents, and BuLi/15-crown-5 and allyl- 
lithium/18-crown-6 add to 2-phenylpropanal in Cram fashion almost exclusively.65 Since a bulky reagent 
MeTi(OPr‘)3 also exibits a high Cram selectivity,57 the bulkiness of the RLi-crown ether reagent might 
be one of the important factors which control the selectivity. Interestingly, R2CuCNLi2-crown ether-BF3 

reagent also shows Cram selectivity.66 
Stannylalkynes in the presence of TiCl4 react with a steroidal aldehyde in a highly Cram selective 

manner. The use of lithium derivatives gives 1:1 mixtures of two diastereomers (equation 23).67 
Recently it has been reported that the addition of Grignard reagents to MAT or MAD complexed alde¬ 

hydes results in anti-Cram products in high stereoselectivities. Formation of a sterically least hindered 
complex and subsequent attack of the organometal from the opposite site to the bulky ligand is suggested 
by Yamamoto (Figure 6).60’61 The R2CuLi-crown ether system is also reported to show anti-Cram selec- 

tivities. An electron transfer mechanism has been suggested for this reaction.65 
Although the stereochemistry of the organometal addition reactions to carbonyls with a-alkyl (typi¬ 

cally a-methyl) substituents is explained mostly by the Felkin-Ahn model, different phenomena are ob¬ 
served with a-alkoxy- or a-hydroxy-carbonyls, which make the opposite ir-face sterically more 
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Figure 6 

accessible. In such cases. Cram’s cyclic model pertains, which assumes a chelation of the metal species 
between the carbonyl oxygen and the a-oxygen atom (chelation control). 

Systematic studies on the chelation-controlled additions were carried out, varying the type of alkoxy 
group, the carbon nucleophile, the solvent and the temperature. It was found that a-alkoxy ketones react 
highly stereoselectively with Grignard reagents in THF (equation 24). Alkyllithiums were not effec¬ 
tive.6869 The generalization was made use of in the synthesis of the polyether antibiotic monensin.70 

MEMO 

BunMgBr 
Mg2+ 

MEMO O y 
n-C7H,5 

(24) 

>100:1 

The high levels of 1,2-asymmetric induction observed with ketones did not extend to aldehydes. How¬ 
ever, Asami and coworkers achieved it by pretreating a-alkoxy aldehydes with ZnBr2.71,72 The reaction 
is used in the synthesis of ejco-(+)-brevicomin71 and L-rhodinose (Scheme 9).73 Chelation-controlled ad¬ 
dition of a Lewis acidic reagent MeTiCL is reported,74 and a chelation intermediate is actually detected 
by low temperature NMR techniques (equation 25).75 A ‘tied-up’ method, which involves the precom- 
plexation of a-alkoxy aldehydes with a Lewis acid and addition of soft C-nucleophiles, shows a high lev¬ 
el of asymmetric induction. SnCL and TiCL, capable of forming six-coordinate octahedral complexes, 
are well suited. R2Zn, TMS-CN, allylsilanes or silyl enol ethers are employed as the nucleophiles (equa¬ 
tion 26).76,77 

In order to obtain the other isomer in addition reactions to a-alkoxy aldehydes, reagents incapable of 
chelation must be used, and electronic and/or steric factors relied upon (nonchelation control). Treatment 
of a-alkoxy aldehydes with an excess of gaseous BF3 followed by silyl enol ethers results in the nonche- 
lation-controlled adducts. Formation of a rigid conformation due to electronic repulsion is expected 
(equation 27). BF3-OEt2 is reported to be considerably less efficient.78,79 The use of RTi(OPr‘)3, which 
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(26) 

are weakly Lewis acidic and incapable of chelation, provides another method for nonchelation-controlled 

addition (equation 28).57 
Novel nonchelation phenomena are observed with a steroidal a-hydroxy aldehyde. The reaction of a 

lithium or magnesium alkynide with the aldehyde gives the (20/?,22/?)-diastereomer predominantly, the 
formation of which was explained by Cram’s cyclic model. When BF3 OEt2 is added to the lithium 
alkynide prior to the addition of the aldehyde, the stereoselectivity is inverted, and the (20/?,22S)-isomer 
is obtained as the principal product. Transformation of a-alkoxy aldehyde to the boron ‘ate’ complex is 
suggested. Other Lewis acids, such as B(OMe)3, A1C13, etc., are less effective (equation 29).80 

Organometal addition reactions to a,(3-dihydroxy aldehyde derivatives have been extensively studied 
in relation to the stereoselective synthesis of sugar derivatives. Protecting groups play an important role 
in the chelation/nonchelation problem. With a benzyl protecting group at the a-oxygen, similar behavior 
to simple a-alkoxy aldehydes is observed. TiCL- or SnCL-promoted reactions of organo-silanes, -plum- 
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CHO 

BnO 

OH 
Nu i 

BnO 

(27) 

Nu = CH2COBul, 90:10; Nu = CMe2C02Me, 84:16 

BnO BnO 

banes or -zincs give chelation-controlled addition products, while BF3 reverses the selectivity. Bulky 
RTi(OPr')3 also shows nonchelation selectivities (Scheme 10).81~83 RCu-MgBr2 reagents are reported to 
be superior to RLi or RMgX in conducting chelation-controlled addition to an a,(3-dibenzyloxy aldehyde 
(equation 30).83 
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In contrast to the a-alkoxy aldehydes, acetonide-protected a,(3-dihydroxy aldehydes generally exhibit 
nonchelation selectivities in simple organometal addition reactions and the Lewis acid promoted re¬ 
actions.84 The presence of ZnX2 was found to enhance the selectivity of furyllithium addition to ace- 
tonide aldehydes (Scheme 11). ZnX2 is more efficient than SnCL or MgBr2. Notably, ZnX2 enhances 
both nonchelation and chelation selectivity, depending on the protecting groups (cf. Scheme 9). The re¬ 
action is employed in the synthesis of the rare sugars L-tagatose and D-ribulose.85 These peculiarities of 
acetonide aldehydes are explained by the inhibition of chelation formation, since a Felkin-Ahn type tran¬ 
sition state predominates as a consequence of: (i) the significant ring strain which develops in the chelate 
structure; (ii) the depressed donor abilities of the acetonide oxygen due to inductive electron withdrawal; 
and (iii) the steric inhibition to chelate formation due to nonbonded interaction between the metal ligands 
and the acetonide methyl group.82 Another explanation has been made which attributes the selectivity to 
a chelation between the (3-oxygen and the carbonyl oxygen (Scheme 11).85>86 

with ZnBr2 

without ZnBr2 40 : 60 

(3-Chelation model Felkin-Ahn model 

Scheme 11 

An exception to the general rule regarding nonchelation stereoselectivities of acetonide aldehydes has 
been published. RCu-MgBr2 in THF adds to 2,3-0-isopropylideneglyceraldehyde to give chelation pro¬ 
ducts. In ether the reagent shows almost no selectivity (equation 31 ).87 88 

Addition of organometallic compounds to a,(3-epoxy aldehydes gives predominantly nonchelation- 
controlled adducts. Grignard reagents or allylstannanes in the presence of BF3 OEt2 give good results 

(equation 32).89 
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BnO 

+ 

BF3,OEt2 
+ 

90 

(32) 

A high level of 1,3-asymmetric induction was achieved by the assistance of a Lewis acid. Complexa- 
tion of a (3-alkoxy aldehyde with TiCL followed by addition of Bu2Zn, allylsilane or silyl enol ethers at 
-78 °C results in chelation-controlled products in >85% selectivities (Scheme 12).77 79 Even a consider¬ 
able level of 1,4-asymmetric induction is observed with the Me2Zn-TiCl4 system (equation 33). 

Nu = Bu2Zn 90 : 10 

Nu = H2C=CHCH2SiMe3 95 : 5 

Erythro/threo selectivity in the reactions of crotyl-type organometals with aldehydes (simple dia- 
stereoselectivity) is markedly influenced by the presence of a Lewis acid. Crotyltitanium reagents react 
with aldehydes to afford threo adducts preferentially,90 while erythro isomers are obtained in high selec¬ 
tivity by the addition of the organometal to a mixture of an aldehyde and BF30Et2.91 A pericyclic transi¬ 
tion state is assumed for the former, and an open-chain transition state, in which the nucleophile attacks 
the BF3-complexed aldehyde, is suggested for the latter (Scheme 13). A similar reversal of the dia- 
stereoselectivity was reported in the reactions of crotyl Cu1, Cd, Hg11, Tl1, ZrCp2Cl and VCP2CI.92 The 
mechanistic aspects of the Lewis acid promoted addition reactions of allyl-stannanes or -silanes have 
been studied in detail.93. Configurationally defined a-alkoxylithium is readily accessible from the corre¬ 
sponding organostannanes, and the addition to aldehydes has been examined. syn-l,2-Diol derivatives 
are obtained predominantly in the presence of MgBr2. Enantiofacial discrimination is considered to result 
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TiCp2X 

from the unfavorable interaction which is absent in the transition state (2a), although the stereoregulating 
effect of the metal salt remains unclear (Scheme 14).94 
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Although lithiated 1,2,3,4-tetrahydroisoquinoline reacts with aldehydes with little diastereoselectivity, 
the presence of MgBr2 dramatically enhances the selectivity. /-Isomers are obtained from 2-pivaloyl- 
1,2,3,4-tetrahydroisoquinoline in >97% de, and a M-isomer predominantly from a formamidine.95 In the 
latter case, an organomagnesium reagent (3) formed by transmetalation was shown to be the reactive 

intermediate (Scheme 15).96 
Stereoselectivity in the addition of a-lithiated (/?)-methyl-p-tolyl sulfoxide to aromatic aldehydes is 

enhanced from 1:1 to 4:1 by the presence of ZnCh (equation 34)97 
Chiral organotitanium reagents generated from aryl Grignards transfer aryl groups to aromatic alde¬ 

hydes with high enantiofacial selectivity. The use of aryllithium resulted in lower selectivity indicating 
the important role of MgX2 in the asymmetric induction (equation 35).98 

Tomioka found that, by the pretreatment of benzaldehyde with 2,4,6-Me3C6H20AlCl2, the enantiofa¬ 
cial addition reaction of an RMgBr-chiral diamine complex led to carbinols with considerably higher op¬ 
tical purities. Steric modification of the benzaldehyde carbonyl by the complexation of the aluminum 
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Scheme 15 
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reagent was presumed (equation 36).99 This type of approach including chiral modifications of carbonyls 
with chiral Lewis acids will undoubtedly find wide use in asymmetric synthesis. 

PhCH0*Cl2A10 

OH 

piA>Ae 
70% 

(36) 

1.11.3 LEWIS ACID PROMOTED REACTIONS OF EPOXIDES 

Although nucleophilic ring opening of epoxides with organometals is a well-documented technology 
in organic synthesis, the reaction sometimes fails to occur due to the unreactiveness and the facile 
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isomerization of the electrophile. The presence of an appropriate Lewis acid, notably BF3, greatly pro¬ 
motes the C—C bond cleavage. 

Alkynylation of oxiranes or oxetanes with lithium alkynides is effectively carried out in the presence 
of BF3-OEt2 at -78 °C. The use of BF3 gives better results than TiCL, SnCL or AICI4. The reaction takes 
place stereospecifically with anti opening, and the attack generally occurs at the less hindered site. Sev¬ 
eral functional groups such as halogens, acetals or certain esters survive the reaction conditions (Scheme 
16) 100-102 

BF3*OEt2 

R 

A novel regioselectivity is observed with trans-2,3-epoxy alcohols. The C-l attack of 1,2-epoxy alco¬ 
hol formed by the Payne rearrangement proceeds predominantly, and <2nri-(3,y-dihydroxyalkynes are ob¬ 
tained stereospecifically (equation 37).103 The reaction is employed in the synthesis of a pheromone, 
eryr/iro-6-acetoxyhexadecan-5-olide. 

n-CioH21 
(37) 

The mechanistic aspects of this Lewis acid promoted reaction have been examined by low temperature 
NMR studies, and reaction of the lithium alkynides with the Lewis acid activated epoxides is indi¬ 
cated.104105 The order of the addition of the reagents does not affect the product yields provided that the 
reaction is carried out at -78 °C; addition of BF3 OEt2 to a mixture of an epoxide and an alkynide or ad¬ 
dition of an epoxide to a mixture of an alkynide and BF3-OEt2 are both possible. The transmetalation be¬ 
tween RLi and BF3 which produces unreactive organoboron compounds is shown to be very slow at this 

temperature.102’104’105 

The alkynylation reactions have been applied to polyfunctionalized molecules (Scheme 17),106-110 and 
have proved to be quite useful in natural product synthesis. 

The use of Me3Ga allows a catalytic mode of the reaction to be carried out (equation 38).111 
Related syntheses using a variety of organolithium compounds have also been developed. Alkyl- 

lithiums, vinyllithiums or phenyllithiums in the presence of BF3 OEt2 give the oxirane and oxetane open¬ 
ing products in high yields (equation 39).105 Enolate-type nucleophiles can also be employed for this 

purpose (Scheme 18).112-114 
The reaction rates of organocopper and cuprate reagents with less reactive epoxides are enhanced by 

the presence of BF3-OEt2.115’116 R2CuCNLi2-BF3 reagents are especially effective, and even mesitylation 
or r-butylation of cyclohexene oxide can be carried out in high yields. Similar stereo- and regio-chemical 
features with RLi-BF3 reagents — anti opening and attack at the less hindered site — are observed. The 
order of the addition of reagents again does not affect the yields of the products. The cleavage of steri- 
cally hindered epoxysilanes was carried out with the cuprate-BF3 reagent, and applied to the synthesis of 
pheromones (Scheme 19).117 Aziridines are cleaved effectively with R2CuLi in the presence of BF3 OEt2 

(equation 40).118 
A novel stereoselectivity is observed in the Lewis acid mediated S^'-type reactions of an epoxy- 

cycloalkene and methylating reagents. Syn attack occurs with MeLi-LiClC>4 in high selectivity, and ex¬ 
clusive anti attack with MeCu-Me3Al. Chelation of MeLi to the epoxide or to the epoxide-LiCICL 
complex is suggested for the former, while attack of MeCu on the Me3Al-coordinated epoxide from the 
less hindered site is presumed for the latter. The use of MeLi gives a mixture of several compounds 

(Scheme 20).119 

Lewis acid promoted ring opening of oxiranes with organo-silanes or -stannanes is reported. TMS-CN 
cleaves the C—O bond in the presence of AICI3,120 Et2AlCl,121 Ti(OPri)4122 or LnX3,27 and (3-hydroxy- 
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Scheme 17 

R = Bu‘, 95%; R = Pn, 85%; R = CH2=C(Me)OEt, 99% 
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R = Bu\ 78% 

R = Mesityl, 87% 

Bu(2-thienyl)Cu(CN)Li2, BF3 

86% 

OH 

Bu 

Me3Si 

O 

OBu‘ 

BF3»OEt2 

OBu1 

Scheme 19 

R' 

R2CuLi + n 

AA 

BF3*OEt2 
NHR' (40) 

nitriles are obtained. With aluminum catalysts, propylene oxide is cyanated at the less hindered site, 
while attack at the more hindered site proceeds with isobutene oxide. Apparently, the cationic nature of 
the Lewis acid coordinated epoxide plays an important role in the latter case (Scheme 21).120>121 
Ti(OPr‘)4 promotes the reaction of TMS-CN or KCN with 2,3-epoxy alcohols, C-3 attack predominating 
over C-2 attack (equation 41).122 Organostannanes with unactivated C—Sn bonds alkylate epoxides in- 
tramolecularly in the presence of TiCL, and cyclopropyl alcohols are obtained (Scheme 22).123’124 

1.11.4 LEWIS ACID PROMOTED REACTIONS OF ACETALS 

Acetals are quite unreactive towards simple organometallic compounds and have been employed as a 
convenient protecting group. However, they turn into highly reactive species in the presence of Lewis 
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<2% 

Scheme 20 
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Me3SiCN, Et2AlCl 
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OH 

CN 

OSiMe3 
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OH 
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+ 

OH 
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CN 

1 

(41) 

Me3Sn 
O 

Bu3Sn 

BF3*OEt2 

BF3*OEt2 

90% 

OH 

> \ 
OH 

Scheme 22 

acids. Aldol reactions with silyl enol ethers16 and allylations with allylsilanes,14 which utilize stabilized 
carbanionic species, have been extensively investigated in the past decade. 

In recent years, nonstabilized carbanions have also been used in this type of reaction. The earliest 
example is the combination of an organomagnesium compound and TiCU developed by Mukaiyama. 
Alkyl Grignard reagents react with a,p-unsaturated acetals activated by TiCU at the a-position to give 
allylic ethers (equation 42). PhMgBr, on the other hand, gives 7-addition products.125 Although normal 
alkyl acetals of aromatic and aliphatic aldehydes are unreactive towards RMgX-TiCU, reactive acetals 
give the corresponding products. For example, 2-alkyltetrahydropyrans are synthesized from 2-(2,4-di- 
chlorophenoxy)tetrahydropyran (equation 43).126,127 Reactions of RMgBr-BF3 with A,O-acetals have 
also been reported, which give amines by the preferential cleavage of the C—O bond (equation 44).128 



Lewis Acid Promoted Addition Reactions of Organometallic Compounds 347 

RMgBr, TiCl4 RO TiCl4 

(42) 

Organolithium compounds also react with acetals or orthoesters in the presence of BF3OEt2. 

Dialkoxymethylations of lithium enolates with triethyl orthoformate are carried out by adding BF3OEt2 

to the mixture (equation 45). Prior mixture of an enolate and the Lewis acid results in a drastic decrease 

of the product yield. Lithium enolates are generated from silyl enol ethers and MeLi, and C—C bond for¬ 

mation proceeds regiospecifically with respect to the enolates. The condensation is applicable to a fully 

substituted enolate.129 Butenolide anions add to acetals or orthoesters pretreated with BF3 OEt2 at the C-5 

position (equation 46).130 

The association of BF3 with organocopper and cuprate reagents greatly increases the reactivity towards 

acetals (equation 47). The reaction can be carried out by either of the following procedures with the same 

experimental results: (i) copper reagents are premixed with BF3 OEt2 at -78 °C and the electrophile is 

added, or (ii) copper reagents are premixed with the electrophile and BF3 OEt2 is added. These proce¬ 

dures can also be applied to a,(3-unsaturated acetals, giving allylic ethers. In the case of tetxahydropy- 

ranyl acetal ring-opening products are obtained exclusively, in contrast to the reaction of RMgX-ULL, 

which gives 2-alkyltetrahydropyrans (cf. equation 43). Orthoesters are more susceptible to the Lewis acid 

promoted reactions.131 

R2 OR1 

R3'^'OR1 

R4CuLiX, BF3 

or R42CuLi, BF3 

R2 OR1 

R3"^R4 
(47) 

In the presence of a Lewis acid such as SnCh, BF3-OEt2,132-134 or TiCIO,,'” TMS-CN reacts with ace¬ 

tals to give cyanohydrin ethers. o-Ribofuranosyl cyanide, an important intermediate of C-nucleostde syn- 

thesis, is prepared from a furanosyl acetate (Scheme 23).1 f 

Acetals prepared from chiral diols and carbonyl compounds serve as a chiral synthetic equivalent of 

aldehydes or ketones. 1,3-Dioxanes synthesized from chiral 2,4-pentanediols are especially useful, and 

high asymmetric inductions are observed in the Lewis acid promoted reactions of a variety of organome- 

tallic compounds. After the removal of the chiral auxiliary by the oxidation and (3-elimination proce¬ 

dures optically active alcohols are obtained. Optically active propargylic alcohols and cyanohydrins are 

synthesized from organosilane compounds, TMS-C^CR or TMS-CN in the presence ot TiC14 (Scheme 

24) 136-138 Reactive organometals such as alkyl-lithiums, -magnesiums or -coppers also react with chira 
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Me3SiCN, SnCl2 or BF3 

Me3SiCN, SnCl2 

85% 

Me3SiCN, TiC104 
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Scheme 23 

Me3SiCN, TiCl4 

H 
R^CN 

O 

>95:5 

86:14-96.5:3.5 

Scheme 24 

R2 OR1 

R3^CN 

BnO OBn 

a:p = 93:7 

i, PDC R. ,CN 

ii, KOH OH 

ii, KOH 
OH 

acetals activated by TiCl4 or BF3 (Scheme 25).139“141 An SN2-like transition state, which relieves 1,3- 

diaxial interaction between hydrogen and the axial methyl group by a lengthening of a C—O bond, has 

been proposed by Johnson for the interpretation of the highly asymmetric induction (Figure 7).138’142 

H 

R'-M = R Li, R MgX, R 2CuLi, R Cu 

R R 

OH 

Scheme 25 
72% 
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Me Me 

1.11.5 LEWIS ACID PROMOTED REACTIONS OF IMINES 

Compared with aldehydes and ketones, aldimines and ketimines are less reactive towards nucleophilic 
addition. Furthermore, imine additions are subject to steric constraints, and rapid deprotonation proceeds 
with imines bearing a-hydrogen atoms. The Lewis acid promoted addition methodology has provided a 
solution to these problems. 

In the presence of MgXi, organo-cadmium and -zinc compounds add smoothly to imines derived from 
aromatic aldehydes and arylamines. Yields are very low with isolated alkyl-cadmiums or -zincs which 
lack a Lewis acid promoter (equation 48).143-145 

A catalytic amount of Lewis acid, such as Znl2, AICI3, TiCL, Al(OPr')3, Al(acac)3, etc., promotes the 
addition reactions of TMS-CN to imines and oximes, giving /V-TMS-a-aminonitriles.146,147 The product 
is a useful precursor of a-aminonitriles, a-aminoamides or a-amino acids. Cyanosilylation of (-)-ZV-alky- 
lidene-(l-methylbenzyl)amines catalyzed by ZnCl2 affords a-aminonitriles in 57-69% de. The use of 
ZnCh gives better results than AICI3 or Al(OPr‘)3 (Scheme 26).148 It is also noted that the optical purities 
of the adducts obtained by the Lewis acid promoted reaction are much higher than those attained by the 
simple addition of hydrogen cyanide to imines. 

Et2Cd, MgBr2 Et 

or Et2Zn, MgBr2 Ar NHAr' 

(48) 

Me3SiCN, AICI3 
R1 

„ SiMe3 
N 

1 
R3 

Me3SiCN, Znl2 
R1 

N 
1 

H 

^OSiMe3 

Me3SiCN, Znl2 

Scheme 26 

NC 1 

SiMe3 

57-70% de 

In the presence of ZnBr2, nonchelation controlled addition of lithiated /V,/V-dimethylacetamide to 2,3- 
O-cyclohexylidene-4-deoxy-L-threose benzylimine proceeds in high stereoselectivity. The absence of the 
Lewis acid results in a slight preference for the other isomer. The product is used in the synthesis of l- 

daunosamine (equation 49).149 
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NHBn 

3-Thiazolines activated with an equivalent of BF3 readily react with a wide range of organometals, 
giving rrarts-4,5-disubstituted thiazoles stereoselectively. Alkyllithiums, Grignard reagents, lithium 
alkynides, nitronates, ester and ketone enolates have been employed as the nucleophile. Stereocontrolled 
construction of three contiguous asymmetric centers is performed with a lithiated isothiocyanatoacetate, 
and the product is successfully transformed to (+)-biotin (Scheme 27).150,151 

,n-C5Hn R n-C5Hn 

rr\ , rM BF3,OEt2 /~\ 
N S + R-M — HN S 

A A 
R-M = MeLi 48% 
R-M = EtMgBr 53% 
R-M = Me3SiC=CLi 85% 
R-M = Et02CCH2Li 54% 

Scheme 27 

RCu, prepared from alkylmagnesiums and Cul, reacts with aldimines in the presence of BF3 OEt2. 
Grignard or copper(I) reagents do not give the addition product at all, and the starting imines are re¬ 
covered. Interestingly, preparation of an RCU-BF3 complex prior to the C—C bond formation reaction is 
necessary, and the addition of RCu to a mixture of an imine and BF3 OEt2 results in low yield. R2CUM- 
BF3 (M = Li or Mg) are effective for more hindered aldimines.152 Lithium alkynide-BF3 reagents also 
add to aldimines at -78 °C, and aminoalkynes are obtained in good yields. Again the presence of the 
Lewis acid is reported to be essential (Scheme 28).153 

R1 

R3CuMgBr2, BF3*OEt2 
__ R1 

NHR2 

R3 

R1 

R3OCLi, BF3*OEt2 

Scheme 28 

Perfluoroalkyllithiums, generated from perfluoroalkyl iodide and MeLi, add to imines pretreated with 
BF3-OEt2. Since the addition of an imine to a mixture of C6F|3Li and BF3-OEt2 results in the recovery of 
the starting material, activation of the imine, rather than an ate complex formation, is suggested as the 
role of the Lewis acid. In the presence of BF3-OEt2, an imine is more reactive than the carbonyl of 
methyl benzoate towards the addition of CeFoLi. A high Cram-type asymmetric induction is observed in 
the addition of CeFi3Li to 2-phenylpropanal imine (Scheme 29).154 The reaction of the dianion of (4-phe- 
nylsulfonyl)butanoic acid with imines activated by BF3-OEt2 has also been reported (equation 50).155 
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R1V )=NR3 

R2 

C„F2n+1Li, BF3»OEt2 R1 NHR3 
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Scheme 29 

+ 
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1 

(50) 
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1.12.1 SCOPE 

Synthetic and biological interest in highly functionalized acyclic and cyclic amines has contributed to 
the wealth of experimental methodology developed for the addition of carbanions to the carbon—nitrogen 
double bond of imines/imine derivatives (azomethines). While a variety of practical methods exist for the 
enantio- and stereo-selective syntheses of substituted alcohols from aldehyde and ketone precursors, re¬ 
lated imine additions have inherent structural limitations. Nonetheless imines, by virtue of nitrogen sub¬ 
stitution, add a synthetic dimension not available to ketones. In addition, improved procedures for the 
preparation and activation of imines/imine derivatives have increased the scope of the imine addition re¬ 

action. 
This chapter will attempt to provide a comprehensive picture of nonstabilized carbanion additions to 

the carbon-nitrogen double bond of imines/imine derivatives. Included are organometallic condensations 
with cyclic and acyclic azomethines [including /V-(trimethylsilyl)imines, sulfenimines and sulfonimines], 
iminium salts, N-acylimines (/V-acyliminium salts), hydrazones, oximes and nitrones (Scheme 1). While 
1,4-additions to azadienes (including a,(3-unsaturated and aromatic aldimines) are presented, the addition 
of organometallic reagents to the carbon-nitrogen bond of aromatic compounds (i.e. pyridines and quin¬ 
olines) is not. Because the structural features of each imine derivative (class) are uniquely responsible for 
the chemistry of azomethines, this chapter is organized by imine structure. In concert with the theme of 
‘Comprehensive Organic Synthesis,’ recent scientific contributions, particularly those involved in the 
control of stereochemistry, are highlighted. Essential background for each class of azomethines is pro¬ 
vided. For an extensive evaluation of areas, the reader is urged to also consult appropriate review ar¬ 

ticles. 

Nitrones Azadienes /V-Trimethylsilylimines Sulfonimines 

Hydrazones Sulfenimines Oximes 

Scheme 1 Azomethines 

1.12.2 INTRODUCTION 

The inability of certain nucleophiles to add to the carbon-nitrogen double bond of imines/imine deriv¬ 
atives, coupled with the propensity of basic reagents to preferentially abstract protons a to the imine 
double bond, has limited the utility of the group in synthetic organic chemistry. While unique solutions 
exist for individual reactions, they are at best only applicable to a particular structural class of azometh¬ 
ines. Since structurally diverse imine derivatives have been utilized for the preparation of highly func¬ 
tionalized amines, an overview of some of the structural features of azomethines and nonstabilized 
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carbanions responsible for (i) azomethine reactivity, (ii) proton abstraction, and (iii) stereochemical con¬ 
trol in azomethine additions is included. 

1.12.2.1 Azomethine Reactivity 

A systematic evaluation of the relationship between azomethine structure and reactivity with nonsta- 
bilized carbanions has not been reported. Some imines/imine derivatives are inert to nucleophilic addi¬ 
tion. The electrophilicity of imines can, however, be increased by /V-alkylation to form highly reactive 
iminium salts, by A/-oxidation to form reactive nitrones, or by /V-acylation or (V-sulfonylation to form re¬ 
active acylimines and sulfonimines. Sulfonimines and nitrones condense with organometallic reagents to 
generate sulfonamide and hydroxylamine products. ‘Activated’ imines need not be isolated, as the in situ 
preparation of acylimines, iminium and acyliminium salts can be employed for the generation of sub¬ 
stituted amines (amine derivatives). These activating groups, however, do not provide a general solution 
to this fundamental problem of imine reactivity, since they are in certain cases not easily removed. For 
this reason, Lewis acid activation with BF3-OEt2 and the in situ formation of iminium salts with TMS- 
OTf have been recently employed in amine synthesis. 

1.12.2.2 Deprotonation of Azomethines 

While the abstraction of protons adjacent to the carbon-nitrogen double bond of imines/imine deriva¬ 
tives has been utilized for the regioselective generation of azaallyl anions (which are useful in asymme¬ 
tric ketone synthesis), it competes with and often prevents the addition of nucleophiles to imines. For this 
reason, imine additions often involve azomethines (e.g. benzylidineanilines) which are not capable of 
enolization. Many potentially useful additions, however, involve substrates capable of proton abstraction. 
By avoiding in certain instances some of the structural features of imines/imine derivatives and the re¬ 
action conditions responsible for proton abstraction, products resulting from this serious side reaction can 
be minimized. 

The regioselectivity of imine deprotonations1 is considerably more complicated than similar ketone 
deprotonations,2 and can be influenced by imine geometry, nitrogen substitution, steric accessibility of 
a-hydrogen atoms and the deprotonation conditions (base, solvent) employed. Chelation-directed proton 
abstraction is implicated for metallated oximes and tosylhydrazones. For example, organometallic-medi- 
ated deprotonation of oximes (1) occurs with syn selectivity3 (syn to the nitrogen alkoxide group) and 
provides a regioselective route to reactive azirines.4 Likewise, the failure of aliphatic aldehyde tosylhy¬ 
drazones (2; (/^-configuration) to form dianions at low temperatures is consistent with the strong pref¬ 
erence for proton abstraction syn to the NSO2AJ moeity and is presumably responsible for the 
susceptibility of (2) to nucleophilic addition.5 Proton abstraction of ketone dimethylhydrazones and ke- 
timines can lead to isomeric azaallyl anions. Ketone dimethylhydrazones generally deprotonate on the 
less-substituted a-carbon, regardless of the C=N geometry.6 Alkyllithium-mediated deprotonation of 
ketimines, however, generally occurs anti to the nitrogen substituent.7 For example, BusLi (THF) treat¬ 
ment of 2-methylcyclohexanone-derived /VTV-dimethylhydrazone (3) and /V-cyclohexylimine (4) fol¬ 
lowed by the addition of benzyl chloride results in syn (100:0) and anti (87:13) a-alkylation, 
respectively. 

(1) (2) (3) (4) 

Regardless of the kinetic regioselectivity, Fraser, Houk and coworkers8 have demonstrated that the ni¬ 
trogen substituents of most metallated (lithio) aldehyde- and ketone-derived azomethines prefer the (Z)- 
orientation (Scheme 2). This thermodynamic preference is postulated to result from a minimization of 
dipole-dipole (electrostatic) interaction between nitrogen lone pair electrons and the carbanion. 
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On the other hand, endocyclic ketimines such as 2-alkyl-1-pyrroline (5) have a thermodynamic bias 
for the (£)-azaallyl anion (which is postulated to result from excessive angle strain of the (Z)-azaallyl 
anion). This result suggests that by judicious selection of nucleophiles, proton abstraction might be mini¬ 
mal in additions to endocyclic aldimines which are devoid of 2-alkyl substitution, such as 1-pyrroline 

(6). 

H 

(5) (6) 

Highly basic (organolithium) reagents are employed for the abstractions of protons adjacent to the 
carbon-nitrogen double bond of imines/imine derivatives. To minimize proton abstractions in nucleo¬ 
philic additions, less basic reagents (many of which are outside the scope of this chapter)9 such as 
allylboranes, allylboronates, allyl Grignards, allylzincs, allylstannanes, alkylcoppers, alkylcuprates, orga- 
nocerium reagents and metal enolates (Li, B, Al, Zr, Sn, Zn) are used. 

1.12.2.3 Stereochemical Control in Azomethine Additions 

The design of practical methods for effectively controlling product stereochemistry in nucleophilic ad¬ 
ditions remains an important challenge in synthetic organic chemistry. The addition of carbon nucleo¬ 
philes to aldehydes and ketones possessing an adjacent asymmetric center has been extensively 
investigated.10 Two strategies for controlling product stereochemistry, which generally lead to opposite 
diasteriofacial selectivity, have emerged: (i) chelation control, in which Lewis acid reagents form inter¬ 
mediate chelates, rendering one face of the carbonyl moeity more accessible for nucleophilic addition 
(Cram’s cyclic model, Figure la); and (ii) nonchelation control, in which the addition of reagents to sub¬ 
strates incapable of internal chelation is governed by steric and/or electronic factors. The bias for addi¬ 
tion from a diastereotopic face in nonchelation-controlled additions was predicted empirically by Cram 
and is supported by the Comforth and Felkin-Ahn models shown in Figures lb and lc. 

(a) 
M 

O OR 

Cram's cyclic model 

(b) 

Rm O 

Comforth model 

Figure 1 

(c) 

Felkin-Ahn model 
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The relevance of these models for the addition of carbon nucleophiles to structurally similar acyclic 
imine/imine derivatives has not been adequately tested. Products which are consistent with chelation 
control are obtained in the addition of organolithium reagents to dimethylhydrazones (7) of 
a-alkoxyacetaldehydes.11 In contrast to allylorganometallic and ester enolate additions,9 only a few 
examples suggestive of nonchelation (Felkin-Ahn) control in the additions of nonstabilized organo- 
metallic reagents to chiral aldimines have been reported.12,13 The paucity of any in depth systematic 
investigations examining the additions of nonstabilized carbanions to aldimines/aldimine derivatives 
containing an adjacent asymmetric center is not surprising. The propensity of acyclic imines to 
isomerize, the presence in these derivatives of other heteroatoms which are capable of chelation (e.g. hy- 
drazones), and poor imine reactivity all contribute to the complexity of the problem. 

A major synthetic effort, however, has been focused on asymmetric induction resulting from the addi¬ 
tion of organometallic reagents to aldimines/aldimine derivatives derived from chiral amines/hydrazines. 
A variety of chiral aldimines (8),14 nitrones (9)15 and hydrazones (10)16"18 (all of which contain as part of 
the chiral auxilary a terminal alcohol, ether or ester moiety capable of chelation) have been examined. 
High diastereoselectivity can be obtained in these additions and, while the intimate mechanistic details 
which account for the stereoselectivity are not known, mechanisms involving: (i) chelation control (Fig¬ 
ure 2a); and (ii) chelation-mediated delivery of the organometallic reagent (Figure 2b) have been sug¬ 
gested. The susceptibility of nitrogen-oxygen, nitrogen-nitrogen and nitrogen-aryl alkyl bonds within 
the addition products to reductive cleavage contributes to their value for the enantioselective synthesis of 
amines. 

(a) (b) 

Figure 2 (a) Chelation control, e.g. nitrones; (b) Organometallic delivery, e.g. aldimines 

The 1,4-addition of organometallic reagents to a,(3-unsaturated aldimines (ll)19 and aromatic aldim¬ 
ines (12)20 resembles additions to oxazolines (13)21 and (14),22 and provides a valuable method for 
generating a remote stereocenter (1,5-asymmetric induction). Other strategies have been employed for 
controlling azomethine diastereofacial selectivity. For example, organometallic treatment of chiral chro¬ 
mium complexes (15)23 of A-arylaldimines leads to high stereoselectivity (presumably a result of steric 
control). Further investigations are required to assess the value of the chromium tricarbonyl complexes in 
asymmetric amine synthesis. 

By constructing rigid endocyclic imines/imine derivatives (either isolated or generated in situ) some of 
the problems associated with acyclic stereocontrol can be avoided. The addition of organometallic re¬ 
agents to 3-thiazolines (16)24 or the putative piperidine intermediate (17)25 provides excellent stereocon¬ 

trol. 
In summary, notable advances have been made in controlling stereoselectivity resulting from the addi¬ 

tion of nonstabilized carbanions to chiral imine/imine derivatives. Unfortunately our level of mechanistic 
understanding in these additions is unsatisfactory. While additions involving chiral nitrones, hydrazones 
and some cyclic imines have been evaluated in reasonable detail, few systematic studies of other al- 

dimine/aldimine derivatives are available. 
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1.12.3 ORGANOMETALLIC ADDITIONS TO IMINES 

The addition of organometallic agents to aldimines and ketimines provides a useful route to substituted 
amines, although this reaction is sensitive to imine/organometallic substitution. Along with addition, 
competitive enolization, reduction and bimolecular reduction (coupling) reactions are also possible. 

1.12.3.1 Nonenolizable Imines 

Addition to imines derived from aryl aldehydes has been investigated extensively and has been re¬ 
viewed.26 The addition of Schiff base (18) to excess Grignard reagent (2 equiv.) provides a route to sec¬ 
ondary amines (19; equation 1). As the size of R and branching of R1 increases, addition yields decrease 
(entries 1-3, Table l),12'27-28 and reduction products such as (20) are often generated. 

Table 1 The Reaction of Organometallic Reagents with Azomethine (18) 

R i>R‘M Ph Ph Ph 

/=N -— + )-( 

Ph ii)H+ Rl NHR RHN nhr 

(18) (19) (20) 

(1) 

Entry R R'M (EhO) (19) 
Yield 

(20) Ref. 

1 Me MeMgl, A 72% _ 27 
2 Bu1 MeMgl, A — — 28 
3 Bu PdMgl, A — 56% 27 
4 Bu' 2C6Fi3Li(BF3),-78 °C 68% — 12 
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In reactions with A-benzylidineaniline (PhCH=NPh), the addition of MgBr2 (2 equiv.) to solutions of 
EtMgBr, Et2Cd and Et2Zn, or, in the case of Et2Mg, lowering the solvent basicity (DME and Et20 
preferred over THF) results in dramatic yield improvements.29 In the absence of other metal salts, Grig- 
nard addition yields increase if a 1:2 ratio of Schiff base to organometallic agent is employed.2® 

The effect of phenyl substitution on the rate of Grignard addition to /V-benzylidineaniline has been 
examined. The reaction rate in ether for ethylmagnesium bromide conforms to r = 
&[R!2Mg-MgX2] [Schiff base]. A four-centered reaction mechanism (Scheme 3) has been suggested.30 

R1 Mg 

R'MgX2 

Scheme 3 

R1 

NHAr1 

In certain cases, Grignard reagents do not add to azomethines, but organolithium compounds 
(alone28-31 or in the presence of BF3 OEt2)12 have been reported to add to many of these Schiff bases 
(entry 4, Table 1). 

The addition of organometallic agents to /V-methylenamines (22) has been utilized for the generation 
of unsymmetrical secondary amines. Even though these formaldehyde imines rapidly trimerize to yield 
l,3,5-trialkylhexahydro-l,3,5-triazines (24), they can be generated in situ and treated with organolithium 
and Grignard reagents to provide secondary amines (23; Scheme 4). A-(Alkoxymethyl)aryl-,32a A-alkyl- 
A-(alkylthiomethyl)-,32b A-(cyanomethyl)-,33 and A-(aminomethyl)-amines33 (21) have been utilized for 
the preparation of formaldehyde imines (22). Primary, secondary, tertiary, aryl and alkenyl organometal¬ 
lic agents (a minimum of 2 equivalents is required) have been condensed with A-methylenamine precur¬ 
sors. 

R‘M 
i, R'M 

X NHR 

(21) 

[ H2C = NR 

(22) ii.«+ 

R1 NHR 

(23) 

X = OR2 (R2 * alkyl), CN, NR22, SR 2 ce>2 

R 

rN"i 
N. N 

R ^ R 
(24) 

Scheme 4 

1.12.3.2 Enolizable Imines 

The addition of organometallic reagents to imines derived from enolizable aldehydes and ketones is 
more problematic. In general, these aldimines and ketimines are inert to alkyl Grignards and in their 
presence will undergo complete enolization (syn to the A-substituent) in refluxing THF.34 On the other 
hand, aryl- and alkyl-lithiums condense with enolizable aldimines in low/moderate yields (~30-60%).31 
However, the reaction is not general; lithium alkynides35*5 and alkyllithiums12 that are not stable above 
- 78 °C often do not add. Ketimines containing a-hydrogen atoms are resistant to organometallic addi¬ 
tion. Sakurai and coworkers7 have treated these ketimines with organolithium reagents to regio- 
selectively generate substituted a-lithiated imines (deprotonation occurs preferentially anti to the 
A-substituent). 

Activation of the C=N moiety by the addition of BF3-OEt235,36 has increased the scope of organome¬ 
tallic additions (Table 2). Akiba and coworkers35b have shown that lithium alkynides treated with 
BF3-OEt2 add to substituted aldimines (entry 1, Table 2).12-13-35 BF3 complexes of organocopper and di- 
alkylcuprate reagents provide good yields of addition products. Dialkylcuprates are preferred in the con¬ 
densation of branched aldimines (entry 2, Table 2).35a 
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Table 2 The Addition of Organometallic Reagents to Activated Imines Containing a-Hydrogen Atoms 

Entry Organometallic Imine Product Yield (%) Ref. 

1 2 LiC^C(CH2)4Me/ 

BF3*OEt/THF 

Ph(CH2)2CH=NPrJ 

2 Bu2CuLi*BF3/THF Me2CHCH=N(CH2)2Ph 

NHPr1 

H 
i 

N. 

Bu 

Ph NHPrn 

3 C6F13I/MeLi/BF3/Et20 Me(Ph)C=NPrn C6F13^ 

82 35b 

Ph 63 35a 

84 12 

4 C6F13I/MeLi/BF3/Et20 Me(Ph)CHC=NPr11 

Ph 
C„F 6r 13 

NHPr" 

(25:1) 

81 12 

5 Bu2CuLi*BF3 Me(Ph)CHC=NPrn 

Ph 
Bu 

NHPr11 

(4:1) 

NA 13 

While Lewis acid activation has not provided a general solution for ketimine additions, isolated exam¬ 
ples such as the condensation of perfluoroalkyllithiums with imines derived from acetophenone (entry 3, 
Table 2) have been reported.12 

1.12.3.3 Stereochemical Control 

Asymmetric induction is not high in the addition of organometallic agents to chiral aldehydes whose 
substituents have no chelating ability (such as 2-phenylpropanal). Although few examples involving non¬ 
stabilized carbanions to chiral aldimines have been reported, the presence of a stereogenic center ad¬ 
jacent to the aldimine can provide good diastereoselectivity; e.g. 60:40 versus 84:16, Cram/anti-Cram 
selectivity for 2-phenylpropanal versus its corresponding /V-propylaldimine (25; equation 2) in the addi¬ 
tion of allyl Grignard.13 In the case of dialkylcuprate and perfluoroalkyllithium additions, BF3 is re¬ 
quired. Again good Cram/anti-Cram (Felkin-Ahn) selectivity is obtained (entries 4 and 5, Table 2).12>13 
Chelation/nonchelation control in the addition of stabilized allyl (crotyl) organometallics to chiral aldim¬ 
ines has been reviewed.915 

(2) 

(26) 

major 

(84:16, Cram:anti-Cram) 
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Fiaud and Kagan37 examined the addition of organometallic agents to ^-substituted imines of (-)-men- 
thyl glyoxylates with the intention of producing substituted amino acids. Grignard condensations with N- 
[(S)-a-methylbenzyl]iminoacetate (27) produced, in modest yields, varying amounts of secondary and 
tertiary amines (28) and (29), demonstrating the molecules ambident electrophilicity (equation 3). While 
the problem of regiochemical control (29 versus 28) can be solved by the use of organocadmium agents, 
stereochemical control in the production of (29) is modest (de ~ 40—50%). The menthyl ester moiety is 
the major stereochemical determinant, as replacement of the A^-[(5)-a-methylbenzyl] substituent with the 
corresponding (/?)-isomer had little effect on reaction diastereoselectivity (for R1 = Prn, 40 versus 41% 
ee). 

Ph 

(29) (28) 

Diastereoselectivity produced by 1,3-asymmetric induction in the reaction of (S)-valinol-derived im¬ 
ines with organometallic agents can be high. Takahashi, Suzuki and coworkers (equation 4) have exam¬ 
ined the condensation of chiral azomethines (8), which are reported to exist exclusively as the 
(E)-isomer, with organolithium and Grignard reagents (>4 equiv.).14 Addition occurs predominantly 
from the si-face of Figure 3 and is consistent with an alkoxy-mediated delivery of the organometallic 
agent. The size of substituent R1 at the resident stereogenic center of Figure 3 is a key stereochemical 
determinant of the diastereoselectivity (R1 = Pr1, Bu1 and Bus are superior to R1 = Me; entries 1 and 2, 
Table 3).14 Conversion of the alcohol funtionality to the corresponding methyl ether has little effect on 
the stereochemical course of the addition (entries 3, 4, 6 and 7, Table 3). By appropriate selection of azo- 
methine and organometallic agent, both diastereomeric amines can be obtained (entries 1 and 5, Table 3). 

Table 3 The Reaction of Organometallic Reagents with Chiral Aldimines (8) 

(4) 

Entry R /?' R2 R3M Overall yield (%) (30) (%) (31) (%) Ref. 

1 Ph Pr1 H PhCH2MgCl/THF 73 >98 — 14a 
2 Ph Me H PhCH2MgCl/THF 53 78 22 14b 
3 Ph Pr* H EtMgBr/Et20 63 78 22 14e 
4 Ph Pr1 Me EtMgBr/Et20 81 91 9 14e 
5 CH2Ph Pr1 H PhLi/Et20 35 >98 — 14a 
6 Et Pr1 H PhLi/Et20 68 >97 — 14e 
7 Et Pr1 Me PhLi/Et20 60 95 5 14e 
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1.12.3.4 Cyclic Imines 

Cyclic imines, such as 1-pyrroline (6) and A’-piperidine (32), which are prone to trimerization, can be 
prepared from /V-halopyrrolidine and /V-halopiperidine respectively and treated in situ with organoli- 
thium reagents to provide 2-alkylated and 2-arylated pyrrolidines and piperidines in modest yield.38 
Corey et al.25 treated substituted piperidine (17) generated in this fashion with /V-pentyllithium to estab¬ 
lish the stereochemistry of the remote pentyl side chain of perhydrohistrionicotoxin (33), as condensation 
occurred from the more accessible re-face of the imine Tt-system of (17). 

Difficulties in generating highly functionalized alicyclic imines have limited their synthetic utility. In 
situ generation of piperidines from highly substituted a-aminonitriles has been employed in the Grig- 
nard-mediated conversion of the 1-a-cyano-l-deoxynojirimycin derivative (34) to the 1-a-substituted 

amine (35; equation 5).39 

(5) 

Substituted 3-thiazolines (16) are stable and easily prepared, but are inert to organometallic addition. 
Activation of (16) with BF3-OEt2 followed by organometallic addition (R’MgX, R’Li) provides trans- 
4,5-disubstituted thiazolidines (36) (masked 2-aminothiols) in which R1 = aryl, alkyl or alkynyl (equation 
6).24 

R R\ R 

r-f 
N S 

i, BF3»OEt X 
HN S 

X ii, R'M/THF X 
(16) iii, H+ (36) 

42-85% 

The addition of organolithium agents to bicyclic imines such as (37) provides modest yields of alkyl¬ 
ated product (38; equation 7).40 These condensations have been reviewed.26 

H 

(37) (38) 

1.12.3.5 Chiral Chromium Complexes 

Solladie-Cavallo and Tsamo (equation 8) have investigated the addition of Grignard reagents to chiral 
chromium tricarbonyl complexes of diarylimines (15).23 Results of these additions are shown in Table 4. 
While the absolute stereochemistry of the product(s) (39) formed has not been determined, the results 
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demonstrate that high diastereoselectivity can be obtained in the addition of benzyl Grignards to azo- 
methine (15), in which ring A is ortho substituted (entries 4-6, Table 4). 

Table 4 Addition of Grignard Reagents to Chiral Chromium Tricarbonyl Complexes of Diarylimines (15) 

Entry RMgX /?' R2 R2 Diastereomeric ratio11 

1 MeMgl H Me H 67:33 
2 MeMgl Me Me H 67:33 
3 MeMgl Me Ph H 66:34 
4 PhCH2MgCl Me Me H 100:0 
5 PhCH2MgCl OMe Me H 100:0 
6 PhCH2MgCl Cl Me H 100:0 
7 PhCH2MgCl Me H Me 57:43 

“Determined by ‘H NMR (250 MHz). 

The diastereoselectivity has been rationalized by the authors with the transition state model shown in 
Figure 4a, in which the Cr(CO)3 moiety is situated in the plane of the azomethine group (cn) and ap¬ 
proach of the Grignard occurs nearly orthogonal to this plane. The facial selectivity is postulated to arise 
from interactions of the incoming Grignard reagent and the substituents on ring A. Determination of the 
absolute configuration of the product(s) (39) should probe the relevance of this model since organome- 
tallic addition to (15) in which Cr(CO)3 is orthogonal to the plane of the azomethine group (Figure 4b) 
would generate the opposite diastereomer. 

(a) (b) 

Alkyllithium addition to the (ir}6-arene) dicarbonylchromium imine chelates has been examined.41 
Treatment of optically pure chelate (41) with methyllithium provides amine (42) with an enantiomeric 
excess of 94% (Scheme 5). No diastereoselectivity was reported for alkyllithium additions to (arene)tri- 
carbonylchromium complex (40). In the absence of additional examples, the generality of this chromium 
chelate methodology for asymmetric amine synthesis cannot be assessed. 

1.12.4 ORGANOMETALLIC ADDITIONS TO IMINIUM SALTS 

1.12.4.1 Background 

While the addition of organometallic reagents to acyclic or cyclic imines (43) is often compromised by 
poor imine reactivity, these reagents readily condense with structurally diverse, more electrophilic imini- 
um salts (44), bearing a positive charge on the nitrogen atom, to provide substituted tertiary amines (45; 
Scheme 6). A review of the literature describing additions to cyclic iminium salts prior to 1966 is avail- 
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Ph i 
H 

(42) 72% (ee 94%) 

Scheme 5 

able.42 More recent reviews (up to 1976) summarize the addition of organometallic reagents to iminium 
salts derived from aliphatic, aromatic or heteroaromatic aldehydes as well as from aromatic or aliphatic 

ketones.43 

(43) (44) 

Scheme 6 

r-M 
(45) 

1.12,4.2 Preformed Iminium Saits 

Preformed iminium salts have been used extensively in organic synthesis. The facility of the condensa¬ 
tion is a function of iminium salt substitution. Treatment of formaldehyde-derived NJV-di- 
methyl(methylene)ammonium halides (or trifluoroacetates) (46) with Grignard and lithium reagents 
results in the high yield formation of dimethylaminomethyl-containing compounds (41).44 Subsequent 
oxidation45 or alkylation46 of these products has been employed to generate terminal alkenes (48; 
Scheme 7). As expected, addition yields are modest for the more-hindered iminium salts derived from 
other aldehydes and are somewhat lower for those derived from cyclic ketones.47 

X Me 

= N + 

Me 

(46) 

RR'CHM R1 

M = Mg, Li R 

Me 
i 

N 
Me 

(47) 

Scheme 7 

h2o2, a 

or 

R2X, A 

R 

R1 

(48) 

Addition to cyclic iminium salts has been utilized in alkaloid synthesis. A zinc-promoted reductive 
coupling reaction of iminium salts and alkyl halides has been reported by Shono et al. (Scheme 8).48 Evi¬ 
dence delineating the mechanistic course (organozinc addition or electron transfer reaction) of the addi¬ 
tion has not been established. In contrast to organolithium or Grignard additions, aromatic halogen and 
alkoxycarbonyl substituents are compatible with this methodology. The intramolecular version of this re¬ 
action has been employed for the synthesis of tricyclic amines (53; equation 9). 

The quatemization of imines to form more reactive iminium salts has had limited synthetic utility 
since the activating substituents are often not easily removed. For this reason Lewis acids have been 
utilized to activate imines. MacLean and coworkers49 have also addressed this problem and found that si- 
lylation of 3,4-dihydroisoquinolines and 3,4-dihydro-fi-carbolines with trimethylsilyl triflate (TMS-OTf) 
provides a reactive, yet labile, silyl iminium salt which undergoes nucleophilic addition (Scheme 9). 
With this procedure, 3,4-dihydro-6,7-dialkoxyisoquinoline (54) was converted to amidine (56) in 98% 
yield. In the absence of TMS-OTf no addition occurred. 

While 2-substituted-4,4,6-trimethyl-5,6-dihydro-1,3-oxazines50 2-substituted-4,4-dimethyl-2-oxazo- 
lines51 and l-benzyl-2-alkyl-4,5-dihydroimidazoles52 are inert to organometallic addition, their corre¬ 
sponding methiodide salts (57)-(59) are reactive and have been utilized for the synthesis of ketones (60; 
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Scheme 8 

(56) 

Scheme 9 

Scheme 10). The use of this methodology in ketone synthesis is not widespread, given the lack of avail¬ 
ability of these salts and the sensitivity of this reaction to substrate/organometallic substitutions. 

Addition to vinylogous iminium salts has also been explored. Moriya et alP have examined the addi¬ 
tion of nucleophiles to 3-(l-pyrrolidinylmethyIene)-3//-indolium salt (61) in the synthesis of 3-(l- 
dialkylamino)alkyl-l//-indoles (62; equation 10). 

Similarly, Gupton et al.54 have shown that acyclic amidinium salts (63) and vinylogous amidines (65) 
are reactive and can be utilized for the synthesis of structurally diverse aldehydes (Scheme 11). 

In addition, functionalized piperidines (68) have been generated by the addition of organometallic re¬ 
agents to 5,6-dihydropyridinium salts (67; equation 11).55 

1.12.4.3 Iminium Salts Generated In Situ 

Difficulties associated with the preparation and purification of anhydrous, soluble iminium salts (44) 
suitable for organometallic additions can in certain instances be avoided by an in situ generation of these 
reactive molecules.56 /V7V-(Disubstituted)aminomethyl ethers (or acetates) (69), sulfides (70) and nitriles 
(71) are frequently utilized in the generation of these salts. In addition, /V3V-(disubstituted)aminomethyl- 

amides (72), -sulfonates (73) and halides (74) have been employed (Scheme 12). 
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+ N=^ 
Me7 X“ R 

(58) 

Me X' 

(57) 

i, R'M 

ii, H+ 

O 

R^R1 

i, R'M 

ii, H 

(60) 

Scheme 10 

(10) 

Me 
i 

Me^ + Me 

(63) 

i, RM, THF/Et20 o 

-".A, 
ii, H+ 

(64) 55-88% 
(65) M = MgX, Li 

(66) 50-100% 

Scheme 11 

OAc OAc 

(67) (68) 

The reaction of A,A-(disubstituted)aminomethyl ethers (69) with Grignard reagents has been exten¬ 
sively investigated56 and provides good yields of substituted tertiary amines. Representative examples 
are shown in Table 5. Acyclic57 as well as cyclic58 ethers (entries 1 and 2, Table 5) have been studied. 
Grignard treatment of bis(alkoxymethyl)amines (entry 3, Table 5)59 and dialkylformamide acetals (entry 
4, Table 5)60 results in the displacement of both alkoxy substituents. In addition, (3,y-unsaturated- 
a-amino esters can be easily accessed by organozinc (RiZn) addition to alkoxy(dialkylamino)acetates 
(entry 5, Table 5).61 

The propensity of formaldehyde imines (22) to trimerize to give hexahydro-l,3,5-triazines (24) has 
limited their synthetic utility. Sekiya and coworkers62 and Bestmann et al,63 have shown that A,A-bis(tri- 
methylsilyl)methoxymethylamine (75) is a useful synthetic equivalent of formaldehyde imine. Treatment 
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Scheme 12 

Table 5 Addition of Organometallic Reagents to AA-Disubstituted Aminoalkyl Ethers 

Entry Substrate Organometallic reagent!conditions Product Yield (%) Ref. 

1 

2 

3 

4 

THF 

84 57 

89 58 

44 59 

93 60 

63 61 

of aryl, heteroaryl, primary and secondary alkyl Grignards (organolithium reagents can also be used but 
require the addition of MgBr2) with (75) generates in good yield A,A-bis(trimethylsilyl)amines (76), 
which can be readily desilylated to generate primary amines (77; Scheme 13). 

ct-Amino ethers need not be isolated in the synthesis of tertiary amines. a-Substituted phenethylamines 
(81), for example, have been generated in good yield from aldehydes and benzylmagnesium chloride 
using titanium amide complexes.643 The intermediacy of a titanium amide tetraisopropoxide ate complex 
(79) which can condense with aldehydes to form the reactive titanium complex (80), has been proposed 

(Scheme 14). 
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Me3Si v ^ 
N 

I 
Me3Si 

(75) 

OMe 
RLi 

MgBr2 

Me3Si „ 
N 

" I 

Me3Si 

(76) 

Scheme 13 

R MeOH 
H9N R 

(77) 

LiNEt2 

(78) 

Ti(OPr1)4 

Et20, -20 °C, 20 min 

, RCHO 
[Et2NTi(OPr1)4] Li - 

(79) 

Scheme 14 

In addition, amine N-oxides (82) can be treated with trialkylsilyl triflates to generate, after methyl- 
lithium treatment, a-siloxyamines (83) which, when allowed to react with Grignard reagents (or trialkyl- 
aluminum), generate tertiary amines (84) in modest yields (Scheme 15).65 

i, Bu‘Me2SiOTf, CH2C12 

ii, MeLi/THF 

OSiMe2Bu‘ 

(83) 

Scheme 15 

(84) 41-75% 

O’Donnell et al66 have examined benzophenone-derived glycine acetate (85) as a glycine cation 
equivalent. Higher order mixed cuprates [R2Cu(CN)Li2] react with (85) to afford alkylated Schiff base 
(86) in moderate yields. The reaction is sensitive to reaction conditions and reduction competes with or- 
ganometallic addition. Hydrolysis of (86) provides access to aryl- or alkyl-substituted amino acids (87; 
Scheme 16). 

Ph N C02Et R2Cu(CN)Li Ph N C02Et HYf C02H 

y r 1 1 
Ph OAc THF, <5 °C Ph R R 

(85) (86) (87) 46-71% 

Scheme 16 

/V-(Arylthiomethyl)amines, which are easily prepared and reportedly have better shelf stability67 than 
the corresponding /V-(alkoxymethyl)amines,56 have also been utilized to prepare tertiary amines. Alkenyl 
cuprate addition to /VTV-diethylphenylthiomethylamine produces allylic amines in high yield (entry 1, 
Table 6).68 Both alkenyl groups of the cuprate react. S-(Dialkylaminomethyl) dithiocarbamates (entry 2, 
Table 6),69 sulfonates (entry 3, Table 6)70 and amides71 also generate iminium salts in situ. Of a variety 
of amides examined, imides such as dialkylaminomethyl-succinimides (entry 4, Table 6)71 and -phthali- 
mides provide the best overall yields. Organolithium reagents are rarely utilized in aminomethylation re¬ 
actions. However, (V-chloromethylamines condense readily with lithiated anisole derivatives (entry 5, 
Table 6).72 

The condensation of Grignard reagents with /V7V-(disubstituted)aminomethylnitriles has been widely 
studied.56 The reaction can accommodate hindered a-aminonitriles as exemplified by the condensation 
of phenyl Grignard with 1-piperidinocyclohexane carbonitrile to afford phencyclidine (entry 6, Table 
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Table 6 Addition of Organometallic Reagents to Iminium Salts Generated In Situ 

Entry Substrate Organometallic reagent!conditions Product Yield (%) Ref. 

1 

2 

THF/-40 °C to r.t./3 h 

PhMgBr, Et20 

Ph 

* 

/ \ 
N O 
\_/ 

95 68 

81 69 

3 EtMgBr, Et20 

Me v 

94 70 

PhCH2CH2MgBr, Et20 80 71 

6).73 In general, Grignards add to the a-carbon atom, while alkyllithiums add to the nitrile carbon atom 
of /V7V-(disubstituted)aminomethylnitriles. If the a-aminonitrile has an active hydrogen atom on ni¬ 
trogen, both Grignards and organolithium reagents add to the a-carbon atom. On the other hand, if the 
aminonitriles have an acetyl group on the amine nitrogen atom, both reagents condense with the nitrile 
moiety.74 

1.12.5 ORGANOMETALLIC ADDITIONS TO A-ACYLIMINES AND A-ACYLIMINIUM 
SALTS 

1.12.5.1 Background 

The a-amidoalkylation reaction, which involves the addition of carbon nucleophiles (primarily aro¬ 
matic rings, alkenes, cyanides, isocyanides, alkynes, organometallic and active methylene-containing 
compounds) to substituted amides (89) where X is a leaving group (Scheme 17), has been extensively re¬ 
viewed 75 A variety of organometallic condensations have since been reported which extend the scope of 
this reaction.76 The reactive intermediates in these reactions are considered to be /V-acylimines (88) or N- 
acyliminium salts (90). Direct displacement of the a-haloalkylamide precursors (89; X = halogen) cannot 

in certain cases be discounted. 
A comprehensive kinetic study examining the reactivity of /V-acylimines//V-acyliminium salts versus 

imines/iminium salts has not, to date, been published. Spectral data (13C NMR), however, would suggest 
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r'm R'M 

0 O 

AX. AX 
H 1 

R 

(91) 
Scheme 17 

(92) 

that /V-acyliminium salts could be even more reactive than iminium salts, since the imine carbon atom in 
(93) and (94) is shifted about 5 p.p.m. downfield from that in iminium salt (95).75e>77 

189.7 

Ph O 

SbCl<f 

(93) 

190.6 

Ph 

Et 

N* OEt 

T 
Ph O 

SbCl6- 

184.6 

Ph 

H 

N+ 
Me 

Ph 

SbCl6 

(94) (95) 

1.12.5.2 a-Amidoalkylation Reactions Involving Substituted Azetidin-2-ones 

No a-amidoalkylation reaction has been studied in recent years in greater detail than the addition of 
nucleophiles to substituted azetidin-2-ones such as (96), bearing a leaving group (X) in the 4-position. 
The addition of oxygen and sulfur nucleophiles has been employed for the synthesis of oxapenam and 
penem antibiotics, while the addition of stabilized and nonstabilized carbanions has been utilized for the 
synthesis of carbapenems (97; Scheme 18).78 While a thorough comparative study examining the effect 
of leaving groups (X) on the reactivity of these 4-substituted azetidin-2-ones is not available, cross com¬ 
parisons79 (many of which are outside the scope of this chapter) suggest an approximate order of re¬ 
activity of Cl > SChPh > OAc > SCSOEt, SCS2Et > N3 > OEt > SEt. High yields of 4-alkyl-, 4-allyl-, 
4-vinyl- and 4-ethynyl-azetidin-2-ones have been obtained by treatment of 4-phenylsulfonylazetidin-2- 
ones with either lithium organocuprates or Grignard reagents.80 Yields for the organocuprate additions 
are, in general, superior to those of the Grignard condensations. 

In the addition of phenylthioethynyl Grignard to 3-substituted azetidinone (98), the stereochemistry of 
addition is exclusively trans, consistent with the intermediacy of azetinone intermediate (99; Scheme 
19).81 

(V-Substituted azetidin-2-ones are more stable than their unsubstituted counterparts and as a result are 
more resistant to nucleophilic additions. However, treatment of either 4(3- or 4a-chloroazetidinone (101) 
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Bu'M " ~ 
MeO 

Bu'M^ c;0 

O 

THF, -40 °C to r.t. 

BrMg = SPh 

O OMe 

(98) (99) 

Bu'M 
SPh 

O 

(100) 80% 

Scheme 19 

with allylcopper reagents provides the same product ratio of substituted azetidinones (102), suggesting 
the intermediacy of an acyliminium ion (equation 12).82 

(12) 

Bn02C 

(101) 

Bn02C 

(102) 4(3:4a = 33:67 

1.12.5.3 A^-Acylimines/A^-Acyliminium Salts 

The addition of organometallic reagents to substituted A-halomethylamides (103) has been utilized to 
generate substituted amides (104; equation 13). Selected examples are shown in Table 7.84-92 

A-Acylimine intermediates stabilized by electron-withdrawing groups can be isolated (entries 3-6, 
Table 7) and readily undergo nucleophilic addition. In most cases, however, A-acylimines need not be 
isolated since the addition of organometallic reagents (2 equiv.) to TV-halomethylamide precursors pro¬ 
vides the products in comparable yields. Almost all substituted A-halomethylamides lack (3-hydrogen 
atoms due to the propensity of A-acylimines to tautomerize to acyl enamides.83 

Complex alkenyl-copper and -cuprate derivatives, and also alanates, have been generated with high 
stereochemical purity, and upon treatment with A-chloromethyl-A-methylformamide or /V-chloromethyl- 
phthalimide provide access to highly functionalized allylic amides (entries 1 and 2, Table 7).84 Addition 
to acyliminomalonic esters85 or acyliminophosphonates86 provides acylaminomalonates and acylamino- 
alkylphosphonates in modest yield (entries 3 and 4, Table 7). 

Carbanion amidoalkylations provide a versatile means of generating a-amino acids. The ability to ox¬ 
idize alkenes87 or hydrolyze trichloromethyl groups88 of amidoalkylation products (entries 5 and 6, Table 
7) to acids provides access to these compounds. a-Halo-(V-(t-butoxycarbonyl)glycine esters have been 
used as ‘electrophilic glycinates’ for the preparation of broadly substituted amino acids (entry 7, Table 
7).89 Several approaches have been examined as possible enantioselective routes to relatively inac¬ 
cessible, synthetic amino acids. The reactiqns of vinylmagnesium bromide with A-Cbz-L-Phe-a-chloro- 
Gly-OMe resulted in no asymmetric induction as a 1:1 mixture of diastereomeric (3,y-unsaturated 

R3 

(103) 

R3 

(104) 

RM 
(13) 
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a-amino acid esters was produced (entry 8, Table 7).90 Obrecht and coworkers91 have examined the addi¬ 
tion of Grignard reagents to a-bromo-A-Boc-glycine-(-)-phenylmenthyl ester (entry 9, Table 7). The 
high enantioselectivity (82-95% ee, 4 examples) can be rationalized by the shielding of the re-face of the 
imine double bond by the aromatic ring of the (-)-8-phenylmenthyl moiety, as illustrated in Figure 5. A 
two-step conversion of these products to amino acids was developed as a result of the resistance of phe- 

nylmenthyl esters to hydrolysis. 

/ 

O 

Williams and coworkers have constructed a rigid 3-bromotetrahydrooxazin-2-one ring from d- or L- 

erythro-a,(3-diphenyl-(3-hydroxyethylamine as a chiral template for electrophilic glycinate condensations 
(entry 10, Table 7).92 Upon nucleophilic addition, very high diastereoselectivity is obtained (>91%, 11 
examples) and is rationalized by a sterically controlled nucleophilic addition to a putative iminium 
species (Figure 6) or its bromoamide precursor. Hydrogenation or dissolving metal reduction of these 
products provides amino acids directly in excellent yield. The methodology is best suited for ‘neutral’ 
nucleophiles (e.g. silyl enol ethers, allyltrimethylsilanes) since the more basic organometallic agents 
competitively reduce the a-bromo ketones, resulting in lower overall yields. 

Figure 6 

Lipshutz et al 93 have described a singlet oxygen based approach for the conversion of 1,2,4-trisub- 
stituted imidazoles (105) to /V-acylimines (106) containing either alkyl or aryl substituents (Scheme 20). 
A-Acylimines (106; R1 = Bun, Bu1, Ph; R = CHiPh, CH2CH2Ph) are inert to organometallic reagents. Re¬ 
markably, hydroxamic /V-acylimines (106; R1 = Bun, Bu1, Ph; R = OMe) react with a variety of aryl, 
vinyl, ethynyl, primary and secondary organometallic reagents (2.5 equiv.) to afford a,a-disubstituted 
amino acid bis-amides (107) in good yield (52-94%). The fact that hydroxamic acid acylimine deriva¬ 
tives react and amide acylimines are inert to nucleophilic attack is unexpected. The authors speculate that 
organometallic complexation with the hydroxamic moiety might be responsible for organometallic de¬ 
livery. A chelation-mediated acylimine activation of (106) cannot be discounted. 

R 

(105) 

NHR 

Scheme 20 

2.5 equiv. R2M 

-78 °C, 30 min 

52-94% 

(107) 

Weinreb et al.94 have described a procedure for the preparation of acyclic /V-alkylamides (110) which 
involves the addition of trialkylalanes (4 equiv.) to amide methylols (108; Scheme 21). While the meth- 



Nucleophilic Addition to Imines and Imine Derivatives 377 

odology has also been extended to ureas and carbamates, all efforts to couple hydroxylactams such as 
(111; R = H) with trialkylalanes failed. 

H _ ^ 
N 

4A1R, 

L 
OH 

(108) 

PhH, A 
H'n^o 

(109) 

H. ^ 
N 

k 
R 

(110) 19-96% 

Scheme 21 

Treatment of lactam methyl ether (111; R = Me) with trialkylalanes, however, generated desired prod¬ 
uct (112) in modest yield (equation 14).95 Similarly, Shono et al.96 have treated a-methoxy carbamates 
(113) with Grignard reagents in the presence of boron trifluoride etherate to afford substituted pyrrol¬ 
idines (114; equation 15). 

OMe 

jsj - C02Me 

RMgX 

BF,*OEt9 

(113) 

R 

(114) 76-96% 

(14) 

(15) 

1.12.6 ORGANOMETALLIC ADDITIONS TO HYDRAZONES 

1.12.6.1 Tosylhydrazones 

The reaction of alkyllithium reagents with acyclic and cyclic tosylhydrazones can lead to mixtures of 
elimination (route A) and addition (route B) products (Scheme 22). The predominant formation of the 
less-substituted alkene product in the former reaction (Shapiro Reaction) is a result of the strong pref¬ 
erence for deprotonation syn to the N-tosyl group.97 Nucleophilic addition to the carbon-nitrogen tosyl- 
hydrazone double bond competes effectively with a-deprotonation (and alkene formation) if abstraction 
of the a-hydrogens is slow and excess organolithium reagent is employed.973’98 Nucleophilic substitution 
is consistent with an Sn2' addition of alkyllithium followed by electrophilic capture of the resultant 

carbanion. 
Treatment of 5a-cholestan-3-one tosylhydrazone (115) with excess (8 equiv.) alkyllithium reagent 

(primary, secondary and tertiary carbanions) provides, after axial protonation, 3|3-alkylcholestane 
products (116) in addition to minor amounts of the anticipated alkene by-products (equation 16).99 

In the case of verbenone tosylhydrazone (117), 8-pinene (118) is produced along with verbenene (119) 
following methyllithium treatment (equation 17).100 

Good yields of substitution products can be obtained if elimination is precluded. Alkyllithium addition 
to fluorenone tosylhydrazone (120) provides access to 9,9-disubstituted fluorenes (121; equation 18).101 

In a number of cases, the addition of lithium reagents to ketone mono- and di-tosylhydrazones can be 
improved by the inclusion of Cu1, which activates the carbon-nitrogen bond toward nucleophilic addi¬ 
tion.102 However, the formation of complex product mixtures with many ketone tosylhydrazones limits 

its synthetic utility.103 
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Scheme 22 

(115) (116) 

R = Bun, 55%; R = Bus, 50%; R - Bu\ 48% 

(16) 

(117) (118) (119) 

(17) 

(18) 

The failure of aldehyde tosylhydrazones (122), which exist predominantly in the ^-configura¬ 
tion,6’104 to form stable dianions at low temperature, as opposed to many ketone tosylhydrazones which 
do, is consistent with the strong preference for deprotonation syn to the N-tosyl group. As a result, al- 

kyllithium reagents add rapidly to the aldehyde tosylhydrazone C=N bond. The addition of primary, 
secondary and tertiary alkyllithiums to aldehyde tosylhydrazones provides modest yields of the expected 
coupled hydrocarbons (127), accompanied by carbanion-derived side products (124-126) (Scheme 23).5 

Vedejs et. a/.105 have shown that carbanions bearing leaving groups condense with aldehyde tosylhy¬ 
drazones to generate disubstituted (128) and trisubstituted alkenes (129) (Scheme 24). While 
stereochemical control (cis.trans) is poor in the generation of disubstituted alkenes (compared, for 
example, to the Wittig reaction), the methodology is well suited for the synthesis of structurally diverse 
terminal alkenes. 

As expected, the presence of Cu1 promotes addition to the lithium and magnesium salts of secondary 
and tertiary aldehyde tosylhydrazones.106 Dilithiotrialkylcuprates react with tosylhydrazones (130) to 
generate in high yield hindered cuprates (131), which undergo typical cuprate reactions (Scheme 25). 
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R = alkyl, aryl, vinyl 

R1 = primary, secondary, tertiary alkyl (126) 

Scheme 23 

Li 

R. 
-%'Ts 

i 
Li 

(122) 

R1 

R R! 

(129) 20-70% 

Scheme 24 

O 

R 

(134) 

Scheme 25 

1.12.6.2 Chiral A^V-Dialkylliydrazones 

Organometallic reagents condense with aldehyde-derived N^V-dialkylhydrazones.107 This method¬ 
ology has since been utilized for enantioselective syntheses of amines. The addition of Grignard reagents 
to yv-aminoephedrine and L-valinol derived hydrazones (135)16a^ and (138)16d to provide, after hydro- 
genolysis, access to (/?)- and (S)-l-phenylalkylamines (137) and (140) has been studied by Takahashi et 
al. (Scheme 26). Diastereoselectivity is >98% for alkyl Grignards (Me, Et, Pr1) but erodes (<50%) with 
the addition of arylalkyl(benzyl) Grignards. The re-facial selectivity of (135) and si-facial selectivity of 
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(138) can be rationalized by the formation of the six-membered magnesium chelates shown in Figures 7a 
and 7b, with the diastereoselectivity resulting from a sterically controlled Grignard addition. 

H 

(135) 

H 
i 

RMgX Ph Nn 

Et20 or THF R 

40-45 °C 

(136) (137) 

(139) (140) 

Scheme 26 

(a) (b) 
Me 

1.12.6.3 SAMP (RAMP) Hydrazones 

Enders and Denmark have shown that SAMP (RAMP) hydrazones apparently provide a more versatile 
route to optically pure amines. Organolithium17 and organocerium18 reagents add to structurally diverse 
SAMP aldehyde hydrazones (141; Scheme 27). Representative examples are shown in Table 8. While 
addition diastereomeric selectivity is similar for both the organo-lithium and -cerium substrates, the over¬ 
all yields in the organocerium additions are superior to those of various organometallic reagents (R'Li, 
R'MgX, R^CuLi) alone or in conjunction with additives (BF_vEt20, TMEDA). The preferred reagent 
stoichiometry is R'M:CeCl3:hydrazone = 2:2:1. Vinyl, primary, secondary and tertiary organocerium re¬ 
agents give addition products with high diastereomeric selectivity. Aliphatic, aromatic, a,(3-unsaturated 
and highly enolizable aldehyde hydrazones are suitable for nucleophilic addition (entries 1-4, Table 8). 
Only 1,2-addition is observed with a,(3-unsaturated SAMP hydrazones (entry 4, Table 8). Although the 
intimate mechanistic details of this addition are not known, these results suggest the organolithium or or¬ 
ganocerium (RCeCL2) reagent possibly coordinates to the methoxymethyl group and delivers R1 to the 
re-face of (141) to generate preominantly (142). 

1.12.6.4 a-Alkoxyaldehyde Dimethylhydrazones 

Organolithium reagents (primary, secondary, tertiary, aryl and vinyl) also add in excellent yield to a- 
alkoxyaldehyde dimethylhydrazones (146); equation 19) with high threo diastereoselectivity (Table 9).11 
Hydrogenolytic cleavage of the resultant hydrazines provide an attractive route to threo-2-amino alco¬ 
hols. 

Threo diastereoselectivity is consistent with a chelation-controlled (Cram cyclic model) organolithium 
addition (Figure 8a). Since five-membered chelation of lithium is tenuous, an alternative six-membered 
chelate involving the dimethylamino nitrogen atom of the thermodynamically less stable (Z)-hydrazone 
(in equilibrium with the (£>isomer) cannot be discounted. The trityl ether (entry 4, Table 9) eliminates 
the chelation effect of the oxygen atom such that the erythro diastereomer predominates (via normal 
Felkin-Ahn addition) (Figure 8b). 
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Table 8 Addition of Organolithium and Organocerium Reagents to SAMP Hydrazones (141) 

R 

r‘^'"nh2 

(144) 

Scheme 27 

R1 

R^""NH2 

(145) 

Entry R RXM (2 equiv.) Yield (%) 
Diastereomeric ratio 

(142):(143) Ref. 

1 PhCH2CH2 MeLi/CeCb 81a(59)b 98:2 (98:2)c 18 
2 PhCH2 MeLi/CeCb 66 (0) 96:4 (—) 18 
3 Ph MeLi/CeCb 59 (47) 91:9(90:10) 17, 18 
4 (£)-MeCH=CH2 MeLi/CeCb 82 (52) 96:4 (95:5) 18 

aYield after chromatography of the corresponding methyl carbamates. 'Yield for the addition without CeCl3 (2 equiv. MeLi). 
cDiastereomeric ratio for the addition without CeCl3 (2 equiv. MeLi). 

Table 9 Addition of Organolithium Reagents to a-Alkoxyaldehyde Dimethylhydrazones (146) 

R'Li 

(1.5 equiv.) 

Et20 

-10 °C to r.t. 

OR H 

Nv Me 
N 

Me 

(147) 

+ 

OR H 
t i 

Me 

l i 

R1 Me 

(148) 

(19) 

Entry R RlLi Yield (%) Diastereomeric ratio (147):(148) 

1 Bn MeLi 98 97:3 
2 Bn BulLi 98 >98:2 
3 CMe2OMe PhLi 85 >98:2 
4 Tr MeLi 85 1:10 

(a) (b) 
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Only fair selectivity was obtained using the dimethylhydrazone of (/?)-glyceraldehyde acetonides (149; 
equation 20). The addition of catalytic Cul reversed the diastereoselectivity (Table 10).11 

Table 10 Addition of Organolithium Reagents to (/?)-Glyceraldehyde Acetonide Dimethylhydrazones (149) 

O 
O MeLi 

Me 
N' 

i 
Me 

O 
O H 

I 
N. Me 

N 
i 

Me 

O 
O H 

i 
N, Me 

N 
i 

Me 

(20) 

(149) (150) (151) 

Entry Organolithium reagent Threo (150) Erythro (151) 

1 MeLi 3 1 
2 MeLi (0.1 equiv. Cul) 1 3 

1.12.7 ORGANOMETALLIC ADDITIONS TO AZADIENES 

1.12.7.1 Chiral a,(3-Unsaturated Aldimines 

Koga and coworkers19 have examined the addition of organometallic reagents to chiral a,[3-unsatu- 
rated aldimines (11) derived from amino acid esters (equation 21). While n-butyllithium and lithium di- 
rc-butylcuprate add to the aldimine moiety (1,2-addition), 1,4-addition occurs preferentially with 
Grignard reagents (Table 1 l).19a,b 

Table 11 Addition of Organometallic Reagents to Chiral a,(3-Unsaturated Aldimines (11) 

i, 2 equiv. R2MgX 

Ry- 

H 

(ID 

R1 5:1 Et20:THF, -55 °C 
K 

R-^CHO + r2 

H 

(152) 

R 

^^CHO 

H 

(153) 

(21) 

^OBu' ii, HC1 

Entry R Rl R2 Isolated yield? (%) (152) (%) (153) (%) 

1 Me Pr1 Ph 42 65 35 
2 Me Bu' Ph 52 91 9 
3 Ph Bu' Et 56 95 5 
4 Me Bu' (CH2)2CH=CMe2 48 98 2 
5 Me Bu' Bun 40 98 2 

“Isolated as the corresponding alcohol. 

Incorporation of a bulky substituent (R1 = Bu') at the stereogenic center of the aldimine prevents de¬ 
protonation at this center and in addition is responsible for the high diastereoselectivity (entries 1 and 2, 
Table 11). The absolute configuration of the major (3,(3-disubstituted aldehydes produced after hydrolysis 
of the aldimine addition products is postulated to result from a chelation-mediated Grignard addition 
from the less-hindered rc-face of the a,(3-unsaturated aldimine existing in the s-cis conformation (Figure 
9). Both diastereomeric products are accessible in theory, since R- and R2-substituents can be reversed 
(entries 2 and 3, Table 11). 

Similarly, Grignard addition to cycloalkenecarbaldehyde-derived aldimines (154) affords, upon hydro¬ 
lytic work-up, optically enriched frarc.y-2-substituted cyclohexenecarbaldehydes (156; Scheme 28).19c_e 
The magnesioenamine intermediate (155) generated by the Grignard additions (only phenyl and vinyl re¬ 
ported) can be alkylated with methyl iodide to give, in most instances, the aldehyde (158).19d’e The amino 
ester bidentate ligand dictates the stereochemical control in the alkylation. The formation of the other 
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R1 

OBu' 

diasteriomeric aldehyde (157) in refluxing THF presumably results from a thermal isomerization of the 
(Z)-magnesioenamine (155), followed by methyl iodide alkylation. 

OBu1 

(157) 42-49% 
82-91% 

(155) 

i, Mel/HMPA 

ii, H+ 

CHO 

R2 
„(< 

(158) n = 2, 52-56% 
ee 91-93% 

(156) 54-82% 
ee 82-93% 

Scheme 28 

1.12.7.2 2-Azadienes 

Metalloenamines produced in the addition of organometallic reagents to 2-azadienes have synthetic 
advantages over related enolates and enamines since they are formed regioselectively, exhibit a low tend¬ 
ency to suffer equilibration by proton transfer processes and are very nucleophilic. Wender and Eissen- 
stat108 have shown that /V-allylic and a,(3-unsaturated imines undergo facile prototropic isomerization to 
A-alkenylimines (2-azadienes) in the presence of potassium t-butoxide. Addition of organolithium re¬ 
agents to A-alkenylimines (160) provides in high yield a regiospecific generation of lithioenamine (161), 
which can be smoothly alkylated or condensed with aldehydes (directed aldol condensation) (Scheme 
29).109 A potential limitation of this methodology, involving the existence of unfavorable a,(3-unsatu- 
rated-A-alkenylimine equilibriums (e.g. 159 versus 160, can be circumvented by manipulating aromatic 
ring substitution (p-OMe substituent favors azadiene formation). 

The one-pot procedure involving the in situ generation of metalloenamines has been utilized by Martin 
et al. in the synthesis of the cyclohexenone (164); Scheme 30).110 

1.12.7.3 Aromatic Aldimines 

Gilman et al.m first investigated the 1,4 addition of Grignard reagents to benzophenone anil under 
forcing conditions. Meyers et al.20 have shown that conjugative addition of organometallic reagents to 1- 
naphthylimines provides an alternative to naphthyloxazolines21-22 for the preparation of substituted dihy¬ 
dronaphthalenes. Treatment of organolithium reagents (R = Pr\ Bun, Bu‘) with O-r-butylvalinol-derived 
imine (12),20 followed by a methyl iodide quench, generates (165) in >95% ee (Scheme 31). Addition to 
(12; Figure 10) is consistent with a chelation-mediated (butoxy moiety) delivery of the organolithium 
reagent, paralleling the stereochemical course of the valinol-derived aldimine additions described by 
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R 

w 
(163) (154) 

Scheme 30 

Takahashi and Suzuki (equation 4).14 The use of methyl-, benzyl- and 2-propenyl-lithium gave exclusive 
1,2-addition. Demonstration that this methodology can be extended to 2-naphthyl, 3-pyridyl and 3-quino- 
lyl aldimines (paralleling oxazoline chemistry)21,22 has not been reported. 

Figure 10 
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1.12.8 ORGANOMETALLIC ADDITIONS TO OXIMES AND OXIME ETHERS 

In addition to providing hydroxy (alkoxy) amines, the reaction of oximes112 or oxime ethers107 with or- 
ganometallic reagents can generate additional products. The propensity for proton abstraction a to the 
carbon-nitrogen double bond, the existence of mixtures of (E)- and (Z)-oxime isomers, the lability of the 
nitrogen-oxygen bond coupled with the poor oxime reactivity all contribute to the variability of this re¬ 
action. 

1.12.8.1 Aldoxime Ethers/BF3-Activated Oxime Ethers 

Treatment of benzaldehyde oxime ether (166) with butyllithium (pentane/-10 °C) demonstrates the 
complexity of the reaction (Scheme 32) as the desired alkoxyamine (167; R = Bu) is accompanied by 
other oxime-derived side products113 (entry 1, Table 12). Selectivity is reagent/solvent dependent as allyl 
Grignard (ether),113 allylzinc bromide (THF),113 and butyllithium (THF)114 treatment produce predomi¬ 
nantly amine (171; R = allyl) (the Beckmann rearrangement derived product), alkoxyamine (167; R = 
allyl) (the oxime addition product) and ketone (169; R = Bu) (the nitrile-derived product), respectively 
(entries 2-4, Table 12). 

Table 12 Addition of Organometallic Reagents to Benzaldehyde Oxime 

R 

Ph NHOEt 

(167) 

RM 

R 

Ph^ NHR 

(168) 

via oxime 

addition 

RM 

NOEt 

Ph 

via 'nitrile' 

RM 

(166) 

RM 

Ph 

R 
(171) 

Scheme 32 

via 'Beckmann-like' 

rearrangement 

R 

PhCR = NH(ArCR=0) 

(169) 

RM 

Ph NH2 

R>v 
(170) 

Entry Organometallic Reagent (RM) 
R (167) 

Products (%) 
(168) (169) (170) (171) 

Ref. 

1 3BuLi (pentane/-10 °C/1 h) Butyl 57 10 20 1 3 113 
2 3Allylmagnesium bromide (ether/20 °C/16 h) Allyl 96 113 
3 3Allylzinc bromide (THF/20 °C/16 h) Allyl 60 7 113 
4 2BuLi (THF/0 °C/1 h) Butyl 80 114 

The addition of organometallic reagents to formaldoxime ethers115 has been employed to incorporate 
aminomethyl substituents. Lithium carbanions add rapidly (^10 °C) to formaldoxime ether (172) to 
generate lithium alkoxyamide (173); Scheme 33).116 Lithium alkoxyamides (LiRNOR1), in contrast to 
alkoxyamines (RNHOR1), react under mild conditions with organolithium reagents (R2Li) to provide 
amines (RNHR2).117-118 Displacement of the benzyloxy moiety of (173) with a second equiv. of organo¬ 
metallic reagent requires somewhat higher temperatures (0-40 °C) and thereby permits sequential addi¬ 
tion of two different organolithium reagents. Benzyloxyamide (173) and secondary amide (174) can be 
protonated or quenched with typical acylating or alkylating agents. 

Reaction with (172) and other aldoximes may require oxime activation, which can be achieved with 
the addition of 1 equiv. of BF3-OEt2.119”121 Yields in the addition of organometallic reagents to sub¬ 
stituted aldoximes are modest and are a function of the isomeric composition of the oxime ethers, as the 
(Z)-oxime isomers are reported to preferentially react with organolithium reagents (entries 1 and 2, Table 
13)120 jhg reaction has been employed for the preparation of 6-aminoalkyl-substituted pencillins (entry 
3, Table 13).119 Cyclic oxime ether additions have also been evaluated (entries 4 and 5, Table 13).120>121 
With the lability of the nitrogen-oxygen bond, addition to 5-substituted isoxazolines provides a potential 
avenue for stereospecific synthesis of substituted 3-aminoalcohols (entry 5, Table 13). 
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OBn 
/ 

= N 

(172) 

RLi 

^tO°C 
R 

Li 
1 

R2Li Li 
1 

N, R NL 
^ OBn 0-40 °C 

(173) (174) 

R3X 

R2 

R3X 

R 

R3 
I 

. N, 
OBn 

(175) 

Scheme 33 

R3 
l 

(176) 

Table 13 The Addition of Organometallic Reagents to Oxime Ethers in the Presence of BF3*OEt2 a 

Entry Organometallic reagent Oxime Product Yield (%) Ref. 

BnO. NHOBn 

64 120 

7 120 

40 119 

61 120 

50 121 

Corey et al.n2 have elegantly exploited the ability of oxime ethers to stabilize carbanions syn to the N- 
alkoxy substituent in the boron trifluoride mediated addition of the mixed cuprate reagent derived from 
(177) to a,p*unsaturated oxime ether (178; Scheme 34). Stereochemistry is established by the ring r-bu- 
tyldimethylsiloxy group. The addition does not occur in the absence of boron trifluoride. The alkylation 
of the cuprate adduct of (178) by iodoalkyne (179) provides the PGE2 skeleton. 

The condensation of organolithium reagents (2 equiv.) with glyoxylate-derived oxime ethers (182) 
provides a direct method for the synthesis of a-N-hydroxy amino acids (equation 22).123 Both glyoxylic 
acid and glyoxylamide oxime ethers are compatible with this process. Af-hydroxyaminoacetamides are 
also produced in low/moderate yields by the addition of isonitriles to oximes (oxime ethers) analogous to 
the four component condensation described by Ugi.124 
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Bu^Sn 

ButMe2SiO 

(177) 

THF/BF3 

pge2 

(181) 

Scheme 34 

BnO, 

R 

(182) 

i, R2Li/THFM0 °C 

ii, H+ 

R = OH, NR'2 

BnOv 
NH 

O 

(183) 65-80% 

(22) 

1.12.8.2 Ketoximes/Ketoxime Derivatives 

The reaction of ketoximes with Grignard reagents has been extensively investigated and provides azi- 
ridines in low/moderate yields.125-133 Examples are shown in Table 14. The stereochemical preference 
for substituted aziridines is consistent with the formation of an azirine intermediate (185; Scheme 35) 
followed by Grignard addition from the less-hindered side of the ring (entries 5 and 6, Table 14).129 
Azirine ring formation in turn occurs predominantly syn to the oxime hydroxy group (entries 1, 2, 3, 5 
and 6, Table 14).126 129 The regiospecificity of azirine formation is solvent dependent (entries 1 and 2, 
Table 14). Replacement of the oxime functionality with dimethylhydrazone methiodides134 provides in 
many instances superior yields to substituted aziridines (entries 4 and 7, Table 14). 

The acid-catalyzed Beckmann rearrangement of ketoximes provides a reliable synthetic tool for the 
synthesis of amides and lactams. A methyllithium-promoted Beckmann rearrangement of oxime tosyl- 
ates to give substituted amines was reported by Gabel.135 Yamamoto and coworkers136 have in recent 
years increased the synthetic scope and utility of this rearrangement with the discovery of an organoalu- 
minum-mediated reaction. Successive treatment of oxime sulfonates (187) with trialkylaluminum, which 
induces the Beckmann rearrangement and captures the intermediary iminocarbocation, followed by a 
progargylic or allylic Grignard reagent generates acyclic and cyclic amines (190) in synthetically useful 

yields (Scheme 36). 
For example, treatment of oxime mesylate (191) with Me3Al (2 equiv.) in CH2CI2 (-78 °C) followed 

by allylmagnesium bromide (2 equiv., -78 to 0 °C) yields amine (192; equation 23).136 

,OH 
N 

(184) 

2 R2MgX N 

R 
H 

(185) 

R' 

Scheme 35 

H 
1 

R2 H 

(186) 
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Table 14 Preparation of Aziridines from Oximes (Quaternary Hydrazones) and Grignard Reagents 

Entry Substrate Grignard Produces) Yield (%) Ref. 

5 EtMgBr, toluene 

5 EtMgBr, THF 

85% 15% 

(E):(Z) = 7:3 

5 EtMgBr, toluene N 
H 

52% 

Ph, 

N 
H 

Et 

48% 

4 

Ph Et 

T r 
N, + 

NMe3 
PhMgBr 

Ph 

H 

6 2 MeMgBr, toluene 

7 MeMgBr 

33 126 

126 

46 126 

80 134 

35 129 

53 129 

93 134 

r1 
\ Me2AlR 
>=N - 

R2 OS02R 

(187) 

= N-R l 

R 

(189) 

i, R3MgBr 

ii, H 
+ 

R2 R1 

R3^-N; 
R H 

(190) (188) 

Scheme 36 
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N 
OMs 

(191) 

(23) 

1.12.9 ORGANOMETALLIC ADDITIONS TO S-ARYL SULFENIMINES 

The addition of organometallic reagents to 5-aryl sulfenimines (193) yields, upon aqueous work-up, 
substituted primary amines (195). The scope of these additions has not been extensively explored, largely 
because of the difficulties encountered in sulfenimine preparation. Recently, the generation of sulfen¬ 
imines from /V,/V-bis(trimethylsilyl)sulfenamides and aldehydes or ketones has provided a more conven¬ 
ient access to these molecules.137 

Davis and Mancinelli138 examined the addition of aryl- and alkyl-lithium reagents to nonenolizable 
and enolizable S-aryl sulfenimines (Table 15). The intermediate sulfenamides (194) contain a relatively 
weak sulfur-nitrogen bond, which is cleaved on aqueous work-up to generate amines (195) directly. The 
ability to add organometallic reagents to enolizable sulfenimines (in addition to providing good dia- 
stereoselectivity in several diallylzinc139 and enolate condensations)140 demonstrates synthetic advan¬ 
tages over the corresponding oximes or trimethylsilyl imines. On the other hand, sulfenimine 
condensations are plagued by the functionality’s ambient electrophilicity, as demonstrated in the at¬ 
tempted condensation of sulfenimine (196) with methyllithium.141 In this case only products indicative of 
nitrogen-sulfur bond cleavage (imine 197 and thioanisole) were formed. Hart and coworkers140 have 
found that nucleophilic attack on the sulfenimine sulfur atom can be minimized by replacement of the 5- 
aryl moiety with the bulky 5-trityl substituent. 

Table 15 The Addition of Organometallic Reagents to 5-Aryl Sulfenimines (193) 

(193) 

2 RM 

Et20 

R\ h20 r1 

R—)—N -- 

R2 SAr R 

(194) (195) 

Scheme 37 

Entry R1 R2 RM (excess) Product (195) Yield (%) 

1 Ph H MeLi PhCH(Me)NH2 79 
2 Me H PhLi PhCH(Me)NH2 61 
3 Me Me Bu(Li BulCMe2NH2 43 

4 —(CH2)5— MeLi OC2 68 

(196) R = SPh 

(197) R = H 
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1.12.10 ORGANOMETALLIC ADDITIONS TO SULFONIMINES 

Nucleophiles readily add to A-(arylsulfonyl)imines (198; Equation 24).142 The reaction has limited 
synthetic utility for amine syntheses due to the harsh conditions required for the removal of the product s 

A-(arylsulfonyl) protecting group. 

i, RM ^ 

^ S02Ar -^ S02Ar (24) 
Ar N Ar N 

+ i 
ii, H+ H 

(198) (199) 

Diaryl sulfamides (201) produced in the condensation of Grignard (primary, tertiary or aryl) and orga- 
nolithium (primary or aryl) reagents with sulfamylimines (200) can, however, be hydrolyzed in refluxing 
aqueous pyridine to afford arylamines (202) in good (75-95%) overall yield (Scheme 38).143 

/ R \ R1 

A L^nV502 R'M ( 1 lso2 i, pyridine, H20 

Ar N 
\ / 2 

V h/ 
ii, NaOH Ar f 

(200) (201) 

l 
(202) 

Scheme 38 

1.12.11 ORGANOMETALLIC ADDITIONS TO A-TRIMETHYLSILYLIMINES 

While organometallic reagents condense with A-substituted imines (Schiff bases) to afford, after hy¬ 
drolysis, good yields of substituted amines, the reaction with A-unsubstituted imines (203)26a derived 
from ammonia (which are easily hydrolyzed and self condense) is not synthetically useful. As a result, 
the use of masked imines containing labile silicon- or sulfur-nitrogen bonds, such as A-trimethylsilyl- 
imines (204) or A-sulfenimines (205), has been explored. 

(203) (204) (205) 

Demonstration that A-trimethylsilylimines (which are sometimes too unstable to isolate) can be gener¬ 
ated and treated in situ with organometallic reagents has increased the scope and utility of these reactions 
for the preparation of substituted primary amines.144 Nonenolizable aldehydes, for instance, condense 
with lithium bis(trimethylsilyl)amide to afford solutions of A-trimethylsilylaldimines. Hart144 et al. and 
Nakahama and coworkers145 have independently shown that trimethylsilylimines (206) react with orga- 
nolithium and Grignard reagents to give, after aqueous work-up, primary amines (207) in moderate/ex¬ 
cellent yields (equation 25). The isolation of phenyltrimethylsilane, albeit in low yield, in the addition of 
phenylmagnesium bromide to (206; R1 = H) suggests that silicon attack may, in certain instances, com¬ 
pete with azomethine addition. 

RM R R1 x 
SiMe3 Et20 Ph NH2 

(206) (207) 

R1 = H; R = Me, Bun, Ph, Bu‘ (87-100%); R1 = Ph; R = Bu‘ (68%) 

(25) 

Several other preparative methods, involving the condensation of (i) A-(trimethylsilyl)phosphinimines 
and carbonyl compounds;146 and (ii) organometallic reagents with nitriles followed by quenching with 
chlorotrimethylsilane,147 have been used for the preparation of other aldehyde- and ketone-derived 
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silylimines. Organolithium reagents add to nonenolizable ketone-derived silylimines such as (206; R1 = 
Ph) to generate tertiary carbinamines (207).145 

Attempts to extend the organometallic addition reaction to A-trialkylsilylimines derived from enoliz- 
able ketones have been frustrated by difficulties encountered in the preparation of these silylimines (due 
to competitive enolization), in addition to the existence of a tautomeric equilibrium between desired 
silylimines and the corresponding enamines. As a result, addition products (formed in low yield) are 
accompanied by significant amounts of starting materials (presumably generated via enamine hydro¬ 
lysis).145 However, silylimines derived from enolizable aldehydes reportedly can be generated and 
trapped in situ with ester enolates to form 3-lactams (18-60% yield).148 

Iminium salts bearing a labile trimethylsilyl group can be generated in situ and undergo nucleophilic 
addition (see Sections 1.12.4.2 and 1.12.7.3). Bis(trimethylsilyl)methoxymethylamine (75), for example, 
has been used as a formaldehyde equivalent for the preparation of primary amines.62 63 Cyclic imines, 
such as 3,4-dihydroquinolines, react with trimethylsilyl triflate (TMS-OTf) to provide reactive labile im¬ 
inium salts (55), which condense with picoline anions.49 The addition of nonstabilized Grignard and or¬ 
ganolithium reagents to acyclic aromatic ketimines and aldimines, however, is often not facilitated by the 
presence of TMS-OTf.149 

1.12.12 ORGANOMETALLIC ADDITIONS TO NITRONES 

The highly polarized imine double bond of nitrones is responsible for the group’s high electrophilic 
activity. The susceptibility of nitrones to nucleophilic addition has been exploited particularly in dipolar 
[3 + 2] cycloaddition reactions. The addition of organometallic reagents to acyclic and cyclic nitrones 
has been reviewed.150 Grignards add to acyclic aldonitrones (208) bearing alkyl and aryl substituents to 
generate after work-up A,/V-disubstituted hydroxylamines (209). AA-disubstituted hydroxylamines can 
be further elaborated via oxidation151,154 to substituted nitrones (210) or by reduction152 to secondary 
amines (211). Acyclic ketonitrones are resistant to organometallic addition and have been reduced by 
Grignard reagents to the corresponding Schiff bases.153 

R2 

(211) 

Scheme 39 

1.12.12.1 Acyclic Chiral Nitrones 

Chang and Coates15 have examined the addition of organometallic reagents to nitrones (212; equation 
26) containing a chiral nitrogen auxiliary (Table 16). These nitrones are prepared by the condensation of 
chiral A-alkylhydroxylamines with alkyl and aryl aldehydes and are assumed to exist in the (^-configu¬ 
ration. High diastereoselectivity (determined by 'H NMR) is obtained in the addition of organolithium 
and Grignard reagents to nitrones bearing a (3-alkoxy group on nitrogen (entries 1, 2, 4, 5 and 6, Table 
16). 

R 
R3M 

OH R2 OH R2 

(212) 

Et2O/0 °C 

79-96% 
(213) (214) 

(26) 
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Table 16 Additions of Organometallic Reagents to Racemic Nitrones (212; equation 26) 

Entry 
R 

Nitrone (212) 
R' R2 

R2M (213) (%) (214) (%) 

1 Me Ph OMe PhMgBr 97 3 

2 Me Ph OBn PhMgBr 90 10 

3 Me Ph H PhMgBr 54 46 

4 Me PP OMe PhMgBr 95 5 

5 Me Pr1 OMe PhLi 94 6 

6 Ph Ph OMe MeMgBr 5 95 

7 Ph Pr1 OTB DMS MeMgBr 92 8 

The absolute configuration of the major products (213) or (214) can be predicted by the chelation 
model shown in Scheme 40, as the resident stereogenic substituent controls the facial selectivity in the 
organometallic additions. The diastereoselectivity is affected by the (3-alkoxy functionality. The methoxy 
substituent is preferred, as the selectivity erodes with benzyloxy substitution (entries 1 and 2, Table 16) 
and is reversed with the bulky r-butyldimethylsiloxy group (entries 6 and 7, Table 16). As expected, 
selectivity is poor for nitrones devoid of (3-alkoxy substituents (entry 3, Table 16). By appropriate 
nitrone/organometallic substitution, both diastereomeric products can be preferentially generated (entries 

1 and 6, Table 16). 

Ph 

O" 

i 

N 

Ph 

OMe 

Br 7Me 
Mg OH OMe 

J MeMgBr \ O OMe 
\ 1 X 1 

i, MeMgBr 
Ph^ J 

PhVN-^-J ii, H20 T * 1 Ph 
Ph 

Scheme 40 

Stereochemical control in the addition of Grignard reagents to chiral racemic A-(2-phenylpropyl- 
idene)alkylamine A-oxides (215) has been observed (equation 27).154 Diastereoselectivity is modest 
(216:217 = 2:1-5:1). The formation of hydroxylamines (216) as the major products is consistent with 
Felkin-Ahn Grignard addition (Figure 11). 

(215) 

R'MgCl 

Et20, 0 °C 

68-90% 

OH 
i 

R1 

(216) 

R = C6Hu, Me; R1 = Me, Et, Pr1 

+ 

R1 

(217) 

(27) 

R'MgCl 

Figure 11 

1.12.12.2 Cyclic Nitrones 

Additions have been reported for both cyclic aldo- and keto-nitrones and have been utilized in the syn¬ 
thesis of structurally diverse heterocyclic systems (see Table 17).155-157 The condensation of 3,4-dimeth- 
oxybenzyl Grignard with 3,4-dihydroisoquinoline A-oxide (entry 1, Table 17) provides an access to 
pellefierine alkaloids.155 A synthetic use of cyclic ketonitrone condensations is demonstrated in the addi- 
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tion of allylmagnesium bromide to 6-methyl-2,3,4,5-tetrahydropyridine N-oxides, as the resultant hy- 
droxylamine product can be readily oxidized and trapped internally to generate useful bridged isoxazo- 
lidines (entry 2, Table 17). Nitrones need not be isolated for organometallic addition as Grignard 
reagents readily condense with dimeric nitrones (entry 3, Table 17).156 In addition, the condensation of 
alkyllithiums and Grignards with heterocyclic A-oxides such as 2,4,4-trialkyloxazoline A-oxides 
followed by Cu(OAc)2 exposure provides a flexible entry into biologically useful Doxyl (4,4-dimethyl- 
oxazolidine-A-oxyl) nitroxide spin labels (entry 4, Table 17).157 

Table 17 Additions of Organometallic Reagents to Cyclic Nitrones 
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1.13.1 INTRODUCTION 

The reaction of carbon-based nucleophiles and carboxylic acid derivatives often presents a sophisti¬ 
cated problem in reaction chemoselectivity, especially when selective acylation of organometallics to 
form a ketone is required (equation 1). Historically, this transformation has been plagued by the forma¬ 
tion of by-products due to subsequent nucleophilic addition to the desired product. A great deal of effort 
has been directed toward developing gentler techniques which avoid overaddition. Alternatively, the 
preparation of a ketone from a carboxylic acid equivalent often relies on a three-step approach, as shown 
in equation (2). 
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This familiar protocol begins with the selective reduction of an ester to an aldehyde. The aldehyde is 
then subjected to a nucleophilic addition with an organometallic to form a secondary alcohol (see Chap¬ 
ters 1.1 and 1,2 of this volume and Chapters 1.11 and 1.12, Volume 8). The required ketone is obtained 
through oxidation by one of several known reagents for the task (see Chapters 2.7 and 2.8, Volume 7). 
Although made simple by the ready availability of reducing reagents for the seemingly nontrivial first 
step and the facile oxidation depicted in the third step, it seems apparent that, even with high yields in 
each step, the overall transformation suffers from extended linearity. Considering methodology currently 
available, the development of a single-step general ketone synthesis through direct transformation of the 
acid derivative would be more expeditious. The goal of this chapter is to document the success of the 
latter approach, and to influence current practitioners to consider this strategy when designing synthetic 
approaches to target molecules. 

The extent of the challenge can be rationalized as follows: reaction of a weakly electrophilic species 
such as an ester with a powerful nucleophile such as a Grignard reagent affords initially a ketone. By 
comparison with the ester, this highly electrophilic species cannot shield itself from the sea of excess nu¬ 
cleophile present in the reaction mixture and thus undergoes a second nucleophilic addition. For 
example, reaction of methylmagnesium bromide with ethyl acetate affords the intermediate 2-propanone 
only momentarily before succumbing to further nucleophilic attack with formation of r-butyl alcohol. It 
is often not possible to control a reaction of this type simply by the choice of solvents, temperature, order 
of addition or by the amount of the carbanionic reagent used. Although in most cases the desired product 
is a more reactive moiety than the starting carboxylic acid derivative, new reagents and substrates have 
been devised that allow for sophisticated manipulation of these reactivities. As we shall see, solutions to 
this problem are now abundant and our discussion will concentrate on methodology which has been de¬ 
veloped recently for promoting ketone formation. 

While most of the chemistry discussed in this chapter has been developed in the past decade, several 
important methods have withstood the test of time and have made important contributions in areas such 
as natural product synthesis. Methods such as cuprate acylation1 and the addition of organolithiums2 to 
carboxylic acids have continued to enjoy widespread use in organic synthesis, whereas older methods in¬ 
cluding the reaction of organocadmium reagents with acid halides, once virtually the only method avail¬ 
able for acylation, has not seen extensive utilization recently.3 In the following discussion, we shall be 
interested in cases where selective monoacylation of nonstabilized carbanion equivalents has been 
achieved. Especially of concern here are carbanion equivalents or more properly organometallics which 
possess no source of resonance stabilization other than the covalent carbon-metal bond. Other sources of 
carbanions that are intrinsically stabilized, such as enolates, will be covered in Chapter 3.6, Volume 2. 

Related chemistry not covered in this chapter includes the acylation of stabilized organometallics and 
the broad category of enolate or metalloenamine C-acylation (Volume 2), the Claisen or Dieckman con¬ 
densations (Chapter 3.6, Volume 2), the acylation of heteroatom-stabilized carbanions (Part 2, Volume 
1) , the Friedel-Crafts acylation of alkenes, aromatics or vinyl silanes (see Chapters 3.1 and 2.2, Volume 
2) , nor will methods that involve radical-mediated acylation be discussed in this section. 

Finally, ketone formation by acylation of carbanions can proceed in several ways, including masking 
of the ketonic product until isolation, the use of carbanion equivalent reagents which do not readily react 
with the product or the use of substrates which are more reactive than the ketone towards acylation. An 
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alternative approach involves substrates which selectively coordinate the organometallic and thus acti¬ 
vate the substrate towards acylation. As we shall see, examples of successful acylation can occur even 
when the ketone is present in the reaction mixture. Additionally, transition metal mediated acylation pro¬ 
vides a mechanistic alternative where carbon-carbon bond formation is the result of an electronic reor¬ 
ganization of the metal, driven by the stability of the particular oxidation state. This chapter will discuss 
these approaches in detail, as well as some other types of reactions that selectively result in the formation 
of ketones, by the presentation of examples from the natural products literature, and simultaneously re¬ 
view the scope and limitations of many of these methods. 

1.13.2 ACYLATION OF ORGANOLITHIUM AND GRIGNARD REAGENTS 

1.13.2.1 Acylation with Ar-Methoxy-A-methylamides 

In 1981, Nahm and Weinreb reported an effective and versatile method for the direct acylation of un¬ 
stabilized organometallics.4 Organolithium and Grignard reagents, the most readily available nucleo¬ 
philic agents in this class, have been used interchangeably in this ketone synthesis (equation 3). The 
approach has been successful in large part because of the exceptional stability of tetrahedral intermediate 
(1), the primary adduct from organometallic addition to /V-methoxy-A-methylamides. The inertness of 
(1) prevents premature release of the ketone functionality and thus avoids products from secondary addi¬ 
tion of the nucleophile. Subsequently, we shall discuss methods in which the ketone was released into 
the reaction mixture during acylation without seriously affecting the selectivity of acylation; however, 
the Weinreb approach has become one of the most generally effective for preventing overaddition. Fur¬ 
thermore, it is likely that prior coordination of the metal alkyl to the carbonyl and methoxyamide groups 
can serve to accelerate addition and limit enolization. Prior to this disclosure, few methods provided se¬ 
lective monoaddition of a nucleophile to carboxylic acid derivatives with stoichiometric quantities of 
both the acylating agent and organometallic.4 The present method avoids the preparation of specialized 
organo-cadmiums3 or -zincs for acylation, and complements the use of S-(2-pyridyl) thioates as acylating 
agents as demonstrated by Mukaiyama (see Section 1.13.2.2). 

r'm, thf 

Me 

M 
/ 

R.J ^0Me 
4 N 

R1 Me 

(1) 

H+, H20 

(3) 

While nucleophilic addition to an /V-methoxy-A-methylamide with an organolithium or Grignard re¬ 
agent affords a ketone, the reduction of the same substrate may also be preformed with excess lithium 
aluminum hydride, or (more conveniently) DIBAL-H, thus providing an aldehyde directly. Table 1 
shows the scope of both of these transformations 4 

Table 1 Addition of Organometallics to A-Methoxy-A-methylamides 

R R'M Equiv. Reaction time Temperature (°C) Product Yield (%) 

Ph MeMgBr 1.1 1.0 h 0 PhCOMe 93 
Ph MeMgBr 75 1.0 h 0 PhCOMe 96 

Ph BunLi 2.0 1.0 h 0 PhCOBu" 84 

Ph PhC=CLi 1.1 1.0 h 20 PhC==CCOPh 90 

Ph PhC=CMgBr 1.5 1.5 h 65 PhC=CCOPh 92 

Ph DIBAL-H Excess 1.0 h -78 PhCHO 71 

Ph LiAlFL Excess 8 min -78 PhCHO 67 

The requisite A-methoxy-A-methylamides may be prepared from acid chlorides by employing a slight 
excess of the commercially available A,0-dimethylhydroxylamine hydrochloride5 in the presence of py¬ 
ridine. They have also been prepared from acylimidazoles6 and from mixed anhydrides of carboxylic 
acids.7 Once prepared, these systems possess stability equivalent to that of most tertiary amides and, in 
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this section, we shall discuss several cases where extensive manipulation of ancillary functionality was 
accomplished without interference from the amide. 

Recently, Hlasta has shown that A-methoxy-A-methylamides may be prepared through the addition of 
organolithiums to /V-methoxy-A,A',A'-trimethylurea (2) or the symmetrical reagent (3) (Scheme l).8 In¬ 
terestingly, it is possible in some cases to introduce a second alkyllithium in order to produce a ketone 
directly without isolation of the intermediate amide. 
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As an extension of their chiral aldol and alkylation technology, Evans and coworkers have reported a 
variety of methods for cleaving and replacing the chiral oxazolidinone auxiliary once chain construction 
has been completed.9 Included in this methodology was the direct transformation of a chiral imide to an 
A-methoxy-A-methylamide through the use of aluminum amides (prepared in situ).10 This reaction has 
been shown to be rather general for complex substrates (Scheme 2).11 
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i, MeONHMe*HCl, AlMe3, CH2C12, -15 to 0 °C, >90% 

Scheme 2 

Since it had been determined that ketone or aldehyde functionality was not directly accessible from 
chiral A-acyloxazolidinones, the transamination-metal alkyl addition procedure provided a conveniently 
expeditious alternative. The first step, transamination, proceeded in high yield by introduction of the N- 
acyloxazolidinone into a solution of the aluminum amide in dichloromethane at -15 °C. The reaction is 
favored by the presence of a-heteroatom substituents and by (E-alcohol functionality (aldol adducts). Ac¬ 
celeration of the transamination in the latter case is most likely due to formation of a chelated intermedi¬ 
ate (5) which serves to activate only the exocyclic carbonyl towards attack (equation 4). Because of the 
indicated activation, these aldol adducts are often the best substrates for this permutation. The effective¬ 
ness of the transamination in the case of (4) is noteworthy, as retroaldol fragmentation of this substrate 
usually occurs under mild base catalysis.1 la 
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In the case of a simple a-alkylated adduct such as (6), which cannot form a chelated intermediate of 
the type (5) or which does not contain a-heteroatom activation, and for cases that are especially hin¬ 
dered, attempted transamination often leads to competing attack upon the oxazolidinone carbonyl (equa¬ 
tion 5).15 
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\_y ! 
Ph ^ 
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The preparation of fully elaborated ketones and aldehydes was demonstrated by Evans in the context 
of the total syntheses of the antibiotic X-20612 and the antitumor cytovaricin.14 The exceptional stability 
of the iV-methoxy-/V-methylamide allows application of an array of functional group transformations on 
distant portions of the molecule before organometallic addition is carried out. Early intermediates to¬ 
wards X-206, compounds (8) and (9), readily suffer ozonolytic cleavage to the aldehyde amide (10). 
(Notice that either terminus of (9) may later be converted in a single operation to an aldehyde.) When 
imide or ester functionality is substituted for the /V-methoxy-/V-methylamide of (8), attempted protection 
of the secondary alcohol results in retroaldolization. However, O-benzylation was accomplished with in¬ 
termediate (8) without competing retroaldol cleavage, even when the sodium aldolate was used! Inter¬ 
mediate (10) was subjected to the Wittig reaction in toluene and the resulting (11) was then reduced by 
DIBAL-H to aldehyde (12). No epimerization was observed at either stereogenic center during these 
modifications (Scheme 3). 
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The synthesis of cytovaricin passes through several highly functionalized intermediates including 
compound (13).13 Glycosidation of the alcohol at C-3 was carried out with the /V-methoxy-ZV-methyl- 
amide functionality in place. The addition of methyllithium and deprotection of the alcohol completes 
the formation of ketone (14) without competing epimerization or elimination (equation 6). 

The acylation of vinylorganometallics was also possible with this technology. In equation (7), taken 
from the cytovaricin study, the acylation was completed directly after transamination of the starting 
imide (not shown), without racemization or retroaldolization and apparently without the necessity of pro¬ 

tection of the (3-hydroxy alcohol.14 
A model study, directed at the total synthesis of X-206, showed that more functionalized vinyllithiums 

could be acylated in very high yield.15 The product, an a-methylene ketone, does not suffer further attack 
by the vinyllithium reagent because the enone is concealed until after quenching of the reaction mixture. 
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The tetrahedral intermediate generated by organometallic addition thus provides 'in situ protection of 
the ketone (equation 8). 

Organometallic addition to the Af-methoxy-./V-methyl amide (15) also affords an exceptionally stable te¬ 
trahedral intermediate (16) and carbonyl-protecting group, first used in the synthesis of X-206.12 De¬ 
protonation of the hydrazone in intermediate (16) was subsequently carried out with lithium 
diisopropylamide. The resulting dianion initiated a novel attack upon epoxide (17) and in the ensuing 
transformation was followed by tetrahydrofuran ring formation as depicted, in 71% yield, all in one pot 
(Scheme 4). 

i, LDA 

BnO 
(17) X = NHNMe2 

71 % overall 

Scheme 4 

A similar transformation was carried out on the less-oxygenated substrate (18) during the synthesis of 
a portion (C-10 to C-20) of the antibiotic ferensimycin (Scheme 5).16 

The most complex example of this type of consecutive organometallic acylation, subsequent deproton¬ 
ation, and tetrahydrofuran ring formation was recorded during the synthesis of the right hand portion of 
X-206 (Scheme 6).12 The high overall yield obtained in this process is a testament to the method’s gener¬ 
ality. 

This method has been applied by other researchers as well. The recent total synthesis of (-)-FK 506 by 
the Merck Process Group employed /V-methoxy-/V-methylamide functionality as a mild route to complex 
aldehydes (equation 9).17 
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Patterson has prepared ethyl ketone (20) without racemization and in good overall yield by the se¬ 
quence shown in Scheme 7. The preparation of (20) by standard organometallic addition to the corre¬ 
sponding aldehyde followed by Swem oxidation resulted in substantial racemization.18 

By way of comparison, a very similar transformation has been accomplished without the use of the N- 
methoxy-A-methylamide. Hydrolysis of methyl ester (19) affords the corresponding carboxylic acid 
which was treated directly with methyllithium to afford a 70% overall yield of methyl ketone.19 

The acetylation of a precursor to the natural respiratory toxin (±)-anatoxin-a was best achieved under 
the Weinreb protocol as depicted in equation (10). Other methods which relied on organocuprate or 
Grignard addition to thioacetates were totally unsuccessful. A proton-transfer side reaction consumed up 
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to 10% of the vinyllithium, formed by lithium-halogen exchange under standard conditions (>2 equiv. 
Bu‘Li), but it was not clear whether this was due to deprotonation of the acetylating agent or f-butyl bro¬ 

mide.20 

Weinreb has reported the total syntheses of (+)-actinobolin and (-)-bactobolin from common inter¬ 
mediate (21). Both the reductive cleavage and Grignard addition proceeded in high overall yield (equa¬ 

tion 11).21 

(-)-Bactobolin intermediate; MeMgBr, THF, 88% X = Me 

(+)-Actinobolin intermediate; LiAlH4, THF, 89% X = H 

A highly selective acylation of assorted organometallics by (3-lactam (22) was achieved through the 
use of the A-methoxy-A-methylamide. There was no attack at the (3-lactam carbonyl and the overall 
yields were quite good (equation 12).22 

(12) 

Williams has reported that ort/io-lithiated anisole may be acylated with the A-methoxy-/V-methylamide 
of 2-(benzyloxy)acetic acid (equation 13) in higher yield than previously demonstrated with organocad- 
mium reagents (90% versus 40%). The ketone (23) is an early intermediate in an approach to quinocar- 
cin.23 Acylation of lithium 3-lithiopropoxide, generated from the stannane, afforded a hydroxy ketone 
without racemization at the a-position (equation 14).24 
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1.13.2.1.1 Formation of alkynic ketones 

Alkynic ketones have been used extensively in natural product synthesis, due in large part to the con¬ 
tributions of Midland and coworkers and the development of general methods for enantioselective reduc¬ 
tion of this moiety to afford optically active propargyl alcohols using chiral trialkylboranes.25 
Furthermore, the derived alkynic alcohol is a versatile system which can be manipulated directly into cis- 
or fraAis-allylic alcohols and as a precursor for vinylorganometallic species. This section will briefly 
cover progress made in the direct acylation of alkynic organolithiums with the acylation protocol de¬ 
veloped by Weinreb (see also Section 1.13.2.7). 

Several examples of alkynic ketone formation have been recorded since Weinreb’s first examples.4 A 
Diels-Alder strategy for the synthesis of mevinolin required the preparation of alkynic ketone (24). 
Standard methods, calling for the addition of the alkynide anion to an aldehyde followed by oxidation, 
lead to extensive degradation and by-product formation. The Weinreb methodology was clearly more ef¬ 
fective (Scheme 8).26 
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CH2C12 

MeONHMe*HCl 

Scheme 8 

Trost has prepared several alkynic ketones by direct acylation of A-methoxy-A-methylamides. Be¬ 
cause of subsequent transformations on the product, the addition served as a method for introducing a 
dienylanion. Interestingly, the methoxyamide moiety is specifically activated towards nucleophilic addi¬ 
tion, and the neighboring ester of the lactate system (25) was not disturbed during this transformation 
(equation 15). Prior coordination of the organolithium within the amide subunit and subsequent activated 
addition of the nucleophile serves as a reasonable explanation for the unusual selectivity of this pro¬ 

cess.27 
Rapoport has compared the leaving-group ability of a variety of activated acyl groups towards metal 

alkynides and has demonstrated the usefulness of acylisoxazolidides such as (27) for the preparation of 
a'-amino-a,(3-ynones (equation 16). Qualitatively, these acylating agents bear a strong resemblance to 
the simpler A-methoxy-A-methylamides (26) and appear to be as effective in acylation. The advantage of 
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the former substrate appears to stem from the crystalline nature of many of the resulting adducts. The 
ynones prepared by this route retain the optical purity of the /V-carboethoxyamino acids. Interestingly, 
the study also found that the (V-protected amino acids themselves were unreactive towards lithium al- 
kynides, whereas alkyl- or alkenyl-lithiums added rapidly to these substrates (vide infra).2i 

-78 °C to r.t. 
+ Bun—^—M - 

THF 

OMe 

X = ij—N M = Li (250 mol %) 

Me 

(26) 

X = M = Li (250 mol %) 88 >100:1 

+ t-alcohol (16) 

H 
, NC02Et Bun 

ynone ynone:/-alcohol 

84 >100:1 

(27) m.p. - 95-96 °C 

M = MgBr (200 mol %) <1 

M = Li (100 mol %) <5 

1:20 

1:10 

Rapoport found that S-(2-pyridyl) thioates such as (28) did not function as selective acylating agents, 
and substantial amounts of tertiary alcohol were formed through overaddition (equation 16). Presumably, 
the tetrahedral intermediate, derived from nucleophilic addition to the S-(2-pyridyl) thioate, was not a 
stable entity in the reaction mixture. As will be discussed shortly, the lability of these intermediates had 
been recognized previously.30 The novel dimethylpyrazolide moiety of substrate (29) also did not confer 
any additional stability to the tetrahedral intermediate and tertiary alcohol was the major product (equa¬ 
tion 16). Tertiary amides, such as those derived from pyrrolidine or dimethylamine, were reactive to¬ 
wards lithium alkynides in the presence of BF3, but analysis of the product indicated that it had 
undergone substantial racemization.28 

Jacobi’s synthesis of (i)-paniculide-A involves an intramolecular Diels-Alder reaction of the alkynic 
ketone (31). This compound was prepared in >90% yield (Scheme 9) by acylation of a lithium alkynide 
with the A-methoxy-A-methylamide (30). Addition of the anion to other derivatives related to (30) such 
as an acid chloride, a trifluoroacetic mixed anhydride, an acyl imidazole, S-(2-pyridyl) thiolates and a 
mixed carbonic anhydride (from ethyl chloroformate) led to either bis-addition or to proton abstraction. 
Notice should be made of the stability exhibited by the /V-methoxy-A-methylamide group while the oxa- 
zole moiety was being introduced.29 
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1.13.2.2 Acylation with S-(2-Pyridyl) Thioates 

During the previous discussion, mention was made of the acylation of Grignard reagents with S-(2- 
pyridyl) thioates as developed by Mukaiyama. In principle, this method also avoids the preparation of 
cuprates and organocadmiums in favor of the more readily available Grignard reagents; however, the ap¬ 
proach often needs modification, usually through the use of copper(I) salts, in cases where overaddition 
is encountered {vide infra). Some other limitations of the Grignard addition have surfaced during the syn¬ 
thesis of complex natural products; however, the original method is successful in many cases and is 
exemplified by the preparation of an intermediate for the synthesis of cri-jasmone (equation 17).30 

* from levulinic acid in 2 steps and 97% overall yield: i, HS(CH2)2SH; ii, 2,2-pyr disulfide, PPh3 

The reaction depicted was run in THF at 0 °C, other solvents having been found to be inferior. The S- 
(2-pyridyl) thioates may be prepared through reaction of the corresponding acid chloride and 2-pyridine- 
thiol in the presence of a tertiary amine. They are also available directly from carboxylic acids by 
reaction with 2,2'-dipyridyl disulfide (Aldrithiol-2) and triphenylphosphine.31 In the case illustrated 
above, protection of the ketone would seem unnecessary if Grignard addition was selective for the thiol 
ester; however, the starting material, S-(2-pyridyl) y-oxopentanethioate, is not stable to the lactonization 

shown in equation (18). 

Mukaiyama has shown that in cases where lactonization was not possible, oxothioates can be used in 
the acylation process with selective addition only to the thiol ester (equations 19 and 20).32 

Mechanistic studies have shown that the tetrahedral intermediate (33) is not stable during the course of 
the reaction (Scheme 10). By monitoring the reaction mixture with infrared spectroscopy, Mukaiyama 
demonstrated that the ketone is released before the quench and therefore could compete with the more 
reactive thiol ester in nucleophilic addition.33 The authors postulate that selective addition occurs to the 
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Me02C 

O 

PhMgBr 

THF, 0 °C 

(20) 

thiol ester because of the formation of the activated chelate (32); unfortunately, the apparently strong 
chelation provided by tetrahedral intermediate (33) is not sufficient to maintain the integrity of this 
species before quenching.34 This is a conceptually different situation than was observed for Weinreb’s 
method wherein the tetrahedral intermediate is exceptionally stable. In terms of the chemoselectivity of 
Mukaiyama’s approach, the reactivity differences between the pyridyl thiol ester and other ketones have 
been shown to be substrate dependent and may not be general. 

O 
R2MgBr 

(32) 

R 

O 

,A 
R2 R 

O 

,A 
Scheme 10 

R2MgBr 
O 

R1 R2 

The formation of a late-stage intermediate for the total synthesis of erythronolide B by Corey and co¬ 
workers takes advantage of this methodology. The coupling of pyridyl thiol ester (36) with Grignard re¬ 
agent (35), prepared indirectly from iodide (34), affords the erythronolide B intermediate (37) in high 
yield without racemization or attack at the lactone (Scheme 11).35 The corresponding reaction in the ery¬ 
thronolide A series which contains additional oxidation at pro-C-12, indicated on (37), results in overad¬ 
dition (see Section 1.13.3.2). Another case of overaddition by functionalized Grignard reagents has been 
recorded by Still (see Section 1.13.3.1). 

(34) 

i, 2 equiv. Bu'Li 

pentane, -78 °C 

ii, MgBr2, THF 

Scheme 11 
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The interesting antibiotics X-14547A and A-23187 (calcimycin) contain a novel 2-ketopyrrole moiety, 
which is apparently important for biological activity. Nicolaou has developed a simple method for incor¬ 
poration of this unit into the sensitive intermediates required for preparation of the natural products.36 
Through use of the Mukaiyama protocol, formation of the 2-pyridyl thiol ester was effected with 2,2'-di- 
pyridyl disulfide and triphenylphosphine. The reaction mixture was then cooled to -78 °C and was 
treated with a solution of pyrroylmagnesium chloride in THF (equation 21). 

The use of the acid chloride instead of the 2-pyridyl thiol ester also results in formation of the 2-keto¬ 
pyrrole functionality, but significant amounts of the 3-ketopyrrole isomer were also formed. Several 
rather complex substrates were used as acylating agents in this process with a high degree of success. 
Some examples of the 2-ketopyrroles that have been prepared are shown in Scheme 12. 

90% from monensic acid and pyrroylmagnesium bromide 

95% from PGF2ot 89% from carboxylic acid 

Scheme 12 

The synthesis of X-14547 A was completed by the transformation shown in equation (22).37 Interes¬ 
tingly, the reaction proceeded without interference from the carboxylic ester group even though excess 
pyrrolylmagnesium chloride was used. At higher temperatures, it was possible to observe addition at 
both the desired position and at the distant carboxylic ester in 95% yield. 

The antibiotic (-)-A-23187 (calcimycin) has been prepared by Boeckman using similar methodology 
(equation 23).38 No racemization was observed at the position a to the thiol ester. 
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A similar transformation has been carried out by Nakahara and Ogawa; however, these workers re¬ 
ported no success in adding the pyrrole functionality to the penultimate precursor containing the benzox- 
azole ring.39 Most recently, French workers have demonstrated the late stage introduction of the pyrrole 
unit by prior formation of the methyl ester at position 1 and use of a catalytic amount of copper(I) iodide 
in the acylation step.40 Finally, for substrates that require protection at the ring nitrogen, acylation of 2-li- 
thio-A-(A'^V,-dimethylamino)pyrrole has been demonstrated by Grieco. The reaction is exemplified by 
the synthesis of a model system for calcimycin (equation 24).41 Although extra steps are involved in this 
transformation the overall yield is slightly higher than the previous case. 

86% overall 

(24) 

1.13.2.3 Acylation by Carboxylic Acids 

Methyl ketones are often directly prepared from carboxylic acids by reaction with methyllithium. 
Other simple alkyl ketones may also be prepared in the same fashion, making this a method that should 
be considered whenever these substrates are required.42 An important demonstration of this protocol was 
reported by Masamune and coworkers in their synthesis of chiral propionate surrogates (Scheme 13)43 
The ethyl and cyclopropyl44 ketones are important starting materials for macrolide total synthesis and 
have been prepared on a large scale. The overall yield for the ethyl ketone is 65% using 3.5 equiv. of 
ethyllithium without protection of the hydroxy group. 
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RL R2 
HO 

R1 = OH, R2 = H 

R1 = H, R2 = OH R1 = H, R2 = OH 

silylation 

R1 = OSiMe2Bul, R2 = H 

R1 = H, R2 = OSiMe2Bu‘ 

H OH 
HO 

O 

i, 

Et20, -78 °C, 2 h; 

0 °C, 6 h 

ii, Bu’Me2SiCl 

Scheme 13 

Many experimental procedures have been discussed for effectively converting a carboxylic acid to a 
ketone through the use of organolithium reagents. House has advocated a procedure which begins with 
formation of the lithium carboxylate in dimethoxyethane. A slight excess of methyllithium is then added 
at 0 °C to form a 1,1-dilithium dialkoxide. Subsequently, the manner in which the geminal dialkoxide 
was quenched had a dramatic effect on the yield. Breakdown of the intermediate dialkoxide can in some 
instances precede protonation of the alkyllithium reagent. Rapid addition of the organometallic to the ex¬ 
posed ketone can then take place and result in the formation of a tertiary alcohol. For this reason, House 
favored inverse addition of the reaction mixture to a vigorously stirred solution of dilute hydrochloric 
acid at 0 °C. In this way high yields of the ketone may be obtained. This procedure may be even more 
important for reactions which are conducted with large excesses of alkyllithiums.45 Excess methyllithium 
can also be quenched by addition of ethyl formate to the reaction mixture followed by aqueous acid, as 

was demonstrated by Mander.46 
Other improvements in the standard methodology for addition of alkyllithiums to carboxylic acids and 

esters have been reported by Rubottom47 and Cooke 48 Both methods utilize trimethylsilyl chloride 
(TMS-C1) at some point during ketone preparation; the former method of Rubottom introduces TMS-C1 
once addition of the alkyllithium to the carboxylic acid is complete. This was done in an effort to trap re¬ 
sidual methyllithium and allow the use of large excesses of reagent. However, it is known that most 
simple alkyllithiums react only sluggishly with trialkylsilyl chlorides,49 thus the actual mechanism may 
involve silylation of the geminal dialkoxide. The method of Cooke uses a preformed solution of TMS-C1 
and carboxylic ester. The reaction mixture was then treated with an alkyllithium whilst maintaining the 
reaction mixture at -78 °C. Previous use of carboxylic esters in this reaction often led to the formation of 
tertiary alcohols. The success of this procedure has been attributed to the formation of the O-silylated 
tetrahedral intermediate (38) which was apparently stable to the reaction conditions (Table 2).47’48 

Table 2 Use of Trimethylsilyl Chloride (TMS-C1) in Acylation of Carboxylic Acids and Esters 

O 
NuLi 

O 

R1 
R1^ "OR2 

R2 = H or Et 

TMS-C1 
R1 

OSiMe3 

X 

H,Q+ O 

Nu Nu 

(38) 

Nu 

R' X Nu 
Equiv. 

TMS-Cl 
Temperature 

(°C) 
Yield (%) 

R'CONu R'(Nu)2OH Ref. 

Bun OEt Bun 25 -100 90 8 48 

Et OEt Bun 5 -100 87 15 48 

Ph OEt Bun 5 -100 82 21 48 

CeHn OTMS Me 20 0 92 2 47 

Ph OTMS Me 20 0 97 0 47 

P-OHC6H4 OTMS Me 20 0 87 <5 47 
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The acylation of organolithiums with carboxylic acids has often been used in natural product syn¬ 
thesis. Certainly, the method is one of the easiest approaches available when analysis of a target structure 
indicates that organometallic acylation may be more efficient than the two-step nucleophilic addition to 
an aldehyde followed by oxidation. Many simple organolithiums are commercially available or may be 
prepared easily by standard methodology.50 A case in which this plan was effective can be seen in 
Stork’s synthesis of the corticosteroid ring system (C-ll oxygenated steroid) which embodied the trans¬ 
formations shown in equation (25).51 Addition of the readily available lithium reagent proceeded in 
greater than 90% yield, reacting with both the acid and ketone functional groups. After an in situ dehy¬ 
dration, Diels-Alder ring closure afforded the penultimate precursor to the C-l 1 steroid system (equation 
25). The addition of vinyllithium reagents to carboxylic acids was first reported by Floyd.52 Interestingly, 
the latter investigation demonstrated that the reaction of vinyllithium with stearic acid actually had to be 
heated to 40 °C to achieve a 70% yield of product. 

The intermediate 1,1-dialkoxide which was formed from the addition of ethyllithium to carboxylic 
acid (39) functioned as a masked form of a ketone, and facilitated a subsequent Wittig reaction on alde¬ 
hyde (40; equation 26).53 

Ph3P 5 C02H 

Br~ 

(39) 

COEt 

(26) 

The well-known Parham cyclization of bromoaromatic carboxylic acid derivatives can be exemplified 
by the examples in equations (27)-(29). The reaction is usually run at very low temperature in ether or 
THF and provides surprisingly good yields of aromatic ketones. The method has been reviewed recent¬ 
ly.54 

O 

The simple homochiral adduct from Diels-Alder cycloaddition of (fl)-pantolactone acrylate ester with 
cyclopentadiene was hydrolyzed and converted to the methyl ketone in 89% yield through addition of 3 
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equiv. of methyllithium (equation 30). The reaction mixture was treated with TMS-C1 before addition of 
aqueous ammonium chloride under the conditions of Rubottom.55 

i, 3 equiv. MeLi, -25 to 0 °C, THF 

ii, Me3SiCl, then aq. NH4C1 

89% 

(30) 

Paquette’s synthesis of africanol advanced through the a,(3-unsaturated acid (41). Addition of 2.2 
equiv of methyllithium followed by standard work-up gave a 71 % yield of the methyl ketone (42; equa¬ 
tion 31).56 

There has been an isolated report dealing with the direct acylation of Grignard reagents by carboxylic 
acids mediated by nickel(II) salts. Large excesses of Grignard reagents must be used (6 equiv.) but the 
reaction can be run at room temperature with only 7 mol % Ni(DPPE)Cl2. Normally, Grignard reagents 
are not useful in carboxylic acid acylation because the tetrahedral intermediate breaks down rapidly and 
the ketone is attacked by the organometallic. The role and generality of the nickel-mediated process has 
not been elucidated as yet.57 

1.13.2.4 a-Amino Acids as Acylating Agents 

a-Amino acids can be directly converted to ketones through the addition of alkyl- or vinyl-organome- 
tallics. This approach complements the addition of lithium alkynides to activated amino acid derivatives 
(Section 1.13.2.1.1) but is much simpler to carry out. Rapoport has shown that 3 equiv. of the organoli- 
thium are necessary to transform a protected amino acid such as /V-(ethoxycarbonyl)alanine to an aryl or 
alkyl ketone. The first 2 equiv. of the organometallic function only as a base, resulting in dianion forma¬ 
tion. This species is crucial to the process because further deprotonation is not possible and the inter¬ 
mediate is thus protected from racemization. MA-Disubstituted amino acids were found to be racemized 
under the same conditions presumably because enolization was no longer impeded by nitrogen deproton¬ 
ation. In the interest of economy, carboxylate anion formation may be carried out with n-butyllithium 
prior to addition of the desired nucleophile, but the acylation of a Grignard reagent requires prior forma¬ 
tion of the lithium carboxylate to avoid breakdown of the tetrahedral intermediate in solution. The choice 
for nitrogen protection does not include the popular t-BOC or cbz groups but ethoxycarbonyl, benzoyl, 
acetyl and phenylsulfonyl may be used interchangeably (Table 3).58 

The addition of allyllithium provides access to (3,y-unsaturated amino ketones or a,(3-unsaturated 
amino ketones, depending upon the conditions chosen for work-up. In Scheme 14, simple interchange of 
the acidic reagent in the quench affected the positioning of the double bond.58 

A stereospecific total synthesis of the antibiotic sibirosamine was carried out using this methodology. 
In the first step, addition of methylmagnesium iodide to /V-(phenylsulfonyl)-L-allothreonine afforded the 
a-amino methyl ketone in modest yield.59 This reaction afforded a diminished yield compared with N- 
(phenylsulfonyl)-L-threonine for some unexplained reason. A clever use of the L-amino acid serine 
allows for a straightforward preparation of D-amino acids such as D-dopa as is shown in Scheme 15.60 
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Table 3 Formation of a-Amino Ketones from Various a-V-Acylated Amino Acids and Organometallic Reagents 

O O 

Compound R Rl Y R2 M Yield (%) 

a Me CH2CH=CH2 COMe Bun MgBr 40 

b Me ch2ch=ch2 COPh Bun MgBr 87 

c Me ch2ch=ch2 CO^t CH2CH=CH2 Li 74 

d Pr1 ch2ch=ch2 S02Ph Bun MgBr 62 

e MeSCH2CH2 CH2(CH2)2CH3 S02Ph Bun Li 54 

f MeSCH2CH2 ch=ch2 S02Ph Bun MgBr 35 

g o-BnOC6H4CH2 ch2ch=ch2 C02Et Bun MgBr 71 

h Et02CNH(CH2)3CH2 ch2ch=ch2 S02Ph Bun MgBr 52 

i hoch2 ch2ch=ch2 S02Ph Bun MgBr 53 

j hoch2 ch=ch2 S02Ph Bun MgBr 48 

H3P04 

O 

NHS02Ph 

3,4-(OMe)2C6H3Li 

THF, -78 °C 

83% 

O 

C6H3-3,4-(OMe)2 

NHS02Ph 

Et3SiH, TFA 

81% 

HO Y C6H3-3-4-(°Me)2 

NHS02Ph 

i, 02, Pt02 

55% 

ii, 48% HBr, phenol 

62% 

O 

C6H3-3,4-(OMe)2 

NH2 

Scheme 15 

1.13.2.5 Acylation with Acid Chlorides 

The synthesis of ketones from acid chlorides has been demonstrated with several organometallic 
reagents (see Sections 1.13.3, 1.13.4 and 1.13.5); however, the acylation of organolithiums often leads to 
substantial amounts of overaddition product. Initially, acid chlorides appear to be a poor choice for 
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ketone synthesis considering highly electrophilic nature and the poor stability of the tetrahedral inter¬ 
mediate produced by nucleophilic addition. For these reasons, substantial amounts of ketone may reside 
in solution during addition of the organometallic. In addition, acid chlorides offer no site for prior coordi¬ 
nation of the organometallic, as was the case with the S-(2-pyridyl) thioate of Mukaiyama (Section 
1.13.2.2).30 

The fact that organomagnesium reagents can often be acylated with acid chlorides to provide high 
yields of ketones as the exclusive product is somewhat surprising. Although the reaction is not well 
understood in its present form, the scope of the process can be illustrated by the following examples. 
Sato and coworkers have found the choice of solvent and temperature are important for the acylation of 
simple Grignard reagents.61 A partial list of examples is given in Table 4. 

Table 4 Acylation of Grignard Reagents by Acid Chlorides 

O O 

R'MgX 
+ R2^C1 

THF, -78 °C u 
R‘^R2 

R1 Equiv. X R2 Product Yield (%) 

Ph 1.0 Br Ph PhCOPh 89 
p-MeC6H4 1.0 Br Ph p-MeC6H4COPh 84 

Pr" 2.0 Cl Bu‘ Pi^COBu' 88 
n-C6Hn 2.0 Br Me n-C6Hi3COMe 93 

To avoid overaddition, the reaction was conducted by slowly introducing the Grignard reagent to a solu¬ 
tion of the acid chloride at -78 °C. These workers reported that replacing tetrahydrofuran with diethyl 
ether caused a dramatic increase in the amount of tertiary alcohol formed, indicating that Grignard re¬ 
agents reacted more rapidly with acid chlorides in THF rather than in ether, and that the reaction must be 
executed at low temperature. Many of the aromatic cases use a molar equivalent amount of R'MgX; 
however, the best yields were obtained in the nonaromatic series by using 0.5 equiv. of Grignard reagent. 
Similar observations were reported by Eberle62 and they also showed that functional groups such as car¬ 
boxylic esters, halides and alkenes could be tolerated in the reaction. 1 equiv. of Grignard reagent was 
utilized and unlike the previous case the acylating agent was added directly to a cold solution of the or¬ 
ganometallic. This should maximize the chances for tertiary alcohol formation; however, none was ob¬ 
tained. A characteristic example is shown in equation (32). 

9 THF, -78 °C . 

MgBr + I cOjMe -► ^-^Y^C°2Me (32) 
r;3 C1 r)3 81% " 

An isolated example of Grignard acylation by proline acid chloride was achieved by the use of a large 
excess of acid chloride (43). The keto aldehyde (45) was obtained in 71% yield (equation 33).63 Unfortu¬ 
nately, the reaction with stoichiometric amounts of the acid halide were not discussed. In light of the re¬ 
sults of Sato61 and Eberle,62 the real capabilities of this reaction were apparently not explored. 

cbz O 

(43) 

THF,-78 °C to r.t„ 71% 

ii, H30+, 83% 

CHO (33) 

To show the potential of the method, the related Grignard reagent (46) has been acylated in good yield 
through use of a stoichiometric mixture of organomagnesium and acid halide (equation 34). The use of 

low temperatures and THF was critical to the process.64 
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Sworin65 has studied several interesting reactions of the Grignard reagent (47) which may indicate it 
reacts as the dialkylmagnesium (48) in THF at -78 °C (Schlenck equilibrium; equation 35).66 The pro¬ 
posal was advanced that internal coordination of magnesium by the flanking oxygen moieties resulted in 
a softer nucleophile, ‘similar in reactivity to an organocuprate’. The dimeric material may be responsible 
for the somewhat ‘anomalous behavior’ observed in reactions of this Grignard reagent and may point to 
the importance of temperature and solvent for successful acylations of other Grignard reagents. These 
workers also recommend that at least 2 equiv. of (47) be employed per mole of substrate to insure that 
(48) is the sole reactive intermediate. At room temperature, the equilibrium is believed to shift to the left 
with formation of the monomeric and harder nucleophile (47). Reactions at this temperature take a dif¬ 
ferent course and favor 1,2-addition to the ketone. 

(35) 

Grignard reagents can also be monoacylated in the presence of iron(III) salts. The reaction uses cata¬ 
lytic amounts of iron and reproducible yields of ketones have been obtained.6' The addition can be con¬ 
ducted at room temperature with stoichiometric amounts of the acid chloride and Grignard reagent. Only 
very simple substrates were considered initially; however, a synthesis of the methyl ketone derived from 
Mosher’s acid was reported in very high yield (equation 36), as well as a synthesis of a heptatrienyl ke¬ 
tone (equation 37).68 The reaction may be mediated by an acyl iron complex, although at room tempera¬ 
ture one would have expected overaddition products from the Grignard reagent. No mechanistic studies 
have been carried out as yet. 

CF3< 
vOMe cf3. OMe 

[PT XOC1 
MeMgCl (Py ^COMe 

3 mol % Fe(acac)3 

THF, r.t. 

90% 

(36) 

(37) 

1.13.2.6 Acylation with Carboxylic Esters 

Carboxylic esters have also been used to acylate Grignard reagents with some success. Workers at 
Shionogi research laboratories demonstrated that the combination of methylmagnesium bromide and tri- 
ethylamine could be acylated in good yield by substrates such as (49; equation 38). The reaction did not 
require THF as a solvent, but an excess of triethylamine was needed to achieve the best results. Presum¬ 
ably the amine alters the usual aggregation of the organomagnesium reagent and/or influences the 
Schlenck equilibrium between MeMgBr and Me2Mg, as discussed above. This combined reagent may 
selectively add to the ester functionality in preference to the newly formed ketone. On the other hand, the 
authors postulate that triethylamine aids in the deprotonation of the resulting methyl ketone, which is 
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then protected from further attack. To provide evidence for this they quenched a reaction mixture with 
D2O and obtained deuterium incorporation at the newly introduced methyl group. Therefore if the ketone 
was converted to the enolate, then the combination of the Grignard reagent and triethylamine must be ca¬ 
pable of serving as a base as well as a nucleophile (2 equiv. of reagent were used). Further investigations 
of this result would be of interest.69 

Ph 

O C02Me 

H 

N O 

H' 

o 
Bn02C 

(49) 

'K \ 

MeMgBr*Et20 

Et3N, -30 °C, PhH 

59% 

Ph 

O 

N O 

H H 

O 

Bn02C 

(38) 

The use of other mixed reagents to promote acylation and subsequent enolization of the ketone during 
its formation have been reported by Fehr.70 The success of the method depends on the ease of ketone de¬ 
protonation and thus was limited to substituted allylic nucleophiles. The final product was obtained en¬ 
tirely in the form of the a,(3-unsaturated ketone. A combination of the nucleophilic Grignard reagent and 
the nonnucleophilic base lithium diisopropylamide converts sterically hindered ester (50) into a-damas- 
cone (52) via (51) (Scheme 16). The ratio of ketone to tertiary alcohol was 98:2 (many cases gave selec¬ 
tivity greater than 9:1); however, a few examples showed a substantial amount of tertiary alcohol 
formation. 

(50) 

The proposed enolate has been trapped in the case of amide (53) but there was no report if this could 
be accomplished on the ester substrates (equation 39). In general the amides did give higher yields of ke¬ 
tone and less tertiary alcohol, but this is expected based purely on the enhanced stability of the tetrahe¬ 
dral intermediate. It is not clear to what extent the amide base may influence the degree of aggregation of 
the Grignard reagent and thus alter its reactivity. All of the cases studied were extremely sterically con¬ 
gested, which could have influenced the rate of tetrahedral intermediate collapse and enolate formation. 
It should be noted that the previously discussed combination of Grignard reagent and triethylamine failed 

to give ketones selectively in these cases.69 

(53) 

LiNPri2, THF, 

-10 to 20 °C 

ii, Me3SiCl 
70% 

(39) 

Comins has reported that simple esters can be converted to secondary alcohols in one step with a mix¬ 
ture of Grignard reagent and lithium borohydride (LiBFLt) in TFIF. The reaction is conducted at 0 to -10 
°C to preclude undesired reduction of the ester by LiBFU. Once acylation has occurred, reduction of the 
intermediate ketone occurs more rapidly than does addition of a second equivalent of the Grignard 
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reagent.71 Burke has modified the procedure slightly so as to include DIBAL-H as the reducing agent. In 
this fashion, either isomer of alcohol (54) may be obtained (equation 40).72 

DIBAL-H, THF, -78 °C 

then EtMgBr, THF, -78 to 25 °C 

X1 = H, X = OH 

96% 

or LiBH4, EtMgBr, THF, -5 °C 

X1 = OH, X = H 

73% 

(40) 

(54) 

Seebach has also studied the utility of esters in organometallic acylation. In this case, preformed ester 
enolates of 2,6-di(?-butyl)-4-methylphenyl esters (BHT esters) were slowly warmed above -20 °C to 
form the corresponding ketene. If this was done in the presence of an additional equivalent of alkyl- 
lithium the ketene was trapped to give a ketone enolate in high yield. The same reaction failed to give 
any product when simple esters such as methyl, ethyl or t-butyl were used.73 Scheme 17 is illustrative of 

the method. 

i, BunLi, THF, -78 °C O Li RCHO 

ii, PhCH2Li, THF, -78 °C 

to r.t. 

Ph THF, -78 °C 

81 % overall 

OH O 

A variety of alkyllithiums could be acylated by this method. The enolate was then quenched with elec¬ 
trophiles such as aldehydes and chlorosilanes. Unfortunately only branched chain carboxylic acids could 
be used in this process, as monosubstituted ketenes were unstable in the presence of butyllithium.74 

1.13.2.7 Preparation of Alkynic Ketones from Lactones 

Lactones are convenient acylating agents for lithium alkynides and have been used extensively for this 
purpose. Lactones are stable, readily available substances with a reactivity substantially different from 
simple esters. The first report discussing this strategy was by Ogura in 1972.75 This work demonstrated 
that y-valerolactone undergoes monoaddition with simple lithium alkynides, but suffers multiple addi¬ 
tion with the corresponding magnesium alkynide. Chabala discussed the effect of lactone ring size on 
acylation as well as proposing the mechanism by which they undergo addition.76 In this study, simple es¬ 
ters were found to undergo bis-addition when treated with lithium alkynides, due to the poor stability of 
the tetrahedral intermediate. However, in the case of 8-valerolactone, the intermediate ketal alkoxide was 
found to be stable in the reaction mixture and thus serves to protect the carbonyl function from further at¬ 
tack (equation 41). Other ring sizes do not seem to work as well, although acceptable yields of alkynic 
ketones can be obtained from y-butyrolactone (50-60%). 

OH 
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Recent evidence for the formation of hemiketal intermediates upon acylation of alkynides has been ob¬ 
tained from glucopyranolactones. Treatment of tetrabenzyl (55) with the anion from l-benzyloxy-3-bu- 
tyne gave a quantitative yield of hemiketal (56) which showed IR absorptions for the OH and alkyne 
portions of the molecule (\ = 3350 cm-1 and 2250 cm-1, respectively). This compound was stereospecifi- 
cally reduced to the C-glycoside (57) with triethylsilane/BF3-etherate (overall yield 72%; Scheme 18). 
None of the other stereoisomer or ring-opened product was obtained.77 

EtjSiH, BF3»Et20 

MeCN, CH2C12 

72% 

Scheme 18 

The first important test of this methodology came in Hanessian’s investigation of the spiroketal portion 
of avermectin Bu. This highly convergent approach incorporates all the oxidation levels and function¬ 
ality required for carbons C(15)-C(28), except for the necessity of alkyne to alkene conversion. The 
lithium alkynide was prepared at -78 °C and then mixed with boron trifluoride etherate under the condi¬ 
tions of Yamaguchi (Scheme 19).78 (Direct condensation of the lithium salt and lactone lead to substan¬ 
tial amounts of a,(3-unsaturated lactone.) Addition of the lactone in stoichiometric amounts to the 
solution of the modified alkynide led to the formation of the desired hemiketal in acceptable yield. Fur¬ 
ther improvements could be obtained by the recycling of starting material.79 

BF3*Et20 

THF, -78 °C 

38% 

v/w/v- 

Bu‘Ph2SiO 

OBn 

Scheme 19 

A more recent example of a functionalized alkyne addition can be seen in Crimmin’s synthesis of tala- 
romycin A (equation 42).80 This particular alkynide is an equivalent of the formyl acetone dianion and its 
use has been generalized as an entry into the spiroketal portion of the milbemycins (Scheme 20).81 This 
approach differs from the Hanessian strategy in that formation of the C(17)-C(21) pyran ring is con¬ 

structed last, through use of the alkynic unit. 
An alternative construction which incorporates much of the alkyl functionality on to the alkyne portion 

and which carries the required methoxycarbonylalkyl substituent in the correct configuration at C-17 was 
reported by Langlois (equation 43).82 This process and recently modified versions of the Hanessian 

spiroketal synthesis seem to correlate well.79 
In the lactone acylations discussed above, there was never any evidence for a competing side reaction 

due to break down of the hemiketal moiety and Michael addition of the alcohol to the newly formed pro- 
pargylic ketone. This may be taken as further evidence for the stability of the ketal-alkoxide intermedi¬ 
ate; however, hemiketal ring opening and intramolecular Michael addition would provide an 
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O OH 

Scheme 20 

30% HC104 

CH2C12 

63% 

eight-membered ring vinylogous ester, seemingly a difficult process. Schreiber has discussed a method 
for achieving this nontrivial ring expansion in the context of the total synthesis of gloeosporone (equa¬ 
tion 44).83 

The initial hemiketal addition product is most likely induced to undergo ring opening as the reaction is 
warmed to room temperature and while in the presence of HMPA. Conjugate addition of the alkoxide to 
the alkynic ketone completes the ring formation. The reaction is promoted by a,a-disubstitution of the 
8-lactone, as well as by the presence of electron-withdrawing groups on the alkynic fragment. 

In a related fashion, certain types of vinylogous amides can be prepared by a modification of this same 
method, as reported by Suzuki (equations 45 and 46).84 The triphenylsilyl moiety is essential for this 
transformation. The corresponding t-butyldimethylsilylacetylene gave the simple acylation product with¬ 
out subsequent Michael addition of the amine. In the ring expansion process the use of unmodified 
lithium acetylide (LiC==CH) lead to the formation of by-products. A similar ring expansion process was 
reported for a-lactams with formation of five-membered ring vinylogous amides.85 

An elegant ‘reconstruction’ of monensin from two chromic acid degradation products serves as an ex¬ 
cellent example of the generality of alkynide addition to activated carboxylic acid derivatives. The al- 
kynide (59) was prepared in eight steps from one degradation product and was then sequentially 
deprotonated with n-butyllithium and treated with magnesium bromide. The resultant magnesium salt 
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O 

42% 

was then acylated with mixed anhydride (58), derived from another degradation fragment. This a,p)- 
ynone was obtained in 87% yield (equation 47).86 Lewis acid mediation of alkynide addition as provided 
by magnesium bromide or boron trifluoride87 often improves the efficiency of the process and is useful 
for reactions which give substantial quantities of by-products. 

Me3SiO 

The highly reactive carbonyl of lactone (60), an intermediate in the synthesis of forskolin, was easily 
converted to propargyl ketone (61) by addition of the lithium alkynide as shown in equation (48).88 It is 
possible that the intermediate ketal alkoxide was not stable in solution because of ring strain; however, 
no multiple addition products were reported, nor was there any Michael addition of the alkoxide to the 
resulting ynone. 

(48) 

One final example of acylation of alkynes by lactones forms part of the synthesis of neomethynolide 
by Yamaguchi. The Prelog-Djerassi lactone serves as the acylating agent (equation 49). The function¬ 
alized alkynide undergoes addition very selectively at the lactonic carbonyl group, despite the presence 
of a relatively unhindered primary ester.89 

MEMO 



422 Nonstabilized Carbanion Equivalents 

1.13.2.8 Other Activated Acylating Agents for Ketone Synthesis 

In this section, several additional types of acylating agents for ketone synthesis will be discussed. 
Nearly all of these reagents are designed to preassociate with the organometallic reagent prior to acyla¬ 
tion. At the present time, very infrequent use has been made of these new acylating agents, and their par¬ 

ticular advantage remains to be demonstrated. 

1.13.2.8.1 Acylating agents derived from pyridine or quinoline 

Sakan and Mori have described the reaction of Grignard reagents with carboxylic esters formed from 
8-hydroxyquinoline.90’91 This acylating agent was designed to complex the organomagnesium with the 
substrate prior to formation of the tetrahedral intermediate, as indicated in Scheme 21. The actual te¬ 
trahedral species is not stable to the reaction conditions and a strong insoluble complex is formed be¬ 
tween magnesium ion and 8-hydroxyquinoline. Although it is apparent that free ketone exists in solution 
simultaneously with complex (62), little if any tertiary alcohol formation was reported in the few simple 
cases investigated.91 This may be due to the higher reactivity of the complexed oxoquinoline ester 

relative to the ketone. 

Scheme 21 

A competition experiment (Scheme 22) was conducted to test the acylation abilities of the 8-acyloxy- 
quinoline system and another metal-induced acylating agent, the 2-acyloxypyrazines (65) and (67). A 
mixture of quinoline (64) and pyrazine (65) was treated with phenethylmagnesium bromide under condi¬ 
tions which had previously afforded a 98% yield of the ketone (63) with the 8-acyloxyquinoline system. 
Surprisingly, the only product was that derived from addition to the acyloxypyrazine reagent, i.e. ketone 
(68). When substrates (66) and (67) were treated in the same fashion again only the product derived from 
addition to the acyloxypyrazine system was observed.92 These results support the notion that the effect of 
prior complexation of the organometallic with the acylating agent may be as important to the rate of 
acylation as an incremental amplification in electrophilicity. 

Similar results were obtained through the acylation of Grignard reagents with O-acyloximes (Scheme 
23), although a higher degree of metal to substrate interaction is possible in this case.93 The extent to 
which the species drawn in Scheme 23 actually participates in the reaction is unknown 94 

Meyers and Comins have reported acylation of Grignard reagents with /V-methylaminopyridylamides 
as a chemoselective method of ketone formation (equation 50). Once again chelation is expected to play 
a role in activating the substrate towards nucleophilic attack. However, as in the previously described 
cases, the resulting tetrahedral intermediate is not stable in the reaction mixture and a second equivalent 
of either a Grignard reagent or an alkyllithium can be introduced to form unsymmetrical tertiary alco¬ 
hols. Alkyllithium reagents did not function as well in the formation of ketones; tertiary alcohols were 
the major product95 
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O 

(64) R = Me 

(66) R = Ph 

+ 

+ 

(65) R = Ph 

(67) R = Me 

O 

Ph 

(68) 

Ph 

Scheme 22 (63) 

acyloxime 

+ R2MgBr 

THF 

Me Et i 
Me 

HjO 

Scheme 23 

Br 
I 

0 
II ii 

EtMgBr HC1 

1 
THF, -78 °C 83% overall 

O 

,X 
R1 R2 

70-95% 

(50) 

1.13.2.8.2 Carboxymethyleniminium salts 

The generation of active acylating agents in situ has certain advantages over methods which require a 
separate step for their preparation. Acylating agents that have previously been prepared in situ and used 
for ketone synthesis have included anhydrides and acyl imidazoles.96 A frequent side reaction with these 
rather reactive agents is the formation of tertiary alcohols. Fujisawa and coworkers advocated the use of 
carboxymethyleniminium salts, prepared directly from carboxylic acid salts, and then subjected to re¬ 
action with Grignard reagents (Scheme 24). Good yields of ketones were observed in most cases.97 The 

O 

Me02C 
Li 

+ 

Cl 

p-MeOCsHLt 

Ph 

N + 

Ph 

cr 

o 

Me02C 
O 

C6H4-/7-OMe 

+ , Ph 
N 

I 
Ph 

cr 

cat. Cul, 

PhCH2CH2MgBr, 

THF, 0 °C 

69% 

O 

Ph 

Scheme 24 
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particular example shown in Scheme 24 indicates the selectivity obtained in competition with a carbox¬ 

ylic ester. No other acylated products or tertiary alcohols were present. 
Bearing in mind that the exact nature of the intermediate in this and the following case has not been 

elucidated, together with the often surprising ability of acid chlorides to provide ketones when treated 

with Grignard reagents or organocuprates, the same authors have discussed the reaction of carboxylic 

acids with a-chloroenamines as a way to prepare acylating agents for ketone synthesis (Scheme 25). In 

this case, the overall yield for the addition of organometallics may be slightly higher than the previously 

described method. The possible advantage is the direct transformation of a free acid to an acylating agent 

without the need for an extra equivalent of base. 

CH2C12, thf 

Cul, EtMgBr 

0°C 

80% 

[a]D = -156° 

(c 0.0218, CHC13) 

Scheme 25 

A comparison of the example in Scheme 25 with the results of earlier investigations with /V-tosyl- 

proline demonstrates that the use of a-chloroenamines has some advantage. A-Tosylproline when treated 

with methyllithium in ether gave a 50% yield of methyl ketone of >95% ee. Similarly, preparation of the 

mixed anhydride with pivaloyl chloride followed by addition of ethylmagnesium bromide affords (69) in 

53% yield" utilizing the conditions of Mukaiyama (equation 51).100 No racemization was observed in 

any of these cases. Surprisingly in equation (51), the acylation of the mixed anhydride proceeds with 

only 1 equiv. of Grignard reagent, although there is an equimolar amount of triethylamine hydrochloride 

present. 

Bu'COCl 

/V-Tosylproline -► 

Et3N, THF 

Ts o O 

n A A , 
O Bu‘ 

EtMgBr 

THF, -78 °C 

53% 

(51) 

[a]D = -157.8° (c 0.0203, CHC13) 

1.13.2.8.3 Acylation with the mixed anhydrides of phosphorus 

Kende has demonstrated that the mixed anhydride from carboxylic acids and diphenylphosphinic 

chloride would acylate Grignard reagents to afford ketones in moderate to good yield. Tertiary carbinols 

were not observed unless excess Grignard reagent was added. The intermediate anhydrides were gener¬ 

ally isolated and made free of triethylamine hydrochloride before addition of the nucleophile. The re¬ 

action shown in equation (52) gave improved yields over the simple addition of methyllithium to the 

carboxylic acid.101 

Another procedure which was thought to pass through a mixed phosphorus anhydride was the acyla¬ 

tion of Grignard reagents with an adduct formed between lithium carboxylates and triphenylphosphine 

dichloride (Scheme 26). The betaine (70) was the proposed tetrahedral intermediate; however, since no 

evidence is provided, the reaction may have also proceeded by way of the acid chloride. Surprisingly, 

good yields of ketone are preserved even in the presence of excess nucleophile and no tertiary alcohol 

formation was observed. Triethylamine can be used for prior deprotonation of the carboxylic acid; how- 



Nucleophilic Addition to Carboxylic Acid Derivatives 425 

ever, unlike the case of mixed carboxylic anhydrides, 2 equiv. of Grignard reagent were required to com¬ 
plete the addition.102 

RC02Li 
Ph3P*Cl2 

O 

R 
+ 

OPPh3 

cr 

R'MgBr R OPPh3 H30+ 

X , 
R1 O- R 

(70) 

Scheme 26 

O 

R1 

60-95% 

Ph3P = 0 

1.13.2.9 Addition to Oxalic Acid Derivatives 

General methods for a-keto ester synthesis are important for the preparation of a wide variety of natu¬ 
ral substances of current interest. The direct addition of alkyllithiums or Grignard reagents to oxalate es¬ 
ters has been reported to give good yields of a-keto esters.103 Presumably the tetrahedral intermediate 
formed from such an addition is stabilized by the strong electron withdrawal of the adjacent ester carbo¬ 
nyl, thus preventing or retarding reformation of the sp2 center. Trapping of this intermediate is possible 
by the addition of acetyl chloride (equation 53).104 

O 

EtO 

O 

i, RLi, ether 

ii, AcCl, Et3N 

(53) 

R = Me, Ph 

A second example of this methodology comes from the Merck synthesis of homo-tyrosine, an inter¬ 
mediate for a potent dopamine agonist (Scheme 27).105 The Grignard reagent is added to a solution of 2 
equiv. of diethyl oxalate at -20 °C. 

NHC02Me 

OEt 

MeO 

Scheme 27 

Preparation of the tricarbonyl region of the immunosuppressive FK-506 can be accomplished through 
acylation of a heavily functionalized dithiane as shown in equation (54).106 

Previously, Corey had established a similar type of oxalate acylation using functionalized dithianes in 
the synthesis of aplasmomycin.107 One additional entry into the a-keto ester system was through the re¬ 
action of triethoxyacetonitrile and alkyllithium reagents.108 Only simple alkyl- and aryl-lithium reagents 
have been applied thus far, with yields in the range of 80%. Interestingly, the reaction took a different 
course with Grignard reagents; simple esters were the exclusive products. 
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(54) 

1.13.3 ACYLATION BY ORGANOCOPPER REAGENTS 

1.13.3.1 Stoichiometric Organocopper Reagents 

A great deal of study has surrounded the usefulness of preformed organocopper reagents (both stoi¬ 
chiometric and dialkylcuprates) and the utility of copper-catalyzed organometallics in ketone synthesis. 
When this methodology first became useful there were few other reliable methods for the direct synthesis 
of ketones from carboxylic acid derivatives.109 The addition of organolithiums to carboxylic acids, or the 
reaction of organocadmium or organozincs with acid chlorides was often accompanied by side reactions 
or suffered from low yields. It was apparent that ketones did not generally react with organocuprates at 
low temperature, unlike the situation with the corresponding aldehydes. The conditions for acylation 
were therefore mild enough to prevent side reactions. Stoichiometric alkylcopper species (RCu) were 
found to afford lower yields of the ketone than were obtained from lithium dialkylcuprates and acid 
chlorides.110 These reagents are much less reactive than dialkylcuprates and often require catalysis for 
addition to take place (vide infra). The work of Rieke represents the most recent study of the acylation of 
simple organocopper reagents.111 Treatment of a functionalized alkyl bromide with a ‘highly reactive 
copper solution’ (formed in situ by reduction of copper(I) iodide triphenylphosphine complex with 
lithium naphthalide) results in the formation of an alkylcopper. This reagent adds rapidly to acid 
chlorides at -35 °C, affording ketones in good yield. The approach allows the preparation of organocop¬ 
per reagents unavailable by methods which use organo-lithium or -magnesium reagents and copper(I) 
iodide. A drawback of the chemistry is that an excess of the acid chloride is required due to a serious side 
reaction which takes place between any excess of soluble copper metal and the acylating agent. Benzoyl 
chloride reacts rapidly with this form of copper(O) to form c/s-stilbene diol dibenzoate thus consuming 4 
equiv. of the reagent. Some examples of the method are included in Table 5.111 

Table 5 Formation and Acylation of Stoichiometric Organocuprate Reagents prepared from Rieke Copper 

r'X RCOC1 O 

CuIPPh3 + Li-naphthalide Cu° R Cu *~ 11 
R R1 

Alkyl halide Acid chloride Equiv. Temperature 
(°C) 

Product Yield (%) 

Br(CH2)3C02Et PhCOCl 2.75 -35 PhC0(CH2)3C02Et 81 
Br(CH2)6Cl PhCOCl 2.80 -35 PhCO(CH2)6Cl 77 

O 0 

x. _ , PhCOCl 2.80 -35 58 
Br(CH2)6 PhCO(CH2)6 

Br(CH2)3CN Me(CH2)2COCl 2.85 -35 Me(CH2)2CO(CH2)3CN 61 
o-NCC6H4Br PhCOCl 0 o-NCC6H4COPh 71 



Nucleophilic Addition to Carboxylic Acid Derivatives All 

One of the advantages of using stoichiometric organocopper reagents (RCu) instead of the more com¬ 
mon dialkylcuprates (R^CuLi) is that only 1 equiv. of RCu is necessary for good yields of ketones, 
whereas 3 equiv. of the dialkylcuprate are usually required in acylations. In many cases it is possible to 
substitute the more readily available alkyl or aryl Grignard reagent in the presence of stoichiometric, or 
in some cases catalytic, amounts of copper iodide.112 These modified Grignard reagents are then used in 
equal molar amounts relative to the acid chloride. An important example of this methodology appeared 
in the synthesis of monensin by Still.113 The central fragment (71) comprising carbons C(8)-C(15) was 
prepared through copper(I)-catalyzed Grignard addition to the S-pyridyl thiol ester (72), comprising car¬ 
bons C(16)-C(25) (equation 55). The direct reaction of the Grignard reagent with the S-pyridyl thiol 
ester under the conditions of Mukaiyama resulted in multiple addition (Section 1.13.2.2).30 

A recent example by McGarvey demonstrates the formation of chiral derivatives (73)-(76) which are 
useful for elaboration into the ubiquitous propionate unit through stereoselective enolate-based alkylation 
(equation 56).114 The thiol ester substrates were derived from aspartic acid in seven steps. The acylation 
of either dimethylcuprate or the Grignard-derived organocopper reagent was extremely clean when these 
organometallics were used in excess. No epimerization of the adjacent center was observed during the 
addition. 

Bu‘S 
R1 R2 

1:1 EtMgBr; CuBr*DMS 

or Me2CuLi, THF 

(56) 

R1 R2 

(73) R3 = Et, R1 = R2 = H; 90% 

R3 = Me approx. 85% yield for all below 

R1 = R2 = H (74) R1 = R2 = H 

R1 = Me, R2 = H (75) R1 = Me, R2 = H 

R1 = H, R2 = Me (76) R1 = H, R2 = Me 

MeMgBr 
CuBr»DMS 

Et20, DMS 

-45 °C 

MeCu(Me2S)*MgBr2 
n-C6H13~=—H 

-25 °C, 60-70 h 

n-C6H 
Cu(Me2S)»MgBr2 

AcCl 

65% 

Scheme 28 
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1.13.3.1.1 Acylation of vinylcuprates 

The extension of organocopper-based technology to the synthesis of a,(3-unsaturated ketones was ac¬ 
complished by acylation of vinylcopper reagents (Scheme 28). This represented something of an unex¬ 
pected advance due to the potential for subsequent conjugate addition to the product.115 The approach 
has not seen extensive utility, compared to approaches using organotransition metal and organolithium 
methodology which have become more general. The first specific example was generated through adap¬ 
tation of Normant’s method for the formation of 1,1-disubstituted alkenylcuprates.116 This trisubstituted 
alkene synthesis proceeds with retention of the stereochemistry generated initially by organocopper addi¬ 
tion to an alkyne. The vinylcopper reagent must be {3,3-disubstituted to avoid subsequent conjugate addi¬ 
tion to the product. This restriction is removed when acylation is carried out with the more reactive acid 

bromide.117 
The method was made considerably more general by inclusion of a catalytic amount of a palladium(O) 

complex during addition of the organometallic. Alkenylcopper reagents actually react relatively slowly 
with acid halides but, in a fashion analogous to other alkenyl metal species (see Section 1.13.4), they 
may be readily transmetallated to form an acylpalladium(II) complex which then undergoes reductive 
elimination to the product (Scheme 29).118 A further discussion of acylation mediated by palladium com¬ 
plexes is included in Section 1.13.4. Interestingly, a,(3-unsaturated acid chlorides react under these con¬ 
ditions to form divinyl ketones. 

from acid chloride 

THF, 3 mol % 'Pd' 

85% 

Scheme 29 

y-Silylated vinylcopper reagents are acylated with acid chlorides followed by palladium-catalyzed 1,5- 
sigmatropic rearrangement to form silyloxy dienes in moderate yield (equation 57).119 

Me3Si Cu, MgX2 

EtO 

MeCOCl, THF 

5% Pd(PPh3)4 

2 h, -10 °C 

48% 

Pr 

Me3SiO 
(57) 

EtO 

The more reactive lithium dialkenylcuprates (R2CuLi) cannot be directly acylated even at low tem¬ 
perature, because further addition to the product takes place. These reagents can be modified in situ so 
that the actual species undergoing reaction is an organozinc (requires palladium catalysis); however, 
other methods for generating organozincs are available that do not involve prior organocopper formation 
(Section 1.13.4.4). Stoichiometric vinylcopper and other copper-mediated acylations were not directly 
applicable to the case shown in equation (58)120 (however, see Section 1.13.2.1). 

(58) 

1.13.3.2 Acylation of Lithium Dialkylcuprates with Acid Chlorides or Thiol Esters 

The use of the more reactive lithium dialkylcuprate (R2CuLi) species in acylation requires the com¬ 
plete exclusion of moisture and air.121 This fact makes application of organocuprate acylation early in a 
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synthetic route rather difficult if large amounts of material are to be handled or complex transferrable li¬ 
gands are to be prepared. Nevertheless, the reaction has been widely used at mM scale with simple al- 
kyllithiums. Posner has shown that lithium dimethyl- and other di-«-alkyl-copper reagents react with 
primary, secondary and tertiary acid chlorides at low temperature to provide good to excellent yields of 
simple ketones (equations 59 and 60).121122 

O 

Bu' 
+ 3 MeCuLi 

ether, 0.25 M 

-78 °C, 15 min 

84% 

(59) 

An interesting transformation, carried out by Paquette, demonstrates the selectivity that can be 
achieved with these reagents. The reaction of the acid chloride (77) and cuprates (78) or (79) takes place 
selectively in the presence of the lactone. The cuprates must be added to a solution of the acid chloride to 
obtain high yields. A later transformation demonstrated that a lactone can be converted easily to the ke¬ 
tone with phenyllithium (Scheme 30).123 No loss of stereochemistry occurs in either permutation. 

(77) (78) R = H, 82% 
(79) R = D, 78% 

Zn NaBH4 

Scheme 30 

The diacid chloride (80) can be easily converted to a diketone without epimerization or aldol conden¬ 
sation (equation 61).124 In this case, inverse addition was not required for high yields. 

COC1 

COC1 

(80) 

Me2CuLi 

Et20, -78 °C 

88% 

.COMe 

AX COMe 

(61) 

Walba has used cuprate technology for the synthesis of the septamycin A-ring fragment shown in 
Scheme 31.125 The use of the well-known anhydride (81) in this transformation was unsatisfactory. 

The same acid chloride formed part of the premonensin synthesis of Sih.126 Somewhat later in this syn¬ 
thesis, one of the final transformations before union of two large fragments was acylation of dimethylcu- 
prate by acid chloride (82). The reaction proceeded in good yield but the requisite acid chloride had to be 
prepared from a methyl ester in two steps. A very similar dissection was used by Evans except that the 
methyl ketone (84) was prepared directly from the corresponding dimethylamide (83) using methyl- 
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°Y^ 
O 

(81) 

Scheme 31 

lithium (equation 62).127 Although both procedures gave high yields, the amide was perhaps the more 
useful functional group, since it was carried intact through several prior synthetic permutations before 
acylation. 

for (82): Me2CuLi, THF, -78 °C 

85% from C02Me 

for (83): MeLi, THF, -45 °C 

approx. 80% 

(82) X = Cl (62) 
(83) X - NMe2 

(84) 

Because 3 equiv. of the organocuprate are usually required for the synthesis of ketones, the method is 
less effective for substrates of limited availability. Corey has described a class of mixed homocuprates 
RrRtCuLi in which one of the groups attached to copper is a nontransferable ligand (Rr) while the other 
group (Rt) is designed to be selectively introduced into the substrate.128 Although this reagent was first 
used in the conjugate addition of valuable prostaglandin side chains to cyclopentenones, it has also found 
utility in acylation chemistry. Most often the residual groups are copper(I) alkynides which become 
strongly complexed to copper. Copper alkynides are somewhat more susceptible to acylation129 than they 
are towards conjugate addition to enones, and the choice of acylating agent is more consequential. The 
most useful nontransferable ligand in this class is that derived from 3-methyl-3-methoxy-l-butyne.130 In 
Corey’s erythronolide A synthesis, the coupling of vinyl iodide (85) and the S-pyridyl thiol ester (36) 
could not be accomplished through Mukaiyama’s direct acylation of Grignard reagents,131 despite close 
analogy between related transformations in the erythronolide B series (see Section 1.13.2.2). The ob¬ 
stacle was overcome by the formation of mixed homocuprate (86) in which a nontransferrable ligand was 
used. The cuprate was selectively acylated by the S-pyridyl thiol ester with formation of ketone (87; 
Scheme 32).132 The reaction was also quite solvent dependent and only a minimum amount of THF can 
be used in relation to nonpolar cosolvents (hexane/pentane:THF 1.2:1). 

Attention should be drawn to the subtle differences between the reaction shown in Scheme 32 and the 
formation of the related erythronolide B intermediate (Scheme 11) by Corey and coworkers.35 As men¬ 
tioned earlier (Section 1.13.2.2), the addition of the Grignard reagent derived from iodide (34) was car¬ 
ried out easily on the identical substrate, S-(pyridyl) thiol ester (36) used in the A series, providing 
erythronolide B intermediate (37). The reaction in the erythronolide A series appears to be sensitive to 
the presence of the MTM-protected alcohol. 
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Scheme 32 

There have been few transformations of vinylcuprate reagents with acid chlorides (Section 1.13.3.1.1). 
Marino and Linderman have reported a general preparation of divinyl ketones useful in a Nazarov sense 
for the formation of cyclopentenones (Scheme 33). Addition of various cuprate species to ethyl propio- 
late formed a mixed cuprate which is perhaps best represented as the allene (91). In the case of heterocu¬ 
prates (89) and (90), acylation proceeded in good yield to form the divinyl ketone. Dimethylcuprate 
afforded none of the desired product but instead produced 1-acetylcyclohexene. The method was gener¬ 
alized for several different acid chlorides.133 

(RCuMe)Li + H 
Et20, -78 °C 

C02Et -* 

C02Et 

CuR 

H OCuR 

/=•=< 
7 OEt 

(91) 

O 

Reagent (88) none of desired product 
(89) 80% 

(90) 85% 

(88) R = Me 
(89) R = CN 
(90) R= —Bu 

Scheme 33 

1.13.3.3 Acylation of Heterocuprates 

The addition of secondary and tertiary dialkylcuprates is often impractical due to the thermal insta¬ 
bility of these reagents. For instance it is known that solutions of 5- and r-alkylcopper(I) reagents cannot 
be cleanly prepared from 2 equiv. of the organolithium and copper(I) iodide even at -78 °C.134 Posner 
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has developed a method which makes preparation and acylation of these species more practical.135 The 
method uses heterocuprates [R(R'X)CuLi] in which R'X is an alkoxide ion, thiolate or lithium amide ion 
and R is the transferable ligand. The most satisfactory results have been obtained when R'X was derived 
from f-butoxide. The reagents were prepared by addition of lithium f-butoxide to copper(I) iodide with 
formation of copper(I) f-butoxide. Addition of 5-butyl- or f-butyl-lithium resulted in formation of the 
heterocuprate which has been shown to add efficiently to acid chlorides (Table 6).135 As with many 
heterocuprates, these reagents are generally stable only to -50 °C, but acylation can proceed in high yield 
utilizing only 1.2-1.3 equiv. of reagent and product isolation was relatively facile. Similar organo- 
cuprates can be prepared from primary alkyllithium reagents and acylation is also facile. Unfortunately, 
these reagents have not seen a great deal of use in natural product synthesis as yet. 

Table 6 Acylation of Heterocuprate Reagents Derived from Organolithiums and Cuprous f-Butoxide 

i, BunLi RLi R'COCl, THF O 
~ II Bu’OH -cuutsu 

ii, Cul 

R(OBu )CuLi 
-78 °C, 20 min R'^R 

Isolated yield (%) 
Acid halide Cuprate (equiv.) Product R = Bu R = Bus R = Bun 

Br(CH2)ioCOCl 1.2-1.3 (1.5%) Br(CH2)ioCOR 78 (83) 83 
PhCOCl 1.2-1.3 PhCOR 82 87 70 

Me02C(CH2)2C0Cl 1.2-1.3 Me02C(CH2)2C0R 61 66 
BunCO(CH2)4COCl 1.2-1.3 BunCO(CH2)4COR 73 86 

Posner has also studied the effect of various other nontransferable ligands in the process. It was con¬ 
cluded that phenylthio was equivalent to f-butoxide as a nontransferable ligand, but phenoxy, dimethyl- 
amino and f-butylthio were inferior (equations 63 and 64).136 

O 

Et02C 
1.2 equiv. of PhS(Bu‘)CuLi 

THF.-78 °C, 15 min 

65% 

(63) 

O 1.1 equiv. of PhS(Bu')CuLi 

THF, -78 °C, 20 min 

84-87% 

(64) 

The importance of achieving the combined goals of high thermal stability for the organometallic and 
for improving the efficiency of alkyl group transfer has led Bertz and Dabbagh to continue the study of 
heterocuprates in a variety of transformations including acylation. Although these workers were primar¬ 
ily interested in assaying the thermal stability of new types of heterocuprates, they showed that 
BunCu(PPh2)Li or BunCu(PCy2)Li can be quantitatively acylated by excess PhCOCl after the cuprates 
had been aged for 30 min at 0 °C and 25 °C (Table 7). They provided a comparison of the reactivity of 
these reagents with other heterocuprates developed by other workers.137 

An important development in cuprate acylation methodology that addresses several of the most objec¬ 
tionable properties of the reagents themselves has come from Knochel and his associates.138 New highly 
functionalized copper reagents, represented by the formula RCu(CN)ZnI, can be prepared from readily 
available primary and secondary alkylzinc iodides by transmetallation with the soluble complex 
CuCN-2LiX in THF (equation 65). 

These reagents have several advantages in acylation chemistry. Once prepared, these lower order cu¬ 
prates may be used at temperatures near 0 °C rather that the usual -78 °C needed for alkylheterocuprates. 
Only one transferable ligand is involved per mole of reagent, which avoids the loss of precious sub¬ 
strates. Reaction work-up and product isolation is simplified relative to heterocuprates containing sulfur 
or phosphorus ligands. The organozinc and the corresponding organocuprate tolerate a wide variety of 
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Table 7 Comparison of Heterocuprate Reagents for Acylation with Benzoyl Chloride 

Entry Reagent Solvent Temperature 
(°C) 

Yield (%) Ref. 

1 BunCu(PPh2)Li Ether 0(25) 99 (95) 
2 BunCu(PCy2)Li Ether 0(25) 97(89) 
3 BunCu(NCy2)Li Ether 0(25) 98 (89) 
4 BunCu(NPri2)Li Ether 0(25) 100 (87) 
5 BunCu(NEt2)Li Ether 0(25) 98(73) 224 
6 BunCu(SPh)Li Ether 0(25) 19 (0)a 
7 BunCu(0=CBut)Li Ether 0(25) 92(89) 225 
8 BunCu(CH2S02Ph)Li THF 0(25) 99 (91) 226 
9 Bun2Cu(CN)Li2 Ether 0(25) 95 (84) 227 

a The yields after 30 min at -50 °C and -25 °C were 100% and 97%. 

activated zinc 
RI -► RZnI 

THF, 25^10 °C 

4-12 h 

CuCN-2LiX 

-► RCu(CN)ZnI 

0 °C, 10 min 

R'COCl o 

-- N (65) 

0°C, 3h R R1 

functionality contained within the original iodide substrate. Ketone, ester and nitrile functionality do not 
interfere with the generation of the organometallic. In addition, a,(3-unsaturated esters are not attacked 
by these reagents. The yields of acylated organometallic are quite high (Table 8).138 Further develop¬ 
ments of this class of reagent should prove rewarding. 

Table 8 Acylation of RCu(CN)ZnI with Acid Chlorides 

Reagent Acyl halide Product Yield (%) 

NC(CH2)2Cu(CN)ZnI PhCOCl NC(CH2)2COPh 83 
NC(CH2)2Cu(CN)ZnI C1(CH2)3C0C1 NC(CH2)2CO(CH2)3Cl 77 
NC(CH2)2Cu(CN)ZnI C6HiiCOC1 NC(CH2)2COC6Hu 79 

Pr1Cu(CN)ZnI Ph(OAc)CHCOCl Ph(OAc)CHCOPr1 82 
Et02C(CH2)3Cu(CN)ZnI PhCOCl Et02C(CH2)3COPh 87 

C6HnCu(CN)ZnI PhCOCl C6HnCOPh 84 
BusCu(CN)ZnI Cl(CH2)3COCl Cl(CH2)3COBus 94 

1.13.3.4 Acylation with Thiol Esters 

Because of the requirement for a large excess of dialkylcuprate in the reaction with acid chlorides, 
other acylating agents have been studied. Anderson has shown that 5-ethyl thiol esters or 5-phenyl thiol 
esters react in stoichiometric fashion with homocuprates to provide good yields of ketones (Table 9).139 

Table 9 Acylation of Dialkylcuprates with 5-Ethyl Thiol Esters 

Homocuprate Equiv. Solvent Temperature Time (h) R Yield (%) 

<°C) 

Me2CuLi 1.2 Et20 -78 2 Me 75 
Bun2CuLi 0.55 Et20 ^10 2.5 Bu" 89 
Bun2CuLi 1.0 Et20 ^10 2.5 Bun 87 

Pri2CuLi 1.1 THF ^10 2 Pri 66 
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In contrast to the results obtained during the acylation of acid chlorides, nearly quantitative substitu¬ 
tion of the thiol ester by each alkyl group of the cuprate takes place. Presumably, the intermediary 
heterocuprate R(EtS)CuLi, related to those prepared by Posner (vide supra), was also sufficiently reac¬ 
tive to provide the ketone from the thiol ester. The yields obtained depend on the reaction temperature 
and solvent. The transformation was performed by the rapid introduction of the thiol ester to a solution of 
copper(I) reagent in ether at -40 °C. Reaction times varied from one to several hours and quenching was 
carried out at low temperature with ammonium chloride. Methyl ketones must be prepared in ether at 
-78 °C to avoid selfcondensation. These thiol esters undergo bis-addition with standard Grignard or or- 
ganolithium reagents to form tertiary alcohols unlike the 5-(2-pyridyl) thioates of Mukaiyama (see Sec¬ 
tion 1.13.2.2). However, reaction of the thiol esters with 1.5 equiv. of BunMgBr Cul in THF gave /?-butyl 
ketones in >80% yield. 

The selective addition of diethyl cuprate to the dodecadienethioate shown in equation (66) demon¬ 
strates the utility of this methodology. Notice that there is only a small amount of conjugate addition 
product.139 In diethyl ether, a large percentage of conjugate addition product is formed, even at -78 °C 

(equation 66). 

-45 °C, 3.5 h 

Another example of this methodology has appeared recently from Masamune and coworkers in con¬ 
nection with a total synthesis of bryostatin (equation 67).140 The salient point here is the demonstrated 
utility of the thiol ester, prepared directly through stereoselective boron enolate aldol condensation. No¬ 
tice that no further activation or removal of a chiral auxiliary is necessary for this transformation, unlike 
other related aldol methodology. 

Et3CS OSiPr‘2Bu' 

O OMOM 

Me2CuLi, Et20 

91% 

OSiPr‘2Bu’ 

O OMOM 

(67) 

Researchers at Merck have studied the synthesis of the simple carbapenem system (94) through Wittig 
cyclization of the keto ylide (93). This interesting precursor was prepared directly from the thiol ester 
(92) by reaction with lithium dimethylcuprate or magnesium diphenylcuprate (Scheme 34).141 

O 

O 

A, xylene 

O 

^\[USPh 2 equiv. R2CuLi 

NyPPh3 THF:Et20 (1:1) /-N PPh3 

° T 
co2pnb 

(92) 

co2pnb 

(93) R = Me, 28% 
R = Ph, 66% 

O 
/-N 

Scheme 34 
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Other acylating agents are similarly effective in the formation of ketones by reaction with homo¬ 
cuprates. Kim has demonstrated that activated esters such as the 2-pyridyl carboxylates are satisfactory 
cuprate traps.142 These esters can be prepared from carboxylic acids and 2-pyridyl chloroformate, pro¬ 
vided a catalytic amount of DMAP is utilized (Scheme 35). 

A 

O 

A. 
N O' Cl 

i, RC02H, Et3N 

ii, DMAP 

80-90% 

o 

jU I ^ 
R O N 

O 

A 
R O N 

^ + R'2CuLi 
Et20, -78 °C, 1-3 h 

80-90% 

O 

Scheme 35 

Once again these acylating agents are useful for the stoichiometric introduction of simple nucleophilic 
groups (methyl and Aj-butyl) into multifunctionalized substrates because the intermediate heterocuprate is 
also acylated (equations 68-70). 

0.55 equiv. Bun2CuLi, Et20 

0.5 h, -78 °C 

63% 
plus recovered starting material 

(68) 

0.7 equiv. Bun2CuLi, Et20 

0.5 h, -78 °C 

89% 

(69) 

1.0 equiv. Bun2CuLi, Et20 

0.5 h, -78 °C 

90% 

(70) 

Kim143 has also studied the corresponding acylation of homocuprates by S-(2-pyridyl) thioates, dis¬ 
cussed earlier in the context of total synthesis of monensin and erythronolide A (Sections 1.13.2.2 and 
1.13.3.2). Under the standard anaerobic conditions necessary for cuprate formation, good yields of 
ketones could be derived from acylation of lithium dimethylcuprate (or lithium dibutylcuprate) by S-(2- 
pyridyl) thiobenzoate and other simple S-(pyridyl) thiol esters (equation 71). Interestingly, if the homo¬ 
cuprate is intentionally placed under an oxygen atmosphere before acylation and then reacted with the 
S-(2-pyridyl) thioate in oxygen at -78 °C, one obtains good yields of the corresponding ester (equation 

72). 

Ph 

O 

A 
S-2-Py 

Me2CuLi 
n2, thf 

-78 °C 

o 

A, 
(71) 

Ph Me 

85% 

Ph 

O 

A 
02, THF O 

+ Me2CuLi -► 

S-2-Py -78 °C Ph^OMe 

71% 

(72) 
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1.13.3.5 Acylation of a-Trimethylsilylmethylcopper 

Potentially useful (3-silyl ketones144 may be obtained through acylation of the trimethylsilylmethylcop- 
per reagent generated from 1 equiv. of copper(I) iodide and trimethylsilylmagnesium bromide. The re¬ 
sults obtained with this reagent have varied depending upon the exact conditions used. Normant has 
found that acylation of trimethylsilylmethylcopper magnesium bromide under palladium catalysis results 
in the direct formation of the silyl enol ether without formation of (3-silyl ketone.145 It appears that under 
the latter conditions, the initial product is a (3-silyl ketone which then undergoes a palladium- or acid- 
catalyzed C to O isomerization. Several previous investigations including one by Akiba indicate this is 
the case. Akiba has shown that (3-silyl ketones can be obtained from the stoichiometric copper reagent in 
good yield, but when treated with a catalytic amount of triflic acid, they underwent immediate isomeriza¬ 
tion to silyl enol ethers.146147 Kishi had earlier prepared 1-(trimethylsilyl)-2-butanone by addition of 
Me3SiCH2MgBr CuI to acetyl chloride affording an 80-90% yield.148 The report indicated that this 
transformation is superior to methods which use the corresponding trimethylsilylmethyllithium.149,150 

The construction of the naturally derived narbomycin151 and tylosin-aglycones152 by Masamune and 
coworkers employ identical methodology for seco-acid formation. In each case, Peterson alkenation of a 
functionalized aldehyde (not shown) and the silyl ketones (96; R = SiMe3; Scheme 36) or (99; Scheme 
37) efficiently introduced the required (£)-a,(3-unsaturation. Silyl ketone formation is accomplished in 
each case through cuprate acylation by an activated carboxylic acid derivative. Formation of an acid 
chloride was not possible in the sensitive tylosin-aglycone intermediate; however, selective acylation of 
the silylcuprate proceeded at the pyridyl thiol ester moiety of (98) and not with the /-butyl thiol ester. In a 
related investigation,153 (97), an advanced intermediate for 6-deoxyerythronolide B, was obtained from 
(95) via addition of lithium diethylcuprate to the acid chloride (84% yield). In all the above cases, no ad¬ 
dition was observed at the /-butyl thiol ester. 

O O 

6-Deoxyerythronolide B 

Narbomycin 

(95) 
R = Me3Si quantitative 
R = Me 84% 

Scheme 36 

O O 

Tylosin 

(98) (99) 

Scheme 37 

1.13.4 ACYLATION MEDIATED BY LOW-VALENT PALLADIUM COMPLEXES 

1.13.4.1 Acid Chlorides and Organostannanes 

The acylation of the mildly nucleophilic organostannanes was first reported by Migita in 1977154 
through the use of palladium catalysis. However, the reported conditions were harsh and of limited 
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scope. Nearly simultaneously, Stille and Milstein reported a more comprehensive study of this 
method,155 including mechanistic and synthetic studies. Their work also formed the basis for the dis¬ 
covery of improved reaction conditions for acylation.156 Equimolar amounts of an acid chloride and 
tetrasubstituted organotin undergo acylation with palladium catalysis in HMPA to afford high yields of 
ketones wherein one of the tin substituents has been acylated (equation 73). Transfer of a second substi¬ 
tuent from RsSnCl is 100 times slower than transfer from R4Sn but can still be useful. R2SnCl2 and 
RSnCb do not under go acylation. The reaction can be carried out in the presence of the following func¬ 
tional groups without interference: NO2, RC=N, aryl halide (* Br), vinyl, methoxy, carboxylic esters 
and aldehydes. The latter functional group is not tolerated by any other method of ketone formation that 
involves organometallic addition to a carboxylic acid derivative. An especially interesting case is that of 
p-acetylbenzaldehyde (equation 74) which serves to introduce the method. The product, a keto aldehyde, 
is generally difficult to prepare by other methods since it undergoes rapid selfcondensation. 

X, ^ + R’3SnR2 —_L. X. ^ + R'aSnCl (73) 
R Cl 3 R R2 

n = 0-4 

COC1 

CHO 

BnPd(PPh3)2Cl 

Me4Sn, HMPA 

65 °C, air 

86% 

COMe 

CHO 

(74) 

Other aromatic and aliphatic acid chlorides give good to excellent yields of the desired ketones using 
this procedure. Hindered or a,(3-unsaturated acid chlorides also function effectively, the latter forms a,(3- 
unsaturated ketones without competing conjugate addition (equations 75 and 76). 

Ph Me4Sn, BnPd(PPh3)2Cl Ph 

COC1 91.3% COMe 

(75) 

Me4Sn, BnPd(PPh3)2Cl 

COC1 93.3% 
COMe 

(76) 

There is no need for an inert atmosphere as both the catalyst and organostannane are air stable; in fact 
the reaction is accelerated by the presence of oxygen. Depending on the solvent, reaction times are very 
short, an hour or less in HMPA and under 24 h for solvents like chloroform, THF and dichloroethane. 
The end of the reaction is dramatically signaled by the precipitation of metallic palladium from the clear 

reaction solution. 
The acylation is limited to the use of acid chlorides due to their unique ability to oxidatively add palla¬ 

dium^); other acylating agents are not generally useful in this context. It was also known that acid 
chlorides do not react with organotins without Lewis acid catalysis and more importantly organotins do 
not generally react with the expected product, the ketone, except under very strong Lewis acidic condi¬ 
tions.157 Even diacid chlorides may be utilized in this process (equation 77); however, oxalyl chloride 
cannot be used due to the indicated decarbonylation of the intermediate acid chloride (equation 78).155 
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a-Diketones have been prepared by the reaction of acylstannanes and acid chlorides.158 Few cases 
have been studied thus far and the yields for unsymmetrical a-diketones were moderate at best. Two by¬ 
products have been observed in the reaction. Decarbonylation made up 4—20% of the material balance 
and degradation of acyl-tri-/z-butyltin resulted in M-butyl ketone, although the latter mode of decomposi¬ 
tion only accounted for a few percent of the reaction product (Scheme 38). 

R Cl Bu6Sn2,[Pd] R SnBu3 R'COCl, PdCl2(PPh3)2 

T (-BujSnCl) Y toluene, 100 °C, 20 h 

R = Pr1, Et; R1 = phenyl and substituted phenyl 

O 

R 

Scheme 38 

;YA'R| + 

0 

50-60% 

O O 

X + 
R^R1 A 
4-20% <5% 

Symmetrical diketones have been prepared in a similar fashion from 2 mol of the acid chloride and 1 
mol of hexabutylditin with palladium catalysis (equation 79). The yields were still moderate.159 

O 

x 
Ph^Xl 

Et6Sn2 
(T|3-C3H5PdCl)2, CO (8 atm) 

toluene, P(OEt)3 

(79) 

Soderquist has reported a slightly more effective method not subject to the losses due to decarbonyla¬ 
tion of intermediates.160 Acylation of a-methoxyvinyltin (100) under palladium(O) catalysis afforded a 
good yield of the a-methoxyenone (101). Hydrolysis in acetone/aqueous acid releases the diketo func¬ 
tionality (equation 80). Only the unsubstituted vinyl system has been employed thus far. 

OMe RCOCl, BnPd(PPh3)2Cl 

SnMe3 

O 

PhH, reflux R 
Me3SnCl 

aq HCl/acetone 
O 

OMe 

(100) (101) 

R = Me, 44%; R = Ph , 73%; R = Bu\ 79% 

R 

O 

R - Me, 65% 
R = Ph, 75% 

(80) 

Prior to the studies which uncovered the utility of organotin acylation as described in the preceding 
paragraphs, acid chlorides were also found to undergo a similar rhodium(I)-mediated acylation with 
allyltins to form (3,7-unsaturated ketones.161 The palladium(0)-catalyzed coupling has been found to be 
more general with respect to varied substitution patterns of both reagents and could be conducted under 
essentially neutral conditions (see Section 1.13.5.1). 

1.13.4.1.1 Mechanistic studies of palladium-catalyzed acylation 

The mechanism of palladium-catalyzed coupling of organic halides with tetrasubstituted organotins 
has been widely studied by Stille162 and a general understanding of the mechanism is critical to further 
developments in this area. The use of other organometallics in palladium-catalyzed acylation will follow 
this discussion, as well as further examples where this method has been used. 

Thus far we have discussed numerous examples whereby selective ketone formation has been 
achieved through organometallic acylation. The problem was approached by choosing a less nucleophilic 
organometallic which can be acylated but does not interact with the desired product. Thus far, few re¬ 
agents with this type of selectivity have been found (organocuprates). Most often, the strategy was to 
either preserve the tetrahedral intermediate formed upon nucleophilic addition or to activate the substrate 
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towards nucleophilic attack by prior coordination of the organometallic. A conceptually different ap¬ 
proach, achieved through the use of transition metals, alters the mechanism of acylation such that carb¬ 
on-carbon bond formation is not part of the rate-determining step. Many examples of the formation of 
acylmetal complexes have been reported in the literature.163 Depending upon the nature of the metal and 
the degree of coordination, these complexes can function as nucleophiles or as electrophiles in reactions 
with organic substrates. An example of a nucleophilic acylmetal complex used in ketone synthesis was 
reported by Collman. Nucleophilic acyliron(O) complexes such as (102) readily undergo oxidative addi¬ 
tion (akin to nucleophilic displacement) with alkyl halides to form the hexacoordinate acylalkyliron(II) 
species (104) or (105). These are unstable with respect to reductive elimination of the alkyl and acyl li¬ 
gands and the complex degrades to form a ketone and complexed iron(0).164 The carbon-carbon bond 
formation is therefore a result of electronic reorganization of the metal driven by the stability (or lack 
thereof) of the particular oxidation state with the given ligands. 

The acyliron(O) complex (102) has been isolated and subjected to the same nucleophilic displacement 
(or equivalently oxidative addition) with excellent correlation (Scheme 39). The same species is also 
readily available from acid chlorides (i.e. formation of 103), but the overall process has not been widely 
used in the synthesis of ketones (Scheme 40).165 The final step of the process, a reductive elimination of 
acyliron(II) complex (104) or (105), is quite rapid and it has not been possible to isolate and identify the 
presumed intermediates in this case (Scheme 41). Since the oxidative addition of the acyliron complex 
with the alkyl halide is extremely mild, the corresponding ketone formed in the reaction is not subject to 
attack by organometallic reagents and no tertiary alcohol is formed. 
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Palladium(O) complexes are well known to suffer oxidative addition with acid chlorides.166 The result¬ 
ing acylpalladium(II) complex (106) is, in contrast to the acyliron(II) complex discussed above, an elec¬ 
trophilic species which is subject to nucleophilic attack by various organometallics. Stille has studied the 
addition of organotins because they undergo rapid nucleophilic addition to the acylpalladium(II) com¬ 
plex, but do not add to either the acid chloride or react with the ketone (Scheme 42). There are also sev¬ 

eral other organometallics useful in this sense (vide infra). 
Both of the described processes, nucleophilic acyliron or electrophilic acylpalladium, rely upon the 

rapid degradation of organoacyl metal complexes by a net reduction of the metal to a low-valent form 
with creation of a carbon-carbon bond. The precise mechanism involved in the formation of each high- 
valent complex is complementary and interesting but irrelevant to the resulting ketone formation, due to 
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reductive elimination. Many examples of these processes have been described with other metals, but are 
beyond the scope of this discussion.167 The particular case of organocuprates may also fit into the same 
model. One can envision an oxidative addition of a dialkylcuprate (a copper(I) complex) to the acid 
chloride forming an acylcopper(III) species. Reductive elimination returns copper(I) and generates the 
ketone. At present, however, there is no evidence for this latter supposition, none of the intermediates in 
the organocuprate acylation have been characterized and researchers are only now beginning to under¬ 
stand the complex chemistry of organocuprates.168 

1.13.4.1.2 Effect of the catalyst 

Returning to the palladium-catalyzed process, we begin with a discussion of the catalytic cycle and 
particularly the function of the metal, the effect of phosphine ligands and the identity of the organopalla- 
dium intermediates along the route. What will become important is the rate at which these intermediates 
are transformed along the reaction pathway, and whether or not a step in the catalytic cycle is made rate 
limiting through the addition or omission of a particular reagent, solvent or ligand. 

The rapid rate of oxidative addition of palladium(O) to an acid chloride has been attributed to the ex¬ 
tended bond length and highly polarized nature of the carbon-chlorine bond.169 The half life for oxida¬ 
tive addition of tetrakis(triphenylphosphine)palladium(0) to benzoyl chloride has been measured at 
approximately 10 min at -40 °C.170 Palladium(O) is required for oxidative addition but large effects on 
the reaction rate may be observed depending on the degree and type of ligation around this metal. Elec¬ 
tron-donating ligands, such as triarylphosphines, tend to make palladium more nucleophilic, but they 
also increase steric interaction with the substrate.172 Palladium(O) catalysts are also air sensitive making 
their handling a problem. It is often beneficial to introduce the catalyst in the form of a palladium(II) 
species that is more stable to atmospheric conditions. In a separate step, reduction of the palladium(II) 
complex occurs by one of several mechanisms to a suitable form of solvated or ligated palladium(O), 
which undergoes reaction. Stille has found that benzyl(chloro)bis(triphenylphosphine)palladium(II), 
formed as shown in equation (81), is an excellent catalyst precursor for acylation of organotins by acid 
chlorides.155 

Pd°(PPh3)4 + PhCH2Cl -► PhCH2Pdn(PPh3)2Cl + 2 PPh3 (81) 

The actual acylation catalyst for alkyltins and acid chlorides is generated through sacrificial trans- 
metallation of the organotin to form a new palladium(II) complex with release of trialkyltin halide (see 
Scheme 43). Reductive elimination then forms a small amount of benzylated adduct and the coordina- 
tively unsaturated and highly nucleophilic catalyst bis(triphenylphosphine)palladium(0) [Pd°(PPh3)2]. 
The generalized mechanism for acid chloride insertion and coupling is depicted in Scheme 43. Oxidative 
addition of Pd0(PPh3)2 to the acid chloride forms an observable and isolable palladium(II) complex 
(107).155 Transmetallation of a single tin ligand affords tra«^-acylalkylpalladium(II) complex (108) 
which is not observable but then undergoes a rapid trans to cis migration, possibly involving dissociation 
of one of the ligands.190 The cis complex (109) immediately undergoes reductive elimination to the 
product and returns the palladium(O) complex. 

Commercially available Pd°(PPh3)4 also catalyzes the process depicted above, but observations indi¬ 
cate that the reaction rate is significantly depressed over those seen with PhCH2Pdn(PPh3)2Cl.155 This is 
true even though the same coordinately unsaturated complex, Pd°(PPh3)2, is responsible for catalysis in 
both cases through the well-known dissociative process shown in equation (82).171 
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+R'SnR3 

PhCH2PdL2Cl -- R1PdL2CH2Ph -► PdL2 

I —R3SnC1 -R'CH2Ph 

Pd°(PPh3)4 . '—“ Pd°(PPh3)2 + 2PPh3 (82) 

The inclusion of additional triphenylphosphine in reactions catalyzed by PhCHhPdfPPh^Cl results in 
a deceleration of the oxidative addition process. The highly reactive coordinatively unsaturated catalyst 
Pd°(PPh3)2 now becomes part of the equilibrium shown above. Since in this case coordinatively saturated 
Pd°(PPh3)4 first undergoes dissociation, the added ligand shifts the equilibrium towards the left and de¬ 
creases the rate of oxidative addition.172 In mechanistic studies to be discussed later, the effect of added 
triphenylphosphine was found to be the greatest during oxidative addition. Smaller effects of this ligand 
were observed in the ensuing transmetallation and reductive elimination. 

Other potential sources of catalyst for the acylation include the air- and moisture-stable dibenzylide- 
neacetone complex of palladium(O); Pd°2(DBA)3-CHCl3.173 This complex reacts with triphenylphosphine 
to form coordinatively unsaturated complexes in situ but has been used infrequently for acylation.174 So- 
called ‘ligandless catalysts’ have been exploited with promising results. Ligandless palladium complexes 
such as RPd°XL2 (L = solvent) contain no phosphine-derived ligands but instead are merely solvated by 
the reaction medium. These complexes are among the most active catalysts for cross-coupling and can be 
formed in situ from either ('n3-C3H5PdIICl)2, (MeCN)2PdnCl2 or PdnCl2-LiCl through metathesis with the 
organotin. Acid chlorides will suffer oxidative addition by these complexes and good yields of ketones 

are obtained (Scheme 44).175 

O 
O (Ti3-C3H5PdCl)2 II solv R*SnMe3 O 

X -- R^Pdci -- X , + Me3SnC1 
R Cl HMPA or acetone j,olv 70-100% R R 

R = Ph; R1 = Me, Bn, vinyl, Ph, p-C\C6H4, p-CNC6H4, p-N02C6H4, 2-thenoyl, 

R = Me, o-FC6H4, Bn, PhCH=CH, p-ClC6H4; R1 = Ph, Me 

Scheme 44 

Aromatic or a,p-unsaturated acid chlorides were found to undergo rapid oxidative addition with these 
palladium complexes, and the subsequent acylation of an organotin proceeded smoothly in HMPA (1-60 
min) or in acetone. Formation of simple aliphatic acylpalladium(II) complexes proceeds at markedly re¬ 
duced rates and the acylation of organotins is slower but still useful (10-24 h). 
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The formation of the acylated palladium(II) species has been formulated as shown in Scheme 45. The 
sequence relies on strong solvent participation to prevent precipitation of palladium(O) during reductive 
elimination of intermediate complex (110). When tetramethyltin or benzyltrimethyltin is to be used in 
this process it is necessary to introduce a small amount of Me6Sn2 to aid in the formation of the active 
catalyst. These organotins are slow to react with (iq3-C3H5PdCl)2. 

1/2 + R’SnMe3 
solvent 

-Me3SnCl 

solv 

R'Pd (r)3-C3H5) 

solv 

(110) 

Scheme 45 

RCOC1 

-C3H5R1 

solv 

PdCl 

solv 

1.13.4.1.3 Effect of solvent, catalyst concentration and oxygen 

Several factors were found to influence the rate of the Stille acylation process, including an accelera¬ 
tion effect by oxygen and also acceleration by the use of polar solvents such as HMPA. Oxidative addi¬ 
tion to the acid chloride forms a tra«5-acylpalladium(II) complex which can in principle degrade by the 
loss of carbon monoxide. In some cases it is advantageous to use an atmosphere of CO to reverse this 
process.176 The initial rate was also found to be critically dependent on catalyst concentration. Surpris¬ 
ingly, high catalyst concentrations do not accelerate the reaction and are in fact only slightly more effec¬ 
tive than low levels of palladium (see Table 10). The initial rate and t\/2 were found to be sensitive to the 
concentration of palladium complex between 0 and 3 x 103 M, but became constant above this concen¬ 
tration. The optimal catalyst concentration for the reaction shown in Table 10 is about 7 x 10-4 M in 
PhCH2Pd(PPh3)2Cl.155 

Table 10 Dependence of Reaction on Catalyst Concentration 

Me4Sn 

BnPd(PPh3)2Cl 

HMPA 

O 

Ph 
+ Me3SnCl 

[Catalyst] (mol L 1 x 70-4) Turnover number Initial rate (mol L 1 min 1 x 
10~*) 

tit2 (min) 

0.866 14925 30.72 125 
1.73 7692 76.80 60 
6.94 1852 172.80 38 
8.30 1563 70.40 50 
30.4 422 46.08 128 
75.5 170 40.96 115 
149.4 86 42.24 120 

[PhCOCI] = 1.28 M, [Me4Sn] = 1.40 M. 

The exact reasons for this behavior are not clear; however, deactivation at high concentrations may be 
due to dimerization of the catalyst which liberates triphenylphosphine as shown in equation (83). As dis¬ 
cussed, the reaction is significantly impeded by added phosphine. 

Bn PPh3 
2 Pd' 
Ph3P Cl 

(83) 

Although it is not certain by what mode added oxygen accelerates the catalytic process, it has been 
proposed that oxygen initiates a radical-based oxidative addition to palladium which is several orders of 
magnitude faster than the alternative nucleophilic displacement occurring largely under inert atmos¬ 
phere.177 Radical scavengers predictibly override the rate enhancement due to oxygen. It is possible that 
at least two mechanisms are active to some extent during oxidative addition.178 One path involves 



Nucleophilic Addition to Carboxylic Acid Derivatives 443 

nucleophilic addition, displacement of chloride with possible formation of a cationic metal complex, and 
collapse to RCOPd(L2)X.179 The other process may involve halide abstraction, electron transfer to form a 
radical pair (L2Pd*X + RCO ) which can collapse to RCOPd(L2)X.179 In this case oxygen can act as the 
electron acceptor to initiate the process. The latter proposition is based upon CIDNP effects observed 
during oxidative addition of platinum and palladium complexes to alkyl halides.180 Latter stages of the 
process, including transmetallation and reductive elimination, are not enhanced. The stoichiometric re¬ 
action of isolated acylpalladium complex (107) (Scheme 43; R = Ph) with tetraalkyltins (transmetalla¬ 
tion, trans to cis isomerization and reductive elimination) was actually shown to be retarded by the 
presence of oxygen.181 

Originally, it was felt that a polar solvent such as HMPA was a requirement for the reaction; however, 
subsequent work has shown that even nonpolar solvents such as chloroform can be used with only a 
small decrease in yield and in reaction rate.182 The work-up was made considerably simpler by this 
change and in some cases the reaction is made more selective over similar reactions using HMPA. Bro- 
moaromatic compounds such as 4-bromobenzoyl chloride are converted to the acetophenone without re¬ 
placement of the halogen. In HMPA, up to 26% of the 4-methylacetophenone is produced. No 
bromination or elimination was observed from substrates such as 6-bromohexanoyl chloride. It is known 
that cyclic ethers such as THF may be cleaved with acylpalladium(II) halide complexes in the absence of 
tetraalkyltins, but this solvent can still be used effectively for ketone synthesis since the rate of organotin 
acylation exceeds that of the degradation reaction.183 A strong coordination of the acylpalladium com¬ 
plex by THF is indicated by these observations. Interestingly, solvent effects play a role in the selectivity 
of acylation when using allylic stannanes. In equations (84)-(86), the use of CHCI3 rather than THF led 
to multiple addition products.182 

Pd(PPh3)4 

THF, 65 °C 

83% 02N 

90:10 P,y:a,(3 

(85) 

BnPd(PPh3)2Cl 

THF, 50 °C 

O 

02N 

83:17 mixture with y-isomer 

(86) 

The palladium(U) catalyst, because of its Lewis acidity, may play a role in the addition of allylic tin to 
the ketone; however, acylation of crotyltin was not reported to form a tertiary alcohol using palla- 
dium(II). It appears that solvent effects dominate in these cases. As part of the same study, substituted vi- 
nylstannanes were shown to undergo acylation with retention of configuration; however, the resulting 
a,[3-unsaturated ketones were not configurationally stable to the reaction conditions. Isomerically pure 
(Z)-1 -propenylstannane was acylated to afford a 50:50 mixture of alkenes (equation 87). The (Z)-a,(3-un- 
saturated ketone was shown to isomerize to a mixture of (Z)- and (E)-isomers under the reaction condi¬ 
tions. Mixtures of (Z)- and (£)-2-substituted vinylstannanes were acylated to afford mainly the 

(£>ot,3-unsaturated ketone (equation 88).184 
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O x 
Ph Cl 

Bun3SrT 
BnPd(PPh3)2Cl 

THF, 65 °C 

74% 

(87) 

O x 
Ph^^Cl 

OSiMeoBu' 
BnPd(PPh3)2Cl 

THF, 65 °C 

78% 

OSiMe2But (88) 

1.13.4.1.4 Transmetallation and reductive elimination 

The acceleration of palladium-catalyzed acylation of organostannanes with polar solvents is thought to 
originate in the transmetallation and reductive elimination sequence. Kinetic studies have shown that the 
transmetallation of the tin substituent is rate limiting for reactions catalyzed by BnPdn(PPh3)2Cl and in 
the absence of excess triphenylphosphine. Support for transmetallation of the acylpalladium(II) chloride 
by the stannane, and direct evidence for the existence of the acylpalladium complex in solution was ob¬ 
tained from 31P NMR using the reaction shown in equation (89).185 After the reaction had proceeded for 
1.5 h at 65 °C, the 31P resonance due to BnPdn(PPh3)2Cl at 8 28.7 disappeared and a new resonance at 8 
19.8 was observed. The latter correlated exactly with spectra of independently prepared PhCO- 
Pdn(PPh3)2Cl.186 The build up of this intermediate in the catalytic process suggests the transmetallation 
was rate limiting. Acylarylpalladium(II) complexes (108) and (109) (Scheme 43) were not observed 
spectroscopically, intimating that the reductive elimination was not a rate-limiting process. Also, it was 
not possible to observe the presence of the presumed palladium(O) catalyst (PPh3)2Pd° which demon¬ 
strates that oxidative addition was not rate limiting. 

O 17 mol % BnPd(PPh3)2Cl O 
Bun3SnPh + 0 

Pli Cl 65 °C, CDC13 
II + Bun3SnCl 

Ph^Ph 
(89) 

2 equiv. 1 equiv. 

The order of reactivity in the transmetallation of organostannanes to the acylpalladium(II) complex 
(107) has been found to be PhC=C > PrC=CH > PhCH=CH, CH2=CH > Ar > allyl, benzyl > 
MeOCH2 > Me > Bu.185 The order of reactivity indicates that substantial amount of charge is borne by 
the migrating group and is consistent with electrophilic attack by the acylpalladium(II) complex. In most 
cases with diverse substituents attached to tin, alkyl groups will not be transferred and the better migrat¬ 
ing ligand is always the one to be consumed. Alkyl groups can only be transferred with tetraalkylstan- 
nanes. Tetramethyltin is commercially available and has been used for the purpose of preparing methyl 
ketones. The tetraorganotin reagents transfer the first group rapidly but the second leaves about 100 
times slower. Usually stoichiometric amounts of acid chloride and stannane are used. 

As discussed earlier, the transmetallation segment occurs with retention of stereochemistry in the case 
of vinylstannanes, although the thermodynamic isomer usually predominates. Stille has provided evi¬ 
dence that transmetallation of alkyl substituents occurs with inversion of configuration based upon the 
acylation of (5)-(-)-(a-deuteriobenzyl)tributyltin ([ot]20D -0.328° (neat) approx. 75% ee). Although the 
final product was sensitive to racemization, the authors could conclude that at least 65% stereospecificity 
was realized in this process. The last step, reductive elimination has been shown to proceed with reten¬ 
tion of configuration (equation 90).187 

4 mol % BnPd(PPh3)2Cl 

PhCOCl, HMPA, 65 °C 
0 

(90) 

Reductive elimination from the acylorganopalladium(II) complex is generally a facile process. The 
rate is influenced by the solvent polarity and added triphenylphosphine.188 Reductive elimination has 
been shown to be faster than the elimination of palladium hydride from intermediate (111) in both chlo¬ 
roform and HMPA (Scheme 46).189 This makes the process useful even for alkyl group acylation. 
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O 

Ph 

Scheme 46 

Kinetic studies indicate that reductive elimination is preceded by a dissociation step in which a phos¬ 
phine ligand is removed. This places the migrating groups on adjacent sites for elimination from a trico¬ 
ordinate species. Recall the rate retardation caused by addition of triphenylphosphine to a stoichiometric 
reaction of RCOPdnL2Cl and R^Sn. This would be expected if ligand dissociation is a necessary step in 
trans to cis migration prior to reductive elimination (Scheme 47).190 

R L L L L 
Pd —-.~~ Pd • Pd 

L' R R' R R' R 

\ / 
RR, LPd 

Scheme 47 

Polar solvents may lower the activation energy needed for removal of a phosphine ligand by substitu¬ 
tion with a weaker solvent ligand at the site of unsaturation. During reductive elimination, palladium ob¬ 
tains two electrons from the displaced groups, therefore strong cr-donation from these groups is more 
important than continued electron donation from a phosphine. Strongly donating phosphine ligands tend 
to reduce the rate of reductive elimination by keeping the electron density on the metal relatively high.190 
Although additional phosphine ligand was observed to slow the rate of reductive elimination by displac¬ 
ing the equilibrium shown in Scheme 47, the overall rate of the catalytic reaction is effected to a much 
greater extent, indicating a more substantial hindering effect during oxidative addition.155 Beletskaya has 
shown that oxidative addition of palladium to the acid chloride is not dependent upon the a-donation of 
phosphine ligands and advocates the use of ligandless palladium in these reactions.175 

The end of the reaction is signified by the precipitation of metallic palladium as bis(triphenylphos- 
phine)palladium(O) undergoes disproportionation in the absence of the acid chloride (equation 91). 

2Pd(PPh3)2 -^ Pd(PPh3)4 + Pd (91) 

1.13.4.2 Sources of Tetrasubstituted Stannanes 

Aromatic, heterocyclic, alkynyl, alkenyl and alkyl stannanes have all been shown to be useful as the 
nucleophilic partner in palladium-catalyzed acylation.191 The organostannanes are not water or air sensi¬ 
tive and may be prepared easily by one of several general strategies;192 a few simple organotins are com¬ 
mercially available. The application of trimethyl- or tri-n-butyl-stannyl anions with organic electrophiles 
provides the most versatile approach to these derivatives; a wide range of functionality may be tolerated 
as part of the electrophilic substrate. Alternatively, trialkyltin halides or sulfonates may be reacted with 
common organometallic agents, including Grignard, organolithium and organoaluminum reagents. The 
functionality which is to be introduced into the organostannane by the latter method is limited by the 
choice of the organometallic; however, both approaches have seen a great deal of use. Once tin is incor¬ 
porated into an organic substrate, selective manipulation of other functional groups on the molecule may 
subsequently be carried out. Selective reactions such as lithium aluminum hydride reduction or perman¬ 
ganate- and chromium-mediated oxidation have been demonstrated, as well as a variety of nucleophilic 
addition and acid-base chemistry. The organotins may be purified by distillation or silica gel chromato¬ 
graphy. Other methods of organotin construction, which have been employed recently, include the free 
radical addition of organotin hydrides to substituted alkenes or alkynes, the palladium-catalyzed coupling 
of hexaalkyldistannanes with aryl or benzylic and allylic systems and the formation of a-stannylated 

ketones through reaction of trialkyltin amides with simple ketones. 
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1.13.4.3 Acylation of Organostannanes with Acid Chlorides 

Several interesting uses of palladium-mediated acylation in organic synthesis have appeared recently. 
In the synthesis of the marine natural product diisocyanoadociane completed by Corey, formation of op¬ 
tically active enone ester (112) was accomplished under the conditions shown in equation (92).193 Note 
that tetrakis(triphenylphosphine)palladium(0) was used as the catalyst and the reaction was conducted 
under an inert atmosphere without severely impeding its completion (2 h). 

SnBu"3 t THF 

Pd(PPh3)4, 70 °C 

90% 

(112) 

The conditions used by Stille provided an increased rate of conversion in a related synthesis of a ste¬ 
roid precursor (equation 93); however, HMPA was the solvent.194 Enone (113) was previously syn¬ 
thesized in 40-44% yield by aluminum chloride mediated acylation of ethylene.195 

O 

cA 
Me02C^J 

Preparation of the macrolide antibiotic pyrenophorin may be accomplished through Mitsunobu coup¬ 
ling of two identical fragments derived from (114; equation 94). Stille has completed a formal synthesis 
of this molecule with minimal protection of the precursor, through palladium-mediated acylation of or- 
ganotins.196,197 Several modifications of the original procedure155 were incorporated as part of this syn¬ 
thesis to facilitate isolation of the product and to avoid side reactions caused by decomposition of the 
intermediate acylpalladium species. Replacement of the preferred solvent HMPA with chloroform 
caused a reduction in the reaction rate but the work-up was considerably easier. Reaction times in chloro¬ 
form vary depending on the degree of substitution on the organotin. Unsubstituted vinyltins react in less 
than an hour; however, di- and tri-substituted vinylstannanes transfer the alkene group at progressively 
slower rates, ranging from 20 to 72 h, respectively. In the synthesis of enone ester (114) shown in equa¬ 
tion (94), two charges of the stannane were required during the 30 h reaction period before complete 
consumption of the acid chloride was noted. A total of 1.6 equiv. of stannane were added. Additionally, 
carbon monoxide was necessary to reverse the observed decomposition of the intermediate acylpalla¬ 
dium complex; the latter modifications served to improve the yield by 40%. 

^SnBiA 

BnPd(Ph3P)2Cl, HMPA 

65 °C, 1 min 

92.5% 

Me02C^ 

(1131 

(93) 

Pyrenophorin 

BnPd(Ph3P)2Cl 

1 atm CO, 

65 °C, 30 h, CHC13 

71% 

O 

OSiPh2Bu‘ O 

(114) 
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In Kende’s formal total synthesis of the antitumor agent quadrone198, a late stage intermediate, prior to 
closure of the third carbocyclic ring, was prepared using the method of Stille. The reaction appears to be 
exceedingly slow, even when HMPA is used as the solvent (equation 95). This points to the fact that 
transfer of simple alkyl groups from tin to the acylpalladium complex is not facile. No mention was 
made of alternative nucleophiles for this transformation such as dimethylcuprate or methylmagnesium 
chloride. 

(95) 

In contrast, early in the synthesis of the hexahydrobenzofuran portion of the avermectins, Ireland re¬ 
ported that palladium-catalyzed acylation of tetramethyltin was the most effective method for preparing 
the required methyl ketone as shown in equation (96).199 The sensitive 3,4-O-isopropylidene-L-threonyl 
chloride was converted in high yield to the corresponding methyl ketone without epimerization at C-3. 
To avoid decarbonylation, the reaction was run under a carbon monoxide atmosphere until completion 
(4 h). 

O 

COC1 
/ 

OCOBu' 

Me4Sn, HMPA 

Pd(Ph3P)2(PhCH2)Cl, 25 °C 

87% 

(96) 

The acylation of organocadmium reagents with acid chlorides such as (115) formed an early method 
for synthesis of progesterone derivatives such as 21-methyl progesterone (equation 97). The same trans¬ 
formation may be accomplished more easily with palladium-catalyzed organotin acylation in 45% 
yield.200 

COC1 

Et4Sn, HMPA 

Bn(Ph3P)2PdCl 

80 °C, 45 min 

45% 

(97) 

Holton has demonstrated that certain palladium(II) complexes can function as nucleophiles towards 
powerful acylating agents such as acetyl chloride.201 These reactions proceed through the intermediacy 
of the palladium(IV) species (116) formed through oxidative addition as depicted in equation (98). Palla- 
dium(IV) intermediates had been proposed earlier to explain rate acceleration by reactive alkylating 
agents such as methyl iodide or benzyl bromide in metal-catalyzed carbon-carbon bond formation.202 
Logue has studied a substantial number of palladium-catalyzed acylations of (l-alkynyl)tributylstan- 
nanes.203 Alkynylstannanes were acylated under very mild conditions which allowed a variety of func¬ 
tional groups to be present; however, in many cases the alkynylstannanes themselves had to be prepared 
from alkynyllithiums. Recall the earlier discussion of the acylation of alkynyllithiums by A-methoxy-A- 
methylamides (Section 1.13.2.1.1), and lactones (Section 1.13.2.7). In addition, it is also possible to acyl- 
ate terminal alkynes directly with copper(I) iodide and palladium dichloride bistriphenylphosphine 

complex without the necessity of tin mediation.204 214 
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(116) 

1.13.4.4 Palladium-catalyzed Acylation of Organozincs 

Organometallics derived from the reaction of zinc chloride and Grignard reagents or organolithiums 
can be efficiently acylated by acid chlorides in the presence of palladium(O). The reaction is quite similar 
to the acylation of organostannanes but depending upon the case, may be easier to carry out for relatively 
simple alkyl organometallics which do not transfer well from tin. On the other hand, the need for an 
organometallic limits the functionality that can reside on the intended nucleophile. Unlike the case of 
organotins and acid chlorides there is some uncatalyzed acylation of zinc organometallics by the 
substrate; however, the latter process in and of itself is not useful. Organozinc reagents do not appear to 
add to ketones without Lewis acid activation. 

Although not intensely studied, the mechanism of acylation with zinc reagents is expected to take the 
same course as that proposed for organotins. The most reactive catalyst, (Ph3P)2Pd can be generated in 
situ from (Ph3P)4Pd as discussed previously (Section 1.13.4.1.2) or by reduction of Cl2Pdn(PPh3)2 and 
Cl2Pd(DPPF) with diisobutylaluminum hydride.206 Also Stille’s catalyst, BnPdn(PPh3)2Cl, is reported to 
be as effective for acylation under these conditions as with the organotins.208 As with stannane acylation 
triphenylphosphine has a rate-retarding effect on oxidative addition of the acid chloride and would be ex¬ 
pected to have a somewhat smaller rate-retarding effect on reductive elimination. Reactive halides such 
as benzylic bromides may be directly acylated with acid chlorides in the presence of zinc powder and 
palladium(O).205 The most effective catalyst precursor was Cl2Pdn(PPh3)2 and the rate was decreased by 
suboptimal catalyst concentrations as was observed for organotins. Many of the examples have been sub¬ 
stituted alkenyl or alkynyl zincs (equations 99-101). The acylation is >98% stereospecific for retention 
of configuration with disubstituted alkenes.206 

The reaction was recently applied to the synthesis of 1,4- and 1,5-diketones (equation 102).207 Perhaps 
not surprisingly, the (3- and y-ketozincs are stable to selfcondensation and proton abstraction. HMPA or 
some polar aprotic solvent must be used for high yields. 

The corresponding dialkyl zinc reagents have also been used in acylation (equation 103). Under the re¬ 
action conditions with aromatic acid chlorides, substituted benzaldehydes are often a by-product. The 

n-C6H13 O 

ZnCl 

Cl2Pd(PPh3)2, DIBAL-H 

Cl THF, 25 °C 

77% 

n"C6H13 

o 
>98% (E) 

f 

(99) 

O 

n-C5Hu—= ZnCl 
Pd(PPh3)4 

THF, 25 °C 

89% 

O 

(100) 

(E):(Z) = 95:5 (E):(Z) = 95:5 
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BunZnCl 

Pd(PPh3)4 

THF, 25 °C 

90% 

(uncatalyzed reaction 52%) 

Ph 

O 

A 
Bun 

(101) 

X 

4% [Pd(PPh3)4] 

HMPA, 25 °C 

X = Et; n = 2 R1 = Ph 53% 

X = Me; n = 3 R1 = H2C=CH 85% 

(102) 

yield of desired product can be maximized by using ether as the solvent and the bidentate DPPF ligand 
which prevents the elimination of palladium hydride. Alkyl acid chlorides do not require these special 
conditions in acylation.208 

Bun2Zn + 

O BnPd(PPh3)2Cl 

Et20, 25 °C 

91% 

or Cl2Pd(DPPF), Et20 

97% 

O 

(103) 

Amino acid synthons can be prepared from iodoalanine with no loss of optical integrity (Scheme 48). 
The amino acid was transformed into a novel zinc reagent through reductive metallation with a zinc-cop¬ 
per couple in benzene/dimethyl acetamide. This organometallic was acylated under palladium catalysis 

in good overall yield.209 

Zn(Cu) 

IZn 

(Ph3P)2PdCl2 

RCOC1 PhH, DMAC 

ultrasound 

R = Ph, 70%; R = 2-furyl, 90%; R = Me, 80%; R = Bu'CH2, 84% 

Scheme 48 

In a related procedure, the Diels-Alder substrate (118) was prepared from the iodide (117) through re¬ 
ductive metallation with a zinc-copper couple followed by palladium-catalyzed acylation (Scheme 
49).210 This was a very rapid acylation in contrast to the related organotin-mediated coupling. 

(117) 

Zn(Cu) 

PhH, DMF 

ultrasound 

Znl 

COC1 

Pd(PPh3)4 

100% 
O 

(118) 

Scheme 49 
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1.13.4.5 Palladium-catalyzed Acylation of Organomercurials and other Organometallics 

Many other types of organometallics which are not acylated directly by acid chlorides and which do 
not undergo addition to ketones may still transmetallate into the acylpalladium(II) complex. Simple alkyl 
organomercurials have been acylated in this fashion to give moderate to good yields of ketones.211 
Larock has studied the palladium-catalyzed acylation of vinylmercury(II) compounds with acyl halides 
(equation 104).212 The reaction was only modestly productive and could not compare to the yield pro¬ 

vided by aluminum chloride catalysis. 

\ 
HgCl 

+ AcCl 

10 mol % (PPh3)4Pd 

HMPA, 60 °C 

58% 

(104) 

Organoaluminum reagents are known to react with ketones to form geminal dialkyl compounds, thus 
their use in acylation chemistry has been limited. For instance treatment of benzoyl chloride with tri- 
ethylaluminum in THF gave less than 5% of propiophenone. Surprisingly, the corresponding palla- 
dium(0)-catalyzed process afforded this ketone in 70% yield with 5 mol % Pd°(PPh3)4 (equation 105). 
The rate of acylation must be substantially faster than addition of the trialkylaluminum reagent to the ke¬ 
tone. Transmetallation of the organoaluminum with the acylpalladium(II) intermediate must also be fa¬ 
cile. Palladium catalysts generated in situ from Pdn(OAc)2 and 2 equiv. PPh3 were effective, as were 
other sources including Cl2Pdn(PPh3)2-213 Presumably, the actual catalyst, Pd°(PPh3)2, was generated by 
sacrificial transmetallation of a portion of the organoaluminum as in the analogous case of organotins 
(Section 1.13.4.1.2). 

O 

Et3Al 

Pd(PPh3)4 

THF, 25 °C 

70% 

O 

(105) 

Bu 

O 
Pd(PPh3)4 Bu-^-( 

THF, 25 °C 

74% 

\ 
Ph 

(106) 

We have previously discussed the acylation of organocopper(I) reagents under palladium catalysts as a 
method for the preparation of a,(3-unsaturated ketones (Section 1.13.3.1.1). An additional example of 
what must be a palladium(II)-catalyzed process for the synthesis of furanones comes from the work of 
Inoue (Scheme 50).214 

Ph 

O 

A 
Cl 

PdCl2(PPh3)2 

Cul 

C02 

1.13.5 ACYLATION WITH NICKEL AND RHODIUM CATALYSIS 

1.13.5.1 Acylation with Alkylrhodium(I) Complexes and Acid Chlorides 

The use of nickel and rhodium in acylation has largely been supplanted by the growing use of palla¬ 
dium complexes. This is in large part due to the lethargic nature of reductive elimination from nickel(II) 
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complexes and the need for stoichiometric amounts of rhodium in the original protocol. Nevertheless, an 
exceedingly mild method for the acylation of simple primary alkyl-, aryl- or allyl-lithiums (or Grignard 
reagents) by acid halides is achieved through the prior transformation of these organometallics into sub¬ 
stituted rhodium(I) complexes.217 Although this method has not found widespread acceptance in the lit¬ 
erature, it was one of the first examples of transition metal mediated organic synthesis applied to the 
preparation of ketones. Substrates complicated with extensive functionality and which are sensitive to 
strongly basic conditions can be acylated in much the same way that palladium mediates acylation of a 
variety of nucleophiles. For this reason, a short discussion of the applications of this technology are in¬ 
cluded. 

Although the scope of nucleophilic reagents that can be used in this approach is not exceedingly broad, 
many different functional groups such as aldehydes, esters and nitriles as well as a-chloro ketones are 
tolerated as part of the substrate molecule. The conditions are mild and the rhodium(I) complex is re¬ 
turned unchanged from the reaction mixture. The addition of allyllithiums or Grignard reagents offers a 
selective method for the preparation of (3,y-unsaturated ketones. As mentioned, it is necessary to employ 
stoichiometric amounts of a rhodium complex, usually in the form of chloro(carbonyl)bis(triphenylphos- 
phine)rhodium(I).215 This is because of the high nucleophilicity of the organometallics chosen. The re¬ 
action is thought to proceed by addition of the nucleophile to form rhodium(I) complex (119) which then 
oxidatively adds to the acid chloride forming rhodium(III) complex (120). Reductive elimination releases 
the ketone and returns the original form of the rhodium complex, ready for reuse (Scheme 51). Attempts 
to isolate the intermediate rhodium(I) or rhodium(III) complex have thus far failed; however, the reaction 
may be monitored by infrared spectroscopy. A clear transformation of the initial rhodium complex (121) 
to the alkylrhodium(I) complex (119) was observed by a shift of the carbonyl absorption to lower energy, 
expected of the more electron-rich complex. It was not possible to observe the rhodium(III) complex 
(120) by this method. After addition of the acid chloride, infrared bands for the expected carbonyl prod¬ 
uct and for the starting rhodium(I) complex become evident. The expectation of a rhodium(III) inter¬ 
mediate was based upon other work in this area, but still remains a supposition. Oxidative addition to the 
acid chloride was not observed to take place with complex (121) and formation of the alkyl complex 
(119) increases the ability of the metal to add oxidatively by electron donation. Other more nucleophilic 
forms of rhodium such as Rh(PMe2Ph)3Cl are known to oxidatively add to acid chlorides but have not 
been used in this acylation process.216 

THF 

RhICl(CO)(PPh3)2 + RM 

(121) 

-78 °C 

[Rh1R(CO)L2] 

(119) L=PPh3 

O 

R'^Cl 

THF, -78 °C 

reduction 

elimination 

O 

,X „ + RhICl(CO)(PPh3)2 
R1 R 

Rh111 -R 
Ph3P< I 

CO 

(120) 

Scheme 51 

Some examples of this method are given in Table 11.217 Most of the entries proceed in about 60-80% 
yield, with the exception of secondary and tertiary alkyllithiums. In these cases, the facility of ^-hydride 
elimination in the intermediate alkylrhodium complex predominates over oxidative addition to the acid 
halide. One example of formation of an optically active ketone proceeded without racemization at the 

a-center. 

Table 11 Acylation of Alkylrhodium Complexes with Acid Chlorides 

Acid chloride RM Product Yield (%) 

n-CnH23COCl MeLi n-CnH23CO 77 
n-CnH23COCl MeMgBr n-CnH23COMe 58 

PhCOCl PhLi PhCOPh 94 
PhCOCl CH2=CHCH2MgBr PhCOCH2CH=CH2 71 

rra«s-PhCH=CHCOCl MeLi tra/zj-PhCH=KJHCUMe 68 

ClCH2COCl BunLi ClCH2COBun 55 

(S)-(+)-PrCH(Me)COCl EtLi (5)-(+)-PrCH(Me)COEt 83 
PhCOCl EtCH(Me)Li EtCH(Me)COPh 3 
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In an extension of this work, Pittman has found that the rhodium(I) complex may be anchored to poly¬ 
styrene resin thus enabling facile catalyst regeneration (Scheme 52). Unfortunately, certain acid 
chlorides such as p-nitrobenzoyl do not oxidatively add to the rhodium(I) complex at an appreciable rate; 
other unreactive substrates include p-methoxybenzoyl and some hindered acid chlorides.218 

^ -78 °C, THF ^ 
PPh2)2RhCl(CO) + RLi PPh2)2RhR(CO) + LiCl 

R'COCI, THF 

-78 °C 

R = Bun, Ph 

+ (p)— PPh2)2RhCl(CO) 

R1 = Me02C(CH2)4COCl R = Ph, 56% 

R1 - m-NCC6H4COCl R = Bun, 60% 

Scheme 52 

The advantage of the previously described palladium-mediated acylation of organotins actually lies in 
the fact that the tin reagents do not directly react with the acid chlorides in the same way as organo- 
lithiums and Grignard reagents. The substituent on tin readily transmetallates or acts as the nucleophile 
towards the acylated palladium(II) complex which then undergoes rapid reductive elimination to form 
the product and reform the palladium(O) catalyst. Since organolithiums and magnesiums are not com¬ 
patible with acid halides, stoichiometric quantities of the rhodium complex are necessary to preform the 
alkylrhodium(I) complex. To make the rhodium-mediated process catalytic in metal, Migita and cowor¬ 
kers demonstrated that the combination of allyltins and acid chlorides will afford ketones in good yield 
using 2 mol % ClRhI(PPh3)3 (equations 107 and 108).219 They propose the mechanism of this process to 
involve addition of the allyltin to the rhodium(I) complex, which then suffers oxidative addition with the 
acid chloride. An alternative possibility begins with oxidative addition of the acid chloride to the rho- 
dium(I) complex, followed by transmetallation of the allyltin, and reductive elimination. In equation 
(108) introduction of the tin substituent occurs without allylic rearrangement, as is also the case with pal¬ 
ladium catalysis; however, compared to the methodology developed for the corresponding palladium- 
catalyzed process, the use of rhodium in acylation has not been shown to be advantageous. 

O 

A + 
Bu‘ Cl 'SnBih 

2 mol % (PPhjljRhCl 

PhH, 10 h 

72% 

O 

Et 
+ SnBu3 

2 mol % (PPh3)3RhCl 

PhH,12h 

64% 

(107) 

(108) 

1.13.5.2 Acylation by Organonickel Complexes 

Only scattered examples of the use of nickel salts in acylation have been reported in the past few 
years. Marchese and coworkers in a series of papers have discussed their discovery that Ni11 complexes 
such as Ni(DPPE)Cb will moderate the acylation of Grignard reagents to afford ketones (see also Sec¬ 
tions 1.13.2.5 and 1.13.2.6). In a particularly interesting synthesis of 1,4-diketones or 1,4-keto aldehydes, 
these workers selectively monoacylated the Grignard reagent derived from 2-(2-bromoethyl)-l,3-dioxo- 
lane with S-phenyl carbonochloridothioate using catalytic amounts of nickel(II) (Scheme 53). Sub¬ 
sequently, a second equivalent of another Grignard reagent was added to the resulting product, this time 
with mediation from iron(III) acetylacetonate. 

Each step of the process proceeds in high yield without formation of tertiary alcohol by-products. The 
reaction can be run at 0 °C in THF, which is somewhat of an advantage compared to the low tempera¬ 
tures normally required in Grignard acylations. Both steps can also be conducted in one pot, although 
yields are higher if the intermediate thiol ester is isolated before the next step.220 

Mukaiyama has described the use of nickel(II) salts as catalysts for the acylation of weakly nucleo¬ 
philic organozincs. The advantage of this methodology is that the zinc reagent is prepared in situ from 
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r~A 

Ni(DPPE)Cl2, THF, 0 °C 

R = H, 85% 

R = Me, 80% 

R'Mgl 

Fe(acac)3 

THF, 0 °C 

R1 
R = Me R = H 

EtCH=CHC2H4 93% 

Bun 97% 

Bus 93% 90% 

Ph 75% 73% 

Scheme 53 

the corresponding alkyl iodide (equation 109). Many types of functional groups are tolerated, including 
ketones, esters, chlorides and a,(3-unsaturated carboxylic acid derivatives. Only 10 mol % of nickel cata¬ 
lyst is needed for this acylation.221 

i, NiCl2 (10 mol %), Zn 

DMF, 50 °C, 5 h 

ii, H30+ 

(109) 

Generally only primary and some secondary iodides have been useful in this process; tertiary iodides 
do not react. It was also observed that no reaction occurred between the alkyl iodide and zinc unless the 
nickel catalyst was present. Several carboxylic acid derivatives were tested as acylating agents; however, 
the best yields were afforded by the 2-[6-(2-methoxyethyl)pyridyl] carboxylate shown in equation (109). 
Presumably, the higher degree of coordination attainable between this functionality and the organometal- 
lic, activates the acylating agent towards nucleophilic addition. This important effect has been seen in 
several other acylating agents including the S-(2-pyridyl) thiol ester. Both the S-(2-pyridyl) thiol ester 
and the 2-pyridyl carboxylic ester gave lower yields in this reaction.221 

3,y-Unsaturated ketones have been prepared in moderate yield through the acylation of ir-allylnickel 
complexes with activated 2-pyridyl carboxylates. But, isomerization of the initially formed unconjugated 
alkene resulted in mixtures of products and limited the value of the method. Substituted TT-allylnickel 
complexes derived from crotyl bromide or cinnamyl bromide were acylated in 79% and 50% yields, re¬ 
spectively, without formation of the a,(3-unsaturated ketone.222 

Rieke and coworkers have found that a special type of activated metallic nickel, available through re¬ 
duction of nickel(II) iodide with lithium metal, suffers oxidative addition of benzylic and allylic halides. 
The resulting nickel(II) complexes readily undergo cross-coupling with acid chlorides to form ketones. 
Once again it was difficult to obtain (3,y-unsaturated ketones from this method. Moderate to good yields 

of simple ketones may be prepared by this method.223 
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2.1.1 INTRODUCTION 

This chapter covers the carbonyl addition chemistry of carbanions stabilized by a nitrogen atom or a 
nitrogen-containing functional group in which the nitrogen is responsible for the stabilization. In most 
cases, the carbanions are formed by deprotonation, but metal-halogen exchange is occasionally import¬ 
ant. A carbanion that is stabilized by a nitrogen may exist in three oxidation states: sp, sp2 or sp3. The 
simplest nitrogen-stabilized carbanion is cyanide, the jp-hybridized case. In recent years, most efforts in 
this area have been expended on developing the chemistry of sp2- and sp3-carbanions. This chapter deals 
with the addition of these types of anions to carbonyl compounds. Alkylation reactions of sp3-hybridized 
species are covered in Volume 3, Chapter 1.2, and alkylation of sp2-hybridized carbanions is covered in 
Volume 3, Chapter 1.4. Specifically excluded from this chapter are additions of carbanions stabilized by 
a nitro group (the Henry nitroaldol reaction) and azaenolates, which are covered in Volume 2, Chapters 

1.10, 1.16 and 1.17. 
Each section of this chapter is subdivided according to the type of species being metalated: acyclic, 

carbocyclic or heterocyclic. The site of metaiation is the criterion for classifying each species. Thus, the 
ortho metaiation of anisole is classified as a carbocyclic system, whereas metaiation of the V-methyl 

459 
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group of a heterocycle is an acyclic system and the a-metalation of a piperidinecarboxamide is a hetero¬ 

cyclic system. 

2.1.2 sp-HYBRIDIZED CARBANIONS (CYANIDE) 

The addition of HCN to aldehydes has been a well-known reaction since the 19th century, especially 
in the context of the Kiliani-Fischer synthesis of sugars. Even older is the Strecker synthesis of amino 
acids by simultaneous reaction of aldehydes with ammonia and HCN followed by hydrolysis. The chal¬ 
lenge in recent years has been to achieve face-selectivity in the addition to chiral aldehydes. These face- 
selective additions, known as ‘nonchelation-controlled’ processes, refer to the original formulation of 
Cram’s for the reaction of nucleophiles with acyclic chiral carbonyl compounds.1 The ‘chelation-cont¬ 
rolled’ reactions refer also to a formulation of Cram’s, but whose stereochemical consequences some¬ 

times differ.2 

An example of this type of effort is as follows. Complexation of the carbonyl oxygen of AA/-dibenzyl- 
a-amino aldehydes with Lewis acids such as BF3, ZnBr2 or SnCL, followed by addition of trimethylsilyl 
cyanide leads to adducts formed by a nonchelation-controlled process.3 Complexation with TiCU or 
MgBr2 affords the opposite stereochemistry preferentially, through a chelation-controlled process 

(Scheme l).3 

Nonchelation control 

Bn2N O 

J 
Bn2N r

 
>

 

ii, iii Bn2N OH 
/ 

R 
\ 

H R H 67-81% R: CN 

R = Me, Bn, Bu\ Pr1 selectivity 87:13-95:5 

i, BF3, ZnBr2 or SnCl4, CH2C12; ii, Me3SiCN; iii, H20 or citric acid, MeOH 

Chelation control 

Bn2N O 

R H 

R = Me, Bn, Bu‘, Pr1 

LA 

Bn2N O 

M 
R H 

ii, iii Bn2N^ OH 

58-75% R CN 

selectivity 78:22-88:12 

i, TiCl4 or MgBr2, CH2C12; ii, Me3SiCN; iii, H20 or citric acid, MeOH 

Scheme 1 

2.1.3 s^-HYBRIDIZED CARBANIONS 

2.1.3.1 Introduction 

There are two common methods for forming sp2-hybridized carbanions: deprotonation and metal- 
halogen exchange. In their 1979 review of heteroatom-facilitated lithiations, Gschwend and Rodriguez 
contend that there are two mechanistic extremes for a heteroatom-facilitated lithiation: a ‘coordination 
only’ mechanism and an ‘acid-base mechanism’.4 They further state that: ‘between these extremes there 
is a continuous spectrum of cases in which both effects simultaneously contribute in varying degrees to 
the observed phenomena’.4 Because the subject of this chapter is nitrogen-stabilized carbanions, and be¬ 
cause this stabilization is most often exerted by coordination to the cation (usually lithium), it turns out 
that most of the deprotonations are best rationalized by prior coordination of the base to a heteroatom 
(the coordination only mechanism). Because these effects often render a deprotonation under conditions 
of kinetic control, this phenomenon has been termed a ‘complex-induced proximity effect’.5 The most 
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important manifestation of this coordination in the examples presented below is a high degree of regio- 
selectivity in proton removal. 

We have not restricted our coverage to instances of cation coordination to a nitrogen atom, since there 
are a number of important functional groups (such as secondary and tertiary amides) where coordination 
occurs at oxygen but stabilization is also provided by nitrogen. Thus, most of the developments of the 
last 10 years have been in the area commonly known as ‘directed metalations’. Several reviews have ap¬ 
peared on various aspects of these subjects.5-9 

2.1.3.2 Additions via Metalation of Acyclic Systems 

A novel method has been reported for the elaboration of carbonyl compounds, which is discussed in 
Section 2.I.4.2.10*11 However, one of the examples falls into the present category: the transformation of 
cyclohexanone to keto alcohol (4), via enamidine (1; equation 1). Treatment of (1) with t-butyllithium ef¬ 
fects regioselective deprotonation of the vinylic hydrogen to give (2), which adds to propanal to give (3). 
Hydrolysis then provides keto alcohol (4).10*11 

A synthesis of pyrroles and pyridines is possible by addition of dilithium species (5) to carbonyls 
(Scheme 2). The syn lithiation to give (5) was established by quenching (5) with trimethylsilyl chloride.12 

2.1.3.3 Additions via Metalation of Carbocyclic Systems 

2.1.3.3.1 Ortho metalation 

The vast majority of the species discussed in this and the following sections are formed by ortho lithia¬ 
tion (equation 2). In that the regioselective metalation of a given substrate at a given position is predi¬ 
cated on the ‘directing ability’ of the directing functional group, it is important to know what functional 
groups might take precedence over others. This ordering may be the result of either kinetics or thermo¬ 
dynamics. At one extreme for example, a strongly basic atom in a functional group might coordinate a 
lithium ion so strongly that coordination (and therefore ortho lithiation) is precluded at any other site (a 
kinetic effect). At the other extreme, metalation might occur to produce the most stable anion (a thermo¬ 

dynamic effect). 
The relative directing abilities of several functional groups have been evaluated by both inter- and 

intra-molecular competition experiments.9*13-15 The strongest directing group is a tertiary amide, but 
groups such as 3,3-dimethyloxazolinyl and secondary amides are also effective. The pKa values of a 
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number of monosubstituted benzenes (ortho lithiation) were measured against tetramethylpiperidine (pA'a 
= 37.8) by NMR spectroscopy.16 The results, shown in Table l,16 are accurate to ±0.2 pA'a units. By and 
large, the thermodynamic acidities parallel the directing ability of the substituent. Thus, the acidity im¬ 
parted to the ortho position is a useful guideline for determining relative directing ability. Also pertinent 
to the mechanism of nitrogen-directed lithiations is a recent theoretical study on the lithiation of en- 
amines, which concludes that ‘a favorable transition state involves the achievement of both the ste- 
reoelectronic requirement for deprotonation and stabilizing coordination of the lithium cation with the 
base, the nitrogen of the enamine and the developing anionic center’.17 

Table 1 pA"a Values for Ortho Lithiation of Substituted Benzenes in THF at 27 °C 

PhR + LITMP — o-RC6H4Li + HTMP 

R pKa (±0.2) R pAa (±0.2) 

—NMe2 >40.3a —OPh 38.5 
—CH2NMe2 >40.3a —S02NEt2 38.2b 
—C^CPh >40.3a 3,3-Dimethyloxazolinyl 38.lb 

—NHCOBu1 >40.5a —CN 38.1 
—OLi >40.5a —CONPr‘2 37.8b 

—OTHP 40.0 —OCONEt2 37.2C 
—OMe 39.0 

aNo metalation observed. b-40 °C. c-70 °C. 

From a synthetic standpoint, a highly useful consequence of the directed metalation strategy for aro¬ 
matic substitution is the cooperativity exerted by two directing groups that are meta: metalation and sub¬ 
stitution occur at the hindered position between the two directing groups (equation 3). However, 
exceptions have been noted in certain instances.18 Metalation may be directed elsewhere by the use of a 
trimethylsilyl blocking group at the preferred position.19 
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2.1.3.3.2 Meta metalation 

In some cases, aniline or indole derivatives can be substituted meta to the nitrogen by lithiation of the 
appropriate chromium tricarbonyl complexes.20-22 Examples are given in Scheme 3. One of the 
Cr—C=0 bonds eclipses the C—N bond, and therefore the other carbonyls eclipse the meta C—H 
bonds. Two suggestions have been offered for the meta selectivity: (i) the butyllithium coordinates the 
chromium carbonyl oxygen and then removes the proximate proton (a kinetic effect);20 (ii) the eclipsed 
conformation produces a lower electron density at the meta position, which in turn renders the meta 
protons more acidic (a thermodynamic effect).21 

-60 °C 

THF 

Me v „ SiMe^u' 
N 

RCHO 

57-71% 

selectivity 86:14—98:2 (m:p) 

-78 °C 

THF/TMEDA 

Li COiEt 

2.1.3.3.3 Amines and anilides 

The classic example of amines as directing groups, and the reaction cited by Gschwend and Rodriguez 
as the best example of a ‘coordination only’ mechanism,4 is the ortho metalation of AW-dialkylbenzyl- 
amines, reported by Hauser in 1963 23 Recent applications of the same directing group, working co¬ 
operatively with a meta methoxy to produce substitution between the two, are shown in Scheme 4.24-26 
In the illustrated examples, paraformaldehyde is the electrophile, and the benzylic alcohol (6) is obtained 
in 92% yield. The conversion of (6) to isochromanones such as (7) and berberines such as (8) illustrates 
the advantages of directed metalations over more traditional aromatic substitution methods such as 

Pictet-Spengler cyclizations. 
Imidazolidines may also act as ortho directing groups: the lithiation of 1,3-dime thy 1-2-phenylimidazo- 

lidine followed by addition to benzophenone proceeds in 63% yield.27 Carbazole aminals can be metal- 
ated ortho to the nitrogen, while benzo[a]carbazole may be dilithiated at nitrogen and the 1-position.28 A 
2-amino group of a biphenyl directs lithiation to the 2'-position of the other ring in a novel synthesis of a 

phenanthride.29 . 
Lithium amides add to benzaldehydes to form a-aminoalkoxides that direct ortho metalation, as shown 

in Scheme 5.30-31 In a related process, the a-aminoalkoxides may be metalated by lithium-halogen ex¬ 

change.32 . , , . . , 
In an aliphatic system, Stork has reported the regioselective lithiation of chelatmg enamines such as 

(9), to give vinyl carbanions such as (10; Scheme 6). Work-up often results in hydrolysis of the enamine, 

and in the case of addition to aldehydes, dehydration.17 33 
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(6) 

(6) (7) 

i, BunLi, Et20, 0 °C; ii, (CH20)„, 15 h; iii, 4 steps 

OMe 

7 steps 

MeO 

Scheme 4 

OMe 

(8) 

Gschwend reported the ortho lithiation of aniline pivalamides and subsequent addition to nitriles and 
carbonyls in 1979.34 A few years later, Wender used a similar aryllithium (11), obtained by metal- 
halogen exchange, in a new synthesis of indoles (Scheme 7).35 An analogous metalation occurs when 
A-phenylimidazol-2-ones are treated with LDA in THF at -78 °C.36 

2.1.3.3.4 Amides 

Secondary amides may direct ortho lithiation, but they must first be deprotonated. This makes them 
somewhat weaker ortho directors than tertiary amides, but they may still serve the purpose quite well. 
For example, the lithiation and addition of benzamide (12) to aldehyde (13) was used in a synthesis of 
11-deoxycarminomycinone (Scheme 8).37 More recently, it has been shown that the amide monoanion 
may be obtained by addition of a phenylsodium to an isocyanate.38 

The pKa data listed in Table 1 note that tertiary amides are more acidic than several other functional 
groups, suggesting thermodynamic acidity as an important component of the mechanistic rationale for 
their lithiation. Indeed tertiary amides are the strongest ortho directing group, taking preference over all 
other functional groups tested in both intra- and inter-molecular competition experiments.9,13-15 
NJVNy-Tetramethylphosphonic diamides also promote efficient ortho metalation.39 The use of tertiary 
amides as ortho directors was reviewed in 1982,9 so this discussion will focus only on developments 
since then. 

Beak has reported an aromatic ring annelation using ortho lithiation to regioselectively introduce an al¬ 
dehyde, which is then converted to a carbene. Subsequent Diels-Alder cycloaddition of the resultant 
isobenzofurans result in adducts that may be oxidized to naphthalenes or reduced to tetralins.40,41 A typi¬ 
cal example is shown in Scheme 9. 
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Bu'Li, hexane, r.t. 

O 

Me 

O 

Scheme 6 

(ID 

n = 0, 67% 
n = 1,77% 

Scheme 7 
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Scheme 8 

Scheme 9 

Ortho lithiation of a tertiary amide and addition to 3-(phenylthio)acrolein, followed by a second lithia- 
tion in situ, provides a convenient ‘one-pot’ synthesis of naphthoquinones.42 One of the several examples 
reported is shown in Scheme 10. 

Two groups report the addition of metalated benzamides to aldehyde carbonyls.43 44 The methods dif¬ 
fer in the metal. Lithiated diethylamides must be transmetalated with MgBn before addition to the alde¬ 
hyde, but (3-aminoamides react similarly as the lithium derivative. Following addition, the hydroxyamide 
is hydrolyzed to afford phthalides in moderate overall yield (Scheme 11). 

The lithiation of a l,6-methano[10]annulenamide occurs selectively at the 4peri’ position,45 but the 
lithiation of fused ring aromatics takes place preferentially at the ortho (rather than peri) position,46 47 as 
shown by the examples in Scheme 12. Subsequent transformations of the phthalides obtained in the 
naphthalene example also illustrate the usefulness of this method for the annelation of aromatic rings. 
The preference for ortho over peri lithiation holds true for phenanthrenes as well. The selective metal- 
ation of trimethoxyphenanthrenamide (15) followed by phthalide synthesis as above constitute the key 
steps in the synthesis of the phenanthroquinolizidine alkaloid cryptopleurine and the phenanthroindoli- 
zidine alkaloid antofine (Scheme 13)48,49 
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i, BusLi, THF, TMEDA, -78 °C; ii, PhSCH=CHCHO; iii, air, r.t.; iv, Bu3SnH 

Scheme 10 

i, BusLi, THF, TMEDA, -78 °C; ii, MgBr2-Et20, to r.t.; iii, PrCHO, -78 °C; 

iv, TsOH, PhH, reflux; v, PhCHO, to r.t.; vi, 6M HC1, reflux 

Scheme 11 

Scheme 12 
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OMe OMe 

Scheme 13 

2.1.3.3.5 Nitriles 

In spite of the acidity imparted to the ortho position by a cyano group (Table 1), little use has been 
made of it as a directing group. Two examples are shown in Scheme 14. Because of the susceptibility of 
the nitrile function to addition by organometallics, the bases used are lithium amides.50,51 

2.1.3.3.6 Oxazolines 

Oxazolines may be used as ortho directors in phthalide syntheses analogous to those shown in 
Schemes 11-14. The phthalides derived from oxazolines have been further transformed to polycyclic 
aromatics by a route that is analogous to, and perhaps more general than, those shown in Scheme 12.52,53 
An efficient synthesis of the lignin lactones chinensin and justicidin along such lines was reported by 
Meyers (Scheme 15).54 

The use of a chiral oxazoline to achieve an enantiofacial-selective addition to aldehydes was also re¬ 
ported by Meyers.55 Although the selectivities were not high (51:49-64:36), the diastereomeric products 
could be separated by crystallization. A typical example is shown in Scheme 16. In this55 and another 
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46-50% 

Chinensin: X = H; Ar = 3,4-dimethoxyphenyl 

Justicidin: X = OMe; Ar = 3,4-methylenedioxyphenyl 

i, BusLi, TMEDA, THF, -78 °C; ii, (CH20)„ or DMF then NaBH4; iii, HC1 

Scheme 15 

study,56 it is shown that the alcohol addition product may subsequently attack the oxazoline causing ring 

opening. 

Ph 

selectivity 64:36; enriched to 100% by crystallization 

Scheme 16 

2.1.3.3.7 Urethanes 

Lithiation of both N-phenyl- and O-phenyl-urethanes has been reported. The ortho lithiation of N-t-bu- 
toxycarbonylaniline and subsequent addition to carbonyls, nitriles and several other electrophiles was 
first reported by Muchowski in 1980.57 In some cases the adduct cyclized by attacking the urethane car¬ 
bonyl. Typical examples are shown in Scheme 17. Lithiation of an Af-t-butoxycarbonylaniline derivative 
served as one of two directed lithiation steps in Snieckus’ synthesis of anthramycin (17; Scheme 18).58 

Treatment of phenothiazines with 2 equiv. of butyllithium affords an N.o-dilithium species, but re¬ 
action with electrophiles occurs at both sites. Katritzky has shown that the sequence of AMithiation, car- 
bonation and o-lithiation protects the nitrogen from alkylation (Scheme 19).59 

The ortho lithiation of phenolic urethanes was reported by Snieckus in 1983.60 In addition to being an 
efficient ortho director (as expected considering the pKa data in Table 1), the O-phenylurethane also is 
capable of an ‘anionic Fries rearrangement’. This rearrangement allows substitution ortho to the ure¬ 
thane, then lithiation and rearrangement at the ortho' position, resulting in introduction of a tertiary 
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p-ClC^CHO 

72% 

Scheme 17 

i, 2.5 Bu'Li, THF, -78 to -20 °C; ii, C02 (17) 

Scheme 18 

i, BunLi, THF, -78 °C; ii, C02; iii, 2 Bu'Li, -78 to -20 °C; iv, PhCHO, -78 °C, then H+ 

Scheme 19 

amide. An ortho lithiation, carbonyl addition and anionic Fries rearrangement (18 19) are illustrated 
by the sequence shown in Scheme 20, which is part of a formal synthesis of ochratoxins A and B.61 
Noteworthy in this scheme is the selective lithiation of (18) ortho to the urethane, in preference to the 

tertiary amide. 
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iv 

R = H, 59% 

R = Cl, 42% 

R = H: Ochratoxin B 

R = Cl: Ochratoxin A 

i, BusLi, THF, TMEDA, -78 °C; ii, ClCONEt2; iii, -78 °C to r.t.; iv, Mel, K2C03, acetone 

Scheme 20 

2.1.3.4 Additions via Metalation of Heterocyclic Systems 

2.1.3.4.1 a-Metalation 

The metalation of heterocycles is possible without the aid of a directing group. This type of reaction is 
most common in the T7-excessive heterocycles, and is most important for thiophenes.4 For nitrogen het¬ 
erocycles, examples of unactivated lithiation of u-excessive azoles have been reported, and are sum¬ 
marized below. iT-Deficient heterocycles such as pyridine are resistant to unactivated lithiation,4 
although pyridine can be metalated with low regioselectivity using butylsodium.6“ Pyridines also form 
weak complexes with fluoro ketones; the complex of 4-r-butylpyridine and hexafluoroacetone can be 

lithiated and added to benzaldehyde in 60% yield.63 
A review on the metalation and metal-halogen exchange reactions of imidazole appeared in 1985.64 

Generally, A-protected imidazoles metalate at the 2-position;65 1,2-disubstituted imidazoles usually met- 
alate at the 5-position, unless sterically hindered.64 Even 2,5-dilithiation of imidazoles has been 
achieved.66 1-Substituted 1,3,4-triazoles can be metalated at the 5-position and added to carbonyls in 
good yield.67 Oxazoles are easily lithiated at the 2-position, but the resultant anion readily fragments.68 
l-(Phenylthiomethyl)benzimidazole can be lithiated at the 2-position at low temperature (Scheme 21), 

but higher temperatures afford rearrangement products 69 

i, LDA, THF, -78 °C 

ii, /?-MeC6H4CHO 

PhS 

Scheme 21 

Pyrrolopyridines can be lithiated at the 2-position,70 in direct analogy to pyrrole itself. The reaction is 
sufficiently mild that it has been applied to the functionalization of purine nucleosides, as illustrated by 

the examples in Scheme 22.71 
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i, 5 LDA, THF, -78 °C; ii, Mel; iii, HC02Me; iv, NaBH4 

Scheme 22 

2.1.3.4.2 Ortho metalation 

As will be seen in the examples below, the use of an activating group usually determines the site of 
lithiation for ir-excessive heterocycles, and facilitates the lithiation of iT-deficient ones. 

Furans and thiophenes normally undergo a-lithiation,4 but when substituted at the 2-position by an ac¬ 
tivating group, a competition arises between metalation at the 3-position (ortho lithiation) and the 5-posi¬ 
tion (a-lithiation).4 72-74 2-Oxazolinylthiophenes may be lithiated selectively at either the 3- or 5-position 
by adjusting the reaction conditions;73 tertiary amides give little or no ortho selectivity,74 but secondary 
amides direct ortho lithiation reasonably well, as seen in Scheme 23.74 Both thiophenes and furans that 
are substituted with an oxazoline or tertiary amide at the 2-position may be dilithiated at the 3- and 5-po¬ 
sitions.75’76 Although secondary amides are less successful at directing ortho lithiation of furans than 
thiophenes,74 ATVTV'TV'-tetramethyldiamido phosphates work quite well. Subsequent hydrolysis affords 
access to butenolides 77 A typical example is shown in Scheme 24. 

CONHBu1 

i, BunLi, DME, -78 °C 

ii, PhCHO 

77% 

Scheme 23 

O 
ii 
P(NMe2)2 

i, BunLi, THF, -75 °C 

ii, PhCOMe 

65% 

Me 

Scheme 24 

hco2h 

100% 
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/V-Substituted pyrroles and indoles normally undergo lithiation at the 2-position (a-metalation),4 78 so 
when there is an ortho director on the nitrogen, metalation is facilitated. For example, the lithiation of 
/V-t-BOC pyrrole and its addition to benzaldehyde occurs in 75% yield.79 Similar lithiations of N-t-BOC 
indole79 and iV-benzenesulfonylindole80,81 have also been reported. Examples of these reactions are illus¬ 
trated in Scheme 25. 

t-BOC 

78% 

regioselectivity 98:2 

71% 

i, LITMP, THF, -80 to -20 °C; ii, PhCHO; iii, Bu"Li or LDA, THF, -78 to 0 °C 

Scheme 25 

The recently reported dilithiation of the azafulvene dimer (20) is the key step in a synthesis of 5-sub- 
stituted pyrrole-2-carbaldehydes.82 This synthesis offers a reasonable alternative to the Vilsmeier-Haack 
formylation for the synthesis of such compounds. An example is shown in Scheme 26. 

i, Bu'Li, THF, -15 °C; ii, C5HuCON(Me)OMe, -78 °C to r.t.; iii, NaOAc, H202, reflux 

Scheme 26 

The regioselective functionalization of A2-pyrrolines at the 2-position by metalation of the derived 
r-butylformamidine (21) is shown in Scheme 21.u Metalation at the 2-position of a pyrrole having an 
ortho director at the 3-position is readily achieved.42 Functionalization of a pyrrole at the 3-position by 
ortho metalation of a 2-substituted derivative is more problematic, with a mixture of 3- and 5-substituted 
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products usually resulting,74,83 as summarized in a recent review.84 An intriguing possibility is ortho pal- 

ladation, as shown in Scheme 28.85 

BuLi, THF, -78 °C 

S02Ph 

Li2PdCl4, MeOH, r.t. 

Scheme 27 

Cl 
\ 

Scheme 28 

CO, MeOH 

Ortho lithiation of 2-substituted indoles occurs readily, but fragmentation to an alkynylanilide may 
occur in some instances.86 The use of a 2-pyridyl group to facilitate the 3-lithiation of an indole was re¬ 
cently used in a synthesis of some indolo[2,3-a]quinolizine alkaloids;87 an example is the synthesis of 
flavopereirine (22; Scheme 29). 

i, BunLi, THF, -78 °C; ii, BrCH2CHO, then AcOH; iii, NaOH, H20, MeOH, reflux 

Scheme 29 

In pyridines,88 the ortho lithiation of 2-substituted secondary89-91 and tertiary90,92’93 amides and sulfo¬ 
namides94 has been reported. All three afford regioselective metalation at the 3-position, as illustrated by 
Kelly’s synthesis of beminamycinic acid (23; Scheme 30).95 A recent development is the use of catalytic 
amounts of diisopropylamine for the ortho metalation of 2-methoxypyridine.96 

Pyridines substituted at the 3-position by a urethane,97 halogen,98,99 secondary amide90,100 or tertiary 
amide90,92 metalate regioselectively at the 4-position. An exception appears to be 3-alkoxypyridines, 
which metalate selectively at the 2-position.101 The lithiation of halopyridines may be accomplished by 
metal-halogen exchange, or by ortho lithiation. In the latter instance, lithium amides are used as the 
base, and the temperature must be kept low to prevent pyridyne formation.98,102,103 For 3-halo-4-lithio- 
pyridines, the order of stability is F » Cl > Br » I.98 Selective lithiation at the 4-position, directed by a 
tertiary amide, has been used in the synthesis of bostrycoidin (24)104 and sesbanine (25; Scheme 31).105 

Pyridines having a directing group at the 4-position undergo ortho metalation. Groups reported in this 
category include sulfonamides,94 secondary amides,90,91 tertiary amides,106,107 halogens98 and ox- 
azolines.56,108,109 As was the case in the carbocyclic series, a pyridine having directing groups in 
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NHBu* 

i, 4 BunLi, THF, 0 °C 

ii, 2.2 MeOCH2NCS 

67% 

i, LITMP, DME, -78 °C; ii, 2,3,5-(MeO)3C6H2CONMe2; iii, cyclopent-3-en-l-one; iv, TFA, CH2C12 

Scheme 31 

positions 2 and 4 is metalated in between, at the 3-position. This has been used in a synthesis of (g)-fused 

isoquinolines, whose key step is shown in Scheme 32.109 

r 
O^N i, MeLi, THF,-5 °C 

ii, ArCHO 

62-75% 

N OMe 

Ar= 1-naphthyl, 2-naphthyl, 3-methoxyphenyl, 3-thienyl 

Scheme 32 
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2.1.4 s/r’-HYBRIDIZED C ARB ANIONS 

2.1.4.1 Introduction 

The deprotonation of an sp3-hydrogen a to a nitrogen atom, although a relatively recent development 
synthetically, is now a common phenomenon. It has been stated that the ‘normal’ reactivity of carbon 
atoms attached to nitrogen or oxygen is a1, meaning it is an acceptor site in polar reactions.110 The de¬ 
protonation of such a site has therefore been called a charge affinity inversion or reactivity umpolung.111 
There is ample precedent in the literature to support the notion of a1 reactivity a to nitrogen, of course, 
but we contend that this classification is inappropriate. The a-deprotonation of dimethyldodecylamine112 
and of triethylamine113 were reported over 20 years ago, although the former was in low yield and no 
products of reaction of the latter with electrophiles were found. However in 1984, Albrecht reported that 
s-butylpotassium readily deprotonates A-methylpiperidine, A-methylpyrrolidine and trimethylamine, and 
that the derived organometallics add readily to aldehydes, ketones and alkyl halides.114 In 1987, it was 
found that t-butyllithium deprotonates a methyl group of A./VA'TV'-tetramethylethylenediamine 
(TMEDA), whereas «-butylpotassium (BunLi/KOBu') deprotonates a methylene.115 

Furthermore, it was first shown nearly 20 years ago that a-lithioamines could be produced by the 
transmetalation of a-aminostannanes.116 Thus, the thermodynamic stability of a-amino anions is reason¬ 
ably good, even if the kinetic acidity of the conjugate acids is low. Although some authors have sug¬ 
gested that a-amino carbanions constitute a reversal of ‘normal’ reactivity,110,111 we suggest that this 
notion is inappropriate and should be discontinued. 

Most of the chemistry described in the following sections involves two types of anion stabilization by 
nitrogen: resonance and dipole stabilization. Since these topics were reviewed in 1984,111 this discussion 
is restricted to recent developments. By and large, the chemistry of resonance-stabilized species 
(azaenolates) is covered in Volume 2 of this series; however, there are a few species whose inclusion 
here seems appropriate and consistent with the present discussion. One such example is removal of a 
benzylic proton by a base that is coordinated to a nitrogen or nitrogen-containing functional group. 

Another resonance-stabilized species discussed here is nitrosamine anions, whose chemistry has been 
reviewed several times.111,117-119 Cyclic nitrosamines normally lose the axial proton syn to the nitro¬ 
samine oxygen,120 and alkylate by axial approach of the electrophile.121 In these respects, nitrosamine 
anions are similar to their isoelectronic counterparts, oxime dianions, as shown in equation (4).122,123 

Ph 

i, BuLi Ph 

ii, MeCOMe 
(4) 

O 

Dipole-stabilization is a term coined by Beak to describe the situation that results when a carbanion is 
stabilized by an adjacent dipole.117 Such a situation arises when, for example, an amide is deprotonated a 
to nitrogen. The chemistry of these systems has been reviewed,111,117 so only a few pertinent points will 
be made here. Firstly, metalation occurs syn to the carbonyl oxygen, and when the system is cyclic, the 
equatorial proton is removed selectively, and the electrophile attacks equatorially, as shown in equation 
(5).124,125 Thus, in contrast to nitrosamines, amide anions give the less stable equatorial product.124,125 

Ph 
__ N 

Ar 

A o (5) 

Considerable theoretical work has been done to explain equatorial alkylations such as the one illus¬ 
trated in equation (5).125-127 The simplest model of a dipole-stabilized anion is A-methylformamide 
anion, HCONHCH2-. The geometric requirements for this system are strict: the lone pair on carbon is 
16-18 kcal mol-1 more stable when oriented in the nodal plane of the amide ir-system than when rotated 
90° into conjugation.126,127 To explain the removal of an equatorial hydrogen, it has been suggested that 
‘the electronic effects of extended amide conjugation should be felt relatively early along the reaction co¬ 
ordinate for proton removal’.126 Thus equatorial protons are removed for stereoelectronic reasons, and 
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the anions of piperidinecarboxamides124,125 and amidines128,129 are configurationally stable and do not in¬ 
vert. Note, however, that if the carbanion is also benzylic, pyramidal inversion is possible.130,131 In spite 
of the intervention of pyramidal inversion in benzylic systems, the anion is still in the nodal plane of the 
amide ir-system. Semiempirical calculations on lithiated oxazolines129,131 and an X-ray crystal structure 
of a pivaloylisoquinoline Grignard132 confirm the location of the carbon-metal bond in or near the nodal 
plane of the amide or amidine. At the same time, the theoretical and crystal structures show considerable 
overlap with the benzene p-orbitals, thus providing a possible explanation for the inversion process. 

The mechanism of the deprotonation of dipole-stabilized anions has been studied in detail. It has been 
shown by IR spectroscopy that a preequilibrium exists between the butyllithium base and the amide133,134 
or amidine,135 forming a coordination complex prior to deprotonation. A recent mechanistic study has 
shown that, in cyclohexane solvent, this prior coordination is between the amide (or added TMEDA) and 
aggregated s-butyllithium, and that the effect of the coordination is to increase the reactivity of the com¬ 
plex.134 The diastereoselectivity of proton removal in chiral benzylic systems has also been exam¬ 
ined,130,131,136 but since the anions invert, this selectivity is of little consequence in the alkylation step. 

2.1.4.2 Additions via Metalation of Acyclic Systems 

The directed metalation of aromatic systems that was discussed in Section 2.1.3.3 has one ramification 
that was not mentioned there: the directed lithiation of an o-methyl group. Although the resultant species 
is formally a resonance-stabilized anion, and therefore covered in Volume 2 of this series, we mention it 
here for consistency with the other topics covered. In particular, the examples that have appeared in re¬ 
cent years involve substrates having a methyl ortho to a tertiary amide. Intentional use of such a directed 
lithiation has been used in the synthesis of the isocoumarin natural products hydrangenol and pyllodul- 
cin.137,138 Interestingly, the directed metalation of 5-methyl-oxazoles and -thiazoles occurs in preference 
to deprotonation at a 2-methyl group (azaenolate) (Scheme 33).139 

CONEt 

X 

i, BunLi, THF, -78 °C 

ii, PhCHO 

X = O, 98% 

X = S, 93% 

CONEt2 

X 

HO Ph 

Scheme 33 

A-Alkyl TT-excessive heterocycles such as pyrazoles,140 imidazoles141 and triazoles141,142 can be lith¬ 
iated. In the example shown in Scheme 34, lithiation occurs selectively on the /V-methyl in preference to 

the C-methyl (azaenolate).140 

BunLi, Et20, -78 °C PhCOMe, 23 °C 

78% 

Scheme 34 

As was mentioned in Section 2.1.4.1, the metalation (at an V-methyl group) of tertiary amines by s-bu- 
tylpotassium was reported in 1984.114 The derived potassium species are strong bases and tended to de- 
protonate enolizable carbonyl compounds, but transmetalation with lithium bromide afforded a more 

nucleophilic species. Several examples are shown in Scheme 35. 
The y'-lithiation of allylic amines affords a nitrogen-chelated allylic lithium species by regioselective 

deprotonation. An example is shown in Scheme 36.143 
Baldwin has shown that monoalkyl hydrazones may be used as acyl anion (‘RCO-’)144,1 5 or a-amino 

anion equivalents (‘CH2NH2"’)-146 An example of the former is shown in Scheme 37. Note that the 
isomerization step (26 -4 27) is necessary to avoid reversion to the parent hydrazone and ketone.144 

In spite of considerable potential synthetically, nitrosamines have not received a lot of attention be¬ 
cause of their high toxicity.111,117"119 One potentially important development, reported by Seebach, is a 
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62% 50% 73% 

i BusLi, KOBu’, isopentane, -78 °C to 0 °C; ii, LiBr, Et20, -78 °C to 0 °C; 

iii, Pr'CHO; iv, cyclohexenone, HMPA; v, PhCHO 

Scheme 35 

NMe2 
i, BunLi, THF, 0 °C 

ii, adamantanone 

OH 

\_/NMe2 

80% i u 
Scheme 36 

H H 
i 

Nv 
N Bu‘ 

i, BunLi, THF, 0 °C 

ii, PhCHO 

i, BunLi. THF, 0 °C 

ii, H20 

(C02H)2, H20, Et20 

95% 

Scheme 37 

one-pot alkylation and reduction protocol for the synthesis of secondary amines.147 An example is shown 
in Scheme 38. 

An interesting method for the synthesis of amines and the homologation of carbonyl compounds has 
been reported that utilizes the condensation of a lithiated formamidine with a carbonyl compound.10-11 
Typical examples are shown in Scheme 39. 

A number of heterocyclic /V-alkyllactams have been metalated to dipole-stabilized anions, and the 
yields of addition to carbonyls are reasonably good.36 An experimental and theoretical study of the com¬ 
petitive metalation to form enolates or dipole-stabilized anions of a series of alicyclic iV-benzyllactams 
has been reported by Meyers and Still.148 Experimentally, the regioselectivity of the deprotonation varies 
inconsistently with ring size. Specifically: 5-, 6- and 11-membered rings are deprotonated in the ring to 
form enolates (29), whereas 7- and 8-membered rings are deprotonated at the /V-benzyl to form dipole- 
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i, BunLi; ii, piperonal; iii, LiAlH4; iv, Raney Ni, H2 

Scheme 38 

60% 

i, BusLi, THF, -78 to -20 °C; ii, a-tetralone, -78 °C to r.t.; iii, NaBH4; iv, dilute HC1; v, N2H4, H+ 

Scheme 39 

stabilized anions (30; Scheme 40). In contrast, 9-, 10- and 13-membered ring lactams give mixtures of 
enolization and benzylic metalation. A simplistic molecular mechanics model was found to predict the 
regioselectivity that evaluates the strain energy necessary to achieve the optimal geometry for enolate 
formation. The model restrains the lactam a-hydrogen in a stereoelectronically preferred 90° 
0=C—C—H alignment, then compares the resulting minimized energy calculated using the MM2 force 
field with the global minimum for each lactam. When the differences in strain energies are small (<0.1 
kcal mol-1), enolization is the preferred course of deprotonation. When the differences are between 1.3 
and 2.2 kcal mol-1, mixtures of enolization and benzylic metalation are found, and when the differences 
are large, 2.25 and >3.5 kcal mol-1, exclusive benzylic metalation is found. 

Scheme 40 

The formation of a-aminolithium reagents by transmetalation of a-aminostannanes was first reported 
in the early 1970s.116 However, the exploitation of this protocol was delayed until better methods were 
developed for the synthesis of the requisite stannanes. Quintard has shown that tributyltin Grignard re¬ 
agents afford a-aminostannanes when reacted with amino acetals149 or iminium ions,150 as shown in 
Scheme 41. Transmetalation of the a-aminostannanes and addition to aldehydes and ketones has been 
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reported for simple tertiary amines149,159 as well as carbamates.151 Representative examples are shown 

Scheme 42. 

Bun3SnMgCl + EtOCH2NMe2 81%— Bun3SnCH2NMe2 

SnBun3 

Bun3SnMgCl + 

in 

Scheme 41 

Me2NCH2SnBu3 

OH 

^e<-) Macromerine 

i, BuLi; ii, ArCHO; iii, H+; iv, H2, Pd/C 

Scheme 42 

2.1.4.3 Additions via Metalation of Carbocyclic Systems 

The regioselective syn, vicinal lithiation of cyclopropane and cubane amides has been reported.152-154 
Transmetalation to organomercury153,154 or zinc152 compounds facilitates functionalization, as shown in 
Scheme 43. 

Directed lithiations of a,(3- and y,8-unsaturated amides155-157 have been extensively studied.158-159 Il¬ 
lustrative examples are shown in Scheme 44. Prior complexation of the alkyllithium base with the amide 
carbonyl oxygen directs the base to the thermodynamically less acidic (3'-position in a,@-unsaturated 
amide (31), which adds to benzophenone and subsequently lactonizes. Analysis of the NMR spectrum 
reveals that the organolithium added the benzophenone in the equatorial position.156-158 A different 
kinetic deprotonation is seen in y,8-unsaturated amide (32), where (3-lithiation to form an allylic anion 
predominates over a-lithiation to form an enolate.157,159 Addition of the lithium anion to acetone affords 
poor regioselectivity, but transmetalation to magnesium before carbonyl addition yields a species which 
adds exclusively at the 8-position.157-159 
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ii ClHg CONPr'2 iii 

BrMg 
iv 

90% 

CONPr‘2 

CONPr‘2 

J- 
60% 

CONPr1, 

ho2c 

CONPr' 

,CONPr‘2 

'co2h 

i, LITMP, THF, 0 °C; ii, HgCl2; iii, MeMgBr, -20 °C; iv, C02 

CONPrS 

(32) 

Scheme 43 

OH 

i, BusLi, TMEDA, THF, -78 °C; ii, Ph2CO; iii, MgBr2*Et20; iv, Me2CO 

Scheme 44 

2.1.4.4 Additions via Metalation of Heterocyclic Systems 

A one-pot procedure for the activation and metalation of tetrahydroisoquinoline involves the carbona- 
tion of the lithium amide anion and then further metalation. As is illustrated in Scheme 45, the dipole- 
stabilized anion species may be added to carbonyl compounds in good yield.160 For the activation of 
tetrahydroisoquinoline Grignards, Seebach examined benzamides, pivalamides and phosphoramides, and 
found that the benzamides would not metalate, and that although the phosphoramides were most easily 
removed, the pivalamides were the most nucleophilic species. As is shown in Scheme 46, the lithiated pi- 
valoylisoquinoline adds to cyclohexanone in good yield.161 

i, BunLi, THF, -20 °C; ii, C02; iii, Ph2CO; iv, 2M HC1 

Scheme 45 
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i, Bu'Li, TMEDA, THF, -78 °C; ii, cyclohexanone 

Scheme 46 

Seebach also compared the same pivaloylisoquinoline to a tetrahydroisoquinoline formamidine to 
evaluate the face-selectivity in the addition of the metalated derivatives to aldehydes.132 162163 In both 
cases, the organolithium showed significantly lower diastereoselectivity than the Grignard obtained by 
transmetalation with MgBr2-Et20, as shown by the examples in Scheme 47. The transmetalation protocol 
was used to prepare a number of racemic isoquinoline alkaloids.162 

OH 
H 

major diastereomer 

selectivity: 

X = COBu': >97:3 

X = CHNBu': 86:14 

i, Bu'Li, THF, -78 °C; ii, MgBr2*Et20; iii, PhCHO 

Scheme 47 

Similarly low face-selectivity was found in the addition of lithiated formamidines of tetrahydroquin- 
oline,164 dihydroindole164 and (3-carboline165 to benzaldehyde, although addition of the lithiated (3-car- 
boline to methyl chloropropyl ketone afforded an 8.5:1 selectivity (Scheme 48).166 Lithiated 
formamidines of pyrrolidine and piperidine also add to benzaldehyde in excellent yield, but the dia¬ 

stereoselectivity was not reported.128 

major diastereomer 

diastereoselectivity = 89:11 

i, KOBu' or KH; ii, BunLi, THF, -78 °C; iii, MeCO(CH2)3Cl; iv, N2H4, H+ 

Scheme 48 

Formamidines whose a-protons are allylic are easily metalated, but the predominant site of electro¬ 
philic attack is the y-position, as shown by the example in Scheme 49.128 

major isomer 

regioselectivity = 100:0 

diastereoselectivity = 66% threo, 34% erythro 

i, BunLi, THF, -78 °C; ii, PhCHO, -78 °C to r.t. 

Scheme 49 
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The lithiation and carbonyl additions of piperidinecarboxamides has been studied by both Beak167 and 
Seebach.168 An example of the addition of a lithiated derivative to propionaldehyde is shown in Scheme 
50.167 Beak found that although the face-selectivity of the addition shown in Scheme 50 is not high, acid 
hydrolysis affords a single diastereomer of the product of N- to O-acyl migration. The stereospecificity 
must be obtained before the acyl migration; the suggested mechanism is illustrated in Scheme 51.167 

selectivity = 1:1 

iv or v 

82-96% 

i. BusLi, TMEDA, Et20; ii, EtCHO; iii, cone. HC1, MeOH; iv, KOBu*, H20, diglyme; v, LiAlH4 

Scheme 50 

Scheme 51 

Et3C 

threo 
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2.2.1 INTRODUCTION 

Based upon their knowledge of the chemistry of carbonyl, nitro, sulfonyl, cyano compounds etc., 
organic chemists have long believed that carbanions XCH2- are stabilized if the group X is electron 
withdrawing. 

Recently, calculations have been carried out on anions XCH_2 in which X is a member of the first row 
element set: Li, BeH, BH2, CH3, NH2, OH and F.1^* Schleyer’s calculations (Table l)1 suggest that the 
methyl group is destabilizing, the amino group is borderline, while all other groups are stabilizing. These 
results are qualitatively similar to those obtained from other calculations. In particular, very large tt-ef¬ 
fects are exhibited by BeH and planar BH2 groups, while inductive stabilization by the electronegative F 
and OH groups is less effective. 

In Table 2 are given similar calculations for stabilization by first row elements, together with calcu¬ 
lated and experimental values for a variety of stabilizing organic groups.4 

Clearly, whichever method of calculation is used, there is a remarkable stabilization by a boron atom, 
comparable with that of a carbonyl group. When diffuse function-augmented basis sets are used, the sta¬ 
bilization energies calculated are generally lower,1 and in the case of organic stabilizing groups this 
brings them closer to the experimental values (Table 2). 

There is an appreciable C—B bond shortening of 0.13 A in planar H2B—CH2" when compared to the 
perpendicular form, and at the 4-31G level the planar form is 57.2 kcal mol-1 (1 cal = 4.18 J) lower in 

energy than the perpendicular form.4 

487 



488 Heteroatom-stabilized Carbanion Equivalents 

Table 1 Calculated1 Stabilization Energies (kcal mol ') for Carbanions XCH2 

X STO-3GII 
STO-3G 

4-31 Gil 
4-31G2,3 

6-31G*ll MP2/6-31G*// 4-31+G/l 
4-31G3 4-31G3 4-31+G 

MP2I4-31+GII 
4-31+G 

6-31+G*// 
4-31+G 

MP216-31+G* II 
4-31+G 

Li 
BeH 
bh2 
ch3 
nh2 
OH 

F 

-54.9 
-65.8 
-81.6 
-9.0 

-16.6 
-20.0 
-21.7 

-17.5 
-40.4 
-67.7 

-2.1 
-5.2 

-15.8 
-24.6 

-13.7 
-38.1 
-61.4 
-1.4 
-3.3 
-7.9 

-14.6 

-25.8 -2.4 
-46.9 -31.8 
-71.8 -54.7 
-3.3 +5.7 
-5.6 +1.9 

-10.9 -7.7 
-16.1 -15.6 

-6.6 
-33.3 
-58.0 

+4.8 
+0.6 
-8.1 

-13.3 

-4.S 
-31.3 
-53.2 
+4.0 
+1.5 
-3.7 
-9.3 

-8.1 
-32.9 
-57.4 
+3.0 
-0.6 
-5.6 
-9.0 

Table 24 Calculated and Experimental Stabilization Energies (kcal mol ') for Carbanions XCH2 

X 4-31G 6-31G* MP2/6-31G* Experimental 

Li -17.4 -13.7 -25.8 — 

BeH -40.4 -38.1 -46.9 — 

bh2 -67.6 -61.4 -71.8 — 

ch3 -2.1 -1.4 -3.3 — 

nh2 -5.2 -3.3 -5.6 — 

OH -15.7 -7.9 -10.9 — 

F -24.6 -14.6 -16.1 — 

CN -61.1 -55.0 -57.9 -44.4 

NO2 -98.1 -75.9 — -57.9 

ch3ch2 -5.6 -^1.4 — — 

CH2=CH -37.5 -31.8 -37.1 -25.8 

HC=C -44.1 -42.9 ^•6.5 -35.2 

cf3 -57.0 -37.0 — — 

CHO -71.5 -60.5 -66.2 -50.2 

Ph -44.4 — — -37.6 

Since the degree of stabilization of boron-stabilized carbanions is similar to that for anions stabilized 
by a formyl or a cyano group, the comparative lack of knowledge of boron-stabilized carbanions must be 
due either to kinetic factors associated with their production or to the availability and nature of their pre¬ 

cursors. 
Boron-stabilized carbanions are expected to assume a geometry which allows maximum overlap be¬ 

tween the lone pair on the a-carbon atom and the vacant boron orbital. Dynamic NMR studies5 on 
Mes2BC“HPh (Mes = 2,4,6-trimethylphenyl) demonstrate this by showing that the anion decomposes at 
140 °C, before observation of rotation effects about the B—C~HPh bond. This gives a AG* rotation of 
>22 kcal mol-1, which is similar to that of the isoelectronic MesiB—NHR6 10 and greater than that 
found7,10 for rotation about the B—S bond in Mes2B—SR (19.25 kcal mol-1; calc.8 22 kcal mol ') and 
for rotation about the B—O bond in Mes2B—OMe (13.2 kcal mol-1).9,10 The B—C rotational barrier11 of 
(Mes2B)2CHLi is 17 kcal mol-1, very similar to that found for a series of isoelectronic substituted allyl 
cations.12 It was concluded11 that structure (1) makes a significant contribution to the overall electronic 

structure of Mes2BCH2-. 
The crystal structure of (2), as its 12-crown-4 derivative, has been determined.13 The C2BCH2 core of 

the molecule is essentially planar and the length of the B—CH2 bond is 1.444 A. This is within the 1.42- 
1.45 A predicted for B=CH2 and quite distinct from the B—Me distance of the parent compound (3).13 
The distances and angles found are in accord with formulation (1), as is the upfield shift of 43.2 p.p.m. in 
the nB NMR spectrum on passing from (3) to (2).13 Thus there is a high degree of orbital overlap in 
species of type (4), which might be better represented in general as the highly stabilized forms (5). 

(1) (2) (3) 
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2.2.2 PREPARATION OF BORON-STABILIZED CARBANIONS 

2.2.2.1 Introduction 

This topic has been summarized in references 14 and 15, of which the former is the most recent and 
wide ranging of the reviews available over the whole field of boron chemistry. 

There are currently three general methods for the production of boron-stabilized carbanions, each of 
which has analogies in carbonyl chemistry. The cleavage of a 1,1-diborylalkane by base readily yields 
the desired anion in a fashion similar to the base cleavage of a (3-dicarbonyl compound. Deprotonation a 
to a boron atom can be accomplished directly in special circumstances, as can the addition of an organo- 
metallic compound to a vinylborane, which is similar to conjugate addition to an a,(3-unsaturated 
carbonyl compound. Each of these methods is treated in detail in the next three sections. 

2.2.2.2 Preparation and Cleavage of 1,1-Diboryl Compounds 

1,1-Diboryl compounds (6) are made by reaction of certain dialkylboranes, generally dicyclohexyl- 
borane [(C-C6H1O2BH], disiamylborane (SiaaBH) or 9-borabicyclo[3.3.1]nonane (9-BBN-H), with 
1-alkynes (equation l).14’16-18 

R1 —= + 2R22BH (1) 

The products (6) are very prone to hydrolytic cleavage by base; this is presumably due to the ready 
production of an intermediate carbanion followed by its rapid protonation. This possibility was tested19 
by treating a series of compounds (6; R2 = cyclohexyl) with BunLi at -78 °C in THF. The products had 
properties consistent with the production of (7; equation 2). The by-product, a simple trialkylborane, also 
reacts with butyllithium, and so 2 equiv. of the latter must be added. Thus, the process is wasteful in that 
one atom of boron and 1 equiv. of base are consumed in an unproductive fashion (equation 3). 

BR22 Li 
(6) (7) 

BuBR22 + BuLi -- Bu2BR22Li+ (3) 

The reaction of pent-l-yne with borane, followed by base cleavage, has been studied,20 yields having 
been estimated by alkylation with ethyl bromide. Although the reaction occurred with sodium and 
lithium methoxides, it went better with butyllithium and best with 2 equiv. of methyllithium. It was later 
shown17 that diborane gave ca. 10% of 1,2-addition, which did not occur with dicyclohexyl- and 
disiamyl-borane. Hydroboration with 9-BBN-H21 readily gave (6) (BR22 = 9-BBN), which on cleavage 
with 2.5 mol equiv. of MeLi gave high yields of the corresponding product (7). 

Tris(dialkoxyboryl)alkanes such as (8), produced as in equation (4), may also be used as precursors of 
boron-stabilized carbanions.22 Reaction of (8) with base gives (9),22’23 which is stabilized by two boron 
atoms (equation 5). It is not clear whether a similar reaction succeeds with CH2[B(OR)2]2- 

Although cleavage of gcm-diboryl compounds is a mild and general process for the production of 
boron-stabilized carbanions, it nevertheless suffers from two disadvantages. Firstly, although 
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3(RO)2BCl + 6Li 

B(OR)2 

(RO)2B B(OR)2 

(8) 

+ 6LiCl (4) 

(8) + MeLi 

Li 

(RO)2B B(OR)2 

(9) 

MeB(OR)2 (5) 

1,1-diborylalkanes are available from terminal alkynes, gem-diboryl compounds within a carbon chain 
are not readily available. Compounds such as (8) are very interesting as one-carbon synthons, but are 
confined to this function as yields drop when CH is replaced by CMe or CPh.24 Secondly, there is the 

wasteful use of base and boron referred to previously. 

2.2.2.3 Cleavage of a-Substituted Organoboranes 

Boron-stabilized carbanions may also be produced by selective cleavage of a heteroatom group from 
an a-substituted organoborane such as a borylstannylmethane (equations 6-8).25,26 

The reactions of bases with borylstannylalkanes generally lead to cleavage of the tin moiety,25-26 and 
lithium thiophenoxide is especially specific.25 It is of interest that the reaction of fluoride anion with di- 
mesitylboryl(trimethylsilyl)alkanes also gives a-boryl carbanions, thus obviating the need to use organo- 

metallics.26-27 

2.2.2.4 Deprotonation of Organoboranes 

It appears that the first example of deprotonation to give a boron-stabilized carbanion was that shown 
in equation (9).28 In general, however, early attempts to deprotonate organoboranes (equation 10) 
foundered because borate formation (equation 11) was favored. 

1^1 
Sf 

1 

Ph Ph 

(9) 

Successful deprotonations must discourage equation (11) so as to allow equation (10) to proceed. This 
may be achieved in several ways as follows: (a) the reagent can be a very hindered, non-nucleophilic 
base; (b) the groups around boron can be large so that attack on boron is inhibited on steric grounds; or 
(c) the electrophilicity of the boron atom may be lowered by the use of heteroatom substituents (e.g. 
equation 10; X = OR). All three of these approaches have been used, either separately or in conjunction 

with one another. 
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R R M 

R BX2 
YH 

R R 

M 
B(Y)X2 

(10) 

(ID 

The first successful attempt to deprotonate a simple alkylborane is shown in equation (12).29 
fi-Methyl-9-BBN (10) was reacted with a variety of lithium amides and the yield of (12) estimated by 
deuterium incorporation on quenching with D2O. Neither lithium diethylamide nor lithium diisopropyl- 
amide gave any of (12) at all, but the hindered piperidide (11) (LITMP) produced up to 75% of (12) 
using 100% excess of base. 

(10) (11) (12) 

Even using LITMP it was not possible to convert (13) into (14) when X = H (equation 13). It appears 
that stabilization by one dialkoxyboryl group is not sufficient and that at least one other stabilizing group 
is required for anion formation.30 Deprotonation with LITMP was successful for (13) with X = Ph,30 

SPh,31 TMS,32,33 Ph3P^ 33 and CH=CH2,33 but failed for X = Me2S+ 33 and R3N+.34 Compound (15; X = 
H; equation 14) is successfully deprotonated by LITMP in the presence of TMEDA to give (16; X = H). 
Unfortunately, with (15; X = Ph), cleavage takes precedence over deprotonation and (14; X = Ph) is 
produced rather than (16; X = Ph).30 

X 

(13) (14) 

(13) 

(14) 

Compound (17; equation 15) is deprotonated by LDA to give (19), but treatment with butyllithium 

leads to cleavage of the B—C bond (equation 16).35 

SPh 

(17) 

Li 

PhS 

SPh 

XB'°' 
I 

CL 

(18) 

(17) + BuLi 

O 

Bu—B 
\ 

O 

+ 

(15) 

(16) 
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The production of boron-stabilized carbanions using steric hindrance on the borane to inhibit borate 
formation was first demonstrated36 as part of a study of the properties of dimesitylboryl derivatives. Un¬ 
like the situation with dialkoxyboryl derivatives, it was possible to carry out the deprotonation with only 
one boron atom present and with no extra stabilizing groups. Either LDA or lithium dicyclohexylamide 
may be used as base, the latter being rather more efficient (equation 17).36 The initial study showed that 
the reaction with MesiBCHR'R2 was successful with: R1, R2 = H; R1 = H, R2 = Me; R1 = H, R2 = Ph; 

and R1, R2 = Me. 

R1 

Mes2B R2 

Li 

Mes2B 

R1 
(17) 

A study of the reactions of various bases with dimesitylmethylborane (Scheme 1) showed that the out¬ 
come critically depends on the nature of the base used.5 Both mesityllithium and lithium dicyclohexyl¬ 
amide give high yields of the required anion, mesityllithium proving to be a superior base for a wide 
variety of alkyldimesitylboranes. /j-Butyllithium attacks at boron to give the borate and t-butyllithium 
gives the hydroborate by (3-hydrogen transfer. Sodium hydride also gives the hydroborate, while potas¬ 

sium metal gives the radical anion. 

Mes2B-CH2 Li+ + (c-C6H,,)2NH 

Mes2B-CH2 Li 

+ 

MesH 

.+ 
MesLi 

NaH/ 

Mes2BMe 

BulLi 

(c-C6H„)2NLi 

BunLi 

K/THF 

Bun - 

Mes2B ~ Li+ 

Me 

- + -* + 2 + 
Mes2BHMe Na+ Mes2BHMe Li [Mes2BMe] K 

Scheme 1 Reactions of various bases with dimesitylmethylborane 

Further studies showed that a variety of substituted anions, Mes2BCHLiX, in which X = SPh,37 
TMS,37 SnPh326 amd BMes2,37 are available by deprotonation of the corresponding boranes. It is note¬ 
worthy that the triphenyltin derivative gives the anion without cleavage, while both the trimethyltin and 
tri-tt-butyltin derivatives are cleaved at the carbon-tin bond by treatment with mesityllithium. 

Vinylboranes, readily available by the hydroboration of 1-alkynes with dialkylboranes such as 
Sia2BH,38 react readily with LITMP to give high yields of the corresponding allyl carbanions (equation 
18).38 

Sia2BH + / 
z R 

Mesityllithium or lithium dicyclohexylamide react similarly with allyldimesitylborane (equation 19).39 
Thus, boron-stabilized allyl units are available from either allyl- or vinyl-boranes. 

Mes2B Mes2B Li (19) 

2.2.2.5 Addition to Vinylboranes 

As vinylboranes are electronically similar to a,(3-unsaturated ketones, reactions analogous to con¬ 
jugate addition might be expected. Unfortunately, many attempts to add organometallic compounds to 
simple alkenyldimesitylboranes gave only very low yields (ca. 5%) of the required carbanions.40 How¬ 
ever, additional steric hindrance and/or carbanion-stabilizing ability at the a-position, caused by the in¬ 
troduction of a TMS group, allows the process to be realized and so a wide variety of organometallics 
have been added to 1-dimesitylboryl-1-trimethylsilylethylene (19; R1 = H; equation 20)41 
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(20) 

For the case of R1 = H, R2M can be BunLi, Bu'Li, PhLi, (RS)2CHLi, Bu'ChCGULi, 
CH2==CH(CH2)4Li and Bu2Cu(CN)Li. However, there was no addition of BuMgCl or PhCs=CLi, nor 

could an enolate anion be added. For (19; R1 = Ph or CH=CH2) addition of butyllithium was successful 
and in the latter case the addition was entirely to the terminal position (equation 21).41 Somewhat 
strangely, the addition of BuLi to (19; R1 = Bun) was unsuccessful.41 

BMes2 

+ BuLi 
95% 

SiMe3 

Li + (21) 

Of particular interest is the process shown in equation (22), in which the (£)-alkene geometry of (20) 
precludes intramolecular ate complex formation and hence an addition-cyclization reaction occurs to 
give the a-unsubstituted carbanion (21), which may be trapped by protonation, deuteration or alkyl¬ 

ation.41 

As much recent work has concerned dimesitylboryl species, it is worth remarking that the related com¬ 
pounds (22M24) also readily yield carbanions.42 Unlike mesityl compounds, (22) cannot be deproton- 
ated at the 4'-methyl group, while compounds (23) have some special properties due to the great increase 
in steric hindrance around boron.42a Compounds (24) promise to be of utility due to their very ready sol¬ 
volysis with water or alcohols in the presence of catalytic quantities of mineral acid. They are even selec¬ 
tively hydrolyzed in preference to vinyl as well as alkyl groups (equation 23).42b 
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2.2.3 REACTIONS OF NONALLYLIC BORON-STABILIZED CARBANIONS 

2.2.3.1 Reactions with Metal Halides 

The reactions shown in equation (24) proved relatively facile for M = Ge, Sn or Pb. Although chloro- 
triphenylsilane failed to react, the corresponding TMS derivative was readily produced. 

Li 
B-O 

I I 

.0 CP , 

Ph3MCl + LiCl (24) 

The products (25; M = Ge, Sn, Pb) react with butyllithium to give (26) by C—B cleavage and further 
reactions of these anions with Ph3M'Cl (M' = Sn, Pb) proceed to give compounds (27; equation 25) with 
no evidence of disproportionation.22 If (28; equation 26) is treated in a similar fashion, the very stable 

tristannylmethylborane (29) results.22 

(25) 

Ph3M M'Ph 
PhiM'Cl 

Ph3Sn SnPh3 
,0. X .0. i, BuLi 

ii, PhiSnCl 

Ph3Sn SnPh3 

X /O. 
Ph3Sn B 

i 

(25) 

(26) 

To obtain analogous organometallic compounds containing a-protons, it is better to use ethylene- 
dioxyboryl derivatives (equation 27).43 

The reactions shown in equation (28) have been used37 to make a set of dimesitylboryl compounds 
(30) in which M = Si, R = Me, n = 3; M = Sn, R = Me, Bu, Ph, n = 3; M = S, R = Ph, n - 1; M = Hg, R = 
CH2BMes2, n = 1. In most cases R„MC1 was used as the reactant, but for introducing sulfur to give (31), 
PhSSC>2Ph was advantageous in yielding pure product.26 Otherwise the reaction shown in equation (29) 
was utilized.37 Products (30) are stable, crystalline compounds that may act as precursors of boron-stabi¬ 
lized carbanions.37 

Mes2B^Li + R«MX Mes2B MR„ + LiX (28) 

(30) 

Mes2BF + Li'^XPh -- Mes2B^Xph + LiF (29) 

(31) 
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2.2.3.2 Alkylation Reactions 

In general, all types of boron-stabilized carbanions are readily alkylated by primary alkyl halides. The 
situation for the alkylation of dimesitylboryl compounds is summarized in Scheme 2.44 These reactions 
represent highly efficient homologation processes. Oxidation of the tertiary alkyl organoboranes is slow, 
but use of 4-methoxy-2,6-dimethylphenyl groups instead of mesityl groups renders the products sensitive 
to solvolysis.42 

RX [°1 /v. 
Mes2BMe -- Mes2B Li -- Mes2B R -- HO R 

i.e. RX -- HO^R 

(R = primary alkyl) 

RX = RBr, RI, ArCH2I; overall yields -95% 

Mes2B R1 

Mes2B R2X 

R'^Li 

overall yields -80% 

Mes2B [O] OH 

Mes2B Mes2B Li r3x 

R'^R2 

Mes2B R3 
V 

R'^R2 

yield of organoborane -70% 

Scheme 2 Alkylation of alkyldimesitylboranes 

[O] HO R3 

R‘^R2 

Alkylations with 5-alkyl halides give lower yields due to competitive elimination reactions.44 
Alkylations of boron-stabilized carbanions have been carried out with primary alkyl halides containing 

acetal,22,45 alkene 41 alkyne,22 chloride,45 cyano 45 ester41 and tosylate45 groups, though a ketone group 
was not tolerated.22 

The anion derived from (31) reacted in a remarkable fashion with primary alkyl halides so that alkyla¬ 
tion occurred only on sulfur to give the corresponding ylide (equation 30).46 

;; +„ Ph 
Mes2B SPh + C7H15I -- Mes2B S (30) 

C7H,5 

Alkylations of bis(dialkoxyboryl)methyl anions give products that may be oxidized to aldehydes or 

ketones (Scheme 3).31 

r'x 

R1 

NaBOj 

" 

R’CHO 

i, LITMP 

ii, R2X 

NaB03 

O 
U 

R’^R2 

Scheme 3 Alkylation of bis(dialkoxyboryl)methyl anions 

Monoalkylation of (32)31 gives products that are readily converted by NCS into monothioacetals 

(equation 31).47 
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SPh SPh 

(32) 

(31) 

2.2.3.3 Reactions with Epoxides 

The reactions of epoxides with dialkoxyboryl-stabilized carbanions are complicated by interaction of 
the oxyanion produced with the dialkoxyboryl grouping. When such an interaction is sterically inhibited, 

as with cyclohexene oxide, a single product results (equation 32).31 

Dimesitylboryl-stabilized anions generally react readily with epoxides to give products that can be ox¬ 
idized to 1,3-diols (Scheme 4).48 The regioselectivity is high and is dominated by the bulk of the dimesi- 
tylboron group, so that even (2), the anion derived from methyldimesitylborane, attacks styrene oxide 
regiospecifically. While (2) shows little regioselectivity in its reaction with rra/rj-l-methyl-2-pentyl- 

Mes2B Li 

Me 

Mes2B Li 

0 O 0 

Ph | C6Hb" 
t 

/a. 

cSH,r | | 

(2) 81%a 95% 37% 46% 

(33) 94% 85% 12% 49% 

erythro'.threo = 4:3b 

O O 
/ \.Pr CO

 
e

 

Pr^ 
Et | 

(2) 95% 78% 

(33) 50% 72% 

O O 

64% 14% 

53% 0% 

erythro:threo = 10:1 erythro'.threo = 2:1 

R1 

Mes2B Li 

+ Ps 
r2r3c-cr4r5 

a Yields are of isolated 1,3-diol and are based on starting organoboranes. The arrows indicate the position(s) 

of attack on the epoxide based on the isolated diol. For symmetrical epoxides no arrows are shown. 

b The erythro\threo ratio is defined by the relationship of the 1,3-alcohol units. 

Scheme 4 Reactions of dimesitylboryl-stabilized carbanions with epoxides 
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oxirane, anion (33), derived from ethyldimesitylborane, reacts with unusual selectivity with the same 
epoxide. In certain cases, stereo- as well as regio-selectivity is obtained. The erythro. threo ratio of 10:1 
in the 1,3-diols derived by reaction of (33) with tra«s-l,2-di-/z-propyloxirane is extremely unusual.48 

With more hindered epoxides, yields are lower but only become negligible with tetrasubstituted epox¬ 
ides. The method therefore provides a widely applicable synthesis of 1,3-diols. 

2.2.3.4 Acylation Reactions 

The overall process shown in equation (33) has been fairly well investigated. The presumed initial 
acylation products (34) undergo rearrangement to give alkenyloxyboranes (enol borinates) (35), the 
isolable products of the reaction. There has been no recorded instance of polyacylation in this process. 

(34) (35) 

A specific example of the process, useful for the synthesis of phenyl ketones, is shown in equation 
(34).21 Unfortunately, the further reactions of the intermediate enol borinates (36) with aldehydes show 
little diastereoselectivity (equation 35).21 

The reactions of (37) with esters give poor or moderate yields of ketones (equation 36).30 

(36) 

The reactions with esters of stabilized anions (32) and (38) give a-phenylthio ketones in yields of 
75-82% (equation 37).31 Acylations with succinic anhydride and butyrolactone to give y-keto acids and 

y-hydroxy ketones respectively, also proceed in good yields.31 

(38) 
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The acylation of the pinacol derivative of dihydroxy[lithio(trimethylsilyl)methyl]borane with methyl 
benzoate has been recorded.31 No details were given due to difficulties in the isolation of the products. 

Acylation of Mes2BCH2Li (2) with methyl benzoate for 5 min gave a 72% yield of acetophenone, 
marginally better than for use of benzoyl chloride or benzoic anhydride.49 However, acylation of other 
dimesitylboryl-stabilized anions does not appear to be of general use, often giving only modest yields.49 

The ethoxycarbonylation shown in equation (38) leads to ethyl octanoate in 50% yield.49 When 
dimethyl carbonate was used, a-methylation occurred in preference to ester homologation.49 

Li 

C6H BMes2 

+ 

Qh13. OBMes2 h20 

OEt C7H 

O 

A (38) 

7n15 OEt 

Acylation of (2) with benzonitrile gives an intermediate which yields acetophenone (52%) on hydrol¬ 
ysis with 3 M HC1.49 This seems to be the only recorded reaction of a boron-stabilized carbanion with a 

nitrile.49 
The carboxylation of boron-stabilized carbanions followed by acidification has been reported to give 

malonic acids in yields of 65-70% (equation 39).19 The carboxylation of (39), however, did not yield any 
of the corresponding malonic acids.26 

B(c-C6Hu)2 

Li 

i, C02 

ii, H + 
(39) 

2.2.3.5 Reactions with Aldehydes and Ketones 

It was early reported50 that boron-stabilized carbanions reacted with benzaldehyde and ketones to yield 
alkenes (equation 40). The reaction gave a 45-50% yield in the one case quantified, with (E):(Z) ratios 
varying over a wide range with temperature. Benzophenone gave a similar yield but the yields with ali¬ 
phatic ketones were considerably less.50 

c5h„ B(c-C6Hu)2 

Li 

+ 

R1 

5H1/- R2 
(40) 

An analogous reaction with cyclohexanone gave methylenecyclohexane in 55-60% yield (equation 
41).29 

(41) 

The reactions of dimesitylboryl-stabilized carbanions (39; R = H, Me, C7H15) with aldehydes and 
ketones are extremely interesting as they can lead to different products, depending on the nature of R, the 
carbonyl compounds and the reagents used in the work-up. 

Aromatic ketones react to give excellent yields (70-90%) of the corresponding alkenes directly (equa¬ 
tion 42), a reaction that was postulated to proceed by syn elimination from oxaboretane intermediates by 
analogy with the Wittig and Peterson reactions.51 In one case an intermediate (3-hydroxyborane has been 
isolated by chromatography, and in many cases intermediate salts separate, but dissolution of the salts in 
chloroform gives alkenes upon warming.51 

Li 

Mes7B R Ar 

O 

A 
Ar 

(42) 

(39) 
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The direct reactions of (39) with benzaldehyde are complex, giving products as shown in equation (43) 
in proportions varying with the conditions. The alkene, however, was overwhelmingly (E)-alkene, in 
contrast to the similar reactions of ‘unstabilized’ Wittig reagents. 

(E) 

If the reactions are carried out at low temperature and the reaction mixtures then oxidized also at low 
temperature, the products are erythro-1,2-diols (41) obtained in good yields. This is a synthetically useful 
process, unique among Wittig-type reactions.52 On the assumption that the oxidation proceeds with 
retention of configuration at carbon, as for all other C—B bond cleavages by alkaline hydrogen perox¬ 
ide,18 then the intermediate has the stereochemistry (40; Scheme 5). This can exist as the acyclic form 
(40a) or the cyclic form (40b). The latter, however, would have to give (Z)-alkene, whereas (E)-alkene is 
actually observed. This must arise therefore by anti elimination from (40a), which is a most unusual 
pathway in Wittig-type reactions. 

Li 

Mes2B R 

— + 
O—BMes2 Li 

or M 
Ar'"' R 

(39) (40a) (40b) 

anti 

-78 to 25 °C 

syn 

-78 to 25 °C 

>< 

Ar R 
\=/ 

Scheme 5 Reactions of aromatic aldehydes with dimesitylboryl-stabilized carbanions 

Intermediates (40) react at -110 °C with TMS-C1 to give compounds (42), which are stable, readily 
purified products. The 'H NMR of (42) is in accord with the assigned stereochemistry and shows that the 
oxidation of (40) had indeed proceeded with retention of configuration. Reaction of (42) with HF/MeCN 
gives (E)-alkenes in excellent yields (Scheme 6) with none of the many by-products seen in the original 
reaction. The (£):(Z) ratios range from 100:0 to 95:5 and the reaction tolerates NO2, Cl, OMe and alkyl 

groups in the aromatic aldehyde.53 
By contrast if (40a) is reacted with trifluoroacetic anhydride (TFAA) at low temperatures and the re¬ 

action then allowed to warm, the (Z)-alkene is obtained, presumably by a cyclic ester type elimination 
(Scheme 6).53 The isolated yields (72-77%) of (Z)-alkene are rather lower than the yields for the (E)-al- 
kene process, as are the stereoselectivities. In the case of 4-nitrobenzaldehyde the process shows little 

stereoselectivity 
The reactions of (39; R = H) with aliphatic aldehydes give alkenes in yields that are strongly tempera¬ 

ture dependent.51 If the reaction is carried out in the presence of TFAA, then excellent yields of the 
methylene compounds result.54 However, reaction of aliphatic aldehydes with (39; R = C7H15) in the 
same conditions proceeds by a most unexpected redox process to yield ketones in good yields after 
aqueous work-up.54 The appearance of ketones as products is unique in any Wittig-type of reaction at 
this oxidation level. Alkenyloxyboranes appear to be the intermediates in the reactions, and these react 
with excess TFAA to give enol trifluoroacetates, which can be isolated and characterized.54 A possible 

sequence is shown in Scheme 7,54 
If the added aldehyde is premixed with a protic acid, the intermediates (43) are still formed, but are 

immediately discharged to give (44), which then decompose to give alkenes in good yields. Acetic acid 
shows little stereochemical discrimination in the production of alkenes except when R = Bul (100% of Z) 
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R R 
H 

(39) + ^=0 

Ar 

LiO 
BMes? 

Me-jSiCI, -110 °C Me3SiO 

Ar 

(40a) 

BMes2 

Ar 

(42) 

TFAA, -110 °C to 25 °C 

HF / MeCN / 25 °C 

BMes2 

Ar R 
\=/ 

R 

Scheme 6 Stereoselective alkene formation using the boron Wittig reaction 

OCOCF3 o 

Scheme 7 Reactions of 1-dimesitylboryl-l-lithiooctane with aliphatic aldehydes 
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and cyclohexyl (90% of Z), but excess of stronger acids (HC1, CF3SO3H) gives >90% of (E)-alkene for 
less hindered aldehydes.54 The overall situation for (39; R = C7H15) is summarized in Scheme 7. 

Bis(dialkoxyboryl)-stabilized anions react with aldehydes to give alkenylboranes which may be ox¬ 
idized to the homologated aldehydes (equation 44).29 Addition of TMEDA and careful control of condi¬ 
tions are required to give good yields. 

H 

O 

X 
C,H 6n13 H 

O 

A 
C7H 7n15 

(44) 

The reactions of a-TMS-substituted boranes with aldehydes proceed with elimination of the TMS 
group to give alkenylboranes as in equations (45) and (46). Such products can be hydrolyzed to alkenes 
or oxidized to aldehydes.33 The intermediate in the case of the dimesitylborane reaction was directly ox¬ 
idized to aldehyde in 95% overall yield, a good formyl homologation process.37 

In reactions with benzophenone and cyclohexanone the dialkoxyboryl-stabilized carbanions still elimi¬ 
nate silicon33 but the dimesitylboryl derivatives eliminate boron and silicon competitively so that a mix¬ 

ture of products results.36 

1 -Lithio-1 -phenylthioalkane-1 -boronates react with aldehydes or ketones to give phenylthioalkenes as 
mixtures of geometric isomers, when this is possible, in yields of 61—86% (equation 47).3 

(47) 

The dialkoxybory 1 - substituted Wittig reagent (45) also loses boron upon reaction with benzophenone 
to yield another Wittig reagent that has been used in the synthesis of allenes (equation 48). 

Ph,P' 

Ph 

B' 
1 

(A 

,0. 
LDA Ph 

>=° 

Ph,P = C=< 

Ph 

Ph 

(48) 

(45) 

2.2.3.6 Halogenation Reactions 

The halogenation of boryl-substituted carbanions has received little attentat. However Ibrotjtotttan 
of the appropriate carbanions has been accomplished to give compounds (46),“ (47)“ and (48). The 
latter undergoes reaction with phenylmagnesium bromide to give (49), though only 57% of impure ma¬ 
terial has been isolated. With aliphatic Grignard reagents only cleavage products were isolated. 
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2.2.4 REACTIONS OF ALLYLIC BORON-STABILIZED C ARB ANIONS 

The anion derived from (50) gives mixtures of products from reactions with D2O, Mel, Bui and 
TMS-C1 and it was concluded that it cannot function as a useful synthetic reagent.33 

Anion (51) protonates and methylates at the a-position but reacts with TMS-C1 and acetone (equation 
49) specifically at the y-position. No product derived from a boron-Wittig reaction was noted in the re¬ 
action with acetone, which upon work-up with propionic acid gave the corresponding alkene (52).38 

Anions (53) undergo only a-attack with TMS-C1 or BusSnCl to give (54; equation 50).55 The stereo¬ 
chemistry of compounds (54) has not been defined, but upon reaction with water they give only the 
(Z)-allyl-silicon or -tin derivatives (55).55 

(53) (54) (55) 

The reactions of anion (56) proceed entirely at the y-position with D2O, Me2S04, EtI, PrI, C6H13I, 
C7H15I, CsHnI, PhCfLI and TMS-C1, and in every case (E)-alkenylboranes result.39 Alkylations proceed 
in high yields (90-96%) and buffered oxidation of the products gives aldehydes (90-95% overall), 
giving an efficient three-carbon homologation of alkyl iodides (equation 51).39 

x BMes2 + ri 

(56) 

Mes?B' 
10] 

(E) 

(51) 

Benzaldehyde also reacts with (56) at the y-position and oxidation of the intermediate yields y-lactols 
(equation 52).39 
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2.2.5 CONCLUSION 

It is clear that the chemistry of carbanions stabilized by boron is so far undeveloped compared, say, 
with the chemistry of carbanions stabilized by sulfur. Despite this, a variety of unique reactions have 
been produced and it is certain that more await discovery and development. 
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2.3.1 INTRODUCTION 

Sulfur is one of the most frequently employed elements in organic synthesis. Typical functionalities 
containing sulfur atoms are illustrated below (la-ld); they all stabilize the adjacent carbanion, which 
serves as a nucleophile. The carbanion reacts with alkyl halides or adds to C=X rr-bonds (X - C, O, N, 

etc.) to form a C—C bond, which is an essential process in organic synthesis. 
This section deals with addition reactions of sulfur-stabilized carbanions to G=X iT-bonds from the 

standpoint of stereo- and regio-selectivity. 

505 
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2.3.2 SULFENYL-STABILIZED CARBANIONS 

2.3.2.1 Configuration of the Carbanion 

The action of butyllithium on thioanisole in THF generates (phenylthio)methyllithium in a low yield of 
35%.1>2 Corey and Seebach found that reaction of equimolar amounts of butyllithium, DABCO and 
thioanisole in THF at 0 °C produces (phenylthio)methyllithium in ca. 97% yield.3 Dimethyl sulfide can 
be metalated with a butyllithium-TMEDA complex at room temperature (equation l).4 Treatment of 
chloromethyl p-tolyl sulfide with magnesium produces the corresponding Grignard reagent; a reaction 
temperature between 10 and 20 °C is crucial for its efficient generation (equation 2).5 

RSMe 

BunLi 

~ RS Li 
DABCO or TMEDA 

(1) 

RS 

Mg 

10-20 °C 

(2) 

The pA^a value for 2-CHi of 1,3-dithiane is 31.1,6 indicating that the sulfenyl group stabilizes the ad¬ 
jacent carbanion. Theoretical studies present convincing evidence for the unimportance of d-orbital par¬ 
ticipation in the acidification of C—H bonds a to sulfur atoms.6-7 Whether or not 3d-orbitals are included 
in the basis set, the preferred conformation of -CH2SH is predicted to be that of an sp3 carbanion (2).8 
The calculation, NMR studies and crystallography all support a tetrahedral structure for the a-lithiated 
sulfide.9 

H.C-S 
/ \ 

H H 

(2) 

Anderson and coworkers emphasized the polarizability of sulfur, which accounts for the regiochem- 
istry of C—H acidification by sulfur.10 Epiotis et al. developed a hyperconjugative model involving 
delocalization of the unshared pair on carbon into the low-lying adjacent S—R antibonding orbital,11 
which accounts for the stereochemical aspects of C—H bond acidification by sulfur. 

2.3.2.2 Addition to C=0 Bonds 

(Phenylthio)methyl metal (metal = Li or MgCl) adds to the carbonyl group of ketones and alde¬ 
hydes 3_5-12-13 Benzoyl derivatives of these adducts are converted to alkenes by reductive elimination 
with Li-NH3,14 TiCU-Zn15 or Ti.16 Transformation of (3) into an alkene via its phosphoric ester has 
also been reported (equation 3).17 

The above ketone methylenation is applicable to highly hindered ketones, which are usually inert to 
the Wittig method. For example, a highly hindered tricyclic ketone (norzizanone, 4a) undergoes the 
methylenylation to give zizaene (4b; equation 4). A5-Cholesten-3-one (5a) was also converted to the 
nonconjugated diene 3-methylene-A5-cholestene (5b; equation 5).14 

Condensation of the lithio derivative of benzyl phenyl sulfide (6) with benzaldehyde gave two dia- 
stereomers of 2-phenylthio-1,2-diphenyl-1 -ethanol (7) in a ratio of 60:40 (equation 6).18 
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In the addition of the sulfide (8), which has a chiral center at the (3-position, 1,2-induction was com¬ 
pletely stereoselective, while 1,3-asymmetric induction occurred with 80% efficiency (Scheme 1). It has 
been shown that the critical factor for obtaining high stereoselectivity is a thermodynamic preference in 
the lithio derivative (9) and not a diastereoselective deprotonation. In essence, C—Li bonds to sulfur are 
similar to their oxygen and nitrogen counterparts and differ only in the fact that the epimerization rate of 

(9) is seemingly faster.19 

HO Ph 

<x-OH:p-OH = 4:l 

Scheme 1 
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2.3.2.3 a-Sulfenylated Allylic Carbanions 

The reaction of a-sulfenylated allylic carbanions with electrophiles may give both the a- and "/-prod¬ 
ucts (equation 7). Regiochemical control of this ambident anion is dependent upon many factors, includ¬ 
ing substituents, counterions, the solvent system, the type of electrophile and steric effects. 

RS e (7) 

When the counterion is lithium, the a:y regioselectivity depends in part upon the electrophile em¬ 
ployed (Scheme 2). 3-Methyl-2-butenyl phenyl sulfide generates an allylic carbanion by the action of n- 
butyllithium-THF. Methyl iodide reacts with a-selectivity (exclusively a at -78 °C), whereas acetone 
predominantly affords the y-adduct (a:y = 25:75). The regioselectivity of alkylation and of reaction with 
acetone also depends on the presence of solvating species. The results are best explained by assuming 
that in THF without a complexing agent, the carbanion exists as an ion pair, the lithium ion being closely 
associated with the a-carbon. In contrast, the cryptate [2.2.2] accommodates the lithium in its cavity so 
that solvent-separated ion pairs or free anions are present. The reaction now occurs at both a- and y-car- 
bons with methyl iodide (a:y = 60:40) and only at the a-carbon with acetone.20 Addition of the lithio 
derivative of an aryl allyl sulfide to benzaldehyde (equation 8) was also reported to afford predominantly 
the corresponding y-adduct (a:y = 15:85 or 28:72 in the cases of aryl = phenyl or p-methoxyphenyl, re¬ 
spectively). The diastereomeric ratio of the product resulting from a-attack ranges from 34:66 (aryl = 
mesityl) to 25:75 (aryl = p-methoxyphenyl)21 

PhS BunLi 

* In the presence of cryptate [2.2.2] 

100:0 

60:40* 

Scheme 2 

ArS BunLi 

THF 

PhCHO 

-70 °C to r.t 

minor major 

(8) 

In contrast to lithio derivatives, (isopropylthio)allyl copper reacts with acetone in ether at -78 °C to 
yield an a-adduct as a major product (Scheme 3).22 

The reaction between a wide variety of (alkylthio)allyltitanium reagents of type (11) and carbonyl 
compounds has also been reported (equation 9). Table 1 illustrates how the relative proportions of a- and 
y-adduct formed vary according to the reagent. 

The substitution pattern of the starting sulfide (10) can have a pronounced effect on the a:y ratio in the 
final condensation products. With unsubstituted sulfides (R1 = R2 = R3 = R4 = H) or a- and [3-mono- and 
di-substituted sulfides (R1 and/or R2 = Me), the a-selectivities are about 97-99%. On the other hand, a 
dramatic alteration in product distribution occurs when the condensation with aldehydes is carried out 
using y-substituted sulfides (R3 and/or R4 = Me); excellent y-selectivity was observed. It is highly inter¬ 
esting that a- and y-disubstituted sulfide (R1 = R3 = Me) gives the a-adduct almost exclusively. The 
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OH OH 

major 
Scheme 3 

a-adduct "/-adduct 

Table 1 Reaction of the Anion (11) with Aldehydes 

R' R2 R2 R4 R5 RCHO 
Yield (%) 

a-Adducf (3-Adduct 

H H H H Ph c-CeHnCHO 99 (>30:1) <1 

H H H H Et n-C5HnCHO 87 (>30:1) 5 

H H H H Et PhCHO 94 (6:1) 2 

Me H H H Ph c-C6HhCHO 99 (>30:1) <1 

H Me H H Et c-C6HhCHO 98 (>30:1) 2 

H H Me H Et c-C6HhCHO >1 93 

Me Me H H Ph c-C6HiiCHO 83 (>30:1) <1 

Me H Me H Ph c-C6HhCHO 71 (>30:1) 4 

H H Me Me Ph c-C6HhCHO >1 99 

The value in parenthesis is the ratio of erythro :threo. 

second important trend is the exceedingly high erythro selectivity of the reaction. Even an aromatic alde¬ 
hyde gives the erythro-alcohol selectively. Furthermore, the erythro stereoselectivity is not affected by 

the a-branches of the starting sulfides.23 
The well-known procedure for desulfurization via sulfonium salt formation followed by base-cata¬ 

lyzed cyclization converts this reaction into a stereoselective alkenyloxirane synthesis. Some examples 

are illustrated in Scheme 4. 
The triethylaluminum or triethylborane ate complexes (12) of the (lsopropylthio)allyl carbamon react 

with carbonyl compounds at the a-position (equation 10). In the reactions with carbonyl compounds, 
very high regioselectivity (for example, butanal 95:5, 3-methylbutanal 99:1, cyclohexanone 92:8 and 
acetophenone 95-5) was achieved by using the aluminum ate complex. On the other hand, the a-regio- 
selectivity with ketones decreases if the boron ate complex is used (cyclohexanone 72:28, acetophenone 
45:55). It is noteworthy that the stereoselectivity of the a-adduct from an aldehyde is low. Presumably 

the geometry of the double bond in the ate complex (12) is not homogeneous. 
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i, CH2=CHCH2SEt/ButLi/Ti(OPri)4, THF, -78 °C; ii, Me3OBF4, CH2C12, 0 °C, then aqueous NaOH, 25 °C 

Scheme 4 

(10) 

Seebach and coworkers reported that the doubly lithiated 2-propenethiol (13) reacts preferentially in 
the y-position with a variety of electrophiles, including aldehydes and ketones. The selectivity is 67- 
75%.25 The magnesium derivative (14), readily accessible by addition of MgBr2 (1 equiv.), reacts with 
aldehydes and ketones to give a-adducts almost exclusively (more than 90%). Successive addition of a 
saturated or a,(3-unsaturated aldehyde or ketone followed by methyl iodide to a solution of the magne¬ 
sium derivative at -80 °C affords very high yields of the a-adducts, which are synthetic precursors for 
vinyloxiranes (Scheme 5).26 

(14) 

Scheme 5 

2.3.2.4 Miscellaneous 

Formaldehyde dithioacetals are often utilized as synthetic equivalents of formyl anion (“CHO) and car¬ 

bonyl dianion (2-C=0). 1,3-Dithiane is commonly used; its 2-H is quite acidic (pATa = 31.1 )6 due to sta- 
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bilization by its two adjacent sulfenyl groups. 2-Lithio-l,3-dithiane adds to aldehydes and ketones. Its 
addition to 4-f-butylcyclohexanone proceeds under kinetic control, and the rates of equatorial and axial 
attack are comparable.27 2-Phenyl-1,3-dithiane generates a more stable carbanion at the 2-position (pK& = 
28.5 in cyclohexylamine), thus enabling thermodynamic control, under which attack is exclusively equa¬ 
torial. The dianion (15) of 2-hydroxymethyl-1,3-dithiane adds to an epoxycyclohexanone (16) in a highly 
stereoselective manner, which is the key step in a novel approach to the avermectin southern hexahy- 
drobenzofuran unit (Scheme 6).28 

Scheme 6 

In the reaction with a,(3-unsaturated ketones (18), 2-lithio-l,3-dithiane (17; R — H) produces 1,2 ad¬ 
duct (20) in THF. By addition of HMPA (1-2 equiv.) to the reaction mixture, 1,4-addition is successfully 
attained (equation 11).29 It is noteworthy that the lithio derivative of 2-aryl-1,3-dithiane regiospecifically 

adds to 2-cyclohexenone in a 1,4-manner (25 °C in THF).30 

The reactions of lithiated tris(phenylthio)-,31 methoxyphenylthiotrimethylsilyl-,32 bis(methylthio)tri- 
methylsilyl- and bis(methylthio)stannylmethanes33 with conjugated ketones give the corresponding 1,4- 

adducts exclusively. 
The allyllithium derived from 2-ethylidene- 1,3-dithiane (22) and LDA reacts with an aldehyde (21) at 

predominantly the a-position (a:y = 90:10). When the counterion is changed from lithium to cadmium, 

the regioselectivity is reversed (a:y = 10:90), as shown in Scheme 7.34 

CHO 

(21) 

LDA 

LDA/ZnCl2 

96% (90:10) LDA/CuI*P(OMe)3 

70% (60:40) LDA/CdCl2 

Scheme 7 

61% (35:65) 

90% (10:90) 
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The crotyllithium compound (23) generated from (£)-2-(l-propen-l-yl)-l,3-dithiane reacts with alde¬ 
hydes to give exclusively y-adducts, which favor the anti isomer (Scheme 8).35 However, crotyllithium 
(23) reacts with ketones at either the a- or the y-site, depending on the nature of the ketone (for 2-buta- 
none, a:y = 84:16, anti:syn = 77:23). To account for the high regioselectivity and anti selectivity of the 
aldehyde addition, a chelation model with a chair-like transition state (25) was proposed. This regio- and 
diastereo-selective reaction is applicable to syntheses of tran5-(3,y-disubstituted y-lactone (27). The anti 
y-adducts are prone to cyclization to afford (26), which undergoes hydrolysis with HgCh, leading to (27; 
equation 12). 

anti-( 24) syn-(24) 

R = Me, 86% (80:20) R = Me2C=CH, 88% (84:16) 

R = Et, 91% (-100:0) R = PhCH=CH, 86% (85:15) 

R = Pr1, 93% (-100:0) 

Scheme 8 

anti-( 24) (26) (27) 

2.3.3 SULFINYL-STABILIZED C ARB ANIONS 

2.3.3.1 Configuration of the Carbanion 

Sulfoxides bearing two different substituents are dissymmetric and resolvable into optically active en¬ 
antiomeric forms. Since the sulfinyl group is pyramidal, a diastereotopic relationship exists for the 
methylene protons (H/? and Hs) and differential acidity of these protons is observed. 

It has been demonstrated that pro-(R) hydrogen (Hr) of (S)-benzyl methyl sulfoxide undergoes ex¬ 
change in alkaline D2O or in MeOD containing NaOMe at a rate approximately 16 times faster than the 
pro-(S) hydrogen (Hs). The results hitherto reported are summarized in Figure l.36-^0 Deuteration and 
methylation of benzyl methyl sulfoxide occur with opposite stereospecificity, whereas the corresponding 
actions of benzyl t-butyl sulfoxide in THF proceed with the same stereospecificity. The lithiated a-sulfi- 
nyl carbanions produced from (5s) and (fls)-benzyl methyl sulfoxides may have (5c,5s) and (Scfis) con¬ 
figurations, respectively. Water comes from the lithiated side of the carbanions because its polarization 
causes it to interact initially with the countercation. However, methyl iodide is a nonpolar substrate and 
prefers to react on the more nucleophilic side, which is anti to the sulfur lone pair. Thus, the sulfur lone 
pair can exert an a-effect to make the anti lone pair more polarizable.41 

Ab initio MO calculations on the hypothetical anion ~CH2S(0)H suggest a nonplanar geometry to be 
preferable at the anionic center, and the order of carbanion stability is shown in Figure 2,42’43 

This order is not in agreement with most of the results from experiments conducted to determine the 
conformational preferences of ot-sulfinyl carbanions in solution, where solvation and ion-pairing effects 
are important. For example, Biellmann found that the product stereochemistry varies with solvent and 
temperature, and with the presence or absence of lithium chelating agents such as cryptate.44 Lithium 
cation-oxygen chelation may control the conformation in THF (Figure 3), while a free anion is predomi¬ 
nant in the presence of the chelating agent. 
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BuLi/THF/R2CO 

BuLi/THF/D20 

NaOD/D20, CD3OD 

BuLi/THF/Mel 

BuLi/THF/D20 

ButOK/THF/D20 

BuLi/THF/Mel 

NaOD/CD3OD 

Figure 1 

Figure 3 

Even the widely accepted assumption of pyramidal .s/?3-hybridized a-sulfinyl carbanions has been 
challenged. A 13C NMR study provides evidence for a chelated a-lithio thiane 5-oxide with a planar met- 
alated carbon.45 The stereoselectivity observed in methylation with Mel is completely reversed with 
(MeO)3PO. These results are explained in terms of trans approach of Mel to the chelated face and cis ap¬ 
proach of (MeO)3PO, which requires coordination to Li+. It was also reported that the carbanion carbon 
of PhCHLiS(0)Me or BulS(0)CH2Li is primarily sp2-hybridized or intermediate between sp2- and sp3- 

hybridized, respectively.46 

2.3.3.2 Addition to C=0 Bonds 

In 1972, Tsuchihashi disclosed that the carbanion (28; Ar = p-tolyl), generated from (R)-methyl p-tolyl 
sulfoxide with lithium diethylamide, adds to benzaldehyde or a-tetralone to give an adduct (29) in a dia- 
stereomeric ratio of 50:50 or 64:36, respectively 47 Additions of this carbanion to various unsymmetrical 
ketones are also reported to be poorly diastereoselective (for example, EtCOMe 50:50, Bu'COMe 55:45, 
Bu'COPh 70:30).48 Note that in the case of Ar = 2-pyridyl a chiral sulfinyl group increases the asymme¬ 
tric induction observed in the addition of the corresponding carbanion to carbonyl compounds (PhCHO 
80:20, n-C9Hi9CHO 70:30).49 Since diastereomer pairs of (29) are separable, chromatographic separation 
followed by reductive desulfurization with Raney Ni provides a method for obtaining optically active al¬ 

cohols (30; Scheme 9). . 
Reaction of the a-carbanion of an alkyl aryl sulfoxide (RCH2SOAr) with aldehydes may give four dia- 

stereomers. In general, the reaction is highly diastereoselective with respect to the a-sulfinyl carbon, but 
poorly diastereofacially selective with respect to attack on the carbonyl component. In fact, the a-carb- 
anion (31) of benzyl r-butyl sulfoxide adds to an aldehyde to produce only two diastereomers (32a) and 
(32b). As shown in Scheme 10, the selectivity increases when the counterion is Zn2+. A transition state 
structure (33) is proposed to account for the anti stereoselection.50 Addition of the dianion of (R)-3-(p-to- 
lylsulfinyl)propionic acid (34) to aldehydes affords two main diastereoisomeric (3-(p-tolylsulfinyl)-y-lac- 
tones (35- R = Ph and Bu‘, ca. 60:40). These isomers (35) were separated by chromatography, and their 
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\ A0 R1 
/ S. 4. >= o 

LiCH,"^ Ar / 
2 R2 

(28) (29a) (29b) 

Raney Ni Raney Ni 

R\ .OH HO, R1 

K-< 

(30a) (30b) 

Scheme 9 

pyrolysis gave optically pure 5-substituted furan-2(5//)-ones (36; Scheme ll).51 Analogously, optically 
active c/5-7,8-epoxy-2-methyloctadecane (39), the sex attractant of the gypsy moth, was synthesized by 
utilizing the addition of the a-carbanion of optically active t-butyl 5-methylhexyl sulfoxide (37) to unde¬ 
canal (38a:38b = ca. 67:33) as shown in Scheme 12.52 

Condensation of a-sulfinyl carbanions with aldehydes provides a useful method for generating 1,2- 
asymmetry as well as construction of 1,3-asymmetric relationships in acyclic systems. a-Sulfinyl carb¬ 
anions such as (40) undergo condensation with aldehydes, yielding the (3-hydroxy sulfoxides (41), thus 
generating two asymmetric centers at C-4 and C-5 (equation 13). Successive treatment of the sulfoxide 
(42a) with LDA and then with benzaldehyde at -78 °C gave adducts (43) and (44) in 85% yield in a 91:9 
ratio, whereas the diastereomer (42b) gave four adducts (45, 46, 47 and 48) in 94% yield of 67:17:13:3 
composition, respectively (Scheme 13). In analogous fashion, condensation of the racemic sulfoxides 
which have the opposite configuration of the (3-methyl substituent at C-3 afforded 85-90% yields with 
benzaldehyde.53-55 It is noteworthy that major products (43) and (45) share the same relative stereochem¬ 
istry along the carbon backbone, in spite of the inversions of sulfinyl configuration. The general mode of 
the addition demonstrates the same preference for ‘erythro’ orientations at C-4 and C-5 as observed in 
the addition of an anion to a carbonyl compound, which presumably does not involve a cyclic, chair-like, 
transition state. An indolizidinyl sulfoxide (49) also adds to butanal via its a-sulfinyl carbanion to afford 
two diastereomers (50a) and (50b) in a ratio of 2:1. Since the configuration of the newly created 

M+ 

HO O .. HO O 

A A sf 
+ RCHO -- R Bu' + r^Y 

Ph Ph 

anti-(32a) 5>7j-(32b) 

R = Ph, countercation = Li+ 63 : 37 (81%) 

Zn2+ 84 : 16 (98%) 

R = Pr1, countercation = Li+ 78 : 22 (90%) 

Ph. ^ 
Zn2+ 91 : 9 (72%) 

R = , countercation = Li+ 49 : 51 (100%) 

R Zn2+ 57 :43 (82%) 
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Scheme 10 
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(38b) 

R = Me2CH(CH2)4 
R' = Me(CH2)9 

(40) 

(13) 

(41) 

hydroxycarbon is always (S), pyrolytic dehydrosulfinylation of (50a) and (50b) furnishes the same 

product, (-)-elaeokanine B.56 

2.3.3.3 Addition to C=N Bonds 

In 1973 addition of a carbanion (52; Ar = p-tolyl) to benzylideneaniline (51a; Scheme 15) at -10 to 
-20 °C was found to be a highly diastereoselective process.57 Later, this and its related reactions were re¬ 
examined in detail.58 An anion (52; Ar = Ph) adds smoothly to (51a) at -78 °C over a period of 5 h to 
give a mixture of the diastereoisomeric adducts with modest diastereoselection (18:82). Longer reaction 
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(42a) 

HO Sr-: 

Ph O 

94% 

(42b) 

(43)91% (44) 9% 

(4rt,5S)-(47) 13% 
(4S,5S)-(48) 3% 

Scheme 13 

Elaeokanine B 

Scheme 14 

times (0.5-20 h) at 0 °C result in very poor diastereoselection (30:70-43:57), suggesting an equilibrium 
between the anions (53) of the diastereoisomeric adducts. Under kinetically controlled conditions 
(0 C/10 min), the reaction of (52; Ar = p-tolyl) with (51b) or (51c) is highly diastereoselective (9:91). 
The chair transition state (55; equation 14) can account for the preference of the diastereoisomeric adduct 
(54a) over (54b). 

Addition of (52; Ar = p-tolyl) to 3,4-dihydro-6,7-dimethoxyisoquinoline (56) gives a diastereomeric 
mixture of the adduct (57a:57b = 77:23) under kinetically controlled conditions (-78 °C —40 °C/2 h), 
whereas the diastereoselection was reversed to a high degree (8:92) at 0 °C (equation 15). 

Since these adducts undergo reductive desulfurization with Raney Ni, the optically active aryl methyl 
sulfoxide is a versatile reagent for the synthesis of optically active amines from imines. 

2.3.3.4 Addition to Nonactivated C=C Bonds 

Intramolecular addition of an ot-sulfinyl carbanion to an isolated double bond occurs on treatment of 
medium-ring £-homoallylic sulfoxides (58), (59), (60) and (61) with butyllithium (0.5 equiv.; equations 
16—19)59 60 Kinetic data suggest that this process is a nucleophilic addition of a carbanion (an a-lithiated 
sulfoxide) to a nonactivated double bond and takes place readily, provided a suitable proton source is 
available. Normally the free sulfoxide is the proton donor species.60 

Under the same conditions, the corresponding (Z)-isomers are inert, even though the E-Z differential 
strain is negligible in 9- and 10-membered ring systems. The presence of an (£) double bond induces a 
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(51) (52) Ar = Ph, Tol (53) 

(54a) (54b) 

R>=R2 = Ph 18:82 

R1 = Ph, R2 = Me; or R1 = 2-furyl, R2 = Ph 9:91 

Scheme 15 

(51) + (52) 
H 

R2 
i 

N- 

R1 

Li-/% 
"'S 

I 

(55) 

(54a) (14) 

conformation in which the double bond lies in a plane almost perpendicular to the mean ring plane and is 
faced transannularly by the anionic orbital a to the sulfinyl group. Although the cyclization of (58) and 
(59) is stereospecific, treatment of (60) or (61) with butyllithium (0.5 equiv.) at -30 °C or -20 °C for 2 h 
produces two isomeric products in about equal amounts. This result is due to kinetic control. When the 
resulting mixture is allowed to stand at room temperature in the presence of butyllithium, an equilibrium 
is established between these products to afford the trans-]unction isomer (64b) or (65b) exclusively or 

Pr^Ttrn^nsannular addition of a-sulfinyl carbanions to nonactivated double bonds is utilized as the key 
step in a synthesis of trans-1-thiadecalin (70) in enantiomerically pure form.62 The required (£)-thiacy- 
clodec-4-ene S-oxide (66a,b) was prepared via several steps from (R,R)-1,6-dibromo-3,4-hexanediol. 
Upon treatment with butyllithium, a 4:1 mixture of isomeric sulfoxides (66a and 66b) undergoes smooth 
cyclization to give a mixture of isomeric bicyclic sulfoxides (67a and 67b) in the same 4:1 ratio as the 
starting material, suggesting that the cyclization is essentially stereospecific. The major isomer (67a) is 
reduced with PCI3 to a sulfide (68) from which the desired (70) is derived via a thiaoctahne (69, Scheme 

16). 

2.3.3.5 Addition of Allylic Sulfinyl Carbanions to C=0 Bonds 

Deprotonation of allyl sulfoxides with LDA generates the corresponding allylic carbanions, which are 
able to add to aldehydes. Addition of the anion of aryl allyl sulfoxides to aromatic aldehydes proceeds 
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Scheme 16 

readily in moderate yields to afford a mixture of products resulting from a- and y-attack on the allyl 
anion (equation 20). All four possible diastereomers are formed from a-attack. Rapid epimerization at 
two chiral centers (sulfinyl sulfur and ct-carbon) occurs via allylic sulfoxide-sulfenate 2,3-sigmatropic 
rearrangement, causing the low stereoselection summarized in Table 2. The y-product possesses (^-geo¬ 
metry at the double bond, and 1,5-asymmetric induction is observed to the extent that the major/minor 
diastereomeric ratio exceeds 2:1. The metalated carbon in the a-lithiated sulfoxide should be planar and 
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the lithium cation should chelate with the sulfinyl oxygen. By analogy with the model proposed to 
explain diastereoselection in the reaction of aldehydes with enolates, the transition states (71) and (72), 
involving coordination in a six-membered ring, were proposed (Scheme 17).63,64 

OH 
a-product "/-product 

Table 2 Results of the Addition Reaction in Equation (20) 

Ar Ar aly 
Diastereomer ratio 

a-Product y-Product 

Ph Ph 1/2.1 3/6/7/2 3.0/1 

p-Tol Ph 1/1.7 3/3/6/2 3.0/1 

P-NO2C6H4 Ph 1/2.2 5/5/5/1 2.0/1 

p-Tol p-MeOC6H4 1/1.0 4/3/1/I 2.0/1 

p-Tol o-MeOC6H4 1/1.1 8/5/2/1 3.4/1 

p-Tol P-NO2C6H4 1/1.5 6/3/2/1 2.5/1 

p-Tol 2-naphthyl 1/1.2 5/4/2/1 2.4/1 

Ar 

: —S-O- 

H.. Li 

Ar'CHO 

(71) 

> 

H 

(72) 

Scheme 17 

Treatment of allyl p-tolyl sulfoxide with LDA followed by addition of HMPA (4.4 mol equiv.) and 
chiral 2-methylalkanal (3 mol equiv.) at -78 °C gave a mixture of readily separable a- and 7-adducts, 
where the a:y regioisomer ratios are markedly higher than those obtained in the reaction with aromatic 
aldehydes. Exposure of the a-adduct to an excess of a thiophile (trimethyl phosphite or dimethylamine in 
MeOH) results in quenching of the allylic sulfoxide-sulfenate equilibrium and affords diastereoisomeric 
mixtures of the syn- and anti-diols (Scheme 18),<’"’,<’<’ for which some yields and product ratios are shown 

in Table 3. 

TolSO 
i, LDA/HMPA 

ii, R^CHO 

Scheme 18 
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Table 3 Synthesis of Diols (73) 

R a/y Yield (%) Syn/anti 

Et 6.1/1 40 2.1/1 
Pr1 10/1 40 5.1/1 

c-C6Hn 5.6/1 57 6.4/1 
Ph 9/1 67 28/1 

Tandem condensation of chiral a-alkoxy aldehydes with the anion of allyl 2-pyridyl sulfoxide and 
(MeO^P-promoted desulfurization of the resulting a-adduct provide (£)-alkoxydiols. The major stereo¬ 
chemical path in their preparation may be accounted for by the Felkin-Anh (nonchelation control) model 
(Scheme 19).67 

ii 
O 

i, LDA 

ii, R'^CHO 

OR2 

(MeO)3P 

R1 R2 Yield (%) syn/anti 

Me PhCH2 51 1/2.5 

Me Bu‘Me2Si 40 1/5.5 

PhCH2OCH2 PhCH2 68 1/3.0 

C6H10(Me)CH2O 60 1/6.5 

Scheme 19 

2.3.3.6 Addition of Allylic Sulfinyl Carbanions to C=C—C=0 Bonds 

In preliminary reports, the y-carbon of the carbanion of allyl phenyl sulfoxide has been shown to at¬ 
tack cyclopentenone and cyclohexenone by 1,4-addition to deliver vinyl sulfoxides.68-71 The lithiated 
carbanion (75) of l-(phenylsulfinyl)-2-octene (E:Z =85:15) adds to 4-t-butoxycyclopent-2-en-l-one (74) 
to give syn-/£)-vinylic sulfoxide (76) and anti-(Ej-vinylic sulfoxide (77) in the ratio of 79:21. It has been 
suggested that (76) arises almost exclusively from the (£)-(75), and (77) derives from the (Z)-(75). Both 
the products have the same geometry about the double bond, but differ in configuration at the allylic 
carbon atom (equation 21).72,73 

Since the 1,4-y-adducts can be converted to various types of bicyclic compounds,74 1,4-addition of 
allylic sulfoxides to enones provides a useful tool for stereoselective synthesis of cyclic compounds. Fur¬ 
ther, the 1,4-addition can be utilized in a three-component coupling process for synthesis of prostanoic 
acid derivatives (Scheme 20).75 Typical examples of addition of the lithio derivative (78) of (£)-allyl p- 
tolyl sulfoxide to cyclic enones are summarized in Scheme 21.76 

Only 1,4-y-adducts are formed in the five-membered ring system and the carbanion, which has trans 
geometry, attacks from the si face. The ‘transfused 10-membered’ cyclic transition state offers an 
explanation for this highly stereoselective reaction. Six- and seven-membered cyclic enones provide both 
1,4-y- and 1,2-y-adducts, with the larger ring providing a greater percentage of the 1,2-y-adduct. With 
the seven-membered ring, a 58% yield of the 1,2-y-adduct is isolated. These 1,4- and 1,2-addition re- 
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R1 = (CH2)4Me, R2 = (CH2)5C02Me 68% 

R1 = (CH2)3C02But, R2 = CH=CHCH(OSiMe2But)(CH2)3Me 62% 

Scheme 20 

O. 

Tor 

/• 
O 

* 6 
O, 

j's 
r T<M 

Li f—(Y) 

R 

(78) 

Y = CH2 , R = H 91% (96% ee) 

Y = CH2 , R = Me 80% (95% ee) 

Y = O, R = H 70% (95% ee) 

Y = CH2CH2 , R = H 79% (50% eef 

Y = CH2CH2CH2, R = H 25% (59% eef 

a 1,2-adduct 14% (50% ee) 

b 1,2-adduct 58% (50% ee) 

Scheme 21 

actions appear to be kinetically controlled. The same product or product ratio is observed whether the ad¬ 
dition reactions are performed at -100 °C or at -50 °C, and the 1,2-y- and 1,4-7-adducts do not intercon¬ 
vert under these reaction conditions, or even at 25 °C. 

Kinetic resolution is operative in the reaction with 4-substituted cyclopent-2-en-l-ones.76 For instance, 
when 2 equiv. of racemic 4-(l-methyl-l-phenylethoxy)-2-cyclopentenone (79) is reacted with the carb- 
anion (78), (S)-(79) reacts to yield predominantly the product derived by approach of the carbanion from 
the si face of (79). The formation of the cis adduct probably results from the chelation of lithium counter¬ 
ion with the C-4 oxygen (equation 22). Kinetically selective resolution of a bicyclic enone (80) is also ef¬ 
fected. On treatment of the carbanion of (R)-(78) with racemic (80) (2 equiv.), an enantiomer of (82) and 
(S)-(80) are obtained in 80% and 45% yields respectively. Addition of the lithio derivative (2 equiv.) of 

68% (95% ee) 
Ph 

7% (90% ee) 
Ph 
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racemic m-crotyl phenyl sulfoxide (81) to (S)-(80) affords a 1,4-y-adduct (83; 91% yield/82% ee), 

which is a synthetic precursor of (+)-pentalenene (Scheme 22).76,77 
Stereospecific 1,4-addition of the carbanion (78) to (siloxymethyl)bicyclooctenone (84) yields mainly 

the corresponding 1,4-y-adduct. In seven steps, this adduct is converted into the known 8-lactol (85), 
from which pentalenolactone (£)-methyl ester (86) may then be derived (Scheme 23).78 

In addition, the 1,4-addition reaction of the anion (87) derived from various cyclic allylic sulfoxides 
with 2-cyclopentenones (88) were investigated (Scheme 24).79 Methyl substitution at C-3 of (88) hinders 
the 1,4-addition. An activated enone (88e), however, affords excellent chemical and optical yields of the 
1,4-adducts (89). (+)-12,13-Epoxytrichothec-9-ene (91) and its antipode have been enantioselectively 
synthesized from (S)-4-methyl-2-cyclohexenone (90) in 11 steps (Scheme 25).79 

(80) (78) Ar = Tol, R = H 
(81) Ar = Ph, R = Me 

(82) Ar = Tol, R = H 
(83) Ar = Ph, R = Me 

Scheme 22 

(+)-Pentalenene 

OMe 

O 

Scheme 23 

O 

C02Me 

Ph 
S-O 

(87) 

O 

a: R1 = R2 = R3 = R4 = H 

b: R1 = Me, R2 = R3 = R4 = H 

c: R1 = R2= Me, R3 = R4 = H 

d: R1 = R2 = R3 = Me, R4 = H 

e: R1 = R2 = R3 = Me, R4 = C02Me 

50% 

60% 

61% 

5% 

87% 

Scheme 24 
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2.3.3.7 Addition of a-Sulfinyl Carbonyl Compounds to C=0 Bonds 

The metal enolate of f/?)-jVjV-dimethyl-a-(p-tolylsulfinyl)acetamide (92) reacts with an aldehyde to af¬ 
ford a diastereomeric mixture of adduct (93), which undergoes desulfurization with 10% Na(Hg) in 
MeOH (NaHiPCT*) to give an optically active p-hydroxyamide (94). By the use of Li+ as a countercation, 
low to medium levels of enantioselection are achieved. However, the magnesium enolate of (92) realizes 
a high enantioselectivity, as summarized in Table 4. A rigid chelation model, shown in Scheme 26, is 

suggested for the transition state of this addition.80 
Similarly, the magnesium enolate of r-butyl (fl)-(p-tolylsulfinyl)acetate adds to aldehydes and ketones. 

The subsequent reductive desulfurization yields the corresponding optically active p-hydroxy esters 
(Scheme 27).81’82 This process can be utilized for preparation of a synthetic intermediate (95) of maytan- 
sine with a selectivity of 93:7 (equation 23).83 Michael-type addition of r-butyl (/?)-(p-tolylsulfinyl)ace- 
tate to crotonic ester with NaH in DMF has also been reported, but the enantiomeric excess of the 

desulfurized product is very low (12%).84 

Scheme 26 

R 

Me 
Bu1 
Pr1 
Bu1 

Table 4 Addition of (92) to RCHO 

BuLi as base 
Yield (%) ee (%) 

BulMgBr as base 
Yield (%) ee (%) 

65 47 + 
77 45 + 
78 31 + 
20 8 + 

68 »99 
71 98 
66 95 
56 90 

a 
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Tol 
C02Bu‘ 

OH 

i, Bu'MgBr 
. R1 

^CX^Bu1 Al(Hg) 

R2 1 
ii, R'COR2 

* Tol 

R‘ R2 Yield (%) <?<? (%) 

H Ph 85 91 (S) 

Me Ph 75 68 (5) 

H n'C7Hi5 80 20 (R) 

Me 0 88 95 (S) 

Me C02Et 80 85 (S) 

OH 

Ri „vi"|\^/C02But 

R2 

Scheme 27 

MeO 

(23) 

Direct condensation of (p-tolylsulfinyl)methyl ketones (96) with aldehydes followed by reductive de¬ 
sulfurization is an alternative method for obtaining optically active (3-hydroxy ketones (97), but this re¬ 
action occurs with only moderate enantiomeric excess (Scheme 28).85 

Aldol-type condensation of chiral a-sulfinyl hydrazones with aldehydes also provides a route leading 
to chiral (3-hydroxy ketones.86 87 This is exemplified by the synthesis of (-)-(/?)-[6]-gingerol (98; equa¬ 
tion 24).88 

2.3.3.8 Addition of a-Halo Sulfoxides to C=X Bonds 

Durst reported that lithiation of chloromethyl phenyl sulfoxide (99) with butyllithium followed by 
treatment of a symmetrical ketone (-78 °C to -20 °C) affords an adduct (100). This reaction is so highly 
stereoselective that only one diastereomer is produced. Reaction of (100) with dilute methanolic KOH 
gives an epoxy sulfoxide (101; equation 25).89’90 

When chloromethyl /z-tolyl sulfoxide (102; R = p-tolyl) is treated with carbonyl compounds (103) and 
potassium f-butoxide in i-butyl alcohol ether, (p-tolylsulfinyl)oxiranes (104) are directly formed.91 Chlo¬ 
romethyl methyl sulfoxide (102; R = Me) exhibits the same behavior (Scheme 29).92 These reactions 
proceed with high stereoselection at the position a to the sulfinyl group. The stereochemical course pro¬ 
posed for the attack of the carbanion of an a-halo sulfoxide on a carbonyl compound is shown in Figure 
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°,r 0 

Tor 
R 

(96) 

O Bu'MgBr 

' * 

R1 
Al(Hg) 

40-67% (overall) 

HO O 

R2 
R1 

(97) 

R1 R2 ee (%) R1 R2 ee (%) 

H Et 64 Et Et 78 

H o. 54 Et a 74 

H Ph 72 

Scheme 28 

BnO 

BuLi 

HMPA 
in THF 

n-C5HnCHO Na(Hg) 

BnO 

Me2N, 
N OH 

n-C5Hn 

O OH 

n-C5Hu (24) 

optical purity of 60% 

(98) 

Ph' 

O 
ii 

(99) 

i, BuLi O R OH KOH 

ii, R2C=0 Ph' R MeOH 

Cl 

(100) a: R = Me 

b: 2R = -(CH2)5- 

c: R = Ph 

Ph 

O 
11 °\/R 

(101) one diastereomer 

(25) 

It is noteworthy that the sterically hindered epoxide is preferentially formed in this Darzens-type con¬ 
densation, which is in sharp contrast with that of a-halo sulfones (see Section 2.3.4.4). This intriguing 

R1 

O 
I! 

/S^Cl 

(102) 

R2 O O 
\ „ Bu‘OK if 0_,R2 A ii o^ ,,R3 

+ r3/° ^ R1/S,,,"L^R3 

(103) (104a) 

R1 - 'M/ - R2 

(104b) 

R1 = Tol, R2 = Ph, R3 = H, 100:0 

R1 = Me, R2 = Bu‘, R3 = Me, 75:25 

Scheme 29 
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phenomenon may be rationalized in terms of a kinetically controlled approach of the anion of a-halo 
sulfoxide to aldehydes or ketones.92 

Lithio-fluoro (or -chloro) methyl phenyl sulfoxide reacts with /V-(benzylidene)aniline derivatives (105) 
to afford the corresponding aziridines (106) in good yields. Two diastereomeric isomers are produced, 
but the trans isomer is the major product except in the case of A-benzylidene-p-nitroaniline (Scheme 
30).94 

Ph' 

O 
ii 

-S. Ar' 

(105) 

Ar' 
Ar O i 

ll N 
/S,„ 1 Ar 

Ph 

Ar O ' 
ii N. 

/S,„ 1 >-Ar 
Ph 

N' 

5) (106a) (106b) 

Ar = Ph, Ar' = Ph, 38:72 

Ar = p-ClC6H4, Ar' = Ph, 45:55 

Ar = p-N02C6H4, Ar' = Ph, 100:0 
Ar = Ph, Ar’ = p-BrC6H4, 29:71 

Scheme 30 

The Darzens-type products from a-halo sulfoxides and carbonyl compounds undergo reductive desul¬ 
furization by the action of butyllithium. This is a useful synthetic route to various epoxides. Yamakawa 
and coworkers disclosed a novel asymmetric synthesis of epoxides (109) using optically active 1-chlo- 
roalkyl p-tolyl sulfoxide (107).93-95 This method is most effective when the starting ketones are sym¬ 
metrical, because only one diastereomer is then formed in the Darzens-type condensation (equation 26). 

Cl 
(107) 

/ Tol 

i, BunLi 

ii, H+ H R' 

(108) 

R = n-C]0H23, 

(109) ee > 91% 

R' - Me or 2R' = (CH2)5 or (CH2)4 

(26) 

2.3.3.9 Addition of Dithioacetal S-Oxides and S,S'-Dioxides to C=X Bonds 

Dropwise addition of butyllithium to a solution of (±)-l,3-dithiane 5,5'-dioxide (110) in pyridine-THF 
(1.5:1) generates an anion (111), which reacts with an aldehyde to give an adduct (112) as a 1:1 dia¬ 
stereomeric mixture. The reaction is extremely rapid at -78 °C, but the kinetic selectivity is moderate. In 
the reaction with benzaldehyde or pivalaldehyde, equilibration is attained at 0 °C to give predominantly a 
single diastereomer in good yield (Scheme 31).96 

Formaldehyde dimethyl dithioacetal 5-oxide (FAMSO; 113) and its ethyl analog are widely used as 
synthetic carbonyl equivalents.97 98 Addition of the lithio derivative of (113) to aldehydes and ketones 
followed by acidic hydrolysis is a preparative method for a-hydroxy aldehyde derivatives (equation 
27).99 A chiral analog of (113), (5)-formaldehyde di-p-tolyl dithioacetal 5-oxide (114), can be syn¬ 
thesized from (-)-mentyl (/?)-p-toluenesulfinate.5100 The reaction of the lithio derivative of (5)-(114) 
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RCHO 

(112a) 

BunCHO, -78 °C 

0 °C/60 min 

Bu'CHO, -78 °C 

0 °C/60 min 

PhCHO, -78 °C 

0 °C/60 min 

(112b) 

63:37 

49:51 

64:36 

14:86 

66:34 

36:64 

Scheme 31 

with benzaldehyde in THF at -78 °C affords an adduct (115), which is transformed into (fi)-a-methoxy- 
phenylacetaldehyde (116) with an enantiomeric excess of more than 70%.101’102 The intermediary adduct 
(115) should consist of four stereoisomers, but the ratio is reported to be 55:30:15:0 [tentatively assigned 
(\S,2S,3R):(IS,2R,3R):(\S,2S,3S):(\S,2R,3R)]. It is noteworthy that a highly stereoselective formation of 
the’adduct is achieved by NaBH4 reduction of the benzoyl derivative (117) in MeOH-NH3 (Scheme 

32).103 

O 
ii 

MeS^.SMe + 

(113) O 

BunLi R2 OZ 

R1^ CHO 
(27) 

STol 

(117) 
(116) 

Scheme 32 

The anion of an aldehyde dithioacetal 5-oxide is well known to add to a,(3-unsaturated carbonyl com¬ 
pounds.104-106 Conjugate addition of formaldehyde di-p-tolyl dithtoacetai 5-oxide (^ to open-c am 
and cyclic enones is achieved by using HMPA as a polar cosolvent in THF (-78 C). TheTithm^derr a 
tive of (5)-(114) was found to add to 2-cyclopentenone with asymmetnc induction. Transformation of 
theC dithioacetal part into a formyl group gives 3-formylcyclopenUmone in 39% enanuomenc excess 
(equation 28).107 Interestingly, highly asymmetric induction is observed in the conjugate addition of the 
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lithiated (S)-(114) to 2-[6-(methoxycarbonyl)-l-hexyl]-2-cyclopentenone (118).108 The enone (118) was 
added at -78 °C to the anion of (5)-(114) in THF containing HMPA (10 mol equiv.). After 30 min at -78 
°C, usual work-up gave the 1,4-addition product (119) in 45% yield. The ratio of the four trans dia- 
stereomers was 48:44:5:3 [(15,2/? or S,3/?,45):(15,25 or /?,3/?,45):(15,2/? or 5,35,4/?):(15,25 or /?,35,4/?)]. 
Formation of significant amounts (>90%) of only two diastereomers should be noted. The key step of 
this asymmetric synthesis is the addition of a chiral formyl anion equivalent to the enone (118). The re¬ 
action proceeds with high 3- and 7-asymmetric induction of 92% and with poor a-stereoselection 
(52:48), probably due to the presence of a- and 3-substituents of (118), which create a more demanding 

steric array in the transition state. 

O 

(118) 

■\P 
S-Tol 

< 
STol 

(114) 

R = (CH2)6C02Me 

BunLi 

THF 

(HMPA) 

O 

(119) 

O 

CHO 

2.3.4 SULFONYL-STABILIZED CARBANIONS 

2.3.4.1 Configuration of the Carbanion 

Configuration of an a-sulfonyl carbanion has been much investigated both theoretically and ex¬ 
perimentally. Several experiments were designed to distinguish between planar and pyramidal structures 
for a-sulfonyl carbanions, which investigated: (i) the rate of H/D exchange of 1-phenylethyl phenyl sul- 
fone;109’110 (ii) the intramolecular H/D exchange of cyclopropyl alkyl sulfones;111-114 and (iii) the base- 
catalyzed decarboxylation of optically active 2-methyltetrahydrothiophene-2-carboxylic acid 1,1-dioxide 
derivatives. The results suggest that a-sulfonyl carbanions are symmetrical (planar) as discrete reaction 
intermediates in asymmetric environments.115 

Ab initio calculations on the hypothetical a-sulfonyl carbanion HS02CH-2 suggested that the geometry 
of the anionic carbon is intermediate between sp2 and sp3 structures.116 Further, HSChCTfcLi was calcu¬ 
lated to have only an unsymmetrically chelated structure (120; Figure 5).117 Bors and Streitwieser, Jr. 
also reported theoretical (ab initio) studies of the anion of dimethyl sulfone, showing that the pyramidal 
anion is 0.57 kcal mol-1 (1 cal = 4.184 J) higher in energy over the planar form. The most stable geo¬ 
metry of the lithium salt of this anion is a structure (121), which is similar to (120). Another minimum 
with an unusual structure (122), is 1.1 kcal mol-1 higher in energy than (121; see Figure 6).118 

It should be noted that the crystal structure of the Li/TMEDA salt of benzyl phenyl sulfone reported by 
Boche119 is conceptually similar to the theoretical structure (122). X-Ray structure determination of a- 
(phenylsulfonyl)benzyllithium-TMEDA, a-(phenylsulfonyl)allyllithium and the potassium salt of 
bis(methylsulfonyl)-3-(2,6-dimethyoxypyridyl)sulfonylmethane shows that the coordination about the 
anionic carbon atom is nearly planar, and that the p-orbital on the anionic carbon is approximately 
gauche to the two oxygen atoms on the sulfur.119-122 The anionic carbon atom can be described as inter¬ 
acting with the sulfur atoms in an ylide-like manner with a barrier to rotation about the “C—SO2 bond. 

r 
Li—O 

O 

S-H 

(120) 

Figure 5 
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(121) (122) 

Figure 6 

2.3.4.2 Addition to C=0 Bonds 

Sulfonyl groups are useful for organic synthesis, and several methods have been elucidated for gener¬ 
ation of their a-anions, for example: (i) action of butyllithium; (ii) treatment of a-silyl sulfone with flu¬ 
oride anion; (iii) addition of an anion to an a,(3-unsaturated sulfone, and so on. Although the carbanion a 
to the sulfonyl group has the ability to add inter- or intra-molecularly to C=0 bonds, the stereoselectiv¬ 
ity of this addition is relatively low. Fluoride-induced reaction of (123) gave a cyclization product (124) 
as a 75:25 mixture of two diastereomers (equation 29).123 Therefore, addition of the a-sulfonyl carbanion 
to a formyl group is usually utilized in combination with a subsequent reaction to delete the newly cre¬ 
ated asymmetry. In the above case, reductive cleavage of (124) gave the corresponding alkene (125). In- 
termolecular addition of an a-sulfonyl carbanion to an aldehyde was utilized as an efficient method for 
coupling of subunits in a synthesis of FK506. The lithium salt of (126) reacted with an aldehyde (127) in 
THF at -78 °C. Oxidation of the resultant product mixture (128) with Dess-Martin periodinane afforded 
keto sulfone diastereomers which, upon reduction with lithium naphthalenide, were converted into the 
homogeneous ketone (129) in 60% overall yield (equation 30).124 

2.3.4.3 Addition of Allylic Sulfonyl Carbanions to C=X Bonds 

The butyllithium-generated anion of an allylic sulfone was reported to add to conjugate enones, but 
different regioselectivity was observed for 2-cyclohexenone (1,4-y) and 3-penten-2-one (1,4-a), as 
shown in equation (31).125 Clean 1,4-a additions to both acyclic and cyclic enones can be realized when 
the lithio carbanions are allowed to react in the presence of HMPA (2 mol equiv.) at -78 C. Under 
these conditions, allyl phenyl sulfone reacts with 2-cyclohexenone, 2-methyl-2-cyclopentenone and 3- 
methyl-2-cyclohexenone, giving the corresponding 1,4-a adducts as a 75:25 mixture of two dia- 
stereoisomers. In the reaction of allylic phenyl sulfone with an acyclic enone, 4-methyl-3-penten-2-one, 
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(128) (129) 

a 1,4-a adduct is exclusively produced. From several experiments, it has been concluded that the rapid 
and highly regioselective formation of 1,4-a adduct in the THF-HMPA (2 mol equiv.) system results 
from a direct conjugate addition rather than a kinetically controlled 1,2-a-addition followed by a rear¬ 
rangement. 

R1 
+ 

2.3.4.4 Addition of a-Halo Sulfones to C=0 Bonds 

When chloromethyl phenyl sulfone (130; Ar = phenyl) was subjected to the Darzens-type reaction 
with an aldehyde, a thermodynamically stable trans isomer (133) was produced exclusively (equation 
32). This is in sharp contrast with the corresponding reaction of chloromethyl phenyl sulfoxide. Tavares 
proposed that the initial nucleophilic attack of the a-sulfonyl carbanion upon a carbonyl compound is 
rapidly reversible due to its stability, and that the product-determining step is the ring closure. Thermo¬ 
dynamic equilibrium between the two diastereomers of (132) allows predominant formation of the 
thermodynamically stable isomer (133) from the preferred transition state.127 

ArS02 ^ Cl ► ArSO, Cl 
RCHO ArS02.. Cl o 

/ \ 

"o- 

ArSO/'"' 

(130) (131) (132) (133) 

Treatment of the epoxy sulfones obtained thus with MgBr2 produces a-bromo ketones or a-bromo al¬ 
dehyde.128 This conversion can be applied to stereoselective preparations of a-bromo methyl ketones 
from cyclohexanone derivatives. Thus, treatment of 17-(3-hydroxy-5-a-androstan-3-one (134) with 1- 
chloroethyl phenyl sulfone provides an epoxy sulfone (135), which is cleaved by MgBr2 to give a 99:1 
mixture of 3-acetyl-3-bromoandrostanes (136 and 137; equation 33), whereas similar treatment of 17-(3- 
hydroxy-5-(3-androstan-3-one (138) gives a 4:96 mixture of 3-acetyl-3-bromoandrostanes (139 and 140; 
equation 34). These facts may reflect the steric course of the initial attack of the a-sulfonyl carbanion on 
the carbonyl face. 
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(136) 99 : 1 

OH 

(137) 

MeCO H J 

(140) 

MgBr2 

38% 

MgBr2 

51% 

(33) 

(34) 

2.3.5 SULFONIMIDOYL-STABILIZED CARBANIONS 

2.3.5.1 Configuration of the Carbanion 

Bordwell estimated the pKa of A,S-dimethyl-S-phenylsulfoximine (141) in DMSO to be about 33, less 
acidic than methyl phenyl sulfone by about 4 pK units. From a cyclopropyl effect on the equilibrium 
acidity of A-phenylsulfonyl-S-methyl-S-phenylsulfoximine (142), it was concluded that the carbanion is 
planar or nearly planar to the sulfonimidoyl group.129 However, on the basis of the 'Jch coupling con¬ 
stant in a 13C NMR spectroscopic study, it was concluded by Marquet that the configuration of the lithi- 

ated a-carbon (142) is pyramidal.130 

,Me °VMe SiMe3 

Ph^NMe Ph^ ^ NS°2ph ph/S^NSiMe3 

(141) (142) (143) 

X-Ray structure analyses of the a-lithiated (141) and (V-trimethylsUyl-S-trimethylsilylmethyl-S-phe- 
nylsulfoximine (143) were reported.131’132 The latter compound can be crystallized as a tetramer includ¬ 
ing two molecules of cyclohexane, and its a-carbon is shown to be markedly pyramidalized. The 7ch 

value of its a-carbon varies depending on the solvent employed, suggesting a hybrization between sp 

and sp3 in cyclohexane and a nearly sp2 hybrization in THF.133 
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2 J.5.2 Addition to C=0 Bonds 

In 1971, Johnson and a coworker reported that the lithio derivative of (S)-N.S-dimethyl-S-phenylsul- 
foximine (141) added to benzaldehyde in THF at room temperature to give an adduct as a 75:25 mixture 
of two diastereomers. Fractional crystallization gave one of the diastereomers in a pure form. Treatment 
of this material with aluminum amalgam in aqueous THF yielded optically pure (/?)-l-phenylethanol.134 
This preliminary result was extended to a general method for syntheses of optically active alcohols. By 
addition of the lithium derivative of (S)-(141) to prochiral ketones and aldehydes, optically active (3-hy¬ 
droxy sulfoximines were prepared as diastereomeric pairs. The ketone adducts (144) showed moderate 
diastereoselectivities (for example, 60:40 for propiophenone). After separation by medium pressure chro¬ 
matography on silica gel, each diastereomer was desulfurized with Raney nickel to yield an optically ac¬ 
tive tertiary alcohol (145; Scheme 33). When the aldehyde adducts (146) are treated with Raney nickel 
without separation into each diastereomer, the corresponding secondary alcohols (147) are yielded in 

optical purities of 25^46% (equation 35).135 

NMe BunLi NMe 

S -*- S Li 
Ph" * Me THF ^ O o 
(SM141) 

R'COR2 
MeN Ri R2 MeN R2 Rl 

s S 
PIT" i OH Ph'"' * " ^ OH 

O O 

(144a) (144b) 

Raney Ni Raney Ni 

T 

Scheme 33 

R1 R2 

OH 
(145a) 

R2 R1 

^OH 
(145b) 

NMe 
n 

Ph" * Me 
O 

(SM141) 

BunLi RCHO 

THF r.t. 

NMe R 

O 
(146) 

OH 

Raney Ni R 

(147) 

(35) 

A-Silyl-S-methyl-S-phenylsulfoximine (148) adds to aldehydes in ether at -78 °C. Desilylation of the 
resulting adducts with hydrochloric acid affords A-unsubstituted (3-hydroxyalkylsulfoximines (149; 
Scheme 34).136 The product ratios are insensitive to the steric bulk of the reacting aldehydes and to re¬ 
action temperature (—78 to -10 °C). The use of a larger N-silyl group enhances the diastereoselectivity of 
1,2-addition, particularly when a sterically bulky aldehyde is used. The oxygen-coordinated model (150) 
provides for interaction of the silylated sulfoximine nitrogen with the R group of the incoming aldehyde. 

NY 
ii 

Ph" * Me 
O 

(148) 

BunLi RCHO . 
H+ 

THF 

NH R 
ll 
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(149a) 

OH 

n 
YN 

(150) 

Y R = Me R = Bu‘ 

SiMe3 2:1 2.2:1 

SiMe2Bul 4:1 8:1 

SiMePh2 6:1 8:1 

Scheme 34 

NH R 

O 
(149b) 

(S)-(141) is also known to be a reagent for ketone methylenation with optical resolution.137 Thus, addi¬ 
tion of (S)-(141) to a racemic tricyclic ketone (151) resulted in the production of two diastereomers, (+)- 
(152) and (+)-(153), which were readily separated by flash chromatography. Treatment of (+)-(152) with 
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aluminum amalgam and acetic acid in aqueous THF gave (-)-(3-panasinsene (154) in 96% yield. Similar 
treatment of (+)-(153) gave the unnatural enantiomeric (+)-(3-panasinsene (155; Scheme 35). 

(S)-(141) 

(154) (155) 

Scheme 35 

The adduct (157) derived from (S)-(141) and an a,(3-unsaturated ketone (156) undergoes Simmons- 
Smith cyclopropanation which is directed by the coexisting (3-hydroxysulfoximine chiral center. As out¬ 
lined in Scheme 36, this is a new methodology for optical activation of cyclopropyl ketones (159).138 
Indeed, optically active tricyclic ketones (-)-(161) and (+)-(161) were synthesized from a bicyclic ketone 
(160) in optical purities of 96% and 94%, respectively (equation 36). 

(156) 

(SM141) 

NMe 
'! S. 

W Ph 
O 

(159a) (159b) 

Scheme 36 

(160) (-M161) (+M161) 
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The same type of process using osmylation instead of the Simmons—Smith reaction leads to a synthesis 
of enantiomerically pure 2,3-dihydroxycycloalkanones from 2-cycloalkenones.139 Addition of (S)-(141) 
to 3,5,5-trimethyl-2-cyclohexenone (162) produces a mixture of diastereomers (163a) and (163b), which 
are easily separable by silica gel chromatography. Treatment of the individual diastereomers with tri- 
ethylamine A-oxide and 0s04 (5 mol %) affords crude triols. In each case, a single diastereomeric pro¬ 
duct is produced. The subsequent thermolysis of the diastereomeric triols gives enantiomeric 
2,3-dihydroxy-3,5,5-trimethyl-2-cyclohexanones(164; Scheme 37). 

(162) 

(S,5)-(164) (fl7?)-(164) 

Scheme 37 

Optical resolution of ketones using (S)-(141) has also been reported. As mentioned above, the addition 
of (S)-(141) as its a-lithio derivative to ketones occurs readily and irreversibly at -78 °C to give an ad¬ 
duct in excellent yield. The adduct usually consists of two or three diastereomers, which are separated by 
chromatography. Envelope-shaped bicyclic ketones such as (165) and (166) give diastereofacial speci¬ 
ficity on addition of the lithio derivative of (S)-(141) to form two diastereomers in a 50:50 ratio. Simple 
2-substituted cyclohexanones such as (167) and (168) generally give rise to three diastereomeric adducts 
(61:22:17 and 57:25:18, respectively): two major adducts resulting from equatorial addition and a single 
minor product resulting from axial addition. Steric complications arise during axial attack, but with only 
one of the two diastereomeric transition states. The diastereofacial selectivity of chiral acyclic ketones 
(or aldehydes) is usually low, and four diastereomers result from the addition of (S)-(141). Thermolysis 
of the individual diastereomers occurs smoothly at 80-120 °C to regenerate the optically active ketone 
and the starting (S)-(141).140141 This technique is applicable to resolving various cyclic ketones (169, 
170 and 171), which are useful intermediates for the synthesis of biologically active compounds.140 142143 

O 

(168) 

MeO 

(169) 

O 

(170) (171) 
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2.3.5.3 Others 

The a-carbanion of an ^-substituted sulfoximine adds to cycloalkadiene-molybdenum complexes 
(173) with asymmetric induction.144 Although the reaction of /V-substituted S-methyl-S-phenylsulfox- 
imine is problematic, giving multiple products, the enolate ion of its S-(methoxycarbonyl)methyl analog 
(172) satisfactorily reacts with these complexes. It was established that the enolates derived from (/?)- 
(172) preferentially add to the pro-(R) terminus of the complexes. Desulfonylation of the adducts (174) 
gave enantiomerically enriched monoester derivatives (175; equation 37), which could be further func¬ 
tionalized by hydride abstraction and a second nucleophilic addition. Typical results are summarized in 
Table 5. The reactions show a marked dependence on the sulfoximine N-substituent. The corresponding 
sodium and potassium enolates gave quite similar enantiomeric excesses, higher in all cases than those 
observed for the lithium enolates. The asymmetric inductions observed for reactions of complexes (173) 
are quite respectable and synthetically useful. To explain this stereoselectivity, open transition state mod¬ 
els are proposed. The similar reaction of (172) to give dienyliron complexes (176) and (177) was also 
reported. Since the observed asymmetric inductions are lower, these reactions seem to be less useful. 

RN A0 
.C02Me + 

Ph 

(172) 
(173) n = 1,2 

Mo(CO)2Cp 

PF* 

base 

Mo(CO)2Cp 

RN " i " Ph 
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(174) n = 1,2 

,C02Me A1(Hg} 

Mo(CO)2Cp 

n 

(175) n = 1,2 

,/C02Me 
(37) 

Table 5 Asymmetric Induction in Equation (37) 

n 
(173) 

Ra 
Base (175) 

Yield (%)b ee (%f 

1 
1 
1 
1 
1 
1 
2 

Ts(+) 
Me (+) 

TBDMS (+) 
DMTS (-) 
DMTS (-) 
DMTS (-) 
DMTS (-) 

Bu'OK 79 16(+) 
NaH 45 35 (+) 

BulOK 80 78 (-) 
LDA 77 55 (-) 
NaH 83 75 (-) 

Bu'OK 80 80 (-) 
Bu^K 80 85 (-) 

a(+) or (-) indicates enantiomer. bOverall yield after desulfonylation. 

Fe(CO)2P(OPh)3 

(176) 

Fe(CO)3 

(177) 

Recently Gais and coworkers disclosed an asymmetric synthesis of alkyl-substituted exocychc alkenes 
from ketones by the use of optically active A,S-dimethyl-S-phenylsulfoximine (141).1 5 Scheme 38 
shows the conversion of 4-f-butylcyclohexanone (178) into optically active 4-f-butyl-l -ethylidenecyc o- 
hexane (182). Addition of the lithiated (S)-(141) to (178) affords two diastereomenc adducts (179) and 
(180) which are easily separable.146 Trimethylsilylation followed by action of butyllithium bringsj about 
asymmetric elimination of LiOSiMes, leading to an alkenylsulfoximine (181). Treatment off (181) with 
dimethylzinc in the presence of MgBr2 (2 equiv.) gives the enantiomerically pure alkene (182) in 74% 
yield. This method is effectively applicable to stereoselective synthesis of a precursor ()J6) for carbacy- 
clins Highly selective exo addition of the lithiated (/?)-(141) to bicyclic ketone (183) yields the 
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(3-hydroxysulfoximine (184). Silylation and then subsequent asymmetric elimination of LiOSiMe3 af¬ 
fords the (Z)-alkenylsulfoximine (185) with more than 98% diastereoselectivity.147 In the reaction of 
(185) with a dialkylzinc in ether in the presence of NiCh(DPPP), a carbacyclin precursor (186) is ob¬ 
tained in 70% yield with 99:1 diastereoselectivity (Scheme 39).145 

(178) 
(SM141) 

(179) 45-48% (180) 30-33% 

ii 

i 

(182) 

i, BunLi, THF, -78 °C; ii, BunLi, THF, -78 °C, then Me3SiCl, -78 to 25 °C; 

iii, Me2Zn/MgBr2/NiCl2(DPPP), ether 

Scheme 38 

i, BunLi, THF, -78 °C; ii, BunLi, THF, -78 °C, then Me3SiCl, -78 to 25 °C; 

iii, R22Zn/MgBr2/NiCl2(DPPP), ether 

Scheme 39 
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2.4.1 INTRODUCTION 

C—C bond formation is a pivotal process in organic synthesis.1’2 An effective pathway for C—C bond 
formation involves the reaction of an enolate at the a-position of a carbonyl compound with a carbon 
electrophile (alkyl halide, epoxide, carbonyl or unsaturated carbonyl compound). An alternative pathway 
would involve reaction of an acyl anion with an electrophile. Since acyl anions are in general unattain¬ 
able, a great deal of effort has been expended to find masked acyl anions (acyl anion equivalents),3 
usually compounds of type “RCXY, in which CXY can be reconverted into a carbonyl group. The ben¬ 
zoin condensation (Scheme 1), one of the oldest reactions in organic chemistry, represents a special case 
of such masked acyl anions. In this chapter we do not aim at exhaustive coverage of the subject but 
rather to give examples that highlight the utility of acyl anion equivalents, especially those related to 
cyanohydrins, in synthetic manipulations. 

p~ OH 

RCHO+ CN- - R-CH --~ R-C 

CN CN 

(1) 

R R 

Scheme 1 

In the benzoin condensation, both aromatic and heterocyclic aldehydes are transformed into a-hydroxy 
ketones of the general formula ArCHOHCOAr, often called benzoins.4-6 This class of compounds is fre¬ 
quently encountered in natural products, hence the benzoin and related reactions have received much at¬ 
tention.7"13 The reaction employs a cyanide ion as the catalyst and the mechanism, proposed by 
Lapworth,4 involves formation of carbanions stabilized by the nitrile group (Scheme 1). 

OH OH 

The fact that treatment of a benzoin with potassium cyanide in the presence of a second aldehyde leads 
to mixed benzoins indicates that all the steps are reversible (equation 1). 

The carbanion (1) can be generated independently from cyanohydrins and can be added to the double 
bond of a,0-unsaturated ketones, esters and nitriles by an irreversible reaction which ultimately leads to 
y-diketones, 4-oxocarboxylic esters and 4-oxonitriles.7 

Studies on thiamine (vitamin Bi) catalyzed formation of acyloins from aliphatic aldehydes and on 
thiamine or thiamine diphosphate catalyzed decarboxylation of pyruvate7 8 have established the mechan¬ 
ism for the catalytic activity of 1,3-thiazolium salts in carbonyl condensation reactions. In the presence 
of bases, quaternary thiazolium salts are transformed into the ylide structure (2), the ylide being able to 
exert a catalytic effect resembling that of the cyanide ion in the benzoin condensation (Scheme 2). Like 
cyanide, the zwitterion (2), formed by the reaction of thiazolium salts with base, is nucleophilic and 
reacts at the carbonyl group of aldehydes. The resultant intermediate can undergo base-catalyzed proton 
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transfer to give a carbanion (3), which is stabilized by the thiazolium ring. The carbanion (3), like (1), 
undergoes 1,4-addition to a,(3-unsaturated esters, ketones or nitriles. 

RCHO + 

(2) (3) 

RCHO 

+ (2) 

Scheme 2 

2.4.1.1 Catalysts for Benzoin Formation 

Generally benzoins are generated by the action of sodium cyanide or potassium cyanide on aromatic 
aldehydes in aqueous ethanol via cyanohydrin intermediates.4 Benzoins may also be prepared in good 
yields by treating aromatic aldehydes with potassium cyanide in the presence of crown ethers in water or 
aprotic solvents.14 Other sources for cyanide in this type of condensation are tetrabutylammonium 
cyanide,5 polymer-supported cyanide15 and acetone cyanohydrin with K2CO3.16 Similarly, addition of 
aromatic aldehydes to a,(3-unsaturated ketones can be accomplished by means of cyanide catalysis in 

DMF.7 
The use of thiazolium salts enables the benzoin condensation to proceed at room temperature. It can 

also be performed in dipolar aprotic solvents or under phase transfer conditions.5 Thiazolium salts such 
as vitamin B1,17 thiazolium salts attached to y-cyclodextrin,18 macrobicyclic thiazolium salts,19 thiazo¬ 
lium carboxylate,20 naphtho[2, \-d]thiazolium and benzothiazolium salts catalyze the benzoin condensa¬ 
tion8 and quaternary salts of 1-methylbenzimidazole and 4-(4-chlorophenyl)-4//-1,2,4-triazole are 
reported to have similar catalytic activity.7,8 Alkylation of 2-hydroxyethyl-4-methyl-l,3-thiazole with 
benzyl chloride, methyl iodide, ethyl bromide and 2-ethoxyethyl bromide yields useful salts for catalyz¬ 
ing 1,4-addition of aldehydes to activated double bonds.8 Insoluble polymer-supported thiazolium salts 
are catalysts for the benzoin condensation and for Michael addition of aldehydes.21 "4 Electron rich al- 
kenes such as bis(l,3-dialkylimidazolidin-2-ylidenes) bearing primary alkyl substituents at the nitrogen 
atoms25 or bis(thiazolin-2-ylidene) bearing benzyl groups at the nitrogen atoms26 are examples of a new 

class of catalyst for the conversion of ArCHO into ArCHOHCOAr. 
The yeast-mediated condensation of benzaldehyde with acetaldehyde is of particular interest since it 

represents one of the first industrially useful microbial transformations, with the acyloin produced being 
subsequently converted chemically to o-ephidrine.27 Other illustrations of synthetic value are the yeast- 
induced condensation of aldehyde (4a,b) with fermentatively generated acetaldehyde. The initially 
formed acyloins (5a,b) are not isolated but are further reduced, again with enantiotopic specificity, to 
give the pheromone synthon (6a; R = (3-styryl) and the a-tocopherol chromanyl moiety precursor (6b; R 

= 2-propenylfuran) respectively (Scheme 3).28 
a-Hydroxy ketones bearing a trifluoromethyl group were prepared from an aromatic aldehyde in high 

yield via a hydrazone.29 

yeast 
RCHO + MeCHO - 

(4) (5) (6) 

Scheme 3 
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2.4.1.2 Masked Acyl Anion Equivalents 

The benzoin condensation has recently been recognized as belonging to the general class of reactions 
that involve masked acyl anions as intermediates.5’8’11’12 For example, an aldehyde is converted into an 
addition product RCH(OX)Y, which renders the C—H acidic. Then under basic conditions, a masked 
acyl anion (see 1) can be formed and may react with an electrophilic component E+. Decomposition of 
the product RCE(OX)Y should regenerate the carbonyl group with formation of RC(0)E. Intermediates 
such as (1) are used in the conversion of aldehydes into a-hydroxy ketones, a-diketones and 1,4-dicarbo¬ 
nyl compounds, proving to be a powerful strategy in the development of new synthetic methods.3-8-12 

The most systematically investigated acyl anion equivalents have been the TMS ethers of aromatic and 
heteroaromatic aldehyde cyanohydrins,30 TBDMS-protected cyanohydrins,31,32 benzoyl-protected 
cyanohydrins,33 alkoxycarbonyl-protected cyanohydrins,34 THP-protected cyanohydrins,35 ethoxyethyl- 
protected cyanohydrins,36 a-(dialkylamino)nitriles,8 cyanophosphates,37 diethyl l-(trimethylsiloxy)- 
phenylmethyl phosphonate38 and dithioacetals.3 Deprotonation of these masked acyl anions under the 
action of strong base, usually LDA, followed by treatment with a wide variety of electrophiles is of great 
synthetic value. If the electrophile is another aldehyde, a-hydroxy ketones or benzoins are formed. More 
recently, the acyl carbanion equivalents formed by electroreduction of oxazolium salts39 were found to 
be useful for the formation of ketones, aldehydes or a-hydroxy ketones (Scheme 4). a-Methoxyvinyl- 
lithium also can act as an acyl anion equivalent and can be used for the formation of a-hydroxy ketones, 
a-diketones, ketones, y-diketones40 and silyl ketones.13’41,42 

rAr2 

Scheme 4 

2.4.1.3 Electrophiles 

In the benzoin condensation, one molecule of aldehyde serves as an electrophile. If a carbanion is 
generated from protected cyanohydrins, a-aminonitriles or dithioacetals, it can react with electrophiles 
such as alkyl halides, strongly activated aryl halides or alkyl tosylates to form ketones. Amongst other 
electrophiles which are attacked by the above carbanions are heterocyclic A-oxides, carbonyl com¬ 
pounds, a,3-unsaturated carbonyl compounds, a,£-unsaturated nitriles, acyl halides, Mannich bases, 
epoxides and chlorotrimethyl derivatives of silicon, germanium and tin. 

2.4.1.4 Miscellaneous 

Benzoins can also be synthesized by the photolysis of aldehydes at high concentration.43 The forma¬ 
tion of benzoin can be rationalized as arising from intermolecular hydrogen abstraction followed by col¬ 
lapse of the radicals. 

The addition of lithium and Grignard reagents to isocyanides which do not contain a-hydrogens pro¬ 
ceeds by an a-addition to produce a metalloaldimine (7, an acyl anion equivalent). The lithium aldimines 
are versatile reagents which can be used as precursors for the preparation of aldehydes, ketones, a-hy¬ 
droxy ketones, a-keto acids, a- and 3-hydroxy acids, silyl ketones and a-amino acids (Scheme S).44,45 
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R!M + R—N = C 

Scheme 5 

The lithium salts of aldehyde r-butylhydrazones react with electrophiles (aldehydes, ketones, alkyl 
halides) to form C-trapped f-butylazo compounds; isomerization and hydrolysis give a-hydroxy ketones 
or ketones in good yields, thereby providing a convenient path via a new acyl anion equivalent (Scheme 
6) 46 Reaction of these lithium salts with aldehydes and ketones, followed by elimination, provides a new 
route to azaalkenes,47 whereas homolytic decomposition of C-trapped azo compounds of tntyl and diphe- 
nyl-4-pyridylmethylhydrazones lead to the formation of alkanes, alkenes, alcohols or saturated esters. 

R1 1 RX or 

Bu-'%Ah -* b„.'N"nA_h 
H 

R1 

H RCHO 

N. JkR 
Bu* 'N H 

R1 
H 

Bu'"N'N^R 

Scheme 6 
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Scheme 7 
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When the 2,6-xylylimine of trialkylsilyl trimethylstannyl ketone is selectively transmetallated at -78 
°C with BunLi to generate a derivative, the latter serves as a versatile masked acyl anion that can react 
with various electrophiles. For example, a-hydroxy ketones were prepared using this new reagent 
(Scheme 7).49 

2.4.2 CHIRAL CYANOHYDRINS 

Asymmetric synthesis by means of a cyanohydrin is an important process in organic synthesis, because 
the cyanohydrin can be easily converted into a variety of valuable synthetic intermediates, such as a-hy- 
droxy ketones, a-hydroxy acids, y-diketones, 3-amino alcohols, 4-oxocarboxylic esters, 4-oxonitriles, a- 
amino acids and acyl cyanides. More specifically, the (S)-cyanohydrin of m-phenoxybenzaldehyde is a 
building block for the synthesis of the insecticide deltamethrin,50 or (l/?)-c/s-pyrethroids.51 

In catalytic processes with enzymes such as D-oxynitrilase52 and (R)-oxynitrilase (mandelonitrilase)53 
or synthetic peptides such as cyclo[(S)-phenylalanyl-(S)-histidyl],54 or in reaction with TMS-CN pro¬ 
moted by chiral titanium(IV) reagents55'56 or with lanthanide trichlorides,57 hydrogen cyanide adds to 
numerous aldehydes to form optically active cyanohydrins. The optically active Lewis acids (8) can also 
be used as a catalyst.58 Cyanation of chiral cyclic acetals with TMS-CN in the presence of titanium(IV) 
chloride gives cyanohydrin ethers, which on hydrolysis lead to optically active cyanohydrins.59 An opti¬ 
cally active cyanohydrin can also be prepared from racemic RR'C(OH)CN by complexation with bru¬ 
cine.60 

X 

(8) X = OMe or Cl 

2.4.2.1 1,2-Addition to Aldehydes and Ketones 

The oldest known reaction involving masked acyl anions of the type (1) is the preparation of benzoin 
from aromatic aldehydes as illustrated in Scheme 1 (R = Ph). The reaction is applicable only to alde¬ 
hydes with no a-hydrogen atoms (otherwise the aldol reaction competes); attempts to prepare a mixed 
acyloin yield a mixture of products. It is essential that the reaction be carried out in aprotic solvents, 
general preference being given to DMF. Aldehydes which normally give poor yields of benzoin in 
aqueous alcohol react in DMF-DMSO to give good yields of benzoins, especially if tetrabutylammoni- 
um cyanide is used as the base.5 7 Under these conditions, the cyanide ion becomes more nucleophilic 
and basic; the reaction is usually complete in a few hours at room temperature. 

Quite often the products of the benzoin condensation are unstable to oxygen and lead to a-diketones.5 
This is the case in intramolecular condensations when the initial product is an oquinol, which is easily 
oxidized to the quinone.5 4-Substituted tetramides can be prepared by the reaction of an aromatic alde¬ 
hyde with oxalaldehyde in the presence of cyanide ion, via the benzoin condensation (Scheme 8).6 

Scheme 8 

2.4.2.2 1,4-Addition to a,f)-Unsaturated Carbonyl Compounds 

The most suitable technique for addition of aromatic aldehydes to a,f)-unsaturated ketones utilizes 
cyanide catalysis in DMF (equation 2).7 Unsubstituted aromatic aldehydes and those bearing substituents 
in the ring, except for ort/io-substituted benzaldehydes, can add to an aliphatic, aromatic or heterocyclic 
a,3-unsaturated ketone. Addition of heterocyclic aldehydes can be catalyzed by cyanide ion as well. The 
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products are 7-diketones, which can be converted to cyclopentenones, furans, pyrroles, thiophenes and 
pyrazines, as illustrated for the synthesis of /V-methyl-2,3,5-tris(3-pyridyl)pyrrole, quinolizidines and 
1 -(3-phenyl-1 -indolizidinyl)-1 -propanol.7 

O O 

R1 O 

Aromatic or heterocyclic aldehydes also add smoothly to a,(3-unsaturated esters and nitriles.7 

Dialdehydes such as 2,5-thiophenedicarbaldehyde can be added to acrylonitrile in the presence of 
cyanide ion and the product can be converted to 4,9-dioxododecanedioic acid.7 

2.4.2.3 Addition to Mannich Bases 

Aromatic and heterocyclic aldehydes add readily to Mannich bases in a cyanide-catalyzed reaction in 
DMF to produce 7-diketones (equation 3). 

O _ _ O R1 

Xh Me2N 

CN 

R2 

R1 
DMF 

Ph Y 
o 

R2 (3) 

R1 = H, Me, Ph; R2 - Me, Pr1, Ph; R'R2 = -(CH2)„- _ . 

Examples include the reactions of 3-pyridinecarbaldehyde with 3-dimethylamino-l-phenyl-1 -propan- 
one, of furfural with 3-dimethylamino-l-(2-furyl)-l-propanone and of 2-thiophenecarbaldehyde with 
3-dimethylamino-l-(2-thienyl)-1-propanone.7 

2.4.2.4 Miscellaneous Reactions of Cyanohydrins 

Direct conversion of aldehydes to esters was carried out via oxidative benzoin reactions, using an aro¬ 
matic nitro compound as an oxidizing agent under the catalytic action of cyanide ion or of a conjugate 

base of a thiazolium ion (Scheme 9).61 

O 

X + PhNO + OH- 
R X 

X = CN, Tz 

Scheme 9 

(1) or (3) 
PhNO, 

R OH 

X .0- 
X N 

O' Ph 

2.4.3 O-PROTECTED CYANOHYDRINS 

The mechanism of the benzoin condensation,4 as depicted in Scheme 1, suggested that anions derived 
from a protected aldehyde cyanohydrin should function as nucleophilic acylating reagents. The use of 
protected cyanohydrins as carbanion equivalents has been studied by Stork62 and by Hunig63 and has 
found wide applicability in chemical synthesis. Such species may serve as either acyl anion equivalents1 

or homoenolate anions.25 36 
Anions of protected cyanohydrins of aliphatic, aromatic or a,(3-unsaturated aldehydes undergo 1,4-ad¬ 

dition to cyclic and acyclic enones. The synthetic utility of protected cyanohydrins in 1,4-addition de¬ 
pends on regioselectivity, since a competing reaction is 1,2-addition to the carbonyl group. The 
regioselectivity of these reactions (1,4- versus 1,2-addition) is dependent on the structure of the protected 
cyanohydrin, the enone and the reaction solvent.8 Some general principles which influence the regio¬ 

selectivity can be defined. 
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Conjugate additions predominate with bulky anions or with an enone containing a hindered carbonyl 
function. Anions derived from protected cyanohydrins of a,(3-unsaturated aldehydes favor 1,4-additions. 
Anions derived from aryl aldehydes, especially if substituted with electron-withdrawing substituents, 
give predominantly conjugate addition. Increased bulk at the ^-position of the enone, such as in P,{3-di- 
substituted enones, leads to increased amounts of 1,2-addition.8 

The anions of protected cyanohydrins are excellent nucleophiles in reaction with both primary and sec¬ 
ondary alkyl halides.8 

2.4.3.1 O-Silyl-protected Cyanohydrins 

O-Silylated cyanohydrins have found considerable utility in the regioselective protection of p-qui- 
nones,64 as intermediates for the preparation of 3-amino alcohols65 and as precursors to acyl anion equiv¬ 
alents.36 Such compounds are typically prepared in high yield by either thermal or Lewis acid catalyzed 
addition of TMS-CN across the carbonyl group.64 This cyanosilylation has a variety of disadvantages 
and modified one-pot cyanosilylation procedures have been reported.31,66 The carbonyl group can be re¬ 
generated by treatment with acid, silver fluoride64 or triethylaluminum hydrofluoride followed by base.63 

2.4.3.1.1 1^2-Addition to aldehydes and ketones 

The anion of the adduct of TMS-CN with benzaldehyde reacts with aldehydes and ketones to form 
acyloin silyl ethers, by way of a 1,4-O-silyl rearrangement (Scheme 10). This method gives a-hydroxy 
ketones in excellent yield (80-90%) and allows the selective synthesis of unsymmetrical benzoins.67 

OSiMe^ 

Ph CN 

i, LDA 

ii, RCOR1 

OLi iii, -LiCN 

iv, F 

Scheme 10 

Trimethylsiloxy cyanohydrins (9) derived from an a,3-unsaturated aldehyde form ambident anions 
(9a) on deprotonation. The latter can react with electrophiles at the a-position as an acyl anion equiv¬ 
alent (at -78 °C)7 or at the y-position as a homoenolate equivalent (at 0 °C).36 The lithium salt of (9) 
reacts exclusively at the a-position with aldehydes and ketones.36 The initial kinetic product (10) formed 
at -78 °C undergoes an intramolecular 1,4-silyl rearrangement at higher temperature to give (11). Thus 
the initial kinetic product is trapped and only products resulting from a-attack are observed (see Scheme 
11). The a-hydroxyenones (12), y-lactones (13) and a-trimethylsiloxyenones (11) formed are useful pre¬ 
cursors to cyclopentenones and the overall reaction sequence constitutes a three-carbon annelation proce¬ 
dure. 

2.4.3.1.2 1,4-Addition to a,(3-unsaturated carbonyl compounds 

The anion (9a) derived from crotonaldehyde reacts with 2-cyclohexen-l-one (14) to give exclusively a 
1.4- addition product (equation 4).8 Both the solvent and the nature of the protecting group affect the 
regioselectivity in the reactions of anions (9) with 4-methyl-3-penten-2-one (15). For instance, in THF 
the 1,2-adduct (16) is formed in 74% yield (equation 5), while in ether only the 1,4-addition product (17) 
is isolated. 

The introduction of electron-donating or electron-withdrawing substituents in the para position of 
anion (18) strongly influences the regioselectivity in additions to (15).8 In DME the amount of 1,4-addi¬ 
tion increases from 0% for the p-dimethylamino to 100% for the p-cyano derivative. In ether only the 
1.4- product (19) is observed when the para substituent is hydrogen, chloro, trifluoromethyl or cyano. 
The p-OMe derivative in ether gives 70% of (19), while the p-dimethylamino derivative gives mainly 
1,2-product (20; equation 6; 86%). 
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Scheme 11 

NC OSiMe3 

X 
o 

(15) 

X = Me2N, MeO, H, Cl, CF3, CN 
increasing amount of 1,4-addition 

(19) 

+ (6) 

(20) 
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Addition of the a,(3-unsaturated anion (21) to the Michael acceptor (22), in which either alkylation or 
1,4-addition is possible, affords only the Michael product. Internal alkylation of the intermediate ester 
enolates leads to cyclopropyl derivatives (equation 7).8 Terpenoid polyenes are prepared through con¬ 
jugate addition of the lithiated protected cyanohydrins (23) to dienyl sulfoxide (24; equation 8).8 

2.4.3.1.3 Alkylation with R—X 

Anions (25) derived from aryl and heterocyclic aldehydes have been used by Hunig et al. for the prep¬ 
aration of a large number of ketones in which one residue is aromatic or heterocyclic (equation 9).8 In 
view of the competition between displacement and elimination so frequently encountered in reactions of 
nucleophiles with secondary halides, it is striking that alkylation of (25; R = Ph) proceeds well even with 
a tertiary iodide. l-Bromo-4-/-butylcyclohexane reacts with (25) to give the trans product (26) with in¬ 
version of configuration (equation 10). 

Me^SiO Li 
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RX Me^SiO R 
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Ar CN 
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Ar Bu‘ 

Bu'I 

H+ 

(25) 
H+ 

(10) 

(26) 

An intramolecular Sn2 displacement at a neopentyl center in (27) gave (28), a precursor for the total 
synthesis of steroids (equation 11).8 

(11) 
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2.4.3.1.4 Miscellaneous reactions of O-silylated cyanohydrins 

Oxidation of a cyanohydrin derived from a conjugated aldehyde (as the O-TMS derivative) using py- 
ridinium dichromate (PDC) in DMF gave an a,(3-unsaturated lactone (82-butenolide) as the major pro¬ 
duct (equation 12).68 Simple nonconjugated cyanohydrins are not satisfactory substrates for the synthesis 
of acyl cyanides using PDC, because they seem to add to the initially formed acyl cyanides, leading ulti¬ 
mately to cyanohydrin esters. Oxidation of cyanohydrin to acyl cyanides can be carried out either by 
means of manganese dioxide,69 ruthenium-catalyzed oxidation with t-butyl hydroperoxide70 or NBS.71 

Tetronic acids and (3-keto-y-butyrolactones are easily prepared by reaction of an O-trimethylsilylated 
cyanohydrin with a-bromo esters in the presence of a Zn-Cu couple in a Reformatsky-type reaction 
(Scheme 12).72373 

NC OSiMe3 
V 

R'^R2 
+ 

h2o 

Scheme 12 

Acyloins are prepared in high yields by attack of a Grignard reagent on the cyano group of O-tri- 
methylsilylated cyanohydrins. The method is particularly useful for the preparation of unsymmetrical 

acyloins.74 

2.4.3.2 Cyanohydrin Ethers and Esters 

Acid-catalyzed addition of aliphatic, aromatic or heteroaromatic cyanohydrins to ethyl vinyl ether, n- 
butyl vinyl ether or dihydro-4//-pyran provides base stable, protected cyanohydrin derivatives.9 Phase 
transfer catalyzed alkylation of aliphatic cyanohydrins with allylic bromides gave a-substituted a-allyl- 
oxyacetonitrile.75 Carbonyl compounds react with cyanide under phase transfer catalysis to give cyano¬ 
hydrin anions, which are trapped by an acyl chloride or ethyl chloroformate to give acyl- or 
alkoxycarbonyl-protected cyanohydrins respectively.34 The reduction of the carbonyl group of an acyl 
cyanide by NaBFLt under phase transfer conditions followed by esterification serves as an alternative 
route to aldehyde-derived cyanohydrin esters.76 

Cyanation of acetals was achieved either by means of t-butyl isocyanide or P-trimethylsilylethyl iso¬ 
cyanide in the presence of titanium(IV) chloride (equation 13)77 or by TMS-CN in the presence of elec¬ 

trogenerated acid.78 

R 

R x/0Me TiCl4 

OMe 

OMe 

R1 

R2NC R C = NR2 

R'^^OMe 

R CN 

R[/OMe 
(13) 

2.4.3.2.1 1 fl-Addition to aldehydes and ketones 

The condensation of cyanohydrin ethers with aldehydes or ketones provides a-hydroxy ketones.9 
O-Benzoyl-protected cyanohydrins react with aldehydes to give a-hydroxy ketones via intramolecular 
deprotective benzoylation analogous to TMS-protected cyanohydrins (Scheme 10).33 
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A comparative study was reported using 1,3-dithianes and (9-benzoylated cyanohydrins respectively 
for the synthesis of several analogs of secoisoquinoline alkaloids bearing a dimethylamino side chain and 
a benzilic or reduced benzilic group.79 

2.4.3.22 1,4-Addition to a,f3-unsaturated carbonyl compounds 

The anions of protected cyanohydrins derived from saturated aliphatic aldehydes undergo competitive 
1,2- and 1,4-addition to unsaturated carbonyl electrophiles. The proportion of the adducts appears to vary 
as a function of both structure and solvent. Steric interactions that favor dissociation of the reversibly 
formed 1,2-addition product increase the proportion of the 1,4-addition product. For example, increasing 
the size of the substituent R in a protected cyanohydrin (29) from methyl to /z-pentyl increases the ratio 
of 1,4-addition product (30) to 1,2-addition product (31) from 1.5:1 to 2.7:1 (equation 14).62 

Conjugate addition of an aryl cyanohydrin has been used in the synthesis of tetracyclines, 13-oxypros- 
tanoids and (3-cuparenone.8 

2.4.32.3 Alkylation with R—X 

The alkylation of protected cyanohydrin anions constitutes an excellent method for ketone syn¬ 
thesis.9,62 Generally the anions are generated from aliphatic or aromatic aldehyde protected cyanohydrins 
with LDA under nitrogen at -78 °C. The addition of an alkyl halide produces the protected ketone cyano¬ 
hydrin. The carbonyl group is then liberated by successive treatment with dilute acid and dilute aqueous 
base. This method is applicable for the synthesis of buflomedil.80 

Regiocontrolled synthesis of 2,4-disubstituted pyrroles is achieved using the alkylation of a protected 
cyanohydrin with an alkynyl bromide (equation 15).81 

OEE 
i, LDA 

R CN ii, Br 

R OEE i, LiAlH4 

ii, Hg2+/H+ 

EE = ethoxyethyl 

(15) 

The side chain of brassinolide, (205,22/?), can be stereoselectively introduced by alkylation (Sn2) of 
the (20/?)-tosyloxy steroid with a protected cyanohydrin followed by the stereoselective reduction of the 
resulting 23-en-22-one.82 

a -Hy droxy-7-butyrolactones are prepared by the alkylation of a protected cyanohydrin with an epox¬ 
ide.83 Maldonado et al. applied this method to the synthesis of a-bisbololone (equation 16).84 
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Of special interest is the use of protected cyanohydrins in the formation of carbocyclic rings. Ring clo¬ 
sure of an acyclic intermediate to form a five-membered ring (75-85%) has been described in the syn¬ 
thesis of prostaglandins (equation 17).85>86 In addition this method is applicable to the formation of 
cyclopropyl,87 cyclobutyl85 and cyclohexyl rings (60-70%).88 

Macrocyclic ketones are prepared by intramolecular alkylation without the use of high dilution condi¬ 
tions.89 These cyclizations have the following characteristic features:85,87 (i) the alkylation is irreversible 
and very rapid, and the cyclized product is stable under basic conditions. Therefore, this method of cycli- 
zation requires short reaction times and no high dilution conditions and provides the macrocycle in a sat¬ 
isfactory yield; (ii) the carbanion derived from an a,(3-unsaturated cyanohydrin acts via a-attack, so that 
•y-attack and isomerization of double bonds are not observed; and (iii) the cyclized products are easily 
converted by mild acid and base treatment to the corresponding enones in high yields with excellent 
stereoselectivity. This cyclization method can be applied to the synthesis of a wide variety of naturally 
occurring compounds such as the pheromone periplanone B,90 the sesquiterpenes acoragermacrone 
(equation 18),91 germacrone,92 humulene,93 mukulol,91 germacrone lactones such as costunolide and 
haagenolide,94 {E,E)- and (£,Z)-2,6-cyclodecadienones,95 rrarts-2-cyclopentadecanone, a precursor of the 
natural products (+)-muscone and exaltone,89 zearalenone,96 dihydroxy-trans-resorcylide97 and the 14- 
membered (E,E,E)-macrocyclic triene, a precursor for the Diels-Alder synthesis of a steroid skeleton 
(equation 19).98 Such cyclizations have been carried out on a 60 mmol scale.90 

2.4.3.2.4 Miscellaneous reactions 

The classic SwAr substitution of activated aryl halides by protected cyanohydrin anions provides sub¬ 
stituted benzophenones.8 Another procedure for the arylation of protected cyanohydrin anions involves 
the use of aromatic substrates activated as their TT-chromium tricarbonyl complexes.9,99 Addition of the 
anion of (32) to the 1,3-dimethoxybenzene complex, for example, leads principally to the meta-sub¬ 
stituted isomer (33; equation 20). Preferential meta regioselectivity is also noted with other n-chromium 
tricarbonyl complexes of arenes. Other arylations of cyanohydrin anions include interesting but syntheti¬ 
cally limited additions at the a-position of quinoline A-oxides.8 In a similar manner, cyanohydrin carbo¬ 
nates of aromatic aldehydes react with A-oxides of quinoline and isoquinoline.34 

(3,y-Unsaturated ethers of cyanohydrins, on formation of lithio derivatives, undergo a 2,3-sigmatropic 
rearrangement8 to form (3,-y-unsaturated ketones (equation 21), whereas benzylic ethers of aliphatic 
cyanohydrins gave o-methylaryl ketones.8 The method has been used to prepare 3-methyl-l-(3-methyl-2- 
furyl)-1 -butanones, a naturally occurring Cio terpene,8 a-allenic ketones8 and enolic monoethers of 
y-keto aldehydes via 2,3-sigmatropic rearrangement of their respective carbanions.8 

An annelation reaction of a,(3-unsaturated carbonyl compounds with cyanophthalides (34) can be used 
for the construction of naphthoquinone and anthraquinone systems in biologically active natural 
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i, LDA 
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Bun^CN 

(32) 

MeO OMe 

O^Bu n 

(33) 

(20) 

(21) 

products.100 For example, synthesis of racemic 1-fluoro-, 4-fluoro-, 2,3-difluoro- and 1,4-difluoro-4-de- 
methoxy-daunomycinones (35) is achieved by annelation of highly functionalized quinone monoketal 
with the appropriate cyanophthalide anion followed by deprotection (equation 22).101-102 Annelative 
reactions of arynes generated in situ from haloarenes and LDA in THF with lithiated cyanophthalide pro¬ 
vide a convenient way of preparing a wide variety of anthraquinones and anthracyclinones.103 More 
recently, Yoshii et al. utilized a tetracyclic cyanophthalide anion in an annelative reaction with 
5-t-butoxy-2-furfurylideneacetone in their synthesis of (±)-granticin.104 

2-Substituted cyclohexenones are prepared by the alkylation of 2-cyano-6-methoxytetrahydropyran, a 
cyclic protected cyanohydrin (Scheme 13).105 

R R O 

Scheme 13 

An interesting variant of these Michael-type additions is the 1,6-addition of the anion of type (29) to a 
dienyl sulfone as a route to tagetones106 and 1,4-addition to nitrostyrene to form (3-nitro ketones.107 A 
key step in a synthesis of 11-deoxyanthracyclinone involves the regioselective reaction of complexed 
styrene with lithiated protected acetaldehyde cyanohydrin.108 

2.4.4 a-(DIALKYLAMINO)NITRILES 

From a historical perspective, the a-(dialkylamino)nitrile anions were the first acyl anion equivalents 
to undergo systematic investigation.9 More recent studies indicate that anions of a-(dialkylamino)nitriles 
derived from aliphatic, aromatic or heteroaromatic aldehydes intercept an array of electrophiles9 includ¬ 
ing alkyl halides, alkyl sulfonates, epoxides, aldehydes, ketones, acyl chlorides, chloroformates, unsatu¬ 
rated ketones, unsaturated esters and unsaturated nitriles. Aminonitriles are readily prepared and their 
anions are formed with a variety of bases9 such as sodium methoxide, KOH in alcohol, NaH, LDA, PhLi, 
sodium amide, 70% NaOH and potassium amide. Regeneration of the carbonyl group can be achieved 
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either by the usual acid hydrolysis or by other mild hydrolytic agents such as copper sulfate,109 iron(II) 
sulfate,109 copper acetate,110 silver nitrate in D20-THF-diethyl ether111 and silica gel.111 

Aromatic and aliphatic aldehydes in the presence of dialkylamines and an equivalent of acid such as 
hydrochloric, perchloric or p-toluenesulfonic acid give iminium salts, which add cyanide ion to form a- 
(dialkylamino)nitriles 9 An alternative preparation involves the reaction of the aldehyde with dialkyl¬ 
amines in the presence of acetone-cyanohydrin, a-(/VA-dialkylamino)isobutyronitriles,112 diethyl 
phosphorocyanidate113 or TMS-CN.114 Another route to a-aminonitrile starts with an aldehyde, the salt 
of an amine and KCN in organic solvents under solid-liquid two-phase conditions by combined use of 
alumina and ultrasound.115 Chiral a-aminonitriles were prepared by Strecker-type reactions,116 cyano- 
silylation of Schiffs bases,117 amination of a-siloxynitriles118 or from an /V-cyanomethyl-l,3-oxazolidine 
synthon.119 Reaction of tertiary amines with CIO2 in the presence of 5.7 mol equiv. of aqueous NaCN as 
an external nucleophile affords a-aminonitrile.120 

2.4.4.1 1,2-Addition to Aldehydes and Ketones 

a-Hydroxy ketones can be prepared by the addition of carbanions derived from easily accessible a- 
(dialkylamino)nitriles to carbonyl compounds followed by hydrolysis.121 Optically active a-hydroxy 
ketones are obtained by the nucleophilic acylation of chiral a-aminonitriles.122 1,2-Addition to cyclic 
ketones, aryl aldehydes and aliphatic aldehydes leads to ethanolamines.8® Stereoselectivity in favor of the 
threo isomer occurs with a-(dimethylamino)propionitrile, while reversed stereoselectivity is observed 
with the open chain Reissert compound (36; Scheme 14).8b A high degree of stereoselectivity is also ob¬ 
served in the condensation of A-benzoyl-2-cyanopiperidine with propanal, a key step in the synthesis of 
(-t-)-conhydrine (eryr/2ro-a-ethyl-2-piperidinemethanol) (37; Scheme 15).8 
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Ph NHMe 

75% 

Scheme 14 

1:3.3 

Scheme 15 

Unsymmetrical amino ketones were prepared by 1,2-addition of an a-aminonitrile to an aldehyde 

(Scheme 16).123 
a-(Dialkylamino)nitriles (38) can react as either acyl anion or (3-homoenolate ion equivalents on 

varying the reaction conditions.8 This constitutes a general entry to the formation of cyclopentenone deri¬ 

vatives (Scheme 17). 
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Scheme 17 

The lithium salt of the unsaturated a-aminonitrile (39) reacts as a homoenolate (7-attack) with alde¬ 
hydes or ketones to give 1,2-addition products (40). Deprotonation of the masked carbonyl affords sub¬ 
stituted lactones (equation 23).8 

2.4.4.2 1,4-Addition to a,(3-Unsaturated Carbonyl Compounds 

Addition of a-aminonitriles to an a,(3-unsaturated ketone affords 1,4-diketones. High yields are also 
observed in 1,4-additions to ethyl acrylate or acrylonitrile.7109 a-Phenyl-a-(/V-morpholino)acetonitrile 
gives good yields of 1,4-adducts with methyl crotonate, methyl methacrylate, diethyl maleate and ethyl 
propiolate under catalysis of sodium methoxide in THF. Reaction of the lithium salt of (41) with methyl 
acrylate is reported to give pyrrole derivatives (Scheme 18). 

Conjugate addition of the benzoyl anion equivalent (42) to unsubstituted and 2-substituted cyclic 
enones can be highly stereoselective (equation 24).124 Lewis acids such as BF3Et20, Ti(OPr')4 or ZnCl2 
make possible the Michael addition of (42) even to (3,(3-disubstituted a-enones.125 
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2.4.4.3 Alkylation with R—X 

Alkylation of metallated a-(dialkylamino)nitriles with alkyl halides, epichlorohydrin, allyl halides or 
ethyl bromoacetate followed by hydrolysis furnishes an array of ketones in good yield.8-9 For example, 
reaction of (42) with benzyl chloride leads to the formation of deoxybenzoins.8 Alkylation of a-(dialkyl- 
amino)nitriles is also possible if the latter are derived from aliphatic aldehydes.8-9 

(42) + RX -- Ph-C-CN + R* + X~ 

NMe2 

Ph i 

R"'^ NMe2 

Scheme 19 

The alkylation of (42) with chiral 1-methylheptyl halides in liquid ammonia proceeds with partial in¬ 
version of configuration. The accompanying racemization is dependent on the basic reagent, on the con¬ 
figuration of the alkylating agent and on the extent of participation of the electron transfer process in the 

alkylation (Scheme 19).111 
TTie key step for the conversion of open-chained a,(3-unsaturated aldehydes to their corresponding 

cyclized carbonyl compounds involves the regioselective alkylation of (39) with dihalides.126 
2-Alkyl- and 2,6-dialkyl-piperidine alkaloids have been synthesized by the alkylation of cyclic a-ami- 

nonitriles such as A-benzyl-2-cyano-6-methylpiperidine127 128 or l-benzyl-2,6-dicyanopiperidine.129 
Unsaturated a-(dialkylamino)nitriles (43) form ambident anions which are alkylated at either the a- or 

■y-position.8 Alkylation of (43a) with methyl iodide is completely selective to give only the y-alkylated 
regioisomer, while alkylation of (43b) with ethyl bromide gave exclusively the a-alkylated product 
(equation 25). The structure of the secondary a-amino group as well as the steric bulk of the alkylating 
reagent influence the regioselectivity. With dimethylamine or piperidine as the amine component, the al¬ 
kylation with methyl iodide gives approximately equal amounts of a- and y-alkylation product, while 
with the morpholino derivative (43b) a-alkylation is the major product. Increased amounts of y-alkyla- 

tion are observed with isopropyl bromide. _ 
Ring closures through intramolecular alkylation of Reissert compounds have been described. The se¬ 

quential dialkylation of dimethylaminoacetonitrile (44) first with methallyl chloride and then isopentenyl 
bromide, followed by hydrolysis and isomerization, affords artemesia ketone in 77% overall yield 

(Scheme 20).130 
3-Substituted pyrazoles can be prepared by the alkylation of a-(dimethylamino)nitnles with bromodi- 

ethyl acetal followed by heating with hydrazine dihydrochloride in ethanol.131 3,5-Dialkylpyrazoles were 
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(43a) R = H; R1 = Me; R2 = Ph 

(43b) R = Me; R'R2 = -(CH2)20(CH2)2- 

Scheme 20 

synthesized by reaction of a,y-dialkyl-a,y-dipyrrolidinylglutaronitriles with hydrazine.132 Vinyl ketones 
in general and the himachalene skeleton specifically can be synthesized by the alkylation of (45) with an 
alkyl halide, e.g. (46; Scheme 21).133 

Reaction of 1-benzyl-2,5-dicyanopyrrolidine with an alkyl halide gives unsymmetrical 2,5-dialkylated 
products (47) in high yield. Hydrolysis of (47) provides a y-diketone, which serves as a precursor for jas- 
mone analogs (Scheme 22).134 

O O 

Scheme 22 

O 

R1 

5-Diketones and their aldol-derived cyclohexenones are obtained from alkylation of 1-benzyl-2,6-di- 
cyanopiperidine followed by hydrolysis.135 136 This dicyano analog of (47) provides a new method for 
the synthesis of tra«5-2-methyl-6-undecylpiperidine (solenopsin), a-propylpiperidine (coniine) and other 
2,6-dialkylpiperidine alkaloids.129 

The pyrrolidine synthon (48)137 is useful for the chiral synthesis of pyrrolizidine,138 pyrrolidine,139140 
indolizidine138 and azabicyclic alkaloids141 (see Scheme 23). 

(48) 
Scheme 23 
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In a similar manner, the 2-cyano-6-oxazolopiperidine synthon is useful for the chiral synthesis of in- 
dolizidine (monomerine I),142 piperidine [(+)- and (-)-coniine and dihydropinidine]143 and quinolizidine 
alkaloids.144 145 2-Hydroxymethyl-1-amino-1-cyclopropanecarboxylic acid146 (-)-(2R)-hydroxy-(3S)- 
nonylamine147 and a-substituted phenylethylamines148 are obtained in optically active form from (-)-N- 

cyanomethyl-4-phenyloxazolidine. 
Alkylation of the a-aminonitrile (49) with propyl bromide followed by reductive decyanation gives the 

key intermediate (50), which on treatment with diethyl cyanophosphonate leads to the formation of a 
new a-aminonitrile (51). Compound (51) reacts with K and 18-crown-6 in THF to form gephyrotoxin- 
223AB, an indolizidine alkaloid (Scheme 24).149 

(49) (50) 

(51) 

Scheme 24 

a-Ethoxyurethanes react with TMS-CN in the presence of Lewis acid to afford the corresponding a- 
cyanourethanes, analogous to a-aminonitrile, which via the carbanion are transformed to a-alkylated 
products in moderate yield.150 This synthon is useful for the synthesis of coniine and rrans-quinoli- 

zidines.151 

2.4.4.4 Miscellaneous Reactions of a-Aminonitriles 

1,2,5-Trisubstituted pyrroles are obtained in 50-100% yields by the addition of open chain analogs of 
a Reissert compound to the vinyltriphenylphosphonium cation, with subsequent cyclization by an intra¬ 
molecular Wittig reaction and base-catalyzed elimination of HCN (Scheme 25).152 

DMF 

A, N2 

R 
i 

Scheme 25 

Allylamines are prepared regio- and stereo-selectively by reaction of Grignard reagents with an a-ami¬ 
nonitrile.153 a-Phenyl-4-morpholinoacetonitrile (52) reacts with 4-chlorobenzoyl chloride to give di¬ 

ketone (53; equation 26).109 
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The phenylcyanoamine derivative (54) has been used as a benzoyl anion equivalent in an intramolecu¬ 
lar process to effect the replacement of the hydroxy group of enols or phenols by the benzoyl group 
(Scheme 26).154 

O 
Me 

PhY^Ya 
CN O 

(54) 

,OH 

C02Et 

Scheme 26 

A particularly interesting development involves the alkylation of the nitrogen of an a-aminonitrile 
with allylic halides and subsequent 2,3-sigmatropic rearrangement of the allylic ammonium ylides.9 This 
method provides a convenient route to 2-methyl-3-formylpyridines or 2-methyl-3-acylpyridines. With 
the use of l-(cyanomethyl)pyrrolidine, the reaction with various allylic halides proceeds with a stereo¬ 
chemical bias that varies with the substrate to give (3,y-unsaturated aldehydes, as illustrated in the prep¬ 
aration of (55; equation 27). The procedure also succeeds with benzylic halides to furnish ortho-oriented 
carbonyl and methyl groups on an aromatic ring. 

Ester-stabilized ammonium ylides of a-(dialkylamino)nitriles, formed by treatment of ammonium salts 
with DBU (l,5-diazabicyclo[5.4.0]undec-5-ene), undergo spontaneous fragmentation to give a,(3-unsatu- 
rated nitriles.8 

Asymmetric induction is observed in 2,3-sigmatropic rearrangements via chiral ammonium chlorides 
such as (56), which was obtained from (5)-proline ethyl ester.8 Ylide formation with potassium r-butox- 
ide, rearrangement and acid hydrolysis of the aminonitrile affords (f?)-(+)-methyl-2-phenyl-3-butenal 
(90% optical purity) (equation 28). Application of this sequence furnishes intermediates in a new ap¬ 
proach to steroids, to various sesquiterpenes such as a-sinsenal and to a highly substituted pyridine, as 
part of an impressive synthesis of streptonegrin.9 

(56) R = CH2OCH2Ph 

(28) 

2.4.5 CYANOPHOSPHATES 

Cyanophosphates can be prepared from aromatic or a,(3-unsaturated aldehydes with diethyl phospho- 
rocyanidate (DEPC, (Et0)2P(0)CN) in THF using LiCN37 or LDA as a base.155 Deprotonation of a 
cyanophosphate with BunLi in the presence of tetramethylethylenediamine in THF at -78 °C, followed 
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by reaction with alkyl (or acyl) halides, carbonyl compounds and a,(3-unsaturated nitriles or esters, as 
well as cyanophosphates themselves, affords alkylated (or acylated) products, mixed benzoin and acyloin 
phosphates, polysubstituted cyclopropanes and diarylfumaronitriles in moderate yields respectively 
(Scheme 27).37-156 

i, BunLi/TMEDA; ii, R*CHO; iii, NaOH; iv, R2X; v, R3COX; 

vi, CH2=CR4R5, R4 = H, Me, R5 = CN, C02Et; vii, RCH(OP')CN 

Scheme 27 

2.4.6 a-THIONITRILES 

a-Thionitriles also serve as acyl anion equivalents. The parent compound RSCH2CN is accessible by 
the reaction of RSCH2CI with Hg(CN>2, or by an Sn2 process involving CICH2CN and RSNa. Aliphatic 
nitriles on treatment with two equivalents of LDA followed by RSSR afford a-thionitriles (57), as does 
the reaction of thioacetals (alkyl or aryl) with TMS-CN in the presence of SnCL (Scheme 28).157 They 
can also be prepared by the reaction of thioacetals with Hg(CN)2 and iodine158 or from a l-(phe- 
nylthio)vinylsilane with TMS-CN via a thionium ion intermediate.159 Alternatively such compounds are 
prepared by the reaction of an aldehyde with phenyl thiocyanate and tributylphosphine.160 

O 

Scheme 28 

Reaction of an a-(phenylthio)nitrile with base, such as LDA, followed by an aldehyde or a ketone 
gives a 1,2-addition product in good yield, while the use of a,(3-unsaturated aldehydes and ketones 
usually leads to the 1,4-addition product.161 Conjugate addition of the a-(phenylthio)acetonitrile anions 
to 2-methyl- or 2-phenyl-2-cyclohexenones or 2-methyl-2-cyclopentenones, followed by acid quenching 
under kinetic control, leads to different ratios of cis- and tr(Zrt.s-2,3-disubstituted cyclanones depending 

on ring size.162 
An intramolecular alkylation of a-thionitrile (58) leads to a macrocycle, an intermediate for the syn¬ 

thesis of the sesquiterpene (-)-dihydrogermacrene D (Scheme 29).163 Alkylation of an a-cyanosulfone 
followed by reduction gave a-substituted acetonitriles.164 Cyclization of a 1,3-dibromoalkane with 
(methylthio)acetonitrile yields a l-cyano-l-(methylthio)cyclobutane, a precursor for the synthesis of 
cyclopentanones.165 Reaction of a-(arylthio)nitriles with aryl halides in the presence of LDA and BU3P at 

-78 °C affords cyanostilbenes.160 
A chiral cyclopentenoid building block (60) has been reported to result in a one-pot cyclization pro¬ 

cess from epoxide (59) (readily accessible from (/?^)-(+)-tartaric acid) with the carbanion derived from 

(phenylthio)acetonitrile (equation 29).166 
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(58) 

Scheme 29 
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2.4.7 a-(ARYLSELENO)NITRILES 

Cyanoselenation of aldehydes with phenyl selenocyanate in the presence of B113P gave a-(arylsele- 
no)nitriles.167 Selenylation of nitriles after treatment with 2 equiv. of base also led to the formation of a- 

selenonitriles.168 Their lithiated derivatives undergo smooth alkylation with methyl iodide (80%) and 
Michael addition to cyclohexenone in 90% yield (Scheme 30).167 

Scheme 30 

2.4.8 a-HETEROSUBSTITUTED PHOSPHONATE CARBANIONS AS ACYL ANION 
EQUIVALENTS 

A system analogous to a cyanohydrin is a siloxyalkylphosphonate. Thus, the diethyl 1-phenyl-1-tri- 
methylsiloxymethylphosphonate carbanion derived from (61) on treatment with LDA169 acts as an effec¬ 
tive acyl anion equivalent in the preparation of a-hydroxy ketones and ketones.38 The phosphonate (61) 
is formed from triethyl phosphite, benzaldehyde and TMS-C1 in excellent yield.170 

2.4.8.1 1,2-Addition to Aldehydes and Ketones 

When the carbanion of (61) reacts with aldehydes or ketones, a 1,4-silicon migration from O to O with 
subsequent loss of diethyl phosphite is observed (Scheme 31).38 Hydrolysis of the resulting rearranged 
product leads to a-hydroxy ketones in good yield. 
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Scheme 31 

2.4.8.2 Alkylation with R—X 

Unsymmetrical ketones result from the alkylation of the carbanion generated in situ from phosphonate 
(61) with LDA, as shown in equation (30).171 

(61) + RX 

OSiMei 

LDA Ph 

R^P(OEt)2 

O 

O 
(30) 

A new acyl anion equivalent derived from an aldehyde, a secondary amine and diphenylalkylphos- 
phine oxide, e.g. (iV-morpholinomethyl)diphenylphosphme oxide, reacts with aldehydes or ketones to 
form enamines, which on acid hydrolysis afford aldehydes or ketones (Scheme 32).172-173 The usefulness 
of this acyl anion equivalent is demonstrated by the synthesis of dihydrojasmone and (Z)-6-henicosen- 

11-one.174 

Scheme 32 

2.4.9 DITHIOACETALS AND DITHIANES 

In dithioacetals the proton geminal to the sulfur atoms can be abstracted at low temperature with bases 
such as BunLi. Lithium ion complexing bases such as DABCO, HMPA and TMEDA enhance the pro¬ 
cess. The resulting anion is a masked acyl carbanion, which enables an assortment of synthetic sequences 
to be realized via reaction with electrophiles.3-12’13'175*176 Thus, a dithioacetal derived from an aldehyde 
can be further functionalized at the aldehyde carbon with an alkyl halide, followed by thioacetal cleavage 
to produce a ketone. Dithiane carbanions allow the assemblage of polyfunctional systems in ways com¬ 
plementary to traditional synthetic routes. For instance, the (3-hydroxy ketone systems, conventionally 
obtained by an aldol process, can now be constructed from different sets of carbon groups.176 

Dithioacetals, 1,3-dithianes or 1,3-dithiolanes are prepared by reaction of the corresponding carbonyl 
compound in the presence of an acid catalyst (cone. HC1, Lewis acids such as Znh, BF3-Et20, TMS-C1, 
etc.) with a thiol or dithiol.177 Silica gel treated with thionyl chloride was found to be an effective as well 
as selective catalyst for thioacetalization of aldehydes.178 Thioacetalization can also be achieved using a 
(polystyryl)diphenylphosphine-iodine complex as a catalyst.179 Conversion of aldehydes or acetals into 
1,3-dithianes is achieved with the aid of organotin thioalkoxides and organotin triflates180 or with 2,2-di- 
methyl-2-sila-l,3-dithiane.181 Direct conversion of carboxylic acids to 1,3-dithianes can be earned out by 
reaction with 1,3,2-dithiabomenane-dimethyl sulfide and tin(II) chloride182 or 1,3,2-dithiaborolene with 
trichloromethyllithium followed by basic hydrolysis.183 o 

The dithiane-derived anion can be generated by the action of BunLi in THF at -78 °C or with complex 
bases NaNFh-RONa at room temperature.184 Lithiated dithiane can also be prepared in situ by somca- 
tion of Ai-butyl chloride with lithium in the presence of dithiane.185 Dithioacetals or ketals are resistant to 
acidic or basic hydrolysis. Regeneration of the carbonyl group from the dithioketal sometimes presents 
difficulties but can be carried out by hydrolysis in polar solvents (acetone, alcohols, acetonitrile) in the 
presence of metallic ions such as Hg11, Cu11, Ag1, TiIV177 or Tl111.186 Alternatively, alkylative hydrolysis 
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using methyl iodide, methyl fluorosulfonate or Meerwein salts, or oxidative cleavage using chloramine- 
T, /V-halosuccinimides, peroxy acids, ceric ammonium nitrate (CAN) or 1-chlorobenzotriazoles leads to 
the carbonyl compound.177 In other cases one can use n-tributyltin hydride, trialkoxonium tetrafluorobor- 
ate, isopentyl nitrite, thionyl chloride-silica gel-water, Fe(N03)2 or Cu(NC>3)2 supported on clay,187 ni- 
trosonium ion (NO+) sources,188 methyltriphenylphosphonium tribromide, trimethylphenylammonium 
tribromide,189 phenyldichlorophosphonate-DMF-Nal190 or photochemistry3177 to achieve the hydrolytic 
cleavage. 

It has been shown that thioacetal monosulfoxides undergo hydrolysis with greater ease than thioacetals 
or dithianes, i.e. the hydrolysis can be carried out with dilute sulfuric or perchloric acid.175 Not only is 
the hydrolysis of the thioacetal monosulfoxides more facile but the addition of the lithium salt proceeds 
1,4 rather than 1,2 to a,(3-unsaturated carbonyl compounds.175,191 

2.4.9.1 1,2-Addition to Aldehydes and Ketones 

1,2-Addition of lithiodithianes to carbonyl compounds followed by hydrolysis gives a-hydroxy 
ketones in good yield (equation 31).3,175,192 The reaction of sugar lactones with lithiodithiane provides a 
preparative route to higher sugars.193 The reaction of 2-phenyl- 1,3-dithianyllithium with 4-r-butylcyclo- 
hexanone in cyclohexane or THF proceeds with thermodynamic control, involving exclusively equatorial 
attack on the carbonyl group. In contrast only kinetic control (axial attack) is seen in the reaction of the 
same ketone with 1,3-dithianyllithium.194 

Stereoselective addition of a dithiane anion to chiral 2-methyl-3-trimethylsilyl-3-butenal combined 
with the stereoselective addition of a Grignard reagent to the chiral a-alkoxy ketone affords a practical 
method for the construction of a,y-dimethyl-a,(3-dihydroxy compounds, useful intermediates for the 
synthesis of erythronolides (Scheme 33).195 (3-Hydroxy carboxylic esters were synthesized by the addi¬ 
tion of ethyl l,3-dithiolanyl-2-carboxylate enolate to a chiral aldehyde, followed by desulfurization.196 

i, BzBr, NaH; ii, HgCl2-CaC03; iii, EtMgBr 

Scheme 33 

The intramolecular carbonyl addition of a lithiated dithiane to a ketone was used in the synthesis of ro- 
caglamide, an anticancer compound, in 64% yield.197 

a-Hydroxy ketones having fungicidal activity were prepared from the reaction of lithiated 2-alkyldi- 
thianes with 3-pyridyl ketones.198 

The reaction of 2-cyclohexenone with 2-lithiodithiane occurs in a 1,2-fashion to give the unsaturated 
hydroxy derivative, which, after rearrangement followed by deprotection, gives 3-hydroxy-1-cyclohex- 
enecarbaldehy de.199 

1,2-Addition of dithianyl anion to the appropriate aldehydes is a key step in the multistep synthesis of 
(i) amphotericin B (Scheme 34);200,201 (ii) the dioxabicyclononane unit of tirandamycin (Scheme 35);202 
(iii) secoisoquinoline alkaloids such as peshawarine, cryptopleurospermine, (±)-corydalisol, (+)- 
aobamine and hypercomine203 and baldulin; and (iv) sesquiterpene lactones204 and chiral lycoserone.205 

Reaction of dianion (62) with nicotinaldehyde or /V-methylpiperidone gave the corresponding alcohols 
in good yield (equation 32),206 whereas the /V-protected anion led to the formation of the ring-opened al- 
kyne derivative (equation 33). 
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CHO 

(32) 

(33) 

The regio- and diastereo-selective reaction of the anion generated from 2-(l-propen-l-yl)-l,3-dithiane 
with an aldehyde is applicable to the synthesis of tra/is-(3,"y-disubstituted 7-lactones, including the natu¬ 

ral products (±)-eldnolide and (±)-/ran5-quercus lactone.207 
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2-Lithio-2-(l-methyl-2-alkenyl)-l,3-dithianes showed 1,3-jyn selectivity on addition to aldehydes 
(equation 34). The presence of a bulky substituent R3 on the aldehyde gave increased syn selectivity in 
the following order: alkyl > phenyl > 1-silylalkenyl > alkenyl > alkynyl. Activation of an aldehyde by 
BF3-Et20 reduced the ratio.208 

Intramolecular addition of lithiodithiane to an acetal leads to the formation of cyclic derivatives (equa¬ 
tion 35).209 Carbonyl additions have been extended to the analogous imonium salts (R2C=+NR2), which 
furnish a-amino ketones.210 

(35) 

The reaction of 6-deoxy-6-iodo-l,2;3,4-di-0-isopropylidene-a-D-galactopyranose with 2-lithiodithiane 
yields an unsaturated open chain heptose derivative (equation 36).211 

2.4.9.2 1,4-Addition to a,(3-Unsaturated Carbonyl Compounds 

This reaction is of importance since it enables the conversion of a,(3-unsaturated carbonyl systems into 
1,4-dicarbonyl compounds, which are precursors of cyclopentenones (e.g. jasmonoids, rethronoids and 
prostanoids).212 The 1,4-addition proceeds in the presence of 1-2 equiv. of HMPT213 and additional 
anion-stabilizing groups on the alkene enhance the tendency of metallated 5,5-acetals to undergo the 
conjugate addition. 

Chirally mediated conjugate addition reactions of lithiated dithioacetals to a prochiral a,(3-unsaturated 
ester proceed enantioselectively to the corresponding adduct.214 Alkylation of an acyclic a,(3-unsaturated 
ester was achieved with high diastereoselectivity using a dithioacetal as the stereocontrolling unit 
(Scheme 36).215 The conjugate addition of 2-lithiodithiane to 2-cyclohexenones, followed by quenching 
of the intermediate enolate anion with 2-chloroacyl chloride, affords 2-substituted 4-(l,3-dithian-2-yl)- 
4,5,6,7-tetrahydro-3(27/)-benzofuranones.216 

The benzylic alcohols (63) are readily prepared by the conjugate addition of appropriate sulfur-stabi¬ 
lized carbanions, either as aryldithianes or as arylbis(phenylthiomethanes), to butenolides, followed by 
trapping of the generated enolate with an aromatic aldehyde.217 Cyclization of the derived ketone pro¬ 
vides a short efficient synthesis of clinically important podophyllotoxin derivatives (Scheme 37),218 
whereas Raney nickel desulfurization, followed by hydrolysis under various conditions, gave lignan lac¬ 
tones like (-)-burseran, (-)-cubebin, hinokinin219 and podorhizol.217 More significantly, the use of a 
chiral butenolide leads to an asymmetric synthesis of the lignans (-t-)-burseran, isostegane and (+)-stega- 
nacin.217 

A total synthesis of (±)-aromatin has utilized the lithium anion of the dithiane of (£)-2-methyl-2- 
butenal as a functional equivalent of the thermodynamic enolate of methyl ethyl ketone in an aprotic 
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Nu = dithiane 

Scheme 36 

Scheme 37 

Michael addition.220 The synthesis of the naturally occurring benz[a]anthraquinones, X-14881 (64; R = 
Me) and ochromycinone (R = H) utilizes 2-phenyldithiane anion (Scheme 38),221 while 11-deoxydauno- 
mycinone was prepared using 2-methyldithiane.222 The formation of bicyclo[3.3.0]oct-l(5)-ene-2,6- 
dione utilizes 2-(2,2-diethoxyethyl)-l,3-dithiane anion.223 Conjugate addition of the highly stabilized 
anion (65) occurs readily with enamide (66), whereas the related acyclic anion (67) appears to be less re¬ 
active than the cyclic analog (Scheme 39).12 Conjugate addition of lithiated a-alkylthio monosulfoxide 

provides a new route for the synthesis of dihydrojasmone 224 

Scheme 39 
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2.4.9.3 Alkylation with R—X 

The lithio derivatives of 1,3-dithiane react readily with alkyl halides to afford 2-alkylated dithianes in 
excellent yields.3,225 Dithiane anions are useful for the formation of small- and medium-sized rings via 
alkylation 226 

The alkylation method has been used for the multistep synthesis of vermiculine,3 homofemascene, the 
trail pheromone components of the fire ant Solinopis invicta}11 the spiroacetal fragment of milbemycin 
E,228 chiral segments of roflamycin, the macrolide gloeosporone,229 an autoinhibitor of spore germina¬ 
tion,230 antibiotic A23187, calcimycin,231 a fragment containing the backbone of the antibiotic boro- 
mycin,232 taloromycin B, an acute avian toxin,233 and baiyunol, an aglycon of a sweat substance.234 

Alkylation of 2-lithio-2-ethoxycarbonyl-l,3-dithiane with 5-bromo-l,2-pentadiene gave a precursor 
for the total synthesis of lycorenine alkaloids.235 

The aliphatic portion of (+)-zearalenone has been synthesized starting from 2,3-dihydropyran and io- 
dopentanone ketal by employing dithiane for C—C bond formation via alkylation.236 The method also 
proved to be useful for the preparation of long chain alcohols starting from 5-alkyl-2-(l,3-dithianyl)thio- 
phene.237 Similarly two rigid crown ethers (68), which possess a tripyridine subunit, are prepared by the 
construction of the middle pyridine moiety via a dithiane precursor (Scheme 40).238 

i, BunLi, Br(CH2)3Br, -35 °C; ii, HgO, HgCl2, 90% MeOH, THF; iii, HO(CH2)2OH, TsOH 

Scheme 40 

Cyclization of l,a>-dihalo [or bis(tosyloxy)] alkanes with methyl methylthiomethyl sulfoxide in the 
presence of a base such as BunLi or KH gave three-, four-, five- and six-membered 1-methylsulfinyl-l- 
methylthiocycloalkanes that are easily converted to the corresponding ketone by acid hydrolysis.239 This 
is applicable to the formation of the key intermediate for the synthesis of isocarbacyclin, a potent prosta¬ 
cyclin analog.240 

Bis(benzenesulfonyl)methane241 and 1,3-benzodithiole tetroxide242 are useful formyl anion equivalents 
for alkylation as well as cycloalkylation reactions. 

2.4.9.4 Acylation with Lithiodithianes 

Reaction of lithiodithianes with acyl chlorides, esters or nitriles leads to the formation of 1,2-dicarbo¬ 
nyl compounds in which one of the carbonyl groups is protected as the thioacetal.175,176,243,244 Optically 
active amino ketones of type (69) are prepared via acylation of dithiane with an oxazoline-protected (S)- 
serine methyl ester (Scheme 41).245 Optically active (S)-2-alkoxy-l-(l,3-dithian-2-yl)-l-propanones 
were prepared by the reaction of the corresponding methyl (S)-lactate with 2-lithio-1,3-dithiane, which 
can be used for the enantioselective synthesis of (-)-trachelanthic acid.246 Enantioselective synthesis of 
L-glyceraldehyde involves the acylation of a dithiane glycolic acid derivative followed by bakers’ yeast 
mediated reduction.247 
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OH 

(69) 

Scheme 41 

2.4.9.5 Miscellaneous Reactions of Dithioacetals 

Arylation of dithiane can be achieved by the reaction of the anion with activated haloarenes such as 
halopyridines or haloarylchromium(tricarbonyls).3 

a-Diketones are prepared either by the reaction of 2-lithio-l,3-dithianes with a nitrile oxide (Scheme 
42)248 or by the reaction of 2-lithiodithiolane with iron(pentacarbonyl) followed by alkylation with an 

alkyl halide.249 

O 

i, THF; ii, CF3C02H, 35%; iii, KOH, EtOH; iv, HgO 

Scheme 42 

Epoxides and oxetanes react readily with lithiodithiane to give derivatives of (3- or 7-hydroxy alde¬ 
hydes or ketones.176 The method has been used for the multistep synthesis of an inomycin fragment, 
thietane prostaglandin analogs,251 branched-chain nucleoside sugars,252 the southern hexahydrobenzofu- 
ran unit avermectin,253 the anti-Gram-positive bacterial elaiphylin254 and syn-1,3-polyols. 

Allylic anions generated from 2-propenyl-l,3-dithiane and 2-styryl-l,3-dithiane react exclusively at a- 
carbon atoms either with carbonyl compounds256 or with three- to six-membered cyclic ethers in the 

presence of BF3-Et20.257 . 
Reaction of dithiolane (70) with BuLi followed by a hindered organoborane gives (71), which after 

oxidative work-up affords an unsymmetrical ketone in good yield (Scheme 43). 
Reaction of dithiane with DMF leads to the formation of an aldehyde, a key intermediate for the 

synthesis of the macrocyclic antibiotic (±)-pyrenophorin.259'260 , , 
2-Diethoxyphosphinyl-2-buten-4-olide reacts with lithiated dithianes followed by an intermolecular 

Wittig-Homer reaction to produce fused 7-lactones (equation 37)261 The reaction of 2-lithio-1,3-di- 
thianes with nitroarenes gives 2- or 4-[(l,3-dithian)-2'-yl]cyclohexa-3,5(or 2,5-)-diene-l-nitronate com¬ 
pounds (conjugate addition products), free nitroarene radical anions (redox products), 1,3-dithianes and 

2,2'-bis( 1,3-dithianes).262 
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i, BunLi, THF, 30 °C; ii, BR*R2R3; iii, Na0H/H202, r.t. 

Scheme 43 

(37) 

A key step for the synthesis of prostaglandin Di methyl ester involves the reaction of dithiane (72) 
with (l-methylthiovinyi)triphenylphosphonium chloride (73; Scheme 44).263 

Scheme 44 

Lithiodithiane is aminated by reaction with a vinyl azide, as shown in equation (38).264 

Methoxy(phenylthio)methane and methoxy(phenylsulfonyl)methane are useful formyl anion equiv¬ 
alents for one-carbon homologation.265 For instance, addition of methoxy(phenylthio)methyllithium to 
ketones, followed by rearrangement of the adduct, provides a new method for the preparation of a-(phe- 
nylthio) aldehydes (equation 39). The rearrangement is stereospecific.266 This method has been used for 
the total synthesis of annelated furans such as (+)-euryfuran,267 butenolides such as isoderminin and con- 
fertifolin268 and spirocyclic tetrahydrofurans and butenolides.269 

PhS OMe 

i, LDA 

ii, RCOR1 

R1 

R 

OH 

SPh 

OMe 

SOCt, 

Py 

, SPh 

R CHO 
(39) 

Alkylation of phenylthiomethyl(trimethyl)silane or phenylthiophenyl(trimethylsilyl)methane with 
alkyl halides followed by deprotection gave aldehydes270 or ketones271 respectively. 
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2.4.10 DISELENOACETALS 

Diselenoacetals are also useful for the protection or umpolung of the carbonyl group.2’272,273 Bis(al- 
kylseleno)alkanes and arylseleno analogs are prepared by the reaction of carbonyl compounds with sele- 
nols and trimethylsilyl selenides in the presence of acid catalysts (cone. HC1, cone. H2SO4, Lewis acids 
such as BF3 Et20, TiCL, ZnCb or AICI3) or with tris(methylseleno)borane in the presence of LAH and 
BF3Et20.274 

The selenium-stabilized carbanions derived by deprotonation of selenoacetals by strong bases, such as 
a mixture of KDA-lithium f-butoxide, LiTMP in HMPT/THF or LBDA in THF at -78 °C, react readily 
with a variety of electrophiles including primary or secondary halides, epoxides, ketones, aldehydes and 
enones, followed by deprotection, to give ketones, (3-hydroxy ketones, a-hydroxy ketones and 1,4-dicar- 
bonyl compounds respectively.2,275,276 

Regeneration of the carbonyl group from a diseleno-ketal or -acetal can be carried out by clay-sup¬ 
ported iron(III) or copper(II) nitrate,277 HgCl2/CaC03/MeCN, (PhSeOLO/THF, NalCL/EtOH-HhO, 
HgOAc/MeCN or CuCl2/Cu0.275 

The presence of DME or HMPT allows the C-3 regio- and stereo-selective 1,4-addition of 1,1- 
bis(methylseleno)alkanes to methylcyclohexenones (see Scheme 45). The resulting adducts have been 
stereoselectively transformed into cis- or trans-3-ethyl-2-methylcyclohexanone using BusSnH and 

AIBN.278 

O 
.+ 

Li i, THF/HMPT 

+ MeSe ^ ^ SeMe 
ii, NH4C1 

O O 

O 

Li i, THF/HMPT 

+ MeSe. _^SeMe .. 
ii, Mel-HMPT 

O 

SeMe 

SeMe 

O 

. SeMe 

SeMe 

99% (74) 1% 

Scheme 45 

Selective transformation of the diseleno-substituted cyclohexanone to the corresponding diketone can 
be carried out from the cis product (74), whereas the trans isomer does not produce the desired diketone 

but instead leads to a ketovinyl selenide.275 
a-Phenylselenyl cyclic ethers prepared by the reactions of either lactols or lactol acetate with benzene- 

selenol in the presence of a Lewis acid act as acyl anion equivalents, which on deprotonation with BuLi 
followed by reaction with alkyl halides lead to the formation of alkylated products.279 

The lithio reagents generated from silylselenylmethanes (MesSiCTLSePh) and Me3SiCH(SePh)CH2R 
are useful synthetic equivalents of a protected formyl anion and an acyl anion respectively.2 Silylsele¬ 
nylmethanes are valuable reagents for the transformation of halides to aldehydes 2 

2.4.11 TOSYLMETHYL ISOCYANIDE 

Tosylmethyl isocyanide (TosMIC) (75; R = H), a versatile reagent in synthesis, can also be used as an 
acyl anion equivalent. For instance symmetrical and unsymmetrical diketones were prepared by using 
this TosMIC synthon (equation 40).280 Ketones are homologated to enones by alkylating the condensa¬ 

tion product derived from TosMIC, followed by acid hydrolysis (Scheme 46).281 
1 -Isocyano-1 -tosyl-1 -alkenes (76), formed by the reaction of TosMIC with an aldehyde or ketone, re¬ 

act with a primary amine or ammonia to give 1,5-disubstituted (or 5-monosubstituted) imidazoles in high 

yield (Scheme 47).282 
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Scheme 47 
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2.5.1 INTRODUCTION 

The chemistry of organic silicon compounds is one of the fastest growing fields in synthetic organic 
chemistry. Consequently, it has become one of the most important areas of research and the development 
of new methodology which provides general stereoselective reaction processes continues to be actively 
investigated.1 This chapter will review the synthetic utility of silicon-stabilized carbanion equivalents 
and their use in addition reactions to C=X TT-bonds. No attempt has been made to provide an exhaustive 
literature search, rather the discussion focuses on more recent developments in stereoselective bond-for¬ 
ming processes and their practical usage. The chapter has been organized by the various types of stabi¬ 
lized carbanion equivalents, with issues of selectivity being treated in the context of each specific type. 
Particular attention has been given to the treatment of a-^r-bonded silicon-stabilized carbanions, e.g. vi- 
nylsilanes, allenylsilanes, alkynylsilanes, propargylsilanes, allylsilanes and a-metallated organosilanes. 
Primary emphasis has been placed on practical enantio- and stereo-selective synthetic methods and 
yields; reaction conditions and proposed mechanisms, however, are frequently discussed. Reactions 
which have not been judged to be synthetically useful, due to isolation of the desired addition product in 
low yield, have been neglected. 

2.5.2 CHARACTERISTICS OF ORGANOSILICON COMPOUNDS 

Organic silicon compounds display a multitude of functions in organic synthesis.1 The wide applica¬ 
bility of organosilicon reagents in stereoselective bond-forming reactions can be attributed to the large 
number of functional groups and the variety of reaction conditions that can be accommodated by silicon, 
and to its ability to function as an electron donor and acceptor. The reactivity and selectivity of reactions 
involving organosilanes is dependent upon both steric requirements and electronic contributions. The 
electronic effects associated with silicon include: (i) inductive effects; (ii) field effects; (iii) p-d TT-bond- 
ing; and (iv) hyperconjugative effects. A brief summary of the physical properties of organosilicon com¬ 
pounds is helpful. 

2.5.2.1 Inductive Effects 

Inductive effects are generally considered to be transmitted through the cr-framework of a molecule. 
The electronegativity of an element is usually a measure of its ability to attract a-electrons.2 In many 
synthetic operations selectivity reflects the energy differences between reagents, activated intermediates 
and transition states. Thus, caution must be exercised when considering the influence of electronic ef¬ 
fects on selectivities of reactions involving organosilanes. Through purely inductive effects trialkylsilyl 
groups are electron donating; however, the inductive effects of silicon are weak and in general only 
influence atoms directly bonded to it. 

2.5.2.2 Field Effects 

Field effects describe the polarization of an adjacent rr-system to the cr-dipole moment of the entire 
R3Si group.2-3 A rr-inductive effect alters a nearby rr-system without charge transfer to or from that sys¬ 
tem. Two types of ir-inductive effects have been described.4 The first is termed tt<j and is the result of 
charge differences in the a-bonding system, as a consequence of inductive effects. The effect is illus¬ 
trated in Figure 1, where an electropositive substituent Y induces a partial positive charge at the C-l pos¬ 
ition of the benzene ring. This induces redistribution of the rr-electron density in a fashion that can be 
predicted by consideration of the contributing resonance forms in the illustrated structures. In the case of 
an electron-withdrawing substituent Y, the irCT-effect predicts diminished electronegativity at C-2 and 
C-3 and increased electron density at C-l and C-4. 

Y (CH2)„Y 

+ 

(CH2)„Y 

Figure 1 
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The second TT-inductive effect, ttf, is the field effect, which arises when the electric dipole of (CH2)„Y 
affects the entire TT-system through polarization. This process is illustrated in Figure 2 2 Both ttct and ttf 

contribute to the overall tt-electron density, but it is difficult to separate these effects when they operate 
mainly at the C-l position. For trialkylsilyl groups it is not easy to predict the magnitude of the field ef¬ 
fect because although the Si—C bond is polarized such that silicon bears a partial positive charge, the 
trialkylsilyl group can be electron withdrawing, depending on the alkyl substituents. 

85- 

(CH2)„Y 

Ls- 
55- 

55+ 

5+ 

5&+ 

Figure 2 

2.S.2.3 p-d TT-Bonding 

The mechanism by which the trialkylsilyl group can function as a tt-electron-withdrawing group is in¬ 
fluenced by the physical properties of silicon. The most widely recognized explanation is that the low- 
lying, unoccupied silicon d-orbitals can participate in p-d TT-bonding, as illustrated in Figure 3.2 5 In this 
illustration the electron density from the p-orbital on X can be delocalized onto silicon through a donor- 
acceptor interaction with the vacant Si 3d-orbital. Pauling was the first to introduce this concept to pro¬ 
vide an explanation for the short lengths of silicon-oxygen and silicon-halogen bonds.6 The p-d 
TT-bonding model is most easily applied to systems in which electron density in a p-type orbital adjacent 
to silicon is transferred onto the silicon atom. 

Figure 3 

2.5.2.4 Hyperconjugation 

When two adjacent molecular orbitals are relatively close in energy and have appropriate symmetry, 
they can undergo perturbation resulting in the lowering of the energy of one orbital and an increase in the 
other. This phenomenon is shown in Figure 4 for the interaction of the Si—C cr*- orbital with a TT-orbi- 
tal.lf’2 In this example the p-orbital is lowered in energy through hyperconjugation, as reflected in the 
ionization potential. The magnitude of the hyperconjugative interaction is directly proportional to the or¬ 

bital energy difference and the orbital coefficients. 

E 

Figure 4 The hyperconjugative interaction of tt- and a*- orbitals 

The hyperconjugation model when applied to carbocation stabilization in organosilane systems is illus¬ 

trated in Figure 5. 

Figure 5 
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For organosilicon compounds the conformational requirements are well defined; for maximum stabili¬ 
zation of the carbocation (3 to the silicon group it is necessary for the C—Si bond to be orientated anti- 
periplanar to the empty p-orbital. Another system that is amenable to the simple hyperconjugation model 
is the ot-silyl carbanion, RaSiCFL-, as illustrated in Figure 6. Since the C—Si bonding orbital is higher in 
energy than C—C or C—H bonding orbitals and has a large coefficient on the adjacent carbon atom, 
through-space hyperconjugative stabilization by silicon is more influential in stabilizing an electron defi¬ 
cient center than that of an alkyl substituent or hydrogen.la,f>2 

Figure 6 

2.52.5 Nucleophilic Substitution Reactions 

In the periodic table a column of elements will exhibit a trend of electronegativity that decreases in 
magnitude from top to bottom. The same trend is observed for silicon and carbon; the Pauling electro¬ 
negativity of carbon is 2.5 eV, while that of silicon is 1.8,lb 6 indicating that the C-Si bond is polarized 
such that silicon is the electron deficient atom and is responsible for accelerating nucleophilic attack at 
silicon (Figure 7). The reaction rate is in fact accelerated if the group undergoing displacement is a good 
leaving group.lb As a result, organosilanes are relatively nonpolar compounds compared to other organo- 
metallic reagents, so they can tolerate the presence of a wide variety of functional groups and in most 
cases can be handled without special precaution. 

5+ 8- 
Si—C 

Figure 7 

The a-bonds between silicon and electronegative elements such as the halogens are quite strong. A 
comparison of the bond dissociation energies between carbon/halogen and silicon/halogen is listed in 
Table l.lb 

Table 1 Bond Energies (kJ moL1) 

C—F 552 
C—Cl 397 ± 29 

Si—F 552.7 ±2.1 
Si—Cl 456 ± 42 

C—Br 280 ±21 
C—I 209 ±21 

Si—Br 343 ± 50 
Si—I 293 

The driving force for many addition reactions involves the formation of a new silicon compound with 
a stronger bond to the silicon atom. Treatment of the trimethylsilyl ether (1) with fluoride ion (P) results 
in the formation of fluorotrimethylsilane (2) because the derived Si—F bond has a higher bond dissoci¬ 
ation energy (BDE) than the Si—O bond undergoing heterolytic bond cleavage (Scheme 1). The facile 
removal of the silyl group by use of a fluoride ion is commonly referred to as desilylation and is respon¬ 
sible for the extensive use of trialkylsilanes as protecting groups in synthesis.7 

F" 
RO —SiMe3 -- FSiMe3 + RO- 

(1) (2) 

Scheme 1 

The result of carbon-silicon a-bond stabilization of an adjacent carbocation in electrophilic additions 
to C—X TT-bonds is that the reactions normally occur with high levels of stereo- and regio-control. For 
instance, Lewis acid catalyzed addition reactions of allylsilanes to C—X ir-systems proceed with C-3- 
regiospecificity and electrophilic additions of vinylsilanes occur predominantly at the silicon-bearing 
carbon. Trapping of the (3-carbocation through the loss of the silyl group (or silicon substituent) then 
gives the addition product. 
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2.5.3 SILICON ATTACHED TO PARTICIPATING tt-BONDED CARBON NUCLEOPHILES 

The spectrum of silicon-stabilized carbanions containing cr-bonded silyl groups attached to a partici¬ 
pating Tr-bond (rr-nucleophile) and their use in organic synthesis has grown considerably over the last 
few years. In this context vinylsilanes, alkynylsilanes and allenylsilanes have emerged as remarkably 
useful and versatile carbon nucleophiles for the regio- and stereo-selective formation of carbon-carbon 
bonds. This section will discuss the stereochemical aspects of o-rr-bonded silicon-stabilized carbanions 
in addition reactions to C—X -TT-systems. Excellent reviews have appeared covering vinylsilane-la’8 and 
alkynylsilane-terminated cyclization reactions.8 

2.5.3.1 Vinylsilanes 

Vinylsilanes function as vinyl anion equivalents in addition reactions to C—X u-systems. The reaction 
has been successfully conducted under a variety of conditions. The strong a-donating capability of the 
silyl group is primarily responsible for directing the initially formed cation along a single reaction path¬ 
way. The adjacent carbanion center is stabilized by overlap with the low energy, unoccupied 3d-orbital 
of silicon or by cr —> cr* orbital overlap (Figure 8). As a consequence, characteristic regio- and stereo¬ 
selectivity are observed in vinylsilane addition reactions; as shown in Figure 9, electrophilic substitution 
takes place at the silicon-bearing carbon and occurs stereospecifically with retention of configuration.8 

a—- a* 

Figure 8 

The intermolecular addition of vinylsilanes to C—X ir-systems is a well-studied reaction; 'j’8a-b how¬ 
ever, not until 1981 had the intramolecular variant been demonstrated. Thus, coverage of vinylsilane 
additions in this chapter will focus on the regio- and stereo-selectivity in intramolecular (cyclization) 
reactions. Two modes of cyclization are possible, as determined by the position of the alkene with 
respect to the ring system: cyclization can occur in an endocyclic or an exocyclic mode with respect to 

the vinylsilane group (Figure 10). 

X = electrophilic initiating center; Si = nucleophilic terminating center 

Figure 10 
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The first report of an intramolecular addition of a vinylsilane came from the Burke laboratory.9 The re¬ 
action was used for the preparation of spiro[4.5]decadienones. As shown in Scheme 2, the addition of the 
vinylsilane to the intermediate acylium ion generated using titanium tetrachloride resulted in the forma¬ 
tion of the enone system (3) —> (4). 

i, (ClCO)2, benzene, r.t. 

ii, TiCL, CH2C12 

-30 °C to r.t. 

(4) 

Scheme 2 

Kuwajima has reported similar internal addition reactions resulting in the formation of spirocyclic 
enones. Treatment of the acyl chlorides (5a,b; Scheme 3) with TiCU resulted in the formation of enone 
systems (6a) and (6b) in good yields.10 

SiMe3 

O 

(5a) R = H 

(5b) R = Bu' 

TiCl4 

O 

(6a) 65-70% 

(6b) 61% 

Scheme 3 

Competition studies reported by Kuwajima,10 which also complement the results of Nakai,11 illustrate 
the limitations of the (3-effect as a tool for predicting the outcome of vinylsilane-terminated cyclizations 
(Scheme 4). Acylium ion initiated cyclizations of (7a) and (7b) gave the expected cyclopentenones (8a) 
and (8b). However, compound (7c), upon treatment with titanium tetrachloride, gave exclusively the 
cyclopentenone product (8c) arising from the chemoselective addition on the 1,1-disubstituted alkene 
followed by protodesilylation of the vinylsilane. The reversal observed in the mode of addition may be a 
reflection of the relative stabilities of the carbocation intermediates. The internal competition experi¬ 
ments of Kuwajima indicate that secondary (3-silyl cations are generated in preference to secondary 
carbocations (compare Schemes 3 and 4), while tertiary carbocations appear to be more stable than sec¬ 
ondary (3-silyl carbocations, as judged by the formation of compound (8c). 

Scheme 4 

2.5.3.1.1 Regiospecific cyclopentenone annelations: vinylsilane-terminated annelations 

The efficient conversion of a ketone to a fused cyclopentenone of the general type outlined in Scheme 
5 has been demonstrated by Paquette and coworkers.12 The overall strategy is illustrated in Scheme 6 and 
begins with Freidel-Crafts acylation of the cyclic vinylsilane (8) to give the enone (9), which undergoes 
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tin tetrachloride mediated cyclization to give the fused 5,5-pentenones (10a) and (10b), as a 10:1 mixture 
of double bond isomers. 

(10a) (10b) 

Scheme 6 

Subsequent investigations by Denmark have shown that vinylsilanes can direct the course of Nazarov- 
type cyclization reactions.13 Once again the regiochemical outcome is controlled by the (5-effect as sub¬ 
stitution takes place at the carbon bearing the silyl group (Scheme 7). This clever modification provided 
a solution to the serious problem of double bond isomerization that is frequently observed in the classical 
Nazarov reaction. Treatment of the enone (11) with commercially available ‘anhydrous’ iron(III) 
chloride (FeCb) promoted cyclization to give one double bond isomer of the c/s-hydrindinone (12) in ex¬ 
cellent yield. Table 2 summarizes a representative collection of cyclization reactions catalyzed by FeCb- 

FeCl3, CH2C12 

o°c 

(lib) 

Scheme 7 

(12b) 84% 

2.5.3.1.2 Acetal- and carbonyl-initiated cyclizations 

In general, carbonyl groups do not function as good initiators in vinylsilane-mediated cyclization re¬ 
actions and relatively few examples exist. The cyclization of vinylsilanes with ketones or aldehydes as 
initiators is a highly underdeveloped reaction that holds considerable potential. As reported by Tius and 
coworkers,14 treatment of aldehyde (13) with a catalytic amount of p-toluenesulfonic acid gave a mixture 
of the tetralins (14) and (15) in a combined yield of 53%, with lesser amounts of the enone (16; Scheme 
8). The enone system presumably arises from the intramolecular 1,3-hydride transfer of the intermediate 
a-silyl carbocation (17). Similarly, the vinylsilane (18) undergoes cyclization to produce the disub- 

stituted benzene derivative (19), although yields are low. 
Activated carbonyl groups serve as excellent substrates in Lewis acid catalyzed cyclization reactions, 

with faster reaction rates and higher yields being obtained in related cyclization processes involving ace¬ 
tals and ketals.15 Thus, treatment of the dimethyl acetals (20a-c) with T1CI4 at -78 °C afforded the biaryl 
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Table 2 Iron(III) Chloride Induced Cyclizations of Vinylsilanes 

Substrate Solvent Temperature (° C) Time (h) Product Yield (%) 

(lib) (12b) 

(lie) (12e) 

a All reactions were run with 1.05 equiv. of FeCl3 (0.08 M) in vinylsilane.b CH2C12 gave poor yields. 

ring systems (23a-c). It was presumed by the authors that the products arose through the intermediates 
(21) and (22) (Scheme 9). 

2.5.3.1.3 Effect of vinylsilane double bond configuration 

Both vinylsilane dimethyl acetals (£)-(24) and (Z)-(24) undergo cyclization to form the substituted cy¬ 
clohexene (25; Scheme 10).la16 The vinylsilane (Z)-(24) cyclizes nearly twice as fast as the (^-stereo¬ 
isomer and in higher yield. This greater efficiency may be due to the lability of the product allyl ether to 
the Lewis acid catalyst. 

Trost has reported the use of dithioacetals as initiators in vinylsilane-terminated cyclizations (Scheme 
ll).17 Reaction of the dimethyl thioketal (26) with dimethyl(methylthio)sulfonium tetrafluoroborate 
(DMTSF)18 led to the formation of the allylic sulfide (28) via a 2,3-sigmatropic rearrangement of the 
initially formed sulfonium salt (27a), which may have been catalyzed by complexation with excess 
DMTSF. 
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Scheme 8 

TiCl4 

CH2C12-Et20 

(9:1) 

(20a) Ar = p-tolyl 

(20b) Ar = (3-naphthyl 

(20c) Ar = 4-ethoxyphenyl 

(23b) 

Scheme 9 

(23c) 

(EH 24) (25) (Z)-(24) 

Scheme 10 

Competition experiments between two rr-bonded nucleophiles within the same molecule were studied 
in an attempt to identify reaction parameters and factors responsible for regioselectivity.17 These experi¬ 
ments, summarized in Scheme 12, demonstrated that the dithioacetal (initiating carbocation) is in compe¬ 
tition with two nucleophilic functional groups within the same molecule, a silyl enol ether and a 
vinylsilane. In this instance, when the thioacetal (29) was treated with DMTSF, complete chemoselectiv- 
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(27a) 

Scheme 11 

ity was observed for the addition of the more nucleophilic enol ether to the intermediate thionium ion to 
give the cyclohexanone derivative (30b). Cyclization product (30a), arising from reaction with the 
vinylsilane functional group, was not detected. However, cyclization of the corresponding ketone (31) 
gave the spirocyclic ketone (32). In this case, the first of the two consecutive cyclizations must occur via 
addition of the vinylsilane moiety, as neither ketone (30b) nor enone (30a) yielded the spirocyclic ketone 
(32) upon treatment with DMTSF (Scheme 13). 

(30b) silyl enol ether termination 

Scheme 12 

MeS SMe 

Me3Si ^ 

(31) 

(31a) 

Scheme 13 
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Related cyclizations that occur in an endocyclic mode with respect to the initiating acetal function lead 
to a variety of different sized oxygen heterocycles, including eight-membered cyclic ethers. As sum¬ 
marized earlier by Blumenkopf and Overman, four modes of oxonium ion promoted cyclizations are 
possible.83 The sense of cyclization is dependent on the orientation of the initiating and terminating func¬ 
tional groups (Figure 11; equations l^f). 

endocyclic 

Overman 

exocyclic 

SiMei 
DeClercq 

Figure 11 Oxonium ion initiated cyclization modes of vinylsilanes 

(2) 

(3) 

(4) 

An efficient approach to the synthesis of oxygen heterocycles has been described by Overman and co¬ 
workers. It utilizes the internal trapping of an oxonium ion, generated by the action of a Lewis acid on 
methoxyethoxymethyl ether (MEM ether) by a vinyltrimethylsilane, as illustrated in Scheme 14. a’ For 
instance, 5,6-dihydro-2//-pyrans (34a)-(34d) were prepared as single double-bond regioisomers from the 
reaction’of vinylsilane acetals (33a)-(33d) under Lewis acid catalysis (Table 3).8a An interesting 
example is shown in entry (33d). In this case the l-bromo-l-(trimethylsilyl)alkene, presumably a weaker 
nucleophile due to the inductive destabilization of the intermediate (3-silyl carbocation by the bromine 
atom, still underwent cyclization in good yield. More importantly, from a synthetic viewpoint the 
reaction resulted in the formation of a regiospecifically functionalized pyran system in good yield. 

The construction of medium-sized ring systems has been a persistent and difficult problem in organic 
synthesis The cyclizations that occur in an exocyclic mode with respect to the vinylsilane terminator 
have been used to prepare five-, six- and even seven- and eight-membered oxygen heterocycles.a' As 
illustrated in Scheme 15, for the construction of pyran systems, acetals (35a) and (35b) underwent cycli- 
zation to yield the tetrahydropyrans (36a) and (36b) in excellent yields with high levels of stereoselec¬ 

tion (>99 5% retention of stereochemistry about the double bond). 
The first stereocontrolled method for the preparation of 3-alkylideneoxepanes was demonstrated using 

this cyclization strategy.20 Thus, Lewis acid promoted cyclizations of vinylsilane acetals (37a) and (37b) 
yielded the seven-membered ring alkylideneoxacycles (38a) and (38b), as illustrated in Scheme 16. 

The vinylsilane-terminated cyclization strategy has been extended to the preparation of eight-mem¬ 
bered cyclic ethers.20ab Oxocenes (Scheme 17) with A4-unsaturation (3,6,7,8-tetrahydro-2//-oxocins) 
were prepared efficiently by the SnCU-catalyzed cyclization of the mixed acetals (39) with complete re- 
giochemical control. Electrophilic addition on the 2-(trimethylsilyl)-l-alkene occurs predominantly at the 
terminal position of the alkene to form a tertiary ot-silyl, rather than a primary (3-silyl, carbocation. The 
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Scheme 14 

Table 3 Preparation of Dihydro-2//-pyrans (34) 

Entry R /?' Lewis acid Temperature (°C) Time (h) Yield (%) 

(33a) H H SnCU -20 1.0 71 

(33b) H (CH2)3Ph SnCU -20 1.0 65 
(33c) Me H TiCl3(OPr‘) -20 2.0 83 
(33d) H Br TiCU -60 2.0 78 

(35a) R = H, R1 = Bun (36a) 89% 

(35b) R = Bun, R1 = H (36b) 92% 

Scheme 15 

R 

(37a) R = H, R1 = Bun 

(37b) R = Bun, R1 = H 

SnCl4 

CH2C12 

(38a) 71% 

(38b) 57% 

Scheme 16 

R 

Scheme 17 
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cis stereochemistry of cyclizations that form 2,8-disubstituted-A4-oxocenes of structural type (40) can be 
rationalized on the basis that cyclization of the more stable (£)-oxonium ion (41) -» (42) should occur 
preferentially in the conformation having the hydrogen (smallest substituent) at the cx-carbon in the plane 
of the partial C—O ir-bond (Scheme 18). Alternatively, Overman has suggested that the cis stereochem¬ 
istry could arise from trapping of the (£)-oxonium ion in an intramolecular ene reaction, which proceeds 
through a boat-chair bicyclo[3.3.1]nonane transition state, as illustrated in Scheme 19.20b 

Scheme 19 Oxonium ion trapping via an intramolecular ene reaction 

In contrast, vinylsilane acetals (43a)-(43c), with a two-carbon tether between the vinylsilane and the 
MEM group, cyclize in the presence of tin tetrachloride to form tetrasubstituted alkylidenetetrahydro- 
furans (44a)-(44c). However, little or no stereochemical preference for either (£)- or (Z)-alkene stereo¬ 
isomers was observed in these reactions (Scheme 20 and Table 4).19 

(44b) R = Bun, R1 = Et 

(44c) R = Bun, R1 = H 

Scheme 20 

Table 4 SnCU-catalyzed Cyclizations of MEM Ethers 

Entry R R' Lewis acid (E):(Z) ratio Yield (%) 

(43a) Et Bun SnCLt 40:60 81 

(43b) Bu11 Et SnCU 40:60 86 

(43c) Bun H SnCU 97:3 81 

Through the efforts of the Overman research group, the acetal-vinylsilane cyclization reaction has 
been shown to be a useful strategy for the stereoselective preparation of a variety of medium-sized 
oxygen heterocycles. This cyclization strategy has been used successfully in the asymmetric synthesis of 
the marine natural product (-)-laurenyne (40a), an eight-membered cyclic ether.21 These molecules are 

members of an unusual class of C-15 nonisoprenoid metabolites. 

(40a) (-)-Laurenyne 
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In contrast, the related cyclizations used to form carbocyclic systems have been of limited synthetic 
value due to the acid sensitive nature of the derived allylic ether product (equation 1; Figure 11). The 
sensitivity of these carbocycles may be rationalized by considering the poor orbital overlap between the 
allylic C—O bond with the adjacent -rr-bond in a five-, six- or seven-membered ring.8a’20a 

2.5.3.1.4 Acyliminium and iminium ion initiated cyclizations 

Activated C=N bonds have been used extensively as initiators in cyclization reactions. In particular, 
acyliminium and iminium ions serve as reliable initiators in vinylsilane-terminated cyclizations and thus 
represent an exceptionally useful method for the construction of nitrogen heterocycles.8a As with oxo- 
nium ions, iminium ions may be generated using similar conditions that are compatible with the termi¬ 
nating vinyltrimethylsilanes. Acyliminium and iminium ions have been applied in key ring-forming 
reactions in a number of alkaloid syntheses. This section will examine the use of this methodology in 
stereoselective bond-forming reactions relevant to the synthesis of nitrogen heterocycles (Scheme 21). 

Scheme 21 

An acyliminium ion terminated cyclization served as the key step in a short synthesis of the indolizi- 
none alkaloids elaeocanines B (47a) and A (47b).22 The key intermediates and cyclizations are sum¬ 
marized in Scheme 22. 

CF3C02H 

oxidation 

Scheme 22 

The reported synthesis of the Amarylidaceae alkaloid (±)-epielwesine (50) also employed an iminium 
ion-vinylsilane in the key cyclization step (Scheme 23).23 Reaction of the (Z)-vinyltrimethylsilane (48) 
with TFA generated an intermediate iminium ion, which was trapped by the vinylsilane nucleophile to 
yield the cis fused heterocycle (49). 

Scheme 23 

The synthesis of the indoloquinolizadine alkaloid deplancheine (52; Scheme 24), using an exocyclic 
variant of an iminium ion initiated vinylsilane cyclization, has been reported by Malone and Overman.24 
Thus, treatment of vinylsilane (51) with formaldehyde resulted in the generation of an intermediate im- 
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inium ion that underwent smooth cyclization, forming the carbon framework of deplancheine. The (Z)- 
vinylsilane (51b) also cyclized to the (Z)-stereoisomer of deplancheine (52b) via the corresponding im- 
inium ion to give the tetracyclic ring system in greater than 98% isomeric purity. This series of 
experiments provides an excellent demonstration of the high levels of stereoselection that can be 
achieved in vinylsilane cyclization reactions that occur in the exocyclic mode with respect to the attack¬ 
ing nucleophile. 

paraformaldehyde 

1 - 
camphorsulfonic acid 

MeCN, reflux 

(51a) R = Me, Rl = H 

(51b) R = H, R1 = Me 

Scheme 24 

(52) (l)-Deplancheine 

A successful enantioselective approach to the pumiliotoxin class of alkaloids has been developed using 
vinylsilane cyclization strategies.25 Three members of this class, pumiliotoxin A (55), pumiliotoxin B 
(56) and pumiliotoxin 25ID (57) have been synthesized in optically active forms through the use of im- 
inium ion-vinylsilane cyclization reactions. The strategy employed in these syntheses relied on the chiral 
pool to provide optical activity. L-Proline was used as the optically active starting material; its (S)-stereo- 
center became the C-8a stereocenter of the indolidizidine ring system in all three alkaloids. The iminium 
ion-vinylsilane strategy was employed in constructing the piperidine ring and establishing the (Z)-stereo- 
chemistry of the alkylidene side chain. The key bond-forming reaction in each synthesis is detailed in 
Scheme 25 and involved the generation and subsequent trapping of an iminium ion by the vinylsilane. 
The total syntheses of (+)-geissoschizine (58) and (±)-(Z)-isositsirkine (59) have also been documented. 
The general strategy is outlined in Scheme 26 below and utilized, as a key step, stereocontrolled forma¬ 
tion of the ethylidene side chain by stereospecific cyclization of an (E)- or (Z)-vinylsilane iminium (A) 
->(B). 

Scheme 25 

(57) Pumiliotoxin 25ID 
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An efficient enantiodivergent synthesis of levorotatory (lS,2/?,8aS)-l,2-dihydroxyindolizidine (62a) 
and its antipode (62b) has been developed starting from commercially available D-isoascorbic acid (61; 
Scheme 27).27 This strategy illustrates the complementary use of iminium and A-acyliminium ion inter- 

r 
SiMe3 

OH 

(61) 

r 
SiMe3 

i i, cyclization 

! ii, deoxygenation 

t 

RO OR 

Indolizidinediol 

Scheme 27 

i i, cyclization 

I 
RO OR 

(62b) 
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mediates as initiators for the enantiodivergent synthesis of the indolizidinediol alkaloids. The different 
types of iminium ion initiated cyclizations, and their related electron deficient intermediates, have 
become some of the most useful methods for the preparation of nitrogen heterocycles. These studies have 
illustrated the compatibility of iminium ion-vinylsilane cyclizations with complex alkaloids containing 
sensitive functional groups.8a,25_27 

2.5.3.2 AHenylsilanes: Multifunctional Propargylic Anion Equivalents 

Alkynic intermediates serve as important functional groups in organic synthesis. Many important re¬ 
actions exploiting the unique and versatile chemistry of the carbon-carbon triple bond have been devised 
over the last few years.28 A general strategy for the synthesis of substituted alkynes involves substitution 
and addition reactions of propargylic anion equivalents; this approach is particularly well suited for the 
preparation of homopropargylic alcohols (Scheme 28). 

R1 — C = C + 

O 
u 

r2XVr3 
R1 

Propargylic alcohol 

R1 

R2 

Homopropargylic alcohol 

Scheme 28 

This methodology has been limited by the tendency of metallated propargylic anions to add to electro¬ 
philes to produce a mixture of regioisomers. This lack of regiochemical control results from the fact that 
these anions exist as an equilibrating mixture of allenic and propargylic anions, which can both add to 
electrophiles to produce allenic and propargylic alcohols (Scheme 29). Thus, product ratios are deter¬ 
mined by the position of the equilibrium between the two organometallic species. Pioneering work by 
Danheiser and coworkers has resulted in the development of allenylsilanes as useful propargylic anion 
equivalents.29 Importantly, these readily available organometallic compounds do not participate in the 
dynamic equilibrium described above and, as a result, undergo additions with virtual regiospecificity. As 
described in Sections 2.5.4.1 to 2.5.4.8, allenylsilanes have proven to be useful carbon nucleophiles and 
are known to participate in regio- and stereo-controlled addition reactions to a variety of electrophiles. 

2.5.3.2.1 Titanium tetrachloride promoted additions of allenylsilanes to carbonyl compounds 

The TiCU-mediated addition of allenylsilanes (66; Scheme 30) to aldehydes and ketones provides a 
general regiocontrolled route to a wide variety of substituted homopropargylic alcohols.29 Importantly, 
all three types of homopropargylic alcohols (63, 64 and 65) are accessible through allenylsilane metho¬ 

dology. 



596 Heteroatom-stabilized Carbanion Equivalents 

OH 

(63) 

x + r2' 
R4 R5 R34 

SiMe3 

V 
(66) 

TiCL, 

CH2C12 

Homopropargylic 

alcohol 

a: R1 = Me, R2 = R3 = H 

b: R1 = Pr1, R2 = R3 = H 

c: R1 = R3 = H,R2 = Me 

d: R1 = R3 = H, R2 = -<CH2)2Ph 

e: R1 = R2 = H, R3 = Me 

f: R1 = Me, R3 = Et, R3 = H 

Scheme 30 

Reactions of chiral allenes proceed with a preference for the formation of the syn diastereomer. The 
stereochemical outcome of these reactions can be rationalized by invoking an open transition state model 
for the addition reactions (Figure 12), which depicts an antiperiplanar orientation of the chiral allenylsi- 
lane to the aldehyde carbonyl. In this model, steric repulsion between the allenyl methyl and the alde¬ 
hyde substituent is most likely responsible for the destabilization of transition state (B), which leads to 
the anti (minor) stereoisomer. This destabilizing interaction is minimized in transition state (A). Table 
529 illustrates representative examples and summarizes the scope of the regiocontrolled synthesis of 
homopropargylic alcohols using allenylsilanes. 

+ + 

Transition state A syn Transition state B anti 

Figure 12 

2.532.2 [3 + 2] annelation strategies involving allenylsilanes 

[3 + 2] annelation tactics involving allenylsilanes as the three-carbon nucleophile have been extensive¬ 
ly investigated by Danheiser and coworkers.30 Their efforts in this area have resulted in the generation of 
an effective strategy for the preparation of a variety of both carbocyclic and heterocyclic compounds. 
These processes are summarized in Figure 13 with the illustrated transformations. The allenylsilane (66) 
reacts with a,(3-unsaturated carbonyl compounds to give carbocyclic derivatives (67a)-<69a). Allenylsi¬ 
lanes react with heteroallenophiles, e.g. aldehydes, acylium, acyliminium, iminium and nitronium ions to 
yield the corresponding heterocyclic products (70M72). Sections 2.5.4.2-2.5.4.8 offer a detailed discus¬ 
sion of these reactions. 

2.5.3.23 Additions to a,[3-unsaturated carbonyl compounds 

The reaction of allenylsilanes with electron deficient ir-systems constitutes a powerful and general 
method for the regio- and stereo-selective preparation of substituted cyclopentenes.30 As first reported, 
(trimethylsilyl)allenes function as three-carbon nucleophiles in TiCU-promoted (trimethylsilyl)cyclopen- 
tene annelations (Scheme 31). The annelation process involves the polarization of an a,(3-unsaturated 
carbonyl compound by TiCU to generate an alkoxyallylic cation. Regiospecific electrophilic substitution 
of this cation at C-3 of the allenylsilane produces a silicon-stablized vinyl cation. A 1,2-shift of the tri- 
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methylsilyl group then yields an isomeric vinyl cation, which is trapped by the titanium enolate to gener¬ 
ate the annelated (trimethylsilyl)cyclopentene products (67b). 

Table 5 Regiocontrolled Synthesis of Homopropargylic Alcohols (see Scheme 30) 

Entry Carbonyl compound Allenylsilane Methoda Product(s) Yield (%) 

1 Cyclohexanecarbaldehyde 66a 

2 PhCH2CH2CHO 66a 

3 iVCOMe 66a 

4 PhCH2CH2CHO 66b 

5 Cyclohexanone 66b 

6 Pr*COMe 66b 

7 PhCH2CH2CHO 66c 

8 PhCH2COMe 66c 

9 Cyclohexanone 66c 

10 MeCOMe 66d 

11 Cyclohexanone 66d 49 
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Table 5 (continued) 

Entry Carbonyl compound Allenylsilane Methoda Product(s) Yield (%) 

12 PhCH2CH2CHO 66e B 

13 Cyclohexanecarbaldehyde 66e B 

14 Cyclohexanone 66e B 

OH 

89 (3.1:1) 

81 (4.1:1) 

a Method A: TiCLt (1.15 equiv.), -78 to 25 °C. Method B: TiCl4 (1.15 equiv.), -78 to 25 °C then 2.0-2.5 equiv. of KF in 

DMSO. 

Figure 13 
(71) 
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Table 6 (Trimethylsilyl)cyclopentene Annelations (see Scheme 30) 

Entry a, j3-U maturated ketone Allenylsilane (Trimethylsilyl)cyclopentene product Yield (%) 

1 Methyl vinyl ketone 66a 

2 Cyclohexenone 66a 

3 Cycloheptenone 66a 

4 Cyclopentenone 66a 

5 ?ran,s-3-Penten-2-one 66a 

6 Carvone 66a 

7 1-Acetylcyclohexene 66a 

8 2-Methylene-a-tetralone 66a 80-84 
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Table 6 (continued) 

Entry a,/i-Unsaturated keton Allenylsilane (Trimethylsilyl)cyclopentene product Yield (%) 

9 Phenyl vinyl ketone 66b 

10 Cyclohexenone 66b 

11 Cyclohexenone 66b 

12 Methyl vinyl ketone 66e 

13 Cyclohexenone 66e 

14 Cyclohexenone 66f 

69-73 

81-85 

17-19 

80 

61-63 

79 (cis.trans = 95:5) 

SiMej 

15 Cyclopentenone 66c 

O 

68 (cis.trans =75:25) 
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Scheme 31 

Both cyclic and acyclic enone systems participate in the (trimethylsilyl)cyclopentene annelation (Table 
6).40 a-Methylene ketones react to form spiro-fused systems and the intermediates derived from ace- 
tylcyclohexanone, cyclohexenone and cyclopentanone cyclize to yield 5,5- and 6,5-fused ring systems.30 

2.53.2.4 Additions to a,fi-unsaturated acylsilanes 

a, (3-Unsaturated acylsilanes serve as highly reactive carboxylic acid equivalents in conjugate addition 
reactions with allenylsilanes.31 The trimethylsilyl acylsilanes provide the basis for a [3 + 3] annelation 
approach to six-membered carbocycles. By manipulating the trialkylsilyl group of the acylsilane, the 
course of the annelation reaction can be controlled to produce either five- or six-membered rings (68 and 
69; Figure 13 and Scheme 32). a,(3-Unsaturated acylsilanes combine with allenylsilanes at -78 °C in the 
presence of TiCL* to produce trimethylsilyl-cyclopentene annelation products in good yield (Table 7).31 

S<vsiMej 
R3 R4 

(69b) 

Scheme 32 

Scheme 33 



602 Heteroatom-stabilized Carbanion Equivalents 

The annelation products derived from 2-alkyl-substituted a,|3-unsaturated acylsilanes undergo a rear¬ 
rangement to (3-silylcyclohexanone derivatives when treated with TiCU. The proposed mechanism is il¬ 
lustrated in Scheme 33.31 The annelation process commences with the regiospecific electrophilic 
substitution at the C(3)-position of the allenylsilane, producing a vinyl carbocation which undergoes a 
1,2-cationic trimethylsilyl shift to yield an isomeric vinyl carbocation. Cyclization then gives the [3 + 2] 
annelation product. Ring expansion of the cyclopentene generates a tertiary carbocation, which under¬ 
goes a second 1,2-anionic trimethylsilyl shift to produce the cyclohexanone (69c). 

Table 7 Annelations of a,(3-Unsaturated Acylsilanes 

Acylsilane Allenylsilane Product Yield (%)a 

a Reactions were conducted using 1.0-1.5 equiv. of allenylsilane and TiCL* (1-5 equiv.) in methylene chloride at -78 °C for 0.5- 
1.0 h or 30 s in the case of (68e). 

2.53.2.5 Additions to acyliminium ions 

The reactions of sterically encumbered allenylsilanes of structure type (66) with N-acyliminium ions 
generated by the titanium tetrachloride promoted reaction of ethoxypyrrolidinone produced the nitrogen 
heterocycle (70), as depicted in Figure 13. In this reaction it is likely the lactam product is generated by a 
pathway similar to that involved in the [3 + 2] cyclopentene annelation.32 Thus, a regiospecific electro- 
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philic substitution of the /V-acyliminium ion derived from substitution at the C-3 position of the allenylsi- 
lane produces a vinyl cation stabilized by the hyperconjugative interaction of the adjacent cr-donor sili¬ 
con group. A 1,2-cationic trialkylsilyl shift then occurs, affording an isomeric vinyl cation, which is 
intercepted by the nucleophilic nitrogen atom to form the new heterocycle (70) as summarized in Table 
8.32 

Table 8 Preparation of Nitrogen Heterocycles via [3 + 2] Annelation 

Allenophile Allene Annelation product(s) Yield (%) 

67 

2.5.32.6 Additions to aldehydes 

A variety of aldehydes can function as heteroallenophiles in this [3 + 2] annelation (Figure 13 and 
Table 9).32 Reactions of the C(3)-substituted allenylsilanes (66) gave predominantly the m-substituted 
dihydrofurans (71). The cis stereochemistry was anticipated, based on the well-documented stereochemi¬ 
cal course of Lewis acid catalyzed additions of 3-substituted allylsilanes to aldehydes. 
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Table 9 Preparation of Oxygen Heterocycles via [3 + 2] Annelation 

Allenophile Allene Annelation produces) Yield (%) 

(71c) 1.4:1 

CHO 

(71d) 7:1 

2.53.2.7 Additions to activated C=N ir-bonds 

A general strategy for the synthesis of five-membered heteroaromatic compounds has been developed 
which involves the reaction of allenylsilanes with ir-bonded electrophilic species of the general type 
X=Y+ (heteroallenophile).33 Scheme 34 details a stepwise mechanism to interpret the annelation. Addi¬ 
tion of the heteroallenophile at the C-3 carbon of the allenylsilane produces a vinyl carbocation, which 
rapidly rearranges to the isomeric vinyl cation. The trialkylsilyl group serves two roles in this initial step: 
(i) it directs the regiochemical course of the electrophilic addition reaction (i.e. (3-silicon effect); and (ii) 
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it promotes the transfer of electrophilic character from the central carbon to the terminus of the three- 
carbon annelation unit, indicating the high migratory aptitude of silyl groups in cationic rearrangements. 
Cyclization furnishes the intermediate, which subsequently undergoes proton elimination to generate the 
aromatic heterocycle. 

This [3 + 2] annelation strategy has been employed in a regiocontrolled synthesis of 4-silylisoxazoles. 
In this instance, nitrosonium tetrafluoroborate functions as a heteroallenophile in the isoxazole annela¬ 
tion (Scheme 35). The electrophilic addition of nitrosonium tetrafluoroborate (NOBF4) to the C-3 posi¬ 
tion of the allenylsilane produces the silicon-stabilized vinyl cation. A 1,2-trialkylsilyl shift then occurs 
affording an isomeric vinyl cation, which is trapped by the nucleophilic oxygen of the nitroso group to 
form the intermediate (73). Deprotonation yields the aromatized 4-silylisoxazole system (72). This regio¬ 
controlled, one-step annelation method allows access to a wide range of substituted 4-silylisoxazoles. 

Y 
111 

+ 

X 

H SiR3 

Scheme 34 

1,2-shift 

SiR3 

R2 

(73) (72) 

Scheme 35 

2.53.2.8 Additions to tropylium ions 

A new [3 + 2] annelation route to azulenes has been reported and involves the addition of a tropylium 
cation to allenylsilanes. The approach is based on the general [3 + 2] annelation strategy used in the 
preparation of five-membered carbocycles and heterocycles and uses tropylium tetrafluoroborate 
(TpBF4) as the tropylium cation source.34 The proposed mechanism is depicted in Scheme 36 and begins 
with addition of the tropylium ion to the C(3)-position of the allenylsilane, generating a vinyl cation 
which rapidly rearranges by a 1,2-shift to the isomeric vinyl cation. Cyclization of the latter cation fur¬ 
nishes the cycloheptyldienyl cation, which undergoes deprotonation to generate the dihydroazulene. De¬ 
hydrogenation occurs if a second equivalent of tropylium ion is added to the reaction: hydride abstraction 
by the tropylium ion generates a more stable (delocalized) tropylium ion derivative, which finally aro¬ 
matizes by the elimination of the C(3)-proton to yield the product azulene (74). As indicated in Table 
10,34 azulene annelations which employ TBDMS alkenes are more efficient than those involving TMS 
derivatives, since TMS allenes undergo desilylation of the intermediate vinyl cations to produce propar- 
gyl-substituted cycloheptatrienes as by-products. 
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Scheme 36 

Table 10 Synthesis of Substituted Azulenes (see Scheme 36) 

Entry Allenylsilane Methoda Product Yield (%) 

1 (66g) R1 = R2 = Me 

2 (66h) R1 = Me; R2 = (CH2)3Ph 57 

(74b) 

(74c) 
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Table 10 (continued) 

Entry Allenylsilane Methoda Product Yield (%) 

4 (66j) R1 = cyclohexyl; R2 = CF^Me 44(58) 

55 

63 

a Method A: TpBF4 (2.0 equiv.) and 158 mg poly(4-vinylpyridine) mmoP1 of TpBF4 in MeCN at 25 °C for 24 h. Method B: 

TpBF4 (4.0 equiv.) MeSi(OMe)3 in MeCN at 25 °C for 48 h. Method C: TpBFr (3.0 equiv.) and 123 mg poly(4-vinylpyridine) 

mmor1 of TpBF4 in MeCN/heptane (1:1) at 65 °C for 2.0 h. 

2.S.3.3 Alkynylsilanes: Additions to C—X TT-Bonds 

Alkynylsilanes can function as carbon nucleophiles in addition reactions to electrophilic rr-systems. In 
principle electrophilic addition reactions to alkynylsilanes can occur to produce a- or (3-silyl-substituted 
vinyl cations, as illustrated in Scheme 37. The a-silyl carbocation is not the most stabilized cation, the 
reason being that the carbon-silicon bond can achieve coplanarity with the vacant orbital on the (3-carbo- 
nium ion, making possible ^-stabilization through hyperconjugation. Depending on the configuration of 
the carbocation, the developing vacant orbital can exist as a p-orbital, as in structure (75a), or an ^-hy¬ 

brid, as in structure (75b). 
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Alkynylsilanes have been used as terminators in allylic alcohol and ketene thioacetal initiated cycliza- 
tions. In the late 1970s Heathcock35 and Johnson36 independently established the utility of alkynylsilanes 
in cyclization reactions. The example reported by Heathcock illustrated the electronic effect of silicon in 
the formic acid promoted transformation of the alkynylsilane (76) to the bicyclic ketone (78) in 76% 
yield. In contrast cyclization of the analogous alkyne (77) produced the bicyclo[2.2.2]octene (79), as 

illustrated in Scheme 38. 

E+ E 

R 

(3-silyl carbocation 

SiMe3 

+ 

or 

a-silyl carbocation 

Scheme 37 

R 

empty p-orbital (75a) ^-hybridized (75b) 

(79) (78) 

Scheme 38 

Johnson et al. have investigated the use of alkynylsilanes as terminators in the synthesis of steroids and 
triterpenes through biomimetic polyene cyclizations.37 This strategy was used in the stereospecific syn¬ 
thesis of the tetracyclic ketone (81) using an alkynylsilane as a terminator. Thus, treatment of (80) with 
trifluoroacetic acid under carefully optimized reaction conditions yielded, after hydrolysis of the ortho 
ester, the tetracyclic ketone (81; Scheme 39). 

Clearly the course of these cyclization reactions is dependent upon the silicon group. In this regard, cy¬ 
clization of (82) affords the steroid nucleus (83; Scheme 40). The formation of (83) was attributed, in 
part, to a transition state preference for the formation of the linear vinyl carbocation (84b) rather than the 
bent vinyl cation (84a), which would be produced in an endocyclic cyclization.38,39 The formation of 
(81) was controlled by the generation of the (3-silyl carbocation (85a), which may be a precursor to an a- 
silyl ketone, which undergoes protodesilylation. It is not known whether the formation of (81) as the 
major cyclization product occurs through a kinetic pathway or by Wagner-Meerwein rearrangement40 of 
the kinetically preferred linear carbocation (85b). 

Ketene dithioacetals have also been used as initiators for alkynylsilane-terminated cyclization re¬ 
actions.41 Treatment of the thioacetal (86) with trifluoroacetic acid gave the bicyclic ketodithioketal (87) 
in 76% yield. In this reaction the protonated ketene dithioacetal functions as an acylium ion equivalent, 
which is trapped by the nucleophilic alkynylsilane. 
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Scheme 40 

Scheme 41 
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2.5.4 SILICON ATTACHED TO ADJACENT PARTICIPATING ir-BONDED CARBON 
SYSTEMS 

2.5.4.1 Allylsilanes 

Fleming has published a comprehensive review on the chemistry of allylsilanes.1® The following sec¬ 
tions will provide an overview of the mechanistic proposals currently used to rationalize the regio- and 
stereo-selectivities in addition reactions involving allylsilanes, and focus on recent contributions to this 
important area of research. Allylsilanes have proven to be an exceedingly useful class of organometallic 
reagents and continue to show enormous potential in stereoselective bond formation reactions. They par¬ 
ticipate in addition reactions with a wide variety of C—X ir-systems. Their use as carbon nucleophiles 
has received considerable attention due in part to the large number of chemical transformations that can 
be achieved and the wide range of reaction conditions that can be tolerated by these reagents. 

2.5.4.1.1 Stereochemistry of addition reactions involving allylsilanes 

Generally, electrophilic addition reactions to acyclic allylsilanes proceed with anti stereochemistry. 
42-44 stereochemistry of these reactions has been interpreted on the basis of ground state conforma¬ 
tional energies of the allylsilane. As illustrated in Figure 14, the preferred ground state conformer (88a) 
versus (88b) orients the smallest substituent, usually hydrogen, in a position eclipsing (inside) the ad¬ 
jacent double bond.45 The bulky silicon group may direct attack of the electrophile to the opposite face of 
the u-system, generating a secondary carbocation. Subsequent bond rotation orients the C—Si bond peri- 
planar to the empty p-orbital, providing stabilization through hyperconjugation to the electron deficient 
center. Apparently this additional stabilization is responsible for the high levels of selectivity that are ob¬ 
served in the elimination reaction (second step) to form the (F)-double bond, as illustrated for structure 
(89a). 

H 

(£)-(89a) 

anti addition E+ 

s\ 

(88b) 

R 

(Z)-(89b) 

Figure 14 Stereochemistry of electrophilic additions to chiral allylic silanes 

2.5.4.1.2 Intermodular additions to aldehydes, ketones and acetals 

C(3)-substituted allylsilanes (crotylsilanes) participate in chelation-controlled addition reactions with 
aldehydes to give syn addition products as the major stereoisomers.la 2a Generally, the (F)-crotylsilanes 
are highly selective in the syn sense (>95:5). In contrast, the (Z)-crotylsilanes are much less selective 
(60-70:40-30 syn:anti\ Scheme 42). Hayashi and Kumada have reported a successful approach to opti¬ 
cally active homoallyl alcohols using this strategy.46 They have reported that useful levels of asymmetric 
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induction can be achieved in Lewis acid catalyzed addition reactions of optically active (R)-(E)- and (/?)- 
(Z)-crotylsilanes (90) and (92) to achiral aldehydes (Schemes 43 and 44). 

Scheme 42 

O 
R 

syn-(91) anti-{9\) 

Scheme 43 

syn-( 93) anti-i 93) 

Scheme 44 

Table 1146 summarizes the important results of asymmetric induction in addition reactions of optically 
active allylsilanes (90) and (92). The origin of the n-facial selectivity in these reactions can be traced to 
the anti selectivity that is commonly observed for Se2' reactions of allylsilanes (Figure 14).la’2a The syn 

stereochemistry with respect to the double bond configuration (E or Z) is also very high even with alde¬ 
hydes bearing sterically bulky substituent groups, as illustrated by entry (R)-(Z)-(92b). 

Table 11 Asymmetric Induction in Additions of Optically Active Allylsilanes (£)-(£)-(90) and (/?)-(Z)-(92) to 

Achiral Aldehydes 

Allylsilane R R'CHO (91) syn:anti (93) syn: anti Yield (%) 

(£)-(£)-( 90a) Me Bu'CHO >99:1 47 

(£)-(Z)-(92a) Me ButCHO >99:1 27 

(£)-(£)-(90a) Me PPCHO >95:5 67 

(£)-(Z)-( 92a) Me PPCHO >65:35 61 

(£)-(£)-(90b) Ph Bu'CHO >99:1 44 

(£)-(Z)-( 92b) Ph Bu'CHO >99:1 10 

The stereochemical outcome of these reactions has been interpreted on the basis of two types of transi¬ 
tion state models. These models use very different orientations of the reacting double bonds to explain 
the stereoselectivities. The first is referred to as an ‘open’ or ‘extended’ antiperiplanar transition state 
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model, illustrated in Figure 15 for both (£)- and (Z)-crotylsilanes. In this case the carbon nucleophile and 
the activated carbonyl (aldehyde) are anti to each other and also coplanar. Using this model transition 
states (I) and (II) are favored due to diminished steric interactions between the aldehyde substituent and 
the vinylmethyl group. The destabilizing interactions created by these substituents are greatest for transi¬ 
tion states (III) and (IV), which place them in a gauche orientation.13 

+ LA 

SiR3 
(IV) anti 

Figure 15 Open transition state models for intermolecular additions of C(3)-substituted allylsilanes 

An alternate model using the transition states (V)-(XII) can be used to rationalize the selectivities in 
these reactions (Figure 16). This model requires synclinal orientation of the reacting double bonds. The 
transition states (V) or (VI) and (IX) or (X) are favored over (VII), (VIII), (XI) and (XII) because steric 
interactions between the Lewis acid bonded to the oxygen lone pair anti to the R substituent of the alde¬ 
hyde and the vinyl methyl group are minimized. 

Useful levels of stereoselectivity were obtained in intermolecular addition reactions of C(3)-sub- 
stituted allylsilanes to chiral aldehydes. Lewis acids that are capable of chelating to heteroatoms have 
been used to direct the stereochemical course of allylsilane additions to a-alkoxy and a,(3-dialkoxy 
carbonyl compounds. The allylation of a-benzyloxy aldehyde (94) in the presence of TiCL and SnCLt 
furnished products with high levels of syn stereoselection (syn-95).47 In contrast, under nonchelation- 
controlled reaction conditions (BF3-OEt2) allyltrimethylsilane reacted to form predominantly the anti- 
1,2-diol product (anti-95), as shown in Scheme 45. 

Taddei and coworkers reported that chiral allyltrimethylsilanes containing an optically active ligand 
derived from (-)-myrtenal attached to silicon (96) underwent enantioselective addition reactions with 
achiral aldehydes (Scheme 46) to give, after acid hydrolysis, optically active homoallyl alcohols (98).48 
A variety of Lewis acids were examined to optimize enantiomeric excess, and TiCL was found to be the 
most effective catalyst. The results of the TiCL-promoted additions are reported in Table 12.48 

2.5.4.1.3 Intramolecular additions of allyltrimethylsilanes to aldehydes and ketones 

Intramolecular addition of allylsilanes performed under chelation-controlled conditions represents an 
efficient method in which useful levels of stereoselectivity can be achieved. This process has been dem¬ 
onstrated for a variety of a-alkoxy, a,(3-dialkoxy and (3-dicarbonyl compounds, including (3-keto esters, 
(3-keto amides and (3-keto lactones. 

The use of chelation to direct the stereochemical outcome of intramolecular additions of allylsilanes to 
P-dicarbonyl compounds can provide excellent levels of diastereoselectivity.49 Cyclizations of this type 
proceed at low temperature under mild reaction conditions and are highly chemoselective, providing 
routes to highly functionalized five-, six- and seven-membered rings (100a, 100b and 100c; Scheme 47). 
For the cases examined, SnCL and FeCf proved to be less effective than TiCL in the cyclization of ethyl 
2-alkyl-2-alkanoyl-4-(trimethylsilyl)methyl-4-pentenoate(99; n = 1; Table 13)49 
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R H 

(V) (VI) 

R H 

(VII) (VIII) 

H H 

(IX) (X) 

R H 

(XI) (XII) 

anti 

anti 

Figure 16 Synclinal transition state model for the intermolecular addition of C(3)-substituted allylsilanes 
to aldehydes 

O 

Me2Bu'SiO H 

OBn 

SiMe3 

Lewis acid 

+ 

OH 

Me2BulSiO 

OBn 

(94) syn-(9S) anti-(9S) 

TiCl4 >98% <2% 
SnCl4 >98% <2% 
BF3*OEt2 19% 81% 

Scheme 45 

Scheme 46 
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Table 12 Enantioselective Allylation of Achiral Aldehydes Catalyzed by TiCLj 

Aldehyde Product Yield (%) ee (%)a 

OH 

O \ 

58 46 

(98a) 

OH 

o 

A 
(98b) 

61 40 

OH 

o Ph^^^A 
Ph^H 

45 21 

(98c) 

OH 

0 Jf 

-A 39 40 

(98d) 

a Enantiomeric excess determination performed by Mesher analysis and literature comparison. 

(100a) (100b) (100c) 

Scheme 47 

Table 13 Cyclizations of Ethyl 2-Alkyl-2-alkanoyl-4-(trimethylsilyl)rnethyl-4-pentenoate (99) Catalyzed by 

Titanium Tetrachloride (Scheme 47) 

Substrate R R1 Isolated yield of (100) (%)a 

(99a) Me Me 88 
(99b) Me Et 78 
(99c) Me Pr1 65 
(99d) Me Ph 72 
(99e) Et Me 78 
(99f) Pr1 Me 66 
(99g) Bu‘ Me 74 
(99h) Ph Me 74 
(991) Me H 57 

“Diastereomer ratio was >200:1. 

The Lewis acid promoted intramolecular additions of (3-allylsiloxy aldehydes represent an efficient 
method for the construction of 1,3-stereocenters, as illustrated in Scheme 48.50 The sense of 1,3-asym- 
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metric induction in TiCL-catalyzed allylsilane addition to O-allylsilyl-protected aldehydes is opposite 
(>90% syn selection) to that reported for the intermolecular addition to the O-benzyl derivative. 

H 

(101a) R = Me anfj-(102a) syn-(102a) 

(101b) R = Bun anti-{ 102b) ,ry/i-(102b) 

Scheme 48 

Reaction of aldehydes (101a) and (101b) containing equivalent amounts of the Lewis acids TiCL, 
SnCL and BF3-OEt2 are summarized in Table 14. Interestingly, TiCL and SnCL lead to opposite dia- 
stereomers (syn versus anti). The results of TiCL-mediated reactions (Table 14)50 support the original 
hypothesis of an internal allyl transfer in which silicon and titanium act as templates. However, as 
pointed out by Reetz,50 the levels of stereoselection do not unequivocally demonstrate an intramolecular 
pathway. 

Table 14 Lewis Acid Catalyzed Intramolecular Additions of |3-Allylsiloxy Aldehydes 

fi-Allylsiloxy aldehyde R Lewis acid Yield (%) (102) anti :syn 

(101a) Me TiCL 70 8:92 
(101a) Me SnCL 70 92:8 
(101a) Me BF3-OEt2 60 70:30 
(101b) Bun TiCL 80 10:90 

2.5.4.1.4 Stereochemistry of internal allylsilane additions to aldehydes and acetals 

In view of the importance of stereoselective addition reactions of allylsilanes to C—X tt-bonds, the 
stereochemical course of intramolecular addition reactions involving aldehydes has been investigated by 
Denmark and coworkers.51 The results are summarized below in Tables 1551 and 16.52 In the cases invol¬ 
ving additions to aldehydes, the authors have made the assumption that the coordination of the Lewis 
acid to the carbonyl oxygen generates the ‘(£)-complex’ (103; Scheme 49), which after cyclization 
generates the syn and anti bicyclic alcohols (104). The major steric contribution arises from interaction 
between the Lewis acid and the trimethylsilylmethyl group. This interpretation suggests that there may 

H 

SiMe3 

(103) syn- (104) anti- (104) 

Scheme 49 

Table 15 Lewis Acid Catalyzed Cyclization of Aldehyde (103) 

Lewis acid Solvent Temperature (°C) (104) syn:anti 

SnCL CH2CI2 -70 49:51 
Et2AlCl CH2CI2 -70 66:34 
FeCl3 CH2CI2 -70 70:30 

AlCL CH2CI2 -70 79:21 
BF3 OEt2 CH2CI2 -70 80:20 
Bun4NF THF 67 30:70 
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be a stereoelectronic advantage for the synclinal orientation of reactants under electrophilic conditions. 
Reactions catalyzed by fluoride ions show a reversal of stereoselectivity and most likely involve a differ¬ 

ent mechanism. 
Analogous systems related to the models for allylsilane—acetal cyclizations have been studied. In 

these cases, however, cyclization of the acetals (105; Scheme 50) forms the corresponding syn and anti 

bicyclic ethers (106). The authors concluded that the stereochemistry of cyclization of acetal models 
(105) is dependent upon the mechanism of activation. In the presence of TMS-OTf the acetals (105a—c) 
reacted through an SN2-type process, while the isopropyl acetal (105d) reacted through prior ionization 

to oxonium ion (107). 

OR 
OR H 

SiMe3 

(105a) = Me 

r^'OR _ ■""H •■•"OR 

\ " J -1- 

7 v / J V / 

s)ti-(106) anti-(\06) 

VR 

H 

SiMe3 

(107) 

(105b) = Et 

(105c) = Bu‘ 

(105d) = IV 
Scheme 50 

Table 16 Effect of Lewis Acid in the Cyclization of Dimethyl Acetal (105a) 

Reagent Temperature (°C) (106) Syn:anti Yield (%) 

TMS-OTf -70 96:4 100 
TfOH -70 96:4 62 

Ti(OIV)2Cl2 -20 87:13 21 
AICI3 -20 86:14 33 
BCI3 -70 82:18 57 

BF3OEt2 -20 77:23 95 
TiCl4 -90 47:53 55 
SnCU -70 45:55 35 
SnCl4 -60 71:29 81 

For the cases examined, the structure of the acetal had a dramatic effect on the stereochemical out¬ 
come of the reaction. Thus, allylsilanes (105a-c) all showed syn selectivity. However, the isopropyl case 
(105d) showed a slight anti preference. This reversal of selectivity has been interpreted as a change in 
mechanism rather than a steric phenomenon related to the added steric bulk of the diisopropyl acetal. The 
results of these experiments are summarized in Table 17.52 

Table 17 Effect of Acetal Structure on the Stereochemical Outcome of the Cyclization of (105a)-(105d) with 

TMS-OTf 

Substrate R syn (%) anti (%) 

(105a) Me 96 4 
(105b) Et 92 8 
(105c) Bu‘ 90 10 
(105d) FV 38 62 

“All reactions were run in CH2CI2 (0.05 M) with 1.0 equiv. of TMS-OTf. 

2.5.4.2 Propargylsilanes 

Propargylsilanes undergo electrophilic addition reactions to generate (3-silyl carbocations (109) that 
can, in principle, react further to give either addition (110) or substitution (111) products, as illustrated in 
Scheme 51. As in the case of allylsilanes, however, substitution predominates.23 
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Scheme 51 

The stereochemical course of the addition reactions to propargylsilanes can be rationalized using a 
mechanism similar to that for allylsilanes (Scheme 52).53 The propargylsilane would be expected to exist 
in conformation (113; Scheme 53) with the carbon-silicon bond overlapping with the iT-lobes of one of 
the carbon-carbon iT-bonds. The electrophile attacks the ir-bond conjugated with the carbon-silicon 
bond anti to the trialkylsilane group, generating the stabilized vinyl cation (114). Loss of the trialkylsili- 
con group then affords the expected allene. 

(113) (114) 

Scheme 53 

Propargylsilanes show predictable behavior as cyclization terminators. Internal additions of propy- 
nylsilanes to acyclic jV-acyliminium ions promoted by Lewis acids or protic acids yield a-allenic amides 
or carbamates (Scheme 54).54 

Scheme 54 

The intramolecular acid-catalyzed reaction of 2-propargylsilanes of structural type (117) with N-acy- 
liumion ion precursors leads to bridged azabicyclic ring systems (118; Scheme 55) which contain an a- 
allenic amide function. These bicyclic products serve as intermediates to highly functionalized 
trans-fused ring systems possessing a 1,3-diene moiety. 
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SiMe3 

(117) 

SiMe3 

i 

R1 

(118) 

Scheme 55 

(119) 

2.5.5 a-SILYLORGANOMETALLIC REAGENTS 

Silicon is capable of stabilizing an adjacent carbon-metal bond although it is more electropositive than 
hydrogen or carbon. The origins of this stabilization are discussed in Sections 2.5.2.1-2.5.2.5. 

2.5.5.1 General Methods for the Formation of a-Silyl Carbanions 

The variety of methods available for the formation of a-silyl carbanions can be divided into four 
categories. 

(i) Deprotonation: alkyllithium reagents (e.g. BunLi) can easily abstract protons adjacent to trialkylsilyl 
groups (120 —»121; Scheme 56) generating the a-silyl carbanion.55 

BuLi/TMEDA + 
Me3Si. R -- Me3Si. R Li 

(120) (121) 

Scheme 56 

(ii) Metal-halogen exchange: a-halosilanes undergo metal-halogen exchange upon treatment with 
alkyllithium reagents (122 —> 123; Scheme 57).56 

Br 

(122) 

BuLi - + 

Me3Si R Li 

(123) 

Scheme 57 

(iii) Transmetallation: a-selenosilanes are transmetallated in the presence of alkyllithium reagents (124 
—> 125; Scheme 58).57 Included in this category are desilylation of bis(silyl) compounds (126) by flu¬ 
oride and alkoxide anions.58 This procedure has been shown to be a particularly clean method for the 
generation of a-silyl carbanions (127), as illustrated in Scheme 59. 

SeR1 

Me3Si R 

(124) 

BuLi 

Me3Si R Li 

(125) 

Scheme 58 

(iv) Addition of an organometallic reagent to vinylsilanes: The example provided in Scheme 60 illus¬ 
trates the ability of silicon to activate and direct the formation of carbon nucleophiles. These addition 
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ROLi + 
R 

Me3Si SiMe3 

(126) 

ROSiMe3 + 
Li 

Me3Si R 

.+ 

(127) 

Scheme 59 

reactions proceed with excellent levels of selectivity, as only a-silyl carbanions are observed; such levels 
of selectivity are not reached with unsubstituted or unsymmetrical alkenes.59 

R13Si/^ + R2Li 

Scheme 60 

The directing ability of silicon is further illustrated by the observation that isopropylmagnesium 
chloride adds to the triethoxyvinylsilane (128) to generate the addition product (129; Scheme 61); how¬ 
ever, the triethoxyallylsilane (130) undergoes clean substitution at silicon when treated with isopro¬ 
pylmagnesium chloride to yield the substitution product (131; Scheme 62). 

^Si(OEt), + fVMgCl 

(128) 

Scheme 61 

Si(OEt)3 

(129) 

Si(OEt)3 + PEMgCl 

(130) 

^^^Si(OEt)2Pr> 

(131) 

Scheme 62 

Both organolithium60 and Grignard reagents61 undergo additions to vinylsilanes to yield a-silyl carba¬ 
nions. This directing effect can be overcome by the influence of a stronger electron-withdrawing group, 
such as a nitro group, adjacent62 to the silicon group, as illustrated in Scheme 63 with the transformation 
of (132) to (133). 

/ 
-J 

SiMe3 MeMgBr SiMe^ 

OoN 09N 

(132) (133) 

Scheme 63 

One of the most significant demonstrations of the ability of silicon to promote nucleophilic attack at 
carbon-carbon bonds was reported by Stork within the context of the development of an improved vari¬ 
ant of the Robinson annelation.63’64 Existing annelation methods which depend on conjugate addition of 
an enolate to an a,(3-unsaturated ketone suffer from a variety of drawbacks, which are consequences of 
the reversible nature of the Michael addition reaction and the ease with which most electrophilic alkenes 
undergo multiple additions and oligomerization. a-Silylvinyl ketones of structure type (134) are not 
prone to these problems and thus serve as excellent four-carbon components (Michael acceptors) in the 
Robinson annelation. The ability of silicon to stabilize adjacent carbanions is shown in Scheme 64 with 
the a-silyl carbanion and its resonance form (135 and 136). The additional stabilization of the intermedi¬ 
ate enolate ion halts the reversibility of the process, ultimately generating the octalone system in good 
yield with minimum side reactions. The added steric bulk created by the trialkylsilane group diminishes 
the reactivity of the intermediate enolate, thus providing an increase in chemoselectivity. 
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O 

(136) 

Scheme 64 

2.S.5.2 The Peterson Reaction: Introduction 

The use of a-silyl organometallic reagents, principally lithium and Grignard reagents, to convert alde¬ 
hydes and ketones to alkenes has been applied extensively in organic synthesis. Peterson was the first to 
investigate this type of reaction sequence and many useful applications were derived from these initial 
observations and experiments. The reaction has been reviewed by Ager.65 This section is concerned with 
the mechanism of the Peterson reaction and some recent applications of the Peterson-type alkenation of 

carbonyl compounds. 
As illustrated in Scheme 65, the intermediate p-silyl alkoxide (138) is subject to either protonation to 

give the corresponding P-silyl alcohol (139), or elimination of R3SK) to generate the alkene (140). The 
pathway leading to the alkene is known as the carbonyl alkenation reaction, or the Peterson reaction.55 

O 

R^Si^R2 
R3 H 

(137) 

(140) 

Scheme 65 

2.5.52.1 The mechanism of the Peterson reaction 

As a consequence of the presumed irreversibility of the first step of the Peterson reaction, the stereo¬ 
chemistry of the elimination was determined solely by the relative rates (k\ and k\) of formation of 
threo- and erythro-fi-si\y\ alkoxides (141) and (142), as indicated in Scheme 66. Support for the irre¬ 
versibility of this step comes from the experiments on the nucleophilic opening of die diastereomeric 
epoxides (143) and (144). Thus, the syn- and and-epoxides, when treated with lithium dipropyl cuprate, 
yielded the threo- and erythro-P-silyl alcohols (145) and (146), respectively.66 Treatment of the threo 
isomer with base gave the (Z)-alkene exclusively and the erythro isomer gave the (E)-alkene. The high 
levels of selectivity for this elimination indicated that the initial addition is not reversible. The elimina- 
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tion was also shown to be stereospecific and only the syn stereoisomer was generated under basic condi¬ 
tions. Under acidic conditions the stereochemistry of the elimination product is inverted. Thus, fl-silyl al¬ 
cohols (143) and (144) yield the (£')-alkene (147) and the (Z)-alkene (148) respectively, resulting from 
anti elimination (Scheme 66). 

+ 

(142) 

O 

Me3Si pr 

(143) 

Me3Si 
O 

•J V.. H 

H Pr 

(144) 

Pr2CuL. Me3Si H base 

-- Pr„J-^-OH - 

H Pr 

(146) 

/=\ 
Pr Pr 

(147) 

Pr 

(148) 

Scheme 66 Mechanism of the Peterson reaction 

2.5.522 Stereochemistry of the Peterson reaction 

The (E):(Z) ratio of the derived alkene varied considerably with the size of the silyl group. A transition 
state model has been developed to rationalize the relative transition state energies.67 Nucleophilic attack 
on carbonyl compounds occurs in the plane of the C—O u-bond with a Nu—C—O angle of approxi¬ 
mately 109°.68 69 The smallest group R, usually a hydrogen, is placed in the least sterically demanding 
position and attack occurs between the hydrogen and the R substituent of the aldehyde in order to mi¬ 
nimize steric repulsion. The remaining substituents are arranged such that the largest group is positioned 
anti to the R substituent of the aldehyde. Thus, as the steric size of the silyl group increases, transition 
state (149) becomes more favorable than transition state (150), resulting in the preferential formation of 
the erythro isomer leading to formation of the (Z)-alkene. 

Phv z*3 RsSi^/h 

o=£u o=£H 

Ph Ph 

(149) (150) 

2.5.5.3 Functionalized a-Silyl Carbanions 

The addition of trimethylsilylmethyllithium to enolizable ketones generally gives significant amounts 
of the enolized carbonyl compound. Johnson and Tait70 have shown that when the lithium anion is con¬ 
verted to the cerium reagent it gives high yields of the addition product. For example, a-tetralone (151) 
reacts with trimethylsilylmethyllithium to give after protonation an -1:1 mixture of the desired exocyclic 
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alkene (152) and recovered ketone. In sharp contrast, the corresponding cerium reagent gave a 95:5 ratio 

of alkene to ketone (see Scheme 67). 

(151) (152) 

Me3SiCH2Li 50 50 

Me3SiCH2Li/CeCl3 >95 5 

Scheme 67 

Anions of a-silyl phosphonates of type (153) also undergo additions to carbonyl compounds. The 
corresponding addition products, (3-silyl alkoxides, can react with ketones to yield the product of the 
Peterson alkenation or the Wittig reaction. In practice only the Peterson product (154) is obtained, indi¬ 
cating that loss of OSiMe3 is faster than elimination of 0=PPh3 (Scheme 68).71,72 If the a-silyl carba¬ 
nion is adjacent to a chlorine atom (155), an internal displacement reaction follows the initial formation 
of the P-silyl alkoxide, and epoxides (156) are formed (Scheme 69).73,74 

Ph PPh3 

Ph SiMe3 

Wittig product 

Scheme 68 

(155) (156) 

Scheme 69 

Ph2C=0 

Peterson product 

(154) 

Me3Si 
O 

l 

Mixed ketene (9,S-acetal derivatives (157) can be readily prepared from the reaction of [methoxy(phe- 
nylthio)(trimethylsilyl)methyl]lithium,75 generated from the mixed acetal (158), with aldehydes and 
ketones (Scheme 70). 

PhS' OMe 

i, BusLi/TMEDA 

ii, Me3SiCl 

SiMe3 

1 
PhS OMe 

(157) 

i, BusLi/TMEDA R( 

u. 
R 

O 

A 

OMe 

Rz 

2k 
R2 SPh 

(158) 

Scheme 70 
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The lithium reagent of phosphonate (159) reacts with aldehydes and ketones to produce vinylphospho- 
nate (160). These compounds were oxidized (OSO4/NMO) and deprotected to provide a convenient and 
high yielding route to a-hydroxy acids76 of structure type (161; Scheme 71). 

SiMe3 

(Et0)2P(0)/^0/ 

(159) 

i, BusLi 

. SiMe^ 

R 

O 

A 
R2 

(EtO)2P(0) 

R1 

(160) 

0s04 
SiMe3 

(161) 

Scheme 71 

2.5.5.3.1 Reactions involving ambient silyl-substituted carbanions 

The Peterson reaction has been successfully employed using a-silylallyl anions (162a and 162b; 
Figure 17). 

SiMe3 __„ SiMe3 

(162a) (162b) 

Figure 17 

In addition reactions to carbonyl compounds C-3 attack generally predominates,77-79 as illustrated in 
Scheme 72 with the formation of vinylsilane (163). C-l addition also predominates in alkylation and 
acylation reactions involving a-silylallyl anions when alkyl halides80 and acyl halides81 are used as elec¬ 

trophiles. 

. SiMe3 RCOR 
SiMe3 

(163) 

Scheme 72 

Interestingly, in the presence of HMPT and magnesium bromide, C-l attack predominates and is fol¬ 
lowed by elimination, yielding the 1,3-diene system82 as shown in Scheme 72. Similarly, allylboronates 
of structural type (164) bearing a vinylsilane at the C-3 position gave predominantly C-l addition prod¬ 
ucts to form the syn (erythro) isomer (165) as the major diastereomer (Scheme 73).83 

Metallation of the bis(silyl) derivative (166) generates a symmetrical carbanion (167), which also 
reacts stereoselectively with aldehydes to produce anti (3-silyl alcohol derivatives (168), which undergo 
base-catalyzed elimination reactions to generate the (E)/(Z) diene system (169; Scheme 74).84 
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(164) (165) 

Scheme 73 
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ZnCl, 

(170) 

Scheme 74 

2.5.53.2 Metallated allylaminosilanes 

The organozinc reagent (170) derived from allyl(diisopropylamino)dimethylsilane reacts with alde¬ 
hydes to form anh-3-silyl-2-alken-4-ols (171), which are further oxidized (KHCO3/H2O2) to anti-\-al- 
kene-3,4-diols (172).85 The use of a sterically bulky Pr*2NMe2Si group in the zinc reagent was required 
to suppress the elimination pathway and the formation of conjugated 1,3-diene systems. These allylami- 
no anions thus function as useful a-alkoxyallyl anion equivalents, as illustrated in Scheme 75. The 
important results of these experiments are summarized in Table 18.85 

O 

I 
H 

i, (170) 

ii, Me3SiCl 

OSiMe3 
30% H202 

KF/KHCO3 

(171) 
(172) 

Scheme 75 

2.5.5.33 Addition reactions of a-silyl anions to C=N n-bonds 

An interesting variant of the Peterson reaction involves the addition of an a-silylbenzylic anion (173) 
to a carbon-nitrogen double bond such as an imine. In this case the loss of RN—SiMe3 occurs less read¬ 
ily than the loss of alkoxytrialkylsilane (O—SiR3).86 The initial addition reaction is reversible and the 
stereochemistry of the elimination reaction is predominantly trans (Scheme 76). Both acid- and base- 
catalyzed elimination reactions lead to the trans product (174). 
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Table 18 Stereoselective Additions of Metallated Aminosilanes to Aldehydes 

Aldehyde a-Silyloxysilane Yield (%) Diol Yield (%) 

O 

H 

OSiMei 

(171a) 

54 

OH 

78 

O 

H 

o 

97 
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72 
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X = SiMe2(NPr*2). 
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Scheme 76 
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2.6.1 INTRODUCTION 

Over the past 15 years, organoselenium reagents have been increasingly used in organic synthesis, es¬ 
pecially for the construction of complex molecules.1 This is due to the ease with which selenium can be 
introduced into organic molecules,2-7 and the large variety of selective reactions which can be performed 
on organoselenium compounds. These allow the synthesis of different selenium-free functional groups or 
molecules.1-15 Organometallics bearing a selenium-stabilized carbanion have played an important role in 
such developments.7’912’16’17 They are usually readily available and can be particularly good nucleo¬ 
philes, especially towards compounds bearing an electrophilic carbon atom. In this respect they have 
been widely used, since they allow the synthesis of more complex organoselenium compounds with the 
concomitant formation of a new carbon—carbon bond attached at one end to the selenium-containing 
moiety. This review article deals with the synthesis of selenium-stabilized carbanions and only discloses 
their reactivity towards carbonyl compounds, especially aldehydes and ketones. Some further transfor¬ 
mations of functionalized selenides to selenium-free molecules will also be discussed. We have in most 
cases chosen examples involving the trapping of organometallics, with aldehydes and ketones, as a defi¬ 
nite proof of their existence. In some cases, however, such information was not available and we have 
therefore described trapping experiments with alkylating agents instead. 

2.6.2 SYNTHESIS OF ORGANOMETALLICS BEARING A SELENIUM-STABILIZED 
CARBANION 

2.6.2.1 Generalities on Selenium-stabilized Carbanions 

2.6.2.1.1 Reaction of alkyl metals with selenides and functionalized selenides 

Organometallics bearing a selenium-stabilized carbanion7’91216’17 belong to the well-known family of 
a-heterosubstituted organometallics which have proved particularly useful in organic synthesis over the 
past 30 years.718-33 Although they share similar features with other members of this family, they possess 
exceptional properties due to the special behavior of the selenium atom.1'4’6-9-12’14-16’34 

Several organometallics bearing a seleno moiety and belonging to the aryl- (especially phenyl-) and 
methyl-seleno series, having their selenium atom in different oxidation states (Scheme 1), such as a- 
metalloalkyl selenides, a-metalloalkyl selenoxides, a-metalloalkyl selenones and a-metalloalkyl selen- 
onium salts, as well as a-metallovinyl selenides and a-metallovinyl selenoxides, have been prepared, 
usually by metallation of the corresponding carbon acid with lithium or potassium amide or with potas¬ 
sium r-butoxide. 
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These bases, however, are not strong enough to metallate35-36 dialkyl and alkyl aryl selenides. Amylso- 
dium37’38 and alkyllithiums,7’37-39 which have proved particularly useful for the metallation of the corre¬ 
sponding sulfides and phosphines, are not useful for the metallation of dialkyl or alkyl aryl selenides7’17 
owing to their tendency to react on the selenium atom and to produce a novel selenide and a novel orga- 
nometallic (Scheme 2).7’37-45 This latter reaction is easier when carried out in THF than in ether (Scheme 
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2, a),16'17’43 is faster with 5- or r-butyllithium16’17’43’44 than with «-butyllithium7’16’35’36’38^0’43-50 or 
methyllithium (Scheme 2, a)45 and delivers the organometallic with the more stable carbanionic center of 
the three possible carbanions (Scheme 2, compare a with b). Thus butyllithiums react with methyl phenyl 
selenide and produce butyl methyl selenides and phenyllithium.16’38^044 Substitution of the methyl 
group of methyl phenyl selenide by a group able to stabilize a carbanionic center, such as a vinyl 45 
aryl 43,44,46 thio47^19 or seleno7’16’35’36 moiety, not only increases the reactivity of the selenide (the cleav¬ 
age reaction takes place faster and at lower temperature: Scheme 2; compare a with b) but also dramati¬ 
cally changes the regiochemistry of the reaction. Phenyllithium is no longer produced but instead allyl-,45 
benzyl-,43’44’46 thiomethyl-47^9 and selenomethyl-lithiums7’1635’36 are obtained, respectively, in almost 
quantitative yield (Scheme 2, b). 
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H BunLi, THF, -78 °C, 1.3 h 20 16,44 

- H BunLi, Et20,-50 °C, 1.5 h 10 16, 44 

M+ H BusLi, Et20, -50 °C, 1.5 h 57 16, 44 

H Bu'Li, Et20, -78 °C, 

_Se 4- 

1.5 h 81 

OH 
1 

16,44 

Ph" Bu X" ^Li 
Ph-1-* 

X Conditions Yield (%) Ref. 

CH=CH 2 BunLi, THF, -78 °C, 0.1 h 86 45 

Ph BunLi, THF, -78 °C, 0.3 h 86 46 

SPh BunLi, THF, -78 °C, 0.2 h 94 47, 48, 49 

SePh BunLi, THF,-78 °C,0.1 h 82 35,36 

Scheme 2 

This reaction has proven to be of wide applicability: the selenium-metal exchange is a valuable alter¬ 
native to the hydrogen-metal, halogen-metal or tin-metal exchange. Although less general than the two 
former methods, it takes advantage of the easy synthesis of selenides and functionalized selenides and of 
their thermal stability, even in the case of allyl or benzyl derivatives. Moreover, the butyl selenides pro¬ 
duced concomitantly with the organometallic and resulting from the C—Se bond cleavage are generally 
inert in the reaction medium.71216 This differs markedly from the halogen-metal exchange by butyl- 
lithiums, which instead leads to butyl halides that react further with the organometallics present in the 

reaction medium.5152 
For the synthesis of cx-selenoalkyllithiums, the selenium-lithium exchange reaction is a good alterna¬ 

tive to the almost impossible metallation of unactivated selenides.71617 Thus it has been found that a 
large variety of selenoacetals, often readily available from carbonyl compounds and selenols,35-53 react 
with butyllithiums to provide a-selenoalkyllithiums4’7’9’12’16’17’35’36’40,48’49,54-56 in very high yields 

(Scheme 2; see also Section 2.6.2.3). 

2.6.2.1.2 Stabilization of carbanionic centers by selenium-containing moieties 

The seleno moiety, when linked to a carbanionic center, provides17 56-59 an extra stabilization of about 
10 pATa unit. This is of the same order of magnitude as that provided by the corresponding thio moiety,17 
which stabilizes an sp3 carbanion slightly better than does a seleno moiety.717’57’60 These results differ 
greatly from those obtained by calculation 59 which suggest a much higher difference (4 kcal; 1 cal = 
4.18 J) and in the reverse order. Recent results from our laboratory7’16’60 seem to show that heteroatom 
substituents affect the stabilization of an ^-hybridized carbanionic center much more than the hete¬ 
roatom itself (S, Se). Thus a phenylseleno group stabilizes a carbanionic center to a higher extent than a 



632 Heteroatom-stabilized Carbanion Equivalents 

methylseleno or (probably) a methylthio moiety.60 Results which support the above mentioned tenden¬ 

cies are collected in Schemes 3,4, 5 and 6.60 

Compound Conditions Measured Sulfur/selenium Ref. 

PhXCD3 KNH2, NH3, -33 °C k.- sot op 10 64 

m-CF3C6H4XMe LiTMP, THF, -78 °C ^•dep 3.8 56 

PhXCH2CH=CH2 LDA, THF, -78 °C 1 
"dep 7.5 65 

PhXCH2C=CH NaOEt, EtOH, 25 °C k a "lsom 12.6 62,63 

PhXCH=C=CH2 NaOEt, EtOH, 25 °C k b "•isom 7 62, 63 

PhCOCH2XPh MeSOCH2Na, DMSO ^eq 
32 66 

Me3XI NaOD, D20, 62 °C ivisotop 45 67 

(PhX)2CH2 0°C P^S/P^SeC 32/35 36 

a Isomerization of propargyl to allenyl selenide. b Isomerization of allenyl to 1-propynyl selenide. 

c P^ =17.1, p/rbSe = 18.6 

Scheme 3 Relative kinetic and thermodynamic acidity of sulfides and selenides 

PhSe SePh MeSe SeMe 

i-iii X.C5HU 
RSe^ 

OH 
+ RSe'^'SeR + 

Se 
Bu' R 

R = Ph 62% 65% 77% 

R = Me 10% 10% 23% 

i, Bu"Li, THF-hexane, -78 °C, 0.1 h; ii, C5HuCHO; iii, H30+ 

Scheme 4 

MeSe Li 
OH 

Solvent 

THF-hexane 

Temperature (°C) 

-78 

Time (h) 

0.1 

R 

Me 44 

Yield (%) 

12 
Ph 30 50 

THF-hexane -78 0.3 
Me 30 20 
Ph 40 40 

i, Me2C(SePh)2; ii, C5HuCHO; iii, H30+ 

Scheme 5 

(ref. 60) 

The results in Schemes 3 to 6 are derived17,36,56’61-67 from kinetic or thermodynamic acidity measure¬ 
ments on functionalized selenides and on the corresponding sulfides (Scheme 3), as well as from equili¬ 
bration reactions7,60 involving 2-phenylseleno-2-propyllithium and 2-phenylseleno-2-phenylthiopropane, 
and those involving 2-phenylthio-2-propyllithium and 2,2-bis(phenylseleno)propane (Scheme 6). 

Surprisingly, for .vp2-hybridized carbanionic centers the reverse order of stabilization is found.17,65,68 
The seleno moiety is now more stabilizing than a thio moiety (Scheme 7, cf. Scheme 3).17,69 

Several factors59,66,69 might govern the relative stabilization of a negative charge by sulfur and sele¬ 
nium. The selenium atom is larger and more polarizable than sulfur, and is therefore expected to disperse 
the charge more efficiently. Sulfur, however, is slightly more electronegative and better stabilizes the 
charge by an inductive effect.69 Conjugative interactions via d-orbitals should be more favorable for sul¬ 
fur; however, conjugation is less favorable for j/?2-hybridized carbanions for which the greater polariza¬ 
bility of selenium dominates. 
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v 
PhS SePh + PhSe" 'SePh 

V V 
Li^XPh + PhSe^ YPh 

(ref. 60) 

Compound 

Ph' 

X 

X^X 

F-»C, 

i, BunLi, THF, -78 °C, 2 h 

ii, PhCHO; iii, H30+ 

i, THF, -78 °C, 2 h 

ii, PhCHO; iii, H30+ 

X = S, Y = Se 

X = Se, Y = S 

Scheme 6 

Conditions 

KOBu', DMSO, 25 °C 

LDA, THF, -78 °C 

LiTMP, THF, -78 °C 

X LDA, THF, -78 °C 

LiTMP, THF, -78 °C 

PhS 
Ph 

OH 

68% 

PhA 
Ph + X. 

PhSe APh 

OH 

A 

S 

Se 

S 

Se 

Yield (%) 

66 
33 

66 
33 

Measured Sulfur! selenium 

K: isotop 

K, eq 

*dep 

K, eq 

^dep 

0.67 

0.21 

0.37 

0.37 

0.42 

19 

66 
25 

63 

Scheme 7 Relative kinetic and thermodynamic acidity of vinyl sulfides and selenides (refs. 17 and 69) 

The group attached to the seleno moiety modulates its ability to stabilize a carbanionic center (tliis 
effect is often higher than the one produced by the heteroatom itself). Thus a /n-CF3PhSe group enhan¬ 
ces56’6970 the kinetic acidity of a methylene group by approximately a factor of 20 over a PhSe group 
(Scheme 8),7,71’72 which is in turn a much better stabilizing group than MeSe. 

LiTMP *(CF3/H) = 14.9a 

LDA MCF3/H) = 64b 

LDA *(CF3/H) = 11.7a 

a *(CF3/H) is the relative rate of deprotonation, *(CFj/kH) = log M(CF3)/log M(H), where M(CF3) and M(H) 

are the mole fractions of components w-CF3RH and RH remaining when the reaction is quenched. 

b Equilibrium constant A’(CF3/H) where K = [CF3RH][CF3RLi]/RH/RLi (ref. 69) 

Scheme 8 

Thus, whereas l,l-bis[(/n-trifluoromethyl)phenylseleno]alkanes65 and l,l-bis(phenylseleno)- 

alkanes35’36,71’73 are successfully metallated under various conditions (see below), their methylseleno 
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analogs are not.71 1-Phenylseleno- and 1-methylseleno-l-arylethanes exhibit72 a similar tendency, since 
the former is efficiently metallated with KDA in THF but not the latter (Scheme 9, compare c to f). 

SeR base SeR R2CHO RSe OH 

Ph _ Ph —4- ( 
Ph—(—M ih ; \ 

R1 R‘ R1 R2 

Entry R R1 Conditions R2 Yield (%) Ref. 

a Ph H LDA, THF-hexane, -78 °C,0.1 h Et 70 56 

b Ph Me LDA, THF-hexane, -78 °C,0.1 h Ph 0 72 

c Ph Me KDA, THF-hexane, -50 °C, 0.3 h Ph 87 72 

d Ph Bu KDA, THF-hexane, -50 °C, 0.3 h Ph 70 72 

e Me H KDA, THF-hexane, -50 °C, 0.3 h Ph 79 72 

f Me Me KDA, THF-hexane, -50 °C, 0.3 h Ph 0 72 

Scheme 9 

It also has been found that butyllithiums react faster with 2,2-bis(phenylseleno)propane than with its 
methylseleno analog.60 Thus, addition of n-butyllithium to a 1:1 mixture of 2,2-bis(phenylseleno)propane 
and 2,2-bis(methylseleno)propane leads selectively to the formation of 2-lithio-2-phenylselenopropane 
under kinetically controlled conditions, providing the a-selenoalkyllithium with the more stable 
carbanionic center (Scheme 4). Furthermore, 2-methylselenopropyllithium reacts60 with 2,2-bis(phenyl- 
seleno)propane and leads, under thermodynamically controlled conditions, to 2-phenylseleno-2-propyl- 
lithium, thus demonstrating the better propensity of a phenylseleno moiety over a methylseleno moiety to 
stabilize a carbanionic center (Scheme 5). 

The presence of a group able to delocalize the charge from the carbanionic center favors the synthesis 
of the carbanion whatever the method used, whereas substitution of the carbanionic center by alkyl 
groups disfavors it. Thus, whereas methyl phenyl and dimethyl selenide cannot be metallated with LDA 
at -78 °C or 0 °C, phenylseleno and methylseleno acetates and propionates lead, on reaction with the 
same base at -78 °C, to the corresponding organometallics (Scheme 10).74-75 

C02Me 

RSe —^ 

R1 

C02Me 

RSe Li 

R1 

ii, iii 

R R' Yield (%) 

Ph H 93 

Ph Me 60 

Me H 80 

p-ClC6H4 H 96 

i, LDA, THF-hexane. -78 °C, 0.5 h; ii, C6H13CHO; iii, H30+ 

Scheme 10 

(ref. 74) 

Yet another important difference of reactivity towards n-butyllithium has been found between phenyl 
selenoacetals derived from aldehydes and ketones.60 This distinction allowed,60 when the reaction was 
performed in ether-hexane, the selective synthesis of an a-selenoalkyllithium derived from the phenyl 
selenoacetal of an aldehyde in the presence of the phenyl selenoacetal of a methyl ketone, which 
remained untouched (Scheme 11).60 

a-Selenoalkyl metals have been prepared7 9’12’1617 by a large array of methods such as retaliation of 
selenides, selenoxides, selenones and selenonium salts; selenium-metal exchange between selenoacetals 
and alkyllithiums or metals; halogen-lithium exchange between a-haloalkyl selenides and alkyllithiums; 
addition of organolithiums to vinyl selenides; and selenophilic addition of organometallics to selones 
(Scheme 12). 

Among these methods, the metallation reaction is the method of choice for selenides bearing electron- 
withdrawing groups able to stabilize the carbanionic center. This also applies to selenoxides, selenones 
and selenonium salts. 

The reaction of selenoacetals with butyllithiums allows the synthesis of a large variety of a-seleno- 
alkyllithiums whose carbanionic centers are unsubstituted, monoalkyl substituted or dialkyl substituted. 
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lll-V 

(ref. 60) 

R = C5Hn, 76%; R = Ph, 66% R = Ph,C5Hn) 76% overall 

i, BunLi (1 equiv.), ether-hexane, 45 °C, 0.5 h; ii, C5HnCHO; iii, BusLi (1 equiv.), ether-hexane, -78 °C, 

0.5 h; iv, RCHO; v, H30+; vi, P2I4 

Scheme 11 

(a) 

(b) 

(c) 

(d) 

(e) 

R1 

RSe —^ 

R2 

R1 

RSe—SeR 

R2 

R1 

RSe—X 

R2 

RSe^^ 

R2 

base 

R3Li or M 

R3Li 

X = halogen 

R3Li 

1 = H, R2 = R3CH2) 

RM 

R1 

RSe — 

R2 

Scheme 12 

The other methods cited above are synthetically less useful, especially the selenophilic addition to 

selones.76 
All the different types of selenium-substituted organometallics with almost all the possible substitution 

patterns around the carbanionic center are now available, and therefore the intermediates are among the 
few a-heterosubstituted organometallics to be so widely available.7 

2.6.2.2 Synthesis by Metallation of Organometallics Bearing a Selenium-stabilized Carbanion 

2.6.2.2.1 Synthesis of a-selenoalkyl metals by metallation of selenides 

Alkyl aryl and dialkyl selenides, aside from the parent compounds methyl phenyl selenide (Scheme 
13, a)36 and trifluoromethylphenyl methyl selenide (Scheme 13, b),56 cannot be easily metallated. It was 
expected that the extra stabilization provided by the cyclopropyl group would be sufficient to permit the 

metallation of cyclopropyl selenides, but that proved not to be the case.3 
Cyclopropyl phenyl selenides are inert towards lithium diisopropylamide (LDA) and lithium tetra- 

methylpiperidide (LiTMP) (Scheme 14, a). Butyllithiums instead react on the selenium atom and pro¬ 
duce77 butyl cyclopropyl selenides and phenyllithium rather than cyclopropyllithiums and butyl phenyl 

selenides (Scheme 14, b). % 7n ?? 7R 79 

Aryl methyl selenides with the methyl group substituted by an aryl (Scheme 9 and 15),30’/U’/A/8’ a 
vinyl (Schemes 16-18),56’69'8(M>0 a 1-butadienyl (Scheme 17, d)91 or an ethynyl (Schemes 19 and 
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X X 

ArSe—^ -*■ ArSe—Li 

R R 

Ar X R Conditions Yield (%) Ref. 

(a) Ph H H BunLi-TMEDA, THF, 0 °C 38 38 

(b) 4-CF3C6H4 H H LiTMP, THF-hexane, -55 °C, 2 h 100 56 

(c) 4-CF3C6H4 H Me LiTMP, THF-hexane, -55 °C, 2 h 0 56 

Scheme 13 

(a) 

(b) 

LDA, THF 
R1 

R2 

0% 

R = Bun,R' = H,R2 = Me 

R = Bu(, R1 = Me, R2 = Me 

Scheme 14 

(refs. 56 and 77) 

OH 

Ph C,H 6n13 

(ref. 77) 

80% 

80-90% 

20)56.92,93 group, or a methoxy (Scheme 21, a),56 a phenylthio (Scheme 22),94 an arylseleno (Scheme 21, 
b; Scheme 23, a),35,36,49’56’65’71’73’95-97 a siiyi (Scheme 24, a-d)56,70,98-100 or a telluryl (Scheme 25, a)101 
moiety, some of which provide a further stabilization of the carbanionic center, have been successfully 
metallated by metalloamides. 

As a general trend in this series of compounds, m-trifluoromethylphenyl selenides are more efficiently 
metallated than phenyl selenides, methylseleno derivatives are scarcely reactive, and the presence of an 
alkyl substituent on the carbon to be metallated often inhibits the reaction (Scheme 9 and Schemes 
13-25). 

As far as the basic system is concerned, KDA in THF-hexane (a 1:1 mixture of lithium diisopropyl- 
amide (LDA) and potassium r-butoxide)45’72,73 is by far more efficient than lithium tetramethylpiperidide 
(LiTMP) (in THF-HMPA71 or THF-hexane45’56’71,72) which is in fact at least a power of 10 more reac¬ 
tive17,56 than lithium amides (in HMPA41 or THF-hexane35,36’41’56’65’70’78-82’84-86’90’92’93’95’97’99,101-103). 
Thus, although bis(phenylseleno)methane35’36 and its bis(m-trifluoromethyl) analogs65 are almost quanti¬ 
tatively metallated with lithium diisobutyramide or LDA in THF, respectively (Scheme 21, b and c; 

BM 

THF-hexane 

SeR 

Ph— 

R1 

i, PhCHO 

ii, H+ 

+ SM 

(ref. 72) 

R R1 

(a) Ph Me 

(b) Ph Me 

(c) Ph Me 

(d) Me H 

(e) Me H 

(f) Me H 

Conditions 

KDA, -50 °C, 0.3 h 

LDA, 0 °C, 0.5 h 

LiTMP, 20 °C, 0.5 h 

KDA, -78 °C, 0.3 h 

LDA, -50 °C, 0.5 h 

LiTMP, -78 °C, 0.3 h 

Yield (%) 

87 0 
15 85 

62 0 
79 — 

61 16 

67 17 

Scheme 15 
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THF-hexane 
+ 

R1 

RSe 

E 

R R' Conditions E Yield (%) Ratio Ref. 

(a) Ph H LDA, -78 °C, 0.2 h Ph(CH2)3Br 68 100:0 80 

(b) Ph H LDA, -78 °C, 0.2 h PhCOMe 70-85 15:85 80 

(c) Ph H LDA, -78 °C, 0.2 h, then Et3Al PhCOMe 70-85 64:36 (64:36)a 81,82 

(d) Ph H LDA, -78 °C, 0.2 h EtCHO 70-85 12:88 81,82 

(e) Ph H LDA, -78 °C, then Et3Al EtCHO 70-85 100:0 (81:19)a 81,82 

(f) Ph Me LDA, -78 °C, 0.5 h Bu3SnCl 100 0:100 84 

(g) Me H LiTMP PhCHO 76 18:82 45 

a Threo'.erythro ratio 

Scheme 16 

PhSe, + 
R 

E 

R Conditions E Yield (%) Ratio Ref. 

(a) Me -78 °C, 0.6 h Ph(CH2)2Br 80 100:0 80 

(b) Ph -78 °C, 0.1 h Me2CO 55 100:0 80 

(c) SePh -78 °C, 0.1 h Pr*CHO 88 — 85 

71% overall (ref. 91) 

Scheme 17 

R R1 Conditions E Yield (%) Ratio Ref 

(a) Ph Cl LDA,-78 °C, <0.1 h Ph(CH2)2Br 85 100:0 80 

(b) Ph Me LDA, 0 °C, 0.5 h Me2PhSiCl 71 100:0 80 

(c) Me Me LiTMP, -78 °C, 0.5 h PhCHO 11 0:100 45 

(d) Me Me LiTMP, -25 °C, 0.5 h PhCHO 47 0:100 45 

(e) Me Me KDA, -78 °C, 0.3 h PhCHO 78 35:65 45 

Scheme 18 

Scheme 23, a), bis(methylseleno)methane remains untouched71 under these or even under stronger condi¬ 
tions. Higher homologs in the arylseleno series require the concomitant use of LiTMP and HMPT,71 or 

better, KDA in THF (Scheme 23, b-d).73 
In fact, the metallation of some of these compounds can be achieved in minute amounts using even 

LDA or Bu'OK, but the equilibrium between the different partners is not in favor of the formation of the 
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PhSe 

R1 

(a) 

(b) 

LDA or LiNBu‘2 

-78 °C, 0.1-0.2 h 

PhSe 

Ll ) = 
R1 

Scheme 19 

PhSe 

D 1 

K (ref. 93) 

R1 = H, exclusive 

R1 = Me, predominant 

PhSe 
\ — 

LDA, THF 

-78 °C 

PhSe 

Li 

H 

LDA, THF 

-78 °C 

PhSe 

Li 

-Li 

i, EtBr 

ii, Me2CO 

PhSe 

Et 

OH 

MCPBA 

CH2C12 

PhSe 

Et 

O 
// 

OH 

O-SePh 

(ref. 93) 

ArSe' X 
base Li 

Et SePh 

59% overall 

Scheme 20 

iii, RCHO 
R^ .OH MsCl/Et,N 

R 

ArSe X J iv, H30+ ArSe X 

Basel conditions Ar X R Yield (%) Temperature/time Yield (%) (Z):(E) 

(a) i m-CF3C6H4 OMe Ph 76 12 46:54 

(b) ii Ph SePh Ph 95 0 °C, 0.2 h 74 0:100 

ii Ph SePh Me 92 0 °C, 0.2 h 84 50:50 

ii Ph SePh Et 98 0 °C, 0.2 h 74 50:50 

ii Ph SePh Pr1 71 0 °C, 0.2 h 81 25:75 

(c) ii m-CF3C6H4 w-CF3C6H4Se Ph - 20 °C, 3 h 85 0:100 

ii m-CF3C6H4 w-CF3C6H4Se Me 91 20 °C, 3 h 63 50:50 

ii m-CF3C6H4 m-CF3C6H4Se Et 98 20 °C, 3 h 72 50:50 

ii w-CF3C6H4 tfi-CF3C6H4Se Pr1 98 20 °C, 3 h 79 30:70 

i, LiTMP, THF, -78 °C, 0.1 h; ii, LDA, THF, -78 °C, 0.5 h 

Scheme 21 

(refs. 56 and 65) 

a-selenoalkyl metal. In some cases, however, the equilibrium can be driven to the other side by, for 
example, trapping the organometallic, once it is formed, with an alkylating agent. This is effectively the 
case for 3-chloro-l,l-bis(phenylseleno)propane and its bis(methylseleno) analogs, as well as 3-chloro- 
1.1- bis(phenylseleno)hexane, which produce104 the corresponding selenoacetals of cyclopropanone on 
reaction with LDA in THF (Scheme 26, a and b). 3-Chloro-l,l-bis(methylseleno)hexane, however, does 
not react under similar conditions (Scheme 26, d). Such difference of reactivity between phenylseleno 
and methylseleno derivatives is also observed when potassium r-butoxide is used as the base. Thus, 
whereas 3-chloro-l,l-bis(phenylseleno)propane is almost quantitatively cyclized (Scheme 26, b),12>77 its 
methylseleno analogs unexpectedly produce12’77 l,l-bis(methylseleno)-l-propene (Scheme 26, c). 
1.1- Bis(phenylseleno)cyclopropane has also been prepared by Reich97 from 3-tosyloxy-l-phenylseleno- 
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(a) 

(b) 

(c) 

(d) 

(e) 

PhSe 

SR 

R1 

base 
PhSe 

SR 

-Li 

R1 

PhCHO 
RS 

PhSe-)-( 

Ph 

R OH 

R R1 Basel conditions Yield (%) Recovered SM 
Ph H LiTMP, THF, -24 °C, 1.5 h 91 — 

Ph Me LiTMP, THF, -24 °C, 1.5 h 68 10 
Ph C5Hu LiTMP, THF,-24 °C, 1.5 h 0 85 
Ph C5Hu LiTMP, diglyme, -24 °C, 0.5 h 65 17 
Me C5Hu LiTMP, diglyme, -78 °C, 1 h 75 0 

Scheme 22 

PhSe 

PhSe 

R 
base 

PhSe m x 
PhSe R 

Conditions 

Bu‘2NLi, THF, -78 °C, then -30 °C, 0.2 h 

LDA, THF-HMPA, -30 °C, then 20 °C, 0.2 h 

LDA, THF-HMPA, -30 °C, then 20 °C, 0.2 h 

LiTMP, THF-HMPA, -30 °C, then 20 °C, 0.2 h 

LiTMP, THF-HMPA, -30 °C, then 20 °C, 0.2 h 

KDA, THF, -78 °C 

PhSe 

PhSe 

R 
i, KDA, THF 

-78 °C 

PhSe k x 
PhSe R 

(f) 

C6Hl3Br PhSe^QH^ 

PhSe R 

R 

H 

Me 

C6H13 

Me 

C6H13 

Me 

Yield (%) 

80 

74 

44 

83 

86 

95 

Ref. 

35,36 

71 

71 

71 

71 

73 

ii, Pr'CHO PhSe 

-- R 

OH 

iii, H30 
PhSe Pr1 

(ref. 94) 

(ref. 73) 

R = Me, 90% 

R = Pr1, 63% 

,, R - CioH2i, 84% 
iv, Me2CO phSe 

R—-)-(- OH (ref. 73) 

R = Me, 77% 

v, H30+ PhSe 

Scheme 23 

Me3Si- 

SeR SeR ii, iii RSe \ 
OH / 

—4- J + Me3^i —r— M \ 

R1 R1 R1 C6H13 

R R1 Conditions Yield (%) Ratio Ref. 

(a) Me H -30 °C, 0.5 h 0 - 100 

(b) Ph H -78 °C, 0.5 h 5 100:0 100 

(c) Ph H -30 °C, 0.5 h 30 57:43 100 

(d) /tz-CF3C6H4 H -78 °C, 0.5 h 83 - 70 

(e) Ph c 10H21 -30 °C, 0.5 h 0 - 100 

(0 Ph Ph 0 °C, 0.5 h 77 - 70 

(g) w-CF3C6H4 Ph -78 °C, 0.8 h 81 - 70 

RSe 
13 

i, LDA, THF-hexane; ii, C6H13CHO; iii, H30 

Scheme 24 
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LDA.THF 

(a) 

PhSe^^TePh 

(b) 

(d) 

Li 

JL 
PhSe" TePh 

PhSe'^Li 

Mel 

PhSe TePh 

+ PhTeBu 
H+ 

(ref. 101) 

PhSeMe + PhTeBu 

ii, h3o 

Scheme 25 

(a) 

(b) 9 

(c) 

Pr 
O 

Pr 

i, HC1, PhH 

H ii, RSeH, ZnCl2 Pr 

Cl SeR 

SeR 

R = Ph, 75% 

R = Me, 93% 

iii, LDA 

-78 °C 

SePh i, MCPBA 

OTs SePh ii, LDA 

Scheme 26 

SePh 

SePh 
OTs Li ii 

O 

tx 
SePh i, H 

SePh 
!! ii, r or S032 
o 

\ SeR rx <ref- 
SeR 

70% 

0% 

^ SePh 

DX 
SePh 

(ref. 97) 

57% overall 

Scheme 27 

1-phenyl-selenoxypropane and LDA in THF followed by reduction of the resulting cyclopropyl phenyl 
selenoxide with, for example, iodide anion (Scheme 27).97 

Benzyl selenides exhibit a similar pattern of reactivity. Thus, although the parent aryl benzyl selenides 
are successfully metallated with LDA at -78 °C,56’72’78’79 their higher homologs, as well as benzyl methyl 
selenides,72 are not. Use of stronger bases such as LiTMP, or better, KDA, allows the metallation of vari¬ 
ous aryl benzyl selenides, even those bearing an alkyl substituent at the benzylic site (Scheme 13, c; 
Scheme 15 a and c; Scheme 23, b-d). They are, however, of limited use in the methylseleno series since 
the parent compound is the only one to react (Scheme 15, d-f).72 

Allylic45’80-82*84’85 and propargylic93 selenides seem to be more acidic. In the phenylseleno series, for 
example,80-82 84’85 the synthesis of those compounds bearing an alkyl substituent on the carbanionic cen¬ 
ter has been already achieved with LDA and does not require the use of stronger bases (Schemes 16-20). 
In the methylseleno series,45 however, the use of LiTMP (Scheme 16, h; Scheme 18, c and d) or KDA 
(Scheme 18, e compared with c and d) is often needed. 

Finally, the metallation is particularly difficult with selenides bearing a methoxymethyl substituent,56 
and is only successful56 when a /n-(trifluoromethyl)phenyl moiety is attached to the selenium atom 
(Scheme 21, a). 
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As already mentioned, LiTMP acts usually as a stronger base than LDA or lithium diethylamide; in 
some rare cases the reverse order of reactivity has been observed. Thus it has been found56 that the 
trimethylsilyl substituent reduces the kinetic acidity of CF3PhSeCH2SiMe3 as compared with 
CFsPhSeMe towards LiTMP by a factor of 2.8. With LDA as base, however, the silyl substituent has the 
opposite effect,56 since w-CF3PhSeCH2SiMe3 is deprotonated at least 25 times as fast as m-CF3PhSeMe 
(Scheme 24, d). Presumably, steric effects cancel the normal acidifying effect of the trimethylsilyl group 
when a hindered base such as LiTMP is used. 

Phenylselenomethyl phosphonates102 and (phenylseleno)chloromethane105 have been metallated by 
NaH and BuKDK, respectively (Scheme 28, a and b; Scheme 29). The former organometallics react with 
carbonyl compounds and directly produce vinyl selenides (Scheme 28, a and b),102 whereas the second 
decomposes to phenylselenomethylene105 which adds stereospecifically to alkenes and leads to phenyl- 
selenocyclopropanes in reasonably good yields (Scheme 29).105 

(EtO)2P(0) 

y— Se 

R 

base 
(EtO)2P(0) SePh 

X | 
PhCHO 

SePh HgCl2 
Ph'^^'CHO 

(ref. 102) 

Pll 
~80°C, 1 h R 

Conditions R Yield (%) (Z):(E) Yield (%) 

(a) NaH, THF-HMPA (10:1), 80 °C, 1 h H 80 6:94 90 

(b) NaH, THF-HMPA (10:1), 80 °C, 6 h Me 86 47:53 - 

NaH, THF-HMPA (10:1), 80 °C, 6 h Et 70 8:92 - 

(c) BunLi, THF-hexane, -78 °C, 4 h H 70 16:84 - 

Scheme 28 

KOBu‘ 
PhSe^Xl -* PhSeCH 

Scheme 29 

70% 
SePh 

(ref. 105) 

BunLi, which usually performs the Se-Li exchange7’9,12,16,17 in selenides, effects the metallation of 
some functionalized selenides. This is particularly the case of phenylselenomethyl phosphonates102 and 
phosphonium salts (Scheme 28, c).106,107 This is also the case of methyl phenyl selenide (Scheme 13, a 
compared with Scheme 2, a),36 phenyl trimethylsilylmethyl selenide (Scheme 30, a)98 and bis(phe- 
nylseleno)methane (Scheme 30, c and d),36,71 which are metallated with butyllithium but only in coordi¬ 
nating solvents such as TMEDA,36,98 dimethoxyethane (DME)71 or HMPA.71 

X 

PhSe — 

R 

X R 

(a) Me3Si H 

(b) PhSe H 

(c) PhSe Me 

' X X 

PhSe- -fU + 
Li *\ 

R R 

Conditions Yield (%) 

BusLi-TMEDA, 25 °C, 1.5 h 83 

BunLi, DME-hexane, -78 °C, 1 h 50 

BunLi, DME-hexane, -78 °C, 1 h 25 

Ref. 

98 

71 

71 

Scheme 30 

Selenides bearing two groups capable of stabilizing a carbanionic center on the a-carbon are much 
more acidic than the above mentioned derivatives and both the phenylseleno and the methylseleno deri¬ 
vatives can be readily metallated. Thus, tris(phenylseleno)methane,35,36 tris(methylseleno)methane 
(Scheme 31),71,108 arylbis(phenylseleno)methane and arylbis(methylseleno)methane (Scheme 32)72 lead 
to the corresponding methyllithiums with LiDBA,35,36 LDA,71,72 100 LiTMP72 or KDA72 in THF. Surpris¬ 
ingly, with arylbis(seleno)methanes selenophilic attack of LiTMP72 and LDA,72 which produces 
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a-selenobenzyllithiums, competes with the metallation reaction (Scheme 32, d and e). This reaction can 

be prevented if KDA is used instead of LDA (Scheme 32, a and b).72 

X = RSe 

RSe 

RSe 

X - 

X = MeSe 

X = Me3Si 

Ar 

RSe 

RSe 

RSe 

-Li 

RSe 

RSe 

RSe 

(a) 
(b) 

R Conditions Yield (%) Ref. 

Ph LiDBA, THF, -78 °C 93 35,36 

Me LDA, THF, -78 °C 80 71 

(c) 

MeSe 

MeSe 

MeSe 

PhSe 

Me3Si 

PhSe 

-Li 

MeSe 

MeSe 

Ci0H2i 
111 

MeSe C1 pH 21 

MeSe OH 

63% 

MeSe 

85% (ref. 108) 

-Li 

PhSe 

Me3Si 

PhSe 

Et 

OLi 

J 

(d) 

PhSe Et 
\ 

PhSe7 

overall 70% (ref. 95) 

i, Mel; ii, Cl0H21CHO; iii, PI3, Et3N, CH2C12, 20 °C, 1 h; iv, EtCHO 

Scheme 31 

SeR j SeR SeR RSe Ph Ar Ph 
/ IS \ 4. A r_( J + v / Ar \ JVl • Ar Nl 

A / \ r \ 
SeR SeR M RSe OH RSe OH 

R Ar Base Yield (%) Ratio 

(a) Me Ph or 4-MeOC6H4 KDA 79 100:0:0 

(b) Ph Ph or 4-MeOC6H4 KDA 81 100:0:0 

(c) Me Ph LDA - 50:0:50 

(d) Me Ph LiTMP - 16:30:54 

(e) Ph Ph LDA — 26:1 l:50a 

+ SM 

(ref. 72) 

a Other products are formed, 

i, base, THF-hexane, -78 °C, 0.3 h; ii, PhCHO; iii, H+ 

Scheme 32 

It has been noticed that lithium diethylamide is far superior to LDA for the metallation of vinyl-85 and 
phenyl-(trimethylsilyl)phenylselenomethane (Scheme 33).70 Presumably, the steric hindrance due to the 
trimethylsilyl group prevents the attack of the bulky LDA. 

The situation is clearly different for a-seleno ketones (Schemes 34-36),96’109-111 a-seleno esters 
(Schemes 10 and 37)^6,74,75,112,113 selenolactones (Scheme 38),74 114 a-seleno acids (Scheme 39)56.n5 an(j 

a-selenonitriles (Scheme 40),116117 which have been easily metallated according to Rathke’s proce¬ 
dure118’119 using LDA as a base. The reaction is reasonably general and takes place on a large variety of 
arylseleno and methylseleno derivatives including those that bear an alkyl group in the a-position. In the 
latter case, however, some competitive C—Se bond cleavage has been observed from time to time.96111 

a-Phenylselenonitroalkanes (Scheme 41)120 and a-phenylseleno-(3-lactams (Scheme 42, a) derived 
from penicillin121 have been transformed to their enolates on reaction with calcium hydroxide and butyl- 
lithium, respectively. In the latter case, however, successful metallation has been achieved exclusively on 
the stereoisomer bearing an c/ido-phenylseleno moiety (Scheme 42, compare a with b).121 
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SiMe3 

i, Me2CO 
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LiNEt? 
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ii, Et3N 
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Me3Si 

Me3SiCl Ph 

PhSe —)— SiMe3 

Me3Si 
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H 

(ref. 85) 

O 

I 
Pli SiMe3 

46% (ref. 70) 

i, n 

SePh 

i, LDA, THF-HMPA, 0 °C, 0.1 h; ii, Me2C=CHCH2Br, 25 °C, 22 h; 

iii, 30% aq. H202, THF, 20 °C, 1.5 h 

I 
Vemolepin 

Scheme 34 

NaI04 

MeOH, H20 
c5hu^Y^ 

O 

54% overall 

(ref. 109) 

95% 

PhSH 

Et3N 

O 

Scheme 35 
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i, LDA, THF, -78 °C, 0.2 h; ii, EtOCCH2Br, THF-HMPA, -78 °C, 2 h, then 20 °C, 10 h; 

iii, 30% aq. H202, CH2C12; iv, LDA, THF-HMPA, -78 °C, 0.5 h, then 20 °C, 1 h; 

v, 30% aq. H202, 20 °C, 1 h; vi, NaOMe, 20 °C, 5 h; vii, H2, BaS04, EtOAc 

Scheme 36 

Bu2NLi, THF 

PhSe CQ2Et 
-78 °C 

Li 

L 
PhSe^ C02Et 

R 

R 

RCH2Br 2 equiv. AcOOH 

PhSe C02Et 

(ref. 75 

C02Et 

Overall yields: R = Me, 66%; R = Ph, 65% 

Scheme 37 

O 

C6H|3CHO 

C> 
^—o 

OH / 

Hi3C6 o 

H13c6"""l_n 

OPCL 

Et,N 

H SePh 

16% 74% 

O 
(ref. 

O O 

OH / 

h+t 
• SePh 

OPCL O 

Et3N /= 

h,3c6 
h13c 13v-6 

77% 

Scheme 38 

2.6.22.2 Synthesis of a-selenovinyl metals (1 -seleno-1 -alkenyl metals) by metallation of vinyl 
selenides 

Metallation of vinyl selenides can be more readily achieved than that of alkyl selenides since two dif¬ 
ferent effects now work in the same direction. Hydrogens linked to an sp2 carbon are more acidic than 
those linked to an sp3 carbon, and the selenium atom stabilizes the resulting sp2 carbanion to a larger 
extent than it does in the sp3 case (see Section 2.6.2.1.2).17’65-68 Except in the special cases of seleno- 
phene122 and benzoselenophene (Scheme 43),123 which also belong to that series of compounds, butylli- 
thiums are not suitable metallating agents. Depending upon the solvent and the nature of the vinyl 
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i, PhCHO 
ii, CH2N2 
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\/ 
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Scheme 39 
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DX 
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(ref. 56) 

(ref. 115) 

(ref. 116) 
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Ph 
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Ph 
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Ph 

.c 
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^ Ph 
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Ph 

(ref. 116) 

PhSe 

CN 

c7h 7n15 

LDA.THF 

-78 °C 

CN 

PhSe —Li 

C7H15 

cyclohexen-2-one 

76% 

Scheme 40 

O 

(ref. 117) 

selenide different reactions take place. Thus, alkyllithiums in ether4165,124 or DME42 add across the carb¬ 
on-carbon double bond of phenyl vinyl selenide (see Section 2.6.2.5), whereas the C—Se bond cleavage 
leading to phenyllithium and butyl vinyl selenide occurs41,65,125 when the reaction is performed in THF at 

PhSe 

no2 

C7H15 

Ca(OH)2 

H,0 
PhSe 

NO, 

C,H 7“15 

HCHO 02N 

Ca -- PhSe 

H202, THF 

\ 
20°C,4h H,5C/ OH 20 °C, 1 h 

78% 81% 

NO, 

h,3c6 
r 

(ref. 120) 

OH 

Scheme 41 
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(a) 

BunLi 

THF 

CO2BZ C02Bz 

BuLi 

(ref. 121) 

decomposition 
THF 

C02Bz C02Bz 

Scheme 42 

C02Bz 

95% 

(a) 

(b) 

Bu'O 
Se 

BunLi n DMF 

Bu'O Li 
Se 

BulO -"N c CHO (ref- 122) 
Se 

Conditions and yields not described 

BunLi 

Se ether, 36 °C 

DMF 
CHO (ref. 123) 

Scheme 43 

low temperature. Under the latter conditions methyl vinyl selenides are metallated instead on their 
methyl group.125 

Metalloamides are suitable for the synthesis of 1-metallovinyl aryl selenides (Scheme 44)4>-65,73 

metalloallenyl phenyl selenides (Scheme 45)93 from the corresponding vinyl or allenyl selenides. The 
synthesis of the latter organometallics is even more conveniently achieved93 by metallation of 1-phe- 
nylseleno-l-propyne or by a two-step, one-pot sequence of reactions from 2-chloroallyl phenyl selenide 
(Scheme 45). 

^SeAr 
E 

SeAr 

Ar Conditions E' E Yield (%) Ref 
(a) Ph LDA (1.5 equiv.), THF, -78 °C, 1 h d2o D 80 65 
(b) Ph LDA (1.5 equiv.), THF, -78 °C, 1 h Me2CO Me2CHOH 80 65 
(c) Ph LDA (1.5 equiv.), THF, -78 °C, 1 h C6H13CHO C6H13CHOH 40 41 
(d) Ph LDA (1.5 equiv.), THF, -78 °C, 1 h co2 co2h 77 65 
(e) Ph LDA (1 equiv.), THF-HMPA (20:1), -78 °C C10H21Br ^10^21 80 41 

(0 Ph KDA (1 equiv.), THF,-78 °C C10H21Br C10H21 94 73 
(g) 4-CF3C6H4 LDA (1 equiv.), THF, -78 °C C02 co2h 80 65 
(h) 4-CF3C6H4 LDA (1 equiv.), THF-HMPA, -78 °C Bui Bu 85 65 

Scheme 44 
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LDA, THF 

Scheme 45 

LDA in THF41,65 or in THF-HMPT,41 LiTMP in THF65 and KDA in THF73 have all been successfully 
used for the metallation of phenyl41-65'73 or m-(trifluoromethyl)phenyl65 vinyl selenide (Scheme 44). The 
deprotonation was shown to be reversible65 with LDA in THF and irreversible with LiTMP65 when per¬ 
formed in the same solvent. Extension of this reaction to homologous derivatives proved difficult65 73 
since metallation at the allylic sites often competes. Allylic metallation is particularly favorable with aryl 
1-propenyl selenides (Scheme 46)65,73 and, whatever the conditions used (LiTMP65 or KDA73), with aryl 
1 -(2-methyl- 1-propenyl) selenides (Scheme 47). In the latter case both the (Z)- and the (£)-methyl 
groups have been metallated leading to the corresponding a-metalloallyl selenides (Scheme 47).65-73 

J^^SeAr (ref. 65) 

Ar 

Ph 

Ph 

m-CF3C6H4 

w-CF3C6H4 

Time (h) Overall yield (%)a Ratio 

2 42 9:73:12 

9 88 4:74:18 

1 66 30:51:7 

7 93 12:68:11 

a Products resulting from decomposition of the carbanion are also formed. 

i, LDA (1.25 equiv.), THF, -78 °C, times as above; ii, Mel 

Scheme 46 

SeAr Li+ 

(refs. 55 and 73) 

Increasing the substitution of the alkyl group on the (3-carbon of 1-alkenyl phenyl selenides again fa¬ 
vors metallation at the vinylic site (Scheme 48).65-73 KDA in THF has proved to be, without contest, the 
most successful reagent for this purpose.73 The reaction takes place at low temperature (-78 °C) and the 
1 -phenylselenoalkenyl metal, produced in almost quantitative yield,73 retains its stereochemistry 

(Scheme 48, b-d). 
Satisfactory deprotonations of l-(£)-butenyl and 1 -(3-methyl- l-(£)-butenyl) selenides in either the 

phenyl or /w-(trifluoromethyl)phenyl series cannot be achieved65 with LDA in THF (Scheme 48, compare 
a, e and g). Even LiTMP does not deprotonate the phenyl vinyl selenides (Scheme 48, a), and complete 

LDA, LiTMP 

SeAr SeAr Li 
+ 

or KDA, THF, -78 °C 

Ar = Ph or ot-CF3C6H4 

Scheme 47 
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V SeAr 
J 

i.ii R' SeAr R1 / 

R2^ R2 
/ \ R2 SeAr 

Ar R‘ R2 Reagent Yield (%) Ref. 

(a) Ph H Et or Pr1 LDA or LiTMP Unsatisfactory metallation 65 

(b) Ph H Bu KDA 85 - 73 

(c) Ph Bu H KDA - 85 73 

(d) Ph H Pr1 KDA 80 - 73 

(e) m-CF3C6H4 H Et LDA Unsatisfactory metallation 65 

(0 w-cf3c6h4 H Et LiTMP 32 32 65 

(g) m-CF3C6H4 H Pr1 LDA Unsatisfactory metallation 65 

(h) m-CF3C6H4 H Pr1 LiTMP 43 19 65 

(i) Py H c6h13 LDA 94 - 126 

(j) Py C6H13 H LDA 100 - 126 

equiv.), THF, -78 °C or LiTMP (1.5 equiv.), THF, -50 °C or KDA (1 equiv.), THF, -78 °C; ii, Mel 

Scheme 48 

deprotonation of the m-CF3 aryl substituted selenides requires65 the use of an excess of LiTMP (1.5 
equiv.) and a higher temperature (-50 °C instead of -78 °C). Methylation of the resulting organometal- 
lics, furthermore, leads to the corresponding vinyl selenides in modest yield and as a mixture of (Z)- and 
(E)-stereoisomers. These results differ substantially65 from those obtained with KDA (see above). 

Related results have been described126 from pyridyl alkenyl selenides which, contrary to other aryl al¬ 
kenyl selenides (see below),65 are easily metallated at the vinyl site with LDA (Scheme 48, compare i 
and j with f and h). The ready deprotonation and stereoselective methylation of these selenides have been 
ascribed126 to the presence of the nitrogen atom which can reduce the electron density of the double bond 
and also chelate with the lithium counterion.65103 

Phenyl vinyl selenoxide was expected to be considerably more acidic than the corresponding selenide 
and it was thought that it might be deprotonated more easily and with greater selectivity at the vinylic 
carbon. Deprotonation with LDA occurs65 at -78 °C as well as at -90 °C (Scheme 49), but the decompo¬ 
sition of the resulting a-lithiovinyl selenoxide is so rapid {t\a = 0.5 h at -78 °C in THF) that the methyl¬ 
ation product is formed in less than 50% yield (Scheme 49)65 

O 
11 LDA, THF 

%/SePh -- 
i, Mel 

ii, Nal, AcOH 
%^SePh + phSeSePh + ^^SePh 

(ref. 65) 

(a) 0.2 h, -78 °C 
(b) 0.5 h, -78 °C 

35% 44% 22% 
19% 67% 14% 

Scheme 49 

2.6.2.2.3 Synthesis of a-metalloalkyl selenoxides, selenones and selenonium salts 

Alkyl selenoxides,97’98’127>128 selenones129-131 and selenonium salts132-137 are far more acidic than the 

corresponding selenides and have been successfully deprotonated by LDA,98 127 128 132 KDA130’131 or 
BuKDK129-132,135,136 in THF or DMSO, KOH in DMSO134,135 or NaNH2 in liquid ammonia.137 

Alkyl metals are not suitable for the metallation of these compounds. For example, BunLi reacts at -78 
°C on the selenium atom of selenonium salts and produces a novel organolithium in which the carb- 
anionic center is more stabilized (Scheme 50, a and b), whereas alkylmagnesium bromides and chlorides 
unexpectedly lead129 to decyl bromide and chloride respectively on reaction with decyl phenyl selenone 
(Scheme 50, c). 
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ether, 0 °C 

1 h 

70% 

(ref. 40) 

(ref. 40) 

n-C9H19^X (ref. 129) 

77% 

76% 

51% 

(i) Metallation of selenoxides 

Due to the thermal instability and hygroscopicity of alkyl phenyl selenoxides their metallation is best 
achieved in the same pot in which they are prepared. Thus, differently substituted selenides have been 
oxidized97,98 at low temperature (-78 °C) with ozone or a stoichiometric amount of m-chloroperoxyben- 
zoic acid and the resulting mixture has been directly subjected97 98 to the reaction of 2 equiv. of LDA, 
which neutralizes the benzoic acid present in the medium and at the same time achieves the desired met¬ 
allation (Schemes 51-54). This reaction has been used for the synthesis of a large variety of organoli- 
thium reagents including those bearing two hydrogens, one alkyl or two alkyl groups on the carbanionic 
center,97-98 127’128 as well as those bearing functionalized alkyl substituents there.97,128 

Pr1 SePh 

i, MCPBA 

ii, 2 LDA 
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ii 
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100% 
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Scheme 51 
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Y^R p OH 

Li iv, H30 

R _ 
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R = H (66%), R = Et (78%) 

(ref. 97) 

Scheme 52 
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PhSe 

iv, H30+ 

v, Nal 

R 

71 % overall 

(ref. 97) 

(ref. 127) 

i, PhSe(0)CR1R2Li, THF, -78 °C; ii, AcOH, THF; iii, 55 °C, 0.1 h, -PhSeOH; iv, PhSeOH; v, Al-Hg 

Scheme 54 

Further reaction of these species with carbonyl compounds and hydrolysis of the resulting alkoxide 
leads to (3-oxidoalkyl selenoxides which have been transformed97 127 into allyl alcohols on thermal 
decomposition (Schemes 51, 52 and 54, entry a; see Section 2.6.4.4) or reduced to (3-hydroxyalkyl 
selenides97 or to alkenes (Scheme 53).97 (3-Oxidoalkyl selenoxides derived from cyclobutanones react in 
a different way since they rearrange127128 to cyclopentanones upon heating (Scheme 54, b, Schemes 120 
and 121 and Section 2.6.4.5.3). 

(ii) Metallation of selenones 

Alkyl phenyl selenones can be metallated with LDA in THF but the reaction is slow and suffers from 
side reactions attributed to the substitution of the starting material with LDA or with the a-lithioalkyl 
selenones produced. KDA131 and Bu'OK129-131,138 are much more efficient. The former base allows for 
the deprotonation of methyl,131138 «-alkyl129 and cyclopropyl130’131 phenyl selenones at low temperature 
(-78 °C), but a-potassioalkyl selenones have to be used immediately upon generation since they are par¬ 
ticularly unstable. Otherwise, metallation of phenyl selenones is even more conveniently achieved with 
BuKDK in THF, and it even occurs in the presence of carbonyl compounds (Schemes 55 and 56)129’i3o,i38 
or a,(3-unsaturated esters (Schemes 57 and 58)131 to provide epoxides and cyclopropyl esters, respective¬ 
ly, in reasonably good yields. 

One of the major drawbacks of these reactions is clearly the unavailability of the whole set of alkyl 
phenyl selenones due to side reactions which occur during their preparations. Methyl, n-alkyl and some 
cyclopropyl phenyl selenones are available from the corresponding selenides and potassium perman¬ 
ganate,130,139 peroxycarboxylic acids130,139 or hydrogen peroxide/seleninic acids mixtures,131 whereas 
^-alkyl phenyl selenones,139 2,2,3,3-tetramethylcyclopropyl selenone130 and benzyl phenyl selenone139 
are not available in these ways. 
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(iii) Metallation of selenonium salts 

Methyl- and ethyl-selenuranes, prepared from trimethyl-, methyldiphenyl- and ethyldiphenyl-selenoni- 
um salts, respectively, and Bu'OK in DMSO, react with aromatic aldehydes and ketones, including those 
that are a,(3-unsaturated, to produce the corresponding epoxides in good yields (Scheme 59).132 Metal- 
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„ Ph 
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R1^ Se -* 
o o 

(refs. 131 and 139) 

Scheme 58 

lation of trimethylselenonium iodide has been performed at -30 °C using dichloromethyllithium in DME 
(Scheme 60), but further reaction with acetophenone leads to oxidomethylstyrene in low yield. 
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Interestingly, the same reaction performed on decyldimethylselenonium fluoroborate and benzalde- 
hyde exclusively leads77 to styrene oxide and decyl methyl selenide (Scheme 61, a). If benzaldehyde is 
omitted, 1-decene is formed133 in very good yield (Scheme 61, b). The above mentioned observations, as 
well as the fact that decyldiphenylselenonium fluoroborate does not produce 1-decene when reacted with 
potassium t-butoxide, suggests that a syn elimination formally related to the selenoxide140 syn elimina¬ 
tion reaction is taking place on the decylmethylmethyleneselenurane intermediate. Although the selenox¬ 
ide elimination reaction offers the advantage of taking place in a neutral medium, the ylide elimination 
reaction offers the advantage of permitting the synthesis of alkylidenecyclopropanes133 in very high 
yields from the corresponding selenides (Scheme 62, a),141 and the synthesis of allylidenecyclopropane 
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from 1-vinylcyclopropyl methyl selenide (Scheme 62, b).7,135 These are unavailable via the selenoxide 
elimination reaction on related derivatives.141 
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(refs. 134 and 135) 

i, MeX, 20 °C; ii, KOBu’, solvent, 20 °C 

Scheme 62 

The regiochemistry of this reaction is reminiscent of the related selenoxide elimination since it mainly 
leads to the less-substituted alkene (Scheme 63).133 However, striking differences exist in the case of 
1-octylcyclobutyl methyl selenide, where the reaction regioselectively produces octylidenecyclobutane 
via the ylide route (Scheme 64, a),136 whereas a 1:1 mixture of octylidenecyclobutane and 1-octylcyclo- 
butene is formed via the selenoxide route (Scheme 64, b).136 
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Scheme 64 

Allyldimethyl- and allylmethylphenyl-selenonium salts react under similar conditions with potassium 
r-butoxide (THF, 20 *C, 20 h) and lead to homoallyl selenides in very high yields, including the particu¬ 
larly strained alkylidenecyclopropane derivatives (Scheme 65, b).141 These result from the metallation of 
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the methyl group of the selenonium salts, leading to the corresponding ylides which then suffer a [2,3] 

sigmatropic rearrangement. 
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(a) H H 71% 
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Scheme 65 

Homoallyl selenides are valuable precursors of dienes and allylidenecyclopropanes (Scheme 65).141 
The dienes have been produced using the same sequence of reactions outlined above (Schemes 63 and 
64), which involves the alkylation of the homoallyl selenide followed by treatment of the resulting salt 
with Bu'OK in DMSO (Scheme 65). 

Treatment of benzylmethylphenylselenonium tetrafluoroborate with potassium r-butoxide gave137 a 
9:1 mixture of methyl phenyl and benzyl phenyl selenides but no products which would have resulted 
had the appropriate ylide been formed (Scheme 66, a). This demonstrated that at least this salt is 
extremely susceptible to nucleophilic attack, even by nucleophiles as hindered as the f-butoxide anion 
(Scheme 66, a).137 
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Scheme 66 
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Ylide formation has been accomplished, however, through the use of sodium amide in liquid ammon¬ 
ia.137 This reaction has been extended to analogous salts (Scheme 66, b and Scheme 67). o-Methylbenzyl 
phenyl and methyl selenides are produced in modest to good yields, respectively, by metallation on the 
methyl group of the corresponding selenonium salts followed by spontaneous [2,3] sigmatropic rear¬ 
rangement and rearomatization of the methylidenecyclohexadiene intermediate (4; Scheme 66).137 Stil- 
benes, probably resulting from metallation at the benzylic site, are also produced in this reaction 
(Scheme 67, for example).137 

Of special interest were the results obtained from the m-chlorobenzyldimethylselenonium fluoroborate 
since the chlorine appears to direct the attack of the ylide predominantly to the more-hindered position 
ortho to itself (Scheme 67). 

28% 

Scheme 67 

Phenacylmethyl(dimethyl)selenonium bromide is far more acidic than the selenonium salts presented 
above since deprotonation can be achieved with aqueous potassium hydroxide (Scheme 68).142 The re¬ 
sulting ylide is stable at room temperature and decomposes to 1,2,3-triphenacylcyclopropane on irradia¬ 
tion or heating (Scheme 68, a).142 It reacts with benzalacetophenone in a different manner from 
methylene(dimethyl)selenurane (Scheme 59, c)132 and provides, rather than the oxirane, 1-phenyl-2,3- 
phenacylcyclopropane in very high yield (Scheme 68, b).142 
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Scheme 68 

2.6.2.3 Synthesis of Organometallics Bearing an a-Seleno Carbanion by Selenium-Metal 

Exchange 

2.6.2.3.1 Synthesis of a-selenoalkyllithiums by selenium-lithium exchange 

(i) Generalities 

a-Selenoalkyllithiums with carbanionic centers bearing hydrogens or alkyl groups and which cannot 
be synthesized by metallation of selenides (see Section 2.6.2.2.1) have been conveniently prepared from 
selenoacetals and butyllithiums. This approach relies not only on the great availability of selenoacetals, 
which are accessible from a wide range of commercially available starting materials, but also on the 
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efficiency of the Se-Li exchange. It finally allows wider structural variations on the a-selenoalkyllithium 
than those possible for related a-heterosubstituted organometallics7 usually prepared by metallation. 

Although the work has been routinely carried out with both phenyl and methyl selenoacetals with 
equal success, the compounds belonging to the last series are, in some specific cases, much more 
accessible and the resulting organometallic more reactive towards electrophiles in general and towards 
carbonyl compounds in particular.7’9,12,16,17 

(ii) Synthesis of selenoacetals 

Selenoacetals are readily available compounds which have been prepared: (i) by selenoacetalization53 

of carbonyl compounds with selenols36,40,49,55,143-145 in acidic media, with tris(seleno)boranes53,144,146-148 

in neutral or acidic media or with trimethylsilyl selenides and aluminum trichloride (Schemes 69 and 
70) ;53,144 (ii) by trans-selenoacetalization of 0,0-acetals with selenols77 or triselenoboranes (Scheme 
71) ;149 (iii) by substitution of dihaloalkanes with selenolates (Scheme 72);36,55,56 (iv) by insertion of car- 
benes into diselenides (Scheme 73);53,121,150-153 by addition of selenols to vinyl selenides 
(Scheme 74),154 by selenenylation of a-selenoalkyl anions (Scheme 75)155,156 and by alkylation of 1,1- 
bis(seleno)alkyl metals (Schemes 26, 76 and 77).12,35,36,71,73,100,104 

The direct selenoacetalization of carbonyl compounds by selenols is by far the shortest and most con¬ 
venient route to selenoacetals.53 The reaction is usually carried out at 20 °C with zinc chloride (0.5 equiv. 
versus the carbonyl compound) and delivers rapidly (<3 h) and in reasonably good yields methyl and 
phenyl selenoacetals derived from aliphatic aldehydes and ketones and cyclic ketones (Scheme 69). Sele¬ 
noacetalization is more difficult to achieve with hindered ketones, such as adamantanone and diisopropyl 
ketone, and with hindered aromatic carbonyl compounds,53 In these cases the reaction is best achieved53 

with titanium tetrachloride instead of zinc chloride and is often limited to the methylseleno derivatives 
(Scheme 78). Tris(methylseleno)borane offers the advantage of not requiring an acid catalyst and is par¬ 
ticularly useful for the selenoacetalization of acid labile aldehydes such as citronellal (Scheme 70, e). 

Transacetalization in our opinion does not offer a definite advantage over the direct method except for 
those cases, such as that of cyclopropanone,77 where the 0,0-acetal is more accessible than the parent 
carbonyl compound (Scheme 71). The reaction, however, does not seem to be general (Scheme 71, b). 
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The reaction of l-metallo-l,l-bis(seleno)alkanes with electrophiles is another interesting approach to 
selenoacetals (Schemes 76 and 77),36’71’73 which inter alia allows the synthesis of l,l-bis(seleno)cyclo- 
propanes (Scheme 26, a, b and d; Scheme 77, c) and also permits the synthesis of functionalized sele¬ 
noacetals by concomitant C—C bond formation (Scheme 79).157 Other methods listed above are of 
limited use. The substitution of dihaloalkanes by selenolates is the method of choice for the synthesis of 
bis(seleno)methanes (Scheme 72, a),36-55’56 and can be applied to the synthesis of the relatively unhin¬ 

dered selenoacetal of cyclopropanone (Scheme 72, b). 
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(iii) Synthesis of a-selenoalkyl metals by selenium-metal exchange 

Phenyl and methyl selenoacetals usually react with butyllithiums and produce the corresponding a- 
selenoalkyllithiums and butyl selenides.4’7’9’12’13*16’17'35-36’48-50-54’55’60’158 The reaction is usually carried 
out at -78 °C (a temperature at which these organometallics are stable for a long period), with n-butylli- 
thium in THF or s-butyllithium in ether. It provides a large variety of a-selenoalkyllithiums including 
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those where the carbanionic center is unsubstituted,35’36’54’55'160 monoalkyl40’48-50’54’55 or dialkyl sub¬ 
stituted 40,48-50,54,55,104,135,136,159-163 or that bear an aryl54-164 or a heteroaryl158 moiety (Scheme 80).54 

In general, the Se-Li exchange is easier; (i) when carried out in THF rather than in ether; (ii) when s- 
or f-butyllithium is used instead of n-butyllithium. Methyllithium is almost unreactive in most cases; and 
(iii) if a better stabilization of the carbanionic center can be achieved. Thus phenyl selenoacetals react 
more rapidly than their methyl analogs (see Section 2.6.2.1.2), and ot-selenoalkyllithiums where the 
carbanionic center is part of a three-membered cycle or is substituted by an aryl group are more readily 
obtained than those which are monoalkyl or dialkyl substituted. 

The presence of bulky groups around the reactive site does not have a marked effect54 on the reactivity 
of selenoacetals derived from aldehydes but it dramatically lowers54 the reaction rates of those derived 
from ketones such as adamantanone or diisopropyl ketone. In these cases, the reaction rate is greatly 

enhanced when 5- or f-butyllithium is used in place of n-butyllithium.54 
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Metallation is never a competing reaction even for those selenoacetals derived from aromatic alde¬ 
hydes (Scheme 81).54 Only in the case of phenyl selenoacetals derived from formaldehyde and acetalde¬ 
hyde are the corresponding 1-metallo-1,1-bis(seleno)alkanes produced (Scheme 82).54 In fact these 
compounds arise from the metallation of the selenoacetals not by the butyllithium but by the a-selenoal- 
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kyllithium just produced.54 This side reaction, which does not occur with methylseleno analogs and with 
higher homologs in the phenylseleno series, can be prevented by slow reverse addition of the reactants 
(Scheme 82).54 
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Except for the case shown in Scheme 83,165 166 a-selenoalkyllithiums are stable intermediates at or 
below -78 °C.7-16’54 They do not have a high tendency to decompose to carbenes (Scheme 84, a), nor are 
the phenyl selenoacetals transformed to their ring-metallated isomers (Scheme 84, b) or to the more 
stable a-alkylselenomethyllithiums (methylseleno derivatives) (Scheme 84, c).54 Interestingly, they are 
not alkylated by the concomitantly produced butyl selenide (Scheme 85, a).54 

Reaction of «-butyllithium with l,l-bis(seleno)-4-r-butylcyclohexane,54'167a-<: l,l-bis(methylseleno)-2- 
methylcyclohexane54 or l,l-bis(phenylseleno)-3-silyloxybutane167d leads to, in each case, one of the 
stereoisomers of the a-selenoalkyllithium, as observed by 77Se NMR and trapping experiments (Scheme 
86). In the former case, the reaction exclusively produces the axially oriented lithio derivative and in the 
latter case it leads almost exclusively to the stereoisomer shown in Scheme 86. It has been secured in the 
case of 1,1 -bis(seleno)-4-r-butylcyclohexanes, that the C—Se bond cleavage is operating stereoselective- 

ly on the axial seleno group. 
Only a few functionalized a-selenoalkyllithiums have been synthesized apart from the ones shown in 

Schemes 11,60 79157 and 86.167 
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It has been shown that the methyl selenoacetal resulting from the reaction of l-lithio-l,l-bis(methyl- 
seleno)methane with 5-methyl-2-cyclohexen-l-one and trimethylsilyl chloride is efficiently cleaved by s- 
butyllithium in THF to afford157 the corresponding a-selenoalkyllithium in very high yield (Scheme 79). 
Chemoselective cleavage of a selenoacetal derived from an aldehyde has been achieved60 in the presence 
of a selenoacetal derived from a ketone (Scheme 11). The best results have been observed60 in the phe- 
nylseleno series when the reaction is carried out at -42 °C in ether-hexane. Under these conditions the 
difference of reactivity between the two selenoacetals is so high that almost complete discrimination can 
be achieved (Scheme 87).60 
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CAi 6n13 SePh PhSe SePh 

i, BunLi, 0.5 h 

ii, C5H| ,CHO 

CftH 6n13 

C5H„ 

OH + 
PhSe SePh 

(ref. 60) 

PhSe 

Conditions 

Ether, -42 °C 

THF, -78 °C 

Yield (%) 

82 94 

70 75 

Scheme 87 

The same selectivity cannot be achieved under similar conditions in the methylseleno series due to the 
inertness of these selenoacetals. Performing the reaction with s-butyllithium in THF-hexane (at -110 °C 
to -78 °C) leads60 to rather poor selectivity (Scheme 88). A somewhat better chemoselection is achieved 
if the reaction is performed in THF-hexane at -78 °C and then the medium warmed to -40 °C prior to 
the addition of the electrophile (Scheme 88).60 We believe that under these conditions a thermodynamic 



Selenium Stabilization 663 

control is operative. Application of these observations has allowed the selective synthesis of 1,7-dienes 
from l,l,6,6-tetrakis(phenylseleno)heptane (Scheme 11).60 

SeMe 

C6H13'/^'SeMe 

SeMe 
MeSe 

C6H13 

SeMe 

C„H + CfiH 

SeMe 

>C.OH 
6n13 

Ph (ref. 60) 

Conditions Yield (%) Yield (%) Chemoseleci 

(a) BusLi, ether/hexane, -78 °C, 0.5 h 55 25 73 

(b) BunLi, THF/hexane, -100 °C, 0.5 h 15 5 75 

(c) BunLi, THF/hexane, -78 °C, 0.05 h 37 11 77 

(d) BunLi, THF/hexane, -78 °C, 1 h 63 23 74 

(e) BunLi, THF/hexane, -78 °C, 0.1 h, then -40 °C, 1 h 78 8 90 

i, RLi; ii, PhCHO; iii, H30+ 

Scheme 88 

As already mentioned, a-selenoalkyllithiums are stable for several hours at -78 °C. However, they 
start to decompose when the temperature is raised to around -50 °C or -40 °C. The exact temperature at 
which this process begins, the rate of decomposition and the nature of the products formed clearly de¬ 
pends upon the structure of the selenoacetal. Those bearing two alkyl groups on the carbanionic center 
often decompose below -40 °C. The resulting products are not always identical and in most cases their 
structures have not been identified. A more detailed work has been carried out on 1-seleno-l-heptylli- 
thiums. In the methylseleno series, whatever the solvent used, only a trace amount of the expected 1- 
methylseleno-l-heptyllithium is present after standing for 3.5 h at 0 °C; 1 -methylselenoheptane, which 
probably results from the protonation of the organometallic by the solvent, and 1-methylseleno-1-hep- 
tene, resulting from a hydride elimination, are produced instead (Scheme 89).54 

QH 6n13 

SeMe 

SeMe 

SeMe 
i or ii 

(a) 
(b) 

111, IV 

Conditions 

i 
ii 

QH 6n13 
OH + + C6H13^SeMe 

(ref. 54) 

25 

trace 

Yield (%) 

27 

36 

small amount 

35 

i, BunLi, THF-hexane, -78 °C, 0.2 h, then -78 to 0 °C, then 0 °C, 1 h; ii, BunLi, THF-hexane, -78 °C, 

0.2 h, then -78 to 0 °C, then 0 °C, 3.5 h; iii, PhCHO; iv, H30+ 

Scheme 89 

The decomposition takes another course with 1-phenylseleno-l-heptyllithium (Scheme 90).54 In ether 
and THF the reagent is still present (±20%) after 3.5 h at 0 °C, along with heptylselenophenyllithiums re¬ 
sulting from the isomerization of the original organometallic to the more stable aryllithiums (Scheme 
90). Heptyl phenyl selenide (15%) arising from the protonation of the organometallic by the solvent and 
substantial amounts of phenyllithium (trapped as diphenyl carbinol, ±21%) from unknown origin are also 
found as by-products when the reaction is earned out in THF-hexane or in ether—hexane, respectively. 

The same type of exchange occurs,165-166 but unexpectedly more rapidly and at -78 °C, with the 
cx-selenoalkyllithium shown in Scheme 83. At higher temperature (20 °C)165’166 the addition of the 
(3-selenoaryllithium across the carbon-carbon double bond present in the molecule also occurs (Scheme 

83, b). 
a-Selenoalkyllithiums usually do not have a high tendency to add across carbon-carbon double bonds 

even intramolecularly However, it has been found that l-phenyl-2-methylseleno-2-oct-5-enyllithium 
cyclizes at 0 °C and leads to the benzylidenecyclopentane shown in Scheme 91.168 The mechanism of 

this reaction is being investigated.168 
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SePh 

HnQ^^SePh 

(a) 
(b) 

i or 11 

iii, iv 

Conditions 

i 

ii 

PhSe 

HnQ 
Ph 

C6H13^ / \ OH + I J| OH + H13CV 
OH Ph (ref. 54) 

'SePh 

25 

21 

Yield (%) 
11 trace 

25 21 

15 

0 

i, BunLi, THF-hexane, -78 °C, 0.2 h, then -78 to 0 °C, then 0 °C, 3.5 h; ii, BunLi, ether-hexane, -78 °C, 

0.2 h, then -78 to 0 °C, then 0 °C, 3.5 h; iii, PhCHO; iv, H30+ 

Scheme 90 

Ph 

SeMe 

SeMe 
-78 °C 

THF 

-78 to 20 °C 
(ref. 168) 

Scheme 91 

a-Selenobenzyllithiums are much more prone to add to alkenes.169-170 Although they are stable around 
-78 °C (Scheme 92, a), the addition reaction usually takes place around 0 °C and produces [3.1.0]bicy- 
clohexanes and [4.1.0]bicycloheptanes in reasonably good yields when a carbon-carbon double bond is 
present in a suitable position with respect to the organometallic group (Scheme 92, b).169170 

Ar SeMe 

Ar = Ph; n = 1, 80%; n = 2, 80% 

At = 4-MeOC6H4; n= 1,45% 

i, MeSeH (2 equiv.), ZnCl2; ii, KDA, THF, -78 °C; iii, H2OCH(CH2)3Br, iv, BunLi, THF, -78 °C; 

vi, -78 °C, 0.5 h; vii, -78 °C, 0.5 h; viii, 0 °C, 1 h 

Scheme 92 

Addition also occurs169-170 with ethylene and with activated alkenes, such as styrene, butadiene, tri- 
methylsilylethylene and phenylthioethylene, and provides in all cases the corresponding cyclopropanes 
in good yield (Scheme 93).200-201 Interestingly, the a-selenoalkyllithiums do not react with the C—C 
bond at lower temperatures so that the anion is still available for reaction with alkyl halides or carbonyl 
compounds (Scheme 92, compare a with b). 

The synthesis of a-selenoalkyl metals reported above is not limited to those compounds which possess 
alkyl or aryl groups on an sp3 carbanionic center. For example, a-selenoalkyllithiums bearing a vinyl 
(Scheme 94),87 furfuryl (Scheme 95),158 silyl (Scheme 96),100-171 methoxy (Scheme 97)56 or seleno 
moiety (Schemes 77 and 98)35-36-71 have been obtained in almost quantitative yield from the correspond¬ 
ing functionalized selenoacetals56-87-100-171 or orthoesters36-71 and BunLi. The Se-Li exchange is in all 
these cases, except that of tris(phenylseleno)methane,36 exclusively observed even with those com¬ 
pounds which possess a hydrogen susceptible to metallation. The 6,6-bis(phenylseleno)-0-lactam shown 
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pA 
Conditions X Yield (%) 

(a) 0 °C, 1-2 h H 50 

0 °C,1-2 h Me 0 

0 °C, 1-2 h Ph 60 

(b) -30 °C, 0.2-3 h ch=ch2 70 

-30 °C, 0.2-3 h SiMe3 81 

-30 °C, 0.2-3 h SPh 59 

Li 

Ph 

SePh 

Ph (refs. 169 and 170) 

i, MeSeH, TiCl4, 0 °C; ii, BunLi, THF; iii, H2C=CHX 

Scheme 93 

in Scheme 99 also reacts121 with n-butyllithium and provides the corresponding 6-lithio-6-phenylseleno 
derivative (compare to Scheme 42, a) resulting from an attack on the selenium atom rather than on the 
carbonyl group. Interestingly, methylmagnesium bromide, which is usually inert towards selenoacetals, 
reacts efficiently with the above mentioned selenoacetal to produce the 6-phenylselenoenolate derivative 
(Scheme 99, b). This is probably due to efficient stabilization of the carbanionic center by delocalization 
on the carbonyl group. 

Scheme 94 

R = Ph, Me 

Me3SiCl 

i, PhCHO 

ii, Me3SiCl 

Scheme 95 

OSiMe3 

2.62.3.2 Synthesis of a-selenovinyl metals by selenium-metal exchange 

1,1 -Bis(phenylseleno)alkenes, readily prepared from vinylcarbenes and diselenides (Scheme 100),172 
trimethylsilylbis(phenylseleno)methyllithium and carbonyl compounds (Scheme 31, d),95 orthoselenoes- 

ters35,36 and diphosphorus tetraiodide (P2I4)174 or tin tetrachloride (SnCl4),175 and from (3-hydroxyalkyl 
orthoesters and P2I4 (Scheme 101, b),108 efficiently react with rc-butyllithium in THF and provide, even at 
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SeMe 

■^5s.rj'C 10^21 (a) 

(b) 

MeSe SeMe 

(c)Me3Si ^ R 

(d) 

MeSe 
\/ 

Me3Si 

Li 

R 

R = H 

R = Me 50% 

(e) 

iii 

iv 

iv, v 

vi 

iii, vii 

89% 

SiMe3 

^0^21 

81% 

Br 

^10^21 

64% 

O 

C10H21 

OH 

75% 

O 

^10^21 

50% 

i, BunLi, THF, -78 °C, 0.1 h; ii, C10H21CHO; iii, Bu'OK, THF, 55 °C; iv, POCl3, Et3N, 20 °C; v, Br2, CC14, 20 °C; 

vi, H202, THF, 20 °C, vii, HgCl2, aq. MeCN, 20 °C, 12 h (ref. 171) 

Scheme 96 

62% 

Scheme 97 

-78 °C, 1-phenylseleno-173 and 1-methylseleno-l-alkenyllithiums176 in almost quantitative yields 
(Scheme 101). The stereochemistry of the reaction is not well defined and the only available results are 
those concerning the stereochemistry of the compounds resulting from further reaction of these organo- 
metallics with electrophiles.173 176 Both stereoisomers are formed if the methylselenoalkenyllithium is 
hydrolyzed176 or reacted176 with an aldehyde or a ketone, whereas only one stereoisomer of an ct,(Tun- 
saturated carbonyl compound is found from 1-methylseleno-l-alkenyllithiums and DMF176 and from the 
1-phenylseleno- 1-alkenyllithiums and phenacyl bromide.173 

2.6.2.4 Miscellaneous Syntheses of a*Selenoalkyl Metals 

More recently, lithium naphthalenide, lithium dimethylaminonaphthalenide and lithium 4,4'-dimeth- 
oxybiphenylide have been successfully reacted with selenoacetals to produce the corresponding a-sele- 
noalkyllithiums is moderate yields.168 Phenylselenomethyllithium has been prepared101 from 
(phenylseleno)(phenyltelluro)methane and butyllithium (Scheme 25, b), and a-phenylselenoalkylli- 
thiums have also been obtained177 from a-bromoalkyl phenyl selenides and ^-butyllithium in THF. The 



Selenium Stabilization 667 

(a) 

(b) 

SeMe 

R—SeMe 

SeMe 

(c) 

(d) 

R- 

SeMe 

Li 

SeMe 

R = Me 

v 

MeSe^ SeMe 
(ref. 36) 

ix, x 

72% 

HO 
in, iv R1 

R1 
MeSe" SeMe 

R1 = c6hi3 

R1 = CifiH-> 

SeMe 
O 

CK>H21 

HO 

Ph 

'10n21 

SeMe viii 

SeMe 

75%, 60:40 

90%, 55:45 

Ph 

(ref. 108) 

80% 

SeMe (ref. 108) 

82% (1 stereoisomer) 

SeMe 

SeMe V^'1"SeMe <ref-108> 

65% (Z)\(E) = 76:24 

i, BunLi, THF, -78 °C; ii, Mel; iii, R*CHO; iv, H30+; v, P2I4, Et3N, CH2C12, 20 °C; vi, HgCl2, H20, MeCN, 

20 °C; vii, PhCOMe; viii, P2I4, Et3N, CH2C12, 20 °C; ix, cyclopropylaldehyde; x, H30+; xi, P2I4, Et3N, 

CH2C12, 20 °C 

Scheme 98 

PhSe 

O 
C02Bz 

RM 

THF 
MO 

C02Bz 

RM Yield (%) Ratio 

(a) BuLi, -78 °C - 40:60 
(b) MeMgBr, -60 °C 78 97:3 

Scheme 99 

(ref. 121) 

latter reaction is highly selective, readily occurs at -78 °C and provides a wide range of a-phenylsele- 

noalkyllithiums in about 60% yield (Scheme 102). 
The halogen-lithium exchange is, however, far less general than the selenium-metal exchange from 

selenoacetals for the synthesis of a-selenoalkyllithiums. It does not provide a-phenylselenoalkyllithiums 
from a-chloroalkyl phenyl selenides177 and does not allow the synthesis of methylselenoalkyllithiums 
from a-haloalkyl methyl selenides.177 It also suffers from the instability of the a-bromoalkyl phenyl se¬ 
lenides, especially those which produce the a-selenoalkyllithiums where the carbanionic center is dialkyl 
substituted.177 Furthermore the butyl bromide produced concomitantly with the a-selenoalkyllithium 
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R,\ 
OTf Bu'OK 

V PhSeSePh R'\ /SePh 

/ 
>- 

R2 DME, -50 °C R2 R2 SePh 

Rl R2 Yield (%) 

Me Me 47 

CH2(CH2)3CH2 61 

Scheme 100 

(ref. 172) 

(a) 

O 

Ph 

SePh 
iii 

Ph (ref. 173) 
SePh 

(b) 

75% X = H, 61% (E) 

X = PhCO, 55% (E) 

C«H 

O 

A 
IV, V SeMe 

8n17 H CrH 8n17 

vi 

SeMe 

Li 

CoH 8n17 
SeMe 

vu, vm 

85% 

C8HI7 
(ref. 176) 

X = C6H13CHOH, 69% (Z + E) 

X = C02H, 80% (Z + E) 

X = CHO, 79%, (E) 

i, Me3SiCLi(SePh)2, THF, -78 °C, 1 h, then 30 °C, 14 h; ii, BunLi, THF, -78 °C; iii, H20 or PhCOBr; 

iv, LiC(SeMe)3; v, P2I4, Et3N, CH2C12, 20 °C, 1 h; vi, BunLi, THF, -78 °C; vii, C6H13CHO or C02 or 

Me2NCHO; viii, H30+ 

Scheme 101 

PhSe BunLi 

R1—^—Br -► 
R2 THF, -78 °C 

PhSe 

R1-)— Li 

R2 

C6H13CHO PhSe C6H,3 

R1-)-(ref. 177) 

R2 OH 

R1 R2 Yield (%) 

H H 69 

H Me 63 

Me Me 62 

Scheme 102 

competes with other electrophiles in further reactions.177 The Br-Li exchange has been successfully used 
for the synthesis of 2-lithioselenophene122 and 2-lithiobenzoselenophene (Scheme 103).123 
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Bu"Li \CX 1 MgBr2 f\ Bu'OOPh 

Ne Li Se MgBr 

Conditions and yields not described 

(ref. 122) 

Scheme 103 

2.6.2.5 Synthesis of a-Selenoalkyl Metals by Addition of Organometallics to Vinyl Selenides, 
Vinyl Selenoxides and Vinyl Selenones 

The reaction of organolithium compounds with phenyl vinyl selenides11’41’42’124-174 178’179 proceeds by 
at least three different routes which involve: (i) metallation, which leads to 1-phenylseleno-l-vinylli- 
thium (Section 2.6.2.2.2);41’65 125 (ii) Se-Li exchange, which produces phenyllithium and a novel vinyl 
selenide (Scheme 104, a);4142 or (iii) addition of the organolithium across the carbon-carbon double 
bond leading to a-selenoalkyllithiums (Scheme 104, b).41,42,124 The choice of the experimental condi¬ 
tions, especially the solvent, is crucial for chemoselective reactions. 

(a) 

X 
SePh 

%^SePh 

Y 

(b) X = H, Y = SePh: Mel, DMF, 80 °C, 5 h; 

P2I4 or PI3, 20-80 °C. 

X = Cl, Y = H: Bu'OK, THF, 25 °C 

BunLi 

THF, -78 °C 

^^SeBun + [PhLi] (ref 41) 

70% 

i, BuLi, ether, 20 °C, 1 h 

ii, H30+ 

.SePh 

Bun 75% 

Bus 25% 

Bu' 25% 

(ref. 124) 

Scheme 104 

The addition reaction is particularly favored41 42 124 when carried out in ether or DME (Scheme 104, b; 
Scheme 105). Addition takes place between 0 °C and 20 °C, under conditions at which the a-phenylsele- 
noalkyllithium isomerizes rapidly to the corresponding aryllithium (Scheme 106).7’16’41’180 So, further 
reaction with electrophiles, for example, must be carried out as soon as possible (compare Scheme 106 
with Scheme 105). The reaction takes another course when performed in THF since 1-phenylseleno-l- 
vinyllithium and phenyllithium are produced from, respectively, the metallation and C—Se bond cleav¬ 
age of the vinyl selenide (Scheme 104, a) 41 Interestingly, the temperature has an important effect on the 
course of this reaction, since in THF the Se-Li exchange becomes predominant if the reaction is carried 
out at low temperature (-78 °C instead of 0 °C).41 

a-(Methylseleno)benzyllithiums also react with phenyl vinyl selenide but surprisingly give 1-phenyl- 
1 -methylselenocyclopropanes. This result has been tentatively rationalized in Scheme 107.169170 

A reaction related to those mentioned above involves an addition-cyclization sequence of 2-azaallyl- 
lithiums on phenyl vinyl selenide, which leads to seleno-substituted pyrrolidines (Scheme 108).181’182 

y-Selenoalkylmetals have been suggested as intermediates in a large array of reactions. Thus organo- 
cuprates efficiently add at the C-3 site of a-seleno-a,(3-unsaturated ketones to produce enolates which 
can be further trapped with various alkyl or propargyl halides to give a,p-dialkyl-a-seleno ketones 
(Scheme 109). These, after proper control of the relative stereochemistry at the a- and (3-carbons to the 
carbonyl group, have been selectively transformed to cycloalkenones (Schemes 36 and 109, a)111’183 or 
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<^SePh 

SePh SePh 

RLi Conditions Carbonyl compound Yield (%) Ref. 

(a) BunLi Ether, 20 °C, 0.2 h c6h13cho 40 41 

(b) BunLi DME, 0 °C PhCHO 71 42 

(c) PdLi Ether, 0 °C Me2CO 72 81 42 

i, RLi; ii, R'R^O; iii, 03, -78 °C, 0.1 h; iv, Pr'2NH, CC14, 80 °C, 0.5 h 

Scheme 105 

<^'SePh 
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20 °C, 1 h 
Bun 

Li i,C6Hl3CHO 

SePh . 
ii, H,0+ 

(ref. 41) 
C6Hi3Se' 

E = H, 30%; E = C6H13CHOH, 18% 

Scheme 106 

MeSe 
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-Li SePh 

SePh 

Ph —SeMe 

2 Li 

SeMe 

Ph 

SePh 

R1 R2 
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H Ph 

Scheme 107 
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R1 N Ph 

Conditions 
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Scheme 108 

SePh 

77 

42 

? 
SePh 

rf 
Ph 

,-L. 

i n oC 1—'1 

"Me 

(refs. 169 and 170) 

(refs. 181 and 182) 

alkylidenecycloalkanes (Scheme 109, b)187 using the well-established selenoxide syn elimination re¬ 
action. 

Lithium enolates derived from methyl ketones and acetates successfully add to vinyl selenoxides184-185 
and to vinyl selenones to give cyclopropyl ketones and esters (Scheme 110).185-186 The a-lithioalkyl 
selenoxide or selenone intermediates presumably exchange to the lithium enolates which, after displace¬ 
ment of the seleno or selenoxy group, lead to the observed products. 

Additions of various nucleophiles to vinyl selenoxides184 185 187 and vinyl selenones17-185-187 have been 
described. Thus potassium hydroxide187 and amines17 add to vinyl selenones and directly produce epox¬ 
ides and aziridines, respectively, whereas 3-methoxyoxetanes have been obtained from -y-hydroxy-a- 
alkenyl selenones and sodium methoxide (Scheme 111).185 
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60% 

(ref. 183) 

i, Me2CuLi, Et20, 20 °C, 0.3 h; ii, BunLi, THF-HMPA; iii, aq. H202> CH2C12; iv, HC1, BunOH, 90 °C, 1 h; 

v, Mel, THF-HMPA; vi, PhSeLi; vii, PhSeCl; viii, 03, CH2C12; ix, Et2NH, 50 °C 

Scheme 109 
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29% (ref. 185) 

Scheme 110 

R = C10H21, 78% 

R = CjHjjCHCO^u1, 81% (ref. 185) 

Scheme 111 
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2.6.3 REACTIVITY OF CARBONYL COMPOUNDS WITH ORGANOMETALLICS 
BEARING A SELENIUM-STABILIZED CARBANION 

2.6.3.1 Generalities 

The organometallics bearing a selenium atom directly attached to the carbanionic center, the synthesis 
of which has been discussed above, have been reacted with a large variety of electrophiles.'-4-5,7-9, 

12,13,16,17 Among these electrophiles, aldehydes and ketones occupy a place of choice, usually leading, 
after hydrolysis, to (3-hydroxyalkyl selenides. Some examples are gathered in Schemes 112 to 118. 

Examples of organometallics bearing a selenium-stabilized carbanion include: (i) a-selenoalkyl- 
hydroxylithiums bearing hydrogens or alkyl groups on the carbanionic4,7-9,13,16,17,35,36,40,4^-50,54-56, 
77,i59,i60,i62,i63,i66,i77,i88-206 center; (ii) a-selenocyclopropyllithiums7,12’16’77’104’159-161 and a-seleno- 
cyclobutyllithiums;7,12,16,136,162,163 (iii) a-selenoallyllithiums (Schemes 16-18, 94 and 119); 16,17,45,80-82, 

84-87,91 (jv) ot-selenobenzyllithiums (Schemes 9, 15 and 118, b)54,56,72,164,203 and (phenylseleno)(fur- 
furyl)methyllithium (Scheme 95);158 (v) 1-phenylselenovinyllithiums (Scheme 44);41.65,73,i76 (vj) i -meth- 
oxy-l-phenylselenomethyllithium (Scheme 21, a; Scheme 97);56 (vii) 1-phenylseleno-l-thioalkyllithiums 
(Scheme 22);94 (viii) 1-phosphonato-l-phenylselenoalkyllithiums (Scheme 28);102 (ix) 1-seleno-l-silyl- 
alkyllithiums (Scheme 24, b and c; Scheme 96),100,171 1-seleno-l-silylallyllithiums (Scheme 33, a)85 and 
1-seleno-l-silylbenzyllithiums (Scheme 33; b);70 (x) l,l-bis(seleno)alkyllithiums (Scheme 23, e and 
f)35,36,56,65,7i,73,98,108,192 1, l -bis(seleno)benzyllithiums (Scheme 32),72 l,l-bis(seleno)(trimethyl- 

silyl)methyllithiums (Scheme 31, d)95 and tris(seleno)methyllithiums (Scheme 31, a-c);36,71,108 (xi) 
selenonium ylides (Schemes 59 and 60; Scheme 61, a);77,132,206 (xii) a-metalloalkyl selenoxides 
(Schemes 51-54);97,127,128 (xiii) a-metallovinyl selenoxides (Scheme 179);103 (xiv) a-metalloalkyl 
selenones (Schemes 55 and 56);129’130,138’206 and (xv) a-selenometalloenolates derived from esters 
(Scheme 10),74 lactones (Scheme 38),74 lactams121,207 including ^-lactams121 (Scheme 42, a; Scheme 
99), and nitroalkanes (Scheme 41).120 Most of the organometallics listed produce the corresponding 
alcohols by reaction with aldehydes and ketones and further hydrolysis of the resulting alcoholates. 

3-Oxidoalkylselenonium salts (Schemes 59-61)77,132,206 and (3-oxidoalkyl selenones (Schemes 55 and 
56)129,130’138’206 are unstable too, and directly collapse to epoxides even at -78 °C. The former reaction is 
limited to nonenolizable carbonyl compounds.132 In the case of acetophenone and trimethylselenonium 
iodide, for example, polymethylation of the carbonyl compound occurs (Scheme 122).132 The results can 
be rationalized by considering enolate formation and alkylation of the enolate by the selenonium salt. 

(3-Oxidoalkyl selenides bearing a phosphonato (Scheme 28),102 phosphonio106,107 or silyl group 
(Scheme 24, b and c; Scheme 31, d)95,100,171 are unstable too, and have a high tendency to produce vinyl 
selenides via the well-known Wittig-Homer or Peterson elimination reaction. Lithium alkoxides derived 
from 1-trimethylsilyl-l-selenoalkyllithiums can be trapped with water and lead to the corresponding 
alcohols in modest yields (Scheme 96). Their potassium analogs, as well as lithium alkoxides derived 
from bis(phenylseleno)trimethylsilylmethane, however, directly collapse to the corresponding alkenes 
(Scheme 31, d). 

2.6.3.2 Nucleophilicity of a-Selenoalkyllithiums Towards Aldehydes and Ketones 

a-Selenoalkyllithiums, even those where the carbanionic center is monoalkyl, dialkyl55,188,189,193,194 or 
benzyl substituted,208 are particularly nucleophilic towards carbonyl compounds (Schemes 112-116). 
There is some evidence that they are far more reactive with carbonyl compounds than with alkyl halides 
(Scheme 123).12,77 

Phenylseleno- and methylseleno-alkyllithiums usually exhibit a closely related reactivity towards car¬ 
bonyl compounds whether the reaction is performed in THF or in ether. As expected, the nucleophilicity 
of such species often decreases189 by increasing the substitution around the carbanionic center (6 and 8; 
Scheme 112), but interestingly they are often far more nucleophilic than the corresponding alkyl- 
lithiums.51 However, in some rare cases employing particularly hindered reaction partners there is a sig¬ 
nificant difference of reactivity between phenyl- and methyl-selenoalkyllithiums when the reactions are 
performed in THF, since the former reagents are much less nucleophilic than the latter (compare 11 and 
12 in Scheme 113 and 17a-17f in Scheme 114). As general trends, a-methylselenoalkyllithiums are 
more nucleophilic in ether than in THF (compare 15 in Scheme 113, 17d and 17e in Scheme 114 and 24 
in Scheme 116). 
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(3-Hydroxyalkyl selenides have been transformed to epoxides (see Section 2.6.4.5.2)7,16>206 and to 
alkenes (see Section 2.6.4.3).712’16 These are therefore produced from two carbonyl compounds, one of 
them being activated as a selenoacetal and then as an a-selenoalkyllithium. Best results are obtained 

c5h„ 

R = Me, 58%, method A 
R = Ph, 78%, method A 

(ref. 195) 

(5) 

d3 

RSe 

R1 
OH 

R2 

(8) 

SeMe 

R R1 R2 Yield (%) Method Ref. 

(a) Ph H n-C6H 13 75 A 193 

(b) Me H n-C6H 13 82 A 193 

(c) Ph H Et 50 A 196 

(d) Me Me Et 82 A 55 

(e) Me (CH2)5 76 A 55 

(0 Me H Bu* 79 A 189 

(g) Me Me Bu1 57 A or B 189 

R R1 R2 Yield (%) Method Ref. 

(a) Ph H H 71 A 193 

(b) Me H H 71 A 193 

(c) Ph H Me 80 A 193 

(d) Me (CH2)2CH(n-C5Hu ) 67 A 159 

R R1 R2 R3 Yield (%) Method Ref. 

(a) Ph H Bu' C6H 13 75 A 193 

(b) Me H Bu‘ c6h 13 44 B 189 

(c) Me Me Bu' c6h 13 9 B 180 

(d) Ph Me Me c6h 13 79 B — 

(e) Me Me Me c6h 13 73 B — 

(f) Me Me Me c9h 19 63 A 194 

R R1 R2 Yield (%) Method Ref. 

(a) Me H Me 94 A 55 

(b) Me H C6H13 60 A 55 

(c) Me Me Et 60 A 55 

(d) Ph (CH2)5 70 B 223 

(e) Ph Me Me 78 A 132 

R3 R4 Yield (%) Method Ref 

(a) H H 64 B 223 

(b) H Me 64 B 223 

(c) Me Me 64 B 223 

(d) (CH2)4 88 B 223 

A = BunLi, THF-hexane, -78 °C; B = BusLi, ether-hexane, -78 °C; C = BusLi, THF-hexane, -78 °C; 

D = Bu'Li, ether-hexane, -78 °C 

Scheme 112 
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(ID 

(12) 

Method A Method B 

R‘ R2 Yield (%) Yield (%) Ref 

(a) H H 83 87 188,189 

(b) H Me 83 85 188,189 

(c) Me Me 77 85 188,189 

Method A Method B 

Rl R2 Yield (%) Yield (%) Ref. 

(a) H H 22 85 188,189 

(b) H Me 5 63 188,189 

(c) Me Me 0 60 188,189 

0% by method A, C or D (ref. 188) 

Bu1 
MeSe 

R1 R1 

(14) 

Bu' 

OH 

SeR 

OH 

-p-Tol 

(15) 

SeMe 

OH 

(16) 

R1 Yield (%) Method Ref 

(a) H 81 C 189,206 

(b) Me lb D 189,206 

R Yield (%) Method Ref 

(a) Me 0 A 160 

Me 66 B 160 

(b) Ph 0 A 160 

Ph 49 B 160 

n Yield (%) Method Ref. 

(a) 0 73 B 190,191 

(b) 1 73 B 190,191 

A = BunLi, THF-hexane, -78 °C; B = BusLi, ether-hexane, -78 °C; C = BusLi, THF-hexane, -78 °C; 

D = Bu'Li, ether-hexane, -45 °C 

Scheme 113 

when the less hindered or the less enolizable of the two carbonyl compounds is transformed to the a- 
selenoalkyllithium (compare 8b and 8c in Scheme 112 to 14 in Scheme 113). 

a-Selenoalkyllithiums react efficiently with highly hindered carbonyl compounds such as 2,2,6-tri- 
methylcyclohexanone (see 17; Scheme 114),12'77188189 2,2,6,6-tetramethylcyclohexanone (see 11 and 12; 
Scheme 113),>2.77,188,189 permethylcyclobutanone,190191 permethylcyclopentanone (see 16; Scheme 

113)190,191 and di-f-butyl ketone (see 14; Scheme 113). However, they do not add to 2,2,6,6-tetraphe- 
nylcyclohexanone (see 13; Scheme 113).189 Their reactivity towards highly enolizable carbonyl com- 
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(17) 

R R1 R2 Yield (%) Ax. eqa Method Ref. 

(a) Me H H 92 18:82 A 188,189 

(b) Me H H 85 31:69 D 188,189 

(c) Me H Me 85 95:5 A or C 188, 189 

(d) Me Me Me 48 33:67 A 188,189 

(e) Me Me Me 85 95:5 D 188,189 

(f) Ph Me Me 0 - A 188,189 

(g) Ph Me Me 84 95:5 D 188,189 

(a) H H 85 75:25 A 189,210 

(b) H H 75 69:31 D 189,210 

(c) H Me 70 90:10 A 189,210 

(d) H Me 79 90:10 D 189,210 

(e) Me Me 75 100:0 A or D 189,210 

A = BunLi, THF-hexane, -78 °C; B = BusLi, ether-hexane, -78 °C; C = BusLi, THF-hexane, -78 °C; 

D = Bu'Li, ether-hexane, -78 °C. 

a Axial alcohol:equatorial alcohol. 

Scheme 114 

44%, method A (refs. 189, 206) 

R R1 R2 Yield (%) Method Ref SeMe 
(a) Ph H H 82 A 196 

(b) Ph H Me 69 A 196 foH 
Me H Me 88 A 55 { 7 

(c) Me H n‘C6H13 75 A 189 V_ _/ 

Me H 80 D 189 (21) 

(d) Me Me Me 88 A 55 45%, method A (refs. 189, 206) 

A = BunLi, THF-hexane, -78 °C; D = Bu'Li, ether-hexane, -78 °C 

Scheme 115 

pounds is somewhat capricious. Deoxybenzoin, a particularly enolizable derivative, is efficiently trans¬ 
formed to (E-hydroxyalkyl selenides (19 in Scheme 115; 24 in Scheme 1 16),55,193,194 whereas (E-tetra- 

lone189 and cyclopentanone189 are partially enolized (20 and 21; Scheme 115). 
a-Selenoalkyllithiums exhibit towards carbonyl compounds a nucleophilicity almost identical to that 

of the corresponding a-thioalkyllithiums12,77,209 but slightly superior to that of a-metalloalkyl selen- 
oxides98,127,128,192 and several orders of magnitude superior to that of selenium132,206 and sulfur 
ylides 25,32,33 The reasons for such exceptional nucleophilicity are not yet understood. Reactions invol¬ 
ving single- electron transfer could take place but experimental support is not available. 

a-Selenoalkyllithiums which bear another heteroatomic moiety on the carbanionic center are still valu¬ 
able nucleophiles towards carbonyl compounds but they are not as efficient as the a-selenoalkyllithiums 
reported above 71,100 Even so, the presence of a trimethylsilyl substituent on the carbanionic center sub¬ 
stantially decreases100,171 the reactivity of these organometallics (Scheme 96), whereas a phospho- 
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HO' 

n 

SeR 

C9H19 

(23) 

(25) 

n R R‘ Yield (%) Method Ref. 

0 Me C10H21 72 A 12, 77 

0 Ph c-C6H„ 63 A 12, 77 

0 Me c-C6Hn 73 A 12, 77 

1 Ph c10h21 71 D 136,156 

1 Me C10H21 90 D 136,156 

n R Yield (%) Method Ref. 

0 Ph 54 A 12, 77 

0 Me 69 A 136 

1 Ph 70 A 136 

1 Me 78 A 136 

n R Yield (%) Method Ref. 

0 Ph 61 A 12, 77 

0 Me 56 A 12, 77 

0 Me 70 B 12,159 

1 Me 68 A 12, 77 

n R Yield (%) Method Ref. 

0 Ph 47 A 12, 77 

0 Me 64 C 12,159 

0 Ph 35 A 12, 159 

1 Me 54 A 12, 159 

1 Me 68 C 12, 159 

OH 

(26) 

58%, method A (refs. 12 and 77) 
60%, method B (refs. 12 and 77) 

p-tol 
R = Ph, 81%, method C (ref. 160) 
R = Me, 85%, method C (ref. 160) 

71%, method A (refs. 12 and 77) 

A = Bu"Li, THF-hexane, -78 °C; B = BusLi, ether-hexane, -78 °C; C = BusLi, THF-hexane, -78 °C 

D = Bu'Li, ether-hexane, -78 °C 

Scheme 116 
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(29) 

SeMe 

(30) 

R R1 R2 Yield (%) Method ' Ref. 

(a) Me H Me 90 A 222 

(b) Ph H Me 66 A 223 

(c) Ph H n-C6H 13 68 A 223 

(d) Me Me Me 85 A 222 

(e) Ph Me Me 78 A 221 

R3 R4 Yield (%) Method Ref. 

(a) Pr" Me 74 B 223 

(b) Pr" Et 74 B 223 

(c) H Me 55 A 221 

(d) Me Me 45 A 221 

n R R1 R2 Yield (%) Method Ref. 

(a) 1 Me H n -C6H13 64 A 222 

(b) 1 Me Me Me 55 A 221 

(c) 1 Ph Me Me 83 B 225 

(d) 2 Me Me Me 57 B 225 

(e) 2 Ph Me Me 51 B 225 

(0 7 Me Me Me 54 B 225 

(g) 1 Me ch2- ch2 86 A 12, 77 

(h) 1 Ph ch2- ■ch2 88 A 12,77 

14%, method A 
46%, method B (ref. 225) 

A = BunLi, THF-hexane, -78 °C; B = BusLi, ether-hexane, -78 °C; C = BusLi, THF-hexane, -78 °C; 

D = Bu'Li, ether-hexane, -78 °C 

Scheme 117 

nioi06,i07 or a phosphonato102 group dramatically lowers its reactivity. For example, a-phosphonio- and 
a-phosphonato-a-selenoalkyl metals102 efficiently react with aldehydes102-106 but not with 

ketones.102-106'107 

2.6.3.3 Stereochemistry of the Addition of a-Selenoalkyllithiums to Aldehydes and Ketones 

The reactions of a-selenoalkyllithiums with aliphatic and aromatic aldehydes and ketones are not 
usually stereoselective regardless of the solvent used (ether or THF). Even in the most favorable cases, 
such as that of l-methylseleno-2,2-dimethylpropyllithium and heptanal, in which well-differentiated 
bulky groups are involved, the stereoisomeric ratio ranges from 1:1 to 3:2 (Scheme 124).189-206 However, 
in the case shown in Scheme 86, b,167d in which the lithium can coordinate to the silyloxy group, only 
one of the two stereoisomeric $-hydroxyalkyl selenides is formed. 

a-Selenoalkyllithiums react stereoselectively with rigid cyclohexanones such as 4-r-butylcyclohexa- 
none (17; Scheme 114)210 and 2,2,6-trimethylcyclohexanone (18; Scheme 114).188-189 In most cases the 
axial alcohols resulting from the equatorial attack of the organometallic are produced (either in THF or 
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n= 1;R = H 73% 68% 

« = 2; R = H 65% 75% 

n = 2; R = Bu' 86% 86% 

i, PhSeH, ZnCl2; ii, BunLi; iii, PhOC(CH2)2CHO; iv, Ph3SnH, AIBN, benzene, 90 °C, 14 h 

Scheme 118 

ether). In rare cases, such as that of 2-seleno-2-propyllithium and 2,2,6-trimethylcyclohexanone (17d and 
17e; Scheme 114),188 however, the axial: equatorial ratio is highly dependent upon the solvent used (see 
also 17a, 17b, 18a and 18b in Scheme 114). Otherwise, 1-selenocyclopropyllithiums react stereoselec- 
tively with a-methylseleno aldehydes and lead to P-hydroxyalkyl methyl selenides with stereochemistry 
that can be accounted for by the Cram211212 and Felkin rules (Scheme 125).213’214 Finally, methylseleno- 
methyllithium adds on the less-hindered face of protected pregnenolone and related steroidal ketones to 
produce the (207?)-derivatives in good yield (Scheme 126).206-215’216 

2.6.3.4 The Ambident Reactivity of a-Selenoallyllithiums 

a-Metalloallyl selenides are ambident nucleophiles which can react30 at their a- and y-sites with elec¬ 
trophiles. The regiochemistry of the reaction not only depends upon the nature and the number of substi¬ 
tuents present on the allylic or vinylic carbons but also upon the nature of the metallic counterion. Thus 
aldehydes (Scheme 16, e)45’81-82 and ketones (Scheme 16, c),80 except cyclopentenone (Scheme 127, 
a),83-90 exhibit a high propensity to react at the y-site of the parent phenylseleno-80-82-90 and methylsele- 
no-allyllithiums.45 

The presence of one alkyl80 or vinyl91 group at the y-site usually inverts the regiochemistry of the 
reaction which now takes place almost exclusively at the a-site (Scheme 17, b-d), except in the case 

R = Ph; X = H; 71%; 50:50 
R = Me; X = SeMe; 81%; 61:39 

Scheme 119 
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R1 

R R1 Yield (%) Ref. 
(a) H n'QH13 78 128 

H Bu‘ 9 128 

H CH2CH=CMe2 56 128 

(b) Me n‘QHl3 36 128 

(c) Me p-tol 39 127 

i, PhSe(0)CR2 Li, THF, -78 °C; ii. , 55 °C, 1 h; iii, Al-Hg 

Scheme 120 

H O 

R1 

H OLi Se(0)Ph 

R 

-R2 

R2 

11, 111 

R' R2 Yield (%) 

H H 48 

Ph H 34 

Me Ph 46 

O 
-- iv, ii, ill U 

38% \ 1 
^Ph 

(ref. 128) 

i, PhSe(0)CR22Li, THF, -78 °C; ii, 55 °C, 2-3 h; iii, Al-Hg; iv, PhSe(0)CH2Li, THF, -78 °C 

Scheme 121 

Me3Se+ P 

O 

1 

KOBu' 
K Me3Se+ r 

0 

X 
O 

+ Ph^Et + 

0 

A Pli ^ Ph^ Pr‘ 
DMSO, 20 0 C 

40% 13% 

(ref. 132) 

28% 

Scheme 122 

shown in Scheme 94, a.87 l-Lithio-l-seleno-3-methylpropene45,87 reacts exclusively from its a-site with 
benzaldehyde (Scheme 18, c and d), whereas a mixture of the two regioisomers is produced when the 
potassium analog is used instead (Scheme 18, e).45 Presumably the metal coordinates to the less-hindered 
carbon and the reaction takes place through a six-membered cycle, implying a precoordination of the 
oxygen of the carbonyl compound with the metal counterion. 

Although carbonyl compounds add at the y-site of phenylselenoallyllithium, the reversed regio- 
selectivity is realized81,82 by using a triethylaluminum ate complex (Scheme 16, compare b with c and d 
with e; Scheme 128). Unfortunately, with benzaldehyde and acetophenone the degree of regiochemical 
convergence is not so high,82 presumably owing to the steric effect of the carbonyl group. The threo 
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^ SeMe 

(refs. 12 and 77) 

MeSe R 

^ ^*n-C6H13 
Bu' OH 

R Yield (%) Rf 
H 38 0.7 

Me 22 0.65 

MeSe R 

^-^"'n-C6H13 

Bu' OH 

R Yield (%) Rf 
H 41 0.45 

Me 23 0.50 

i, TLC, Si02, ether/pentane; ii, MeS03F, ether; iii, 10% KOH, ether 

Scheme 124 

Bu1 
R 

u, in 

VY7^'n-C6H 
o 

6n13 

(refs. 124 and 206a) 

Bu'. 
R 

VYT""n-C6H 
O 

99% 

6n13 

isomer is predominantly produced and results82 probably from the trans geometry of the intermediate ate 
complex. This reaction has been successfully applied82 to the synthesis of 9,11-dodecadien-l-yl acetate, 
a pheromone of Disparosis castanea (Scheme 128). The reaction is highly chemoselective, since ordi¬ 
nary organic halides, trimethylsilyl chloride and trimethylsilyl acetates, which usually react80 with the li¬ 
thium derivative, are unreactive towards the aluminum ate complex.82 

R R1 Yield (%) 

Me H 93 

Me Me 91 

Ph Me 86 

RSe 
R1 

CH c6h13 

cx 
SeR BunLi 

SeR THF, -78 °C 

SeR 

Li 

R‘ SeMe 
V 

C6H13 cho 
RSe 

PI3, Et3N 
CH2C12, 20 °C 

6n13 

(ref. 162) R R' Yield (%) Ratio 

Me H 71 98:2 

Ph H 65 94:6 

Me Me 81 85:15 

Scheme 125 
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75% 

74% 

i, MeSeCH2Li, ether-hexane; ii, MeS03F, 0 to 20 °C, 1 h; iii, 10% aq. KOH, ether, 20 °C, 16 h 

Scheme 126 

Conditions 

(a) i, THF,-78 °C; ii, H+ 46(48:52) 16(48:52) 

(b) i, THF-HMPA,-78 °C; ii, H+ — — 

10 

81 (54:46) 

8(41:59) 

5 

Scheme 127 

i, Et3Al 

ii, AcO(CH2)gCHO 

iii, H30+ 

SePh 

(ref. 82) 

70% overall 77% (E):(Z) = 86:14 
86:14 (syn.anti) 

pheromone of Diparopsis castanea (E:Z ~ 90:10) 

Scheme 128 

a-Heterosubstituted allyl metal-boronate complexes82 usually behave like their aluminum analogs. 
This is not the case of allyl metals bearing a seleno moiety.217 These in fact undergo a facile migration 
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from boron to the a-carbon. The allylic rearrangement of the resulting boron—selenium complex (33 to 
34; Scheme 129) is slow217 in comparison with the usual allylic boranes rearrangement. Thus the trial- 
kylborane—ct-phenylselenoallylithium complex produced at —78 °C rapidly leads to the ate complex (33) 
after 1 h at 0 °C and to the complex (34) after 12 h at 20 °C. Each one reacts regioselectively with carbo¬ 
nyl compounds at the position where the boron was attached (Scheme 129). Otherwise, 1 -lithio-1,3- 
bis(phenylseleno)-2-propene bearing an a-trimethylsilyl group regioselectively reacts with acetone at the 
y-carbon (Scheme 33, a),85 whereas a mixture of regioisomers is produced from benzaldehyde and 1,1,3- 

tris(methylseleno)propene (Scheme 130).87 

iii 
EK 

iv Et. 
R 

BEt2 
PhSe OH 

(33) R Yield (%) (E):(Z) 
Ph 88 86:14 

P -tol 90 100:0 

(ref. 217) 

Et B(Et)2SePh W ~ R / Et 

OH 
(34) 

R Yield (%) Erthyro.threo 

Ph 89 24:76 

/7-tol 92 36:64 

P -no2c6h4 93 18:82 

Pr" 85 25:75 

i, LDA, -78 °C; ii, Et3B, -78 °C; iii, 0 °C, 1 h; iv, RCHO; v,excess BEt3, 20 °C, 12 h 

Scheme 129 

MeSe 

SeMe 

R = Ph 
R = n-C6H13 

LDA, THF 

MeSe 

Li 

MeSe 

SeMe 

SeMe 

SeMe 

MeSe 

RCHO 

SeMe MeSe 

49% 
37% 

32% 
48% 

(ref. 87) 

Scheme 130 

2.6.3.5 Control of the Regiochemistry of Addition of a-Selenoalkyl Metals to Enones, Enals and 
Enoates 

2.6.3.5.1 Generalities 

The control of the regiochemistry of addition of organometallic a-enones, a-enals and a-ene esters has 
attracted the attention of many chemists from the early age of organic chemistry. Not only have a-sele- 
noalkyllithiums not escaped the rule, but fundamental discoveries made at the occasion of this work have 
been successfully extended to other organometallics.7 
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The structure of the organometallic and of the a,(3-unsaturated carbonyl compound, as well as the ex¬ 
perimental conditions, play a crucial role in controlling the regiochemistry of the reaction. In general, 
enals possess a higher tendency to react at their C-l site than enones and ene esters and increasing the 
substitution around the C-l (or the C-3) site favors the reaction at the C-3 (or at the C-l) site of the 
enones. Furthermore, the compounds which possess either a privileged cisoid conformation, or the 
lowest half-wave potential of electrolytic reduction,218 or the lower level of their LUMO orbitals,219,220 

react predominantly at the C-3 site (PhCH=CHC(=0)Ph » PhCH=CHC(=0)Me « 
MeCH=CHC(=0)Ph » MeCH=CHC(=0)Me). 

Performing the reaction at a higher temperature and in a more polar solvent usually increases7 the 
amount of the C-3 over the C-l adduct. The C-l:C-3 ratio is also highly dependent upon the nature of the 
a-selenoalkyllithium. In this respect, organometallics where the carbanion is directly linked to a sele¬ 
nium atom can be classified into three different categories, each of which behaves differently towards 
a,p-unsaturated carbonyl compounds: (i) a-selenoalkyllithiums bearing hydrogens or alkyl groups on the 
carbanionic center which possess, whatever the solvent and the conditions used, the highest propensity to 
add at the C-l site of enones; (ii) l,l-bis(seleno)-l-alkyllithiums where the C-l:C-3 reactivity can be ad¬ 
justed under kinetically controlled conditions by the proper choice of the solvent; and (iii) enolates 
derived from a-seleno esters which possess a tendency to add at the C-l site of a,(3-unsaturated carbonyl 
compounds under kinetically controlled conditions and at the C-3 site under thermodynamic control. 

2.6.3.5.2 Reactivity of a-selenoalkyl metals, a-selenoxy-y-alkyl metals and selenium ylides with 
enals and enones 

a-Selenoalkyllithiums bearing hydrogen or alkyl groups on the carbanionic center possess the highest 
tendency to react at the C-l site of enals (Schemes 117, 131 and 132)12,221-225 and enones (Schemes 117, 
133 and 134).56>77,221,225-227 usually provide stereoisomeric mixtures of (3-hydroxy-y-alkenyl se- 
lenides in good yields. 

The reaction takes another course221 with chalcone since a mixture of (3-hydroxyalkyl selenides and y- 
selenoalkyl phenyl ketones resulting from C-l and C-3 attack, respectively, is produced (Scheme 135, 
compare b and c with a). This enone is the only one among those tested to react in such a way.221 Interes- 

R1 = H; R2 = Me, Cholesterol 

R1 = Me; R2 = H, Iso-(20S)-cholesterol 

*C = 14C 12 500 d.p.m. nmol"1 

Scheme 131 
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(a) 

R. 

(b) 

H 

O 

. SeMe 

[X 

SeMe 

50% OH (ref. 224) 

^ ^ Ph 

77% (ref. 239) 

i, THF, -78 °C; ii, TsOH, wet benzene, 80 °C; iii, PI3, Et3N, CH2C12, 20 °C; iv, Bu'OOH, A1203, 

THF, 55 °C; v, Mel (neat), 20 °C; vi, aq. KOH, ether, 20 °C 

Scheme 132 

67% (OH, fra = 33:67) 

i or ii 

OH, fra = 66:34 

i, R1 = R2 = Me; 82%: ii, R1 = H, R2 = C5Hn; 90% 

i, PhSeCMe2Li, THF, -78 °C; ii, PhSeCH(C5Hn)Li 

Scheme 133 

tingly, the higher percentage of C-3 attack is observed221 with the a-selenoalkyllithium which possesses 
the more alkyl substituted carbanionic center. Furthermore, in all these cases the best yields have been 
observed when the reactions are performed at low temperature (-78 °C) in ether, but it has been noticed 
that the C-l:C-3 ratio of attack is not affected by the type of solvent (ether, THF or THF-HMPA), the 
temperature at which the reaction is performed or the reaction time. 

a-Selenoxyalkyllithiums in THF (Scheme 136)97 and methylenedimethylselenurane (generated from 
trimethylselenonium iodide and potassium f-butoxide) in DMSO (Scheme 59, c)132 also react at the C-l 
site of a,(3-unsaturated carbonyl compounds. It is interesting to note that whereas methylenedimethyl¬ 
selenurane adds132 at the C-l site of chalcone and produces the corresponding a,(3-unsaturated epoxide 
(Scheme 59, c), the more stabilized phenacylmethylenedimethylselenurane exclusively adds142 at the C-3 
site of chalcone and leads to the corresponding cyclopropane (Scheme 68b). 
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ii, iii 

THF, R = Me, 65% 
ether, R = Ph, 83% 
cis.trans =1:2 

75% 

(ref. 221) 

cis, 89%, 1:4 
trans, 78%, 2.3:1 

i, Me^LifSeR), solvent (THF or ether), -78 °C; ii, Mel; iii, KOBu', DMSO; iv, TIOEt (5.5 equiv.), CHC13 

Scheme 134 

(ref. 221) 
R1 R2 Yield (%) Ratio 

(a) Me H 87 100:0 

(b) Ph H 70 50:50 

(c) Ph Me 68 30:70 

Conditions: THF, -78 °C, or THF, -78 to 20 °C, or ether -78 °C 

Scheme 135 

Se(0)Ph 

i, A; ii, EtCQ2H, P(OMe)3; iii, MsCl, Et3N 

80% 

Scheme 136 
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A great deal of attention has been paid to the addition of a-selenoalkyl metals at the C-3 site of 
enones. Performing the reaction in the presence of the copper iodide-dimethyl sulfide complex does not 
lead to the expected results, although a novel species is produced135 which exhibits different behavior 
from a-selenoalkyllithiums towards, for example, allyl halides.135 This novel species, which has even 
been observed135 by 77Se NMR, does not react at -78 °C with enones and decomposes in THF or in ether 
at around -45 °C with no addition to enones. In fact, a-selenoalkyllithiums react at low temperature with 
the copper iodide-dimethyl sulfide complex in THF or ether to provide,16135’228 around —45 °C, alkenes 
resulting formally from the reductive coupling of the organometallic followed by elimination of the two 
seleno moieties present on the adjacent carbons (Scheme 137). This reaction is reasonably general since 
it allows the synthesis of a,f3-disubstituted and tetrasubstituted alkenes as mixtures of stereoisomers from 
a-selenoalkyllithiums bearing one or two alkyl substituents on the carbanionic center. The reaction takes 
another course when the putative a-selenoalkylcuprate is reacted229 with the enone in the presence of tri- 
methylsilyl chloride (Scheme 138, compare c with a, b and d), since after hydrolysis the C-3 adducts are 
obtained from a-selenoalkyllithiums with carbanionic centers that are monoalkyl substituted. Unfortu¬ 
nately, this reaction is not general and those organometallics which bear two alkyl groups on the carba¬ 
nionic center do not react with enones under such conditions.229 

C„H 

O 

A 
6n13 H 

Li i 

C6H,3 SeR R = Me, 85% 
R = Ph, 40% 

C6H 13 

13 

o 
u 

R Bu‘ 

BuL SeMe * 

-X,. -• 
R Li r = h, 90% (E) 

R = Me, 0% 

Bu‘ 

R 

Bu1 

i, CuI*SMe2 (0.5 equiv.), ether, -78 to 20 °C 

Scheme 137 

2.6.3.53 Reactivity of 1,1 -bis(seleno)-! -alkyl metals and a-selenocarbonyl compounds with enals 
and enones 

(i) Generalities 

a-Selenoalkyl metals with carbanionic centers that are substituted with another seleno moiety7’73 230- 
234 or an electron-withdrawing group such as an ester112’113 or a nitrile117 behave differently. In these 
cases the nature of the solvent, the seleno moiety attached to the carbanionic center and the metal have 
an influence on the regiochemical outcome of the reaction. However, whereas the temperature does not 
affect the regioisomeric ratio with l-metallo-l,l-bis(seleno)alkanes,230-232 it plays an especially crucial 
role with ester enolates derived froma-seleno esters.112’113’157 
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MeSe 

64% 

(ref. 229) 

O 

+ C5H1I'J'r^C5H 

80% 

li (refs. 157,229) 

O 

IV 

O O 

(ref. 233) 

i, C5HuCH(SeMe)Li, THF, -78 °C; ii, [C5HuCH(SeMe)]2CuLi, Me2S, -78 to 30 °C; 

iii, [C5HuCH(SeMe)]2CuLi, Me2S, Me3SiCl, -78 °C; iv, H30+; v, C5HnC(SeMe)2Li, THF-HMPA; 

vi, Bu3SnH, toluene, 100 °C 

Scheme 138 

Furthermore, although similar behavior will be often observed with these two classes of compounds, 
some fundamental differences exist. In fact with l,l-bis(seleno)alkyllithiums regiochemical control both 
at C-l and C-3 has been achieved under kinetically controlled conditions,716157’230’231 whereas the ester 
enolates tend to add at C-l under kinetically controlled conditions112,113157 and at C-3 under thermo¬ 
dynamic control.716’112113157 The case of l-lithio-l-(phenylseleno)cyanoalkanes is somewhat different, 
since they already react at -78 °C in THF with, for example, cyclohexenone to give the C-3 adduct ex¬ 
clusively (Scheme 40, c), and C-l attack has not yet been achieved. 

(ii) Reactivity of 1,1 -bis(seleno)-!-alkyl metals with enals and enones 

(a) Generalities. l,l-Bis(seleno)alkyl metals are valuable synthetic intermediates which inter alia play 
the role of acyl anion equivalent. Some synthetic uses of these intermediates are displayed in Schemes 
139 and 140, whereas various results concerning the reactivity of such species with enals and enones are 

gathered in Schemes 141-147.157 

(b) Control of the C-l attack. The formation of the C-l over the C-3 adduct is usually favored if the re¬ 
actions are carried out: (i) in the less polar and basic solvent compatible with the formation of the or- 
ganometallic (compare Scheme 140, a to b in Scheme 142, a to b; Scheme 143, a to b; Scheme 144, a to 
b, c and d; Scheme 145, a with Scheme 146, c and d) THF-hexane is often reasonably good.230 231 but 
ether-hexane is even better (Schemes 140, a; Scheme 141; Scheme 144, a; Scheme 145).233 Generally 
the better overall yields are obtained when the reactions are carried out in the less polar solvent and at the 
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(a) 

(b) 

i, THF, -78 °C, 0.2 h; ii, THF, HMPA (2 equiv.), -78 °C, 0.2 h; iii, CuCl2, CuO (4 equiv.), 
aq. acetone, 20 °C, 0.1 h (ref. 157) 

Scheme 139 

lowest temperature; (ii) with l,l-bis(methylseleno)alkyllithiums rather than their phenylseleno analogs 
(compare Scheme 147, a with Scheme 146, c); and (iii) when potassium73 rather than lithium salts are in¬ 
volved (compare Scheme 147, a and c). 

Enals232 have the highest propensity to react (Scheme 142, a; Scheme 143, a; compare to Scheme 144, 
b) at C-l than straight chain ketones,157 and this is also the case for cyclohexenones (Scheme 146)7,230,231 
as compared to cyclopentenones157 and cycloheptenones.157 Chalcone, however, is a very special com¬ 
pound. It apparently shows a different behavior since the C-1 adduct is undoubtedly favored in the more 
basic solvents (Scheme 148).234 In all the cases cited above it has been proven231 that the reactions pro¬ 
ceed under kinetic control, so that once the C-l adduct is formed it is stable and does not produce the C-3 
adduct if the temperature of the medium is raised or if a more basic solvent is added before hydrolysis of 
the alcoholate. 

(c) Control of the C-3 attack. In general, the C-3 adducts can be produced when the reactions are car¬ 
ried out in a more polar or basic solvent, such as THF containing at least 1.1 equiv. of HMPA per mol of 
organometallic (Scheme 139, b; Scheme 140, b-e; Scheme 141; Scheme 142, b; Scheme 143, b; Scheme 
144, c and d; Scheme 146, b, d and f; Scheme 147, b).230,231 Use of more HMPA, which usually in¬ 
creases the C-3:C-1 ratio, often leads,231 due to competing enolization, to a much lower yield of y-oxo 
selenoacetal (Scheme 141). 

HMPA is not the only additive which leads to the formation of the C-3 adduct. Performing the reaction 
in ether but in the presence of an 18-crown-6 ether (Kryptofix, trade name (Merck) for hexaoxa- 
4,7,13,16,21,24-diaza-1,10-bicyclo[8.8.8]hexaiosane) or in DME also favors the formation of the C-3 
adduct. However, HMPA is by far the best and the more reliable alternative. 

The conditions mentioned above are applicable to various enals (Scheme 139, compare b to a; Scheme 
141, compare e to d; Scheme 142, compare b to a; Scheme 143, compare b to a)157,232,233 and straight 
chain ketones (Scheme 144, compare c and d to a and b),157,233 although the regiochemical control is less 
spectacular than with cyclic enones, especially cyclopentenones and cyclohexenones (Scheme 140, com¬ 
pare b-e with a; Scheme 146, compare b, d and f with a, c and e; Scheme 147, compare b to c; Scheme 
149).157,230,231,233 Surprisingly, l-metallo-l,l-bis(methylseleno)alkanes are more prone than their phe¬ 
nylseleno analogs to react under these conditions at the C-3 site of enals232 when the reactions are carried 
out in THF-HMPA, although the reverse was found with cyclohexenone in THF (compare Scheme 147, 
b with Scheme 146, c; and Scheme 142, c and d with b). Finally, and surprisingly, the addition of 1-li- 
thio-l,l-bis(seleno)alkanes at the C-3 site of chalcone can be achieved234 if the reaction is performed in a 
less basic solvent (Scheme 148, compare a to b). 

The addition of l,l-bis(seleno)alkyllithiums at the C-3 site of enals and enones produces enolates 
which can be trapped with various electrophiles (Scheme 140, b—d; Schemes 149 and 150).157,230,233 
Silylation of the lithium enolates with trimethylsilyl chloride leads to the corresponding silyl enol ethers 
(Scheme 140, c),157,230 which can then be subjected to further reactions. 

Methylation of the lithium enolates derived from cyclohexen-2-one and l,l-bis(methylseleno)ethylli- 
thium takes place230 regioselectively but requires the use of more than one equivalent of HMPA (5 
equiv., 0 °C, 1 h). The product consists230 quite exclusively of the trans stereoisomer (99%) with a trace 
(1%) of the cis (Scheme 140, d and e). The latter can be obtained as a single stereoisomer on hydrolysis 
of the adduct resulting from the reaction of the same organometallics with 2-methylcyclohexen-2-one 
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(a) 

MeSe SeMe 

R 

(c) 

(d) 

(e) 

MeSe 

(ref. 157) 

(ref. 230) 
O 

i, ether, -78 °C, 0.2 h; ii, CuCl2-CuO (1:4), aq. acetone, 20 °C; iii, NaI04, EtOH, 20 °C; 

iv, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h; v, H30+; vi, CuCl2-CuO (1:4), aq. acetone, 20 °C; 

vii, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h; viii, Me3SiCl; ix, BunLi, THF, -78 °C; x, C5HuCHO, then H30+; 

xi, MeLi, 20 °C, then H30+; xii, P2I4, Et3N, CH2C12, 20 °C, xiii, THF-HMPA (1.1 equiv.), -78 °C, 0.2 h; 

xiv, Mel (5 equiv.), HMPA (5.5 equiv.), 0 °C, 1 h; xv, H30+; xvi, Bu3SnH (3 equiv.), AIBN (0.1 equiv.), 

toluene, 80 °C, 0.3 h; xvii, CuCl2-CuO (1:4), aq. acetone, 20 °C, 0.1 h; xviii, HgCl2, MeCN, 85 °C, 0.3 h 

Scheme 140 

(Scheme 149).230 Unfortunately, the methylation of the lithium enolate derived from cyclopentenone is 

less regioselective (Scheme 150).157 
The reaction between l,l-bis(methylseleno)-l-propyllithium and other methylcyclohexenones has also 

been investigated (Scheme 151).230 No adduct was obtained230 from 3-methylcyclohexen-2-ones what¬ 
ever the conditions used (THF-HMPA or DME), whereas y-keto selenoacetals are produced from 4-, 5- 
and 6-methyl-2-cyclohexen-2-ones in yields ranging from 58 to 76% when the reactions are carried out 
in THF-HMPA (Scheme 151). Yields are lowered by 10% when DME is used instead.230 

Most of the above mentioned derivatives have been reduced230 by tributyltin hydride to methyl-3- 
ethylcyclohexanones. These have been produced with a stereochemical control often superior to that ob¬ 
served from the copper chloride catalyzed addition of ethylmagnesium bromide in ether to the same 
ketones (Scheme 149, b; Scheme 151, a). Reaction of the C-l and C-3 adducts with copper chloride (1 
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MeSe. SeMe 

Li 

R 
, i, -78 ‘ 

^vR 
>C, 0.2 h MeSe SeMe 

X 
MeSe SeMe 

. I 
o ii, h3o f r2/ OH + I if 

Rl O 

Conditionsa 
SM is cyclohexanone 

Yield (%) Ratio 

SM is hexenal 
Yield (%) Ratio 

(a) Et20 80 98:2 

(b) Et20, HMPA (0.5 equiv.) b 74 75:25 

(c) Et20, KryptoFix 2.2.2 60 28:72 

(d) THF 63 73:27 74 100:0 

(e) THF-HMPA (1:1.1) 78 1:99 68 28:72 

(f) THF-HMPA (1:4.4) 27 18:82 

(g) THF-Kryptofix 2.2.2 86:14 

(h) THF-Kryptofix 1.1.1 68:32 

(i) THF-Ph3PO 68 23:77 

(j) THF-TPPT0 58 24:76 

(k) DME 61 13:87 83:17 

0) DME-HMPA (1:1.1) 24:76 

R2 

Hexane present in each case. b Refers to the additive:organometallic ratio. 

c TPPT = tripyrrolidinophosphoroimide. 

Scheme 141157,231 

RSes 

R1 ^ 

SeR 

Li + 

O 

H 

i or ii 

R2^ 

OH 

+ Rl> 

R2 

A 
RSe SeR RSeX SeR 

R R1 R2 Conditions Yield (%) Ratio 

(a) Me Me Pr i 74 100:0 

Me Me Ph i 74 100:0 

(b) Me Me Pr ii 63 28:72 

Me Me Ph ii 67 57:43 

(c) Ph H Pr ii 55 100:0 

(d) Ph Me Pr ii 60 100:0 

O 

H 

i, THF, -78 °C, 0.2 h; ii, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h; iii, NH4C1, -78 °C 

Scheme 142118-157 

(a) 

(b) 

MeSe SeMe \ 
SeMe MeSe.. 

"VH ^ V 
OH 

^ SeMe + MeSe'| J (ref. 157) 

Conditions Yield (%) Ratio 
THF, -78 °C, 0.2 h 80 100:0 

THF, HMPA (1.1 equiv.), -78 °C, 0.2 h 56 25:75 

Scheme 143 

equiv.) and copper oxide (4 equiv.) in aqueous acetone (1%) allows the synthesis of the corresponding 
ot-hydroxy-p,y-unsaturated carbonyl compounds73-233 or y-ketocarbonyl compounds.233 Therefore, 
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MeSe SeMe 

Li 
+ 

i, Et20, - 

i, ii, iii or iv MeSe SeMe MeSe 

K + > 
SeMe 

0 
HO R O 

R Conditions Yield (%) Ratio (ref. 157) 
(a) Me i 73 100:0 

Pr i 81 100:0 
(b) Me ii 51 75:25 

Pr ii 54 95:5 
(c) Me iii 70 15:85 

Pr iii 60 40:60 
(d) Pr iv 38 35:65 

78 °C, 0.2 h; ii, THF, -78 °C, 0.2 h; iii, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h; 
iv, THF, HMPA (2.2 equiv.), -78 °C, 0.2 h 

Scheme 144 

R n Yield (%) Ratio 

(a) Me 1 68 100:0 
(b) Me 2 78 97:3 
(c) Ph 2 71 93:7 

Scheme 145 

l,l-bis(seleno)alkyl metals play the role of valuable acyl anion equivalents (Scheme 139; Scheme 140, a, 
b and e; Scheme 149, b). 

Regiochemical control of the addition of 1-phenylselenoallyllithium to cyclopentenone has been 
achieved83 90 in a manner similar to that mentioned above. In THF alone the C-l adducts resulting from 
the attack of the ambident nucleophile at its a- and 7-sites prevail (Scheme 127, a),83,90 whereas the C-3 
adducts resulting from the almost exclusive reaction of the a-selenoallyllithium at its a-site are pro¬ 
duced83,90 if the reaction is performed instead in the presence of HMPA (Scheme 127, b). Therefore, this 
solvent mixture allows the simultaneous control of the sites of attack of these two ambident species. 

(iii) Reactivity of enolates derived from a-selenocarbonyl compounds 

Lithium enolates derived from a-seleno esters have a marked tendency to produce the C-3 adduct, and 
in fact the C-l adducts are the most difficult to obtain. Representative results are collected in Schemes 
152-154. 

The best control of addition of these organometallics at the C-l site of enones is achieved137,231 by per¬ 
forming the reaction in a less basic solvent, such as ether or THF, at a lower temperature (-110 or -78 
°C), and within a shorter time, so that not only the formation of the C-l adducts is favored, but also there 
is a lower chance of them isomerizing to the more stable C-3 adducts (Scheme 152, compare f to g; 
Scheme 153, compare a with b-d; Scheme 154, compare c to a). This control is particularly efficient 
with cyclohexenone (Scheme 153, a and b)112,157 and straight chain enones (Scheme 152, e)112 and par¬ 
ticularly poor with cyclopentenone (Scheme 154, a and b).157 Such control cannot be achieved with chal- 
cone (Scheme 152, a-d).113 

The formation of the C-3 adduct relies on the fact that the a,(3-unsaturated alcoholate, produced, as 
mentioned above, by attack of the organometallic at the a-site of the a,(3-unsaturated carbonyl com¬ 
pound, can rearrange to the enolate resulting from C-3 attack. This isomerization has been more conven¬ 
iently achieved by raising the temperature to 20 °C (Scheme 153, compare d to b; Scheme 154 compare c 
to b).112 It has also been performed by adding HMPA112 to the medium (Scheme 152, g; Schemes 153 
and 154).157 Otherwise, the C-3 adduct can be obtained directly, and even at -78 °C, by using potassium 
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R Conditions n Yield (%) C-l :C-3 
(a) H i 1 55 75:25 

H i 2 75 92:8 
H i 3 67 87:13 

(b) H ii 1 75 0:100 
H ii 2 78 0:100 
H ii 3 29 20:80 

(c) Me i 1 31 70:30 
Me i 2 63 73:27 
Me i 3 50 80:20 

(d) Me ii 1 78 0:100 
Me ii 2 78 0:100 
Me ii 3 72 11:89 

(e) C6H13 i 1 22 40:60 
c6h13 i 2 63 100:0 

(f) C6H13 ii 1 68 0:100 
C6H13 ii 2 59 0:100 

i, THF, -78 °C, 0.2 h; ii, THF-HMPA (1:1.1), -78 °C, 0.2 h 

Scheme 146 

O 

M Conditions n 
(a) Li i 2 

Li i 3 
(b) Li ii 2 

Li ii 3 
(c) K ii 2 

Yield (%) Ratio Ref. 

56 0:100 94 
80 0:100 94 
94 0:100 94 
80 0:100 94 
lb 100:0 73 

i, THF, -78 °C, 0.2 h; ii, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h 

Scheme 147 

instead of lithium enolates derived from ct-seleno esters (Schemes 152, d; Scheme 153, e and f; Scheme 
154, d). 

The mechanism of this C(l)-C(3) isomerization has been investigated,113 starting from the alcohols re¬ 
sulting from the hydrolysis of the C-l adducts of cyclohexenone. Reaction of these alcohols with bases 
leads to the alcoholates which then rearrange to the C-3 adducts. This rearrangement takes place113 al¬ 
most instantaneously with potassium alcoholates and is substantially less efficient with the lithium anal¬ 
ogs (Scheme 155). In the latter case it is faster113 with phenylseleno than with methylseleno derivatives 
and with adducts bearing an alkyl group on the carbon next to the ester group (Scheme 155, compare a to 
b). 

Each of the two stereoisomeric C-l adducts shown in Scheme 156, when subjected to the reactions 
mentioned above, leads to a different ratio of the C-3 stereoisomers (Scheme 156, a).113 It was also found 
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R Conditions Yield (%) Ratio 
(a) Me i 91 25:75 

Ph i 60 55:45 
(b) Me ii 77 95:5 

Ph ii 63 98:2 

i, THF, -78 °C, 0.2 h, ii, THF, HMPA (1.1 equiv.), -78 °C, 0.2 h, iii, H30+, -78 °C 

(ref. 234) 

Scheme 148 

70% cis:trans = 95:5 

i, THF-HMPA, -78 °C, 0.2 h, ii, H30+; iii, Bu3SnH (3 equiv.), AIBN (0.1 equiv.), toluene, 80 °C; 

iv, CuCl (1 equiv.), CuO (4 equiv.), aq. acetone, 20 °C, 0.1 h 

Scheme 149 

O O 

THF, 1.1 HMPA 

+ -* 

-78 °C 

MeSe SeMe 

RXL, 

OLi 

Scheme 150 

that the C(3)-C(l) isomerization involves the dissociation of the C-l adduct to cyclohexenone and a-me- 
tallo-a-seleno esters.113 Since the isomerization is performed in the presence of chalcone the ester enol- 
ate moiety is transferred to the latter enone (Scheme 156, b).113 
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4- Me 58%, 95:5a 74% 

5- Me 76%, 13:87 90% 

6- Me 74%, 32:68 85% 

a The first number in the ratio refers to the compound shown, 

i, THF-HMPA (1:1.1), -78 °C; ii, aq. NH4C1; iii, Bu3SnH (3 equiv.), AIBN (0.1 equiv.), toluene, 0.3 h 

Scheme 151 

2.6.3.5.4 Reaction of organometallics bearing an a-seleno carbanion with carboxylic acid 
derivatives and related compounds 

(i) Reactions involving a-selenoalkyllithiums and a-selenoxyalkyllithiums 

a-Selenoalkyllithiums have also been reacted with other carbonyl compounds such as esters,235 acid 
chlorides,235-236 carboxylic anhydrides,235 dimethylformamide12162’235'237 and nitriles,42 as well as chloro- 
carbonates,235 carbonic anhydride (Scheme 157, a-d; Scheme 158)12-77’235 and a,f3-unsaturated lac¬ 
tones.238 In the last case the C-3 adduct, produced when the reaction is performed in THF-HMPA, has 
been successfully used in an efficient synthesis of pederin (Scheme 159).238 Finally, it is possible to acyl- 
ate98 a-selenoxyalkyllithiums but, except for special cases, yields are unsatisfactory (Scheme 157, e). 

(ii) Reactions involving 1,1 -bis(seleno)alkyllithiums 

l,l-Bis(seleno)alkyllithiums exclusively add232 at the C-l site of a,(3-unsaturated esters in THF 
(Scheme 160, a).157 The reaction does not in fact stop at that stage since the organometallic reacts further 
on the a',a'-bis(seleno)-a-enone intermediate to give an a-seleno-a-enone and l,l,l-tris(methylseleno)- 

R 

RSe 
X 

C02Me 

M 

R = Ph 

R1 = H 

M = Li 

(refs. 113, 157) 

M Conditions R R1 Yield (%) 

(a) Li THF, -78 °C, 0.2 h Me H 80 

(b) Li THF, -78 °C, 0.2 h Me Me 89 

(c) Li THF, -78 °C, 0.2 h Ph H 74 

(d) K THF, -78 °C, 0.2 h Me Me 75 

(e) Li Ether,-78 or-100°C Ph Me 70 

Conditions 

(f) THF, -78 °C, 0.5 h 
(g) THF-HMPA, -78 °C, 0.5 h 

Yield (%) Ratio 

45 81:19 
41 15:85 

(ref. 112) 

Scheme 152 
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MeSe 

R1 M 

, X R2Se C02Me 
+ 

ii, H3CT 

M Condition ia R R1 Yield (%) 

C02Me 

Ratio 

(a) Li Ether-hexane (80:20) Me Me 71 100:0 

Li Ether-hexane (80:20) Ph Me 66 100:0 

(b) Li THF-hexane (80:20) Me Me 75 85:15 

Li THF-hexane (80:20) Ph Me 85 85:15 

(c) Li THF-HMPA-hexane (70:7:23) Me H 54 60:40 

(d) Li THF-hexane (80:20), -78 to 20 °C, 1 h Me Me 72 0:100 

Li THF-hexane (80:20), -78 to 20 °C, 1 h Ph Me 70 0:100 

(e) Na THF-pentane (80:20) Me Me 65 0:100 

K THF-pentane (80:20) Me Me 69 0:100 

(f) K Ether-pentane (80:20), -100 °C Me Me 74 0:100 

a At -78 °C, 0.2 h unless otherwise stated. 

Scheme 153 

RSe 

M R1 
N/ 
^ C02Me 

i, u, in or iv 

C02Me O 

Conditions R R' Yield (%) Ratio 

(a) i Me H 40 75:25 

i Ph H 46 63:37 

(b) ii Me H 69 54:46 

ii Ph H 68 41:59 

ii Me Me 73 35:65 

ii Ph Me 66 0:100 

(c) iii Me H 61 0:100 

(d) iv Ph H 68 0:100 

0.2 h; ii, M = Li, THF, -78 c C, 0. 2 h; iii, M = Li, THF, -78 °C, 0.2 h, then 20 °C, 

0.2 h; iv, M = K, THF, -L
, 

00
 

3C, 0.2 h; v, H3 0+ 

Scheme 154 

alkane after hydrolysis.157 If the reaction is performed instead in THF-HMPA or in DME, an alkyl y,y- 
(dimethylseleno)alkylcarboxylate, resulting from the addition of the organometallic at the C-3 site of the 
a,(3-unsaturated ester, is produced exclusively (Scheme 160, b).157 

Otherwise, a-selenoxyalkyllithiums have been reacted with aromatic esters,97’98 and 1-metallo-l-sele- 
noalkenes efficiently react with acyl bromides,173 dimethylformamide (Schemes 43 and 101),122123 176 
chlorocarbonates176 and carbonic anhydride (Schemes 101 and 103).65123176 
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R R1 Temperature (°C) Time (h)a 

(a) Ph H -25 1 

(b) Ph Me -60 0.2 

Ph Me -40 0.1 

Ph Me -25 Instantaneous 

a Minimum required for complete C(l)-C(3) isomerization. 

Scheme 155 

(a) 

(b) 

MeSe 

LDA, THF, -50 °C 

or KDA, THF, -110 °C 
(ref. 113) 

OM O 

Li, i n 57% 
K, instantaneous 79% 

61% with Li 
65% with K 

Scheme 156 

2.6.4 p-HYDROXYALKYL SELENIDES AS VALUABLE SYNTHETIC INTERMEDIATES 

2.6.4.1 Generalities 

(3-Hydroxyalkyl selenides are valuable intermediates for the synthesis of various selenium-free com¬ 
pounds. Although typical reactions of alcohols and selenides can often be achieved on such function¬ 
alized derivatives, some other reactions involve at the same time both functionalities. In fact, 
P-hydroxyalkyl selenides can be viewed as ‘super’ pinacols, since they possess two very well differen¬ 
tiated functionalities. The oxygen atom is hard and is linked to a hydrogen, whereas the selenium atom is 
softer and is attached to an alkyl or an aryl group. Typical reactions of P-hydroxyalkyl selenides, includ¬ 
ing those that are functionalized, are displayed in Schemes 96 and 161-167. P-Hydroxyalkyl selenides 
have been, amongst other things: (i) oxidized to a-selenocarbonyl compounds, P-hydroxyalkyl selenox- 
ides (precursors of allyl alcohols) and P-hydroxyalkyl selenones (precursors of epoxides or rearranged 



(a) 

(b) 

(c) 

(d) 

RSe Li 

Selenium Stabilization 

PhSe. CHO 

i, ii 

46% 

in, n 

79% 

IV 

VI, Vll 

70% 

Bu' 

MeSe. COPh 

RSe C02Me 

78% 

R = Me, 70% 
R = Ph, 60% 

PhSe C02H 

C02Me 

40% 
90% 

co2h 

697 

(ref. 235) 

(ref. 235) 

(ref. 235) 

(ref. 235) 

(e) v ix 
Li"^Se(0)Ph 

O 

PhSe(O) 
Ph 

O 

Ph 

81% 

(ref. 98) 

i, Me2NCHO; ii, H30+; iii, PhCOCl; iv, MeOCOCl; v, H202, THF; vi, C02; vii, H30+; viii, H20/THF; 

ix, PhC02Me; x, A 

Scheme 157 

^ SeR 

fFu 
IV, V ^ SeR 

CO,H 

^ R SeR SeR1 SeR 

- jf/c* - ,IiS- 
OH 

(ref. 162) 

C6H13 

R n Yield (%) R1 Yield (%) Yield (%) 

Ph 1 74 Ph 89 91 

Ph 2 72 Me 86 80 

Me 1 80 Ph 63 81 

Me 2 78 Me 86 93 

n = 1, R = Ph, 42% (ref. 97); n = 2, R = Ph, 88%; R = Me, 79% (ref. 94) 

i, Me2NCHO; ii, C6H13CH(SeR‘)Li; iii, PI3/Et3N, CH2C12, 20 °C; iv, C02; v, H30+ 

Scheme 158 12’136-162 
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OMe O 

OMe O OMe 

OMe 

(ref. 238) 

OH 

Pederin, 78% overall 

i, PhSeCH2Li, THF-HMPA, -85 °C, 1 h; ii, NaI04, MeOH-H20, 20 °C; iii, benzene, Et3N, reflux, 0.04 h; 
iv, LiOH, MeOH-H20, 50 °C, 5 h 

Scheme 159 

iv 

SeMe 

m 

OMe 

i, (MeSe)2C(Me)Li, THF, -78 °C; ii, (MeSe)2C(Me)Li; iii, H30+; iv, (MeSe)2C(Me)Li, THF-HMPA (1:1.1) 

Scheme 160 

ketones); (ii) reduced to alcohols; (iii) transformed to halohydrins, (3-haloalkyl selenides, vinyl selenides, 
alkenes, epoxides and rearranged ketones; and (iv) transformed to 3-hydroxyalkylselenonium salts (pre¬ 
cursors, inter alia, of epoxides). 

Although some reactions, such as the transformation of (3-hydroxy alkyl selenides to (3-haloalkyl sel¬ 
enides (Scheme 161, b)7 or to vinyl selenides,7 enones (Scheme 161, f),7’240 a,a-dihalocyclopropanes 
(Scheme 162, f)198 or (3-hydroxyalkyl halides (Scheme 161, h; Scheme 162, g),223-241 have been occa¬ 
sionally described or found only with specific types of |3-hydroxyalkyl selenides, especially those having 
a strained ring [e.g. their transformation to allyl selenides (Scheme 163, b),12-161 1-selenocyclobutenes 
(Scheme 163, c)12161 and cyclobutanones (Scheme 163, f),i2,i59,i60,i63j others are far more general. This 
is particularly the case of their reductions to alcohols (Scheme 161, a; Scheme 162, a; Scheme 163, a; 
Scheme 164, a; Scheme 165, a)7 188-189-246 or alkenes (Scheme 161, c; Scheme 162, c; Scheme 163, d; 
Scheme 164, c; Scheme 165, a; Scheme 166, c),7 188 189 194-239 their transformation to allyl alcohols 
(Scheme 161, e; Scheme 162, b; Scheme 164, b; Scheme 166, b),188 195 epoxides (Scheme 161, g; 
Scheme 162, d; Scheme 163, e; Scheme 164, d; Scheme 165, b; Scheme 166, d)7-188 189’206 and rear¬ 
ranged carbonyl compounds (Scheme 162, e; Scheme 164, e; Scheme 165, a, c; Scheme 166, e),188198.244 
as well as oxidation to a-selenocarbonyl compounds (Scheme 161, d).240-242-248-251 
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2.6A.2 Reduction of P-Hydroxyalkyl Selenides to Alcohols 

The reduction of (3-hydroxyalkyl selenides to alcohols has been achieved7,12188,189’247'254 by lithium in 

ethylamine (Scheme 161, a; Scheme 162, a; Scheme 163, a; Scheme 167)246 or triphenyl- or tributyl-tin 

hydride in toluene,188,247,254 with or without AIBN. Most of these reactions proceed through radicals. The 

reactions involving tin hydrides can be carried out thermally around 120 °C247 or photochemically at 

much lower temperature (0-20 °C).148,252 The cleavage of the C—SePh bond is faster255 than that of the 

(a) 

(b) 

(c) 

R OH 

RSe R2 

(d) 

(e) 

(f) 

R = Me 
CftH 6n13 

V 
OH 

R2 

Li, H2NEt,-10°C, 0.2 h 

Bu3SnH, benzene, 80 °C, 24 h 

SOCl2, CC14, 20 °C 

R2 = Me 

R2 = C^H 6I113 

csH 8n17. CaH 

C„H 6n13 

\+/ 
Se 

i 
Ph 

\+/ 
Se 

i 
R 

8n17 

Cl 

c6h13 oh 

)-( (ref. 7) 

H R2 

75% 

97% 

C8H17 Cl 

)-( (ref. 7) 
PhSe C8H17 

95% 

CftH 6n13 CaH 6n13 

Cf,H 6n13 

Conditions R 
PTSA, pentane, reflux, 7 h Me 
HC104, ether, 20 °C, 7 h Me 

(CF3C0)20, Et3N, CH2C12, 20 °C, 15 h Me 
Im2CO, 110 °C, 18 h Me 

Im2CS, 80 °C, 8 h Me 
PI3, Et3N, CH2C12, -78 to 0 °C, 0.2 h Me 

SOCl2, Et3N, CH2C12, 20 °C, 3 h Me 

Yield (%) R 
62 Ph 

Yield (%) Ref. 
70 193 

R = Me; R1 = CI0H21; R2 = H 

C10H21 

MeSe 

85 
75 
85 
75 
80 
88 

' H 

Ph 
Ph 

94 
65 

183 
193 
77 
77 
77 
194 

C*H 6** 13 

O 

C10H21 

MeSe 

CM 6n13 

i, NOS, Me2S; ii, benzene, 6 h; iii, Et3N 
or Ph3BiC03, CH2C12, 50 °C, 48 h 

70% (ref 240) 
80% (ref. 242) 

OH 

R1 

H202, THF, 20 °C, 3 h R = Ph; R1 = C5Hn; R2 = C6H13 

or Bu'OOH, A1203, 55 °C, 3-7 h R = Ph; R1 = C5Hn; R2 = C6H13 

R = Me; R1 = Et; R2 = Pr 

Cr03-H2S04, THF, 60 °C, 0.5 h 
O 

on the lithium alcoholate 
CoH 9n21 CM 

R2 

66% (ref. 243) 

50% (refs. 195, 243) 

73% (refs. 195, 243) 

(ref. 240) 
6n13 

Scheme 161 

>50% 
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(g) 

R\ OH 

RSe R2 

(h) 

i, Mel, AgBF4, ether, 20 °C, 2 h; 

ii, Bu'OK, DMSO, 20 °C, 2 h 

or i, MeS04 (neat), 20 °C; 

ii, 50% aq. KOH, CH2C12, 20 °C 

R = Ph; R1 =R2 = Pr 68% (ref. 196) 

R = Me; R1 = R2 = C7H,5 88% (refs. 189, 206) 

OH 1 

Br2, Et3N, 20 °C, 1 h 

NBS, H20, MeOH 

R = Ph 
R = Me 
R = Ph 

72% 
40% 
70% 

Scheme 161 (continued) 

C SeMe and the C—Cl bonds and often faster than that of the C—Br bond. The reduction is highly 
chemoselective and leads to alcohols usually in almost quantitative yield (Scheme 161, a; Scheme 164, a; 
Scheme 168, a and b). In rare cases, however, such as when a carbon-carbon double or triple bond is 
present in a suitable position, the formation of a five- or six-membered ring takes place by trapping of 
the radical intermediate (Scheme 1 18).203 Tin hydride reduction has been advantageously extended176 to 
(3-hydroxy-y-alkenyl and (3-hydroxy-a-alkenyl selenides displayed in Scheme 166 (a) and Scheme 168 
(a and b) and derived from a-selenoalkyllithiums and enenones, and from 1-seleno-l-alkenyl metals and 
carbonyl compounds, respectively. 

2.6.4.3 Reductive Elimination of (3-Hydroxyalkyl Selenides to Alkenes 

(3-Hydroxyalkyl selenides are valuable precursors of alkenes. This reduction reaction, the mechanism 
of which is tentatively presented in Scheme 169, is observed194 when the hydroxy group is transformed 
to a better leaving group and occurs by formal anti elimination of the hydroxy and selenyl moieties. It 
takes advantage of: (i) the difference in reactivity between the hard oxygen and the soft selenium atom 
which allows the selective activation of the hydroxy group when a hard electrophile is used; (ii) the high 
propensity of the selenium atom to favor the substitution of the oxygen-containing moiety by participa¬ 
tion, thus allowing the intermediate formation of a seleniranium ion; and (iii) the attack of an exogeneous 
nucleophile on the charged selenium atom of the seleniranium ion which finally leads to the alkene. 

This reaction has been performed on various (3-hydroxyalkyl selenides bearing a phenylseleno 
(Scheme 21, b, Scheme 33, a; Schemes 38, 39, 53 and 128; Scheme 136, b and c; Scheme 161 c* 
Scheme 170),:>6.56,74,82,85,97,136,194,236,256 p-Chlorophenylseleno (Scheme 170),74 (m-trifluoromethyl)phe- 

nylseleno (Scheme 21, a and c; Scheme 128)56,65 or a methylseleno moiety (Scheme 31, c; Scheme 96 c- 
Scheme 98, b-d; Schemes 125 and 131; Scheme 132, b; Scheme 140, c; Scheme 161, c; Scheme 162,’ c; 
Scheme 163, d; Scheme 164, c; Scheme 165, a; Scheme 166, c; Scheme 168, c; Schemes 169 and 
170)>7,12,77,108,136,159,162,189,,93,194,221,222,236 with different reagents able to react selectively on the hydroxy 

group, such as perchloric or p-toluenesulfonic acids193 in pentane or ether, as well as mesvl 

C!!!0ri?’746 n2 ni r,2°2’257 thionyl chloride >os.194,207.236,258 tnfluoroacetic anhydride,193 phosphorus oxy¬ 
chloride/ ’UA1/i’239 or diphosphorus tetraiodide108,188,245 or phosphorus triiodide108,136,159,162, 188,189,245,259 

in the presence of an amine or trimethylsilyl chloride and sodium iodide in acetonitrile.260 The reactions 
usually proceed at room temperature with the above reagents (Scheme 158, a and b; Scheme 161, c; 
Scheme 162, c; Scheme 163, d; Scheme 164, c), but require heating to 50 °C or to 110 °C when p- 
toluenesulfonic acid (Scheme 128; Scheme 161, c; Scheme 165, a)82,193,236 or carbonyl or thiocarbonyl 
diimidazole (Scheme 161, c; Scheme 163, d),7,77,169 respectively, is used. 
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(ref. 189) 

(ref. 189) 

(ref. 189) 

(ref. 189) 

(refs. 198, 204, 244) 

(ref. 198) 

(ref. 223) 

i, Li, EtNH2, -10 °C; ii, Bu‘OOH, A1203, THF, 55 °C; iii, PI3, Et3N, CH2C12, 20 °C; iv, TIOEt (5.5 equiv.), 

CHC13, 20 °C, 20 h; v, MeS03F, ether; vi, 10% aq. KOH, ether; vii, TIOEt (5.5 equiv.), CHC13, 20 °C, 8 h; 

viii, AgBF4 (1.3 equiv.), CHC13; ix, Bu'OK (10 equiv.), CHC13; x, TIOEt (5.5 equiv.), CHBr3, 20 °C 

Scheme 162 

Except in rare cases which will be discussed below, all these methods work equally well and allow the 
synthesis of almost all of the different types of alkene such as terminal, a,a- and a,p-disubstituted, tri- 
and tetra-substituted, including alkylidenecyclobutanes77'136 and alkylidenecyclohexanes (Scheme 162, 
c) 39/77,159,189,192,202 especially those that are particularly hindered, as depicted in Scheme 164.159-188 Spe¬ 
cific examples are gathered in: Scheme 53; Scheme 125; Scheme 140, c; Scheme 158, a and b, Scheme 
161, c; Scheme 162, c; Scheme 163, d; Scheme 164, c; Scheme 165, a; Scheme 166, c; Scheme 170 and 

Scheme 171. 
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(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

R = Me 

R = Me; R1 = R2 = C6H13 

R = Ph;R' = H; R2 = CioH21 

iv or v 

R = Me 

iv, R1 = H; R2 = Ci0H21 

v, R1 = Me; R2 = C9H19 

VI 

R = Ph; R1 = Me; R2 = C6H 6n13 

Vlll 

R1 

OH 

(refs. 12, 161) 

SePh SePh 

(refs. 12, 161) 

^10^21 C10H21 

51% 9% 

R1 

R2 

65% 

65% 

Se(0)2Ph 

(refs. 12, 159) 

vn 
OH 

C6H13 
* bv CfiH 

O 
6n13 

52% 

o 

-R1 

86% (refs. 130, 206) 

(refs. 12, 159) 

R2 

R3 = H; R = Me; R1 = H; R2 = C10H21 73% 

R3 - H; R = Me; R1 = R2 = Et 70% 

R3 = H; R = Ph; R1 = Me; R2 = C9H19 0% 

R3 = H; R = Me; R1 = Me; R2 = C9H19 73% 

Vlll 
o 

R3 = C10H21i R = Me, R1 = R2 = H CioH21/ 

(refs. 12, 77) 

70% 

i, Li, NH3; ii, Me02CNS02, Et3N, toluene, 110 °C; iii, Me02CNS02, Et3N; iv, Im2CO, toluene, 110 °C; 

v, PI3, Et3N, CH2C12, 20 °C; vi, MCPBA (22 equiv.), CH2C12, 20 °C, 36 h; vii, Bu'OK, THF, 20 °C, 2 h; 

viii, TsOH, C6H6, H20, 80 °C 

Scheme 163 

The reactions are usually easier with methylseleno199 than with phenylseleno,39-199 p-chlorophenylsele- 
no74 or (p-trifluoromethyl)phenylseleno39 56 derivatives, and allenes176 and alkylidenecyclopropanes159 
are much more difficult to synthesize than other alkenic compounds. Thus, although allyl selenides re¬ 
sulting from selective elimination of the hydroxy and the methylseleno moiety are usually produced from 
3-(methylseleno)-(3'-(phenylseleno) alcohols,77-*62,199 in the case of i-Seleno-l-(l,-hydroxy-2'-seleno)- 
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cyclopropanes the elimination takes place away from the cyclopropane ring and exclusively leads to 1- 
seleno-l-vinylcyclopropanes, and not to alkylidenecyclopropanes, whatever the nature of the seleno 
moiety (Scheme 125; Scheme 158, a and b). 

v, MeS04 (neat); vi, 50% aq. KOH, CH2C12 

R> = R2 = R3 = H 96% 55% 

R1 = H; R2 = Me; R3 = H 89% 

R1 = R2 = Me; R3 = H 0% 

or vii, MeS03F, ether, -78 to 20 °C; viii, 10% aq. KOH, ether 

R1 = R2 = R3 = H 95% 

R1 = R3 = H; R2 = Me 99% 

R1 = R2 = Me; R3 = H 94% 

R1 = R2 = R3 = Me 98% 

R1 = R2 = Me; R3 = C6H13 92% 

Scheme 164 
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ix-xi or 

xii 

ix, MeS03F, ether; x, MeMgBr; xi, CH2C12, 50 °C R3 = Me, 95% 

or xii, MeS03F, CH2C12, 20 °C R3 = H, 95% 

Scheme 164 (continued) 

Acidic conditions are,193 194 in most cases, as good as others but they have,166,194 at least in the case of 
(3-hydroxyalkyl selenides bearing two alkyl substituents at the selenium-bearing carbon, a tendency to 
produce rearranged compounds besides the expected alkenes (Scheme 165, a). These become the exclu¬ 
sive compounds obtained12’159 160 when l-seleno-l-(T-hydroxyalkyl)cyclopropanes are involved 
(Schemes 132, a; Scheme 163, f-h). This behavior is general for almost all cyclopropylcarbinols bearing 
a heterosubstituent (e.g. OR, NR2, SR, SeR) at that position on the cyclopropane ring (see Section 
2.6.4.5.3).12 

In general, the best combination, at least in our hands, involves phosphorus triiodide or diphosphorus 
tetraiodide and (3-hydroxyalkyl methyl selenides. These conditions allow the high yield synthesis of: (i) 
highly hindered alkenes188 189 derived from, for example, bulky selenoalkyllithiums such as those bear¬ 
ing two alkyl groups on the carbanionic center, and particularly hindered 2,2,6-trimethylcyclohexanone, 
2.2.6.6- tetramethylcyclohexanone (Scheme 164) and di-t-butyl ketone; (ii) highly strained and hindered 
alkylidenecyclopropanes12,159 derived from 1-methylselenocyclopropyllithium and ketones including 
2.2.6- trimethylcyclohexanone (Scheme 163, d); and (iii) allenes from (3-hydroxyalkenyl methyl selenides 
derived from 1-seleno-l-alkenyllithiums (Scheme 167, c).176 

These successful conditions take advantage of (i) the high affinity of trivalent phosphorus for oxygen; 
(ii) the ease with which a methylseleno moiety (compared to phenylseleno) is able to participate in order 

(a) 

RSe 

r1 
R2 

(b) 

(c) 
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(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

66% 

(ref. 245) 

(ref. 245) 

(ref. 239) 

(ref. 239) 

(refs. 225, 226) 

(refs. 206, 223) 

Scheme 166 

to expel the activated oxygen-containing group; and (iii) the softness of the iodide counterion which 
favors its reaction on the selenium atom rather than on the carbon atom of the intermediate seleniranium 
ion (see, for example, Scheme 169). 

The reductive elimination reported above allows56’74'171’193’194'222’236-259 the stereoselective synthesis of 
each of the two stereoisomers of several alkenes, including those that are disubstituted, trisubstituted and 
functionalized, from each of the two stereoisomers of (3-hydroxyalkyl selenides (Schemes 170-172). 

The reductive elimination has been successfully applied to the synthesis of various functionalized 
alkenes such as: (i) dienes, including a,o>-dienes (Scheme ll)60,245 and 1,3-dienes (Schemes 128 and 
131; Scheme 132, d; Scheme 136, b and c; Scheme 166)7’56’82’97’194’221’222’239 at the exclusion of allyli- 
denecyclopropanes (Scheme 132, a);224 (ii) vinyl ethers (Scheme 21, a; Scheme 97);56 (iii) vinylsilanes 
(Scheme 96);171 (iv) vinyl selenides (Scheme 21, b and c; Scheme 98, b-d)56’65’108 and 1,3-dienyl se¬ 
lenides (Scheme 33, a);85 (v) ketene selenoacetals (Scheme 31, c);108 (vi) allyl sulfides;77 199 (vi) allylsi- 
lanes;12’199,202 (vii) allyl selenides (Scheme 125; Scheme 158, a and b);12’77’162’199 and (viii) 
a,(3-unsaturated esters (Schemes 39 and 170)56’74 and lactones (Scheme 38).74 

Particularly interesting results have been observed from (3-hydroxy-a-trfmethylsilylalkyl selenides 
since vinylsilanes are exclusively produced171 under conditions where both the selenyl and the silyl 
moieties are removed with the hydroxy moiety. Apparently the selenyl moiety seems to stabilize a (3-car- 

benium ion to a better extent than a silyl group. 
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OH OH 

Li, H2NEt ■ 

(C) (D) 

R' R2 Conditions (1) Yield (%)a Yield (%)b Conditions (2) Yield (%) ‘ 

H H THF, -78 °C, 1 h 68,85:15 93,85:15 MeMgl, ether 95, 56:44 

MeLi, ether —, 68:12 

H Me Ether, -78 °C, 2 h 78, 100:0 89, 100:0 EtMgBr, ether 80, 68:12 

Me Me Ether, -78 °C, 2 h 75, 100:0 92, 100:0 PFMgBr, ether 47, 83:17 

Bu'MgCl 22, 100:0 

Yield is (A) + (C), ratio is (A):(C). b Yield is (B) + (D), ratio is (B):(D), from reactions (A) to (B) 

and (C) to (D).c Yield is (B) + (D), ratio (B):(D). 

Scheme 167 210 

R2 

CioH/^ OH 

R2 - Ph, 80%; R2 = C6H13, 88% 

/-*-\ 

C10H21 Ph 

R1 = H, R2 = Ph, 30% 

i, BunLi, THF; ii, R‘R2CO; iii, H30+; iv, Bu3SnH, AIBN, toluene, 110 °C, 3 h; v, P2I4, Et3N, 20 °C, 1.5 h 

Scheme 168 

MCSe\ /C8Hl7 SOCl2,Et3N 
MeSe C8H17 

-so2, -Cl 

C8H,/ XOH -Et3NHCl C8H17 OSOC1 

C8H17 c8h17 

94% 

Scheme 169 

C1 
c8h17 c8h17 

-MeSeSeMe 

(ref. 194) 
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HO C02Me 
\ * ^ in 

SeR 

6H,f SeR 

111 

C6H,/ ^C02Me + C6H,/ C02Me 

RSe. XO^Me 
RSe. X02Me 

T 
Li 

HO 

(A) (C) (%) (D) (%) 
:ic6h4 19 81 
Ph 45 51 
Me 70 15 

R Yield (A) + (B) (%) (A):(B) 
ii p-cic6h4 96 56:44 

Ph 93 62:38 
Me 80 68:32 

V 
C02Me 

^ Z 111 _ C6H,3 
C02Me 

QHif SeR 

p-ClC6H4 
Ph 
Me 

RfB _ ^fA = 0.1-0.2; Si02, ether-pentane (2:8) 

i, LDA, THF, -78 °C; ii, C6H13CHO; iii, OPCl3, Et3N, 20 °C, 2 h 

Scheme 170 

(ref. 74) 

The elimination is completely chemoselective with l-(l-hydroxyalkyl)-8-lactones74 and with methyl 
P-hydroxy-a-selenoalkylcarboxylates (precursors of (E)-a,(3-unsaturated methyl carboxylates; Scheme 
39, b and Scheme 170),56 74 but not with the other stereoisomer which produces a mixture of (Z)-a,(3-un- 
saturated methyl carboxylates (by formal selenenic elimination) and a-seleno-a,(3-unsaturated methyl 
carboxylates (by formal elimination of water). 

Elimination of water is particularly favored from p-chlorophenyl74 and (p-trifluoromethyl)phenyl56 
selenides, whereas elimination of seleninic acid is mainly observed from methylseleno derivatives. Here, 
two different effects work in the same direction. The arylseleno group, more than the methylseleno 
group, makes the a-hydrogen acidic, and has at the same time a lower tendency to stabilize a (3-carb- 
enium ion via the formation of a seleniranium ion. 

SeMe 

Li 
+ 

O 

c6h 

R OH 

bu(-4—{ 

iv R 
\ 

C6H,3 

MeSe C6H i 3 Bu‘ 

i—iii R = H 40% from THF 83% 

H R - Me 22% from ether3 

R OH 

Bu'^—V 
MeSe C6H13 

iv R 
\ 

87% 

/ 
Bul C6H13 

R = H 40% from THF 85% 

R = Me 22% from ether3 87% 

a Refers to the yield after separation of the 1:1 mixture of stereoisomers 

i, -78 °C, 1-1.5 h; ii, H30+; iii, separation by TLC; iv, PI3, Et3N 

Scheme 171 189 
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88% (stereoisomerically pure) 

i, PrC(SeMe)(Me)Li, THF, -78 °C; ii, H30+; iii, separation (Si02, hexane-ethyl acetate); iv, PI3, Et3N, 

CH2C12 on each stereoisomer; v, EtC(SeMe)(Me)Li, THF, -78 °C; vi, H30+; vii, separation; viii, MeS03F; 

ix, aq. KOH, ether; x, H30+ 

Scheme 172 

2.6A.4 Synthesis of Allyl Alcohols 

(3-Hydroxyalkyl selenoxides directly available from a-lithioalkyl selenoxides or by oxidation of (3-hy- 
droxyalkyl selenides are valuable precursors of allyl alcohols (Schemes 51 and 52; Scheme 54, a; 
Scheme 105; Scheme 161, e; Scheme 162, b; Scheme 164, b; Scheme 166, b; Schemes 173 and 
174).7>40’42’48’49'97’98’120’127’128'136>188.189,i95,253,26i jn former case the reaction is usually performed on 

thermolysis at around 70 °C in carbon tetrachloride98 and in the presence of an amine97 243 able to trap 
the selenenic acid concomitantly produced. 

In general, the elimination rection is easier: (i) with arylseleno derivatives bearing an electron-with- 
drawing group at the ortho or para position of the phenyl ring than with their phenylseleno or methyl- 
seleno analogs; and (ii) when it provides a relatively more-substituted carbon-carbon double bond. 

On (3-hydroxyalkyl phenyl selenides, the oxidation-elimination is best achieved with an excess of 30% 
aqueous hydrogen peroxide according to the original description of Sharpless (Scheme 174, c and d).261 
Although 1 -(1 '-hydroxyalkyl)cyclohexyl phenyl selenide produces49 under these conditions a hydroper¬ 
oxide (Scheme 174, a), the desired elimination reaction has been successfully achieved49 with sodium 
periodate in ethanol (Scheme 174, b). 

The above conditions are not suitable for (3-hydroxyalkyl methyl selenides (Scheme 175, a)195-243 or 
for (3-hydroxyalkyl phenyl selenides bearing a primary hydroxy group (Scheme 176, a).195 Several other 
conditions including ozone and r-butyl hydroperoxide are not efficient for that purpose (Schemes 175 
and 176).195 243 The best reagent is r-butyl hydroperoxide supported on basic alumina. The reaction takes 
place at reflux in THF, and allows the synthesis from (3-hydroxyalkyl methyl selenides of a large variety 
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(b) 

(c) 

R>=R2 = Me, 81% 

R> = Ph; R2 = H, 72% 

Se(0)Ph SePh 

R = Me, 74%, 100:0 
R = H, 81%, 77:23 

of allyl alcohols, even those bearing a primary hydroxy group (Scheme 161, e; Scheme 162, b; Scheme 
164, b; Scheme 174, c; Scheme 175, c; Scheme 176, c).195 

This reaction, which is related to the well-known amine oxide pyrolysis,262 involves a syn elimination 
of the selenenic acid, but proceeds under milder conditions (20 °C to 60 °C instead of 400 °C). It is more 
regioselective, takes place away from the oxygen and leads to allyl alcohols instead of enols, except 
when the only available hydrogen is the one a to the hydroxy group (Scheme 173, b).97 

Selenoxides normally show97 a preference for elimination towards the least-substituted carbon 
(Scheme 173, c), and for the formation of conjugated over unconjugated alkenes. 

In the case presented in Scheme 51 the differences in behavior of the (3-hydroxyalkyl selenoxides of 
different origin may be due to different diastereoisomeric ratios the equilibration of which is hampered 
by steric crowding. Therefore, there is a pronounced stereochemical effect on the regiochemistry of sele- 
noxide syn elimination reactions. This elimination reaction leads to allyl alcohols where the ot,(3-disub- 
stituted double bond possesses exclusively the (£)-stereochemistry when reasonably bulky groups are 
present (Scheme 52; Scheme 105, c; Scheme 174, d).7'40 42-97-195’243 Those substituted with smaller groups 
such as a primary hydroxy group (Scheme 176, c)195 or an ethynyl moiety (Scheme 173, d)97 lead, how¬ 
ever, to a mixture of stereoisomers in which the (£)-isomer prevails. 

This reaction allows the synthesis of: (i) (3,3'-dienols by oxidation of (3-hydroxy-7-alkenyl sel- 
enides239’245 or more conveniently from a-lithioalkyl selenoxides and enones (Scheme 136 and 166);97 
(ii) 3,8-dienols from l-lithio-3-alkenyl phenyl selenoxides and carbonyl compounds (Scheme 177);97 
and (iii) 2-(T-hydroxyalkyl)-1,3-butadienes from 1-methylselenocyclobutyllithium and carbonyl com¬ 
pounds (Scheme 178).136 a,(3-Unsaturated alcohols bearing a methylselenoxy or a phenylselenoxy group 
at the a-position do not lead on thermolysis to propargyl alcohols; however, those bearing a (trifluoro- 
methylphenyljselenoxy moiety at the a-position are valuable precursors of such compounds (Scheme 

179).103 
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(a) 

(b) O 

(c) 

(d) 

O 

n-C5H, | H 

O 

n-CjH,! H 

1, 11 

111, 11 

HO 

PhSe \^n-C5Hn 

70% 

PhSe 

HO 

HO n-C5Hn 

ri 

80% (refs. 48, 49) 

n-C5H 
(ref. 40) 

74% (E) 

i, cyclohexanone, PhSeH, HC1; ii, BunLi, THF, -78 °C; iii, hexanal, PhSeH, ZnCl2; iv, 30% H202, THF, 

20 °C, 0.2 h; v, NaI04, MeOH-H20, 0 °C, 1 h, then 20 °C, 1 h; vi, EtC(Li)SePh 

Scheme 174 

Finally, l-(l-selenoalkyl)cyclobutanols provide the expected l-(r-alkenyl)cyclobutanols (Scheme 54, 
a),127,i28 whereas a ring enlargement reaction leading to a mixture of cyclopentanones and a-phenylse- 
lenocyclopentanones (Scheme 54, b) occurs with the corresponding alcoholates.127’128 The last reaction is 
strictly limited to strained compounds such as cyclobutanols and cyclopropanols, and does not take place 
with higher homologs. 

SeMe 

Yield (%) 

Conditions at 20 °C at 55 °C 

(a) H202, THF, 5 h 14 27 

(b) H202-A1203, THF, 4 h 43 63 

(c) Bu'OOH, A1203, THF, 3 h 39 43 

(d) 03, CDC13, 2 h — 50 (50% SM) 

(e) i, 03, CDC13, -78 °C; ii, 3 Et3N, CH2C12 — 62(40 °C) 

Scheme 175 l88,195 
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Yield (%) 
Conditions R-Ph ii 

o
s 

(a) 30% H202, THF, 16 h 35 — 

(b) 30% H202, A1203, THF, 55 °C, 3-6 h 74 47 

(c) Bu‘00H-A1203, THF, 55 °C, 5 h 78 80 (E:Z = 75:25) 

Scheme 176 

i, ii 
PhSeMe - PhSe(O) Li 

R1 = Cl, R2 = Pr1, R3 = H; 37% 

R1 = Me, R2 = Et, R3 = Me; 69% 

(ref. 97) 

i, MCPBA, THF, -78 °C; ii, LDA, -78 °C; iii, (£)-R'(Me)C=CHCH2X; iv, LDA; v, R2R3CO; vi, H30H 

Scheme 177 

SeMe 

-Li + 

CioH2r H 

O SeMe 0H Bu'OOH, A120 

HO 

Ci0H21 180'“C 

C10H21 THF, 60 °C 

90% OH 70% 

(ref. 136) 

Se(0)Ar 

Ar = 4-CF3C6H4 

Ph 

DABCO 

95 °C 

67% 

Scheme 179 103 

Ph 

OH 

83% 

2.6.4.5 0-Hydroxyalkyl Selenides as Precursors of Epoxides and Carbonyl Compounds 

2.6.4.5.1 Generalities 

The presence of two potential leaving groups (3 to each other makes (3-hydroxy alkyl selenides valuable 
candidates for epoxide synthesis,2063 as well as for pinacol-type rearrangement.2066 These concurrent 
transformations, which usually require the selective activation of the selenyl moiety to a better leaving 
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group, have been successfully achieved by three distinct ways: (i) by alkylation to (3-hydroxyalkyl sele- 
nonium salts; (ii) by oxidation to 3-hydroxyalkyl selenones; and (iii) by complexation with metal salts 
where the metal is a soft acceptor. The first two methods can provide either the epoxide or the rearranged 
carbonyl compounds, whereas the last one exclusively leads to rearranged carbonyl compounds only 
when the carbon bearing the seleno moiety is alkyl disubstituted. 

2.6.4.5.2 Synthesis of epoxides7'12'16’199'206 

The transformation of 3-hydroxyalkyl selenides to epoxides (Schemes 124, 132b, 134a, 161 g, 162d, 
163e, 164d, 165b, 166d and 180-185) has been achieved under three different sets of conditions: (i) by 
alkylation of the selenium atom, leading to stable 3-hydroxyalkylselenonium salts, with 
Mel,55,136,163,206,221,236,239,263 MeI-AgBF455’ l63-'96,206,221 Me2S04,55’189,‘96.206,265 Et3OBF4206,258,264 Or 

MeFSC>3.163,188,206,215,216,222 The selenonium salts are then cyclized on reaction with a base such as 
B ulOK/E)MS O,55, * 36, i63,196,206,221,236,239,265 50% aqueous KOH/CH2Cl2189'2()6 10% aqueous 

KOH/Et2O,136 163'206’215>216'222’239'263 KH/DME258 or NaH/THF;264 (ii) by reaction of dichlorocarbene, 
generated206,266 from chloroform and thallous ethoxide (5.5 equiv. TIOEt, CHCI3, 20 °C, 8-24 h), or 
more conveniently from 50% aqueous potassium hydroxide solution in the presence of a phase transfer 
catalyst (50% aq. KOH, CHCI3, 20 °C, 1-2 h);206,266 and (iii) by oxidation to (3-hydroxyalkyl selenones 
(2.5 equiv. MCPBA, CHCI3),130,201,206 which are cyclized in the presence of a base (BuKDK/DMSO or 
K2CC>3/CHCl3).130 All these reactions proceed stereoselectively by complete inversion of the configura¬ 
tion at the substituted carbon.206,236,263,264,266 

(a) 

(b) 

(c) 
(d) 

O 

-R2 

R3 

O 

H 

1,11 

vi, 11 

OH SeMe 

R1 

QoH2i 

111, iv or v 

'r2 

Conditions 

iii, iv 

iii, iv 

iii, v 

R‘ 

H 

H 

Me 

SeMe r1 

< 
111 or vi, v 

OH 
R2 

R3 

Conditions 

iii, iv 

vi, v 

R1 

H 

R2 

H 

R C10H21 

O 
(ref. 163) 

R2 

R2 

Me 

c5h„ 

H 

Yield (%) 

81 

71 

70 

R1 

F t3 

O 

R2 
(ref. 136) 

R3 

H 

Me C9H19 

Yield (%) 

65 

67 

i, R^HO, MeSeH, ZnCl2; ii, BunLi, THF, -78 °C; iii, Mel (neat), 20 °C; iv, Bu'OK, DMSO, 20 °C; 

v, 10% KOH, ether, 20 °C; vi, cyclobutanone, MeSeH, ZnCl2; vi, MeI*AgBF4 

Scheme 180 

The reaction involving the alkylation of 3-hydroxyalkyl selenides to give 3-hydroxyalkylselenonium 
salts which are then cyclized with a base is by far the most general. It allows the synthesis of a large var¬ 
iety of epoxides such as terminal, a,a- and a,3-disubstituted, tri-55,196 and tetra-substituted,55,188 as well 
as oxaspiro[2.0.rc]-hexanes,136,163 -heptanes189 and -octanes (Scheme 161, g; Scheme 162, d; Scheme 
164, d; Scheme 165, b)55,188,196 and vinyl oxiranes (Schemes 166 and 181)221,239 from both 3-hydroxy¬ 
alkyl methyl55,136,163,215,221,222,236,263 and phenyl selenides.163,196,258,264 

The most successful combination involves methylseleno derivatives as starting materials, methyl 
iodide (neat) as the alkylating agent and 10% aqueous potassium hydroxide solution in ether as the 
base.188 In some difficult cases, such as those involving hindered 3-hydroxyalkyl selenides,188 where the 
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i, neat Mel, 20 °C; ii, Bu'OK, DMSO, 20 °C 

Scheme 181 

seleno moiety is linked to a cyclohexane ring55,189 or to a primary alcohol189 (Scheme 164, d; Schemes 
182 and 183),189 the consecutive use of methyl fluorosulfonate and aqueous potassium hydroxide in ether 
or pentane is required in order to avoid the concomitant formation of carbonyl compounds, allyl alco¬ 
hols188 or alkenes189 which are observed when other conditions are used. 

MeS03F, ether 

OH 

OH 

C6H13'A/eMe2 

CfiH 

FSO, 
10% aq. KOH 

6n13 

o 

ether 

C,H 6° 13 

83% 

(refs. 189 and 206) 

90% 

Scheme 182 

SeMe 

c10h2 1 

1 
C10H21\^ 

O ii, iii, iv or v MeSe kC10 

65% (D) 
Conditions Yield (%) Yield (%) 

(a) ii 5 45 

(b) iii 65 30 

(c) iv 85 15 

(d) V 78 3 

(refs. 189 and 206) 

i, MeS03F, ether; ii, 50% aq. KOH/CH2Cl2; iii, aq. K2C03/ether; iv, 10% aq. KOH/ether; 
v, 10% aq. KOH/pentane 

Scheme 183 

Methylseleno derivatives offer the advantage of being more easily methylated than their phenylseleno 
analogs (Mel instead of MeI-AgBF4) and allowing the synthesis of a wide range of (3-hydroxyalkylsele- 
nonium salts, including those which have two alkyl groups on the carbon bearing the selenium atom. 
These are unavailable from phenylseleno derivatives;196 therefore, tetrasubstituted epoxides can only be 

produced from methylseleno compounds.55 
The reaction involving dichlorocarbene also provides a wide range of epoxides,206 266 including termi¬ 

nal, a,a- and a,(3-dialkyl-substituted and trialkyl-substituted compounds, from a large variety of (3-hy- 
droxyalkyl methyl and phenyl selenides (Scheme 162, d). The thallous ethoxide reaction, although it 
takes place more slowly (especially with phenylseleno derivatives) than under phase transfer catalysis 
conditions,206 266 has to be in several instances preferred since it avoids the concomitant formation of 
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alkenic or dihalocyclopropane derivatives often observed under the latter conditions.206,223,266 This re¬ 
action is less general than that involving the discrete formation of (3-hydroxyalkylselenonium salts since 
it takes another course with (3-hydroxyalkyl selenides where the carbon bearing the seleno moiety is di¬ 
alkyl substituted, and instead delivers rearranged ketones (see Section 2.6.4.5.3). This method, therefore, 
does not allow the synthesis of tetraalkyl-substituted epoxides (Scheme 162, compare d and e). However 
it offers the definite advantage of taking place in one step and avoiding the use of expensive silver tetra- 

fluoroborate196 or triethyloxonium tetrafluoroborate.264 

The reaction involving (3-hydroxyalkyl selenones130,201,206 is by far the less attractive route to epoxides 
among those cited above due to the difficulties usually encountered in the oxidation step and the easy re¬ 
arrangement of the (3-hydroxyalkyl selenones to carbonyl compounds (Scheme 184, b and c).130 This 
method is, however, particularly useful for the synthesis of oxaspiropentanes130,206 (especially for those 
bearing a fully alkyl-substituted epoxide ring) from 1-seleno-l-(T-hydroxyalkyl)cyclopropanes (Scheme 
163, e; Scheme 185), which cannot be obtained under other conditions.12 

MCPBA, CH2C12, 20 °C, 4 h aq. K2C03, 20 °C, 0.5 h 

R = Me, 30% 
R = Ph, 44% 

Conditions 

(b) MCPBA (3 equiv.), CH2C12, 20 °C, 3 h 4 
(c) excess K2C03, MCPBA (3 equiv.), CH2C12, 20 °C, 3 h 44 

Scheme 184 

Yield (%) 
21 56 
— 9 

PhSe(0)2 j 

[>*-VR2 
OH 

Bu'OK, THF 

20 °C, 2 h 

PhSe(0)2. 

C^-Vr2 
OK 

80% 
R2 

R1 = H, R2 = Ph 33:67 

Scheme 185 130 

2.6A.5.3 Rearrangement of (3-hydroxyalkyl selenides to carbonyl compounds[6 206b 

The rearrangement of (3-hydroxyalkyl selenides to carbonyl compounds has been carried out under dif¬ 
ferent conditions, which have to be chosen with regard to the structure of the starting material and espe¬ 
cially the substitution pattern around the carbon bearing the seleno moiety. The rearrangement of 
(3-hydroxyalkyl selenides possessing two hydrogen atoms on the carbon bearing the seleno moiety has 
not yet been achieved. However, the rearrangement of monoalkyl-substituted derivatives takes place on 
oxidation with m-chloroperoxybenzoic acid (2.5 equiv. of MCPBA in CHCI3130 or in MeOH;201 Scheme 
184), and the rearrangement of dialkyl-substituted compounds occurs on reaction with silver tetrafluoro¬ 
borate190,191,204,227 in dichloromethane and chloroform or silver tetrafluoroborate supported on basic 
alumina197,204 in the same solvents (Scheme 162, e; Scheme 186, a; Scheme 187), or silver nitrate,267 or 
with dichlorocarbene generated from chloroform and thallous ethoxide197,225-227,244 or a 50% aqueous 
solution of potassium hydroxide in the presence of a phase transfer catalyst (PhNEtjCl, TEBAC) 
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(Scheme 162, e; Scheme 165, c; Scheme 166, e; Scheme 186, b; Scheme 188, a; Scheme 189, a and 
b) 197,198,227 

The above conditions allow the synthesis of a large variety of a,a-dialkyl substituted ketones includ¬ 
ing spiro derivatives and cyclopentanones, cyclohexanones, cycloheptanones and cyclododecanones 
bearing two alkyl groups at the a-position (Scheme 162, e; Scheme 165, c; Scheme 166, e; Scheme 186, 
a and b; Scheme 187; Scheme 188, a; Scheme 189, a and b).160 198-204’244 

The reactions are less selective when the dichlorocarbene is generated from bromodichloromethane223 
and lead to gem-dichlorocyclopropanes if the dichlorocarbene is produced from chloroform and potas¬ 
sium f-butoxide (Scheme 162, f; Scheme 188, b; Scheme 189, c).198 

Particularly crowded or strained derivatives lead to carbonyl compounds under special conditions. 
Thus, p-hydroxyalkylselenonium salts, obtained on alkylation of particularly hindered (8-hydroxyalkyl 
selenides and the selenium-bearing carbon of which is dialkyl substituted, have been rearranged160’188 to 
ketones by heating or by simple dissolution in dichloromethane (Scheme 164, e; Scheme 186, c). 

Strained P-oxidoalkyl phenyl selenoxides, such as l-oxido-l-(T-phenylselenoxyalkyl)cyclopropanes, 
derived from oxaspiropentanes with tetraalkyl-substituted oxirane rings,268 and l-(T-hydroxyalkyl)-l- 
selenoxycyclobutanes,127’128 obtained on oxidation of the corresponding selenides or on reaction of a-li- 
thioalkyl selenoxides with cyclobutenones, possess a high propensity to rearrange to cyclobutanones 

R = Me 
R = Ph 81% 

-Tol 

80% 
70% 

iii 

, SeMe 

-OH 

-p-Tol 

iv or v or vi 

p-Tol 

66% from ether Conditions Yield (%) 
0% from THF (a) iv 69 

(b) V 57 

(c) vi 82 

i, ether, -78 °C; ii, p-TsOH, benzene/H20, 80 °C, 12 h; iii, Me2C(SeMeLi), solvent, -78 °C; 
iv, AgBF4-Al203, CH2C12; v, T10Et,CHCl3; vi, MeS03F, ether 

Scheme 186 160 

74% 

i; 31% + SM 

73% recycled 

i, Me2C(SeMe)Li, ether, -78 °C; ii, AgBF4, CHC13 

190 Scheme 187 
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(a) 

HO 
SeMe 

(b) 

O 

i, n = 2, 56%; n = 3, 71%; n = 4, 90%; n = 13, 79% 

ii, n = 1,63%; « = 2,66%; n = 3, 61%;a /i = 4, 74%;a n = 13, 73% 

(ref. 198) 

Bu'OK (10 equiv.), CHX3 (20 equiv.) 

pentane, exothermic 

X = Cl; n = 3, 39%; n = 4, 50%; n = 12,40% 

X = Br, n = 3, 46% 

i, TIOEt (5.5 equiv.), CHC13, 20 °C, 8 h; ii, 50% aq. KOH, CHC13, TEBAC, 20 °C, 1 h 

a Allyl alcohols also produced (4-13%) 

Scheme 188 

(a) 
Conditions 

i 
R 

Ph 
n 

1 
Yield (%) 

87 100 0 0 
Ref 

198,244 
i Ph 2 92 100 0 0 198,244 

(b) ii Ph 1 89 68 32 0 198 
ii Me 1 91 78 22 0 198 

(c) iii Me 1 47 40 17 43 198 

i, TIOEt (5.5 equiv.), CHC13, 20 °C, 8 h; ii, 10% aq. KOH, CHC13 (3 equiv.), TEBAC, CH2C12, 20 °C; 

iii, Bu'OK (10 equiv.), CHC13 (10 equiv.), pentane, 20 °C 

Scheme 189 

(Scheme 190)268 and cyclopentanones (Schemes 54b and 121),127-128 respectively, rather than produce 
the corresponding allyl alcoholates via the well-established seleninic acid elimination (Section 2.6.4.4). 
The latter reaction, however, becomes important with oxaspiropentanes where the oxirane ring is trialkyl 
substituted (Scheme 191).268 

Conditions 

(a) PhSeNa, EtOH, then MCPBA 
(b) LiBF4 

48 4:96 
61 100:0 

(ref. 268) 

Scheme 190 
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35% 

+ 

17% (ref. 268) 

i, PhSeNa, EtOH; ii, MCPBA, CH2C12, -25 °C, 4.5 h, then 0 °C, 1 h 

Scheme 191 

The stereochemistry of the spirocyclobutanones shown in Scheme 190 seems to be determined by the 
rate of the ring expansion compared with that of bond rotation.268 Indeed, in several cases high stereose¬ 
lectivity is observed (Scheme 190, a),268 which is quite opposite to that found268 with lithium tetrafluoro- 
borate (Scheme 190, b). 

Finally, l-(T-hydroxyalkyl)-l-(methylseleno)cyclopropanes and some rare phenylseleno analogs be¬ 
longing to the phenylcarbinol series produce cyclobutanones on reaction with p-toluenesulfonic acid in a 
similar manner to the phenylthio analogs.12 This reaction has allowed the synthesis of a large variety of 
cyclobutanones, including those that are polyalkylated (Scheme 163; f-h),12-77-159-160-199 aryi substituted 
or vinyl substituted (Scheme 132, a; Scheme 186),12’77’160 by selective migration of the more-substituted 
carbon (Scheme 163, compare h with f).i2,77,i60 

The conditions involving dichlorocarbene generated from chloroform and thallium ethoxide give the 
best chemoselectivity, yields and reproducibility (Scheme 162, e; Scheme 165, c; Scheme 166, e; 
Scheme 186, b; Scheme 188, a; Scheme 189, a).160’197-225-227-244 The reactions are usually carried out at 
room temperature and require at least 8 h to go to completion.244 They are faster with methylseleno than 
with phenylseleno derivatives when performed at a higher temperature.244 The reactions performed under 
phase transfer catalysis conditions are valuable198 owing to the simplicity of the reagents used and the 
particularly rapid reaction rate (20 °C, 1-2 h). They lead,198 however, to appreciable amounts of allyl al¬ 
cohol (5-20%) besides the rearranged ketones (Scheme 188, a; Scheme 189, b). They are valuable for 
the synthesis of the most water soluble and volatile ketones, such as 2,2-dimethylcyclopentanone, since 
they avoid the presence of ethanol and chloroform, difficult to remove from the desired compounds. The 
same transformation can also be performed204 with silver tetrafluoroborate or silver tetrafluoroborate 
supported on basic alumina. The latter conditions are usually better than the former since they avoid the 
presence of fluoroboric acid, responsible for the concomitant formation of alkenes (by formal elimina¬ 

tion of RSeOH). 
When two different groups are susceptible to migrate on reaction of (3-hydroxyalkyl selenides with di¬ 

chlorocarbene or silver salts, the tendency to migrate follows the order CH2SiMe3 < H < Ph < alkyl 
(Scheme 192; Scheme 165, c).197-223-244-267 In general, the more alkyl substituted carbon possesses the 
highest propensity to migrate whatever the conditions used (Scheme 192). In the case of 2-methylcyclo- 
hexanols, however, low selectivity has been observed197 with thallium(I) ethoxide (Scheme 192, a and b) 
and, surprisingly, when the reaction is instead performed with silver tetrafluoroborate, the less-sub¬ 
stituted carbon has the highest tendency to migrate (Scheme 192, c).197 

The case of (3-hydroxy-y-alkenyl selenides merits further comments.225-227 The rearrangement effi¬ 
ciently takes place using the thallium(I) ethoxide method and the presence of an additional double bond 
in the reactant does not introduce a serious problem associated with unwanted reaction with the dichloro¬ 
carbene intermediate.225-226 This is not the case when silver tetrafluoroborate is used. 

The thallium ethoxide method almost selectively provides a,a-dialkyl-(3-enones by vinyl migration in 
sterically unconstrained straight chain derivatives (Scheme 193),225-226 whereas alkyl migration leading 
to a-enones takes place almost exclusively with the 2-cyclohexen-l-ol derivatives225-226 shown in 
Scheme 194. This is probably due to interrelationships of steric and conformational influences associated 
with proper antiperiplanar alignment of the RSeCChH leaving group. However, such high selectivity in 
favor of the alkyl over the vinyl migration is not observed225 with 2-cycloalken-l-ols of lower (2-cy- 
clopenten-l-ols) and of higher (2-cycloocten-l-ols) ring size (Scheme 194), and although the alkyl mi¬ 
gration is favored225 with 6-alkyl-substituted 2-cyclohexen-l-ols, the vinyl migration is observed225-226 if 
the cyclohexene ring is substituted at the 2- or 3-position (Schemes 134 and 195). 
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HO > 
SeMe O 

li / 
O 
II > 

X . i or ii or iii 
► Ax 

( 
R it/" 

R 
Ar ' ' n 

R Conditions n Yield (%) Ratio Ref. 

(a) H i 2 76 90:10 197,244 

H i 3 77 60:40 197, 244 

H i 4 65 78:22 197,244 

(b) H ii 2 69 92:8 197 

H ii 3 58 62:38 197 

H ii 4 56 84:16 197 

(c) H iii 2 74 90:10 204 

H iii 3 54 22:78 204 

H iii 4 49 72:28 204 

(d) Me i 3 81 100:0 197,244 
Me i 4 81 99:1 197,244 

(e) Me ii 3 54 100:0 197 
Me ii 4 52 99:1 197 

(f) Me iii 3 65 100:0 204 
Me iii 4 55 70:30 204 

i, TIOEt (5.5 equiv.), CHC13, 20 °C; ii, 10% aq. KOH, CHC13, TBEAC, 20 °C; iii, AgBF4-Al203, CH2C12, 20 °C 

Scheme 192 

2.6.4.5.4 Mechanism of epoxide and ketone formation from fi-hydroxyalkyl selenides 

Striking differences exist between silver tetrafluoroborate and dichlorocarbene mediated reactions 
since they proceed differently in several instances.200 206 Although the dichlorocarbene reaction takes 
place with almost all kinds of (3-hydroxyalkyl selenides,160-197'225-227-244 the silver tetrafluoroborate medi¬ 
ated reaction only works with those (3-hydroxyalkyl selenides which possess190-191,204 two alkyl groups 
on the carbon bearing the seleno moiety and on the condition that no unsaturation is present around the 
active site. Furthermore, detailed investigations carried out on the (3-hydroxyalkyl selenides (35) and 
(36) shown in Scheme 196 shed some light on the intimate mechanism of these reactions and on the 
subtle differences which exist between dichlorocarbene and silver tetrafluoroborate mediated reactions, 
although both often lead to identical products from the same starting materials.20-200-206 

Thus, the (3-hydroxyalkyl selenides (35a) and (35b) react266 with dichlorocarbene and stereoselective- 
ly lead to trans- and cA-9,10-epoxyoctadecene (37a and 37b; Scheme 196). Under similar conditions the 
3-hydroxyalkyl selenide (36a) regio- and stereoselectively leads to the cycloheptanone (38a) resulting 
from the migration of the most-substituted carbon, and its diastereoisomer (36b) produces a mixture of 
the regioisomeric cycloheptanones (38b) and (39a) in which the latter, arising from the migration of the 
least-substituted carbon, prevails (Scheme 196, c and e).200 In all cases the reactions take place apparent¬ 
ly in a concerted manner with inversion of the configuration at the substituted carbon,200-206-266 and in the 

TIOEt (5.5 equiv.), CHC13 

Pr - 
R1 

Pr + Pr (ref. 225) 

Rl = Me, 43%, 100:0 

R1 =Et, 71%, 78:22 

(ref. 226) 

Scheme 193 
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n R Yield (%) Ratio 

(a) 1 Me — 43:57 
(a) 2 Me 68 91:9 
(b) 2 Ph 84 95:5 
(a) 3 Me 69 51:49 
(b) 3 Ph 88 56:44 
(a) 8 Me 87 42:58 

n R Yield (%) Ratio (refs. 225 and 226) 
(c) 1 Ph 95 80:20 
(d) 2 Me 80 90:10 

Scheme 194 

(a) 2-Me 64 78:22 
3- Me 67 73:27 
4- Me 77 91:9 
6-Me 71 100:0 

(b) 6-Ph 70 100:0 

Scheme 195 

case of the ring enlargement reaction with complete retention of the configuration at the migrating carb¬ 

on.200 
The reactions of the same (3-hydroxyalkyl selenides (35) and (36) with silver tetrafluoroborate take a 

somewhat different course. Although cycloheptanones are produced from (36), (35) is unreactive and 
gives only the starting materials on heating (Scheme 196). Furthermore, with the (3-hydroxyalkyl se¬ 
lenides (36) the structure and stereochemistry of the cycloheptanones obtained are different from those 
disclosed when the reaction is carried out with dichlorocarbene. Not only the least-substituted carbon 
now migrates, regardless of whether (36a) or (36b) is involved, but also the ring enlargement proceeds 
with almost complete racemization from (36b) (leading to a mixture of 39a and 39b; Scheme 196) and 
with apparent complete retention of configuration from (36a) (leading to 39a; Scheme 196). The latter 
might be the result of two consecutive inversions involving the intermediate formation of an epoxide, but 

this remains to be confirmed. 
The reaction of dichlorocarbene with (3-hydroxyalkyl selenides is believed200'206 226’266 to take place se¬ 

lectively on the selenium atom, thus producing the corresponding (3-hydroxyalkyldichloromethylenesele- 
nonium ylide (40; Scheme 197). This, after an intramolecular proton transfer leading to (41; Scheme 
197), which probably occurs in a six-membered transition state, collapses selectively to the epoxide206 266 
or to' the carbonyl compound depending upon the substitution pattern around the substituted carbon.200 
The regiochemistry of the latter reaction depends upon the stereochemistry of the starting material, and 
the regioisomeric ratio without doubt reflects the ratio of the two conformers (43 and 44; Scheme 197) 
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Scheme 196 

which have the different groups involved in the rearrangement properly aligned for antiparallel migra¬ 
tion.200’226 These two conformations are not isoenergetic and will not be attained with equal prob¬ 
ability.200,226 

HO SeR 
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R Cl 

(42) 

Cl 

O 

R2 R4 

R3 

O R3 

>-fR4 
R2 R1 

O R4 

M-r3 
R1 R2 

Scheme 197 
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2.6A.6 Synthetic Uses of P-Hydroxyalkyl Selenides: Comparison with Well-established Related 
Reactions 

2.6.4.6.1 Generalities 

The combination of reactions described above (Sections 2.6.4.2 to 2.6.4.5) allows the selective syn¬ 
thesis of a large variety of alcohols, allyl alcohols, alkenes, epoxides and carbonyl compounds from @- 
hydroxyalkyl selenides. These products often can be obtained from two carbonyl compounds by 
activation of one of them as an a-selenoalkyllithium (Schemes 161-196). 

2.6A.6.2 Synthesis of alcohols 

The whole process involving the reaction of an a-selenoalkyllithium with a carbonyl compound and 
further reduction of the C—Se bond in the resulting (3-hydroxyalkyl selenide leads to an alcohol which 
can be directly produced from an alkyl metal and the same carbonyl compound (Section 2.6.4.2). This 
two-step procedure offers, in some cases, interesting advantages due to the larger size of a-selenoalkyl- 
lithiums, which favors a better stereochemical control (see, for example, Scheme 167 for comparison 
between the two approaches).210 

2.6.4.63 Synthesis of allyl alcohols 

Allyl alcohols have been prepared from a-selenoalkyllithiums or from a-selenoxyalkyllithiums and 
carbonyl compounds (Section 2.6.4.4). Although the former route is less connective than the latter, it 
usually provides allyl alcohols in similar yields (Scheme 198) and offers the advantage of a higher nu- 
cleophilicity of the organometallic, which becomes valuable for the more-hindered carbonyl compounds 
(Scheme 164, b). Both a-selenoalkyllithiums and a-selenoxyalkyllithiums in these processes are synthe¬ 
tically equivalent to vinyl anions. The principal advantage over the classical alkenyllithium route is in 
the availability of the starting materials (selenoacetals and alkyl selenides), in contrast to the difficulty of 
obtaining the simplest vinyl halides. Furthermore, since allyl alcohols can be obtained7 49 via the sele- 
noacetal route from two carbonyl compounds, the activation of each of the two derivatives allows the 
regioselective synthesis of one of the two isomeric allyl alcohols (Scheme 174, b and c).7,49 

(a) 
O 

(b) 

i, n 

v, vi 

55% overall 

65% overall 

(refs. 97, 98) 

(refs. 48, 49) 

i, LiC(Me)2Se(0)Ph, THF; ii, 10% AcOH, THF; iii, CC14, 70 °C; iv, 20 °C; v, LiC(Me)2SePh, THF; 

vi, H30+; vii, H202, THF, 20 °C 

Scheme 198 

2.6.4.6.4 Synthesis of epoxides, alkenes and carbonyl compounds 

Alkenes, epoxides and carbonyl compounds have been conveniently prepared from (3-hydroxyalkyl se¬ 
lenides (Sections 2.6.4.3 and 2.6.4.5). These often can, in turn, be obtained from two carbonyl com¬ 
pounds by activation of one of them as an a-selenoalkyllithium. Although each of the two carbonyl 
compounds can be formally transformed to an a-selenoalkyllithium, in practice a judicious selection is 
often of some value and even in some cases crucial for the success of the transformations. The following 
rules might help for the choice. It is better to transform to an a-selenoalkyllithium the carbonyl com- 
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pound which is: (i) the most readily available; (ii) the least substituted; (iii) the least hindered; and (iv) 
not aryl or vinyl substituted. Since a-selenoalkyllithiums belong to the well-known family of a-hetero- 
substituted organometallics,7 some of them, such as phosphorus ylides7,25,269-275 or a-silylalkyl- 
lithiums,7,16,31,276 sulfur ylides7,25,32,33 or a-thioalkyllithiums,716,33 and diazoalkanes277 have been 
intensively and successfully used for the one-pot synthesis from carbonyl compounds of alkenes and 
epoxides, as well as for the ring enlargement of cyclic ketones. The selective synthesis of the same com¬ 
pounds can also be achieved from a-selenoalkyllithiums by the multistep sequences already discussed, 
which involve the formation of the same bonds (shown in bold in Scheme 199). 

Scheme 199 

Although in many instances the well-established, one-step procedures presented above are very effi¬ 
cient and should be preferred to the a-selenoalkyllithium route, there remain several cases for which the 
latter approach offers definite advantages. 

The synthesis of the starting a-selenoalkyllithiums is, as already mentioned, easy and straightforward. 
Differently substituted reagents, including those bearing two alkyl groups on the carbanionic center, are 
available from carbonyl compounds and via a sequence of reactions which regioselectively allow the re¬ 
placement of the carbonyl oxygen atom by the seleno moiety and the lithium atom. This compares very 
well to the synthesis of: (i) phosphorus and sulphur ylides, which require the use of lengthy procedures 
when s-alkyl-phosphonium7,25,269-275 or -sulphonium salts7,25,32,33 (with the exclusion of 2-propyl and cy¬ 
clopropyl derivatives) are needed; and (ii) a-silyl-7,16,31,276 or a-thio-alkyllithiums,7,16,33 which is limited 
to the unsubstituted and monoalkyl-substituted derivatives. 

The high nucleophilicity of a-selenoalkyllithiums towards carbonyl compounds, even those that are 
the most hindered or enolizable, such as 2,2,6-trimethyl- and 2,2,6,6-tetramethyl-cyclohexanone 
(Schemes 113 and 164),188 di-/-butyl ketone,189 permethylcyclobutanone,190,191 permethylcyclopenta- 
none (Schemes 113 and 187)190,191 and deoxybenzoin (Schemes 115, 116 and 165),159,194,196,223 allows 
the synthesis of related alkenes, epoxides and rearranged ketones which are not available from the same 
carbonyl compounds on reaction with phosphorus or sulfur ylides278,279 or diazoalkanes.2063 

The high tendency of a-selenoalkyllithiums, even those that bear alkyl substituents on the carbanionic 
center, to add at the C-l site of enones allows the high yield synthesis of vinyl oxiranes (Schemes 132, 
134 and 166).221,239 These cannot be prepared from sulfur ylides since they add across the carbon-carbon 
double bond of enones to produce cyclopropyl ketones (Scheme 200).280 

(ref. 280) (ref. 221) 

i, Me2C=SPh2, LiBF4, DME; ii, Me2C(SeMe)Li, THF; iii, H30 ; iv, Mel; v, Bu'OK, DMSO 

Scheme 200 

In the rearrangement reaction, the multistep sequence offers the definite advantage of avoiding the 
polyhomologation of cyclic ketones, often encountered with diazoalkanes277 due to the presence of the 
reagent with both the starting and rearranged ketone. 

The stereoisomeric mixture of (3-hydroxyalkyl selenides resulting from the reaction of the a-selenoal- 
kyllithium and the carbonyl compound has been often cleanly and easily separated into its constituents 
by liquid chromatography on silica gel (Schemes 124, 133, 134, and 170-172).200,206,222,226,229,258,259 This 
has, therefore, allowed the synthesis of each of the two stereoisomers of various di- and tri-substituted al¬ 
kenes (Schemes 124, 170 and 171; Scheme 172, a) and epoxides (Scheme 124; Scheme 172, b),206 which 
are otherwise obtained as intractable mixtures of stereoisomers through the conventional phosphorus or 
sulfur ylide methods. Last but not least, 2-lithio-2-methylselenopropane can be used as the precursor of 
various compounds bearing gem dimethyl substituted carbons, such as squalene,222 oxido- 
squalene,206,222,229 lanosterol222 and cholesterol.222 Use of commercially available perdeuterated or 14Ci 
or 14C.—14C2 acetone allows the straightforward synthesis of the corresponding labelled compounds 
(Schemes 131 and 201), which otherwise would have required a more lengthy synthetic route. 
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* _ 14^ 

i, MeSe14CMe2Li; ii, Mel, 20 °C; iii, 10% aq. KOH, ether; iv, MeSeC(CD3)2Li, ether; v, Mel, 20 °C; 

vi, 10% aq. KOH, ether; vii, MeSe14CMe2Li; viii, MeS03F, ether; ix, 10% aq. KOH, ether; 

x, NBS (1.1 equiv.), DME, H20; xi, 10% aq. KOH; xii, HC104; xiii, NaI04; xiv, MeSel4CMe2Li; xv, PI3, 

Et3N, CH2C12 

Scheme 201 222 

2.6.5 MISCELLANEOUS REACTIONS INVOLVING FUNCTIONALIZED 
a-SELENOALKYL METALS AND CARBONYL COMPOUNDS 

2.6.5.1 a-Selenoalkyl and a-Selenoxyalkyl Metals as Vinyl Anion Equivalents 

a-Selenoalkyllithiums and a-selenoxyalkyllithiums have at several occasions played the role of 
vinyllithium equivalents. Thus, various 3-seleno-235 and 3-selenoxy-carbonyl98 compounds have been 
transformed to a,|3-unsaturated carbonyl compounds by taking advantage of the well-established elimi¬ 
nation of the corresponding selenoxide (Scheme 157, c, d and e). 

2.6.5.2 l,l-Bis(seleno)alkyl Metals and 1-Silyl-l-selenoalkyl Metals as Acyl Anion Equivalents 

2.6.5.2.1 l,l-Bis(seleno)alkyl metals as acyl anion equivalents 

l,l-Bis(seleno)alkyl metals are valuable acyl anion equivalents. Thus 3-hydroxybis(seleno)alkanes,281 
as well as (3-hydroxy-y,8-unsaturated bis(seleno)alkanes or -y-oxobis(seleno)alkanes, selectively ob¬ 
tained on reaction of enals, or enones and l-metallo-l,l-bis(seleno)alkanes in ether or THF-HMPA, im¬ 
mediately react73’94233-281 with copper chloride-copper oxide in acetone and lead, respectively, to 
(3-hydroxy-3,y-unsaturated carbonyl73 94’233 compounds or y-diketones (Scheme 139; Scheme 140, a, b 
and e; Scheme 149, b) 94 233 In some rare cases (see Scheme 140, e), the reaction proceeds233 differently 
and instead leads to a vinyl selenide, which can be further transformed to a carbonyl compound when 

reacted with mercury(II) chloride. 
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2.6.5.22 1,1 -Silyl-l-selenoalkyl metals as acyl anion equivalents 

a-Hydroxycarbonyl compounds have also been synthesized171 from (3-hydroxy-a-silylalkyl selenides 
and hydrogen peroxide (Scheme 96, d). The reaction proceeds smoothly under mild conditions and might 
involve a Pummerer-type rearrangement. 

2.6.5.3 Homologation of Carbonyl Compounds from a-Heterosubstituted-a-selenoalkyl Metals 

a-Selenoalkyl metals bearing on the carbanionic center a phosphono,106 phosphonato (Scheme 28),102 
silyl (Scheme 96, e)171 or seleno moiety (Scheme 98, b) allow the homologation of carbonyl compounds. 
The three former reagents immediately lead to vinyl selenides on reaction with carbonyl compounds, 
whereas the latter requires the reductive elimination of the p-hydroxybis(seleno)alkane intermediate to 
provide the same vinyl selenides (Scheme 98, b).108 These have been later transformed to carbonyl com¬ 
pounds on reaction with mercury(II) chloride.11,102 106108’171 

2.6.5.4 Conclusion 

Most of the reactions described in this section have not been carried out on a large array of com¬ 
pounds. It is therefore difficult to compare their scope to the related reactions which use other a-hetero- 
substituted alkyl metals.7 

2.6.6 GENERAL CONCLUSION 

In conclusion, a-selenoalkyllithiums and a-selenoxyalkyl metals are versatile building blocks, readily 
available, and particularly prone to produce (3-hydroxyalkyl selenides and pJ-hydroxyalkyl selenoxides 
which, after proper activation, have allowed the selective synthesis of various selenium-free compounds. 
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3.1.1 INTRODUCTION 

In this chapter, the various methods of converting a carbonyl derivative to an alkene are discussed. 
Particular focus has been given to recently developed methods and their use in the context of natural 
product synthesis. Formally this volume in the series is devoted to nonstabilized carbanion additions, but 
this mechanistic definition has not been strictly adhered to in this chapter. The methods are categorized 
according to the type of alkene synthesized, and the stabilizing group attached to the anion or carbene. In 
addition, all of the methods discussed involve the addition of a carbon unit to the carbonyl, followed by 
some type of elimination or cleavage to the alkene. To further narrow the scope of this chapter, the added 
carbon unit and the original carbonyl carbon must form the units of the alkene, as shown in Scheme 1. 
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Aldehydes, ketones, esters and lactones, and amides and lactams are all featured in these sections, de¬ 
pending on the synthetic method being discussed. 

+ 
M+ 

R2 O M+ r2 

\| / 
— W2 

R3 
/ \ 

R1 R3 R1 R3 

Scheme 1 

3.1.2 METHYLENATION REACTIONS: INTRODUCTION 

The methylenation of ketones and aldehydes by the Wittig reaction is a well-established and selective 
methodology. Unlike addition-elimination methods of alkene formation, the Wittig proceeds in a defined 
sense, producing an alkene at the original site of the carbonyl. The Wittig reaction is not considered here, 
but is used as the standard by which the methods discussed are measured.1 The topics covered in the 
methylenation sections include the Peterson alkenation, the Johnson sulfoximine approach, the Tebbe re¬ 
action and the Oshima-Takai titanium-dihalomethane method. 

3.1.3 SILICON-STABILIZED METHYLENATION: THE PETERSON ALKENATION 

The conversion of a carbonyl to an alkene can be effected by the addition of a a-silyl-substituted alkyl 
anion to an aldehyde or ketone, followed by either alkoxide attack on the silicon and elimination of 
silanolate, or acid-catalyzed elimination (Scheme 2).2 

R’3Si. M + 

O 
JJ 

r2^r3 
R2 R3 

SiR>3 

r°H 
R2 ' R3 

Scheme 2 

In the case of base-induced elimination, the Peterson alkenation relies on the strong bond formed be¬ 
tween silicon and oxygen, and the ready propensity for silicon to be attacked by alkoxide, to drive the re¬ 
action.3 In the original study by Peterson, the (3-silylcarbinols were prepared by the addition of 
(trimethylsilyl)methylmagnesium chloride to the carbonyl. The carbinols were subsequently eliminated 
by treatment with sodium or potassium hydride or with sulfuric acid to form the methylene derivatives in 
excellent yield. The Peterson reaction has proven to be of general utility in the synthesis of alkenes.4 

3.1.3.1 Methylenation in Comparison with the Wittig Reaction 

The Peterson reagent is more basic and is sterically less hindered than the phosphorus ylide.4 There¬ 
fore, the reagent has the advantage of being more reactive than the Wittig reagent and the side product, 
hexamethyldisiloxane, is simpler to remove than the various phosphorus by-products of the Wittig re¬ 
action. One of the most frequently cited comparisons of the Wittig reaction with the Peterson is the syn¬ 
thesis of (3-gorgonene (2) by Boeckman and coworkers, where the Wittig failed and the Peterson 

methodology was successful (equation l).5 

i, Me3SiCH2MgCl 

ii, AcOH 

15% 
(1) 

(1) (2) 
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In an interesting comparison of the propensity for alkoxide attack on silicon, given the option of elimi¬ 
nation in the direction of phosphorus or silicon, it is the silicon elimination that prevails, to give the 
vinylphosphonium salt (Scheme 3).2 For use with enolizable carbonyls, the basicity of the reagent can be 
greatly reduced by the use of cerium chloride, as discussed in Section 3.1.3.4.2. 

O .. ph Ph Ph 

JJ + Ph3P^SiMe3 -- Ph3P -- /=•={ 
Pl> Ph Ph Ph Ph 

Scheme 3 

3.1.3.2 Elimination Conditions 

As Peterson outlined in his preliminary communication of the method, either basic (KH, KOBu‘ or 
NaH) or acidic conditions (acetic acid, sulfuric acid or boron trifluoride etherate) may be utilized to ef¬ 
fect the elimination of the silylcarbinol.2 Alternatively the initial adduct may be treated in situ with thio- 
nyl or acetyl chloride.6 This procedure may be advantageous in cases where isomerization of the alkene 
is problematic, and is particularly useful in the synthesis of terminal alkenes. As discussed in Section 
3.1.3.4.2, the Johnson group has successfully employed aqueous HF to effect the elimination and this 
method may also have advantages in situations complicated by base-catalyzed isomerization.7 

3.1.3.3 Variation of the Metal Anion 

The most prevalent applications of the Peterson methodology are with the readily available lithium or 
magnesium anions, which have similar reactivity with both aldehydes and ketones.8 Recent examples of 
the Peterson methylenation in organic synthesis are presented in Table 1. 

In addition to the examples in Table 1, the Peterson methylenation has been used in several interesting 
natural product syntheses, as the examples in equation (2)-(6) indicate. Danishefsky and coworkers used 
the Peterson reaction in an approach to mitomycins (4; equation 2).16 This application demonstrated the 
use of unique elimination conditions. The hydroxysilane intermediate was stable to direct Peterson elimi¬ 
nation. Therefore, the removal of the silyl protecting group and the elimination of the silyloxy group 
were carried out with DDQ in quantitative yield. 

,NMe 

i, LiCH2SiMe3 

high yield 

ii, DDQ, THF 

quantitative 

(3) R = H, Me 

. NMe (2) 

The Peterson methodology has seen wide application in the synthesis of carbohydrates. The prepara¬ 
tion of 3-C-methylene sugars (6) was demonstrated by Carey and coworkers, with the methylenation pro¬ 
ceeding without elimination of the anomeric alkoxy group (equation 3).17 A more recent example of 
Peterson methylenation of a carbohydrate is the synthesis of a deoxyamino sugar (8) by Fraser-Reid 
(equation 4).18 In this case, the carbonyl failed to react with the methylenetriphenylphosphorane at room 
temperature, and forcing conditions resulted in decomposition. Application of the Oshima-Takai-Lom- 
bardo method also failed.19 The Peterson reagent added in excellent yield, and the elimination resulted in 
the formation of the desired methylene (8a) as well as the vinylsilane (8b). 

(5) R = OCOPh 

i, Me3SiCH2MgCl; 90% 

ii, KH, THF; 58% 
(3) 

Further examples of the Peterson methylenation successfully being applied when other techniques 
failed are shown in equations (5) and (6). In the synthesis of bicyclomycin, a diazabicyclodecane dione, 
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both the Wittig and the Tebbe procedures failed.20 (Trimethylsilyl)methylmagnesium chloride was added 
to ketone (9) in 52% yield. The usual elimination procedures failed. The trifluoroacetate was formed, and 
this derivative was treated with Bun4NF to effect the elimination. Following deprotection, the desired 
methylene derivative (10) was isolated in 81% yield (equation 5). In studies directed toward the synthesis 
of senoxepin (12), CH2Br2/Zn/TiCl4 methylenation destroyed the oxepin.21 The Peterson reagent was 
successfully added, and further elaboration of the ring skeleton was carried out to complete the synthesis 
(equation 6). 

Table 1 Methylenation by the Addition of Lithium or Magnesium Trimethylsilylmethyl Anion to Carbonyls 

Substrate Conditions Yield (%) Ref 

HJ H I H | 

i H OSiMe2Bu' 

OSiMe2Bul 

i, LiCH2SiMe3; ii, KH, THF; iii, Bun4NF 

no epimerization 

i, ClMgCH2SiMe3; ii, SOCl2 

i, LiCH2SiMe3; ii, NCS, AgN03 

35 (3 steps) 9 

50-60 10 

80 11 

Bu'Me2SiO""' i, ClMgCH2SiMe3; ii, H2SQ4, THF; iii, HF, MeCN 88a (3 steps) 12 

i, ClMgCH2SiMe3; ii, cat. oxalic acid, MeOH 72 13 

base not effective 

< 
CHO i, ClMgCH2SiMe3; ii, MeCOCl, MeCQ2H 60 14 
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PivO 
, N 

CbzNH i 
Cbz O 

OBu' 

i, Me3SiCH2MgCl; 90% 

ii, SOCl2, pyridine; 86% 

(7) Cbz = benzyloxycarbonyl (8a) R = H; 75% 

(8b) R = Me3Si; 25% 

(4) 

i, Me3SiCH2MgCl; 52% 

ii, (CF3C0)20, then 

Bun4NF, KF, MeOH; 81% 

(9) (10) 

i, Me3SiCH2MgCl; 48% 

ii, MCPBA; 82% 

iii, NBS, AIBN, then 

Nal, acetone; 22% 

(ID (12) 

(5) 

(6) 

3.1.3.4 Chemoselectivity 

3.13.4.1 Titanium 

Recently, the chemoselective addition of the a-silylmethyl anion to aldehydes has been accomplished 
with titanium (equation 7). In studies by Kauffmann, the Grignard derivative was treated with TiCU to 
prepare the titanium species in situ.22 As indicated in Table 2,22 this reagent added in good yield to alde¬ 
hydes to produce the desired methylene compounds but was ineffective for the conversion of ketones to 
the corresponding methylene compound.23 

TiCl4, Me3SiCH2MgCl 

H Et20 

Table 2 Titanium Peterson Methylenation22 

Substrate Yield (%) Substrate Yield (%) 

Hexanal 60 Benzaldehyde 59 
Heptanal 65 3,3-Dimethyl-3-butanone 0 
Octanal 59 4-r-Butylcyclohexanone 8 
Nonanal 61 Acetophenone 3 

3.13.4.2 Cerium 

Johnson has studied the cerium modification of the Peterson methylenation.24 (Trimethylsilyl)methyl- 
lithium was added to CeCb and the addition carried out in the presence of TMEDA (equation 8). The ce¬ 
rium lithium reagent proved to be superior to the lithium, magnesium or cerium magnesium mixed 
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species on reaction with base sensitive aldehydes and ketones.25 The addition is chemoselective for alde¬ 
hydes and ketones in the presence of amides, esters and halides. The elimination was carried out with HF 
or KH. Aqueous hydrogen fluoride (with or without pyridine) gave superior yields of the desired 
products without isomerization. Several examples are listed in Table 3.24 26 

i, Me3SiCH2Li, CeCl3 

TMEDA 

ii, HF, MeCN 

(13) (14) 

(8) 

Table 3 Cerium Modification of the Peterson Methylenation24 

Carbonyl Me3SiCH2Li Me3SiCH2LilCeCl3 HF 

78% 93% 84% 

In addition, this approach has been utilized in the synthesis of allylsilanes, as shown in Scheme 4. An 
ester was reacted with an excess of the reagent prepared from TMSCkFMgCl and CeCb to give the 
bis(silylmethyl)carbinol (16).27 Treatment with silica gel resulted in the formation of the allylsilane (17). 
Examples are listed in Table 4. 

O 

(15) 

Me3SiCH2MgCl, CeCl3 

5 equiv. 

. SiMe3 

OH 

(16) 

SiMe3 

Scheme 4 

silica gel 

CH2C12 

SiMe3 

(17) 

As in the work by Johnson, a distinct difference was noted in the magnesium- and lithium-derived ce¬ 
rium species. The lithium/cerium complex has been used by Fuchs and coworkers to synthesize allylsi¬ 
lane derivatives (20) from acyl chlorides (18; Scheme 5).28 This work is summarized in Table 5. 
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Table 4 Reaction with Esters27 

Ester Yield of allylsilane (%) Ester Yield of allylsilane (%) 

O 

rAci 
(18) 

Me3SiCH2Li, CeCl3 
SiMe3 

Me3SiCl, 6 equiv. 

SiMe3 

4 equiv. R"' 
SiMe3 

Florisil r' 

(19) 

Scheme 5 

(20) 

Table 5 The Addition of the Cerium Peterson Reagent to Acid Chlorides to Form Allylsilanes28 

Substrate Me3SiCH2MgCl Me3SiCH2Li Me3SiCH2LilCeCl3 

O x 
C9H,9 Cl 

20% 61% 87% 

phX. 0% 40% 72% 

■LX 
0 

22% 40% 90% 

o 

7% 64% 80% 

Interestingly, the lithium/cerium reagent was not effective on reaction with esters. Besides the dif¬ 
ferences in counterion, the Fuchs and Bunnelle groups utilized different methods for forming the cerium 
complex. Johnson and Bunnelle formed the cerium Peterson reagent by heating CeCl3-7H20 to 140- 
150 °C under high vacuum for 2 h.24-27 The flask is cooled and THF is added. The CeCb in THF is 
stirred at room temperature for 2 h, then cooled to -78 °C, and the lithium or magnesium Peterson re¬ 
agent is added. After this solution has been stirred for 30 min to 1 h the carbonyl derivative is added. The 
Fuchs anion is derived from commercially available CeCb.28 It is stirred at room temperature in THF for 
12-24 h, and then the solution is cooled and the Peterson anion added. It is unknown what effect the dif¬ 
ferent preparations has on the additions to the various carbonyl derivatives. The cerium reagent has 
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proven to be highly advantageous for the synthesis of allylsilanes from esters or acid chlorides that are 
sterically hindered, without competitive enolization. 

3.1.3.5 Substitution on Silicon29 

(Phenyldimethylsilyl)methylmagnesium chloride has recently been demonstrated to be an effective al¬ 
ternative to the trimethylsilyl derivative.30 This reagent has been used in the methylenation of pyrano- 
sides (21). It forms a stable ot-hydroxysilane that can be purified by silica gel chromatography. The 
intermediate may be oxidized to the diol or quantitatively cleaved to the methylene derivative (22; equa¬ 
tion 9). 

H 

i, PhMe2SiCH2MgCl, 70% 

ii, HBF4, 100% 

H 

(9) 

3.1.3.6 Other Reactions 

a,(3-Epoxysilanes can be synthesized directly from an aldehyde or a ketone by the addition of chloro- 
methyl(trimethylsilyl)lithium (Scheme 6).31 This functional group can be used to form the homologated 
aldehyde or ketone (24), or, as discussed in Section 3.1.10, additions may be carried out on the epoxide, 
and the (3-hydroxysilane eliminated to form the alkene (25). 

(VR3 

Scheme 6 (25) 

3.1.4 SULFUR-STABILIZED METHYLENATION: THE JOHNSON 
(A-METHYLPHENYLSULFONIMIDOYL)METHYLLITHIUM METHOD 

In 1973, Johnson reported the use of (A-methylphenylsulfonimidoyl)methyllithium (26) for addition to 
carbonyls, followed by reductive elimination to produce the methylene derivative (28; Scheme 7).32 As 
with the Tebbe and Oshima procedures discussed in Sections 3.1.5 and 3.1.6, this method can be applied 
to enones, ketones and, with comparatively diminished efficiency, aldehydes.33 The anion appears to be 
more nucleophillic than methylenetriphenylphosphorane, and there are several examples, detailed below, 
in which the Wittig reaction failed but the Johnson procedure succeeded. The addition and reductive 
cleavage can be combined into a single operation without isolation of the (3-hydroxysulfoximine.33 

Li 

O 
ii 
S-Ph 
ii 
NMe 

THF 
OH o 

* Ph 

NMe 

Al(Hg) 

THF, AcOH 

(26) (27) (28) 

Scheme 7 
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3.1.4.1 Reductive Elimination 

In addition to aluminum amalgam, several other methods were explored for the elimination of the (3- 
hydroxysulfoximine.33 Acetylation, followed by attempted elimination under a variety of conditions, was 
not effective, and therefore reducing agents were explored. Of the various metals investigated, magne¬ 
sium amalgam, zinc and chromium did not have high enough oxidation potentials to give good ratios of 
the desired alkene. While sodium, magnesium, aluminum and aluminum amalgam were all effective, 
only the latter reagent, in the presence of acetic acid, was high yielding and gave acceptable ratios of al¬ 
kene to alcohol. The proposed mechanism of reductive cleavage entails a two-electron transfer from the 
aluminum to the sulfoximine (29). Collapse of this intermediate results in a carbanion (31) and the sul- 
finamide (32). The sulfur derivative may be further reduced to thiophenol and the carbanion can either be 
protonated to yield the alcohol or eliminated to yield the alkene (33; Scheme 8).33 It was found that the 
methylenation of aryl aldehydes is complicated by the reaction of the styrene (34) with the thiophenol 
produced in the reduction to give the sulfide (35; equation 10). While this side reaction can be abated by 
the use of less aluminum amalgam, this gave diminished yields, so the best choice would be an alterna¬ 
tive method of methylenation. 

OH o 
Ph 

NMe 

Al(Hg) 

THF, AcOH 

OH 0_A1+ 

>k^-Ph 
NHMe 

(29) (30) 

+ 
O 
n 

Ph NHMe 

(31) (32) 

Scheme 8 

O 

Ar H 

Ar^ + Ar 
SPh 

(34) (35) 

(10) 

3.1.4.2 Examples of the Johnson Methylenation Procedure 

Examples of the Johnson methylenation procedure are outlined in Table 6. As the examples indicate, 
the methodology is compatible with a wide variety of ethers, as well as amides and esters. 

3.1.4.3 Comparison with the Wittig Procedure 

Of particular note in comparison with the Wittig procedure is Boeckman’s total synthesis of gascardic 
acid (equation 11). It was found that direct Wittig methylenation was low yielding in the reaction with 
(36).39 It was hypothesized that this was because of interference with the two-carbon side chain. The 
problem was solved by hydrolyzing the esters, followed by addition and elimination of the sulfoximine 
and reesterification to obtain the desired adduct (37) in 70% overall yield. The Johnson method was also 
utilized to selectively methylenate the less-hindered ketone (38) in the synthesis of (-)-picrotoxinin 
(equation 12).40 

3.1.4.4 Resolution 

The tremendous advantage of this method of methylene formation over the various other procedures is 
that it is capable of producing optically pure material through the addition of an enantiomer of (methyl- 
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Table 6 Reaction of /V-Methylphenylsulfonimidoylmethyl Anion with Ketones 

Entry Substrate Reagent Yield of RR'CCH2 (%) Ref. 

1 

2 

BrMgCH2SOPhNMe 

R = COPh 

LiCH2SOPhNMe 

R = CH2Ph 

75 

59 

50 

LiCH2SOPhNMe 66 

LiCH2SOPhNMe 67 

34 

35 

36 

37 

38 

(36) (37) 

i, Na2C03, aq. MeOH; ii, PhSO(NMe)CH2Li, THF, -78 °C, then in situ Al(Hg), AcOH; iii, CH2N2, Et20 

phenylsulfonimidoyl)methyllithium to the ketone.41 As demonstrated in the synthesis of (-)-p-panasin- 
sene (43), the diastereomers (41) and (42) can be separated (frequently by simple column chromato¬ 
graphy) and taken on to the enantiomeric methylenes (43) and (44)42 Johnson observed excellent facial 
diastereoselectivity in the addition of the sulfoximine to the racemic ketone (40; Scheme 9). In another 
interesting comparison to the Wittig reaction, the same ketone was reported to be unreactive to the Wittig 

reagent in DMSO.42 
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(±)-(40) 

i, (S)-PhSO(NMe)CH2Li 

ii, diastereomers 

separated by flash 

chromatography 

Al(Hg) 

(43) 96% 

Al(Hg) 

(44) 92% 

Scheme 9 

In addition to synthesizing optically pure alkenes, this method can be utilized to produce chiral ketones 
and alcohols as shown in Scheme 10.43 The intermediate sulfoximine (45) can either be reduced with 
Raney nickel to the chiral alcohol (46) or, because it is not stable to thermolysis, heated to revert back to 
the ketone (47). 

(47) 

Scheme 10 

As detailed in Scheme 11, Paquette has taken advantage of both the methylenation and the thermolysis 
in studies concerning the nucleus of cerorubenic acid.44 Since the absolute configuration of the natural 
product was unknown, the route made use of the symmetry of the diketone (48) to produce either 
enantiomer of the ketoalkenes (52) and (53). Paquette observed the same high facial selectivity that 
Johnson had observed on the addition of the sulfoximine to the ketone 43b The diastereomers produced, 
(49) and (50), could be readily separated by silica gel chromatography, reduced with Raney nickel and 
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dehydrated with the Burgess reagent. Although the reductive cleavage with Al(Hg) was attempted, in 
this example it proved unsuccessful.44 The overall efficiency of the process was improved by first car¬ 
rying out the Wittig reaction to produce methylene (51), followed by the addition of the sulfoximine. 
Once again the diastereomers could be separated and, having served its purpose of resolution, the sulfox¬ 
imine was cleaved thermally back to the ketoalkenes (52) and (53). 

(±)-(Sl) (-M52) (+)-(53) 

i, (+)-PhSO(NMe)CH2Li; ii, separate diastereomers; iii, Ph^PCH2; 

iv, 130 °C, PhH; v, Raney Ni, EtOH; vi, Me02CNS02NEt3 

Scheme 11 

Besides serving as a useful tool for resolution, the sulfoximine addition adduct can be utilized to direct 
such reactions as the Simmons-Smith cyclopropanation and 0s04 addition to an aikene.43 

3.1.4.5 Halogen Incorporation 

Finch has demonstrated that the sulfoximine approach is a viable alternative for fluoromethylenation 
(Scheme 12). The fluorosulfoximine (54) is deprotonated with LDA in THF and the aldehyde or ketone 
added to the anion. Conversion to the alkene is carried out with the standard aluminum amalgam proce¬ 
dure to yield a 1:1 mixture of (E)- and (Z)-alkenes (56). The reaction is very effective for aromatic and 
aliphatic aldehydes and aliphatic and alicyclic ketones, but, while aromatic and a,{3-unsaturated ketones 
give good yields of the addition adduct, the reductive elimination results in a variable amount of product 
formation. This method was applied to the synthesis of prostaglandin 9-fluoromethylene (58; equation 

13)45 

O 
ii 

Ph-S 

F 

NMe 

, OH o 
LDA R * .Ph 

-- R2 " 
THF 1 NMe 

Al(Hg) 

AcOH 

(54) 

Scheme 12 

F 

(55) (56) (E):(Z) = 1:1 
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O 

(57) 

i, PhSO(NMe)CH2F, LDA Al/Hg, THF, AcOH 

ii, CH2N2 57% 

100% 

(13) 

(58) (E):(Z) =1:1 

3.1.4.6 Di-, Tri- and Tetra-substituted Alkenes 

The Johnson procedure may not be applied to tetrasubstituted alkenes. The explanation is that the re¬ 
duced nucleophilicity of the sulfoximine causes it to function as a strong base, rather than add to the ke¬ 
tone.33 The reaction of higher analogs of the methyl sulfoximine may be applied to the synthesis of di- 
and tri-substituted alkenes but, while the reactions proceed to give trans-alkene as the major product, the 
trans/cis selectivity is not high.33 An excellent comparison between the sulfoximine and Wittig reactions 
is found in the synthesis of 6a-carbaprostaglandin I2 (60; equation 14).46 Initial attempts to incorporate 
the top portion by a Wittig reaction were complicated by apparent enolization of the carbonyl (59). 
While this was effectively solved by employing the more nucleophilic Johnson sulfoximine procedure, 
the trans/cis ratio was approximately 1:1. It was subsequently discovered that the difficulties en¬ 
countered with the Wittig could be solved if an excess of the ylide was utilized.46 

(59) (60) 

i, PhSO(NMe)CH2(CH2)4OTHP, MeMgBr; ii, Al/Hg, THF, AcOH; iii, Bun4NF; iv, Ac20, Py; v, AcOH; 

vi, Jones reagent 

It has been demonstrated that the mechanism (see Section 3.1.4.1) for the reductive cleavage of the 
sulfoximine explains the mix of alkenes.33 Other effects, such as interconversion of the hydroxysulfox- 
imines, alcohol elimination or equilibration of the alkenes, were experimentally eliminated as the cause 
of the trans/cis ratios.33 

3.1.4.7 Phenylphosphinothioic Amide 

In addition to the sulfoximines, Johnson has studied phosphinothioic amides as alkene precursors 47 
This reagent has not achieved the popularity of the sulfoximines. It can be utilized for ketone methylen- 
ation with resolution, as well as for the synthesis of more highly substituted alkenes.48 Rigby has found 
that in the synthesis of guaianolides this reagent was effective where Peterson and Wittig reactions gave 
only (3-elimination 49 
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3.1.5 TITANIUM-STABILIZED METHYLENATION: THE TEBBE REACTION 

The application of Wittig technology to higher oxidation state carbonyls, such as esters and amides, is 
complicated by the undesired cleavage of the ester or amide bond. In addition, any basic method of al¬ 
kene formation has the inherent possibility of enolizing a sensitive carbonyl derivative. In the course of 
studies directed toward reagents for the alkene metathesis reaction, a secondary observation was made by 
Schrock that lead to the discovery of higher oxidation state metal analogs of the Wittig reagent. These al- 
kylidene complexes have filled an important gap in synthetic methodology. 

Schrock discovered that the r-butylalkylidene complex of tantalum (and in lower yield, niobium) was a 
structural analog to the phosphorus ylide.50 The complex proved to be a reagent for /-butylalkene forma¬ 
tion. Of the Wittig-type reactions tried, most notable was the ability of the complex to react with esters 
and amides to form the corresponding r-butylalkenes in good yields. 

3.1.5.1 Methylenation 

Stimulated by these findings, the titanium methylenation reagent, known as the Tebbe reagent (61), 
was first introduced in 1978 and has been widely used for the one-carbon homologation of carbonyls.51 
As discussed in a footnote in the Tebbe paper, the reagent reacts with aldehydes, ketones and esters to 
produce the methylene derivatives. This observation was expanded by Evans and Grubbs to include a 
wide range of both esters and lactones.52 It was observed that the rate of reaction was increased by the 
presence of donor ligands such as THF and pyridine. This effect has been noted in the reaction of the 
Tebbe reagent with alkenes.53 The explaination provided is that the Lewis acid removes Me2AlCl from 
the metallocycle, allowing the reactive [Cp2TiCH2] fragment to be trapped by the carbonyl or alkene. In 
addition, Evans and Grubbs discovered that the Tebbe reagent tolerated ketal and alkene functionality. 
The stereochemical integrity of unsaturated carbonyls is maintained. Pine and coworkers found that the 
reactivity of the reagent towards ketones was higher than that towards esters,52 allowing for selective 
methylenation of dicarbonyl compounds.54 In addition to ester functionality, the reaction can be per¬ 
formed on amides to produce the corresponding enamines. The methylenation reaction is summarized in 
Scheme 13. Inspection of Tables 7-10 reveals the wide variety of substrates and functional groups with 
which the reaction is compatible. 

Cl 

(61) 

Cp2TiCH2AlClMe2 

X = H, OR, NR2, CR3 

+ [Cp2Ti = 0]„ 

Scheme 13 

If the reaction is applied to anhydrides or acid chlorides, however, another reaction pathway predomi¬ 
nates. In cases where a good leaving group is attached to the carbonyl, the enolate is formed (Scheme 14) 
and, after work-up, the methyl ketone is isolated in moderate yield.65 Grubbs found that the enolate was 
best formed with titanocyclobutane (see Section 3.1.5.3), instead of the Tebbe reagent itself.66 With a 
50% excess of the acid chloride, the enolates are synthesized in high yield and do not isomerize. These 
enolates can be used directly in the aldol condensation. In addition to failing to transfer a methylene in 
these cases, the method also fails with extremely hindered ketones such as (-)-fenchone.67 In some cases, 
as depicted in Scheme 15, a,a-disubstitution results in enolate formation rather than methylene trans¬ 
fer.67 Anhydrides form enolates as well, but, unlike the products from acid chlorides, they are not effi¬ 
ciently utilized in subsequent reactions.68 The anhydride enolates can react with starting materials, 

resulting in mixtures of products. 
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Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9a 

Transformation of the Carbonyl Group into Nonhydroxy lie Groups 

Table 7 

Substrate 

Tebbe Reaction on Lactones 

Solvent 

Toluene/THF 

Yield of RR’CCH2 (%) 

n = 1 85 

rt = 2 85 

Ref. 

52 

THF/DMAP Not isolated 55 

Toluene/THF 76 56 

T oluene/THF/pyridine Not isolated 57 

Toluene/THF 85 58 

R = CH2Ph 82 

TolueneA’HF/pyridine R = SiMe3 54 59 

R = SiEt3 86 

Toluene/THF/pyridine 70 59 

Toluene/THF/pyridine 92 60 

R 

T oluene/THF/pyridine Not isolated 60 
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Table 7 (continued) 

Entry Substrate Solvent Yield of RR'CCH2 (%) Ref. 

R 

a R, R' = Me, H. b R = H, Me. 

T oluene/THF/pyridine Not isolated 60 

Cp2TiCH2AlClMe2 

X = Cl, OCOR 

l2>f'or,Cp2x 

R3 

Scheme 14 

Cp2TiCH2AlClMe2 

X = bulky alkyl group 

^IiCP2 

c (° 

R3 

Scheme 15 

R2. R3 

X^OTiCp2Me 

Succinimides (62) react to form the corresponding mono- (63) or di-methylenated products (64). If two 
alkyl substituents are present in the a-position, a high degree of regioselectivity is observed for reaction 
at the less-hindered carbon. All of the diaddition compounds have the potential of isomerization to the 
pyrrole (65; Scheme 16). Piperidinediones (66), however, react predominantly by the enolization path¬ 
way to give (67; equation 15).68 

Scheme 16 

(61) 

OTiMeCp2 

(15) 

(66) (67) 
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Entry Substrate 

Table 8 Tebbe Reactions on Ketones 

Solvent Yield of RR'CCH2 (%) Ref 

O 

Toluene 65 51 

0 

A 
Toluene/THF 

R = Me 

R = Ph 

88 

97 
54 

R = Bu‘ 96 

r = cf3 50 

o 
II 

X Toluene/THF 73 54 

k/J 
o 

X XAo2Et 
Toluene/THF 67 54 

o 

X Ph 
THF 93 67 

THF/pyridine 45 61 

O 

Et20/DMAP 93 62 

3.1.5.2 Metals Other Than Aluminum 

The AlMe3 used in the production of the Tebbe reagent (61) is thought to inhibit decomposition of 
Cp2TiMe2. Further, the use of A1 dictates the abstraction of the hydrogen from the methyl group rather 
than the cyclopentadienyl.51 Other metals have been utilized in conjunction with [Cp2TiCH2], including 
Me2Zn,51 CH2(ZnI)269 and MgBr2.70 In addition Grubbs has studied a variety of metal complexes with 
the Cp2TiCH2 system.71 These complexes provide interesting mechanistic information on the Tebbe re¬ 
action. Some of the reagents exhibit modified reactivity compared to the original reagent. For example, 
Eisch’s Zn compound does not form the methyl ketone as the major product when reacted with acid 
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Table 9 Tebbe Reactions on Esters3 

Entry Substrate Yield (%) Ref. 

1 

2 

3 

4 

5 

O 

A 
Ph OPh 

O 

A 
Ph OMe 

94 52 

81 52 

90 52 

87 52 

96 52 

6 

R^A^Y°Et R = Me 82 

52 
0 R = Ph 96 

7 

r 
Ph 79 52 

MeO 

l 0 Aa 
8 0 85 80a 

9 
CN1 

( G> No yield 63 

NC 

No yield 63 

All reactions were carried out in toluene/THF 
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Table 10 Tebbe Reactions with Amides 

Entry Substrate Solvent Yield (%) Ref. 

1 0 so 

O 

An-'N 

Ox 
Benzene/toluene 

x = ch2 

x = o 

76 

67 

54 

2 

o 

Oa O Benzene/toluene 80 54 

0 o 
3 A A 

1 
Me 

Benzene/toluene 97 54 

chlorides.69 By and large, these modified reagents do not appear to offer any significant synthetic advant¬ 
age over the Tebbe reagent, and have not found application in organic synthesis. 

3.1.53 Metallacyclobutane Complexes 

Grubbs discovered that the reaction of the Tebbe reagent (61) with alkenes to form metallacycles that 
can then be used for methylene transfer, has distinct advantages over the Tebbe reagent itself.72 These 
complexes are stable to air and are more easily handled that the Tebbe reagent. In addition, the aqueous 
work-up required in the Tebbe reaction (it is typical to quench with a 15% aqueous NaOH solution) can 
result in isomerization.73 A comparative study on the two methods found that similar yields were ob¬ 
tained with both.67,68 Grubbs applied both types of reactivity to a synthesis of capnellene.74 As depicted 
in Scheme 17, the Tebbe reagent (61) first reacts with the alkene to form the metallacycle (69). Heating 
the reaction results in the ring opening to the alkene alkylidene (70). The f-butyl ester is then trapped in- 
tramolecularly to form the cyclobutene enol ether (71). 

BuK) 
(61) 

DMAP 

benzene 

25 °C 

Bu'O 

(69) 

Bu'O 

(71) 

Scheme 17 

90 °C 

>81% 

overall 

Bu'O 
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3.1.5.4 Methylene versus Alkylidene Transfer 

Unfortunately the Tebbe reagent (61) cannot be extended to higher alkyl analogs. When the complex 
is formed with (3-hydrogens present on the aluminum reagent, alternative products are formed.75 Tebbe 
found that the use of Et3Al resulted in a bridged cyclopentadienyl group in a dimeric complex.76 Al¬ 
though the problems of higher order complex synthesis can be circumvented,78 these reagents do not re¬ 
act with the high conversion of the Tebbe reagent, and have not been utilized in total synthesis.77 As 
discussed in Section 3.1.12, there are many metals that form alkylidene complexes.78 The Tebbe reagent 
has proven to be of widespread generality and use in organic synthesis. Schwartz has developed a Zr al¬ 
kylidene reagent that will add to carbonyls in analogy to the Tebbe reaction in high yield.317 Many of 
these complexes require special techniques for synthesis. Takai has discovered that alkylidenation occurs 
with a dibromoalkyl in the presence of TiCU, Zn and TMEDA in situ, resulting in the preparation of (Z)- 
alkenyl ethers.79 This reagent is discussed in Section 3.1.12.2 

3.1.5.5 Miscellaneous Reactivity 

As originally pointed out by Evans and Grubbs, one of the advantages of the Tebbe reagent is the 
facile preparation of the intermediate allyl vinyl ethers for the Claisen rearrangement.52 It has also been 
observed that the Tebbe reagent itself can behave as a Lewis acid catalyst for the rearrangement.80 Neg- 
ishi and Grubbs have studied the ability of the Tebbe reagent to form allene derivatives.81 

3.1.6 TITANIUM-ZINC METHYLENATION82 

A reaction that appears to be mechanistically similar to the Tebbe reaction was developed by Oshima 
in 1978.83 Diiodomethane or dibromomethane in the presence of zinc is treated with a Lewis acid to 
form, presumably, a divalent complex (72), which reacts with aldehydes and ketones to produce the 
corresponding methylene derivative (73; Scheme 18).84 This reagent complements the reactivity of the 
Tebbe reagent, in that the zinc methylenation is not reactive towards esters or lactones.85 Because it is an 
electrophilic reagent, it is suitable for the methylenation of enolizable ketones and aldehydes. 

0 

■ A- 

CH2Br2, Zn, TiCl4 ZnBr 

/ _ J 
THF, CH2C12 

\ 
ZnBr 

^R' 

R = R' = H, At, alkyl 
(72) (73) 

Scheme 18 

3.1.6.1 Other Lewis Acids 

In addition to titanium tetrachloride, a variety of Lewis acids have been utilized by Oshima.86 The 
choice centers around the type of reactivity desired, and this is further discussed below in Section 
3.1.6.2. Dibromomethane and zinc combined with TiCL is the most commonly used reagent for the 
methylenation of ketones.87 Lombardo discovered, during work on the gibberellins (74; equation 16), a 
method of synthesizing the CH2Br2/Zn/TiCl4 reagent that results in an extremely active catalyst that can 
be stored in the freezer.87 Lombardo’s catalyst may have advantages over the original procedure for 
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compounds that are sensitive to titanium tetrachloride, but no comparative study of the catalyst formed 

by the two methods has been done.87 

3.1.6.2 Chemoselectivity 

It is possible to exclusively methylenate a ketone in the presence of an aldehyde by precomplexing the 
aldehyde (e.g. 76) with Ti(NEt2)4, followed by treatment with the usual methylene zinc/TiCU reagent 
(equation 17).88 Takai also studied the chemoselective methylenation of aldehydes (78) in the presence 
of ketones, and found the use of diiodomethane, zinc and titanium isopropoxide or trimethylaluminum to 

be effective (equation 18).88 

i, ii 

76% ho 

(77) 

(17) 

i, Ti(NEt2)4, CH2C12; ii, CH2I2, Zn, TiCl4, THF 

(78) (79) 

CH2I2, Zn, Ti(OPri)4, 83%; CH2I2, Zn, Me3Al, 96% 

3.1.6.3 Examples of the Reaction with Aldehydes 

It is advantageous to utilize either titanium isopropoxide or trimethylaluminum complexes with alde¬ 
hydes in general, because pinacol-coupled diols form with the Zn/CHiBn/TiCU systems as minor side 
products.86 No evidence of Simmons-Smith-type side products was observed with any of the methylena¬ 
tion reagents.83 Additional examples of the reaction with aldehydes are presented in Table 11. 

3.1.6.4 Examples of the TiCWCH2X2/Zn Reaction Compared with the Wittig 

Some of the more intriguing examples of the use of the TiCWCH2X2/Zn reagent are in cases where the 
Wittig or other methods of methylenation have failed, and the Oshima method has proved a successful 
solution. Specific examples are outlined in Table 12. 

3.1.6.5 Examples of the TiCWCILB^Zn Reaction with Ketones Where Stereochemistry is 
Preserved 

As the examples indicate, the reaction is compatible with a wide range of functional groups, including 
alcohols, esters, acetates, carboxylic acids, ethers, halogens, silyl groups, acetinides, lactones, alkenes, 
ketals and amines. The methylenation proceeds with allylic carbonyls, without loss of stereochemistry. 
One of the tremendous advantages of the TiCWCH2X2/Zn reaction is that sensitive ketones can be 
methylenated without loss of stereochemistry. Additional examples of the reactions of ketones with the 
reagent are summarized in Table 13. The CH2Br2/Zn/TiCl4 reagent has proven to be of broad utility in 
natural products synthesis. 

3.1.6.6 Isotopic Labeling 

When the methylenation reagent is generated using zinc, CD2Br2 or CD2CI2, and titanium tetra¬ 
chloride, it can be utilized to synthesize the deuterated analogs (82). In addition, Trost has demonstrated 
that a 13C label may be incorporated in a ketone (81) using H213Cl2 (Scheme 19).108 
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Table 11 Zinc, CH2X2 Reaction with Aldehydes 

Entry Substrate Reagent Yield of RR'CCH2 (%) Ref. 

CHO 

V PO(OEt)2 

TiCl4-CH2Br2-Zn 60-75 89 

Me02C 

TiCl4-CH2Br2-Zn 70 91 

O 

O T H 

-N 
BOC 

TiCl4-CH2Br2-Zn 35,2 steps 92 

AlMe3-CH2I2-Zn 75, >99% ee 93 

3.1.6.7 Halogen Incorporation 

The zinc procedure has been extended to CF3CCI3 to form 2-chloro-l,l,l,-trifluoro-2-alkenes (84; 
equation 19). and a-fluoro-a,(3-unsaturated carboxylic acid methyl esters (87) with methyl dichlorofluo- 
roacetate (85; equation 20).109 Both of these transformations are carried out with zinc and acetic anhy¬ 
dride. Several variations of this reaction have appeared in the literature.109 The mechanism appears to be 
dramatically different from the Oshima methylenation. In this case, the reaction proceeds through the al¬ 
cohol intermediate, which is converted to the acetate and reductively cleaved. 

3.1.7 OTHER METHODS OF METHYLENATION 

3.1.7.1 Samarium-induced Methylenation 

Inanaga has studied the use of Sml2 deoxygenation of aldehydes and ketones.110 The reaction proceeds 
by a two-step mechanism, where Sml2 and CH2I2 react with the carbonyl to form an O—SmIX species 
(88), which is converted to a better leaving group and reductively eliminated with Sml2.m As the exam¬ 
ples depicted in Scheme 20 indicate, no studies of chemoselectivity have been undertaken.112 
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Table 12 Examples of TiCl4-CH2Br2-Zn Reaction Compared with Wittig 

Entry Substrate Solvent Product Yield (%) Ref. 

99a 94 

87 95 

b 95 

a Wittig and Johnson sulfoxime fail. b Wittig results in retro Michael (poor recovery). c Wittig 70%, capricous. 

d Wittig and acetalization conditions fail. e Wittig yield only 22%. f Wittig fails. 
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Table 13 Examples of TiCl4—Cl^Br^Zn Reaction with Ketones Where Stereochemistry is Preserved 

Entry Substrate Yield (%) Ref. 

used CH2I2 62 103 

O 

78 104 

6 

O 

^J\^OSiMe2Bu‘ 
84 105 

Br 
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Table 13 (continued) 

Entry Substrate Yield (%) Ref. 

13CH 

Ph 

2 H2i3CI2 

Zn, TiCl4 

O D,CI 

Zn, TiCl4 

Scheme 19 

(19) 

,CF, 

CFCl2C02Me + PhCHO 

(85) (86) 

4 A mol. sieves, THF, 50 °C, 1.5 h 

78%, 100% (Z) 

\ — < 
C02Me 

(87) 

O ,Ar CH2I2, Sml2 

THF 

SmL 

DMAE, HMPA R' R 

(89) 

R' = Me(CH2)10, R = H; 73% 
R, R’ = —(CH2)io— ; 80% 

(20) 

O „A, 
R1' R2 

(90) 

+ R33Sn Li 

(91) 

R2 

HO 

R1 

SnR33 

(92) 

silica gel 

R1 = Ph, R2 = Et; 78% 

R1, R2 = 1-tetralone; 91% 

R1 = p-MeOC6H4, R2 = H; 94% 

R1, R2 = m-l-decalone; 91% 

R1, R2 = 1-decalone; 96% 

R1 

R2 
(93) 

Scheme 20 
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3.1.7.2 Tin-induced Methylenation 

In direct analogy to the Peterson methylenation, the triaryl- and trialkyl-stannylmethyllithium reagent 
(91) can be added to aldehydes and ketones (90), followed by elimination of the hydroxystannane (92) to 
obtain the methylene derivative (93; Scheme 20).113 This reaction, like the titanium and cerium modifi¬ 
cations of the Peterson methylenation of Kaufmann and Johnson, may prove advantageous, in compari¬ 
son to the Wittig reaction, for enolizible substrates. 

3.1.8 ALKENE FORMATION: INTRODUCTION 

Many of the methods discussed in the previous sections may be extended to more complex substitution 
patterns. The sections covering alkene formation are divided according to the stabilizing substituent on 
the anion component. For each stabilizing element, its application to the synthesis of alkenes with precise 
geometries is discussed. 

3.1.9 PHOSPHORUS-STABILIZED ALKENATION 

The Wittig reaction is one of the most effective and general methods of alkene formation from carbo¬ 
nyl derivatives.114 Prior to the development of phosphorus-stabilized anion addition and elimination, the 
synthesis of an alkene from a carbonyl entailed anion addition and subsequent elimination with nonspe¬ 
cific alkene position and configuration. The Wittig reaction proceeds with defined positional selectivity, 
in addition to chemo- and stereo-selectivity. It has become the standard by which all subsequent method¬ 
ology is judged. This section is organized according to the type of Wittig reagent used. Section 3.1.9.1 
discusses phosphonium ylides and is further subdivided depending on the presence of stabilizing or con¬ 
jugating functionality in the Wittig reagent. Phosphoryl-stabilized carbanions are covered in Sections 
3.1.9.2, 3.1.9.3 and 3.1.9.4; this discussion includes the phosphonate and phosphine oxide carbanions. 
Since the Wittig reaction has been the subject of many excellent reviews, this section will briefly discuss 
expected stereochemical trends and will emphasize new methods, with particular focus on attaining (E)- 

and (Z)-selectivity.115 

3.1.9.1 Phosphonium Ylides 

The general representation of the classic Wittig reaction is presented in equation (21). The (£)- and 
(Z)-selectivity may be controlled by the choice of the type of ylide (95), the carbonyl derivative (94), the 
solvent and the counterion for ylide formation. As a general rule, the use of a nonstabilized ylide (95; X 
and Y are H or alkyl substituents and R3 is phenyl) and salt-free conditions in a nonprotic, polar solvent 
favors the formation of the (Z)-alkene isomer (96) in reactions with an aldehyde. A stabilized ylide with 
strongly conjugating substituents such as an ester, nitrile or sulfone forms predominantly the (£)-alkene. 

R\ X 

y=o + R33p={ 

R1 Y 

(94) (95) 

R\ X 
+ r33p=o 

R1 Y 

(96) (97) 

(21) 

3.1.9.1.1 Mechanism 

Mechanistic studies have been the subject of a great deal of recent work.116 Although at one time the 
Wittig reaction was thought to occur through the formation of zwitterionic betaine intermediates (100) 
and (101), the reaction of a nonstabilized triphenylphosphorus ylide (99) with an aldehyde forms observ¬ 
able (by NMR) 1,2-oxaphosphetanes (104) and (105), which eliminate to produce the alkene (102) and 

phosphine oxide (103) (Scheme 21).117 
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CT 

+PR33 

(100) 

R1 

(98) 

CT 

+PR33 

(101) 

X 

={ + R33p=o 

R1 Y 
(102) (103) 

o-pr33 

R.2 ^ Y + 
R1 X 

o-pr33 

R'"V-Y 
R2 X 

(104) (105) J 

Scheme 21 

There are two steps to the reaction that define the stereochemical outcome. The first is the intial addi¬ 
tion of ylide and carbonyl, with inherent preferences for the formation of cis- and trans-oxaphosphetane 
intermediates (104) and (105), and the second is the ability of the intermediates to equilibrate. Maryanoff 
has studied numerous examples in which the final (E)/(Z) ratio of the alkene (102) produced does not 
correspond to the initial ratios of oxaphosphetanes (104) and (105) and has termed this phenomenon 
‘stereochemical drift’.116b The intermediate oxaphosphetanes are thought to interconvert by reversal to 
reactants (98) and (99), followed by recombination. In this case the final ratio of alkene can be substan¬ 
tially different from the initial addition ratio. 

Interconversion and the intermediacy of betaine structures (100) and (101) are still matters of debate 
and ongoing research. There are distinct differences in the reactions of aliphatic and aromatic aldehydes, 
and also of aromatic and aliphatic phosphonium ylides, with regard to reversibility of the initial addition 
adducts.116 Vedejs and coworkers have evidence that salt-free Wittig reactions with unbranched aliphatic 
aldehydes occur with less than 2% equilibration and are therefore under kinetic control.116d_f These 
studies suggest the (Z):(E) alkene ratios correspond to the kinetic selectivity of the initial addition step. 
While c/s-oxaphosphetanes can equilibrate, the more stabile trans isomer does not. Elimination of phos¬ 
phine oxide occurs stereospecifically syn. Factors that are known to enhance equilbration of the cis-oxa- 
phosphetane are the presence of an alkyl or donor ligand on phosphorous, lithium salts, and steric 
hindrance in either the aldehyde or ylide.118 Mechanistic studies have been done largely on nonstabilized 
ylides, due to the fact that intermediates can be followed by NMR. Vedejs has developed a unified theory 
to explain the stereoselectivity of stabilized and nonstabilized Wittig reactions.116f Nonstabilized ylides 
add in an early transition state to give a high ratio of cis- to trarcs-oxaphosphetanes, while stabilized 
ylides have a later transition state and a larger portion of trans isomer. Equilibration is thought to occur 
only under special circumstances, and both reactions are thought to be under kinetic control. 
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3.1.9.1.2 Nonstabilized ytides 

(i) Nonstabilized ylides giving (Z)-stereoselectivity 

Typically, nonstabilized ylides are utilized for the synthesis of (Z)-alkenes. In 1986, Schlosser pub¬ 
lished a paper summarizing the factors that enhance (Z)-selectivity.119 Salt effects have historically been 
defined as the response to the presence of soluble lithium salts.114 Any soluble salt will compromise the 
(Z)-selectivity of the reaction, and typically this issue has been resolved by the use of sodium amide or 
sodium or potassium hexamethyldisilazane (NaHMDS or KHMDS) as the base. Solvent effects are also 
vital to the stereoselectivity. In general, ethereal solvents such as THF, diethyl ether, DME and t-butyl 
methyl ether are the solvents of choice.119 In cases where competitive enolate formation is problematic, 
toluene may be utilized. Protic solvents, such as alcohols, as well as DMSO, should be avoided in at¬ 
tempts to maximize (Z)-selectivity. Finally, the dropwise addition of the carbonyl to the ylide should be 
carried out at low temperature (-78 °C). Recent applications of phosphonium ylides in natural product 
synthesis have been extensively reviewed by Maryanoff and Reitz.114 

(ii) a-Oxygenated substrates 

As discussed in the following sections, there are notable exceptions to the general rules of selectivity 
in the Wittig reaction. Carbonyl derivatives with a-oxygenation reverse normal selectivity with stabi¬ 
lized ylides. This effect does not predominate in the reactions of nonstabilized ylides. A systematic study 
of Wittig reactions of ethylidenetriphenylphosphorane and derivatives of hydroxyacetone (106) was 
undertaken by Still.120 Optimal (Z)-selectivity was obtained with KHMDS as the base with 10% HMPA 
in THF (equation 22). This procedure was applied to the synthesis of a-santalol (109), with alkene for¬ 
mation proceeding in 85% yield and greater than 99% stereochemical purity (equation 23).121 Other re¬ 
cent examples of successful (Z)-alkenations in the presence of oxygenated substrates are the syntheses of 
isoquinuclidines by Trost, in which alkenation of an epoxy ketone occurred to produce only the (Z)- 
isomer, and of the C(7)-C(13) fragment of erythronolide by Burke, in which a pyran derivative was ho¬ 
mologated to the ethylene with high (Z)-selectivity.122 

O 

OR' 

Ph3PCHMe 

KHDMS, HMPA 

THF OR' 

(22) 

(106) (107) 

R = H, R’ = CH2Ph; (Z):(E) = 12:1 

R = H, R’ = SiMe2Bu'; (Z):(E) = 14:1 

R = H, R' = THP; (Z):(E) = 41:1,83% 

R = Me, R' = THP; (Z):(E) = 200:1, 95% 

(108) 85% (109) >99% (Z) 
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(iii) (E)-Selective alkenation 

Application of the Wittig reaction of a nonstabilized ylide to the synthesis of an (£)-alkene is practi¬ 
cally and effectively carried out by the Schlosser modification.123 Alternatively, the use of a trialkylphos- 
phonium ylide can produce high ratios of (Zs)-alkene.116 Recently, Vedejs has developed a reagent using 
dibenzophosphole ylides (110) to synthesize (Zs)-disubstituted alkenes (111) from aldehydes (equation 
24).124 The initial addition of ylide occurs at -78 °C, but the intermediate oxaphosphetane must be heated 
to induce alkene formation. The stereoselectivity in the process is excellent, particularly for aldehydes 
with branched substitution a to the reacting center. Both the ethyl and butyl ylides have been utilized. 

(24) 

R = CH2CH2Ph; (E):(Z) = 20:1, 66% 
R = CMe2CH2Ph; (E):(Z) =12:1, 82% 
R = CHMeC9H19; (E):(Z) = 124:1, 91% 
R = c-C6Hn; (E):(Z) = 84:1, 97% 

The presence of an oxido, carboxy or amide group in the ylide (112) can shift selectivity to produce 
(E)-alkenes. The effect of various nucleophilic groups at different distances away from the phosphorus 
has been systematically studied by Maryanoff.116a There is an optimal chain length for the nucleophile in 
order to maximize (£)-alkene formation. In the case of oxido ylides, short chain lengths and the use of 
lithium as the counterion maximized (/^-selectivity. Oxido ylides form significant amounts of (£)-alkene 
with both benzaldehyde (E:Z = 94:6) and hexanal (E:Z = 52:48) relative to an ylide that does not possess 
an nucleophilic group. Carboxy ylides, on the other hand, only showed dramatic increases in (/^-selec¬ 
tivity with benzaldehyde (E:Z = 93:7). In addition, the effect of short chain length was critical, but inter¬ 
estingly the selectivity was not strongly dependent on the type of counterion. Significant effects with 
amino substitution on the ylide were observed if 2 equiv. of base were added to generate the amido 
species (E:Z =87:13 with benzaldehyde). 

+ 
Br 

(112) R = OH, C02H, CONH2 

3.1.9.1.3 Semistabilized ylides 

As a general rule, ylides with allylic or benzylic functionality do not proceed with a high degree of 
stereoselectivity.125 There have been recent examples of arachidonic acid derivatives in which the coup¬ 
ling of an allylic phosphonium salt with an unsaturated aldehyde resulted in (Z)-selective alkenation.126 
As in the case of nonstabilized ylides, replacing aromatic phosphorus substituents with allylic (113; 
equation 25) or alkyl (115; equation 26) groups dramatically increases the production of the (E)-al- 
kene.127 

R = Ph, NaNH2 as base; (E):(Z) =15:1,93% 
R = c-C6Hu, NaNH2 as base; (E):(Z) = 40:1,99% 
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Ph 
\ 

Me"" 

?h 

(115) 

RCHO 

(116) 

R = Ph, KOBu' as base; (E):(Z) = 2:1, 96% 

R = c-C6Hu, NaNH2 as base; (E):(Z) = 26:1, 73% 

(26) 

In cases were the allylic fragment is inexpensive, the phosphonium salt is formed by reacting lithiated 
diphenylphosphine with 2 equiv. of the allylic bromide. Alternatively, diphenylmethylphosphonium salts 
can be selectively deprotonated in the allylic position. The highest ratios were obtained with sodium/am¬ 
monia as the base, but KOBu1 in THF provides a practical and selective route to (£)-1,3-dienes. Tamura 
and coworkers have demonstrated that allylic nitro or acetate compounds (117) can be converted to 
allylic tributylphosphonium ylides by palladium(O) catalysis.128 This procedure may be carried out in one 
pot by forming the ylide in methanol and THF, followed by addition of KOBu1 and the aldehyde (equa¬ 
tion 27). These reactions proceed in good overall yield, and stereoselectivity is high for bulky phospho¬ 
nium ylides and a range of aldehydes. A comparison of the selectivity of tributyl- and 
triphenyl-phosphonium ylides has been carried out.129 Le Corre has demonstrated the use of diphe- 
nylphosphinopropanoic acid in the semistabilized Wittig reaction.130 Enhanced ratios of (£)-isomer were 
observed and because of the increased water solubility of the phosphine oxide produced, work-up is sim¬ 

plified. 

i, PBu3, Pd(PPh3)4 

MeOH, THF 

ii, KOBu', RCHO 

(117) (118) 

R = Ph; (E):(Z) = 95:1, 83% 
R = Me(CH2)5CHO; (E):(Z) = 93:7, 82% 

3.1.9.1.4 Stabilized ylides 

Ylides which have conjugating functionality present tend to produce (£)-alkenes stereoselectively.114 
A significant departure from this anticipated selectivity is the reaction of a-alkoxy substrates with stabi¬ 
lized phosphonium ylides to produce (Z)-conjugated esters.114 In an application of the Wittig reaction to 
aldehydosugars (119), two important factors were noted to obtain high selectivity.131 The sugars which 
had polar groups, such as ether substituents with lone pairs, cis to the aldehyde in the (3-position formed 
(Z)-alkenes (120; equation 28). This stereoselectivity is solvent dependent and (Z)-alkene formation can 
be minimized by using DMF and maximized in methanol. Several comparative studies have been carried 
out with sugar derivatives.132 It is important that the a-oxgenated functionality be protected as an ether. 
The reaction of stabilized ylides with a-hydroxy ketones forms the normal (£)-alkene.133 Wilcox and co¬ 
workers have studied the reaction of lactols and found that in dichloromethane the lactol (121) selective¬ 
ly produced the (Z)-isomer (122), while the methyl ether (123) formed the corresponding trans-alkene 

(124) (Scheme 22).134 

(119) 

DMF; (Z):(E) =14:86 
CHC13; (Z):(E) = 60:40 
MeOH; (Z):(E) = 92:8 

(120) 
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Ph3PCHC02Bu' 

HO 
CH2C12 /\ OMOM 

HO 

(122) (Z):(E)= 10:1 

Ph3PCHC02Bu‘ 

OHC 
MeO 

OMOM CH2C12 
BuKDoC 

MeO 

OMOM 

(123) (124) (Z):(E)= 1:19 

Scheme 22 

Although this reaction is general for ester-stabilized Wittig reagents, (formylmethylene)triphenylphos- 
phorane was reacted with a pyranose (125) to form the expected (£>alkene (126; Scheme 23).135 Reduc¬ 
tion of (126) and (127) supplied (E)- and (Z)-allylic alcohols selectively. Precise rules for the prediction 
of (E)- and (Z)-selectivity with a-oxygenated substrates are difficult to formulate.114 

Ph3PCHCHO 

benzene 

CHO 

(126) 

(127) 

Scheme 23 

The synthesis of conjugated (Z)-enones (129) can be undertaken with a stabilized ylide (128) and an 
aliphatic aldehyde.136 The reactivity of the ylide is altered by in situ deprotonation with 2 equiv. of NaH 
in THF with a small amount of water (equation 29). Stereoselectivity was approximately 9:1 in favor of 
the (Z)-isomer. This ratio could be improved with aldehydes with a-branched substitution. As discussed 

O 

Ph3P^J^c°2Et 

(128) 

O 

hAr 

NaH, THF 

O 

JL^C02Et 

R (129) 

(29) 

R = Et; (Z).(£) = 85:15,65% 

R = (CH2)9Me; (Z):(E) = 86:14, 91% 

R = Pri;(Z):(£) = 84:16, 90% 
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with the nonstabilized and semistabilized ylides, substitution of phenylphosphonium ylides with alkyl 
functionality has been studied on stabilized ylides.137 Both the ylide and the dianion species demonstrate 
enhanced reactivity with ketones to produce (E)-alkenes (131; equation 30). Replacement of the phenyl 
ligands on the phosphorus by alkyl groups increases the proportion of (£)-alkene, even in the absence of 
stabilizing functionality, by increased reversibility of the m-oxaphosphetane for these substrates.116 

(130) (131) 

(30) 

Ph3PCH2CN, BunLi, THF; 6% 

Ph2P(CH2CN)2, BunLi, THF; 81% 

3.1.9.2 Phosphoryl-stabilized Carbanions 

The use of anions derived from a phosphine oxide (132) or a diethyl phosphonate (133) to form al- 
kenes was originally described by Homer.138 Although these papers laid the foundations for the use of 
phosphoryl-stabilized carbanions for alkene synthesis, it was not until Wadsworth and Emmons pub¬ 
lished a more detailed account of the general applicability of the reaction that phosphonates became 
widely used.139 Since the work of Wadsworth and Emmons was significant and crucial to the acceptance 
of this methodology, the reaction of a phosphonate carbanion with a carbonyl derivative to form an 
alkene is referred to as a ‘Homer-Wadsworth-Emmons’ reaction (abbreviated HWE).114 The phosphine 
oxide variation of the Wittig alkenation is called the ‘Homer’ reaction. 

O 
ii 

Ph 

O 

EtO "/P\/ 
EtO “ 

Ph 

(132) (133) 

3.1.9.3 Phosphonates: the Horner-Wadsworth-Emmons Reaction 

Phosphonates are the most commonly used phosphoryl-stabilized carbanions.140 These reagents are 
more nucleophilic than the corresponding phosphonium ylides. Additional advantages of the HWE re¬ 
agents are that the by-products of the alkenation are water soluble and reaction conditions can be altered 
to yield either the (£> or the (Z)-isomer. The disadvantage of the phosphonate reagents is that a stabiliz¬ 
ing group must be present in the a-position, unless a two-step addition and elimination strategy is em¬ 
ployed. The stabilizing functionality is frequently a carboxyl derivative; however, aryl, vinyl, sulfide, 
amine and ether functionalities have also proven to stabilize the anion sufficiently for alkene formation 

to take place. 

3.1.9.3.1 Mechanism 

The mechanism of phosphonate anion (135) addition to carbonyl derivatives is similar to the phospho¬ 
nium ylide addition; however, there are several notable features to these anion additions that distinguish 
the reactions from those of the classical Wittig. The addition of the anion gives a mixture of the erythro 
(136 and 137) and threo (139 and 140) isomeric (3-hydroxyphosphonates (Scheme 24). In the case of 
phosphine oxides, the initial oxyanion intermediates may be trapped. The anion intermediates decom¬ 
pose by a syn elimination of phosphate or phosphinate to give the alkene. The elimination is stereospe- 
cific, with the erythro isomer producing the ds-alkene (138), and the threo addition adduct producing the 
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trans-alkene (141). The ratio of (E)- to (Z)-alkene is dependent on the initial ratio of the erythro and 
threo adducts formed, as well as the ability of these intermediates to equilibrate. 

R2 x 

R1 / (“Y 
“O opr32 

(136) 

R 

o-por32 

(137) 

R1 X 

R2 / Y 
“O OPR32 

(139) 

o-por32 

(140) 

R1 X 
(138) 

R2 X 

(141) 

Scheme 24 

3.1.9.3.2 Formation of (E)-alkenes 

The most common applications of the HWE reaction are in the synthesis of disubstituted (EValkenes. 
The stereoselectivity of the reaction can be maximized by increasing the size of the substituents on the 
phosphoryl portion. In cases where the stabilizing functionality is a carboxy group, the size of the ester 
may be ‘tuned’ to enhance (£)-alkene formation. 

The HWE reaction can be carried out on a ketone, but often the stereoselectivity is not as good as the 
reaction of a substituted phosphonate carbanion with the corresponding aldehyde. Because of the greater 
reactivity of the phosphonate reagent relative to the phosphonium carbanion, the HWE reaction has 
proven to be effective with hindered ketones that were unreactive toward classical Wittig ylides. 

3.1.9.3.3 (E)-Selectivity, effect of phosphonate size 

Several studies have described the successful enhancement of the (E)-selectivity in alkene formation 
by increasing the steric requirements of the phosphonate. This selectivity may be derived by increasing 
the selective formation of the f/zreo-P-hydroxyphosphonate. 

Kishi and coworkers noted the importance of the phosphonate structure in the synthesis of monensin, 
where a methyl phosphonate was used to maximize (Z)-alkene formation.141 These observations were ex¬ 
panded upon in the synthesis of rifamycin S.142 Several interesting Wittig reactions from this synthesis 
are presented in Table 14. 

Table 14 Rifamycin S Studies by Kishi and Coworkers 

Carbonyl Reagent (Z):(E) ratio 

BnO. 
CHO 

Ph3PCH2C02Et, CH2C12, 0 °C 
(Pri0)2P0CH2C02Et, KOBu', THF, -78 °C 
(Me0)2P0CH2C02Me, KOBu1, THF, -78 °C 

1:7 
5:95 
3:1 

Ph3PCH(Me)C02Et, CH2C12, r.t. 
Ph3PCH(Me)C02Et, MeOH, r.t. 
(Me0)2P0CH(Me)C02Me, KOBu1, THF, -78 °C 
(MeO)2POCH(Me)C02Et, KOBu', THF, -78 °C 
(Et0)2P0CH(Me)C02Et, KOBu', THF, -78 °C 
(Pri0)2P0CH(Me)C02Et, KOBu', THF, -78 °C 
(Pri0)2P0CH(Me)C02Pri, KOBu', THF, -78 °C 

5:95 
15:85 
95:5 
90:10 
60:40 
10:90 
5:95 
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In order to maximize the (£)-selectivity, it was found best to use the bulky isopropyl substitutent on 
the phosphonate as well as on the stabilizing ester. Alternatively, in the case of an aromatic aldehyde, the 
stabilized phosphonium ylide provided high (£)-alkene formation. When the (Z)-isomer was desired, it 
was best to use a methyl substituent on the phosphonate and ester functionalities. Strongly dissociating 
basic conditions and a hindered aldehyde can result in reversal of the normal (E)-selectivity of a phos¬ 
phonate. This effect is strongly dependent on the reactants and is further discussed in Section 3.1.9.3.4. 
The importance of steric effects were exemplified in the synthesis of the c-d fragment of amphotericin B 
by Masmune and coworkers.143 The methyl and ethyl phosphonates, respectively, formed 1:1.2 and 
1.75:1 ratios of (E)- to (Z)-alkenes. By using isopropyl or 3-pentyl phosphonates, the (£)-isomer (144) 
was formed exclusively. The yield of the reaction was improved by using lithium tetramethylpiperidide 
(143) in THF (equation 31). The diisopropyl phosphonate was recently applied to the synthesis of brefel- 
din C.144 In this example, the (£)-alkene (146) was selectively synthesised without epimerization (equa¬ 
tion 32). 

O 
Et3SiO OSiMe2Bu' (RO)2Px^<^)C02Et Et3SiO OSiMe2Bu‘ 

O O 

<lVo>>p-~AOM. 

KOBu' 

THF 

72% 

3.1.9.3.4 Formation of (Z)-aikenes 

As noted in the discussion of (£)-selective alkene formation, Kishi has found that a-substituted alde¬ 
hydes reacted with trimethylphosphonopropionate and KOBu1 to produce the (Z)-alkene selectively. A 
strongly dissociating base is critical to this approach. In addition to the examples already presented in the 
discussion of (£)-alkene formation, the (Z)-selective reaction has recently been applied to the synthesis 
of macrolide antibiotics.145 In this example, a trisubstituted alkene was formed and closed to the lactone 
(148; equation 33). In an application to diterpenoids, Piers encountered an example of how substrate-spe¬ 
cific the alkene formation can be.146 With a-dimethoxyphosphonyl-y-butyrolactone (150), the reactions 
with simple aldehydes proceeded with very high selectivity [(Z):(£) = 99:1]. On application of the re¬ 
action to the more complex aldehyde (149) the (Z):(£) stereoselectivity dropped to 3:1 in 58% yield 
(equation 34). No selectivity was observed on reaction with benzaldehyde. Although for hindered sub¬ 
strates, strongly basic conditions with a dimethyl phosphonate can be a simple and effective method for 
the synthesis of (Z)-isomers, the reaction is not general. In 1983, Still and coworkers introduced method¬ 
ology that used bis(trifluoroethyl)phosphonoesters (153) to provide a facile approach to (Z)-alkenes 

(154) when reacted with aldehydes (equation 35).147 

O 

X 
H O O 

MPMO H 

OBn 

O 
i, (MeO)2P^_ C02Me 

NaH, THF 

ii, K2C03, MeOH 

68% 

O 

MPMO 
(33) 

The (Z)-selectivity is presumed to occur because of rapid elimination of the (3-hydroxyphosphonate 
before equilibration can take place. Several base and solvent combinations were explored, including tri¬ 
ton B, K2CO3 and KOBu1, but potassium hexamethyldisilazide with 18-crown-6 in THF gave the most 
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(149) (150) 

(34) 

(150) + PhCHO; (Z):(E) = 1:1, 91% (Z):(E) = 3:1, 58% 

(150) + Bu'CHO; (Z):(E) = 99:1, 86% 

(150) + n-C6H13CHO; (Z):(E) = 99:1, 94% 

R' 

(152) 

+ 

f3c r 

C02Me 

(153) R = H, Me 

KHMDS, 18-crown-6, THF 

C02Me 

(154) 

consistent and highest (Z)-selectivities. A comparison was carried out with trimethyl phosphonoacetate 
under the same conditions and (Z)-alkene formation occurred to a high degree [(Z):(£) = 12:1] in the re¬ 
action with cyclohexanal, which was consistent with the observations of Kishi and coworkers.147 This 
was the only instance in which the trimethyl phosphonate formed the (Z)-alkene with higher selectivity 
than the trifluoroethyl analog. The diminished selectivity for a-alkyl-substituted aldehydes does not ap¬ 
pear to be general, as two recent syntheses by Baker and Roush demonstrate. Baker synthesized mac- 
becin 1 using a Still phosphonate to form the (Z)-alkene (156) and a standard stabilized ylide to form the 
(£)-linkage (157; Scheme 25).148 Roush used the trifluoroethyl phosphonate in a synthesis of the C(l)- 
C(15) segment of streptovaricin, and in this case (159) the (Z):(E) selectivity was at least 10:1 (equation 
36).149 

OMe OMe OSiMe2Bul 

Ar 

OMe E 

(CF3CH20)2P0CH2C02Me 

KHMDS, 18-crown-6, THF, 99% 

i, reduce 

ii, oxidize 

(155) 

Ph3C(Me)C02Et 

CH2C12 

83% pure (Z)I(E) 

(156) 

Scheme 25 

(158) (159) 
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An aldehyde with a-ether functionality was used in the synthesis of yV-acetylneuraminic acid by Dan¬ 
ishefsky (equation 37).150 A series of cis- and trans-alkenes with a-oxygen functionality were syn¬ 
thesized by Cinquinin and coworkers.151 Of the examples generated, the HWE reaction proceeded in the 
expected (E)-selective manner (164), while the trifluoroethyl phosphonate was used to form the (Z)-al- 
kenes (163) selectively (Scheme 26). Interestingly, 18-crown-6 was not used for (Z)-alkene formation. 

O 

(CF3CH20)2P0CH2C02Me 

KHMDS, 18-crown-6, THF 

(Z):(E) > 95:5, 80% BulMe2 

(160) (161) 

(164) (E):(Z)= 12:1,83% 

Scheme 26 

Several examples are presented in Table 15 which indicate that a-heteroatom substitution is com¬ 
patible with this reagent. The tremendous advantage of the trifluoroethyl phosphonate reagent is the se¬ 
lective formation of (Z)-alkene with aromatic aldehydes, while the trimethyl phosphonate gives the 
normal selectivity. 

The trifluoroethyl phosphonate reagent is effective with a number of carbanion-stabilizing groups, in¬ 
cluding carboalkoxy, cyano and vinylogous cyano. Liu and coworkers have utilized a conjugated nitrile 
phosphonate (166) to synthesize all-cri-retinal (167; equation 38).165 In this example, the Wittig reaction 
gives a mixture of products that were separated by HPLC. The crude yield was 45%, with 72% of the 
product having the cis configuration at the alkene formed. The type of ester stabilizing the phosphonate 
does not appear to have an large effect on the selectivity. Both the methyl and ethyl esters are routinely 
used. Recently, Boeckman used the allyl ester in the synthesis of (+)-ikarugamicin to produce the desired 
(Z)-alkene (169), the (Z):(£) ratio being 19:1 (equation 39).166 

Still’s original communication demonstrated that this approach was effective for the synthesis of tri- 
substituted alkenes by the reaction of a methyl-substituted Wittig reagent with an aldehyde. Examples of 
the synthesis of methyl-trisubstituted alkenes are presented in Table 16. 

Fuchs has published a comparative study of the methyl, ethyl, isopropyl and trifluoroethyl phospho- 
nates, stabilized with either an ester or nitrile, in reaction with an a-amino aldehyde (170; equation 
40).174 Although the use of strongly basic conditions improved the ratio of (Z)-alkene produced with 
methyl phosphonate, the (Z):(£) ratios were 2:3 with either potassium or sodium anions. Interestingly, 
the HWE reagent stabilized with a nitrile demonstrated far less sensitivity to the size of the phosphonate 
functionality. With sodium hydride as the base, the diisopropyl phosphonate gave higher (Z)-selectivity 
(7:1) than that of the corresponding ethyl derivative (3.3:1). Fuchs hypothesized that the sterically less 
demanding nitrile produces a higher ratio of the erythro intermediate than the ester-stabilized phospho¬ 
nate. The trisubstituted alkene was best prepared by using the trifluoroethyl phosphonate, (Z):(E) = 70:1, 
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Table 15 Synthesis of Disubstituted Alkenes by Trifluoroethyl Phosphonate Esters in THF 
with KHMDS and 18-Crown-6a 

Carbonyl Yield (%) (Z):(E) ratio Notes Ref 

MeCE 
NHBOC 

CHO 

CHO 

OSiEt-i 

SiMe3 

CHO 

OHC 

,CH(OMe)2 

CHO 

OTHP 

O O 

n-Ci5H3i' 

OHC 

BOC N O 

O 
O 

CHO 

>80 All (Z) 

78 7:1 

70 All (Z) 

56 All (Z) 

>61 9.4:1 

75 All (Z) 

94 5:1 

75 15:1 

75 7:1 

XHO 77 9% <E> 

In Et20 

(E) with Ph3PCHC02Me, 
CHC13, 90%, (Z):(E) = 1:12 

(E) with Ph3PCHC02Et, 
toluene, 95% 

No 18-Crown-6, 1:1 

>87 (Z) >65% 

89 5:1 In Et20 with NaH 

152 

153 

143 

154 

155 

156 

157 

158 

159 

160 

161 

162 
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Table 15 (continued) 

Carbonyl Yield (%) (Z):(E) ratio Notes Ref. 

Me3Si. 

>62 25:1 163 

CHO 

BnO^^ "4 80 164 

a Exceptions to these reaction conditions are noted. 

even in the absence of a crown ether. Marshall and coworkers investigated the extension of the trifluo- 
roethyl phosphonate to trisubstituted alkenes with more complex substitution patterns.175 The reaction of 
aldehydes lacking a-substitution with methyl a-(dimethylphosphono)propionate and KHMDS/18-crown- 
6 gave an increased percentage of (Z)-isomer, but still gave predominantly the (£)-alkene. In examining 
Kishi’s conditions, Marshall found it critical to have a large excess of phosphonate for optimum (^-se¬ 
lectivity. Alkyl substituents larger than methyl appear to slow the rate of phosphonate oxide elimination. 
This in turn increases the amount of equilibration that occurs and compromises the (Z)-selectivity. The 
best results observed were for the trifluoroethyl phosphonate (172), which formed the (Z)-alkene (173) 
on reaction with nonanal in 94% yield and (Z):(E) = 87:13 (equation 41). 

Several other examples of highly substituted applications of the Still phosphonate have appeared. In 
work very similar to Marshall’s, a substituted methyl phosphonate directed toward furancembraolides 
demonstrated a (Z):(E) selectivity of 4:5, while the trifluoroethyl phosphonate gave 4:1.176 Recently an 
application to squalinoids was demonstrated with a (Z)-selectivity similar to Marshall’s examples 
[(Z):(£) = 6.5:1].177 Marshall has also investigated an intramolecular ring closure for formation cem- 
braolides and in this application the Still phosphonate did not have any inherent advantage over an alkyl 
phosphonate in terms of yield or (F)-selectivity.178 Recently, two other examples of substituted phospho¬ 
nate applications have appeared. Oppolzer has used the methodology to generate an allylic acetate (175) 
with excellent yield and high (Z)-selectivity (equation 42).179 

In an application of (Z)-selective alkene formation to enolizable aldehydes, it was noted that the com¬ 
bination of LiCl and DBU was effective for deprotonation by lithium complexation of the Still phospho¬ 
nate.180 In this example, the cyclopropyl aldehyde (176) reacted chemoselectively in the presence of the 
ketone (equation 43). In addition, the (£)-alkene could be synthesized by lithium coordination with a 
standard HWE methyl phosphonate. As this example illustrates, the trifluoroethyl phosphonate can fill an 
important void by providing trisubstituted alkenes with sensitive substrates in good selectivity. From the 
examples of Marshall and Oppolzer it appears that the application of the reaction to higher order trisub¬ 
stituted alkenes is selective for the (Z)-isomer. The magnitude of the selectivity is substrate specific and 
dependent on the rapid rate of eryt^o-a-oxyphosphonate decomposition. 
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Table 16 Synthesis of Trisubstituted Alkenes by (CF3CH20)2POCH(Me)C02R 
in THF with KHMDS and 18-Crown-6a 

Carbonyl Yield (%) (Z):(E) ratio Notes Ref 

60 58% (Z) 167 

68 99:1 168 

1 
CHO 

71 >99% (Z) 169 

,CHO 93 98:2 (E) with Ph3PC(Me)C02Me, 
86%, (E) only 

170 

CHO 63 91:9 In situ DIBAL and Wittig 171 

BnO' 

H 

CHO 

CHO 
NHBOC 

AcO 

rS 
SMe 

78 (4 steps) 

(E) with diethyl phosphonate, 

77%, 18:82 (Z):(E) 

172 

OMPM 

MeO 

OMe 

77 All (Z) 173 

Exceptions to these conditions are noted. 

CHO 

ArN—f—H 

\ 
Ph 

(CF3CH20)2POCH(Me)C02Et 

KH or KOBu' 

(Z):(E) = 70:1,79% 

(170) Ar = Ts, Bn (171) 

(40) 

C02Me 

<^X^P(OCH2CF3)2 

O 

(172) 

KHMDS, 18-crown-6 

O 
U 

H n-C8Hlv 

C02Me 

n-C8Hi7 (41) 

(Z):(E) = 87:13, 94% 

(173) 
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(CF3CH20)20P C02Me 

(174) 

i-iii 

(Z):(E) = 94:6 

86% 

i, KHMDS, 18-crown-6, THF, Ph(CH2)2CHO; ii, DIBAL-H; iii, Ac20, Et3N 

(42) 

R = Me; LiHMDS, DME; (Z):(E) = 14:86, 100% 
R = CF3CH2; DBU, LiCl, MeCN; (Z):(E) = 75:25, 100% 

3.1.9.3.5 Effect of bases 

As noted in the work of Seyden-Penne, and demonstrated in numerous examples such as those by Still 
and Kishi, higher (Z)-selectivity is observed by using base systems that have minimally complexing 
counterions in order to increase the rate of elimination relative to equilibration.181 Coordination has been 
used to advantage by Massamune and Roush, who found that the addition of lithium chloride to a phos- 
phonate formed a tight complex (180; equation 44) that could be deprotonated with a weak base such as 
DBU or diisopropylethylamine.182 This method is a mild and extremely effective modification for sub¬ 
strates in which racemization or ^-elimination are processes competitive with alkene formation. Rathke 
and coworkers have demonstrated that TEA and LiBr or MgBr2 may also be used to form a reactive 
HWE reagent.183 Acetonitrile and THF are the most frequently used solvents. These conditions do not 
alter the normal course of stereoselectivity for alkene formation. As noted above, the method was 
utilized with the Still phosphonate to produce (Z)-alkenes. There is some indication that this technique 
may enhance inherent (^-stereoselectivity in alkenations with a standard HWE reagent.182 Other stabi¬ 
lizing functionalities are compatible with this method. As outlined in Table 17, ester, ketone, sulfone, 
amide and allylic ketone groups have been demonstrated to be effective as stabilizing functionalities. 

Li 
/ \ 

O O 0 0 
II II LiCl II 

(EtO)2P^AOEt -^ (Et°)2R^OEt (44) 

(179) (180) 

This reaction has been utilized in the context of natural product synthesis. A recent example is the syn¬ 
thesis of colletodiol by Keck, shown in equation (45).194 In this example, no problems were encountered 
with epimerization or ester cleavage. The desired (£)-ester (182) was synthesized in 80% yield. Two 
examples are outlined (in equations 46 and 47) in which epimerization was a substantial problem with 
sodium or potassium salts, while the LiCl/amine method effectively suppressed this side reaction. When 
the phosphonate was allowed to react with the cyclohexanal derivative (183), the sodium salt gave epi- 
merized material. Use of LiCl and diisopropylethylamine gave an 88% yield of alkene (184), free of 
epimer (equation 46).195 In the synthesis of norsecurinine, Heathcock found that the phosphonate anion 
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Table 17 Synthesis of Alkenes Utilizing LiX and Amine Base 

Carbonyl Phosphonate Comments Ref. 

Bu'Me^iO^^^^CHO 

,CsH 5nll 

(EtO)2OP. S02Ph 

(EtO)2OP. CQ2Et 

LiCl, Pr^NEt, 63%, (E) 184 

LiCl, DBU, 60%, (E) 185 

Bu'Me2SiO 
LiCl, DBU, 89%, (E) 187 

OH 

OSiMe2Bu‘ 

PhCHO 

PPCHO 

O O 

. P(OMe)2 

^OSiMe2Bu' LiCl, Pr*2NEt, 88%, (E) 188 

(EtO)2OP. C02Et LiCl, DBU, 90%, (E) 189 

O 

<MeO)2P^ASiMe2Bu, 

LiBr, Et3N, 85%, 83:7 (E) 190 

LiCl, DBU, 87%, >95% (E) 191 
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Table 17 (continued) 

Carbonyl Phosphonate Comments 

O O 

(MeO)2P^Jl^ LiCl, Pri2NEt, 83% (E) 

Ref. 

192 

OEt 

LiCl, Pri2NEt, 93% (E) 193 

generated with KOBu' gave an excellent (96%) yield of the desired alkene (186), but the material was 
racemic,196 Use of DBU and LiCl produced (186) in 84% yield and 93% ee (equation 47). 

O 

O O 

(MeO)2P^X 
Pr 

LiCl, Pr,2NEt 

88% 

Pr 

(183) (184) 

(46) 

(185) (186) 
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As with all reactions with phosphonates, these conditions are sensitive to the steric environment of the 
carbonyl and phosphonate. In a reaction directed at intermediates for synthesis of the erythronolides, 
Paterson and coworkers found that the unsubstituted phosphonate (188) added in 82% yield in the 
presence of molecular sieves (equation 48).197 When R was methyl the reaction failed with DBU because 
of competitive elimination of OSiMe2Bul. Model studies with the phosphonate and isopropyl aldehyde 
were successful, providing the alkene in 78% yield in an (£):(Z) ratio of 8:1. The Roush—Masamune 
modification of the HWE reaction was utilized by Heathcock and coworkers in the synthesis of mevinic 
acids.198 The coupling was very clean and resulted in 35-60% yields of alkene (192), along with 35—50% 
of recovered aldehyde (191; equation 49). This methodology is also effective for macrolide synthesis by 
intramolecular ring closure. An example of the utility of this approach is the synthesis of amphotericin B 
by Nicolaou.199 In this example, the macrolide could be formed from (193) either with potassium carbo¬ 
nate and 18-crown-6, or with LiCl and DBU at 0.01 M in 70% yield to form the (Zs)-alkene. Other appli¬ 
cations of intramolecular cyclization have appeared for the cembranolides200 and rubradirins.201 

OSiMe2Bu' 
LiCl, FV2NEt 

MeCN 

4 A sieves 

R = H, (E) only, 82% 

(188) 

OSiMe2But 

(48) 

(189) 

(49) 

(192) 35-60% 
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(193) 

3.1.9.3.6 Asymmetric Horner-Wadsworth-Emmons 

Hanessian and coworkers have prepared a homochiral bicyclic phosphonamide (194) that reacted with 
cyclohexanone derivatives to form (£)-ethylenes with good optical purity.202 The phosphonamide (194) 
was deprotonated with KDA in THF and reacted with 4-t-butylcyclohexanone (195) to give a 82% yield 
of 90% optically pure alkene (196; Scheme 27). Either the (RE)- or the (S.S)-phosphonamide (194) can 
be synthesized, and on reaction with (+)-3-methylcyclohexanone (197) it is possible to obtain (E),(3R)- 
alkene (198) with (R,/?)-reagent and (Z),(3/?)-alkene with the (S.S)-phosphonamide. Gais and Rehwinkel 
have demonstrated the use of a chiral phosphonate in which the stabilizing carbonyl is an 8-phenylmen- 
thyl ester.203 This methology was applied to the synthesis of carbacylins (200 and 201; equation 50). 
Whereas a methyl phosphonate gives a 1:1 mixture of (E)- and (Z)-alkenes, the presence of a chiral ester 
gives good selectivity for either the (E)- or (Z)-alkene, depending on the enantiomer of the phenylmen- 
thyl chosen. This reaction is temperature sensitive and, if heated, the (£)-alkene predominates 203b The 
choice of solvent is not as critical a factor as temperature, and better ratios were observed with potassium 
as the counterion. Other esters were examined, including (+)-menthyl and (-Hrans-2-phenylcyclohexyl, 
but the phenylmenthyl ester proceeded with higher selectivity.2033 This reaction has been applied to 
achiral ketones to produce diastereomeric esters.203 

(197) (198) 

Scheme 27 

3.1.9.4 Phosphine Oxides: the Horner Reaction 

In Homer’s original work, phosphine oxides (202) were treated with potassium r-butoxide or sodamide 
and allowed to react with an aldehyde or ketone to form the alkene (203) directly (Scheme 28). Homer 
observed that the use of a lithium anion resulted in the isolation of the (3-hydroxyphosphine oxide 
(204).204 In addition, he found that the intermediate hydroxyphosphine oxide could be obtained by LAH 
reduction of the ketophosphine oxide. Warren and coworkers have utilized and expanded upon these 
techniques by isolating and separating the diastereomeric, frequently crystalline, (3-hydroxyphosphine 
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(199) 

O O 

(MeO)2P^AOR3 

Bu'OK, KHMDS or BunLi 

(Z)-( 201) 

R1 = SiMe2Bu', R2 = OSiMe2Bu', R3 = (+)-8-phenylmenthyl; (E):(Z) = 86:14, 95% 

R1 = SiMe2Bu\ R2 = OSiMe2Bu‘, R3 = (-)-8-phenylmenthyl; (E):(Z) = 23:77, 89% 

(+)-8-phenylmenthyl; (E):(Z) = 86:14, 92% 

(+)-8-phenylmenthyl; (E):(Z) = 15:85,95% 

O 
ii 

Ph2P^/ Ph 

(202) 

+ 

Bu'OK 

Ph Ph 
w 

HO Ph 

(204) 

Scheme 28 

oxides (206) and (207).205 The erythro and threo adducts are then subjected to syn elimination, with the 
erythro isomer producing the (Z)-alkene (208), and the threo the CEj-isomer (209; Scheme 29).206 

Unlike the Peterson alkenation, which is in principle similar, the phosphine oxide anion addition can 
be controlled to produce predominantly the erthyro isomer (206). The threo isomer can be obtained by 
selective reduction of the a-ketophosphine oxide (210), allowing highly stereoselective alkene forma¬ 
tion. Since a two-step sequence is employed, this reaction does not require a stabilizing functionality to 
be conjugated to the phosphine oxide in order to produce the alkene. In fact, unlike the phosphonate 
HWE reagents, the reaction of a ketophosphine oxide (211) with a carbonyl derivative does not occur to 
produce the unsaturated carbonyl (213; Scheme 30).207 The addition step is presumably too rapidly re¬ 
versible and the elimination of phosphine oxide too slow. 

The use of diphenylcyanomethylphosphine oxide is effective for the synthesis of (E)-a,(3-unsaturated 
nitriles 208 Phosphine oxides can be used to synthesize a variety of functionalized alkenes, including 
vinyl ethers (215; equation 51),209 vinyl sulfides (217; equation 52),210 allylic amines (219) and amides 
(equation 53),211 ketene acetals (221; equation 54)212 and ketene thioketals (223; equation 55).213 In the 
examples of a-thio substitution, the alkenes are formed directly. 

3.1.9.4.1 Elimination 

The intermediate (3-hydroxyphosphine oxide is isolated only if lithium is used to deprotonate the phos¬ 
phine oxide. Sodium or potassium anions eliminate in situ to form the alkene directly. Eliminations of 
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Scheme 30 

Ph2P OMe 

6 

(214) 

i, LDA 

ii, n-C6H13CHO; 85% 
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iv, NaH, THF 

95% 
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(215) 

(51) 
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i, BunLi; 70% 

ii, NaH, DMF; 76% 

(53) 

(218) (219) 



ne Transformation of the Carbonyl Group into Nonhydroxylic Groups 

O 
ii 

O 

(222) 

i, LDA 

ii, cyclohexanone 

ii, BulOK 

90% 

i, BunLi 

ii, PhCHO 

80% 
(223) 

(54) 

(55) 

the z/zreo-hydroxy phosphine oxide intermediates are stereospecifically syn and produce the (E)-alkene, 
but the reaction of erythro adducts can be complicated by equilibration with starting materials, particu¬ 
larly in the case of aromatic aldehydes.214 Typically, bases such as NaH, KOH and KOBu1 are used in 

DMF, DMSO or THF to effect elimination. 

3.1.9.4.2 Erythro selectivity, cis-alkene 

The addition of the phosphine oxide anion to the carbonyl is dramatically affected by solvent, base and 
temperature.214 These conditions can be modified in order to maximize the erythro isomer formation. In 
nonpolar solvents the addition proceeds with virtually no selectivity. Substantial improvements are seen 
by the use of ethers, and the highest ratios of erythro adduct (225) are obtained in THF with the lithium 
complexing reagent TMEDA present at -78 °C or lower temperatures (equation 56). 

+ A, BunLi 

O 

ph2P^ + 

HO^Ph 

O 

Ph2P^ 

HO ""Ph 

(224) Solvent (225) erythro (%) 

Pentane 55 

THF 85 

THF, TMEDA,-78 °C 88 

(226) threo (%) 

45 

15 

12 

(56) 

Substituent effects are also important to the selectivity. Branching ot to the phosphine oxide can signi¬ 
ficantly erode the ratios of erythro to threo intermediates. For example, changing the a-substituent from 
methyl to isopropyl gives a 64:36 ratio of erythro to threo isomers on reaction with benzaldehyde.214 In¬ 
creasing the branching of the aldehyde component also diminishes the selectivity, but the effect is smal¬ 
ler. Cyclohexanal combines with the lithium anion of ethylphosphine oxide to give a 79:21 mixture of 
erythro to threo adducts in 79% yield. Although the elimination of phosphine oxide to form the alkene is 
syn, a certain amount of (£)-alkene is formed from erythro intermediates with a conjugating functionality 
a to the phosphine oxide.206 This loss of selectivity is thought to occur by cleavage back to the starting 
anion and the carbonyl, resulting in equilibration to higher ratios of threo adduct and therefore (E)-al- 
kene. The equilibration can be minimized by using a polar solvent such as DMF or DMSO and higher 
temperatures to ensure rapid elimination of phosphinate. An additional solution is demonstrated in the 
selective synthesis of (Z)-stilbene (229) using dibenzophosphole oxide in the Homer reaction (Scheme 
31).215 The cyclic phosphine oxide shifts the equilibrium so that phosphinate elimination is favored 
relative to the reverse aldol process. This is because of the marked acceleration of elimination when 
phosphorus is incorporated in a five-membered ring. The erythro adduct was generated by ring-opening 
the epoxide. Elimination with NaH in DMSO gives a 91% yield with a (Z):(E) ratio of 89:11. This ratio 
can be dramatically improved to >99:1 by using DBU. 

Warren has also studied dibenzophosphole oxides.216 The ketophosphine oxide (230) substrate can be 
formed and selective reduction to either the erythro (233) or the threo (231) adducts carried out. The nor¬ 
mal NaBH4 conditions were used for reduction to the threo isomer and CeCb was added to obtain the 
erythro adduct. This methodology was applied to the synthesis of (E)- and (Z)-isosafroles (232) and 
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i, Li, NH3 
ii, (£j-stilbene oxide 

iii, H709 
66% 

(227) 

DBU 

DMSO 
93% 

/=\ 
Ph Ph 

(229) (Z):(E)> 99:1 

Scheme 31 

(234), respectively, from a single ketophosphine oxide intermediate (230; Scheme 32). The application 
of this approach to diphenylphosphine oxides would provide a method by which either alkene isomer 
could be readily obtained from a single intermediate. Unfortunately, the Luche reduction, which is vital 
to this strategy, is highly substrate specific.216b 

Scheme 32 

(232) 

(234) 

3.1.9.4.3 Threo selectivity, trans-alkene 

Trans-alkenes can be synthesized by the Homer reaction from the ketophosphine oxide, which is re¬ 
duced selectively to the threo adduct.217 This intermediate is typically formed by reaction of the phos¬ 
phine oxide with an ester or acid chloride. Alternatively, the keto intermediate may be obtained by 
oxidation of p-hydroxyphosphine oxides. This sequence was applied to the synthesis of the pure (E)- 
triene (237) by Warren (equation 57).217 

Unlike the elimination of erythro adducts, the elimination of the threo intermediate is stereospecific 
for aromatic and aliphatic substituents. A study of various methods of reduction found that NaBHU in 
EtOH gave the best combination of threo selectivity and yield.218 

This methodology has been applied to the synthesis of oudemansins by Kallmerten.219 In this example, 
the Wittig alkenation gave mixtures of (E)- and (Z)-products, as well as epimerizing the ether position. 
These problems were solved by acylating the phosphine oxide (239) and carrying out reduction and 
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i, BunLi; 70% 

ii, PDC; 88% 

iii, NaBH4, EtOH; 75% 

iv, NaH, DMF; 98% 

(235) (236) (237) 

elimination to (240) with LiBH4 (Scheme 33). It was not anticipated that the reduction conditions would 
also cause elimination. It is unknown whether this effect is general for conjugated alkenes. Recently, 
Warren has studied the effect of additional chiral centers on the reduction of the ketophosphine oxide in¬ 
termediate.220 In simple alkyl-substituted cases (241) it is possible to reduce the intermediate with high 
diastereoselectivity to produce (£)-alkenes (242). Alternatively an anion addition can be earned out on 
the ketophosphine oxide (243) to synthesize trisubstituted alkenes (245). Yields of these processes are 

good and alkene ratios are high (Scheme 34). 

OMe 

Me02C 

Ph P(0)Ph2 

Li 

(238) 

Ph OMe 

Ph2(0)P 

(239) 

Scheme 33 

LiBH4 

THF 

OMe 

(240) (E) only, 32% 

(241) 

i, NaBH4, CeCl3 

ii, NaH, DMF 
good yield 

BuLi 
Ph - 

76% 

NaH, DMF 
Ph_ Ph 

(243) (244) (245) 

Scheme 34 

3.1.9.4.4 Disubstituted alkenes 

For the synthesis of disubstituted alkenes by the Homer reaction, there are general guidelines that can 
be followed to maximize selectivity, as shown in structure (246).221 It is best to have the larger of the two 
substituents of the double bond to be formed derived from the carbonyl moiety. This is particularly im¬ 
portant if the substituent is anion-stabilizing since this will erode the selectivity at the elimination. These 
rules can be followed, regardless as to the stereochemistry of the alkene desired. 

HO L 

(246) L = large, conjugating group 
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The Wittig and Homer processes can be combined in a cyclic process to form (£,Z)-dienes (249; 
Scheme 35).222 The initial Wittig process proceeded in 63% yield with 68:32 to (Z)-selectivity. 
Deprotonation of the phosphine oxide (248) and reaction with benzaldehyde gave exclusively the erythro 
isomer in 82% yield. The phosphine oxide was eliminated with NaH in DMF to give the (E,Z)-1,6-diene 
in an isomer ratio of 92:8 with the (£,£)-diene. 

X . 
Ph Ph Br 

(247) 

i, BunLi 

ii, PhCHO 

63% 

i, recrystallize 

O ii, BunLi 

Ph2P ^ 
iii, PhCHO 

iv, NaH, DMF 

(248) (E)\(Z) = 68:32 

Ph 

(249) (£,Z) :(£,£) = 92:8 

Scheme 35 

The Homer-Wittig process has been utilized in the synthesis of vitamin D and its metabolites. Recent¬ 
ly, a process was developed for the synthesis of hydrindanols by the 1,4-addition of the phosphine oxide 
to cyclopentenone.223 After further elaboration, the phosphine oxide formed (250) can be utilized to in¬ 
corporate side chains (251; equation 58). 

Recently, the Homer coupling was utilized by Smith and coworkers in the total synthesis of milbe- 
mycin (equation 59).224 In an excellent example of the sensitivity of the alkene stereochemistry to the 
base utilized, when the phosphine oxide anion (253) was generated with NaH as the base the (£):(Z) ratio 
was 7:1, but epimerization occurred at the aldehyde methine (252) and the yield was only 15%. Switch¬ 
ing to KHMDS, the yield improved to 74% but virtually a 1:1 ratio of alkenes formed. Use of sodium 
hexamethyldisilazide solved these difficulties, forming the desired (£)-diene (254) in a 7:1 ratio with the 
(Z)- in 85-95% yield. Additional examples of the use of phosphine oxides in the synthesis of milbemy- 
cins and FK-506 are presented in Section 3.1.11.4. 

Warren has applied the Homer reaction to the synthesis of isoxazoles (equation 60).225 Either the 3- 
alkyl or the 5-alkyl substitution is effective, and in either case good yields of (E)-alkenes are obtained. 
The isoxazoles can be cleaved with Mo(CO)6- The Homer reaction can be utilized in the synthesis of 
polyenes. For example, Nicolaou utilized this methodology in the synthesis of a pentaene (equation 
61).226 The addition was carried out with LDA and the elimination effected with KOBu‘ to give the (El- 

isomer (258). 

3.1.9.4.5 Trisubstituted alkenes 

The Homer reaction can be applied to the synthesis of trisubstituted alkenes. As in the case of HWE 
reactions, the yield obtained by adding a disubstituted phosphine oxide to an aldehyde is frequently 
higher than that obtained by adding an anion to a ketone. This methodology was applied to the synthesis 
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of (Z)-a-bisabolene (261; equation 62).227 As stated above, heteroatom substitution is compatable with 
the formation of alkenes by phosphine oxide. This technique has been used by Ley and coworkers to syn¬ 
thesize intermediates for spiroketal formation (263; equation 63).228 The Homer coupling has been 
utilized by many groups for the synthesis of the diene portion of vitamin D and its metabolites (266; 
equation 64).229 These reactions occur with excellent stereoselectivity for the diene formation. 

i, BunLi 

ii, separate 

53% erythro, 4% threo 

iii, NaH, DMF;91% 

(259) (260) (261) 
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R1 = CHMeOEt, R2 = H, R3 = C8H17; 60% 

R1 = SiMe2Bul, R2 = H, R3 = OSiMe3 ’61% 

R1 = SiMe2Bu\ R2 = OSiMe2Bu‘, R3 = ;90% 

3.1.9.4.6 Alternative approaches 

In analogy to the Peterson alkenation, the intermediate hydroxyphosphine oxides (269) can be pre¬ 
pared by addition to epoxide derivatives (268; Scheme 36).230 Overall yields are high for this process, 
and this sequence can be applied to the synthesis of phosphonate intermediates as well. Warren has stu¬ 
died hydroxy-directed epoxidation.230b Provided the allylic phosphine oxide is trisubstituted, as is (270) 
in equation (65), these oxidations proceed with good selectivity. Ring opening can then be undertaken to 
generate the hydroxyphosphine oxide. 

MCPBA o 
O. n RMgBr OH O 

(267) (268) 

Scheme 36 

MCPBA 

71% 
10:1 

(269) 

(65) 

(270) (271) 

Acylated phosphine oxides have been used as intermediates to unsaturated acids such as (276; Scheme 
37).231 These compounds cannot be formed by the direct addition of an acid deiivative of the phosphine 
oxide to a carbonyl (273). Instead, the ketophosphine oxide (274) is reduced and the lactones (275) are 
separated. The sequence is completed by treatment with KOH in aqueous THF followed by elimination 
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in DMSO. The application of the Homer reaction to the synthesis of homo-allylic alcohols (279) was stu¬ 
died by Warren and coworkers.232 These derivatives were formed by an intramolecular acyl transfer to 
the ketophosphine oxide (278; Scheme 38). The acyl group may be alkyl or aromatic and the reduction 
of the ketone, followed by elimination to the alkene, takes place under the standard protocol. This re¬ 
action was also applied to systems with chiral centers present in the phosphine oxide chain.233 The inter¬ 
mediate phosphine oxide can also be converted to a hydroxy ketone and a cyclopropyl ketone by 
treatment with base. An alternative approach to erythro-phosphine oxides is to add the phosphine imide 
anion (280) in a selective manner to the aldehyde and hydrolyze to the hydroxyphosphine oxide (282; 
Scheme 39).234 In comparing the imide to the phosphine oxide, the erythro selectivity of the phosphine 
imide addition was higher (98:2 versus 88:12 for the methyl- and phenyl-substituted alkene), and it re¬ 
mains to be demonstrated whether this alternative will prove to have practical applications in organic 

synthesis. 
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3.1.10 SILICON-MEDIATED ALKENE FORMATION 

In Section 3.1.3.1, the advantages of the Peterson alkenation in comparison to the Wittig reaction were 
detailed. The by-product (hexamethyldisiloxane) is volatile and is easier to remove than the phosphine 
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oxides, and it is a more basic and more reactive anion. On the other hand, the anion can be more arduous 
to obtain than the Wittig anion for more complex applications, and the stereochemistry of the elimination 
is such that control of alkene isomers requires separation of the (3-silylcarbinols. 

3.1.10.1 Anion Formation 

The a-silyl carbanions necessary to apply the Peterson reaction to higher substituted examples are 
limited by the ability to efficiently produce the anion. A clever example of an alternative to the Wittig re¬ 
action for ethylidene formation to give (285) with a-(trimethylsilyl)vinyllithium was utilized by Jung in 
the synthesis of coronafacic acid (Scheme 40).235 

Scheme 40 

As a general rule, unless an anion-stabilizing group, such as phenyl, or a heteroatom such as sulfur is 
present, the alkylsilane is not readily deprotonated.236 The a-halosilane can be deprotonated but, unlike 
the readily available chloromethyltrimethylsilane, there are few general methods to this approach. Al- 
kyllithium reagents add to vinylsilanes (286) to produce the carbanion (287).237 Silyl derivatives with 
heteroatoms, such as sulfur, selenium, silicon or tin, in the a-position (288) may be transmetallated 
(Scheme 4l).M Besides the difficulty in synthesizing the anion, alkene formation lacks specificity for 
simple di- and tri-alkyl-substituted alkenes. As a result, the Peterson reaction of an a-silyl carbanion with 
a carbonyl has found the greatest utility in the synthesis of methylene derivatives, (as discussed in Sec¬ 
tion 3.1.3), heterosubstituted alkenes and a,(3-unsaturated esters, aldehydes and nitriles. 

Me3Si ^ RLi 
Me3Si. /Li R1 

| 1 
R1 

_^ 7 
1 X^SiR23 M^SiR23 

(286) (287) (288) (289) 

X = SR3, SeR3, SnR33, SiR23 

Scheme 41 

3.1.10.2 Elimination 

In a study by Hudrlik, the elimination was demonstrated to be stereospecific.238 Diastereomeric (3-hy- 
droxysilanes were synthesized by the reduction of the corresponding ketones. In this way, each distinct 
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diastereomer (290) and (293) was monitored in the elimination reaction. The elimination of the silane 
was stereospecific, with the acid-promoted eliminations being anti and the base-induced reaction follow¬ 

ing the syn pathway (Scheme 42). 

(292) 

Scheme 42 

The implication of this observation is that if one can form the silylcarbinol selectively, the ratios of 
cis- and trans-alkenes should be controllable and high. Unfortunately, the addition of the silyl anion to a 
carbonyl does not result in formation of a single carbinol. Unlike the Wittig reaction, the initial addition 
step is not reversible (the reaction is under kinetic control), therefore the inherent ratios in the addition 
step define the ratio of cis- to frans-alkenes produced.239 The reaction is not influenced significantly by 
solvent, counterion effects, added salts or temperature. Because of these combined factors, the Peterson 
alkenation generally yields equal amounts of cis- and frans-alkenes.240 To take advantage of the stereo¬ 
specific elimination, either the substrate must be synthesized by an approach other than anion addition to 
the carbonyl, or the diasteromeric p-silylcarbinols must be separated.241 Examples of successful forma¬ 
tion of the stereodefined carbinol are the selective reduction of the a-silyl carbonyl (294; equation 66),242 
the addition of an alkyl anion to an a-silyl carbonyl (296; equation 67),243 the addition of a silyl anion to 
an epoxide (298; equation 68)4d and the ring opening of a silyl epoxide (300; equation 69).244 
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The term ‘Peterson alkenation’ has been used to describe the elimination of a functionalized organo- 
silicon compound with alkene formation for substrates synthesized by these methods. In accordance with 
the mechanistic definition outlined in the introduction to this chapter, such topics are not considered in 
detail in this review.245 For the purpose of this discussion, the Peterson alkenation will be considered as 
the addition of an anion derivative to a carbonyl compound, followed by elimination to the alkene. 

3.1.10.3 Mechanism 

As mentioned in the previous section, the Peterson reaction proceeds by an irreversible addition of the 
silyl-substituted carbanion to a carbonyl. It has generally been assumed that an intermediate p-oxidosi- 
lane is formed and then eliminated. In support of this mechanistic hypothesis, if an anion-stabilizing 
group is not present in the silyl anion, the (3-hydroxysilanes can be isolated from the reaction, and elimi¬ 
nation to the alkene carried out in a separate step. Recent studies by Hudrlik indicate that, in analogy to 
the Wittig reaction, an oxasiletane (304) may be formed directly by simultaneous C—C and Si—O bond 
formation (Scheme 43).246 The (3-hydroxysilanes were synthesized by addition to the silyl epoxide. 
When the base-induced elimination was carried out, dramatically different ratios of cis- to trans-alkenes 
were obtained than from the direct Peterson alkenation. While conclusions of the mechanism in general 
await further study, the Peterson alkenation may prove to be more closely allied with the Wittig reaction 
than with p-elimination reactions. 

O SiMej 

+ M- 
R H 

O SiMe3 O —SiMe3 

R R 

(302) M = Li (303) (304) 

(305) (306) Z = SiMe3 

Scheme 43 

The stereochemistry of the elimination of the {3-hydroxysilane at silicon has been investigated.247 In 
studies by Larson and coworkers, the P-hydroxyalkyl(l-naphthyl)phenylmethylsilanes (307) and (309) 
were isolated and subjected to elimination conditions to ascertain the stereochemistry of the elimination 
on the silyl group (Scheme 44). The acid-catalyzed eliminations proceed with inversion of stereochem¬ 
istry at silicon, while the base-catalyzed elimination occurred with retention. These results are in agree¬ 
ment with the mechanism proposed of anti elimination under acidic conditions and syn elimination under 
basic. While the optically pure silicon was useful for determining the course of the elimination, it could 
not be utilized in asymmetric synthesis. Addition of the anion to various carbonyls afforded virtually no 
diastereoselectivity, and it was not possible to separate the diastereomers formed either by crystallization 

or by chromatography. 
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3.1.10.4 Alkene Formation 

The Peterson reaction, as shown in equation (70), has been applied to the synthesis of alkenes that are 
hindered and difficult to form by the Wittig reaction. In the case of trisubstituted alkenes (311) in which 
R1 and R2 are components of a ring or are identical, the reaction may prove to be the method of choice. 

O Me3Si R1 

II + —M -- /=\ (70) 

R1 R2 R3 R2 R3 

(310) (311) 

An example is the preparation of allylidenecyclopropanes (Scheme 45).248 The l-(trimethylsilyl)cyclo- 
propane (312) is reductively lithiated with lithium l-(dimethylamino)naphthalenide (LDMAN) followed 
by addition of an aldehyde to form the p-silylcarbinol (314).249 This method of anion formation is 
general173 but has seen greatest application in the synthesis of cyclopropyl compounds. The intermediate 
can be eliminated in situ with KOBu' to form the alkene (315). Yields are good but, as discussed in the 
mechanistic section, in unsymmetrical cases a mixture of products results. This reaction has been ex¬ 
tended by Halton and Stang to the synthesis of cycloproparenes.250 

Scheme 45 

3.1.10.5 Heteroatom Substitution 

3.1.10.5.1 Silicon 

The Peterson reaction can be used to synthesize a number of heterosubstituted alkenes. Methoxydi- 
methylsilyl(trimethylsilyl)methyllithium (316) can be added to aldehydes and ketones, including enoliz- 
able substrates, to form the vinylsilane (317; equation 71). Modest (£):(Z)-selectivity was observed in 
unsymmetrical cases. This reagent may represent an improvement over the bis(trimethylsilyl)methyl 
anion, which is ineffective for enolizable substrates. 

Me2SiOMe 

Li SiMe3 

+ 

R1 

(71) 

(316) (317) 

3.1.10.5.2 Sulfur 

In the original study by Peterson, the alkenation procedure was found to be compatible with sulfur and 
phosphorus substitution.251 The alkenation reaction has been applied successfully to a variety of sub¬ 
stituted alkenes.252 Because of the anion-stabilizing nature of the thiophenyl, the |3-hydroxysilane is not 
isolated and the elimination to the alkene takes place directly to form a 1:1 mixture of (E)- and (Z)- 
isomers. Ager studied the reaction of the lithio anions of phenyl (trimethylsilyl)methyl sulfides (318) 
with a variety of carbonyl compounds (equation 72).14 Yields of this process were good, and addition oc¬ 
curred even with enolizable substrates. This reaction was extended to vinyl sulfones. In contrast to the 
sulfide case, the substituted sulfone silyl anion behaves as a base, leading to undesired enolization. The 
best yields were observed for the case where R1 is a hydrogen or phenyl. 
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R1 

PhS xL 3 

R2R3CO 

(318) 

R1, R2 

H 
PhS R3 

(319) 

R1, R2, R3 = H, Me, Et, Bu, C5Hn, Ph, etc. 

(72) 

Ley and coworkers have done studies with phenyl (trimethylsilyl)methyl sulfones (320; equation 
73).253 The lithio anion was generated with BunLi in DME to form vinyl sulfones (321) in good to excel¬ 
lent yields as isomeric mixtures. There is some indication that the reaction should best be carried out in 
DME at -78 °C, rather than in THF as in the initial Ager work.16 Trapping the intermediate alkoxide as 
the acetate, followed by attempts at stereospecific elimination did not prove to be successful in forming a 
single alkene isomer. 

R1 Li 
\/ 

Ph02S SiMe3 

R2R3CO v R2 
-i 

r 
Ph02S 

X 
R3 

(320) (321) 

R1, R2, R3 = H, Me, C5Hn, Ph, etc. 

Addition of sulfides and sulfones to acid derivatives has been investigated by Agawa.254 Phenyl and 
methyl (trimethylsilyl)methyl sulfides and sulfones added to amides (323) to produce the aminovinyl sul¬ 
fides (324; equation 74) and sulfone (326; equation 75). The reactions proceeded in good yield with 
some examples of stereocontrolled synthesis of the (E)-isomer. Other acid derivatives such as esters, car¬ 
bonates and ureas were investigated, but gave inconsistent results. 

R*S 0 
, II 

r's r2 

Me3Si Li 
+ u 

R2 NR32 
\ 

NR3 

(322) (323) (324) 

r'o2s 
, (323) 

r>o2s r2 
__ 2*W 

Me3Si Li 
+ V \ 

NR32 

(325) (326) 

In studies directed toward intermediates for the synthesis of quadrone, Livinghouse demonstrated the 
utility of lithiated methoxy(phenylthio)(trimethylsilyl)methane (327) for the conversion of aldehydes and 
ketones to ketene 0,S-acetals (328) in good to excellent yields (Scheme 46).255 These Peterson alkena- 
tions gave predominantly the (E)-double bond isomer. As the example depicted in the scheme demon¬ 
strates, this procedure may be used to homologate a carbonyl to the phenyl thioester (329) in excellent 

yields. 

SPh i, BusLi, TMEDA 

96% 

i, Me3SiI 

ii, alumina 
90% 

(328) (329) 

Scheme 46 
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The use of sulfur in the Peterson reaction can be extended to the optically pure lithio anion of S-phe- 
nyl-S-(trimethylsilyl)methyl-/V-tosylsulfoximine (330; equation 76).256 Unlike most Peterson alkenations 
this reaction is selective for the formation of the (A)-alkene isomer (331) with aldehydes. In addition, the 

stereochemistry of the sulfoximine is maintained. 

O 

Ph-S* SiMe3 
ii Y 

TsN 

r'r2co 
R1 

=< 
Ph-sC0 R2 

Li 
n 

NTs 
(E):(Z) > 93:7 

60-70% 

(330) R1, R2 = H, Me, Ph, Pr\ Bu\ etc. (331) 

(76) 

3.1.10.5.3 Phosphorus 

As in the case of sulfur-substituted analogs to the Peterson alkenation, the compatibility of the reaction 
with a phosphorus substituent was demonstrated in the original work of Peterson. An in situ procedure 
for the preparation and reaction of the lithio anion of (trimethylsilyl)alkylphosphonates has been de¬ 
veloped (333; Scheme 47).257 The phosphonate (332) was treated with 2 equiv. of LDA followed by 
TMS-C1 and after warming to -20 °C, the aldehyde. The overall yields were good, but (E):(Z) selecti- 
vities for this reaction were low. Zbiral and coworkers developed a method for the homologation of a 
carbonyl compound to an a-hydroxy ester with a silylphosphonate derivative (335; Scheme 48).258 The 
reactions produced a 1:1 mixture of alkene isomers (336). The intermediate vinylphosphonate was ox¬ 
idized with Os04 to form the a-hydroxy ester (337). Recently, both sulfur and phosphorus functionalities 
were combined in a Peterson reagent.259 The lithium anion of the (methylthio)phosphonate (338) reacted 
with high (^-selectivity with aldehydes (equation 77). The reaction was ineffective with ketones. 

(332) 

EtO O 

E.O X ^ 
Li SiMe^ 

(335) 

2 equiv. LDA 

Me,SiCl 

O 

(EtO)2P 

' SiMe-i 

SiMe3 

SMe 

(338) 

EtO yO 

'p' „ SiMe-* 
EtO X 

Et Li 

(333) 

Scheme 47 

O 
A 

H Ph 

78% 

O 

R 
EtO O 

V 
EtO" 

40-88% 

R1 ^R 

(336) 

R 

HO" 

O^O' 
. SiMei 

(337) 

Scheme 48 

EtO O 

EtO 

Et 

(334) 

Ph 

SiMei 

+ 

H 

O 

A. 
BunLi 

O 

(EtO)2P 

OsCh 

25-85% 

R THF 

60-85% 

R 

SMe 

(339) R = H, Me, Ph 

(77) 
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3.1.10.6 Synthesis of Conjugated Alkenes 

In the application of the Peterson alkenation to the synthesis of a,(3-unsaturated esters, the full advant¬ 
age of the greater reactivity of the silyl-stabilized anion as well as the ease of by-product removal can be 
realized. In addition, the Peterson reagent can be directly formed by deprotonation if an activating group, 
in these cases a carbonyl or similar conjugating functionality, is present, making the anion readily ac¬ 
cessible. Selectivity for (£)- and (Z)-alkene isomers is highly substrate specific and no general predictive 
rule can be stated, but selectivity is enhanced by increasing the steric bulk of the silyl substituent, and in 
some instances by altering the counterion, as the following examples illustrate. 

The reaction of a silylacetate derivative with an aldehyde or ketone was initially studied by Rathke and 
Yamamoto.260 Rathke and coworkers studied the addition of the lithium anion of t-butyl (trimethylsi- 
lyljacetate (340) with a variety of aldehydes and ketones (equation 78). The anion can be formed directly 
from the silyl compound on treatment with LDA. The reaction proceeded to give the conjugated alkenes 
in excellent yields. Unsaturated compounds reacted via 1,2-addition. No discussion of alkene geometry 
was presented. In the Yamamoto work, the ethyl (trimethylsilyl)acetate derivative (342) was used in a 
variety of reactions with aldehydes and ketones (equation 79). The anion was formed with dicyclohexyl- 
amide in THF. It was stated in the experimental section that the (£):(Z) ratios of alkenes were dependent 
on the reaction conditions. In all the examples presented in this work, the (£)-isomer was predominantly 
formed. 

Me3Si 

i, LDA 
C6H10O 

ii, h3o+ 

90% 

(340) (341) 

(78) 

Me3Si 

(342) (343) (E):(Z) - 3:1 to 9:1 

(79) 

The ability to define the alkene geometry by modification of the anion was investigated by Debal.261 
In this work, the intermediate (3-hydroxysilanes were either isolated and the elimination carried out with 
BF3 Et20 to synthesize the (£)-isomers (347), or the addition adduct (formed in the presence of MgBr2) 
was treated with HMPT and eliminated in situ to give predominantly the (Z)-isomer (346), as shown in 

Scheme 49.262b 

O i, LDA 

Me3Sl \/^0Me “• M8Br2 

O 
iii, 

A: i, H20 
ii, BF3»Et20 

or 
B: HMPA 

(344) 

H 

+ 

(345) (346):(347) 

A: R = Bun 2:98 

R = Ph 1:99 

B: R = Bun 85:15 

R = Ph 80:20 

(346) (347) 

Scheme 49 
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Comparative examples of the Wittig reaction and the Peterson alkenation with ketones (353; equation 
82) and (355; equation 83), epoxy ketones (351; equation 81), or protected a-hydroxy ketones (348; 
equation 80) have appeared.262 The reactions can proceed with high kinetic control for the (Z)-isomer 
and, as a result, the Peterson technology may form complementary isomers to the Wittig reaction.114 

i, PPh3CHC02Et 

or 
ii, Me3SiCH(Li)C02Et 

(80) 

(349) (350) 

i, /i =1,52% 97:3 
n = 2, 80% 96:4 
n = 3, 27% 94:6 

ii, n= 1, 64% 33:67 
n = 2,68% 14:86 
n = 3, 50% 8:92 

i, (Et0)2P(0)CHNaC02Et 
(Z):(E) = 10:90, 85% 

or 
ii, Me3SiCH(Li)C02Et 

(Z):(E) = 90:10,90% 

(351) (352) 

(81) 

Me3SiCH(Li)C02Et 

(Z):(E) = 89:11 
86% 

(353) (354) 

(355) 

i, Me3SiCH(Li)C02Et 

(Z):(E) = 67:33, 82% 

or 

ii, Me3SiCH(Li)C02Bul 

(Z):(E) = 82:18, 56% 
(356) 

(82) 

(83) 

The reaction has been extended to a-silyl lactones and lactams.263 Other stabilizing groups have been 
demonstrated to be effective. For example, the Peterson reagent formed from bis(trimethylsilyl)propyne 
(357) and that formed from a-silyl acetonitrile derivatives (358) both give the (Z)-alkene as the predomi¬ 
nant product (equation 84).264 

(357) R1 = OCSiMe3, R2 = Bu\ R3 = R4 = Me, M = MgBr; (Z):(E) = 30:1, 75% 

(358) R1 = CN, R2 = R3 = R4 = Ph, M = Mgl; (Z):(E) = 9:1, 80% 

(84) 
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Increasing the steric bulk of the silyl group enhances the ratios of (Z)- to (E)-alkene isomers. The size 
of the ester group can also affect the (£):(Z) ratios of alkenes.265 An example is the synthesis of but- 
enolides (360) by Peterson alkylation of a-keto acetals (359; equation 85). Increasing the ester from 
methyl to isopropyl and r-butyl resulted in a corresponding increase in (Z)-alkene formation. 

(359) (360) 

R = Me; (Z):(E) = 43:57, 70% 

R = Pr1; (Z)\(E) = 80:20, 73% 

R = Bu‘; (Z)\(E) = 88:12, 77% 

(85) 

Boeckman and coworkers studied the reaction of bis(trimethylsilyl) ester (361) with aldehydes to form 
the silyl-substituted unsaturated ester (362; equation 86).266 The anion was formed with potassium or 
lithium diisopropylamide. Other metals, such as magnesium or aluminum, were introduced by treating 
the lithium anion with Lewis acids. The addition step produced a single diastereomer, enabling the 
effects of counterion and steric bulk on the elimination to be ascertained. Excellent selectivity for the 
(£)-isomer (362) may be obtained by using K or Li cations and a sterically hindered aldehyde. In studies 
directed toward the synthesis of substituted pseudomonic acid esters, the Peterson alkenation was 
utilized to form a mixture of (Z)- and (£>alkene isomers, one example of which (365) is depicted in 
equation (87).267 In this example the conditions were optimized to form the highest degree of selectivity 
for the (Z)-alkene. 

w SiMe3 R SiMe3 

+ RCHO -► (86> 

R C02Bu' C02Bu‘ 

R = Pr1, Bu‘; M = K, Li (362) >100:1 (363) 

SiMe3 

BuT^C —/ 

SiMe3 

(361) 

(364) (365) (Zy.(E) = 7.2:1 

A comparison of the Wittig and Peterson alkenation procedures for the conversion of an aldehyde to 
its a,(3-unsaturated vinylog was carried out by Schlessinger (Scheme 50).268 The Wittig methodology 
was more effective for the base-sensitive lactone substrate (366), while the Peterson reaction was the 
preferred method for the hindered aldehyde (368). An additional comparative example of the Peterson 
and Wittig methods to synthesize an unsaturated aldehyde is found in studies on the streptogramin anti¬ 
biotics by Meyers (Scheme 51).269 Higher yields and (£>alkene isomer selectivity (371) were obtained 
with the Wittig reagent. The Schlessinger method was recently used in the synthesis of FK-506 by Mills 
and coworkers (equation 88).296a Addition to the hindered aldehyde (372) produced the a,(3-unsaturated 

aldehyde (373) in 78% yield and an (E):(Z) ratio of >100:1. 
While these examples point to the possible use of the Wittig and the Peterson reactions as complemen¬ 

tary methods for (Z)- and (E)-alkene formation in cases with conjugating functionality, it must be em¬ 
phasized that no systematic predictive rule can be applied to the possible selectivity, and this area 

remains one of active research. 
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CHO 

(366) 

CHO 

Scheme 50 

H MES 

(370) 

Scheme 51 

(372) (373) 

(88) 

3.1.10.7 Lewis Acid Catalysis 

The use of cerium trichloride for the Peterson alkenation has been applied by Ueda and coworkers for 
nucleoside synthesis (Scheme 52).270 The anion was generated with LDA/cerium trichloride and con¬ 
densed with the aldehyde (375). The product was treated with KH in THF and the pyrimidopyridine 
(377) isolated in 50% yield. 

3.1.11 SULFUR-STABILIZED ALKENATIONS: THE JULIA COUPLING 

In 1973, Julia introduced the reaction depicted in Scheme 53, that bears his name.271 The sulfone deri¬ 
vative is metallated (378) and added to the carbonyl, followed by functionalization (380), and reductive 
elimination, to produce the alkene (381). The yield for the transformation from carbonyl to alkene is ex- 
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KH 

50.7% 
overall 

(377) 

Scheme 52 

tremely high; usually greater than 80% overall. In the original communication, the Julia coupling was ap¬ 
plied to the synthesis of mono-, di- and tetra-substituted alkenes, and since then has been employed to 
solve many challenging synthetic problems.272 The selectivity can be extremely high for the production 
of disubstituted (£>alkenes and it is this particular aspect of the Julia coupling in the synthesis of com¬ 
plex molecules that will be considered below. 

Ph02S M 
V 

R'^R2 

o 
-1- II 

R2 S02Ph 
_ V OH _. + u 

r3^r4 r1\X4 
R3 R4 

(378) M = Mg, Li (379) 

r2\ S°2ph Na(Hg) 
X OR 

R1. R4 
r \ / 

R X7 R3 R4 

(380) R = Ms, Ac, Ts, COPh 

/=\ 
R2 R3 

(381) overall yield >80% 

Scheme 53 

3.1.11.1 (E)-/(Z)-Selectivity 

A study carried out by Kocienski and Lythgoe first demonstrated the trans selectivity of the Julia 
coupling process.273 The authors found the reductive elimination could best be carried out with the acet- 
oxy or benzoyloxy sulfones. If the lithio sulfone derivative is used for addition to the carbonyl, the re¬ 
action can be worked up with acetic anhydride or benzoyl chloride to obtain the alkene precursor. In 
cases where enolization of the carbonyl is a complication, the magnesium derivative can frequently be 
used successfully.274 A modification of the reductive elimination was found to be most effective. Meth- 
anol, ethyl acetate/methanol or THF/methanol were the solvents of choice and a temperature of -20 C 
was effective at suppressing the undesired elimination of the acetoxy group to produce the vinyl sulfone. 
With these modifications of the original procedure, the ability of the reaction to produce dienes as well 
as fra/w-disubstituted alkenes was demonstrated. The diastereoisomeric erythro- and threo-acetoxy sul¬ 
fones could be separated and it was demonstrated that both isomers were converted to the trans-alkene. It 
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was hypothesized that the (£)-selectivity is derived from the reductive removal of the phenylsulfonyl 
group, generating an anion (383) that assumes the low energy trans configuration before loss of the acy- 
late anion (Scheme 54). As demonstrated by numerous examples, the mechanism for reductive elimina¬ 
tion is consistent with the finding that the alkenes obtained are the thermodynamic mixture and that 
increased branching at the site of elimination should, for steric reasons, increase the trans selectiv- 
ity 273c,d 

Ph02S H 

R,"i)—4tr1 
H OAc 

(382) 

H 
s' 

(383) 

Scheme 54 

R 

R1 

(384) 

3.1.11.2 Reductive Cleavage 

The reduction of the (3-acyloxy sulfone is most often carried out with sodium amalgam, as the exam¬ 
ples below indicate. The reductive elimination can be buffered with disodium hydrogenphosphate for 
sensitive substrates.275 In certain applications it has proven advantageous to utilize lithium or sodium in 
ammonia. For example, Keck’s synthesis of pseudomonic acid C made use of the lithium/ammonia re¬ 
ductive elimination to simultaneously form an alkene and deprotect a benzyl ether.281 In studies directed 
toward the same target, Williams made use of a reductive elimination procedure developed by Lythgoe, 
involving the formation of the xanthate ester followed by reduction with tri-zj-butyltin hydride.276 

3.1.11.3 The Synthesis of (ifFDisubstituted Alkenes: Comparison with the Wittig Reaction 

3.1.11.3.1 The synthesis of pseudomonic acid C 

The Julia coupling can be utilized as an alternative to the Schlosser-Wittig reaction to form (£)-al¬ 
kenes.277 Several reported syntheses of pseudomonic acid C (385) have provided interesting clues as to 
variability of applications of the Julia coupling in the context of natural product synthesis. 

O 

o^Tco2h 

The (£>disubstituted alkene has been extensively studied with several applications of the Julia coup¬ 
ling attempted.278 The first synthesis of the natural product was accomplished by Kozikowski.279 In this 
approach, the aldehyde (386) was reacted with 2 equiv. of the Wittig reagent (387) to produce (388), 
with an (E):(Z) ratio of 60:40 (equation 89; no yield given). This first synthesis establishes the baseline 
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selectivity achievable with the Wittig reaction and is useful for subsequent comparison to the Julia coup¬ 
ling. Further studies by Kozikowski on methyl deoxypseudomonate B utilized the Julia coupling to form 
a similar alkene (equation 90).280 The aldehyde (389) was coupled with the anion of the sulfone (390) 
and the hydroxyl group isolated as the benzoate. The alkene (391) was produced by treatment with 
Na(Hg) to give the desired (£>alkene (no yield specified). 

^C02Et ^C02Et 

(386) (387) (388) (E):(Z) = 60:30 

Bu'Me2SiO S02Tol 

i, aruon 

ii, BzCOCl 
iii, Na(Hg) 

(389) (390) 

OBn 

(391) 

Keck attempted to apply the Julia coupling to the synthesis of pseudomonic acid C.281 Despite the suc¬ 
cess of the sulfone (393) in reactions with simple aldehydes, only modest yields of the desired coupling 
were observed. This problem was solved by reversing the aldehyde (395) and sulfone components (394), 
as shown in Scheme 55. The anion was formed with LDA in THF and condensed with the aldehyde. The 
P-hydroxysulfone was converted to the mesylate, and the reduction and simultaneous deprotection of the 
benzylglycoside was carried out with lithium and ammonia to produce the (£>alkene (396), in 37% 

overall yield with excellent selectivity. 
Williams carried out a Julia coupling similar to the Keck example. With the removal of the acetal 

functionality, the coupling step of the Julia reaction was efficient, but the usual reductive elimination 
procedure failed.282 As an alternative to the acetylation and reductive elimination procedure, the (3-sulfo- 
nyl xanthate was formed by quenching the addition reaction with carbon disulfide and methyl iodide. Re¬ 
ductive elimination was then carried out with tri-n-butyltin hydride to yield the desired (£)-alkene (399) 
in an 85:15 ratio with the (Z)-alkene in 83% overall yield (equation 91). 

Finally, White has utilized a substrate (400) with which the Wittig reagent (401) gave a 37% yield of a 
57:43 mixture of (E)- and (Z)-isomers (Scheme 56). Using the preparation of the sulfone (393) developed 
by Keck, White formed the anion with rc-butyllithium in THF and condensed it with the aldehyde (400). 
The 3-hydroxy sulfone was acetylated and reduced with sodium amalgam to produce a 17:3 ratio of (£)- 

to (Z)-alkenes (402) in 62% overall yield. 
These four examples of the successful application of the Julia coupling in natural product synthesis in¬ 

dicate the sensitivity of various substrates to the anionic conditions. The solutions, interchanging the al¬ 
dehyde and sulfone portions, modification of the substrate or altering the reductive elimination 
conditions, are all techniques that can enable the successful use of the Julia coupling for (£)-alkene syn¬ 

thesis. 
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OHC^ 
(392) (393) 

OBn 

BulMe2SiO O 

i, LDA 

ii, MsCl 
iii, Li/NH3 

37% 

S02Ph 

(394) (395) 

Scheme 55 

OH 

(396) 

^.OSiPhjBu' 

(397) (398) 

i, LDA 

ii, CS2, Mel 

iii, Bu"3SnH 

83% 

^OSiPh2Bu' 

BnO. A 
Vr o 

(399) 

C02Bu' 

i, BunLi; 84% 

ii, Ac20; 93% 

iii, Na(Hg), Na2HP04; 79% 

OHC^ 

(400) 

+ 
(402) (E):(Z) = 17:3 

(E):(Z) = 57:43, 37% 

OLi PPh3 
(401) 

Scheme 56 
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3.1.11.3.2 Other examples 

An interesting comparative example of the unstabilized Wittig reaction and the Julia coupling is found 
in the synthesis of the capsaicinoids by Gannett.283 A selective route to both the (E)- and (Z)-isomers 
(405) and (406), respectively, is depicted in equation (92). The Wittig was carried out with potassium 
f-butoxide in DMF as the base, to form the (Z)-alkene (406) as the major product in a 91:9 ratio to the 
(£>isomer. The Julia coupling and subsequent elimination produced the isomer (405) as a 9:1 mixture 
with the (Z)-isomer in 70-80% yields. Other examples of the Julia coupling for the synthesis of (£)-di- 
substituted alkenes are outlined in Table 18. From the examples cited, is apparent that the sulfone anion 
adds chemoselectively to aldehydes in the presence of esters and amides. The reagent is also compatible 
with a wide range of protecting groups, including ethers, acetals and amines. 

R 

H + 

O 
(403) (404) 

R = S02Ph, PPh3 

3.1.11.4 (E)-Trisubstituted Alkene Synthesis 

The Julia coupling has also been successfully utilized for the synthesis of more complex alkenes.277 
There are limitations to the application of the method to tri- and tetra-substituted alkenes, since the addi¬ 
tion of the sulfone anion to a highly substituted ketone forms a (3-alkoxy sulfone that is difficult to trap 
and isolate.273*1 There is a tendency for highly substituted (3-alkoxy sulfones to revert back to the ketone 
sulfone. There have been several recent examples of the synthesis of trisubstituted (£)-alkenes worthy of 
note. 

3.1.11.4.1 The milbemycins and avermectins 

The milbemycins and the structurally related avermectins contain an (£)-trisubstituted alkene linkage 
that has been formed by the Julia coupling. The first application of the Julia coupling to avermectin was 
undertaken by Hanessian.292 In this synthesis, the spiroketal portion was added as the sulfone (407) to the 
ketone (408; equation 93). The yield for the anion addition was 40%, but based on recovered sulfone 
(407) was 95%. The (3-hydroxy sulfone was directly reduced to the (£)-trisubstituted alkene with excel¬ 
lent selectivity. In the synthesis of milbemycin, Barrett carried out a very similar transformation, but with 
the two components reversed (equation 94) 293 The sulfone (410) was metallated and condensed with the 
aldehyde (411). The adduct was isolated as the acetate in 86% yield and the mixture of isomers reduced 
with sodium amalgam in 86% overall yield. Although the conversion to the alkene (412) was efficient, 
the (£)- to (Z)-selectivity was 5:3. Hirama and coworkers have also applied the Julia coupling to the tri¬ 
substituted alkene portion of the avermectins (equation 95).294 In this case, the addition of the sulfone 
anion (414) to the ketone (413; R = Me) failed and the starting materials were recovered. It was hypo¬ 
thesized that the lack of reactivity was due to the presence of oxygen substituents in the ketone which co¬ 
ordinate with the metal cation. In support of this theory, 3-methyl-2-butanone did undergo coupling with 
the sulfone and subsequent reductive elimination in satisfactory yield; however, the geometric selectivity 
in forming the trisubstituted alkene was a disappointing 2:1. In this case, the problem was solved by ad¬ 
dition of the sulfone (414) to the aldehyde (413; R = H). The (3-hydroxy sulfone (415) was converted to 

the enol triflate and displaced with dimethylcuprate.295 
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Table 18 Julia Coupling to Produce (Tsj-Disubstituted Alkenes284 

Entry Carbonyl Sulfone Yield (%) (E):(Z) ratio Ref. 

OMe 

30 

(E) 289 

(E) 290 

(E) 291 
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(407) (408) (409) 

86% 

(412) (E):(Z) = 5:3 

(94) 

3.1.11.4.2 FK-506 

Most recently, the immunosuppressive agent FK-506 (416) has been the target of total synthesis. To 
date several approaches to the trisubstituted alkene region at C-19 and C-20 have appeared. These pre¬ 
liminary studies allow the comparison between the Warren phosphine oxide approach and the Julia coup¬ 
ling. In the first total synthesis of FK-506, Jones and coworkers at Merck formed the the alkene by 
deprotonation of the phosphine oxide (418) and condensation with the aldehyde (417).296 The hydroxy- 
phosphine oxides were formed in a ratio of 1:1 in 77% yield. The less polar diastereomer was treated 
with base to obtain the (£)-alkene (419) in 32% overall yield from the aldehyde (equation 96). Danishef¬ 
sky utilized the Julia coupling for the formation of the trisubstituted alkene region.297 The sulfone anion 
(420) was treated with isobutyraldehyde as a model, followed by acetylation and reductive elimination to 

MeO 

(416) 
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give a 2-2.5:1 (E)- to (Z)-alkene mixture (421) in 83% yield for the addition and 33% yield for the 

acetylation and reductive elimination (equation 97). 

EtjSiO 

(417) 
OSiPr' 

O 
OSiN^Bu1 

3 

+ Ph,P 

OMe OMe 

(418) 

(96) 

S02Ph (97) 

In a more direct comparison of the phosphine oxide elimination with the sulfone, Schreiber employed 
a identical system to Danishefsky, but used the phosphine oxide (422).298 Reaction with isobutyralde- 
hyde and subsequent elimination resulted in a 1:1 mixture of the (E)- and (Z)-alkenes (421; equation 98). 
It appears from the more complex example of the Merck synthesis and from this example, that the Julia 
coupling proceeds with higher (£)-selectivity, in similar yield. 

MeO MeO 

(422) 

(98) 

3.1.11.5 Diene Synthesis 

Use of the Julia coupling for complex natural product synthesis has provided some of the most signifi¬ 
cant examples of the broad utility of the reagent. The coupling procedure can be a very selective method 
of (£,£)-diene synthesis, as the examples below indicate. 

3.1.11.5.1 X-14547A 

Ley synthesized the antibiotic X-14547 A using Julia coupling to form the (£,£)-diene portion (424; 
equation 99).2" The sulfone anion was generated with BunLi in THF/HMPA and the addition adduct 
trapped with benzoyl chloride. The alkene generated from the mixture of sulfones was found to be exclu¬ 
sively the (E,E)-isomer (424). In studies directed to the same target by Roush, an interesting comparative 
study of the Julia coupling, Homer-Wadsworth-Emmons, Wittig and phosphine oxide methods of al¬ 
kene formation was discussed (see Scheme 57).300 The synthesis of the key polyene intermediate was 
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carried out by the addition of the phosphonate (426) to the aldehyde (425) to produce a 95% yield of a 
95:5 mixture of the desired (£)-alkene (427). The corresponding phosphorane and phosphine oxide pro¬ 
ceed with significantly lower selectivity (3.5:1) and lower yield (37%) respectively. As an alternative 
route, the Julia coupling of (429) and (428) formed the alkene in 49% overall yield and an (£):(Z) selec¬ 
tivity of 10:1. 

(425) (426) 

KOBu1 

DME 

(E):(Z) = 95:5 

95% 

i, BunLi 

ii, PhCOCl 

iii, Na(Hg), THF/MeOH 

(E):(Z) = 10:1 

49% 

(428) (429) 

Scheme 57 

3.1.11.5.2 The diene portions of avermectin and milbemycin 

The diene portions of avermectin and milbemycin have been synthesized by application of the Julia 
coupling. For the total synthesis of milbemycin (33 by Baker and coworkers, the aromatic ring was incor¬ 
porated as the aldehyde (431) and the spiroketal portion added as the sulfone (430; equation 100).301 The 
overall yield was 70-80% of the (E,E)-alkene (432), exclusively. The identical bond disconnection was 
studied by Kocienski, but with the aldehyde (433) and sulfone (434) components reversed (equation 
101 ).302 The anion was formed with LDA and, following functionalization and reductive elimination, the 
alkene was isolated in 39% yield in a 5:1 ratio of the (£> and (Z)-isomers (435). 

(430) (431) (432) 

An interesting variation upon these approaches was published by Ley and coworkers.303 In studies di¬ 
rected toward the synthesis of milbemycin (3i, a vinyl sulfone (437) was deprotonated to form the diene 
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OSiPh2Bu' 

+ 

S02Ph 

OMe 

i, LDA, PhCOCl 

ii, Na(Hg), THF-MeOH 

(£):(Z) = 5:1 

39% 

(433) (434) 

(101) 

unit (438; equation 102). The anion couples at the a-carbon with the aldehyde (436), and the (3-hydroxy 
sulfone is derivatized with benzoyl chloride and subjected to reductive cleavage to form the desired 
diene (438) without contamination from the other isomers, in 25% overall yield. 

(436) (437) (438) 

In Hanessian’s approach to avermectin discussed in Section 3.1.11.4.1, the Julia coupling was used for 
the trisubstituted alkene and the diene portion of the molecule.292 The sulfone (439) was deprotonated 
with BunLi and the aldehyde (440) added to it to obtain a 47% yield (77% based on recovered sulfone) of 
(3-hydroxy sulfones (equation 103). The alcohol was converted to the chloride and the reductive cleavage 
carried out with sodium amalgam in 35% yield. The desired diene was the only detectable isomer (441). 
From the examples cited, it is apparent that the synthesis of (£,.Ej-dienes by the Julia coupling is an ex¬ 
tremely successful process, in terms of both yield and selectivity. 

3.1.11.5.3 The double elimination of the sulfone and the hydroxy component 

An alternative approach to diene synthesis using the basic methodology of the Julia coupling has been 
studied by Otera. Polyenes (445) and alkynes (443) can be formed by double elimination of the sulfone 
and the hydroxy component (Scheme 58).304 

The addition portion of the Julia coupling is run as usual. The (3-hydroxy sulfone is functionalized and 
treated with KOBu1 to effect the elimination. If an allylic hydrogen is present in the substrate, the 
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(440) 

i, BunLi 

ii, SOCl2, Na(Hg) 

17% 

S02Ph 

J 
R' 

(442) 

R 

S02Ph 

J 

+ 

H 

htr' 

o 

R' 

O 
(444) 

i, BunLi 

ii, Ac20 

iii, Bu'OK 

i, BunLi 

ii, Ac20 

iii, Bu'OK 

R 

(443) 

-R’ 

(445) 

(103) 

Scheme 58 

polyene is formed, otherwise the alkyne is the product. Mechanistically, the alkyne formation proceeds 
by elimination of the acetoxy or alkoxy group to the vinyl sulfone, followed by elimination of the sul- 
fone.305 In the case of the polyene, the vinyl sulfone is formed, followed by isomerization to produce 
allyl sulfone. This substrate then undergoes 1,4-elimination to form the polyene. This sequence has been 
applied to the synthesis of muscone, methyl retinoate and vitamin A.306 

In cases where the alkene is conjugated to a carbonyl, the polyene is formed with virtually exclusively 
the (£)-geometry.307 In the case of the dienamides (447) the selectivity was 88-95% for the production 
of the (E,E)-isomer (equation 104). 

O 

R 
NR', 

i, BunLi 

ii, Ac20 

iii, Bu'OK 

(447) 

(104) 

3.1.11.6 Reaction with Esters 

As discussed in the sections above, the sulfonylmethane anion reacts with ketones and aldehydes che- 
moselectively in the presence of an ester or amide. It is possible to obtain the keto sulfone on addition to 
an ester (448) when the reaction is carried out without competing carbonyl groups (equation 105). The 
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keto sulfone (450) can either be reduced to the 3-hydroxy sulfone (451) and carried through to the alkene 
(452), or the ketone can be trapped as the enol phosphinate (453), and either reduced to the alkene (452), 
eliminated to the vinyl sulfone (454)308 or cleaved to the alkyne (455),313 as shown in Scheme 59. 

O 

R X 
+ 

(448) X = OR3, Cl (449) 

(105) 

Scheme 59 
(455) 

3.1.11.6.1 Alkene formation 

As discussed in Section 3.1.11.1, which covers the reductive cleavage of the 3-hydroxy sulfone deri¬ 
vatives to alkenes, the Julia reaction proceeds by the formation of an anion that is able to equilibrate to 
the thermodynamic mixture prior to elimination. Therefore, there is no inherent advantage in producing 
the erthyro- or threo-3-hydroxy sulfone selectively from the keto sulfone. The (£)/(Z)-mixture of alkenes 
should be the same.273 This method is used to produce alkenes in cases where the acid derivative is more 
readily available or more reactive. The reaction of the sulfone anion with esters to form the keto sulfone, 
followed by reduction with metal hydrides has been studied.308 The steric effects in the reduction do 
become important for the reaction to produce vinyl sulfones, which are formed from the anti elimination 
of the 3-hydroxy sulfone adduct, as mentioned in Section 3.1.11.6.2. Some examples of the use of esters 
are presented below. 

An interesting intramolecular application of the Julia coupling through an ester was carried out by 
Kang and coworkers in the total synthesis of trinoranastreptene (458; Scheme 60).309 The reduction pro¬ 
duced isomeric alcohols, which were separated by chromatography. The major isomer was carried 
through the sequence shown in Scheme 60, while the minor isomer was resistant to functionalization. 

S02Ph 

O 77% 

(458) 

i, LDA, THF, 0 °C; ii, NaBH4, Et20, MeOH; iii, Ac20; iv, Na(Hg), EtOAc, MeOH 

Scheme 60 

The reaction of lactone (459) with p-tolylsulfonylmethylmagnesium iodide, followed by reduction of 
the keto sulfone to the 3-hydroxy sulfone has been studied.310 In this paper, the 3-hydroxy sulfone was 
reduced to the alkene (460) electrochemically (equation 106). The method was applied to a wide variety 
of esters and lactones. The yield of the reduction to the methylene derivative was 70-87%. 
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i, ArS02CH2MgI 

ii, NaBH4 

iii, e ~ 

73% overall 

(460) 

(106) 

Both the enol phosphate method, and the reduction of the keto sulfone to the P-hydroxy sulfone fol¬ 
lowed by reductive cleavage to produce (£)-alkenes, have been applied to the synthesis of brefeldin A. 
Gais and coworkers added the sulfone (462) to the lactone (461), formed the enol phosphate and reduced 
with sodium and ammonia to the (£)-alkene (463), in a 65% overall yield (equation 107).311 

MEMO 

O 

+ 

OTHP 

Ph02S 

i, LiHMDS 

ii, PhCOCl, 90% 

iii, ClPO(PPh)2, 94% 

iv, Na, NH3, 76% 

007) 

Trost added the sulfone (465) to the ester (464), and reduced the ketone to the alcohol.312 In this 
example the formation of the enol derivative of the keto sulfone failed. The hydroxy group was function¬ 
alized with acetic anhydride, and the reduction to the alkene (466) carried out with the standard sodium 
amalgam conditions in 54% overall yield, as shown in equation (108). 

MEMO 

(466) 

i, LDA, THF, 89% 

ii, NaBH4 

iii, Ac20, 94% 

iv, Na(Hg), 64% 

(108) 

3.1.11.6.2 Vinyl sulfone formation 

Julia has undertaken studies on the selective reduction of keto sulfones, followed by the trans elimina¬ 
tion to the vinyl sulfone.308 These intermediates can then be reacted with Grignard reagents to produce 

trisubstituted alkenes.295 

3.1.11.6.3 Alkyneformation 

In 1978, Bartlett published a study of the reaction of esters and acid chlorides to produce P-keto sul¬ 
fones (467), which could be converted to the enol phosphinates (468) and reduced with sodium in am¬ 
monia to the alkyne (469; Scheme 61).313 The overall yields for the process are good. As discussed in 
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Section 3.1.11.5.3, the double elimination developed by Otera can also be employed in the synthesis of 

alkynes. 

O PO(OR3)2 

R2 R2 

(467) (468) (469) 

i, NaH or KH, (R30)2P0C1; ii, DMAP, Et3N, (R30)2POCl; iii, Na/NH3; iv, Na(Hg)/THF 

Scheme 61 

3.1.11.7 Lewis Acid Catalyzed Additions of Sulfone Anions to Carbonyls 

In a study by Wicha directed to the synthesis of prostaglandins from the Corey lactone, the use of 
BF3-Et20 to catalyze the addition of the lithium sulfone anion (470) to aldehydes was demonstrated 
(equation 109).314 The use of Lewis acid catalysis results in significantly improved yields for the addition 
component of the Julia coupling. In this example, the addition of either the lithium or the magnesium sul¬ 
fone anion proceeded in low yield. With the addition of BF3-Et20, the (3-hydroxy sulfone can either be 
isolated, or directly converted to an alkene in one pot. This sequence was originally developed to deal 
with the specific problem of a-hydroxy aldehydes, and the difficulty of sulfone anion addition to these 
adducts. Other problems with addition of the sulfone adduct may be amenable to this solution as well. 

OMe 

Bu'Me2SiO 

(470) (471) 

OMe 

(109) 

i, BunLi, BF3»OEt2; ii, MsCl; iii, Na(Hg), MeOH, Na2HP04 

A second application of the use of Lewis acid catalysis in the Julia coupling can be found in the syn¬ 
thesis of trans-alkene isosteres of dipeptides (478; Scheme 62).315 Initially, attempts to couple aldehydes 
derived from amino acids (473) resulted in poor overall yield of the alkene. This difficulty was solved by 
reversing the substituents, and introducing the amino acid portion as the anion of sulfone (476) to the 
chiral aldehyde (477). The dianion of the sulfone was formed and to it were added 2 equiv. of aldehyde 
and 1 equiv. of diisobutylaluminum methoxide. The resulting (3-hydroxy sulfone was taken on to the re¬ 
ductive elimination step to produce the desired (£)-alkene (478), in 74% overall yield. 

f 
.Ph 

OTHP 

OHC^J 

i, 2 equiv. MeLi 

ii, CH20 + MeOAlBu‘2 jC OTHP 

X + CbzHN 
CbzHN 

S02Ph 
^Ph 

iii, Na(Hg), MeOH, Na2HP04 

""Ph 

(476) (477) (478) 74% overall 

Scheme 62 
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3.1.12 METHODS OF ALKENE FORMATION BY METAL CARBENE COMPLEXES 

There are many metals that form alkylidene complexes.316 Among these, the Tebbe reagent has proven 
to be of widespread generality and use in organic synthesis for the transfer of a methylene unit. As dis¬ 
cussed in Section 3.1.6, a method using titanium and zinc has recently been applied for the methylena- 
tion of aldehydes and ketones. In the quest to extend this technology to longer chain alkyl groups, other 
metals have been investigated. Unfortunately the dimetallo precursors to metal carbene complexes are 
prone to P-hydride elimination, and this has limited the application of this methodology to alkylidena- 
tion. In addition, the methods of forming the metal carbene complexes can be arduous.316 Consequently, 
these methods have not found widespread application in the context of natural product synthesis. Recent¬ 
ly some mild and practical solutions to this problem have been discovered. These results are discussed in 
the following sections. 

3.1.12.1 Chromium 

A chromium carbene generated in situ from CrCl2 and a dihaloalkyl derivative, has been utilized to 
form a variety of (E)-disubstituted alkene compounds (480). The general reaction is summarized in equa¬ 
tion (110). Alkenyl halides, sulfides and silanes, as well as dialkyl-substituted alkenes, have been syn¬ 
thesized by this method. 

O 

R^„ 
(479) 

CrCl2, CHYX2 Y 

R 
(480) 

(110) 

3.1.12.1.1 Alkenyl halides 

Aldehydes may be converted to (£)-alkenyl halides317 by the reaction of CrCl2 with a haloform in 
THF.318 The highest overall yields for the conversion were with iodoform, but somewhat higher (E):(Z) 
ratios were observed with bromoform or chloroform. Other low-valent metals, such as tin, zinc, man¬ 
ganese and vanadium, were ineffective. As the examples in Table 19 indicate, the reaction is selective for 
the (£)-isomer, except in the case of an a,(3-unsaturated aldehyde. In addition, the reaction with ketones 
is sufficiently slow for chemoselectivity to be observed for mixed substrates. 

Table 19 The Reaction of CrCf with Dihalo Derivatives to Produce Alkenes 

Substrate Reagent Yield (%) (E):(Z) Ref. 

PhCHO chi3 87 94:6 318 
CHC13 43 95:5 318 

TMSCHBr2 82 (E) only 322 
PhSCHCl2, Lil 83 82:18 322 

PrCHI2 87 88:12 324 
PPCHU 79 88:12 324 
B^CHU 80 96:4 324 
CH2Ii2 70 — 324 

Me(CH2)7CHO CHI3 82 83:17 318 
TMSCHBr2 82 (£) only 322 

PhSCHCl2, Lil 68 71:29 322 

CHO 

X CHI3 78 89:11 318 
TMSCHBr2 81 (E) only 322 

O 

JO* CHO 

CHI3 

TMSCHBr2 
75 
76 

81:19 
(E) only 

318 
322 

Ph(CH2)2CHO MeCHI2 85 97:3 324 
Et2CHCHO MeCHI2 99 98:2 324 
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This procedure has been utilized by Nicolaou to prepare the vinyl iodide (482) in the synthesis of lipo- 
toxins As and B5 (equation 111).319 The synthesis of vinyl iodides was also utilized by Bestmann in a 
stereospecific synthesis of (4£,6£,llZ)-hexadecatrienal. A Wittig reaction was used to create the (£)-al- 
kene (484), and the (£)-diene portion was synthesized via vinyl iodide (485) formation and coupling 
(Scheme 63).320 This method has been applied to the synthesis of 13C-labeled vinyl iodide (488; equation 
112).321 Labeled iodoform (486) was made and the reaction conditions altered from those employed by 
Takai and coworkers in order to use smaller quantities of the valuable iodoform, relative to CrCl2. 

I 
CrCl2, CHI3 \_v 

-- (HD 
45% / \ / 

Bu'Me2SiO 
(482) 

OHC 
V 

Bu‘Me2SiO ■\=/ 

(481) 

Ph3P=CH(CH2)3Me 

O OH 

(483) 

>3 JtOH 
(484) 

Scheme 63 

i, PCC 

ii, CrCl2, CHI3 

(485) 

13r 

(486) 

CrCl2, THF 

(487) 

13CHI 
(112) 

MeO' 

(488) 

3.1.12.1.2 Substituted examples 

This reaction has been extended to alkenylsilanes and alkenyl sulfides, as summarized in Table 19.322 
In addition to various heteroatom-substituted examples, the reagent formed from CrCh and a gem-di- 
iodoalkane can be reacted with an aldehyde to selectively form the (£)-alkene. For the transfer of groups 
larger than ethylene with an aldehyde, it was found advantageous to add DMF. The conditions are com¬ 
patible with nitriles, esters, acetals, alkynes and alkyl halides.323 In the case of ethylidenation, the chro¬ 
mium carbene reacts with ketones in good yields.324 It has not proven to be of general utility for the 
synthesis of trisubstituted alkenes either by the addition of a Cr derivative to a ketone or by the addition 
of a disubstituted Cr species to an aldehyde. An interesting comparative study of the Wittig reaction and 
the alkylidenation with Cr was carried out by Maxwell in the synthesis of several long chain ketones.325 
The all-(Z)-isomers (490) were synthesized by the salt-free Wittig reaction, while the all-(£)-isomers 
(491) were obtained by the CrCh coupling of the diiodide (Scheme 64). The reaction has been applied to 
the synthesis of a segment of macbecins.326 The aldehyde was treated with CrCh and MeCHL to pro¬ 
duce the desired alkene (493) in 91% yield with 99% (£)-selectivity (equation 113). 

Scheme 64 



Alkene Synthesis 809 

(492) (493) 

(113) 

As pointed out in this work, the mild conditions of the Cr reaction resulted in no observed epimeriza- 
tion, and offered an excellent alternative to the Schlosser modification of the Wittig reaction. Both the 
CrCh chemistry and the TiCL/Zn method discussed in Section 3.1.12.1.2 have the advantage of prepar¬ 
ing the metallocarbene complex in situ. 

3.1.12.2 Titanium-Zinc 

The chemistry of Oshima and Takai, previously discussed in Section 3.1.6, has been extended to the 
incorporation of alkylidene (495) units when reacted with esters (494; equation 1 14).327 The essential ad¬ 
ditive is TMEDA. The reaction is highly selective, producing the disubstituted (Z)-enol ether in good 
yield. The ratio of (Z)- to (£)-isomer is enhanced by increasing the steric repulsion of substituents R1 and 
R2 relative to the size of the ester functionality. In addition, the rate of reaction was increased with aro¬ 
matic or unsaturated esters.330 Although diiodoalkanes can be used in the reaction, better yields were ob¬ 
tained with the dibromo compounds. This reaction is complementary to the Tebbe reagent discussed in 
Section 3.1.5. The CHiBr^n/TiCfi system does not react with esters even in the presence of 
TMEDA.328 Therex^ore this method can be utilized to selectively form more highly substituted enol 
ethers, while the Tebbe reaction may be used to synthesize methylene derivatives. Examples are 
presented in Table 20. 

0 

R'^^OR3 

Br 

R2^Br 

TiCl4, Zn 
/R2 

THF, TMEDA R1' ""or3 

(494) (495) (496) 

The reaction is effective with electron-rich carbonyls such as trimethylsilyl esters and thioesters, as 
Table 20 indicates.329 Lactones are substrates for alkylidenation; however, hydroxy ketones are formed 
as side products, and yields are lower than with alkyl esters.327,330 Amides are also effective, but form the 
(£)-isomer predominantly. This method has been applied to the synthesis of precursors to spiroacetals 
(499) by Kocienski (equation 1 15).330 The reaction was found to be compatible with THP-protected hy¬ 
droxy groups, aromatic and branched substituents, and alkene functionality, although complex substitu¬ 
tion leads to varying rates of reaction for alkylidenation. Kocienski and coworkers found the 
intramolecular reaction to be problematic.330 As with the CrCh chemistry, this reaction cannot be used 
with a disubstituted dibromoalkane to form the tetrasubstituted enol ether. Attempts were made to apply 
this reaction to alkene formation by reaction with aldehydes and ketones, but unfortunately the (Z):(£)- 
ratio of the alkenes formed is virtually 1:1,327 
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Table 20 Synthesis of Enol Ether Derivatives by Zn, TiCU and TMEDA 

Carbonyl compound Alkyl halide Yield (%) (Z):(E) Ref 

PhC02Me MeCHBr2 86 
PhC02Me n-C5HuCHBr2 89 
PhC02Me c-C6Hi iCHBr2 61 
PhCOaBu' MeCHBr2 81 
PriC02Me n-C5HnCHBr2 89 

MeCHCHC02Et n-C5HnCHBr2 90 
BuC02CH2CHCH2 n-CsHi iCHBr2 52 

PhC02TMS MeCHBr2 90 
BuCHBr2 84 

c-C6HnCHBr2 74 
n-C9Hi9C02TMS MeCHBr2 77 
c-C6HnC02TMS MeCHBr2 80 
PhCHCHCCbTMS MeCHBr2 65 

PhCOSMe MeCHBr2 77 
BunCHBr2 75 

n-CsHnCOSMe MeCHBr2 94 
c-C6HnCOSMe MeCHBr2 88 

n 
PhCH2CHBr2 95 

X 
Ph^N ^ 

1 MeCHBr2 70 k J PhCH2CHBr2 87 

92:8 
95:5 
90:10 
71:29 

100:0 
94:6 
92:8 
73:27 
73:27 
80:20 
86:14 

100:0 
96:4 
80:20 
84:16 
73:27 
94:6 
100:0 

2:98 
1:99 

327 
327 
327 
327 
327 
327 
327 
329a 
329a 
329a 
329a 
329a 
329a 
329b 
329b 
329b 
329b 
329b 

329b 
329b 

MeCHBr2 79 

c-C6H 
MeCHBr2 82 

1:99 329b 

47:53 329b 
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3.2.1 INTRODUCTION 

This chapter concerns the net conversion of a C=X n-bond (X = O and N) to various three-membered 
ring heterocycles. The most common such process is the conversion of an aldehyde or ketone to a homo¬ 
logous epoxide. These reactions will be discussed along with the analogous process which takes place on 
imines and related compounds. Additionally, methods to effect the addition of elements other than car¬ 
bon across either unsaturated system will be considered. The synthesis of thiiranes by the addition of 
carbon across the C=S ir-bond is the subject of a recent comprehensive review1 and will not be covered 
here. 

3.2.2 ADDITIONS TO C=0 tt-BONDS 

3.2.2.1 General Considerations 

The particular attributes of carbonyl epoxidation reactions, in addition to the importance of forming 
any carbon-carbon bond, result from the fact that the newly introduced carbon substituent is function¬ 
alized and, due to its presence in a three-membered ring, activated. The lability of epoxides toward nu¬ 
cleophiles is well known and accounts for the bulk of their utility in synthesis.2’3 In addition, epoxides 
undergo a variety of rearrangement reactions, such as chain elongation or ring expansion processes. Em¬ 
phasis is placed here on techniques which allow the conversion of a carbonyl to a homologous isolable 
epoxide in a one-pot procedure, although pertinent multistep methods will be briefly noted. 

819 
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All of these methods require the formation of an alkoxide with a leaving group X" (the formal charge n 
is usually 0 or +1) in the (3-position which collapses with the expulsion of an X"“‘ species to afford the 
epoxide, as shown in Scheme 1. Rearrangement processes often compete with epoxidation and some¬ 
times constitute the major reaction pathway. The bulk of these approaches entail the formation of this in¬ 
termediate by the addition of an anionic species R3R4XC_ to the electrophilic carbonyl group (path a). 
Very often, the leaving group serves the additional function of stabilizing the carbanionic species as well. 
Some mention will be made of alternative routes in which a nucleophile attacks a carbonyl compound 

which contains an adjacent leaving group (path b). 

O 

R1 R2 

R3R4X"Cr 

path a 

<rV 

path b 

3.2.2.2 Sulfur Ylides 

The most commonly used reagents to effect the addition of a methylene group to an aldehyde or ke¬ 
tone are sulfur ylides such as dimethylsulfonium methylide (1) or dimethyloxosulfonium methylide (2)4 
(Corey-Chaykovsky reaction).5 This reaction is well reviewed in standard treatises of organic syn¬ 
thesis6’7 and several useful monographs.8-9 This update will concentrate on progress attained from 1975. 
The reader is also encouraged to consult reviews on the chemistry of the related sulfoximine-derived 

ylides such as (3).10,11 

Me 

Me 

\ ■+■ — 
s-ch2 

Me O 

S\+ 
Me XCH2 

Ph 

Me2N 
4 

CH2 

(1) (2) (3) 

Sulfur ylides are primarily synthesized by deprotonation of a sulfonium salt, which in turn is usually 
prepared by alkylation of a sulfide.12 Branched chain sulfonium salts are not generally preparable by 
simple sulfide displacement, although some can be made by other routes.912 While ylide solutions are 
most commonly prepared and used immediately, frozen stock solutions of the more stable (2) can be 
stored for several months in DMSO at -20 °C.13 

The reaction between sulfur ylides and carbonyl compounds entails attack of the ylide on the carbonyl 
to form a betaine, which then collapses with expulsion of the neutral sulfide or sulfoxide (Scheme 1; X” 
= R2S+).6’7’9 A theoretical study of this mechanism has appeared.14 Ylides belonging to the general 
classes of (1) and (2) differ in stability and in the relative rates of the two mechanistic steps. Specifically, 
the more stable (2) reacts reversibly with carbonyl groups, whereas (1) undergoes a kinetic addition to 
the substrate followed by a rapid collapse of the betaine to an epoxide. Differences in chemoselectivity 
and stereoselectivity between the ylides are attributed to this key difference.6’7,9 

The structural variety of epoxides available through the above technology is limited by the availability 
of the starting sulfonium salt, the reactivity of the desired ylide, and the propensity of either species to 
undergo a variety of side reactions. For simple methylene addition, (1) and (2) are the most general and 
reliable reagents available. The rearrangement reactions observed with other reagents (most notoriously, 
diazoalkanes) are much less common with sulfur ylides. Even so, some electron-rich epoxides are prone 
to undergo rearrangement prior to isolation, yielding aldehydes or ketones.15 In addition, (2) or (3) reacts 
with epoxides under rather forcing conditions (50 °C, 3 d) giving rise to oxetanes.16,17 

A particularly interesting and useful group of ylides are those derived from diphenylcyclopropyl sulfo¬ 
nium halides, such as (4) and (5).18 These reagents react with ketones and aldehydes to afford 
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oxaspiropentanes, which are versatile synthetic intermediates.19 Ylide (4) exhibits stereochemical and 
regiochemical tendencies similar to (1). 

Ph 

Ph 

(4) 

Ph-si<| 

NMe2 

(5) 

New methods for the generation of ylide (1) in the presence of a substrate have been introduced. Solid 
potassium hydroxide in nonpolar solvents containing trace amounts of water has proven a highly effec¬ 
tive medium for the promotion of methylene20 and benzylidene21 transfer reactions (equation 1). The 
counterion of the sulfonium salt and the base used has a substantial effect on the success of the re¬ 
action.22 

KOH (solid), MeCN (trace H20), 0 °C, 45 min 

98% 
(1) 

Two-phase systems, usually consisting of a strongly alkaline aqueous phase and methylene chloride, 
are also effective and convenient. Trialkylsulfonium salts with methylsulfate counterions can be used 
alone under these conditions,23 whereas those with halide counterions generally benefit from added 
phase transfer catalysts (equation 2).24 Dodecyldimethylsulfonium chloride was found to be an effective 
phase transfer reagent.24 A sulfonium salt covalently attached to a polymeric resin was found most effec¬ 
tive when a phase transfer agent was also employed.25 

Epoxidations can be effected by adsorption of sulfonium salts and substrate on potassium fluoride im¬ 
pregnated alumina.26 Soluble fluoride ion allowed the generation of a methylide from a TMS-substituted 
precursor, which underwent equilibration to the more stable benzylide prior to addition (equation 3).27 
The reaction failed with ketones or imines. 

Ph 

CF3SOJ 

PhCHO, CsF 

80% 

Ph O H 
v_v 

H Ph 

(3) 

Several groups have investigated the use of complex sulfur ylide reagents for a key carbon-carbon 
bond formation step in leukotriene synthesis (equation 4).28>29 For example, tetraene (6) reacted with 
methyl 5-oxopentanoate to give an 85% yield of the desired epoxides as a mixture of cis and trans 
isomers. Significantly, only small amounts of by-products resulting from elimination or rearrangement of 
the sulfonium salt were observed. 
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Several examples of intramolecular epoxide formation have been reported.30-31 In general, a keto sul¬ 
fide is reacted with a trialkyloxonium tetrafluoroborate to yield a sulfonium salt, which cyclizes upon 
treatment with base. A particularly clever variation involves the in situ generation of an allylic ylide 

(Scheme 2).32 

Compared to unstabilized ylides, ylides bearing an electron-withdrawing group on the adjacent carbon 
can be generated under milder conditions and are considerably more stable. However, most reactive al¬ 
dehydes or ketones are not epoxidized by these reagents and classical Darzens-type reactions are usually 
preferred for the synthesis of epoxides bearing an electron-stabilizing group (see Volume 2, Chapter 
1.13). However, ylide (7)33 does react with ketones to afford a,(3-epoxy carboxylic acids (equation 5).34 
Notably, ketone (8) did not react with standard Darzens reagents. 

(5) 

Early efforts to probe the stereochemistry of sulfur ylide additions have been reviewed.35 Ylide (1) 
reacts with unhindered cyclohexanone derivatives to give products resulting from axial attack, whereas 
(2) gives rise to net equatorial addition. This is again due to the tendency of (1) to undergo kinetically 
controlled reactions and (2) to give products resulting from thermodynamic control. However, equatorial 
attack may prevail even in kinetically controlled reactions if axial attack is rendered sufficiently hin¬ 
dered, e.g. by 1,3-diaxial interactions or by additional steric bulk adjacent to the reactive carbonyl.6-7-9 
For example, the addition of (1) to ketone (9) affords the (3-epoxide shown in equation (6) exclusively.36 
Other cyclic systems react with fairly predictable stereoselectivities in accord with the above observa¬ 
tions.9-19 

OAc 

OAc 

(6) 

Ylide (1) adds selectively to the least hindered side of a spirocyclic cyclobutanone to afford epoxide 
(10) as the sole product in >65% yield (Scheme 3).37 Where only steric factors are likely to be important, 
complementary stereochemical results are often possible by methylene addition to a carbonyl group or 
alternatively, by carrying out an epoxidation reaction on the derived alkene. In each case, the reagent 
approaches a double bond from the same stereochemical face. This point is nicely illustrated by the 
synthesis of epoxide (11). 

Several workers have observed differences in the stereoselectivity of the reactions of (1) and (2) with 
ketones related to the trichothecene family of natural products (Scheme 4).38-39 Reaction of ketone (12) 
with (1) stereoselectively led to epoxide (13), whereas ylide (2) gave (14) instead. Very high dia- 
stereoselection was obtained in the late stages of a synthesis of (-t-)-phyllanthocin: treatment of ketone 



Epoxidation and Related Processes 823 

Scheme 3 

(15) with a large excess of (2) afforded a 98% yield of epoxide (16) in 97% diastereomeric purity 
(equation 7).13 

In contrast with the considerable effort which has gone into delineating the stereochemistry of sulfur 
ylide additions to cyclic ketones, studies in acyclic stereoselection have been sparse, and generally anec¬ 
dotal. An interesting example is shown in Scheme 5.40 Here treatment of ketone (17) with (2) gave an ap¬ 
proximately 78:22 preference for (18); addition of zinc chloride or magnesium chloride reversed the 
sense of the diastereoselection (with ratios of (18):(19) ranging from 23:77 to 10:90). The authors pro¬ 
pose cyclic intermediates with significant bond formation between nitrogen and sulfur in the uncatalyzed 
reaction. The selectivity was thus explained by the preferential decomposition of the betaine containing 
an ^xo-methyl group. The Lewis acids were postulated to disrupt the cyclic structures. 

Other examples of stereoselective additions of sulfoxonium methylide (2) to chiral aldehydes are 
shown in equations (8),41-42 (9)43 and (lO).44® At present, no one model is able to account for all of these 
results. Equations (lOa)445 and (lOb)44* show the effect of a nitrogen protecting group on the stereoselec¬ 
tivity of addition of unstabilized ylide (1) to a-amino acid derived aldehydes. The major products of 
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epoxidation of /V,/V-dibenzylamino aldehydes result from nonchelation-controlled attack of the nucleo¬ 

phile. 

49% 8% 

c6h„ 

43% 

(10) 

Ph 
CHO 

NHC(0)0Bu‘ 46% NHC(0)0Bu‘ 

50% 

NHC(0)0Bu' 

50% 

(10a) 

In a synthetic effort directed toward a segment of erythronolide A, the addition of (2) to aldehyde (22) 
gave, after treatment with MeMgBr/Cul, an approximately 80:20 mixture of ring-opened products (23) 
and (24; equation ll).45 Interestingly, direct alkylation of this aldehyde (as a mixture of double bond 
isomers) with ethyllithium gave an 18:82 mixture of adducts. The factors responsible for the complemen¬ 
tary face selectivity shown by (2) versus ethyllithium are unclear. Comparisons are particularly difficult 
due to the fact that most organolithium additions to carbonyl compounds are irreversible, kinetically con¬ 
trolled processes, whereas reactions of (2) can be reversible. 

Reactions with substituted ylides give rise to questions of relative stereochemistry in the product epox¬ 
ides. (E)/(Z)-Selectivity is usually low in the absence of other stereochemical control elements.35 An ex¬ 
ception is diphenylsulfonium benzylide, which reacts stereoselectively with aldehydes to give 
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trans-stilbene oxides (e.g. see equations 1 and 3). Another example of modest stereocontrol in a cyclic 
example is shown in equation (12).46 Arsenic ylides are generally more stereoselective. 

Another stereochemical feature of potential utility arises from the basic nature of many ylide gener¬ 
ation conditions, in which enolizable ketones may undergo epimerization faster than epoxidation.19 This 
means that a stereochemically heterogeneous ketone can undergo equilibration prior to reaction. A recent 
example is shown in equation (13).47 

The few published attempts at the asymmetric epoxidation of carbonyl compounds with chiral sulfur 
ylides have been reviewed48 Thus far, such processes have not been very useful synthetically. For 
example, reaction of benzaldehyde with an optically pure sulfoximine ylide only afforded an epoxide in 
20% enantiomeric excess.49 More recently, chiral sulfur methylides have provided trans-stilbene oxides 
in up to 83% ee.50 An example of optical induction observed in reactions taking place with a chiral phase 
transfer reagent was reported,51 but later disputed.24 

3.2.2.3 Other Ylides 

A number of elements form ylides which are analogous to the sulfur-based reagents discussed above, 
and these reagents display chemistry which is very similar to that obtained with the sulfur compounds. 
The following discussion will emphasize processes which appear to offer real advantages to better- 
known techniques. 

Arsonium ylides were discovered near the turn of the century, but their reactions with carbonyl com¬ 
pounds did not become elucidated until the 1960s.8,52 In a broad sense, arsonium ylides are midway in 
chemical behavior between ylides of phosphorus and those of sulfur. Stabilized arsonium ylides react 
with carbonyl compounds to afford alkenes, whereas the unstabilized analogs give rise to epoxides. More 
subtly, the nature of the substituents on either the ylide arsenic or carbon atom can alter the course of the 
reaction; the choice of solvent can exert a similar effect.53 

The synthesis of the arsonium ylides most commonly involves deprotonation of arsonium salts utiliz¬ 
ing a variety of bases. Simple arsonium salts are available via direct alkylation of triphenylarsine, but 
more highly substituted compounds require specialized methods. These include the use of highly electro¬ 
philic triflate salts, alkylation of triphenylarsonium methylide, and double alkylation of lithiodiphenyl- 
arsine. For some purposes, formation of the tetrafluoroborate salts is desirable and can be effected in 
good yield by cation exchange.54 

The reactions of substituted arsonium ylides with carbonyl compounds can be carried out with high 
stereoselectivity in favor of trans-disubstituted epoxides (equation 14).54 Equatorial attack is observed 
for addition to 4-r-butylcyclohexanone. Good stereoselectivity (>9:1) was observed for the addition of 
triphenylarsonium methylide to some (A^V-dibenzyl)amino aldehydes at -78 °C in THF.4^ Interestingly, 
the initial hydroxy tetraalkylarsonium adducts were isolated under these conditions, and had to be 
cyclized under the action of sodium hydride in a separate step. 

Another arsonium ylide reaction involves a notable ‘transylidation’ reaction between a phosphorus and 
an arsenic ylide (Scheme 6).55 A useful arsenic ylide which provides a hydroxymethyl epoxide has been 
reported (equation 15); note the use of biphasic reaction conditions for ylide generation. 

Selenium and tellurium ylides take part in chemistry which is analogous to the reactions discussed thus 
far, and the subject has been well reviewed.56,57 Both alkenes and epoxides are formed in their reactions. 
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CH Wh15 

1% 
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Ph3P 

i, (CF3C0)20 

ii, Ph3As=CH2 

PhCHO 

45% overall 
O 

Scheme 6 

89% 11% 

i, PhCHO, KOH (solid), THF (trace water) 

(15) 

as with the arsonium ylides above. The stereoselectivities obtained using these ylides are generally less 

satisfactory than those observed in the arsenic counterparts. 

3.2.2.4 Addition of Anionic Species 

Strategies employing a-heterosubstituted organometallic reagents often provide useful alternatives to 
ylide chemistry for methylene transfer.58 The carbonyl compound is treated with a heteroatom-stabilized 
organometallic reagent, which gives rise to an isolable (3-hydroxy adduct. These are transformed into the 
desired epoxide either: (a) spontaneously; (b) under the action of base; or (c) following an intermediate 
activation step in which X is converted into a better leaving group. 

A powerful class of epoxidation reagents in this category are the anions derived from (V-p-tolylsulfo- 
nylsulfoximines10,11 (equation 16).59 These reagents form epoxides directly upon addition to carbonyl 
compounds and are available in a number of alkyl substitution patterns. Their chemistry is similar to that 
of dimethyloxosulfonium methylide, to which they often provide a practical alternative due to their 

greater nucleophilicity. 

(16) 

Deprotonation of thioanisole and addition of a carbonyl compound affords an isolable hydroxy sulfide 
which can then be alkylated (Scheme 7).60 Treatment with base generates the same betaine that would 
have been formed using the sulfur ylide approach, and effects the intramolecular displacement reaction. 
The addition of methylthiomethyllithium to 2-cyclohexenone exclusively provides the 1,2-addition prod¬ 
uct;61 the dianions derived from phenylmethanethiol62 or allylthiol63 react in a similar manner. In one 
case a 6-keto steroidal substrate was found to undergo smooth methylenation using this procedure. 
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whereas attempted epoxidation using either ylide (1) or (2) exclusively gave rearrangement products 
such as (25; equation 17). 

PhSMe 
100% 

HO SPh 

Bu‘ ^ Bu‘ 

in 
bf; 

ho 

Bu' Bu‘ 

Me 

Ph 86% 

i, BunLi, DABCO; ii, Bu‘2C=0; iii, [Me30]BF4 ; iv, CH2C12,0.5M NaOH 

Scheme 7 

17 

(17) 

i, PhSCH2Li; ii, [Me30]BF4 ; iii, aq. NaOH 

The lithiation of ethyl allyl sulfide followed by transmetallation with titanium isopropoxide engenders 
an allyltitanium reagent formulated as (26; Scheme 8).643 This and related reagents add to aldehydes or 
ketones to afford hydroxy sulfides, which are converted to epoxides as shown. The power of this method 
for the stereoselective generation of even trisubstituted epoxides is evident from Scheme 8 and equation 
(18). Reagent (26a), prepared as shown in Scheme 8a, undergoes addition to ketone (26b) to afford prod¬ 
uct exclusively resulting from chelation-controlled diastereofacial addition (as a mixture of epimers at 
the position shown).6415 

Early efforts to synthesize optically active epoxides using chiral a-lithio sulfoxide anions or chiral 
complexes of a-lithio sulfides have been reviewed.65 These approaches usually yield epoxides of low 
optical purity. More successful, if indirect, approaches are outlined in Section 3.2.2.7. 

Chloromethyl phenyl sulfone and related compounds can undergo deprotonation and addition to 
ketones under a variety of conditions.66 67 These procedures appear most prominently as part of one- 

EtS 
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EtS TiL„ 
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iii-v \ /“ 
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i, Bu*Li, Ti(OPf)4; ii, PhC(0)Me; iii, separate; iv, [Me30]BF4 ; v, NaOH 

Scheme 8 

(18) 

i, Bu'Li, Ti(OPr*)4; ii, C6HuCHO; iii, [Me30]BF4 ; iv, BunLi, -78 °C 
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SEt 

i, Bu'Li 

ii, Ti(OPri)4 
(OPr‘)4Ti--SEt 

(26a) 

(26b) 

i, (26a); ii, (CF3CO)20; iii, [Me30]BF4 ; iv, NaOH 

Scheme 8a 

carbon homologation procedures; alternatively, the sulfur substituent can be removed by treatment with 
n-butyllithium at low temperature (Scheme 9).68 This reaction has recently been featured in a stereose¬ 
lective approach to a functionalized steroid side chain.69 Attempts to extend this reaction to asymmetric 
epoxide synthesis using chiral phase transfer catalysis70 or a chirally substituted sulfone71 have been re¬ 
ported. 

S(0)Ph 

Ar^Xl 

Ar = p-MeOC6H4 

i, NaOH, MeCN, acetone; ii, BunLi, -100 °C 

Scheme 9 

Procedures which utilize selenides are similar, but a-lithio selenides are not generally preparable via 
simple deprotonation chemistry, due to facile selenium-lithium exchange.56_58’72’73 Selenium-stabilized 
anions are available, however, by transmetallation reactions of selenium acetals and add readily to 
carbonyl compounds. The use of branched selenium-stabilized anions has been shown to result exclu¬ 
sively in 1,2-addition to unhindered cyclohexenones, in contrast to the analogous sulfur ylides. The re¬ 
sulting ^-hydroxy selenides undergo elimination by treatment with base after activation by alkylation58’73 
or oxidation74 75 (Scheme 10). An alternative method of activating either 3-hydroxy selenides or sulfides 
toward elimination involves treatment of a chloroform solution of the adduct with thallium ethoxide 
(Scheme 11).76 A mechanism involving the intermediacy of a selenium ylide is proposed. 

Although much less is known about the chemistry of selenones, these compounds can be converted 
into epoxides upon reaction with carbonyl compounds in a single-step procedure, which succeeds due to 
the greater leaving group ability of the benzeneselenonyl anion.77 A series of cyclopropylselenonyl an¬ 
ions have been prepared and they afford oxaspiropentanes in excellent yields.78 

a-Chloro-substituted silicon79 and germanium80 anions also afford substituted epoxides upon treatment 
with base and carbonyl compounds. The reactions give disubstituted epoxides with modest levels of 
trans selectivity (equation 19). These reagents undergo addition to chiral aldehydes and ketones with 
face selectivities analogous to the sulfur ylides described earlier.79 The resulting silicon-substituted epox¬ 
ides are useful precursors for chain elongation and ring expansion processes, and can be stereospecifi- 
cally converted to silyl enol ethers.81 

iii, iv 

73% 

i, BunLi; ii, 4-r-butylcyclohexanone; iii, Mel; iv, base; v, MCPBA 

Scheme 10 
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The additions of metallated 2-allyloxybenzimidazoles to carbonyl compounds are tunable according to 
the nature of the transition metal counterion. The parent allyl ethers can be deprotonated by w-butyl- 
lithium and converted to the corresponding allyl-cadmium82 or -aluminate83 species by transmetallation 
(Scheme 12). The authors speculate that the allylcadmium reagent exists primarily in the (^-configura¬ 
tion, whereas the allylaluminum species is mostly (E). Each is presumed to react through a boat-like tran¬ 
sition state to yield erythro or threo adducts, respectively, along with varying amounts of 7-attack. Ring 
closure with sodium hydride completes the sequence. Addition of the allylcadmium reagent to a chiral 
aldehyde predominantly afforded the Cram-Felkin isomer.84 
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82% Ph# O H 
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H H 
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i, BunLi, Cdl2; ii, PhCHO; iii, BunLi, Et3Al 

Scheme 12 

Other a-alkoxylithium carbanions have been generated by tin-lithium exchange at low temperature,85 
by metallation of (alkoxymethyl)trimethylsilane,86 or by using samarium iodide.87 These reagents do not 
directly form epoxides due to the poor nucleofugicity of alkoxide anion. However, the resultant protected 
diols can be considered as particularly robust precursors to epoxides when deprotected and manipulated 
in any number of standard ways. A notable example of this strategy is shown in Scheme 13.88 

OSiMe2Bu‘ OSiMe2Bu‘ OSiMe2Bu* OSiMe2Bul 

i, BnOCH2Li; ii, 9 steps; iii, debenzylation; iv, (tolylsulfonyl)imidazole, NaH 

Scheme 13 
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3.2.2.S Halogen-stabilized Carbenoids 

Another important group of stabilized anions which have a built-in leaving group suitable for epoxide 
formation are carbenoids (Kobrich reagents). These reagents are both highly reactive and thermally un¬ 
stable. Several reviews on the varied chemistry of these reagents are available.89’90 

The mechanistic outline of carbenoid/carbonyl reactivity follows the paradigm illustrated at the outset 
of this chapter (Scheme 1; X = halogen). The nucleophilic lithium species adds to the carbonyl com¬ 
pound and suffers elimination to provide the epoxide. Competition from molecular rearrangements ema¬ 
nating from the intermediate halohydrin or the product epoxides is sometimes a problem, particularly 
with cyclic ketones. Also, the initial adduct frequently fails to cyclize when the reaction is quenched at 
low temperature, but it is usually a simple matter to effect ring closure by treatment of the halohydrin 
with mild base in a separate step. 

Lithium halocarbenoids are generated by either direct metallation (deprotonation), or lithium-halide 
exchange. Early efforts to use the former route were limited to vinyl halides or carbenoids bearing at 
least two chlorine atoms. Lithium-halide exchange has the advantages of offering a greater variety of 
structural types, and more importantly, often occurring even at <-100 °C. In the case of especially un¬ 
stable carbenoids, such as those bearing additional alkyl substitution, those having a single chlorine 
atom, or when X = Br or I, this method of generation is crucial. 

Solvent plays an important role in these reactions. A highly basic solvent, usually THF, is used to pro¬ 
vide stabilization of the lithium halocarbenoid, due to coordination which disrupts the internal Li-Br in¬ 
teraction which would otherwise lead to a-elimination (equation 20).91 The extreme low temperature of 
many of the reactions requires special solvent systems, commonly a mixture of THF, diethyl ether, and 
petroleum ether or pentane in a ratio of 4:1:1 (Trapp mixture). Solvent has also been noted to alter the 
mechanistic course of the reaction; for example, reaction of ketones with lithiobromomethane in hexane 
was observed to give rise to alkenes rather than epoxides.92 

R Li 

Br 

Li 
i 

Br 
(20) 

Contemporary work on the development of in situ methods for the generation of the classical carbe- 
noid species or providing additional stabilization by other transition metals has permitted the more con¬ 
venient use of these reagents. A chief advance involved the generation of the lithiohalocarbenoid by 
exchange with /j-butyllithium, lithium metal, or lithium amalgam in the presence of the carbonyl partner 
at -78 T.90’92 Simple methylene transfer or epoxidations involving more highly substituted epoxides can 
be effected under these conditions. For example, the use of chloroiodomethane as the carbenoid precur¬ 
sor affords epoxides in very high yield (equation 21).93>94 Epoxidations involving more highly substituted 
epoxides can also be effected under these conditions.90 

MeLi/LiBr O 

-~ X (21) 
99% Ph ^ 

A later modification of the original Kobrich procedure entails the generation of carbenoids in the 
presence of an added equivalent of lithium bromide salt (equation 22) 91 Apparently, the Lewis acid 
character of the added salt helps to stabilize the carbenoid by coordination with the halogen atom. The 

lithium salt is also implicated in Lewis acid complexation to the oxygen atom of the C=0 bond, and 
seems to assist in the cyclization step as well. 

Lithium-bromine exchange of bromochloromethane can be accomplished using sonication at tempera¬ 
tures as high as -15 °C.95 The apparent generation of a dichloromethyl anion was effected at room tem¬ 
perature using phase transfer catalysis (equation 23).96 A practical route involving the selective 
deprotonation of several dihaloalkane solutions containing a ketone or aldehyde substrate using hindered 
lithium amide bases has been reported (equation 24).97 Fluoride catalysis liberates a ‘naked’ carbenoid 
anion from a TMS-containing precursor, which adds in good yields to a variety of aldehydes at 0 °C to 
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room temperature.98 Addition to 2-phenylpropanal predominantly afforded the isomer predicted by 
Cram’s rule (equation 25). Similar results were obtained by generating (presumably) the same anion 
under electrochemical conditions.99 

50% NaOH, CHC13, [BnMe3N]Cl, 25 °C 

85% 
(23) 

Me3SiCCl3, TASF 

75% 
(25) 

A number of methods to increase the thermal stability of Kobrich reagents have centered around re¬ 
placement of the lithium counterion normally present with a variety of transition metals, chiefly titanium, 
hafnium and copper.100 For example, the reagent derived from transmetallation of lithium dichlorometh- 
ane with titanium isopropoxide could be reacted with various ketones and aldehydes to afford halohydrin 
adducts in good yields at temperatures as high as 0 °C. Competition experiments established the 
chemoselectivity of this reagent (Scheme 14). The direct activation of several allylic halides has been 
accomplished with tin101 and chromium102 reagents (equation 26). Transmetallation of an alkyllead pre¬ 
cursor has also been noted.103 

CHCl2Li-Ti(OPri)4 

PhCHO + PhC(0)Me 

O 
NMe2 

OH 

CHC12 

Scheme 14 

PhCHO + Cl I 

i, SnCl2, DMF; ii, NaOMe H O H 

53% Ph 

+ (26) 

89% 11% 

Activation of dibromo- and diiodo-methanes can also be effected using samarium powder, which 
generates Smh in situ. This procedure allows the isolation of the formal adduct of iodomethane to 
ketones and aldehydes at room temperature with very short reaction times.104 105 The iodohydrin so iso¬ 
lated can, of course, be readily converted to the corresponding epoxide. The reaction is thought to occur 
by a radical chain process. The stereoselectivity of the reaction was briefly investigated (equations 27 

and 28). 
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There are few reports which deal with questions of chemo- and stereo-selectivity of Kobrich reagents. 
Lithiobromomethane reacted preferentially with a saturated ketone in the presence of an a,f3-unsaturated 
ketone in a steroidal substrate, although the reaction was not stereoselective.92 However, addition of a re¬ 
lated reagent to an acyclic chiral ketone was reported to occur with complete diastereoselectivity (equa¬ 

tion 29).106 

Chemically distinct halogen atoms can undergo selective exchange in substrates containing a Lewis 
base site capable of internal coordination.107 A provocative example involves an exchange reaction 
which occurs with diastereotopic group selectivity (Scheme 15).108 

Me3SiO Br 

Bu* 

BunLi 

Br 

Me3SiO Li 

*. Bu' Br 

Me3SiO Li 

! XBr 

Scheme 15 

acetone 

90% 

3.2.2.6 Diazoalkane Reactions 

Although historically important, the epoxidation of ketones and aldehydes using diazoalkanes is of less 
contemporary interest as a synthetic tool. This is due to the much greater propensity of the adducts result¬ 
ing from addition of the diazo compound to the carbonyl group to react along other pathways. Products 
arising from chain elongation and ring expansion tend to predominate in these reactions, particularly 
with cyclic ketones. The interested reader is directed to several good reviews on the subject,109’110 an 
older but still useful Organic Reactions chapter,111 and a review dedicated to diazomethane chemistry.112 

The mechanism for the addition of diazoalkanes to a C=0 double bond is generally written along 
lines similar to those discussed so far (Scheme 1; X" = N2+). The initial adduct is also the progenitor of 
the various rearrangement pathways. However, the subject of mechanism is by no means settled, with 
1,3-dipolar cycloadditions109 and carbonyl ylide formation113 considered to be prominent alternatives. In 
general, successful epoxidation of carbonyl compounds improves with increasing electron-poor character 

of the C=0 bond. When the diazoalkane is electron poor, yields of epoxide diminish. 
An epoxidation reaction utilizing a complex diazo compound is shown in equation (30).114 The addi¬ 

tion of diazomethane to highly electron-deficient esters has been reported to yield 2-alkoxy-2-substituted 
epoxides (equation 31).115 The stereoselectivity of the addition of diazomethane to pentulose derivative 
(20) was shown to be superior to that obtained using sulfur ylides, giving ratios of 95:5 in favor of (21; 
equation 8). However, the yields were unstated, and the products were accompanied in most cases by 
significant amounts of homologous ketone.41 
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ArCHO 
BF3»OEt2 

18% 

Ar = p-02NC6H4 

(30) 

O 

CFT O 

ch2n2 

56% 

O 

CF3^ ""O' 
(31) 

32.2.7 Additions to C=0 TT-Compounds Bearing Adjacent Leaving Groups 

Although the bulk of this section is concerned with the formal addition of a single atom across both 

ends of a C=0 double bond, halohydrins also result from the addition of a nucleophile (H_ or R_) to car¬ 
bonyl compounds bearing an adjacent leaving group or its equivalent (path b, Scheme 1). The use of this 
approach for epoxide synthesis was pioneered by Comforth and coworkers as early as 1959.116 The 
scope of this process is very wide, so only a few highlights will be covered here. 

The most simple example of this reaction type is the reduction of a ketone RC(0)CH2X to afford a 
monosubstituted epoxide. Recently, several strategies for performing this reaction to give epoxides in op¬ 
tically active form have appeared. The corresponding (3-keto sulfoxides are available in optically pure 
form by the deprotonation of resolved p-tolylmethyl sulfoxide and addition to esters (Scheme 16).117 The 
adducts can be stereospecifically reduced118 to afford either diastereomer, depending upon the reaction 
conditions: DIBAL-H in THF gives a 95:5 mixture of (27) and (28), whereas carrying out the reaction in 
the presence of zinc chloride118119 reversed the ratio to 5:95. The stereochemistry of the former reduction 
is rationalized by an anti conformation resulting from dipole-dipole repulsions between the S—O and 
C=0 bonds, whereas a chelation-controlled transition state best explains the latter result. Reduction to 
the corresponding sulfide, alkylation and elimination afforded optically pure styrene oxide in high yield. 
An even more direct approach utilizes a chiral reducing agent (29) (equation 32).120 

The preparation of disubstituted epoxides is similarly accomplished by the addition of nucleophiles to 
more highly substituted ketones. Selective reduction of keto sulfides with either L-Selectride or zinc 

O 
ii 

• • 

O 
+ x 

EtO Ph Ar" 

O O 

1 
Ph 

i 0 OH 
" LH 

iii-v 

?>i'H 
95% Ar'^p^^Ph 

“(27) 

64% SPh 

ii 
O OH 
" L Ph _ 

iii-v 
O Ph 

90% 64% 

Ar = p-tolyl 
(28) 

i, DIBAL-H; ii, DIBAL-H, ZnCl2; iii, LiAlH4; iv, [Me30]BF4 ; v, NaOH 

Scheme 16 

(29) 
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O 

Br 

i, (29) 

ii, NaOH 

97% Ph 

oO O 

+ 

98% 2% 

(32) 

borohydride ultimately affords cis- or tra/z.v-epoxides, respectively, as the major products (Scheme 
17)i2la Thjs route was extended to the preparation of optically active epoxides.12lb The optically active 

keto sulfides were prepared in 50-85% enantiomeric excess by carrying out an asymmetric sulfenylation 
reaction on the parent ketones. (3-Ketosulfonium salts can also be stereoselectively reduced to give 

trans-epoxides after cyclization.122 

SMe 

O 

L-selectride 

58% 

Zn(BH4)2 

90% 

SMe 

OH 

[Me30]BF4 

NaOH 

Ph Pr1 

H O H 

[Me30]BF4 

NaOH 

H Pr1 

Ph' O H 

Scheme 17 

A three-step procedure leads to trisubstituted epoxides from an acid chloride (Scheme 18).123 A palla¬ 
dium-catalyzed addition of an allyltin reagent to a-chloro ketones was reported to yield trisubstituted 
epoxides in moderate yield.124 

Me3Si 
PhCH2COCl 

A1C13 

82% 

Ph 

i, MeLi 

ii, NaOH 

52% 

i, NaBH4 

ii, NaOH 

88% 

Scheme 18 

3.2.2.8 Other Heterocyclic Syntheses 

The formal addition of an oxygen atom across the carbonyl group gives rise to dioxiranes (equation 
33). In practice, this reaction is effected with Oxone, and dimethyldioxirane (30) and other dioxiranes 
have been generated in solutions of their parent ketones.125 Dioxirane (30) has been implicated in oxida¬ 
tions of alkenes,126 sulfides127 and imines.128 The formal addition of nitrogen across a carbon-oxygen 
double bond to afford oxaziridines has been reviewed (equation 34).129,130 There are also many methods 
available for the indirect conversion of carbonyl compounds to aziridines131 and thiiranes1 using multi- 
step conversions. 

O 
2KHS05*KHS04*K2S04 

(30) 

o-o 
(33) 

(34) 
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A number of techniques are available for the one-pot conversions of carbonyl substrates to thiiranes.1 
These entail the addition of a lithiated thiol derivative to the substrate, transfer of either an acyl group or 
heterocycle to the oxygen atom, and cyclization. A recent example is depicted in Scheme 19.132 

Scheme 19 

3.2.3 ADDITIONS TO C=N tt-BONDS 

3.2.3.1 Addition of Carbon 

The addition of a carbon atom to the C=N double bond has been reported using sulfur (equation 
35)135 and arsenic ylides, halogen-stabilized carbenes, and diazo compounds.131’133 The best substrates 
are imines in which the nitrogen is substituted with an aromatic ring, substituted oximes, and hydrazones. 

Ar 

N 
Ar 

[Me3S]Cl, 50% aq. NaOH 

CH2C12, [Bun4N]HS04 

84% 

V7 
N 

i 
Ar 

(35) 

Ar = /n-MeOC6H4 

Reactions of halogen-stabilized carbenoids with imines have been carried out using preformed lithium 
species (e.g. equation 36),131 134 or via a carbenoid generated from diiodomethane utilizing zinc-copper 
couple (Simmons-Smith conditions).136 A stereospecific ring closure is observed after the addition of 
lithiodichloromethane to a benzaldimine (equation 37).137 The addition of lithiochloro(phenylsulfon- 
yl)methane to aromatic imines affords 2-phenylsulfonyl-substituted aziridines, which can be deproton- 
ated and alkylated in excellent yield (Scheme 20).138 

Et 

Ph 

46% 

Ph 

Et 
(36) 

Ph 
LiCHCl2 

Nv 
Ph 

(37) 

Ar 

N 
Ph 

PhSO,CHClLi 

72% 
N 

I 
Ph 

. SOiPh >•LDA 
ii, Mel 

98% 

S02Ph 

Ar- 
T 

N 
l 
Ph 

Ar = m-MeOC6H4 

Scheme 20 



836 Transformation of the Carbonyl Group into Nonhydroxylic Groups 

The anion of (31) reacts with 0-methyl oximes139 or nitrones140 to afford trans /V-unsubstituted 
aziridines in modest yields (e.g. equation 38). Nitrones also react with stabilized phosphonate esters 

(equation 39).131,141 

LN^k^SiMe3 

(31) 

i, LDA 

ii, PhCH=NOMe 

38% 

Phvv7„.»'%^ 

N 
i 

H 

(38) 

O O 

e,%o'-Aoe' 

NaH 

57% 

The reactions of diazoalkanes and imines occur in generally low yields, but Lewis acid catalysis is of 
some help (equation 40).142 The reaction involves a 1,3-dipolar mechanism which proceeds through an 
isolable triazoline intermediate (Scheme 21). Treatment of the latter with acid affords aziridine in modest 
yield. 

N 
Me 

PhCH=N2 

Znl2 

50% 

(40) 

H Me02C ^ 

42% MeCbC '\/N "V 
O 

In contrast, the addition of various diazoalkanes to preformed iminium ions can be a highly efficient 
process, leading to aziridinium salts, which may undergo further chemistry prior to isolation.131143 The 
intermediacy of a diazonium ion which may react with nearby nucleophilic centers prior to cyclization 
has been postulated (Scheme 22).144 This and similar stereoselective reactions have been investigated as 
potential approaches to morphinoid analgesics.145146 

Ph 

Me02C N- 

^=N O 

Me02C 

ch2n2 

92% 
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The asymmetric synthesis of aziridines via these routes has been sparingly investigated. Aziridines 
bearing an A-alkoxy substituent can be resolved into nitrogen stereoisomers. Modest asymmetric induc¬ 
tion was observed in the reaction of a chiral O-alkyl oxime with dimethylsulfonium methylide (equation 
41).147 The analogous reaction with diazomethane was not stereospecific. Earlier work in this area has 
been reviewed.148 

f3c cf3 

lx (1) 

O XO?Me lowy'eld 

f3c, ,cf3 

+ 

'O' 'C02Me 

25% 

f3c cf3 

X,i • U (41) 

O C02Me 

75% 

Synthetic methods which utilize the addition of nucleophiles to a-halo oximes and similar compounds 
(the Hoch-Campbell reaction) have been reviewed.131 

3.2.3.2 Addition of Oxygen and Nitrogen 

The addition of oxygen across the C=N double bond is a common and synthetically useful process.149 

The product oxaziridines are of interest for theoretical reasons (largely due to the high configurational 
stability of the chiral nitrogen), as reagents (such as oxygen transfer moieties), and as synthetic inter¬ 
mediates.150 The stereochemical aspects of oxaziridine synthesis and reactivity have been reviewed.148 

Oxaziridines can be conveniently classified by the substituent on nitrogen. A-Alkyloxaziridines and 
A-aryloxaziridines often differ in behavior from those compounds bearing an electron-poor nitrogen 
substituent, usually an A-sulfonyl or A-sulfamyl group. 

The nitrogen atom in oxaziridines usually constitutes a stable stereogenic center. The nitrogen atoms 
in A-alkyloxaziridines and A-aryloxaziridines have barriers to inversion of the order of ca. 30-33 kcal 
mol-1 (1 cal =4.18 J),148 rendering these compounds configurationally stable at ambient temperature. 
Alternatively, the various A-sulfonyloxaziridines appear to be more readily epimerized, with inversion 
barriers of ca. 19-21 kcal mol-1.151,152 3-Alkoxyoxaziridines readily epimerize at room temperature, 
possibly through zwitterionic intermediates.153 

The most common method for the synthesis of A-alkyloxaziridines and A-aryloxaziridines from imines 
is through the oxidation of imines with an organic peroxy acid.129,154 Two mechanisms for this reaction 
have been advanced (Scheme 23). The concerted mechanism is exactly analogous to that usually ac¬ 
cepted for the oxidation of alkenes with electron-deficient peracids. Unlike the latter conversion, how¬ 
ever, the oxidation reaction of imines is not stereospecific. To account for this observation, it is 
necessary to presume that the imine isomers equilibrate more rapidly than the oxidation occurs, and that 
the cis isomer is more reactive.155 Neither of these possibilities can be convincingly ruled out. However, 
an alternative, Baeyer-Villiger type of mechanism seems more likely. Addition of the active oxygen 

atom to the carbon of the C=N double bond followed by expulsion of the acid by-product gives rise to 
oxaziridine. Intermediate (32) must be sufficiently long lived to allow nitrogen inversion to occur prior to 
ring closure. The two-step mechanism has been supported by an ab initio molecular orbital study.156 

.R3 
N 

R1 R2 

path a 

r4co3h 

path b 

R4C03H 

Scheme 23 
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Methods utilizing MCPBA157,158 or Oxone159 in buffered biphasic systems usually suffice for the 
stereoselective synthesis of fraws-sulfonyl- and sulfamyl-substituted oxaziridines. The stereoselectivity is 
rationalized by the greater ability of the /V-sulfonyl moiety to stabilize a negative charge in the intermedi¬ 
ate resulting from addition to the imine carbon atom, allowing more time for bond rotation or nitrogen 
inversion before the ring closure step.160 

The oxidation of imines derived from substituted cyclohexanones occurs predominantly from the equ¬ 
atorial direction. However, the product oxaziridines can undergo subsequent equilibration to favor a 
more stable conformation which places the bulkier nitrogen substituent in an equatorial conformation 
(Scheme 24).161 A particularly useful oxaziridine derived from camphor was formed exclusively via exo 
approach of the reagent (equation 42).162 

A chiral substituent on nitrogen can direct the predominant attack of an oxidizing agent to one dia- 
stereotopic face of an imine. Ratios as high as 97:3 were observed in a series of imines derived from a- 
methylbenzylamine (equation 43).163 The oxidation of achiral imines with optically active peroxy acids, 
most notably monoperoxycamphoric acid [(+)-MPCA], do afford optically active oxaziridines, but not 
generally in synthetically useful optical ratios,148 but ratios as high as 80:20 have been reported.164 

Reactions involving the use of chiral substrates in conjunction with chiral reagents have been reported. 
A seminal experiment was the oxidation of both enantiomers of a chiral imine with (+)-MPCA.148 165 In 
another example, the cumulative effect of equatorial attack in prochiral cyclohexanones with dia- 
stereoselectivity induced by a chiral nitrogen substituent allowed the synthesis of spirocyclic oxazi¬ 
ridines with a high induction of axial disymmetry (Scheme 25).166-167 The major oxaziridine isomer (33) 
results from both the favored equatorial attack and oxidation anti to the chiral nitrogen substituent (as 
drawn in Scheme 25). The isomers (34) and (35) result from a combination of one favored and one disfa¬ 
vored process and are minor products, whereas (36), which would result from a doubly disfavored trajec¬ 
tory, is not observed. The oxidation of a cyclic imine which involved a synergism between control by the 
chiral nitrogen substituent and attack from the convex face of the ring system was reported (equation 
44).168 Oxaziridines of the type (37) have been utilized in the synthesis of racemic169’170 and optically ac¬ 
tive167168 indole alkaloids. 

Imines and substituted oximes react with several nitrogen-containing nucleophiles to provide a general 
synthesis of diaziridines or diazirines.171 
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3.3.1 INTRODUCTION 

The utilization of homologation reactions as a general synthesis strategy may be considered for various 
reasons, such as a greater accessibility of the lower homolog, the opportunity to introduce additional 
functionality, or simply the need for a regular series of homologs. The merit of an expansion/extension 
reaction which may be considered for incorporation into a synthetic plan will, to a large extent, be 
measured by the efficiency, technical simplicity, and regio- and/or stereo-selectivity of the overall oper¬ 
ation. The persistent growth of new methodologies is testimony to the continuing demand for strategies 
which offer greater selectivity or versatility. 

An exhaustive review1 on the general topic of carbocyclic ring expansions was recorded over twenty 
years ago, while a number of more specialized reviews,2a~g each not necessarily devoted to but incorpor¬ 
ating some aspects of homologation reactions, have appeared during the interim. The intention of this 
chapter is to present a variety of methodologies with illustrative examples, focusing on the processes 
which achieve an overall homologation with preservation of the original carbonyl group, as illustrated in 
Scheme 1. This criterium emphasizes rearrangement processes over simple homologation protocols such 
as the methoxymethylenation/hydrolysis of carbonyl groups, alkylation with acyl anion equivalents, car¬ 
bonyl group transpositions and so on. Since the orientation is primarily towards synthetic transforma¬ 
tions, detailed mechanistic discussions will be held to a minimum, although in-depth analyses may 
usually be found in the accompanying references. The intention is to cover a variety of methods with suf¬ 
ficient examples to display both the advantages and disadvantages of the process, in the hope that the ad¬ 
vantages will be exploited and the disadvantages will be taken as opportunities for improvement. 
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R1 

Scheme 1 

3.3.2 DIAZOALKANES AND RELATED REACTIONS 

3.3.2.1 Arndt-Eistert Homologation 

One of the more commonly applied chain extension reactions for carboxylic acids utilizes the unique 
reactivity of diazoalkanes. This sequence, generally referred to as the Arndt—Eistert synthesis, is a two- 
step process which, in the first step, involves the formation of an a-diazo ketone by reaction of the corre¬ 
sponding acyl chloride with an excess of diazoalkane (Scheme 2).3a-c In the second stage of the 
sequence, the a-diazo ketone is induced to undergo rearrangement by photochemical or thermal means 
or by exposure to metal salts (e.g. Ag, Cu), with concomitant loss of nitrogen to produce an intermediate 
ketene, which reacts in situ with water or alcohol to form the homologated acid or ester. This rearrange¬ 
ment of a-diazo ketones, known as the Wolff rearrangement, has been reviewed elsewhere in sufficient 
depth with regard to mechanism and synthetic utility that no comprehensive treatment will be given 

here.4'5a_d 

O 

R1 

N2 

(4) 

-N2 

A, h\, or metal salts 

R1 

(5) 

r2ch=n2 

(3) 

O 

R2 

(6) 

Scheme 2 

The Arndt-Eistert synthesis, usually carried out with diazomethane, is fairly general and tolerates a 
wide range of substituents on both the carboxylic acid and alcohol.5e An obvious limitation is the re¬ 
activity of other functional groups, such as carboxylic acids or phenols, with diazomethane. The use of 
the more stable trimethylsilyldiazomethane as a replacement for diazomethane has been reported.6 While 
the use of diazoalkanes other than diazomethane is fairly rare, it does offer the opportunity to introduce 
additional functionality. For example, when sulfonyldiazomethanes (7) are used, the result is an a-sulfo- 
nyl carboxylic ester (Scheme 3).7 

ro2sch=n2 

(7) 

Et3N 

O 
PhCH2OH 

toluene, reflux 

Scheme 3 

3.3.2.2 Reactions of Aldehydes and Ketones 

The reaction of diazomethane derivatives with aldehydes and ketones, though a fairly well-studied 
field now, continues to be a source of practical extension/homologation technology.8a_f 9 The general re¬ 
action is outlined in Scheme 4. The diazoalkane, shown in resonance forms (11a) and (lib), reacts with 
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the carbonyl carbon to form an intermediary betaine (12). Depending on the circumstances, the inter¬ 
mediate may be isolated in the form of the P-hydroxy diazo compound (13) or may lose nitrogen to pro¬ 
duce an intermediate (14), which may then undergo rearrangement with migration of a substituent R2 or 
R1 to give the homologated compounds (15) and (16) respectively. Alternatively, simple collapse of (14) 
without migration of a substituent leads to epoxide (17). In general, the course of the reaction is 
influenced by the substituents and by the reaction conditions. 

R2 

(10) 

ii 
N- 

(11a) 

N + 
III 
N 

(lib) 

cr 
RS _ 

i i2 nJ 

(12) 

R 
, OH R3 

R2 N, 

(13) 

-n2 

R1 
0“ 

R3 

R2 

(14) 

R2 migration 

R1 migration 

no migration 

Scheme 4 

While the reaction of aldehydes with diazomethane is, in general, not a practical method for homolog¬ 
ating aldehydes, it illustrates the influence of the relative migratory aptitudes of substituents on the out¬ 
come of the reaction. With aliphatic aldehydes, the preferential migration of hydrogen versus an alkyl 
group produces fair to good yields of the methyl ketones (18), along with varying amounts of epoxides 
(Scheme 5). Aromatic aldehydes are more variable, being influenced by substituents and solvent. For 
example, the addition of methanol or water favors aryl group migration; however, the resulting aldehyde 
reacts further to produce the homologated methyl ketone (21).10 A compilation of these reactions may be 
found in refs 8b and 9. 

O 
ch2n2 

R 

(20) 

O O 

H R 

H migration R migration 

(18) (19) 

ch2n2 

o 

R 

(21) 

Scheme 5 

The reaction of diazomethane and its derivatives with ketones has been a rich source of chemistry. The 
major part of the developmental work with regard to reagents and mechanisms emerged from extensive 
studies in this area. Relative to aldehydes, aliphatic ketones are much less reactive to diazomethane and 
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yield, in addition to homologation products, substantial amounts of epoxides.9 The use of Lewis acids to 
activate the ketone carbonyl has greatly improved the situation, by increasing the rate of reaction and by 
reducing the degree of epoxide formation. The general trend for the migration of substituents, aryl > 
methyl > substituted alkyl, may be seen in Scheme 6.11,12 

methyl versus R migration 
R 

Pr" 50:50 

Pr1 67:33 

Bu' 74:26 

PhCH2 78:22 

Ph 22:78 

CH=CMe2 29:71 

Scheme 6 

Similar results were obtained on application of the related Tiffeneau-Demjanov reaction. This semipi- 
nacol-type reaction,1314 an extension of the Demjanov rearrangement, involves the rearrangement of a 
diazonium ion (25; Scheme 7), which is generated by the diazotization of the corresponding amino alco¬ 
hol (24).15 The amino alcohol is obtained from the ketone by reduction of a nitromethane adduct (23a),16 
cyanohydrin (23b) or trimethylsilyl cyanohydrin (23c).17 This procedure allows for a controlled addi¬ 
tion-rearrangement sequence in cases where the use of diazomethane is complicated by the further re¬ 
action of the product ketone. 

(22) 

MeN02, base 

or 

NaCN, H+ 
or 

Me3SiCN 

R2 

(23) 

reduction 
OH 

(24) 

NaN02 

AcOH 

r2JLr' 
(a) X = H, Y = CH2N02 
(b) X = H, Y = CN 
(c) X = SiMe3, Y = CN 

Scheme 7 

Rl.A^ and/or 

R2 

The hydroxide-catalyzed addition of a-acyldiazomethane derivatives, while quite facile with alde¬ 
hydes to produce stable aldol adducts, is poor with aliphatic ketones.18a-c However, the lithium or mag¬ 
nesium anion (26) adds smoothly to produce the corresponding aldol adducts (27) in good yield (Scheme 
8). On treatment with acid,19a b thermolysis183 or metal catalysts,20 these adducts lose nitrogen and rear¬ 
range to the fJ-keto esters (28) and (29). The analogous reaction with a-diazo ketones has also been car¬ 
ried out; however, with bulkier substituents, the retro-aldol reaction competes with rearrangement. 

In a mechanistic study on the Lewis acid catalyzed addition of ethyl diazoacetate to ketones a similar 
profile of rearrangement to the (3-keto esters was observed (Scheme 9).21 In the same reaction with 
acetophenones, substitution on the benzene ring was found to only slightly affect the otherwise 90:10 
preference for migration of aryl versus methyl.22 

Application of the above series of homologation reactions to cyclic ketones provides a route to ring- 
expanded products. Due to the constraints of ring systems, the preference for the migration of one bond 
over the other during these reactions is influenced by an additional set of factors, among which include 
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H C02Et 

Y 
n2 

BuLi 

or 

LDA 

or 

MeMgBr 

R 

M C02Et 

Y 
n2 

(26) M= Li, MgBr 

)- O 
OH 

H+ 

A, or 

Rh2(OAc)4 

O 

C02Et + C02Et 

(28) 
R 

(29) 

R Adduct yield (%) Overall yield (%) (28):(29) Ref 

Me 93 74 — 19b 

Ph 94 72 0:100 18 

Et 65 87 55:45 20 

Bu 80 68 55:45 20 

Bu' 76 58 100:0 20 

PhCH2 - 73 38:62 20 

Ph 47 80 8:92 20 

Scheme 8 

R 

O 
Et02CCH=N2 

Et30+BF4“ 

C02Et 

O 

C02Et 

R 

R Yield (%) Product ratio 

Me 78 - 

Et 89 50:50 

Pr‘ 54 66:33 

Bu1 10 95:5 

PhCH2 96 62:38 

Ph 78 10:90 

CH=CMe2 10 2:98 

Scheme 9 

ring strain, steric effects, stereochemical relationships in the approach of the diazoalkane, and conforma¬ 
tional effects in the intermediate betaine (Scheme 10). Earlier work in this area has been reviewed.915-23 

Bond A migration Bond B migration 

Scheme 10 

For monocyclic and many fused bicyclic ketones the general order of reactivity of3>4>6>7>5 
has been observed in the reaction with diazomethane and derivatives.1-9 Cyclopropanones react smoothly 
with diazomethane and diazoethane in the absence of catalysts to form cyclobutanones (equations 1 and 

2).24 
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RCHN2 

CH2Cl2 

R = H 

R = Me 

\ O 

R 

43 

43 

R 

+ 

k 
s> 

57, 85% 

57, 85% 

/ rchn2 /> J 
>=° -- + 

r CH,C1, / \ / 

R = H 

R = Me 

R 

R 
% 

O 

33 

70 

67, 80% 

30, 80% 

(1) 

(2) 

The ready availability of cyclobutanones from the [2 + 2] cycloaddition of ketenes with alkenes makes 
cyclobutanones attractive precursors to cyclopentanones. These react with diazomethane in ether/meth¬ 
anol to give the ring-expanded products (equations 325 and 426). The presence of an a-halo substituent 
both accelerates the reaction of ketones with diazomethane and strongly shifts the migratory preference 
to the nonhalogenated carbon (equation 5a).27 It is noteworthy that the Tiffeneau-Demjanov expansion 
produces the opposite regiochemistry for expansion in the nonhalogenated case (equation 5b).15 Addi¬ 
tional examples in mono-, bi- and tri-cyclic cyclobutanones are given in equations (6)—(10). 

CH2n2 

MeOH/Et20 

H OH 

H 

NaN02 

AcOH 

X = Y = H 

X = Y = Cl 

55:45 

X = H, Y = Cl 90:10 

95:5 

X = Y = H 16:84 

(5a) 

(5b) 

R 

O 

Cl 

Cl 

i, R2CH=N2 

ii, Zn, AcOH 

(ref. 27) (6) 

R1 = Ph, R2 = H 

R> = Ph, R2 = Me 

R1 = C8H17, R2 = H 

82% overall 

74% 

75% 



Skeletal Reorganizations: Chain Extension and Ring Expansion 849 

O 

(ref. 28) (7) 

(ref. 28) (8) 

(ref. 29) (9) 

:0 

71% overall 
H 

The Lewis acid catalyzed expansion with ethyl diazoacetate also gives good regioselectivity, with a 
preference for migration of the non-ring-fusion carbon (equations 11-16). The use of SbCL as the Lewis 
acid at -78 °C was reported to improve the regioselectivity in one case (equation 14).26 

R = Me 100% 

C02Et (ref. 30) (11) 

Et02CCH=N2 

BF3«OEt2 

R = a-Me 83% 

R - (3-Me 92% 

CQ2Et (ref. 30) (13) 

The diminished reactivity of cyclopentanones toward diazomethane, while an asset in the ring expan¬ 
sion of cyclobutanones, has also proven to be a disadvantage. Some examples in the older literature dem¬ 
onstrate the problem of further reaction to higher homologs. The successful expansion reactions with 
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BF3»OEt2 68:32 
SbCl5, -78 °C 98:2 

(ref. 26) (14) 

ethyl diazoacetate are a likely consequence of the relatively unreactive P-keto ester products (equations 
17 and 18). The sequential addition of the lithium anion of ethyl diazoacetate (26) to form the aldol prod¬ 
uct followed by rearrangement has also been found to be a viable tactic for the ring expansion of cy- 
clopentanones (Scheme 1 l).19b 

R = H 70:30, 95% 
R = Me 100:0, 69% 

(ref. 33) (17) 

O 

OAc 79;21 OAc 

(66% after decarboethoxylation) 

There is an abundance of literature dealing with the diazomethane, diazomethane derivatives and Tif- 
feneau-Demjanov expansions of six-membered and larger ring ketones, with most of the simpler 
examples reported in the older literature.915 For example, the diazomethane expansion of cyclohexanone 
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Scheme 11 

produces cycloheptanone in 33—36% yield on a preparative scale,35 and the corresponding Tiffeneau— 
Demjanov expansion provides a 41% overall yield.16 The preparative scale expansion of cyclohexanone 
with phenyldiazomethane to 2-phenylcycloheptanone has also been recorded and provides a route to 
2-arylcycloheptanones.36 A series of 4-substituted cyclohexanones have been expanded with diazoethane 
to yield the 2-methylcycloheptanones in good yield as ca. 1:1 cis/trans mixtures (equation 19).37 As in 
the case with diazomethane, the addition of alcohol to the reaction mixture with diazoethane had a 
beneficial effect. 

MeCH=N, 

Et20, EtOH 

R 
R Yield (%) R Yield (%) 

H 84% Me2COH 81% 

Me 81% C02Et 89% 

Pr1 75% 

(19) 

The use of Lewis acids for the diazomethane and diazoethane homologations of a series of C6-C14 

ketones has been reported to reduce the amount of epoxide formation, although as the ring size increases 
the amount of unreacted starting material increases (Scheme 12).12 The expansion of 2-allylcyclohexa- 
none with diazomethane in the presence of AICI3 proceeds with migration of the less-substituted bond,12 
in contrast to the Tiffeneau-Demjanov expansion of 2-methyl- and 2-isopropyl-cyclohexanone wherein 
the alkyl-substituted bond migrates preferentially (Scheme 13).38’39 

RCH=n2, aici3 

R = H, Me 

R = H 

C6 — C7 58% 
C7 — C8 50% 
C8 — C9 46% 
C9 — C,o 45% 
C10 — Cn 25% 
C]2 ~'- Cj3 26% 

Scheme 12 

The trimethylsilyldiazomethane-BF3-Et20 homologation of 2-methylcyclohexanone also proceeds 
with high regioselectivity to give 2-methylcycloheptanone in 69% yield. A particular advantage for this 
reagent over diazomethane appears to be for the homologation of larger rings where the yields are good 
(equations 2040 and 2141). The Tiffeneau-Demjanov expansion also displays good regioselectivity with 
larger ketones containing a fused benzene ring (equations 2242 and 2343), although a loss of selectivity 
was noted in a 12-membered ring ketone (equation 24).44 

The one-carbon expansion of cyclohexanones with introduction of a carbonyl group, trifluromethyl, 
cyano, phosphonate or benzenesulfonate has also been reported to proceed in the presence of Lewis acids 
(Scheme 14). The analogous reactions of larger ring ketones [expressed as ring size (yield)] with ethyl 
diazoacetate21 [7 (81%), 8 (85%)] and phenylsulfonyldiazomethane47 [7 (86%), 8 (27%), 12 (43%), 14 
(48%), 15 (54%) and 16 (58%)] have also been reported. In the reaction of ethyl diazoacetate and 

Me 

82% 
66% 
72% 
57% 
66% 
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R = IV, 73%, ref.39 7:93 

Scheme 13 

Me3SiCH=N2, BF3»OEt2 

72% 

(ref. 40) (20) 

i, Me3SiCN 

ii, LiAlH4 

iii, NaN02, AcOH 

79% overall 

(23) 

O 
52:48 O 
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2-substituted cyclohexanones, a preference for the migration of the unsubstituted carbon was observed 
(Scheme 15). The regioselectivity of this rearrangement promoted by BF3 OEt2 was improved by the use 
ofSbClsat-78 °C. 

rch=n2 r T° 
Lewis acid catalyst \ /" R 

R Catalyst Yield (%) Ref. 

C02Et Et30+BF4- 90 21 
C02Bn BF3*Et20 66 45 
CC^Bu* Et30+BF4“ 46 21 
CN Et3CTBF4- 58 21 
cf3 Et30+BF4~ 85 21 
PO(OMe)2 Et3OBF4“ 65 21 
COC6H4OMe BF3*Et20 92 46 
S02Ph TiCl4 71 47 

Scheme 14 

R Catalyst Ratio Yield (%) Ref 

Cl Et30+BF4_ 100:0 90 21 

Me Et20*BF3 83:17 66 33 

Me Et30+BF4~ 85:15 46 21 

Me SbCl5 94:6 58 21 

Et Et30+BF4_, Et2OBF3 80:20 85 21,33 

Pr1 Et30+BF4~ 90:10 65 21 

Bul Et30+BF4~ 73:27 92 21 

Ph Et30+BF4_ >95:5 71 21 

Scheme 15 

The powerful directing effect of halogen substitution has been studied in the reaction of a series of 
cholestane derivativers with ethyl diazoacetate. In both the 5a and 5(3 series, essentially no selectivity 
was observed for the nonhalogenated series, while with halogen substitution only the products arising 
from migration of the unhalogenated carbon were observed (Scheme 16).48 A similar effect was ob¬ 
served for an acetoxy substituent. 

The sequential lithioethyl diazoacetate addition-Rh catalyzed rearrangement proved to be advan¬ 
tageous in a pseudoguanolide synthesis, where the corresponding one-step ethyl diazoacetate-BF3-OEt2 

method produced an 80:20 mixture of regioisomers (Scheme 17).49 An investigation for a guaiane syn¬ 
thesis utilized a similar sequence, again with only one regioisomer being observed (Scheme 18).50 

The reaction of diazomethane and its derivatives with bridged polycyclic ketones continues to provide 
a convenient source of the next higher homologs, and also serves as a reactivity probe with which the ef¬ 
fects of ring strain and steric and electronic interactions may be unveiled. In cases where further ring 
expansion occurs due to a lower reactivity of the starting ketone relative to the product, the Tiffeneau- 
Demjanov ring expansion is especially useful. Moreover, this sequence allows for the study of bond 
migration preferences in relation to the stereochemistry of leaving groups when the intermediate amino 
alcohols can be isolated as separate stereoisomers. The reader is referred to an excellent review on the 
ring expansion of bridged bicyclic compounds for a detailed analysis of the factors which influence rear¬ 
rangements in general for this class of compounds.20 Illustrative examples are provided in Table 1. 
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i, Et02CCH=N2, BF3‘Et20 

ii, Zn, AcOH 

iii, H20, A, -C02> -EtOH 

X1 = X2 = H 

X1 = Br, X2 = H 

X1 = H, X2 = Br 

46:54, 83% 

100:0, 75% 

0:100, 63% 

i, Et02CCH=N2, BF3*Et20 

ii, Zn, AcOH 

iii, H20, A, -C02, -EtOH 

X1 = X2 = H 

X1 = Br, X2 = H 

X1 = H, X2 = Br 

47:53, 92% 

100:0, 68% 

0:100,52% 

Scheme 16 

Scheme 18 

R = H 66:34 
R = C02Et 70:30,60% 

O 

0:100 

C02Et 

Scheme 19 
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The intramolecular reaction of diazo groups with ketones has also been examined in several systems. 
Early work studied the variation in ring size, substitution and chain length on the reaction outcome 
(Scheme 19).71 Despite the interesting synthetic potential for an intramolecular ring expansion reaction, 
relatively few examples have been reported (equations 25,21 26,72 2773 and 2873). 

3.3.3 PINACOL-TYPE REACTIONS OF (3-HYDROXY SULFIDES AND SELENIDES 

In a related addition-elimination with rearrangement sequence, the chain extension-ring expansion re¬ 
actions of ketones with sulfur- and selenium-stabilized anions has, relative to diazoalkanes, only been 
examined fairly recently. The general reaction involves the addition of a sulfur- or selenium-stabilized 
carbanion (30) to the ketone carbonyl to form adduct (31; Scheme 20). The expulsion of the sulfur or 
selenium may be induced by alkylation, complexation with metal salts, reaction with carbenes or oxida¬ 
tion, which leads to the rearranged products and/or epoxides. While the mechanistic details of the rear¬ 
rangement aspect may differ substantially, depending on the reaction conditions, this set of expansion 
reactions is organized according to a common first step, the addition of a sulfur- or selenium-stabilized 
anion to a carbonyl group and will be presented in the order of the number of heteroatoms on the nucleo¬ 
phile (30). 

R3 R4 
V/ 

OH R3 
r1 -—J / , A 

Li X-R 
/ rR 

R2 XR 
X = S, Se 

(30) (31) 

O O 

R1 migration R2 migration 

Scheme 20 

O 

R2 R4 
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When one heteroatom is present on the nucleophilic unit, the overall result is similar to the carbon in¬ 
sertion with diazomethane. While the addition of PhSeCfhLi or MeSeCHiLi74 to ketones is an efficient 
process, the elimination step using methyl iodide and base (e.g. KOH), dichlorocarbene generated from 
thallium(I) ethoxide and chloroform, or oxidation with peroxy acids leads, in general, to high yields of 
epoxides from aliphatic ketones. For cyclobutanones the resulting epoxides have been rearranged to the 
cyclopentanones with preferential migration of the more-substituted carbon (Schemes 2175a b and 2276). 

O PhSeCH2Li 

CoH 
67% 

9n19 

HO 
SePh 

O 
Mel, KOH l> 

C9H19 

Scheme 21 

Lil 

CoH 83% 
9n19 

PhSeCH2Li 

\ 75% 

Tol 

HO 
SePh 

Tol 

TIOEt, CHC13 

88% 

Lil, 12-crown-4 

O 

Scheme 22 

The (3-hydroxy phenyl selenide products from the reaction of aryl-substituted ketones and PhSeCHiLi 
eliminate the phenylselenyl group on treatment with peroxy acid, with migration of the aromatic group to 
give the one-carbon extended ketones or, in the case of cyclic ketones, the ring-expanded products 
(Schemes 23 and 24).77 Cyclobutanones have been ring-expanded in a two-step procedure by reaction of 
the lithium anion of methyl 2-chlorophenyl sulfoxide followed by heating the (3-hydroxy sulfoxide with 
potassium hydride in tetrahydrofuran. Rearrangement with elimination of sulfur proceeds with the exclu¬ 
sive migration of the more-substituted carbon atom (Scheme 25). This method has also been applied to 
cyclobutanones with substituted sulfoxides to provide 2-substituted cyclopentanones (Table 2).78 The 
precise mechanistic details have yet to be elucidated, as well as the extension of the reaction to other 
ketones. 

O 
PhSeCH2Li 

SePh 

R = Me, 60%; R = Ph, 50% 

Ph 

Scheme 23 

SePh 

n = 1, 74%; n = 2, 84%; n = 3, 97% 

O 

Scheme 24 
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R1 

Scheme 25 

Table 2 Ring Expansion of Cyclobutanones with Lithium Alkyl Aryl Sulfoxides 

Sulfoxide RCH2SOAra Cyclobutanone Product Yield (%) 

R = H 

R = H 

58 

52 

R = H 

R = Me 52 
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Table 2 (continued) 

Sulfoxide RCH2SOAra Cyclobutanone Product Yield {%) 

R = (CH2)7OSiMe2But 

R = CH2CH2Ph 

53 

53 

a At = 2-chlorophenyl. 

The selenium-based methodology is particularly well suited for the homologation of ketones with the 
incorporation of a geminally disubstituted carbon because, in this instance, the formation of epoxides is 
minimal. Representative examples are given in Table 3. The regioselectivity of the expansion reaction is 
sensitive to steric effects and stereochemical relationships, as well as to the method used for activation of 
the selenium for elimination. For cyclic enones, ring sizes larger than six begin to show a decline in 
regioselectivity. It is noteworthy that the thallium(I) ethoxide/chloroform generated dichlorocarbene can 
be utilized in the presence of double bonds. The last entry of Table 3 is of particular interest with regard 
to the mechanistic aspects of the overall reaction. This example indicates that the configuration of the 
migrating carbon is preserved regardless of the elimination method used, while the center from which the 
selenium departs undergoes net inversion with TIOEt/CHCb and varying amounts of net retention or in¬ 
version with the silver tetrafluoroborate induced elimination. 

When the lithium reagent added to the carbonyl group bears two heteroatoms, the net result following 
rearrangement is the incorporation of a carbon bearing a heteroatom. The hydroxy diphenyl dithioacetals, 
readily formed from the addition of the anion of the formaldehyde diphenyl dithioacetal to ketones, have 
been shown to rearrange in the presence of copper(I) triflate to produce the a-benzenesulfenyl homolog¬ 
ated ketones. The preferred migration of the more-substituted carbon atom is observed for aliphatic and 
cyclic ketones, while hydrogen migration is still preferred in the case of aldehyde adducts (Table 4).85 
The presence of an epoxide intermediate has been observed and may bear some relevance to the failure 
of the rearrangement process to homologate cycloheptanone. Complementary to the copper(I) triflate in¬ 
duced elimination is the base-induced loss of thiophenol. Treatment of the hydroxy diphenyl dithioacetal 
adduct with two equivalents of s-butyllithium at -78 °C produces a dianion, which on warming under¬ 
goes a carbenoid-type reaction (cf. the next section for a discussion) to the ring-expanded ketone 
(Scheme 26).86 In general the yields and regioselectivity for the bond migrations appear to be com¬ 
parable to the copper(I) triflate reaction, with the notable improvement that ring size does not appear to 
be a restriction. 

Scheme 26 
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Another variation on the Lewis acid catalyzed homologation process is to raise the oxidation level on 
one of the sulfur groups to the level of sulfone.87 The addition of the less nucleophilic lithium anion of 
(phenylthio)methyl phenyl sulfone to ketones requires the presence of a Lewis acid (diethylaluminum 
chloride). The rearrangement step, which did not occur in ether solvents, is conducted at low temperature 
in dichloromethane in the presence of diethylaluminum chloride and provides good yields of the ring- 
enlarged ketones. The general trend of the more-substituted bond migration also follows here, except for 
a bridged bicyclic system, the last entry of Table 5. 

A nitro group has been found to perform the same leaving group function as the phenyl sulfone in an 
analogous procedure using the addition of the dianion of PhSCfLNCL to ketones.88 The rearrangement 
step is catalyzed by the action of aluminum chloride, is apparently general for four- through seven-mem- 
bered ring ketones and also displays a high regioselectivity for migration of the more-substituted carbon. 
An illustrative example is shown in Scheme 27. 

This general procedure has also been extended to allow for the insertion of a methoxy-containing car¬ 
bon. The uncatalyzed addition of the lithium anion of methoxymethyl phenyl sulfone to ketones proceeds 
readily at low temperature in dimethoxyethane to form the intermediate adduct. Addition of a Lewis acid 
(ethylaluminum dichloride or diisobutylaluminum diisopropylamide) directly to the reaction mixture ef¬ 
fects the rearrangement reaction to produce the ring-expanded a-methoxy ketone. This sequence, illus¬ 
trated by the example in Scheme 28, is limited to the expansion of four- and five-membered ring 
ketones.87 

Insertion of a latent carbonyl group, in the form of a dithioketal, may be achieved through the same 
sulfur-based strategy by employing a nucleophile containing three heteroatoms such as the lithium anion 
of tris(methylthio)methane. The rearrangement, with loss of one thiomethyl group, has been carried out 
in a separate step on the anion of the adduct in the presence of CuCICLAMeCN, CuBF4-4MeCN in 
toluene or in a strained case simply by treatment with acid (Scheme 29). The reaction proceeds well for 
the expansion of four- and five-membered ring ketones, but is diverted to nonexpanded products for cy¬ 
clohexanone and other ketones, a result rationalized by the isomerization through epoxides. As may be 
seen from the examples in Table 6, the regioselectivities in general are high. 

LiC(SMe)3 
OH SMe 

R—^SMe 

R SMe 

-SMe 

0“ 

R- 

R 

It 

SMe 

SMe 

R O SMe 

/X 
R SMe 

R or 

+, 

R 

SMe 

SMe 

O R 

y—SMe 

R SMe 

MeS O 
R—)-‘/ and/or 

HO O 

r4—( 
R SMe R SMe 

Scheme 29 
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Table 4 Homologation of Carbonyls by Reaction with (PhS)2CHLi and Rearrangement with Cu+ 

Carbonyl Adduct yield (%) Homologated ketone Yield (%) 

Table 5 Ring Expansion of Ketones with PhS(PhS02)CHLi 

Ketone Adduct Yield (%) Expansion product Overall yield (%) 
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Table 6 Ketone Ring Expansions via (MeS)3CLi 

Ketone adduct Yield (%) 

OH 

C(SMe)3 

\ 
73 

CxOH W C(SMe)3 85 

H OH 

C(SMe)3 

95 

95 

(a):(b) = 48:52 

SEMO H 

OH 

H C(SMe)3 

(b) 

87 

HO C(SMe)3 

74 

""OH 
C(SMe)3 

75 

21:79 92 

Ref 

89 

89 

89 

89 

89 

90 

90 

91 
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33.4 REARRANGEMENT OF 0-OXIDO CARBENOIDS 

A novel homologation method arises from the base-induced rearrangement of dihalohydrins.92 On an 
historical note, this reaction is mechanistically distinct from an earlier ring expansion protocol that em¬ 
ployed the known tendency of the magnesium salts of monohalohydrins to undergo rearrangement. That 
procedure involved the addition of benzylmagnesium chloride to ketones and bromination of the result¬ 
ing alcohols at the benzylic position with /V-bromosuccinimide to form the bromohydrin.93 On heating 
with one equivalent of isopropylmagnesium bromide, the bromohydrin underwent rearrangement to the 
homologated ketone, either through a pinacol-like reaction, or possibly via an epoxide. Examples are 
shown in Schemes 30 and 31. While the regioselectivity for bond migration is moderate for the 2- 
methylcyclopentanone expansion, the corresponding expansion for the 2-methylcyclohexanone is near 
unity. 

O 

i. PhCH2MgCl 

ii, NBS/CCI4 

Ph 

OH Br 

1 equiv. Pr'MgBr 

benzene, reflux 

Scheme 30 

64% 

Ph 

O 

O : 
HO 

Ph 

i. PhCH2MgCl 

ii, NBS/CC14 

gr 1 equiv. Pr'MgBr 

benzene, reflux 

Scheme 31 

Ph O 

On the other hand, dichlorohydrins, produced by the addition of dichloromethyllithium to ketones, 
may be deprotonated at low temperature by two equivalents of alkyllithiums or lithium dialkylamides to 
form the corresponding dianion. This dianion loses LiCl on warming, and rearranges either directly or 
through a carbenoid intermediate to the enolate of the homologated a-chloro ketone (Scheme 32).92 94 As 
a homologation, the reaction proceeds well for aliphatic (Scheme 33)92>95a and cyclic ketones (Scheme 
34),92’95b but suffers with aldehydes due to the preferred migration of hydrogen ~ phenyl» alkyl. 

R 

R 

O 
LiCHCl2 

OH H 

R Cl 

2LiNR'2 

or 

2R'Li 

Li -zv Li - D O Cl O Cl 

- >=< 
R R R 

Scheme 32 

O Cl 

R R 

R LiCHCl2 

Ph 

LiTMP 

-70 °C to r.t. 

R = Me, 56%; R = Ph, 86% 

Scheme 33 

O 

Cl 

Ph 
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O 

n = 5, 90%; n = 6, 70%; n = l, 68%; n = 8, 48% 

Scheme 34 

In contrast, when the analogous dibromohydrins are exposed to two equivalents of butyllithium at low 
temperature, lithium-halogen exchange occurs to produce the monobromo dianion. On warming, this 
intermediate loses LiBr to give a carbene, which rearranges with migration of a substituent to form the 
enolate of the expanded ketone (Scheme 35).96 This procedure appears to be fairly general for the one- 
carbon expansion of cyclic ketones (Table 7). It is noteworthy that the intermediate enolate anion has 
been trapped as the trimethylsilyl enol ether. The preferred regioselectivity for the migration of the more- 
substituted carbon atom has been rationalized in terms of a preferred orientation of the dianion in which 
the departing bromine atom is situated opposite the more sterically hindered center (Scheme 36).96b For 
the few cases examined, it has been determined that the configuration at the migrating carbon atom is 

preserved: examples are given in Table 7. 

R LiCHBr2 
OH Br 

R H 

2LiNR’2 

or 

2R'Li 

Li 

R 

R 
H 

R R 

Scheme 35 

Br 

This rearrangement process has also been developed into a homologation procedure for esters. The 
low temperature addition of dibromomethyllithium to esters produces the primary adduct, which, de¬ 
pending on substitution may collapse to the dibromo enolate (Scheme 37). A rapid metal-halogen ex¬ 
change occurs on addition of butyllithium to produce the dilithio anion, which then undergoes a 
rearrangement on warming. The resulting lithium ynolate is quenched with acidic ethanol to give the 
homologated ester. This one-flask process appears to be general for esters and lactones (Table 8).103 The 
rearrangement aspect of the reaction has been verified by carbon-13 labeling, and proceeds with 
retention of configuration at the migrating carbon. An interesting adjunct to this homologation procedure 
is the observation that the intermediate ynolate may be reduced to the enolate by lithium hydride gener¬ 
ated in situ from butyllithium and 1,3-cyclohexadiene (Scheme 38).104 The esters shown in Table 8 have 
been converted to the corresponding aldehydes or enol acetates in 50-60% overall yield by this 
procedure. 
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Table 7 (5-Oxido Carbenoid Ring Expansion 

Ketone Adduct Produces) Yield (%) Ref. 
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Table 7 (continued) 

Ketone Adduct Product(s) Yield (%) Ref. 
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O 
LiCHBr2 

R^OEt “ 

LiO Br 

EtO Br 

Br BuLi Li° Li 

H — H 
R Br R Br 

R- OLi 

O 
EtOH, H+ R 

OEt 

Scheme 37 

Starting ester 

PhCOiEt 

PhCH2C02Et 

Table 8 Ester Homologation 

Product 

PhCH2C02Et 

PhCH2CH2C02Et 

Yield (%) 

65 

74 

53 

55 

60 

72 

75 

57 

Scheme 38 
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3.3.5 MISCELLANEOUS HOMOLOGATION METHODS 

In this section are homologation/expansion procedures which do not fit a strict addition-elimination 
with rearrangement type of process such as those described above. Included among these are known 
carbon-carbon bond-forming processes which, when applied to cyclic ketones, achieve ring expansions 
by forming, either transiently or in a stepwise manner, bicyclic systems that suffer fragmentations to the 
homologated ketone (Scheme 39). Several of these protocols provide the opportunity to introduce more 

than one carbon atom at a time. 

OR 

Scheme 39 

3.3.5.1 Rearrangement of Cyclopropanol Derivatives from Ketone Enols 

This method is based on the known tendency of dihalocyclopropanol ethers to undergo solvolytic rear¬ 
rangements.105 Addition of dihalocarbenes106 to enol ethers and acetates of cyclic ketones produces the 
corresponding dihalocyclopropane derivatives (Scheme 40). The cyclopropyl derivative may undergo an 
ionic ring-opening, either thermally or in the presence of silver salts, to provide either the a-halo-a,(3-un- 
saturated ketone or the corresponding enol ether. Early studies with ethyl enol ethers indicated that, 
while homologation for the six-membered ring worked well, expansions of seven- and eight-membered 
ring ketones were not successful.107 When the ring-opening step was carried out on the corresponding 
acetate derivatives in the presence of LiAlH4, conditions which may alter the mechanistic aspects of the 
reaction, the expanded a-halo-a,(3-unsaturated ketones could be obtained as the corresponding alcohols 
in good yields for five- through eight-membered ring ketones.108 

Scheme 40 

Along these lines, cyclic enol esters, after reaction with dichlorocarbene, were found to undergo 
smooth expansion to the 2-chlorocycloheptenones on room temperature treatment with ethanolic potas¬ 
sium carbonate (Scheme 41).109 

O 
V 

C02Et 

O 
>2Et :CC1, Cl. 

R 

£*C02Et K2C03 

.C02Et Cl R^>A""C02Et EtOH, A Cl A / 
R R R R 

R Yield (%) Yield (%) 

Me 80 62 

(CH2)3 66 65 

(CH2)4 80 55 

Scheme 41 
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Similarly, the rearrangement of trialkylsilyloxycyclopropanes, obtained from the reaction of the silyl 
enol ethers of cyclic ketones with halocarbenes, may be carried out under either acidic (alcohol/HCl) or 
basic (alcohol/Et3N) conditions. Since the regiochemistry of the expansion is fixed by the position of the 
starting enol ether, this variation has the further advantage that methods for the convenient regioselective 
generation of the silyl enols are well established.110 Examples showing rearrangements from mono- and 
dihalo-cyclopropyl derivatives are given in Table 9.llla-e 

Table 9 Ring Expansion of Ketones via Halo Carbene Addition to Silyl Enol Ethers 

Silyl enol ether Carbene adduct Product Yield (%) Ref. 

^^^OSiMe3 

R 

R = H 

R = Me 

^\^^OSiMe3 

OSiMe3 
OSiMe3 \ O 

v ci 

66 111a 

73 111b 

72 111b 

40 111c 

111c 

90 

40 

56 11 Id 

56 11 Id 

52 llle 
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A similar, but mechanistically different, ring expansion sequence has been described using the 
iron(III) chloride induced opening of nonhalogenated cyclopropyl derivatives. In this case, the silyl enol 
ethers are cyclopropanated under Simmons-Smith conditions112 and then exposed to FeCb in dimethyl- 
formamide. The ring fission, rationalized in terms of a radical mechanism, produces the f3-chloro-ex- 
panded ketone which, either spontaneously or with sodium acetate-methanol, eliminates chloride to 
yield the corresponding expanded enone (Scheme 42).113 This protocol has been demonstrated for the 
homologation of five-, six-, seven- and twelve-membered ring ketones. An example which demonstrates 
a regioselective expansion by taking advantage of the in situ trapping of a regiospecifically generated 
enolate is shown in Scheme 43.114 

NaOAc 

MeOH 

80% 

Me3Si 

BuMgBr 

cat. CuBr 

Me3SiCl 

93% 

CH2l2, Et2Zn 

FeClj, DMF 

Bu 

3.3.5.2 Homologations via 3,3-Rearrangements 

The 3,3-rearrangement of allylvinylcarbinols and their derivatives, also referred to as the oxy-Cope re¬ 
arrangement, is a well-studied bond reorganization process that has found substantial use in synthesis. 
Since this topic has already been reviewed in depth in this series with regard to mechanistic detail and 
general synthetic application, the coverage here will be limited to those particular instances where simple 
ring homologations have been achieved.115 The overall two-step process, illustrated in Scheme 44, first 
involves the addition of a vinyl organometallic to a ketone bearing a vinyl substituent. The thermal 3,3- 
rearrangement step is carried out on the carbinol (R = H), the ether derivatives (R = alkyl or MesSi) or, 
with a substantial rate increase,116 the alkoxide (R = Na, K) to produce the enol derivative, which is sub¬ 
sequently transformed to the ketone. The net result of this operation is the insertion of a four-carbon unit, 
which for cyclic ketones (R1 and R2 are joined) translates to a four-carbon ring expansion. 

Scheme 44 

The placement of the substituents on the ring establishes the regiochemistry of the expansion process, 
while the stereochemistry of the vinylcarbinol adduct influences the double bond geometry in the prod¬ 
ucts and is illustrated in the following example. Addition of a vinyl organometallic to 2-vinylcyclohexa- 
none produces two vinylcarbinols (Scheme 45).117 The major isomer on thermolysis (220 °C, 3 h) 
produces the 10-membered ring ketone as a single isomer in 90% yield, while, on the other hand, the 
minor carbinol isomer produces a mixture of cis- and trans-enones. These results have been interpreted 
in terms of the preferred conformations of the the carbinols during rearrangement assuming a chair-like 
transition state. 
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(a) + (b) 

86:14 

Scheme 45 

The ring size also influences the course of the reaction. For example, both the cis- and trans-divinylcy- 
clopentanols lead to a single (£)-nonenone, while for the divinyldodecanols the trans isomer produces 
only the (E)-enone, whereas the cis isomer produces mostly the (Z)-enone (Scheme 46).118 Relief of ring 
strain can provide a considerable driving force for the rearrangement, such as in the example shown in 
Scheme 47, where rearrangement of the carbinol occurs at only 50 °C.119 

OH O O 

trans n = 3 100:0,72% cis 

10 100:0,67% 

n = 3 100:0, 46% 

10 24:76,92% 

Scheme 46 

50% overall 

Scheme 47 
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This basic strategy has found application in the synthesis of germacranes (Schemes 48,120 49121 and 
50122), where the initial addition of the vinyl organometallic to the ketone proceeded with a high level of 
stereoselectivity, which in turn led to the selective 3,3-rearrangement of the potassium alkoxides. The se¬ 
quence depicted in Scheme 50 demonstrates the trapping of the regiospecifically generated enolate as a 
trimethylsilyl ether, and its subsequent reaction to form an a-hydroxy ketone as a single isomer. The re- 
giospecific generation of the enol has also allowed for the regiospecific repetitive ring expansion process 
shown in Scheme 51.123 

single isomer, 57% 

Scheme 50 

98% 

OSiMe3 

single isomer 

i, H2C=CHLi 

i, MeLi 

ii, PhSeCH2CHO 

iii, MsCl, Et3N 

82% 

200 °C, 15 min 

92% 

Scheme 51 
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A highly efficient route to the ophiobolin nucleus is a noteworthy application of the in situ enolate- 
trapping strategy (Scheme 52).124 The 3,3-rearrangement of the intermediate divinyl alkoxide, produced 
from the addition of a cyclopentenyl anion to the bicyclic ketone, proceeds at low temperature via a boat¬ 
like transition state to generate the enolate. Subsequent trapping with methyl iodide provides the ex¬ 
panded, alkylated ketones in good overall yield. Transannular alkylations are feasible when an alkylating 
moiety resides on the reacting molecule, as illustrated in Scheme 53.125 A stereochemical dependence for 
the transannular alkylation step has been observed in an unusual use of allylic ethers as alkylating agents. 
While the stereospecific 3,3-rearrangement proceeds for both the (£)- and (Z)-isomers shown in Scheme 
54,126 only the intermediate from the (Z)-enol ether undergoes the internal alkylation. 

R = H, 96%; R = SCH2CH2S, 71% 

Scheme 52 

Other variations of the 3,3-rearrangement have been reported where the vinyl unit is incorporated into 
a ring. Addition of vinyllithium to a cyclohexanespirocyclobutanone produces a mixture of two stereo- 
isomeric alkoxides, one of which on warming to room temperature undergoes a smooth anionic oxy- 
Cope rearrangement to the octahydrobenzocyclooctene, while the other suffers ring fission (Scheme 
55).127 Interestingly, if the carbinols are isolated first by a low temperature quench and then transformed 
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to the potassium alkoxides, the isomer with the frans-disposed vinyl units undergoes rearrangement to 
the hexahydronaphthalene ketone. This alternate reaction course, rationalized in terms of either a frag¬ 
mentation-recombination process or a 1,3-rearrangement, has been utilized in other systems as a ring ex¬ 
pansion process (see Section 3.3.5.3). The formation of bicyclo[5.3.1]undecenes has been made feasible 
via the anionic oxy-Cope rearrangement arising from either spirocyclobutanone systems or bicy- 
clo[2.2.2]octane systems (Table 10). Significantly, a base-induced stereoisomerization has been sug¬ 
gested to explain the fact that, in the case of the spirocyclobutanones, either stereoisomer of the 
vinylcarbinol undergoes the rearrangement to the same product.127 

A or B 
+ 

+ 

(A) i, H2C=CHLi, -78 °C to r.t. 44:56:0 78% 

(B) i, H2C=CHLi, ii, quench, iii, KH, THF 44:0:56 43% 

Scheme 55 

Table 10 Ring Expansion of Ketones via 1,3-Rearrangements 

Ketone adduct Rearrangement product Yield (%) Ref. 
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Table 10 (continued) 

Ketone adduct Rearrangement product Yield (%) Ref. 

Even larger ring expansions are possible when bis(butadienyl) systems are employed. As exemplified 
in Schemes 56,133a 57133b and 58133c the process involves the addition of a butadienyl organometallic to a 
ketone bearing a butadienyl side chain. The 5,5-bond reorganization process of the resulting carbinol, 
which may in fact be the outcome of two consecutive 3,3-rearrangements, is conducted thermally as for 
the 3,3-rearrangements above.133a_c 

Scheme 56 

Scheme 57 

major isomer 95% single isomer 

Scheme 58 

33.5.3 Homologations via 1,3-Rearrangements 

During the course of investigations on the 3,3-rearrangement of allylvinylcarbinols, some cases were 
found where 1,3-reaction pathways predominate (Scheme 59).134 This alternative reaction sequence has 
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been used to advantage for the two-carbon ring expansion in a number of ring systems. As in the 3,3-re¬ 
arrangements, a substantial rate acceleration has been observed in the 1,3-rearrangements for the corre¬ 
sponding alkoxides, although this modification may well alter the reaction mechanism. Shown in 
Scheme 60 are examples of systems where the ring expansion via 1,3-rearrangement predominates in a 
synthetically useful manner over the alternative nonexpanding 3,3-rearrangement.135 

H2C=CHMgBr 

Scheme 59 

O 
1,3-shift 3,3-shift 

93:7, 72% 

280 °C, R = SiMe-i 

+ 3,3-shift product 

73:15:12, 90% 
55:34:11,62% 

+ + 3,3-shift product 

R = SiMe3 77:11:12, 80% 
K 100:0:0, 62% 

R = SiMe3 5:85:10,80% 
K~ 0:88:12,62% 

Scheme 60 

This process for large rings is somewhat substrate sensitive. For example, the corresponding saturated 
ring systems do not undergo the rearrangement; however, the presence of a phenyl group on the carbon 
adjacent to the carbinol restores the facility of the 1,3-rearrangement.136 In similar fashion, incorporation 
of an aromatic moiety into the ring system, also adjacent to the original ketone, allows for the execution 
of a two-carbon ring expansion (Schemes 61 and 62).42*43 In the 13- to 15-membered ring ketone expan¬ 
sion, the competition between 1,3- and 3,3-rearrangement is dependent on both the rearrangement condi¬ 
tions and substitution patterns on the vinyl moiety (Scheme 63).137 

Scheme 61 



Skeletal Reorganizations: Chain Extension and Ring Expansion 887 

KH, HMPA, r.t. 

7-8 h 

Scheme 62 

R1 = R2 = H 70% 

R1 = H, R2 = OMe 90% 

R1 = OMe, R2 = H 54% 

R1 R2 R3 

H H H 
Me H H 
H Me H 
H H Me 

via TMS ether 

46:54, 79% 
15:85,47% 
98:2, 47% 
98:2, 55% 

via KH, HMPA 

13:87,70% 
18:82, 62% 
55:45, 39% 
46:54, 62% 

+ 3,3-shift product 

Scheme 63 

The relief of ring strain in cyclobutanols also provides the driving force for alkoxide-induced 1,3-rear¬ 
rangements (Scheme 64).138 The reduction of a-vinyl-substituted cyclobutanones with borohydride re¬ 
agents followed by methyllithium generates the intermediate alkoxides which, on warming, undergo the 
1,3-rearrangement to the cyclohexanol derivatives. Examples are provided in Table 11. A reversal of the 
stereochemical outcome of the 1,3-rearrangement has been achieved by altering the reaction conditions. 
Further investigation of the intermediate isomeric alcohols has revealed that, for the example shown in 
Scheme 65, the c/s-alcohol isomerizes to the tram-alcohol, which then undergoes the 1,3-rearrange¬ 
ment.139 Moreover, this isomerization is accelerated by the addition of 18-crown-6, a modification which 
also changes the product distribution. This effect has been rationalized in terms of a fragmentation- 
recombination process where the geometry of the recombination step is changed according to whether 
the potassium ion is intramolecularly coordinated by the carbonyl oxygen or externally coordinated by 

the crown ether. 

.0 
OLi 

LiBus3BH / 1,3-shift 

72% 

OH 

Scheme 64 

KH/THF/reflux 
KH/18 -crown-6/r. t. 

70:30, 88% 
10:90, 98% 

Scheme 65 
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Table 11 Ring Expansion of Cyclobutanones via 1,3-Rearrangements 

Ketone Products Yield (%) Ref. 

R = H 
R = Me 
R = Bu 

OH 

84:16 

OH 

OH OH 

17:83 
83:17 
90:10 

65 

75 

65 
70 
89 

138 

138 

138 

138 

138 

139 

Intermediate alcohols were isolated and treated separately with KH/THF. 
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3.3.5.4 Cationic Variations of the 3,3-Rearrangement 

Ring expansions of appropriately a-substituted ketones via their vinyl carbinol derivatives has also 
been earned out under cationic conditions. The basic sequence, outlined in Scheme 66, begins with the 
addition of a vinyl organometallic to an a-substituted ketone, where X is carbon or a heteroatom. Depar¬ 
ture of a leaving group Y then produces a cationic species, which may react further to form products. 
Two main pathways appear to be operative: one is a cationic alkene cyclization, followed by a pinacol- 
like rearrangement; while the other is a 3,3 or 3,3-like rearrangement, followed by an intramolecular al¬ 
kylation of the intermediate enol. 

Scheme 66 

When X is nitrogen, the overall process achieves ring expansion with a pyrrolidine annulation. Repre¬ 
sentative of this protocol is the addition of aryl-substituted vinyllithium reagents to the a-amino-sub- 
stituted ketones, as shown in Scheme 67.140 The vinylcarbinols, produced as cis/trans mixtures, are 
reduced to the secondary amines with sodium cyanoborohydride. On exposure of either isomer to para¬ 
formaldehyde and acid in dimethyl sulfoxide, intermediate iminium ions are formed that rearrange pref¬ 
erentially to the c/5-fused bicyclic systems. Alternatively, the iminium ions may be generated through the 
acid or silver ion induced loss of cyanide from the related A-cyanomethyl derivatives. The process, 
shown in Scheme 68, involves the addition of a vinyllithium reagent in a trans fashion to the a-amino- 
substituted ketone.141 Treatment with camphorsulfonic acid in refluxing benzene or silver nitrate at room 
temperature yields the m-fused ring-expanded product. The procedure appears to be general for four- to 
five-, five- to six- and six- to seven-membered ring expansion-annulations, and has found utility in alka¬ 
loid synthesis, examples of which are depicted in Schemes 69142 and 70.143 

R = CHPh2, 79:21,70% 

Scheme 67 
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H, PhH, A 

CN 
AgN03, 

EtOH, r.t 

Scheme 68 

H i 
Me 

The mechanistic interpretation of these results has favored the 3,3-like rearrangement-transannular al¬ 
kylation pathway. Detailed conformational analyses on this basis have been advanced for the stereo¬ 
chemical outcome of the reaction.140-144 Evidence in favor of the 3,3-rearrangement comes in part from 
the example in Scheme 71.144 If a cationic alkene cyclization-pinacol-like rearrangement mechanism 
were operative and the substrate and product did not racemize under the reaction conditions, the optically 
active amino alcohol derivative would be expected to produce an optically active product. That a racemic 
product is formed suggests that the intermediate enol-iminium ion, which if formed in a chiral conforma¬ 
tion by a 3,3-rearrangement, undergoes racemization by rotation around the single bond prior to ring clo¬ 
sure. Supporting evidence comes from the example presented in Scheme 72,145 where the rearrangement 
of optically active starting material produced optically pure product. The preservation of chirality is at¬ 
tributed to the restricted bond rotation imposed by the cyclic structure of the asymmetric enol conforma¬ 
tion prior to the alkylation step. 
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optically active 

+ 
H 

Scheme 71 

0 

Scheme 72 

O 

In contrast, when the X group is oxygen, the reaction appears to follow the cationic alkene cylization- 
pinacol-like rearrangement pathway. In this case, reaction of an optically pure acyclic oxygen-containing 
analog of the system in Scheme 71 leads to a product with preservation of optical activity.146 This re¬ 
action protocol, which accomplishes an overall ring expansion with a tetrahydrofuran annulation, has 
been examined for a-hydroxy-cyclopentanones and -cyclohexanones (Scheme 73 and equations 29- 
31).147 

R = H 

R = Me 

O R 

(29) 

(30) 
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O 

R = Ph 47% 

CH=CH2 63% 

CH2OBul 56% 

(31) 

The process has also been extended to the X = C series. The ring expansion-cyclopentane annulation 
provides good yields for the five- to six- (82%), six- to seven- (90%) and seven- to eight-membered ring 
(75%) ketone series studied (Scheme 74 and equations 32 and 33).148 149 

3.3.5.5 Expansion by Intramolecular Addition-Fragmentation 

Another homologation strategy is the intramolecular addition of nucleophiles to the ketone carbonyl 
followed by a fragmentation reaction, which may be facilitated by a charge-stabilizing group X (Scheme 
75).150 The reaction, with X = SChPh, NO2 or CN, has been examined mostly for the expansion of cyclic 
ketones, although a few acyclic examples exist. The sequence does have the virtue that the presence of 
the electron-withdrawing group X allows for the convenient attachment of the requisite side chain. The 
sulfone-based methodology utilizes the fluoride-induced intramolecular addition of an allyl silane to the 
ketone catalytically in the first stage and stoichiometrically for the fragmentation step (Scheme 76). The 
reaction works well for the three-carbon expansion of five-, eight- and twelve-membered ring ketones, as 
well as an acyclic case (equation 34), but fails at the fragmentation step for six- and seven-membered 
ring ketones.151 

Scheme 75 
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Scheme 76 

A four-carbon ring expansion, where X is nitro, has been reported to proceed well for seven- and 
eight-membered ring ketones, poorly for the 12-membered ring ketone, and fails at the fragmentation 
step for five- and six-membered ring ketones (equation 35).152 A successful three-carbon expansion has 
been reported for the octanone where X is cyano (equation 36).153 For these anionic type addition-frag¬ 
mentation reactions, the success of the sequence is dependent to a large extent on the fragmentation of 
the intermediate carbinol derivative, which in turn has been correlated in part with the release of ring 
strain. 

n = 2 93% 
n = 5 23% 

(36) 

More recently, a radical-mediated variation of this addition-fragmentation has been explored. The re¬ 
action, summarized in Scheme 77 for a one-carbon expansion, involves the generation of a radical at the 
terminus of a chain by homolytic cleavage of a carbon-heteroatom bond. Addition of the radical to the 
carbonyl produces a bicyclic intermediate, which on cleavage of the alternate bond regenerates the ke¬ 
tone carbonyl group with formation of a new radical. The sequence is terminated by the reduction of the 
radical with the tributyltin hydride reagent. The near neutral conditions of the reaction avoid the reclo- 

R1 R2 X Yield (%) 

C02Et H Br 76 

Me H Br 64 

SEt Me I 91 

(37) 
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O 

n = 3 34% 

(38) 

BujSnH, AIBN 

n = 1 36% 
n = 2 71% 
n = 3 45% 

co2r 

(39) 

sure or nonfragmentation complication encountered in the anionic series above. The sequence proceeds 
in good yield for the one-carbon expansion of the five-, six-, seven- and eight-membered ring ketones 
studied (Scheme 77) as well as acyclic ketones (equation 37).154-155 While the corresponding two-carbon 
homologation has not been successful, three- and four-carbon expansions are viable, although in some 
cases reduction at the chain terminus competes with the expansion reaction (equations 38 and 39).154-156 

X = Br, I, SePh 
n = 1,2, 3,4 

v co2r 

71-90% 

Scheme 77 

A slightly different approach has been utilized for the three-carbon expansion in a system which does 
not contain a carboalkoxy group. The initial intramolecular addition step is carried out separately with 
butyllithium or samarium diiodide to give a bicyclic alcohol (Scheme 78).157 The radical-induced frag¬ 
mentation step is carried out photochemically in the presence of mercury(II) oxide and iodine to provide 
the expanded iodo ketone. 

An alternate radical-induced addition-fragmentation sequence relies on the 1,4-elimination of a leav¬ 
ing group to drive the reaction.158 In this sequence, because the fragmentation is accompanied by the ex¬ 
pulsion of a tributylstannyl radical, the requirement for the initial tributyltin hydride is only catalytic 
(Scheme 79).159 The stereospecificity of the reaction course has been rationalized in terms of a confor¬ 
mational preference for the elimination step, as depicted in Scheme 79 where the tra/is-substituted cyclo¬ 
hexanone forms only one double bond geometry in the product.160 As shown in equations (40) and (41), 
the cA-substituted cyclohexanones undergo the four- and three-carbon expansions stereospecifically to 
give the (Z)-alkenes. 

cat. Bu3SnH 

AIBN 

89% 

(40) 
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(41) 

R = H, a-Me, (3-Me 

80-82% 

Scheme 78 

R = H, 47%; D, 75%; Me, 85%; C02Me, 72% 

Scheme 79 
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dimer 

nucleophilic addition reactions, 52 
Lewis acid complexes 

conformation, 288 
lithium cation complexes 

structure, 289 
Acrylic acid 

borane complexes 
structure, 289 

Lewis acid complexes 
conformation, 288 

Acrylonitrile 
reactions with Yamamoto’s reagent, 124 

Acryloylmethyl lactate 
titanium tetrachloride complex 

crystal structure, 303 
Actinobolin 

synthesis, 404 
Acyl anions 

equivalents, 542 
lithium 

generation, 273 
masked equivalents 

benzoin condensation, 544 
samarium 
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generation, 273 
Acylation 

boron-stabilized carbanions, 497 
organocopper reagents, 426 
organometallic compounds, 399 
palladium catalysis 

mechanism, 438 
Acyloins 

unsymmetrical 
synthesis, 551 

Acyl radicals 
samarium 

generation, 273 
Adamantanol, 3-proto- 

synthesis 
via intramolecular Barbier reaction, 262 

Addition-fragmentation 
intramolecular 

expansion, 892 
Adociane, diisocyano- 

synthesis 
via organostannane acylation, 446 

Africanol 
synthesis 

via methyllithium addition to unsaturated acid, 413 
Alaninal, phenyl- 

nucleophilic addition reactions 
stereoselectivity, 56 

Alanine 
bis-lactim ether, lithium salt 

crystal structure, 34 
Alcohols 

axial 
synthesis, 116 

chiral synthesis 
via aldehydes, 70 

synthesis 
via (3-hydroxyalkyl selenides, 699, 718 
via organocerium compounds, 231 

tertiary 
synthesis, 66 

Alcohols, 2-amino 
threo 

synthesis, 380 
Alcohols, (3-amino 

Lewis acid catalysts, 317 
synthesis 

via O-silylated cyanohydrins, 548 
Alcohols, 2,3-epoxy- 

reactions with organometallic compounds 
regioselectivity, 343 

Alcohols, (3-(phenylthio) 
synthesis 

organochromium-mediated, 203 
Aldehydes 

addition reactions 
cyanides, 460 

1,2-addition reactions 
acyl anions, 546 
cyanohydrin ethers, 551 
cyanohydrins, 548 
a-(dialkylamino)nitriles, 554 
phosphonate carbanions, 562 

aliphatic 
reactions with boron-stabilized carbanions, 499 

aryl 

methylenation, 738 
boron trifluoride complexes 

NMR, 292 
a-chiral 

Lewis acid complexes, 298 
dialkylzinc addition reactions, 317 
enantioselective addition 

alkyllithium, 72 
organolithium, 70 

geminal dialkylation 
titanium(IV) reagents, 167 

intermolecular additions 
allylsilanes, 610 

intramolecular additions 
allylsilanes, stereochemistry, 615 
allyltrimethylsilane, 612 

Lewis acid complexes 
rotational barriers, 290 

nucleophilic addition reactions 
butyllithium, 70 

photolysis 
benzoin formation, 544 

protection 
via titanium reagents, 170 

reactions with allenylsilanes, 599 
reactions with allylic organocadmium compounds, 

226 
reactions with boron stabilized carbanions, 498 
reactions with a-bromo ketones, 202 
reactions with diazoalkanes, 845 
reactions with dithioacetals, 564 
reactions with organoaluminum reagents 

discrimination between ketones and, 83 
reactions with organocadmium compounds, 225 
reactions with organocuprates, 108 
reactions with organometallic compounds 

chemoselectivity, 145 
Cram versus anti-Cram selectivities, 80 
Lewis acid promotion, 326 
pinacolic coupling reactions, 270 

Aldehydes, a-alkoxy 
ATV-dimethylhydrazones 

reactions with organometallic compounds, 380 
reactions with organochromium compounds, 198 
reactions with organocuprates, 108 
reactions with organozinc compounds 

1,2-asymmetric induction, 336 
stereoselectivity, 221 

Aldehydes, |3-alkoxy 
reactions with organocuprates, 108 

Aldehydes, a-alkoxy chiral 
reactions with organochromium compounds 

addition to crotyl halides, 185 
Aldehydes, (3-alkoxy-y-hydroxy 

nucleophilic addition reactions 
stereoselectivity, 59 

Aldehydes, (3-alkoxy-a-methyl 
reaction with allylchromium 

stereoselectivity, 183 
Aldehydes, (3-allylsiloxy 

intramolecular additions 
Lewis acid catalyzed, 615 

Aldehydes, amino 
nucleophilic addition reactions 

stereoselectivity, 56 
Aldehydes, a-amino 
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dibenzyl protected 
nucleophilic addition reactions, 56 

Aldehydes, a,(3-dialkoxy 
reactions with organocuprates, 108 

Aldehydes, AjV-dibenzyl ct-amino 
carbonyl compound complexes 

nonchelation-controlled addition, 460 
Aldehydes, a,(3-dibenzyloxy 

reactions with organometallic compounds 
Lewis acids, 338 

Aldehydes, a,(3-dihydroxy 
reactions with organometallic compounds 

Lewis acids, 337 
Aldehydes, a,(3-epoxy 

reactions with organometallic compounds 
Lewis acids, 339 

Aldehydes, a-hydroxy 
chiral 

synthesis, 64, 69 
synthesis 

via 1,3-dioxathianes, 62 
via formaldehyde dimethyl dithioacetal S-oxide, 

526 
via keto aminals, 64, 65 

Aldehydes, 1,4-keto 
synthesis 

via nickel-catalyzed acylation, 452 
Aldehydes, a-methyl-(3,y-unsaturated 

reactions with crotylchromium 
stereoselectivity, 184 

Aldehydes, a-(phenylthio) 
synthesis, 570 

Aldehydes, (3-siloxy 
NMR, 297 

Aldimines 
aromatic 

reactions with organometallic compounds, 383 
chiral 

stereochemistry in nucleophilic addition reactions, 

359 
chiral a,(3-unsaturated 

reactions with organometallic compounds, 382 
Aldol reactions 

cerium enolates, 243 
mechanism 

X-ray structure of intermediates, 4 
Aldol-type reactions 

a-bromo ketones 
with aldehydes, 202 

Aldoxime ethers 
reactions with organometallic compounds, 385 

Alkane-1-boronates, 1-lithio-1 -phenylthio- 
reactions with carbonyl compounds, 501 

Alkanes, 1,1 -diboryl- 
synthesis, 489 

Alkanes, dimesitylboryl(trimethylsilyl)- 

cleavage 
synthesis of a-boryl carbanions, 490 

Alkanes, 1 -lithio-1 -(phenylseleno)cyano- 
reaction with cyclohexenone, 686 

Alkanes, a-phenylselenonitro- 
metallation, 642 

Alkanes, tris(dialkoxyboryl)- 

synthesis 
via production of boron-stabilized carbanions, 489 

Alkenations 

alkyl-gem-dichromium reagents, 205 
carbonyl compounds 

phosphorus stabilized, 755 
(£)-selective, 758 
sulfur stabilized 

Julia coupling, 792 
Alkenes 

conjugated 
Peterson alkenation, 789 

reactions with ketyls 
organosamarium reagents, 268 

silicon mediated formation 
Peterson alkenes, 782 

synthesis 
via carbonyl compounds, 729-809 
via (3-hydroxyalkyl selenides, 700, 721 
via Julia coupling, 804 
via metal carbene complexes, 807 
via organoaluminum reagents, 92 
via reaction of boron-stabilized carbanions with 

ketones, 498 
trisubstituted 

Julia coupling, 797 
synthesis, 779 

(E)-Alkenes 
synthesis 

via Homer-Wadsworth-Emmons reaction, 762 
via Julia coupling, 794 

(Z)-Alkenes 
synthesis 

via Homer-Wads worth-Emmons reaction, 763 
Alkenes, 1 -bromo-1 -(trimethylsilyl)- 

cyclization, 589 
2-Alkenes, 2-chloro-1,1,1 -trifluoro- 

Oshima-Takai reaction, 751 
Alkenes, disubstituted 

synthesis 
via Homer reaction, 778 

Alkenes, phenylthio- 
synthesis 

via 1-lithio-1-phenylthioalkane-1-boronates, 501 
Alkenyl halides 

reactions with ketones 
organosamarium compounds, 258 

synthesis 
via metal carbene complexes, 807 

1-Alkenyllithiums, 1-seleno- 
synthesis, 666 

1-Alkenyl metals, 1-seleno- 
synthesis, 644 

Alkoxides 
alkali metal anions 

crystal structures, 37 
Alkoxides, a-amino- 

lithiation 
addition reactions, 463 

Alkoxymethylation 
a-alkoxycarboxylic acid chlorides 

samarium diiodide, 259 
A-Alkylamides 

acyclic 
synthesis, 376 

Alkylation 
boron stabilized carbanions, 495 
cyanohydrin ethers, 552 
cyanohydrins, 550 
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a-(dialkylamino)nitriles, 557 
1,3-dithiane lithio derivatives, 568 
enolates 

sterically hindered, 3 
phosphonate carbanions, 563 

Alkylative amination 
aldehydes 

alkyltitanium(IV) complexes, 170 
Alkylidenation 

alkyl-gem-dichromium reagents, 205 
Alkylidene transfer 

methylenation versus Tebbe reaction, 749 
Alkyl metals, l,l-bis(seleno)- 

reactions with carbonyl compounds, 723 
reactions with enals, 686, 687 

Alkyl metals, a-seleno- 
carbonyl compound homologation, 724 
functionalized 

reactions, 723 
reactions with carbonyl compounds, 723 
reactions with enals, 683 
reactions with enones 

regiochemistry, 682 
synthesis, 658, 666, 669 

via metallation of selenides, 635 
Alkyl metals, a-selenoxy- 

reactions with carbonyl compounds, 723 
reactions with enals, 683 

Alkyl metals, 1-silyl-l-seleno- 
reactions with carbonyl compounds, 723 

Alkynes 
reactions with ketyls 

organosamarium compounds, 268 
synthesis 

via Julia coupling, 802, 805 
Alkynes, (3,y-dihydroxy- 

synthesis 
via Payne rearrangement, Lewis acids, 343 

Alkynes, stannyl- 
reactions with steroidal aldehydes 

Cram selective, 335 
Alkynyl alcohols 

synthesis 
via alkynylcerium reagents, 243 

Alkynylation 
oxiranes and oxetanes 

use of boron trifluoride, 343 
Allenic alcohols 

synthesis 
via samarium diiodide, 257 

Allyl alcohols 
synthesis, 708 

via p-hydroxyalkyl selenides, 721 
via organocerium compounds, 235 

Allylamines 
y-lithiation, 477 
synthesis, 559 

via Homer reaction, 774 
Allylic acetates 

reactions with carbonyl compounds 
samarium diiodide, 256 

Allylic amides 
synthesis 

via Homer reaction, 774 
Allylic halides 

Barbier-type reactions 

organosamarium compounds, 256 

(3-keto esters 
cyclization, 265 

Allylic phosphate esters 
reactions with carbonyl compounds 

samarium diiodide, 256 
Allylthiol 

dianions 
reactions with carbonyl compounds, 826 

Alumina 
catalyst 

carbonyl epoxidation, 821 
Aluminates, tetraalkyl- 

reactions with chiral keto esters 
stereoselectivity, 87 

Aluminum, alkyl- 
addition reactions 

masked carbonyl compounds, 88 
Aluminum, (2,6-di-r-butyl-4-methyl)phenoxydiethyl 

methyl toluate complex 
crystal structure, 301 

Aluminum, (2,6-di-r-butyl-4-methyl)phenoxymethyl 
ketone complexes, 283 

Aluminum, trimethyl- 
complex with benzophenone, 78 
reaction with benzophenone 

role of Lewis acid, 325 
reaction with 2,6-di-/-butyl-4-alkylphenol, 78 

Aluminum, tris(trimethylsilyl)- 
reactions with acyclic enones 

site selectivity, 83 
Aluminum amides 

reactions with esters, 93 
Aluminum compounds 

Lewis acid complexes 
structure, 287 

Aluminum hydrazide, dimethyl- 
reactions with esters 

carboxylic acid hydrazides, 93 
Aluminum trichloride 

tetramethylurea complex 
crystal structure, 301 

Amides 
alkali metal anions 

crystal structures, 37 
a-deprotonation, 476 
lithiation 

addition reactions, 464 
lithium enolates 

crystal structures, 30 
methylenation 

Tebbe reaction, 748 
reactions with organocopper complexes, 124 
reaction with benzophenone dianion 

organoytterbium compounds, 280 
unsaturated 

lithiation, 480 
Amides, a-amino- 

synthesis 
Lewis acid catalysis, 349 

Amides, bis(trimethylsilyl)- 
crystal structures, 37 

Amides, (3-hydroxy- 
synthesis 

via desulfurization, 523 
Amides, (3-keto- 
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cyclization reactions 
organosamarium compounds, 263 

intermolecular pinacolic coupling reactions 
organosamarium compounds, 271 

Amides, /V-methoxy-A-methyl- 
acylation with, 399 
synthesis 

via acid chlorides, 399 
a-Amidoalkylation 

amides, 371 
Amines 

enantioselective syntheses 
via chiral /VA'-dialkylhydrazones, 379 

metallation 
addition reactions, 463 

Amines, A-(arylthiomethyl)- 
synthesis 

via tertiary amine precursors, 370 
Amines, N jV-bis(trimethylsilyl)- 

desilylation 
to primary amines, 369 

Amines, A'-methylene- 
reactions with organometallic compounds, 361 

Amino acids 
acylating agents, 413 
Strecker synthesis, 460 
synthesis, 373 

via Lewis acid catalysis, 349 
Amino acids, a-A'-hydroxy 

synthesis 
via oxime ethers, 386 

Amino alcohols 
diazotization, 846 

a-Amino radicals 
(O-unsaturated 

reductive cyclization, 275 
Ammonium cyanide, tetrabutyl- 

catalyst 
benzoin condensation, 543 

Amphotericin B 
synthesis, 564 

via cuprate 1,2-addition, 126 
via Homer-Wadsworth-Emmons reaction, 772 
via Wittig reaction, 763 

Anatoxin-a 
synthesis 

via acylation of precursor, 403 
Androstane, 3-acetyl-3-bromo- 

synthesis 
via 17(3-hydroxy-5a-androstan-3-one, 530 

Androstane-3,17-dione 
reactions with organometallic reagents 

regioselectivity, 152 
Androstene-3,17-dione 

boron trifluoride complex 
NMR, 293 

Anhydrides 
acylation, 423 
Tebbe reaction, 743 

Anilides 
metallation 

addition reactions, 463 

Aniline 
meta metallation 

addition reactions, 463 
Aniline, A-benzylidine- 

reactions with organometallic compounds, 361 
reactions with sulfinyl-stabilized carbanions, 515 

Aniline pivalamides 
ortho lithiation 

addition reactions, 464 
Anisole, o-lithio- 

acylation, 404 
Annulation 

intramolecular Barbier process 
samarium diiodide, 262 

[3 + 2] Annulations 
allenylsilanes, 596 

Antamanide 
lithium salt complexes 

crystal structure, 300 
Antamanide, perhydro- 

lithium salt complexes 
crystal structure, 300 

Anthracyclinone, 11-deoxy- 
synthesis 

via protected acetaldehyde cyanohydrin, 554 
Anthracyclinones 

synthesis 
via annulation of arynes, 554 

Anthramycin 
synthesis 

via directed lithiation, 469 
Anthraquinones 

reaction with allylzinc bromide, 218 
synthesis 

via annulation of arynes, 554 
Antibiotic X-206 

synthesis 
via higher order cuprate, 130 

Antofine 
synthesis 

via selective ortho lithiation, 466 
Aobamine 

synthesis, 564 
Aplasmomycin 

synthesis 
via oxalate acylation, 425 

Arachidonic acid 
synthesis 

via (Z)-selective alkenation, 758 
Amdt/Eistert homologation 

diazoalkanes, 844 
Aromatic halides 

reactions with ketones 
organosamarium compounds, 258 

Aromatin 
synthesis, 566 

Arsonium ylides 
epoxidation, 825 
synthesis, 825 

Artemesia ketone 
synthesis 

via sequential dialkylation, 557 
Asperdiol 

synthesis 
via chromium(II) ion mediation, 187 

Avermectin Bia 
synthesis 

via acylation of alkynide, 419 
Avermectins 

synthesis, 569 
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via Julia coupling, 797, 801, 802 
via organoaluminum reagents, 103 
via organostannane acylation, 447 

Azaalkenes 
synthesis 

via benzoin condensation, 545 
Azaallyl enolates 

crystal structures, 28 
Azabicyclic alkaloids 

synthesis 
chiral, 558 

Azadienes 
reactions with organometallic compounds, 382 

2-Azadienes 
reactions with organometallic compounds, 383 

Azafulvene 
dimer 

dilithiation, 473 
Azetidin-2-ones 

a-amidoalkylation, 372 
Aziridines 

asymmetric synthesis, 837 
cleavage 

use of Lewis acids, 343 
synthesis, 834 

via ketoximes, 387 
via lithiohalo methyl phenyl sulfoxides, 526 
via nitrones, 836 

Aziridines, 2-phenylsulfonyl- 
synthesis 

via aromatic imines, 835 
Aziridinium salts 

synthesis 
via diazoalkanes, 836 

Azomethines 
deprotonation 

minimization, 357 
enolizable 

reactions with organometallic compounds, 361 
nonenolizable 

reactions with organometallic compounds, 360 
nucleophilic addition reactions 

stereochemistry, 358, 362 
reactivity 

correlation with structure, 357 
Azulenes 

[3 + 2] annulations, 603 

Bactobolin 
synthesis, 404 

via dichloromethylcerium reagent, 238 
Baiyunol 

synthesis, 568 
Baldulin 

synthesis, 564 
Barbier-Grignard type addition 

allylic halides 
carbonyl compounds, 177 

Barbier-type reactions 
intermolecular 

organosamarium compounds, 256 
iron(III) salt catalysts 

organosamarium compounds, 257 
organosamarium compounds, 255 
ytterbium diiodide, 278 

Beckmann rearrangements 

organoaluminum promotion, 98 
Benzaldehyde 

boron trifluoride complex 
crystal structure, 300 

oxime ether 
reactions with butyllithium, 385 

reactions with allylic copper reagents, 113 
reactions with allylic organometallic compounds, 156 
reactions with chromium chloride, 193 
reactions with dimesitylboryl carbanions, 499 

Benzaldehyde, 4-acetyl- 
acylation 

palladium complex catalysis, 437 
Benzaldehyde, 4-r-butyl- 

tin(IV) chloride complex 
crystal structure, 303 
NMR, 294 

Benzaldehyde, 4-chloro- 
reaction with diethylzinc, 216 

Benzaldehyde, 4-dimethylamino- 
dichlorodiphenyltin complex 

crystal structure, 305 
Benzaldehyde, 4-nitro- 

reactions with boron-stabilized carbanions 
synthesis of alkenes, 499 

Benzaldehyde, 3-phenoxy- 
cyanohydrin 

benzoin condensation, 546 
Benzamide, ATV-dimethyl- 

reaction with phenylytterbium(II) iodide 
synthesis of benzophenone, 278 

Benzamides 
lithiation 

addition reactions, 464 
metallation 

addition reactions, 466 
Benzene, o-bis(chloromethyl)- 

tetrahydrofuran complex 
crystal structure, 16 

Benzene, iodo- 
reaction with nonanal 

chromium(II) chloride catalysis, 193 
Benzhydrol 

synthesis 
via benzophenone and ytterbium, 279 

Benzil 
reaction with organometallic reagents, 153 

Benzimidazates, 2-allyloxy- 
metallated 

epoxidation, 829 
Benzimidazole, 1-methyl- 

quaternary salts 
benzoin condensation, catalysis, 543 

Benzimidazole, 1 -(phenylthiomethyl)- 
lithiation, 471 

Benzo[a]carbazole 
lithiation 

addition reactions, 463 
Benzo[6]furan 

synthesis 
via intramolecular organochromium reaction, 188 

3(2//)-Benzofuranones, 4-( 1,3-dithian-2-yl)- 
4,5,6,7-tetrahydro- 
synthesis, 566 

Benzoic acid, 2,3,4,5-tetrafluoro- 
synthesis 
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via carbonation of 

bis(pentafluorophenyl)ytterbium, 277 
Benzoin, deoxy- 

reaction with a-selenoalkyllithium, 675 
Benzoin condensation, 541-579 

catalysts, 543 
electrophiles, 544 

Benzonitrile 
acylation 

synthesis of acetophenone, 498 
Benzophenone 

anil 

reactions with Grignard reagents, 383 
complex with trimethylaluminum, 78 
ketone dianion 

reactions with esters and amides, 280 
reactions with boron stabilized carbanions, 498 
reactions with dialkoxyboryl stabilized carbanions, 

501 
reactions with diethylzinc, 216 
reactions with trimethylaluminum 

role of Lewis acid, 325 
Benzophenone, dilithio- 

crystal structure, 25 
Benzoselenophene 

metallation, 644 
Benzoselenophene, 2-lithio- 

synthesis, 668 
Benzothiazolium salts 

catalysts 
benzoin condensation, 543 

Benzpinacol 
synthesis 

via triphenylchromium complex, 176 
Benzylamine, A^TV-dialkyl- 

metallation 
addition reactions, 463 

Benzylic halides 
Barbier-type reactions 

organosamarium compounds, 256 
Berberines 

synthesis 
via directed metallation, 463 

Beminamycinic acid 
synthesis 

via regioselective metallation, 474 
Beryllium, dimethyl- 

crystal structure, 13 
Beryllium acetylide 

crystal structure, 21 
Beryllium compounds 

Lewis acid complexes 
structure, 287 

Betaines 
sulfur ylide reactions 

carbonyl epoxidation, 820 
Bicyclic alcohols 

synthesis 
via organoytterbium compounds, 278 
via samarium diiodide, 262 

Bicyclobutane 
deprotonation 

«-butyllithium, 10 
Bicyclo[4.1.0]heptanes 

synthesis, 664 
Bicyclo[3.1.0]hexanes 

synthesis, 664 
Bicyclomycin 

synthesis 
via Peterson methylenation, 732 

Bicyclo[2.2.2]octene 
synthesis 

via cyclization of alkynes, 605 
Bicyclo[3.3.0]oct-l(5)-ene-2,6-dione 

synthesis, 567 
Bicyclooctenone, (siloxymethyl)- 

reactions with allylic sulfinyl carbanions, 522 
Bicyclo[5.3.1 ]undecenes 

synthesis 

via anionic oxy-Cope rearrangement, 884 
Biotin 

synthesis 
via stereocontrolled reaction, 350 

Biphenyl 
2,2'-dianion 

crystal structure, 25 
Biphenyl, 2-amino- 

lithiation 
addition reactions, 463 

Bisabolene 
synthesis 

via Homer reaction, 780 
Bisallylic alcohols 

tertiary 
synthesis, 118 

a-Bisbololone 
synthesis 

via benzoin alkylation, 552 
Bis( 1,3-dialkylimidazolidin-2-ylidene) 

catalyst 
benzoin condensation, 543 

Bis(thiazolin-2-ylidene) 
catalyst 

benzoin condensation, 543 
Bonds 

carbon-zinc, 212 
9-Borabicyclo[3.3.1]nonane 

synthesis of 1,1-diboryl compounds, 489 
9-Borabicyclo[3.3.1 ]nonane, B-methyl- 

reaction with lithium amides 
deprotonation, 491 

Borane 
acrylic acid complexes 

structure, 289 
formaldehyde complex 

rotational barriers, 290 
propanal complex 

rotational barriers, 290 
Borane, allyldimesityl- 

reactions with lithium amides, 492 
Borane, dicyclohexyl- 

synthesis of 1,1-diboryl compounds, 489 
Borane, dihydroxy[lithio( trimethylsilyl)methyl]- 

pinacol derivative 
acylation, 498 

Borane, dimesitylmethyl- 
reactions with bases, 492 
reactions with styrene oxide, 496 

Borane, disiamyl- 
synthesis of 1,1-diboryl compounds, 489 

Borane, ethyldimesityl- 
reactions with epoxides, 497 



956 Subject Index 

Borane, a-lithiodimesitylmethyl- 
acylation, 498 

Borane, tristannylmethyl- 
synthesis, 494 

Boranes 
a-trimethylsilyl-substituted 

reactions with aldehydes, 501 
Boranes, alkenyl- 

synthesis 
via a-trimethylsilyl-substituted boranes, 501 

Boranes, alkenyloxy- 
reactions with ketones, 499 
synthesis 

via acylation of boron-stabilized carbanions, 497 
Boranes, alkyldimesityl- 

reactions with bases, 492 
Boranes, vinyl- 

reactions with organometallic compounds, 492 
synthesis 

via hydroboration of 1 -alkynes, 492 
Boromycin 

synthesis, 568 
Boron compounds 

carbanions 
stabilization, 487-503 

Lewis acid complexes 
structure, 287 

Boron trifluoride 
benzaldehyde complex 

crystal structure, 300 
dimethyl ether complexes 

coordination energy, 290 
etherate 

organocuprate reactions, 115 
ethyl acetate complex 

NMR, 292 
organolithium reactions 

Lewis acid promotion, 329 
reactions with organocopper compounds 

rate enhancement, 343 
reactions with organolithium compounds 

alkynylation, 343 
Boryl compounds, dimesityl- 

properties, 492 
reactions with epoxides, 496 
synthesis, 494 

Boryl compounds, ethylenedioxy- 
organometallic compounds 

synthesis, 494 
Bostrycoidin 

synthesis 
via regioselective lithiation, 474 

Brassinolide 
synthesis 

side chain introduction, 552 
Brefeldin A 

synthesis 
via Julia coupling, 805 

Brefeldin C 
synthesis 

via diisopropyl phosphonate, Wittig reaction, 763 
Brefeldins 

synthesis 
via alkenylchromium reagents, 200 

ejcoBrevicomin 
synthesis 

via zinc chelation, 222 
Brevicomins 

synthesis 
via 1,2-addition of ethylcopper reagents, 134 

via Lewis acid mediated Grignard addition, 336 

Bromination 
boryl-substituted carbanions, 501 

Bryostatin 
synthesis 

via acylation with thiol esters, 434 
Buflomedil 

synthesis 
via alkylation of cyanohydrin anions, 552 

Burseran 
synthesis, 566 

Butadiene 
zirconocene complex 

reactions with carbonyl compounds, 163 
Butadiene, 2,3-dimethyl- 

zirconocene complex 
reactions with carbonyl compounds, 163 

Butadiene, 2-formyl- 
iron tricarbonyl complex 

reactions with organocuprates, 115 
1,3-Butadienes, 2-(l'-hydroxy alkyl)- 

synthesis 
via 1-methylselenocyclobutyllithium, 709 

Butanal, 2-ethyl- 
reaction with organometallic compounds 

chemoselectivity, 148 
Butanal, 3-hydroxy- 

reaction with tetraallylzirconium, 157 
Butanal, 2-phenyl- 

reaction with organometallic reagents 
diastereoselectivity, 151 

Butane, 3-lithio-l-methoxy- 
intramolecular solvated tetramer, 10 

Butanoic acid, 3,3-dimethyl- 
methyl ester 

lithium enolate, crystal structure, 30 
Butanoic acid, 2-methyl-3-oxo- 

ethyl ester 
synthesis via samarium diiodide, 266 

Butanoic acid, (4-phenylsulfonyl)- 
dianion 

reactions with imines, 350 
2-Butanol, 4-dimethylamino-l,2-diphenyl-3-methyl- 

aluminum complex 
reactions with keto esters, 86 

2-Butanol, l-piperidyl-3,3-dimethyl- 
diethylzinc reaction with benzaldehyde, 225 

2-Butanone, 3,3-dimethyl- 
lithium enolate 

X-ray diffraction analysis, 1 
reaction with zirconocene/isoprene complex, 163 

2-Butanone, 3-methyl- 
reaction with crotyltitanium compounds, 158 

1 -Butanone, 3-methyl-1 -(3-methy 1-2-furyl)- 
synthesis, 553 

2- Butanone, l-(trimethylsilyl)- 
synthesis 

via acylation of copper reagents, 436 
3- Butenal, methyl-2-phenyl- 

synthesis, 560 
2-Butene, 1-bromo- 

reaction with organochromium compounds 
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anti selectivity, 179 
1-Butene, 4-methoxy- 

reaction with magnesium hydride, 14 
1-Butene, 4-phenyl- 

synthesis 

via organochromium reagent, 175 
3-Buten-l-ol, l-phenyl-2-methyl- 

synthesis 

via trihaptotitanium compound, 159 
Butenolide anions 

reactions with acetals 
Lewis acid promoted, 347 

Butenolides 
synthesis 

via ortho lithiation, 472 
via oxidation of a cyanohydrin, 551 
via Peterson alkenation, 791 

f-Butyl alcohol 
synthesis 

via ethyl acetate, 398 
r-Butyl isobutyrate 

lithium enolate 
crystal structure, 30 

t- Butyl propionate 
lithium enolate 

crystal structure, 30 
t-Butyl trimethylsilylacetate 

lithium anion 
Peterson alkenation, 789 

1-Butyne, 3-methyl-3-methoxy- 
acylation 

nontransferable ligand, 430 
Butyric acid, y-bromo- 

reactions with samarium diiodide 
lactone synthesis, 259 

Butyrolactones 
bicyclic 

synthesis via samarium diiodide, 269 
synthesis 

via ketyl-alkene coupling reaction, 268 
y-Butyrolactones 

alkynic ketone synthesis from, 419 
y-Butyrolactones, a-hydroxy- 

synthesis 
via alkylation of protected cyanohydrin, 552 

y-Butyrolactones, 4,5-tra/js-disubstituted 
synthesis 

via 1,2-addition of organocuprates, 110 
y-Butyrolactones, (3-keto- 

synthesis 
via Reformatsky-type reaction, 551 

Butyronitrile, phenyl- 
synthesis 

via organochromium reagent, 175 

Cadmium, dicrotyl- 
reactions with aldehydes 

stereoselectivity, 220 
Cadmium, methyl- 

addition reactions 
chiral aldehydes, 221 

Cadmium reagents, alkyl- 
addition reactions, 225 

Cadmium reagents, aryl- 
addition reactions, 225 

Calcimycin 

synthesis, 568 
final step, 409 
introduction of 2-keto pyrrole, 409 
model system, 410 

Camphoric acid, monoperoxy- 
oxaziridine synthesis, 838 

Capnellene 
synthesis 

via Tebbe reagent, 748 
Capsaicinoids 

synthesis 
via Julia coupling, 797 

Carbacyclins 
synthesis 

stereoselectivity, 535 
Carbanions 

aliphatic 
crystal structures, 9 

alkali metal cations, 1-42 
aggregation state, 5 
carbonyl addition reactions, 49-74 
coordination geometry, 7 
coordination number, 7 

alkaline earth metal cations, 1-42 
aggregation state, 5 
carbonyl addition reactions, 49-74 
coordination geometry, 7 
coordination number, 7 

alkynic 
crystal structure, 20 

allylic 
boron stabilization, 502 
crystal structure, 18 

allylic sulfinyl 
addition reactions with carbonyl compounds, 517 
reactions with enones, 520 

allylic sulfonyl 
reactions with C=X bonds, 529 

aryl 
crystal structure, 21 

bis(dialkoxyboryl) stabilization 
reactions with aldehydes, 501 

boron stabilization, 487-503 
acylation, 497 
alkylation, 495 
calculations, 487 
carboxylation, 498 
crystal structure, 488 
geometry, 488 
halogenation, 501 
nonallylic, 494 
reactions with aldehydes and ketones, 498 
reactions with epoxides, 496 
reactions with metal halides, 494 
synthesis, 489 

crystallization, 41 
crystal structures, 8 
2D-HOESY NMR, 41 
heteroatom-substituted 

crystal structure, 34 
mixed metal cations 

crystal structure, 39 
nitrogen stabilization 

carbonyl compound addition reactions, 459—482 
organochromium(III) equivalents, 174 
phosphoryl stabilized 
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Wittig reaction, 761 
selenium stabilized, 629-724 

reactions with carbonyl compounds, 672 
synthesis, 630,635 

silicon stabilization, 579-625 
o-tt-bonded, 583 

a-sulfenylated allylic, 508 
sulfenyl stabilization, 506 

addition to carbonyl compounds, 506 
configuration, 506 

sulfinyl stabilization, 512 
addition to C=N bonds, 515 
addition to carbonyl compounds, 513 
addition to nonactivated C=C bonds, 516 
configuration, 512 

sulfonimidoyl stabilization, 531 
configuration, 531 
reactions with carbonyl compounds, 532 

sulfonyl stabilization, 528 
configuration, 528 
reactions with carbonyl compounds, 529 

sulfur stabilization, 505-536 
vinylic 

crystal structure, 19 
Carbanions, a-seleno 

reaction with carboxylic acid derivatives, 694 
synthesis, 655 

Carbanions, a-silyl 
addition reactions 

imines, 624 
ambient, 623 
crystal structure, 16 
functionalized 

addition reactions, 621 
stabilization 

hyperconjugation, 582 
synthesis 

general methods, 618 
Carbapenem 

synthesis 
via Wittig cyclization, 434 

6a-Carbaprostaglandin h 
synthesis 

via Johnson sulfoxime reaction, 742 
Carbazole aminals 

lithiation 
addition reactions, 463 

Carbenes 
chromium complexes 

alkene synthesis, 807 
metal complexes 

alkene synthesis, 807 
titanium-zinc complexes 

reactions with esters, 809 
Carbenes, dihalo- 

reaction with enol ethers, 878 
Carbenoids 

halogen-stabilized 
epoxidation, 830 

Carbenoids, (3-oxido- 
rearrangement, 873 

Carbinol, diethylphenyl- 
synthesis 

via triphenylchromium complex, 176 
Carbinols, allylvinyl- 

rearrangements, 885 

Carbohydrates 
nucleophilic addition reactions 

stereoselectivity, 55 
p-Carboline 

lithiated formamidines 
reaction with benzaldehyde, 482 

P-Carbolines, 3,4-dihydro- 
silylation, 366 

Carbonation 
organoytterbium compounds, 277 

Carbon-nitrogen compounds 
1,2-addition reactions 

organoaluminum compounds, 98 
Carbonyl compounds 

addition reactions 
carbanions, 49-74 
nitrogen-stabilized carbanions, 460 
organochromium compounds, 177 
a-silyl phosphonates, 622 
sulfur-stabilized carbanions, 506 

alkene synthesis from, 730 
cyclic 

nucleophilic addition reactions, 67 
cyclizations 

vinylsilanes, 585 
enolizable 

reaction with organometallic compounds, 150 
epoxidation, 819 
homologation 

a-selenoalkyl metals, 724 
Julia coupling 

sulfones, 806 
Lewis acid complexes, 283-321 

o- versus 7t-(iq2)-bonding, 284 
conformation, 285 
effects on rate and reactivity, 284 
NMR, 292 
theoretical studies, 286 
X-ray crystallography, 299 

masked 
addition to alkylaluminum, 88 

nonconjugated 
addition reactions, 314 

nucleophilic addition reactions 
chiral auxiliaries, 61 
stereocontrol, 150 

prochiral 
nucleophilic addition reactions, 68 

reactions with allenylsilanes 
titanium tetrachloride, 595 

reactions with allylic sulfinyl carbanions, 517 
reactions with a-halo sulfones, 530 
reactions with organocerium compounds, 234 
reactions with organosamarium ‘ate’ complexes, 254 
reactions with organosamarium(III) reagents, 253 
reactions with organotitanium compounds, 145 
reactions with organozinc reagents, 215 
reactions with organozirconium compounds, 145 
reactions with selenium-stabilized carbanions, 672 
reactions with a-selenoalkylmetals, 723 
reactions with sulfinyl-stabilized carbanions, 513 
reactions with sulfonimidoyl carbanions, 532 
reactions with sulfonyl-stabilized carbanions, 529 
synthesis 

via P-hydroxyalkyl selenides, 712, 714, 721 
a,P-unsaturated 



Subject Index 959 

addition reactions, 311 
1,4-addition reactions, 546, 566 
1,4-addition reactions with cyanohydrin ethers, 552 
1,4-addition reactions with cyanohydrins, 548 
1,4-addition reactions with 

a-(dialkylamino)nitriles, 556 
addition reactions with organometallic compounds, 

155 
Lewis acid complexes, 287 
Lewis acid complexes, NMR, 294 
reactions with allenylsilanes, 596 
reactions with organocerium compounds, 235, 239 
reactions with organometallic compounds, site 

selectivity, 81 
Carbonyl compounds, a-alkoxy 

chiral 
reaction with organometallic compounds, 153 

reactions with organometallic compounds 
Lewis acids, 335 

Carbonyl compounds, 2-alkoxy-3-trimethylsilylalkenyl 
nucleophilic addition reactions, 58 

Carbonyl compounds, a-alkyl 
nucleophilic addition reactions, 50 

Carbonyl compounds, 2-alkyl-3-trimethylsilylalkenyl 
nucleophilic addition reactions 

stereoselectivity, 58 
Carbonyl compounds, a-amino 

nucleophilic addition reactions 
stereoselectivity, 56 

Carbonyl compounds, a-benzyloxy 
nucleophilic addition reactions 

selectivity, 52 
Carbonyl compounds, a,(3-dihydroxy 

nucleophilic addition reactions 
stereoselectivity, 55 

Carbonyl compounds, a-halo 
nucleophilic addition reactions 

selectivity, 50 
Carbonyl compounds, a-hydroxy 

reactions with organometallic compounds 
Lewis acids, 335 

synthesis 
via cleavage of 1,3-oxathianes, 61 
via keto aminals, 64 

Carbonyl compounds, a-oxygenated 
Wittig reaction 

selectivity, 757 
Carbonyl compounds, a-seleno 

enolates 
reactivity, 691 

reactions with enals, 686 
Carbonyl compounds, a-sulfinyl 

reactions with carbonyl compounds, 523 
Carbonyl methylenation 

iodomethylenation 
samarium diiodide, 261 

Carboxylic acid chlorides 
reactions with benzylsamarium reagents, 253 

Carboxylic acid chlorides, a-alkoxy- 
reactions with ketones 

samarium diiodide, 259 
Carboxylic acids 

acylation 
preparation of ketones, 411 

derivatives 
nucleophilic addition, 397^453 

reactions with organoaluminum reagents, 92 
reactions with a-seleno carbanions, 694 

2-[6-(2-methoxyethyl)pyridyl] ester 
acylating agent, 453 

synthesis 
via organoytterbium compounds, 277 

Carboxylic acids, a,(3-epoxy- 
synthesis 

via sulfur ylide reagents, 822 
Carboxylic acids, a-hydroxy- 

asymmetric synthesis 
from chiral a-keto esters, 49 

chiral 
synthesis, 86 

synthesis, 62 
enantiomerically enriched, 66 
via organoytterbium compounds, 280 

Carboxylic acids, a-seleno- 
metallation, 642 

Carboxylic esters, 4-oxo- 
synthesis 

via benzoin condensation, 542 
Carboxymethyleniminium salts 

acylation, 423 
Carminomycinone, 11-deoxy- 

synthesis 
via ortho lithiation, 464 

Cembranolides 
synthesis 

via Homer-Wadsworth-Emmons reaction, 772 
Cerium, alkenyl- 

reactions with enones, 240 
Cerium, alkyl- 

in synthesis, 237 
Cerium, alkynyl- 

reactions, 242 
Cerium, allyl- 

synthesis, 239 
Cerium, aryl- 

reactions with enones, 240 
Cerium, trimethylsilylethynyl- 

reactions, 242 
Cerium, trimethylsilylmethyl- 

synthesis, 238 
Cerium, a-trimethylsilylvinyl- 

reactions with enones, 240 
Cerium chloride 

Grignard reagent system, 244 
preparation, 232 

Cerium enolates 
synthesis, 243 

Ceroplastol II 
synthesis 

via allyl chromium reagents, 187 
Cerorubenic acid 

synthesis 
via methylenation and thermolysis, 740 

Chain extension, 843-899 
Chinensin 

synthesis 
via ortho directed addition, 468 

Chokol A 
synthesis 

via methylcerium reagent, 237 
Cholestane, 3 (3-alkyl- 

synthesis 
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via alkyllithium addition, 377 
5a-Cholestan-3-one 

reactions with organometallic reagents 
equatorial or axial, 152 

tosylhydrazone 
reactions with alkyllithium compounds, 377 

A5-Cholestene, 3-methylene- 
synthesis 

via ketone methylenation, 506 
Chromium, a-acyl- 

reactions, 202 
Chromium, alkenyl- 

intramolecular addition reactions, 200 
reactions, 193 

Chromium, y-alkoxyallylic 
reactions with aldehydes, 185, 190 

Chromium, alkyl- 
addition to carbonyl compounds, 202 

Chromium, alkyl-gem-di- 
alkenation, 205 

Chromium, alkynyl- 
reactions, 201 

Chromium, allylic 
asymmetric induction, 187 
enantioselective addition reactions, 192 
intramolecular addition reactions, 187 
reactions 

1,2-asymmetric induction, 179 
carbonyl addition, 177 

substituted substrates, 189 
Chromium, benzyl- 

reaction with acrylonitrile, 175 
Chromium, crotyl- 

2,3-asymmetric induction, 181 
reactions 

carbonyl addition, 177 
synthesis, 179 

Chromium dichlorotris(tetrahydrofuran)alkyl- 
synthesis, 202 

Chromium, dichlorotris(tetrahydrofuran)-p-tolyl- 
synthesis, 174 

Chromium, methallyl- 
reactions 

carbonyl addition, 177 
Chromium, propargyl- 

reactions 
carbonyl addition, 177 
with carbonyl compounds, 191 

Chromium a-thioalkyl- 
synthesis, 202 

Chromium, triphenyltris(tetrahydrofuran)- 
reaction with carbon monoxide 

benzpinacol synthesis, 175 
synthesis, 174 

Chromium complexes 
chiral 

imines, 364 
octahedral configuration, 179 

Chromium perchlorate, benzylpentaaquo- 
synthesis, 174 

Chromium salts 
organochromium compound synthesis from, 174 

Cinnamaldehyde 

dicarbonyl(triphenylphosphine)iron complexes 
crystal structure, 309 

reaction with diethylzinc, 217 

reaction with organocopper compounds, 113 

Colletodiol 
synthesis 

via Homer-Wadsworth-Emmons reaction, 769 
Confertifolin 

synthesis, 570 
Conhydrine 

synthesis, 555 
Coniine 

synthesis, 559 
Copper, alkyl- 

reactions with aldimines 
Lewis acid pretreatment, 350 

Copper, allyl- 
magnesium bromide reagent 

reactions with ot,(3-dialkoxy aldehydes, 109 
Copper, crotyl- 

reaction with benzaldehyde, 113 
Copper, (isopropylthio)allyl- 

reactions with acetone, 508 
Copper, y-silylated vinyl- 

acylation of, 428 
Copper, a-trimethylsilylmethyl- 

acylation of, 436 
Corey-Chaykovsky reaction 

addition of methylene group to carbonyl compounds 
dimethyloxosulfonium methylide, 820 

Coriolin 
synthesis 

via tandem radical cyclization, 270 
Coronafacic acid 

synthesis 
via a-silyl carbanions, 783 

Corticosteroids 
synthesis 

via acylation of organolithiums, 412 
Corydalisol 

synthesis, 564 
Costunolide 

synthesis 
via chromium(II) ion mediation, 188 
via cyclization, 553 

Coumarin 
synthesis of derivatives 

via arylcerium reagents, 242 
Crotonaldehyde 

Lewis acid complexes 
NMR, 294 

Crotyl bromide 
reaction with benzaldehyde 

chromium dichloride mediated, 179 
Crotyl halides 

addition to a-alkoxy chiral aldehydes 
chromium mediated, 185 

Crown ethers 
1,2-additions to carbonyl compounds 

lower order cuprates, 115 
reactions with organometallic compounds 

Lewis acids, 335 
Cryptopleurine 

synthesis 
via selective ortho lithiation, 466 

Cryptopleurospermine 
synthesis, 564 

Crystal growth 
carbanions, 40 
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Cubane amides 
lithiation, 480 

Cubebin 
synthesis, 566 

Cuparene 
synthesis, unsuccessful 

diastereoselectivity, 150 
(3-Cuparenone 

synthesis 
via conjugate addition of aryl 

cyanohydrin, 552 
Cuprates (see also under Lithium and Dilithium 

compounds) 
carbanions 

crystal structure, 40 
Cuprates, vinyl- 

acylation of, 428 
Cyanides 

addition reactions 
carbonyl compounds, 460 

polymer-supported catalyst 
benzoin condensation, 543 

Cyanohydrin esters 
reactions with carbonyl compounds, 551 

Cyanohydrin ethers 
reactions with carbonyl compounds, 551 

Cyanohydrins 
chiral 

benzoin condensation, 546 
optically active 

synthesis, 347 
protected, 544 
O-protected 

benzoin condensation, 547 
O-silyl-protected 

benzoin condensation, 548 
Cyanophosphates 

acyl anion equivalents, 544, 560 
Cycloalkadienes 

molybdenum complexes 
reactions with /V-substituted sulfoximine 

carbanions, 535 
Cycloalkanes, alkylidene- 

synthesis, 669 
Cycloalkanones 

boron trifluoride complex 
NMR, 293 

Cycloalkanones, 2,3-dihydroxy- 

synthesis 
via 2-cycloalkenones, 534 

Cycloalkenecarbaldehyde 

aldimines 
reactions with Grignard compounds, 382 

Cycloalkenes, epoxy- 
nucleophilic reactions 

Lewis acids, 343 
Cycloalkenones 

synthesis, 669 
Cycloaraneosine 

synthesis 
via allyl chromium reagents, 187 

Cycloaranosine 
synthesis 

via chromium-initiated cyclization, 188 
Cyclobutane, 1 -cyano-1 -(methylthio)- 

synthesis, 561 

Cyclobutane, octylidene- 
synthesis, 653 

Cyclobutanol, l-(l'-alkenyl)- 
synthesis, 709 

Cyclobutanols 
ring strain 

relief, 887 
Cyclobutanone, permethyl- 

reaction with a-selenoalkyllithium, 674 
Cyclobutanones 

epoxides 
rearrangements, 862 

reactions with diazomethane, 848 
2,6-Cyclodecadienones 

synthesis 
via cyclization, 553 

Cyclodextrins 
catalysts 

benzoin condensation, 543 
Cyclododecanone, 1 -bromo- 

reaction with methyl iodide, 202 
Cycloheptanone, 2-methyl- 

synthesis 
via ring expansion, 851 

Cycloheptanone, 2-phenyl- 
synthesis 

via ring expansion, 851 
Cycloheptatrienecarboxamide,(V/'/-dimethyl- 

lithium enolate 
crystal structure, 32 

Cycloheptenones, 2-chloro- 
synthesis, 878 

Cyclohexane, l-bromo-4-t-butyl- 
cyanohydrins, 550 

Cyclohexane, methylene- 
synthesis 

via boron-stabilized carbanions, 498 
Cyclohexanecarbonitrile, 1 -piperidino- 

reactions with Grignard reagents, 370 
Cyclohexanone, 2-allyl- 

expansion with diazomethane, 851 
Cyclohexanone, 2-bromo- 

reaction with bromoacetophenone, 202 
Cyclohexanone, 4-r-butyl- 

nucleophilic addition reactions 
equatorial or axial, 152 
methyllithium, 316 
organometallic compounds, 156 
use of Lewis acid, 283 

reactions with n-butyllithium-ytterbium trichloride, 

276 
reactions with methyllithium 

stereoselectivity, 79 
reactions with methylzinc, 223 
reactions with organocadmium compounds, 226 
reactions with organometallic compounds 

Lewis acids, 333 
stereoselectivity, 333 

reactions with a-selenoalkyllithium 
stereochemistry, 677 

synthesis 
via 4-t-butyl-l-ethylidenecyclohexane, 535 

Cyclohexanone, 2-isopropyl- 
expansion with diazomethane, 851 

Cyclohexanone, 2-methoxy- 
titanium chloride complex 
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NMR, 295 
Cyclohexanone, 2-methoxycarbonyl- 

/VTV-dimethylhydrazone 
lithiated anion, crystal structure, 34 

Cyclohexanone, methyl- 
reactions with organolithium compounds 

Lewis acids, 333 
Cyclohexanone, 2-methyl¬ 

ring expansion, 873 
with diazomethane, 851 

Cyclohexanone, (3-silyl- 
synthesis 

via a,(3-unsaturated acylsilanes, 598 
Cyclohexanone, 2,2,6,6-tetramethyl- 

reaction with a-selenoalkyllithium, 674 
Cyclohexanone, 2,2,6-trimethyl- 

reaction with a-selenoalkyllithium, 674 
stereochemistry, 677 

Cyclohexanone, 2-vinyl- 
cyclodecenones from, 880 

Cyclohexanonephenylimine, lithio- 
crystal structure, 28 

Cyclohexanones 
keto aldehydes from, 461 
lithiated dimethylhydrazone 

crystal structure, 28 
nucleophilic addition reactions 

lithium salts, 315 
stereoselectivity, 67 

reactions with alkyllithium and alkyl Grignard 
reagents 
stereoselectivity, 79 

reactions with boron stabilized carbanions, 498 
reactions with 2-bromooctane 

samarium diiodide, 259 
reactions with dialkoxyboryl stabilized carbanions, 

501 
reactions with diazomethane, 850 
reactions with organometallic compounds 

stereoselectivity, 333 
substituted 

expansion with ethyl diazoacetate, 853 
nucleophilic addition reactions, 67 

Cyclohexanones, 2,3-dihydroxy-3,5,5-trimethyl- 
synthesis 

via thermolysis of triols, 534 
Cyclohexene, 1-acetyl- 

synthesis, 430 

1 -Cyclohexenecarbaldehyde, 3-hydroxy- 
synthesis, 564 

1 -Cyclohexenecarbonitrile 
reactions with Yamamoto’s reagent, 124 

2-Cyclohexenone 
boron trifluoride complex 

NMR, 293, 294 
reaction with a-cyanobenzyllithium, 235 
reaction with organometallic reagents, 155 

Cyclohexen-2-one 
addition reactions 

Lewis acid catalysis, 313 
lithium enolates 

methylation, 688 

reactions with organoaluminum reagents 
site selectivity, 82, 85, 95 

synthesis, 383 
Cyclohexenones, methyl- 

reaction with l,l-bis(methylseleno)-l-propyllithium, 

689 
2-Cyclopentadecanone 

synthesis 
via cyclization, 553 

Cyclopentane 
annulation, 892 

Cyclopentane, benzylidene- 
synthesis, 663 

Cyclopentanecarboxylates, 2-hydroxy- 
synthesis 

via intramolecular Barbier cyclization, 264 
Cyclopentanols 

synthesis 
via samarium diiodide, 261 

Cyclopentanols, divinyl- 
rearrangements, 881 

Cyclopentanone, 3-formyl- 
synthesis, 527 

Cyclopentanone, permethyl- 
reaction with a-selenoalkyllithium, 674 

Cyclopentanone, 2-phenyl- 
reaction with organometallic compounds, 150 

Cyclopentanones 
annulation 

intramolecular Barbier process, 262 
boron trifluoride complex 

NMR, 293 
lithium enolates 

crystal structure, 26 
X-ray diffraction analysis, 1, 3 

reactions with ethyl diazoacetate, 849 
reactions with organoaluminum reagents 

stereoselectivity, 79 
substituted 

nucleophilic addition reactions, 67 
synthesis, 862 

Cyclopentene, (trimethylsilyl)- 
annulations, 596 

Cyclopentenes 
synthesis 

via reaction of allenylsilanes with a,(3-unsaturated 
carbonyl compounds, 596 

2-Cyelopentenone,2-[6-(methoxycarbonyl)-l-hexyl]- 
reactions with dithioacetal oxides, 528 

Cyclopentenones 
annulations 

regiospecific, 584 

reaction with 1-phenylselenoallyllithium 
regiochemical control, 691 

4-substituted 

reactions with allylic sulfinyl carbanions, 521 
synthesis, 555 

via divinyl ketones, 430 
via three-carbon annulation, 548 

Cyclopropane 
lithiation, 480 

Cyclopropane, 1 -(1 '-hydroxyalkyl)-1 -(methy lseleno)- 
rearrangement, 717 

Cyclopropane, alkylidene- 
synthesis, 652 

Cyclopropane, allylidene- 
synthesis, 652 

via Peterson alkenation, 786 
Cyclopropane, 1,1 -bis(phenylseleno)- 

synthesis, 638 
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Cyclopropane, l,l-bis(seleno)- 
synthesis, 657 

Cyclopropane, bromo- 
reaction with lithium in diethyl ether 

crystal structure, 10 
Cyclopropane, l-oxido-l-O'-phenylselenoxyalkyl)- 

rearrangement, 715 
Cyclopropane, 1 -phenyl-1 -methylseleno- 

synthesis, 669 
Cyclopropane, 1 -phenyl-2,3-phenacyl- 

synthesis, 655 
Cyclopropane, phenylseleno- 

metallation, 641 
Cyclopropane, trialkylsilyloxy- 

rearrangement, 879 
1 -Cyclopropanecarboxylic acid, 2-hydroxymethyl- 

1-amino- 
synthesis, 559 

Cyclopropanols 
rearrangement, 874 
synthesis 

via organosamarium compounds, 261 
Cyclopropanone, 2,3-dimethyl- 

Lewis acid complexes 
structure, 287 

Cyclopropanones 
reactions with diazomethane, 847 

Cycloproparenes 
synthesis 

via Peterson alkenation, 786 
Cyclopropylselenonyl anions 

synthesis, 828 
Cytochalasin 

synthesis 
via Smb-promoted macrocyclization, 266 

Cytovaricin 
synthesis, 401 

a-Damascone 
synthesis 

via Grignard reagent and base, 417 
Daunomycinone 

synthesis 
via alkynylcerium reagents, 242 
via annulation, 554 

Daunomycinone, 7-deoxy- 
synthesis 

via chiral acetals, 64 
Daunomycinone, 11 -deoxy- 

synthesis, 567 
Daunosamine 

synthesis, 349 
Deltamethrin 

synthesis 
via chiral cyanohydrins, 546 

Deplancheine 
synthesis 

via iminium ion-vinylsilane cyclization, 592 

Diamines 
chiral catalysts 

enantioselective addition of alkyllithium to 

aldehydes, 72 
1,3,2-Diazaphosphorinane, 2-benzyl-2-oxo- 

lithium carbanion 
crystal structure, 36 

Diaziridines 

synthesis 
via imines and oximes, 838 

Diazirines 
synthesis 

via imines and oximes, 838 
Diazoalkanes 

chain extension, 844 
epoxidations, 832 

Diazomethane, a-acyl- 
reactions with aliphatic ketones 

hydroxide-catalyzed, 846 
Diazomethane, phenylsulfonyl- 

reactions with cyclohexanones, 851 
Diazomethane, trimethylsilyl- 

trifluoroborane complex 
2-methylcyclohexanone homologation, 851 

Dibenzophosphole oxide 
Homer reaction, 776 

Dibenzophosphole ylides 
alkene synthesis 

(E)-selective, 758 
1,1 -Diboryl compounds 

synthesis and cleavage, 489 
Dibromohydrins 

rearrangement, 874 
Dicarbonyl compounds 

methylenation 
Tebbe reagent, 743 

Dichlorohydrins 
rearrangement, 873 

Diels-Alder reaction 
anthracene with maleic anhydride 

aluminum chloride catalysis, 284 
asymmetric 

mechanisms, 311 
Dienes 

synthesis 
via (3-hydroxyalkyl selenides, 705 
via Julia coupling, 800 

(£,Z)-Dienes 
synthesis 

via Homer reaction, 779 
1,7-Dienes 

synthesis, 663 
Dienes, silyloxy- 

synthesis 
via y-silylated vinylcopper, 428 

(3,p'-Dienols 
synthesis 

via oxidation of (3-hydroxy-y-alkenyl selenides, 

709 
(3,5-Dienols 

synthesis 
via l-lithio-3-alkenyl phenyl selenoxides, 709 

Diethyl phthalate 
titanium tetrachloride complex 

crystal structure, 303 
Dihalohydrins 

rearrangement, 873 
1,2-Diketones 

synthesis 
via acylstannanes, 438 
via benzoin condensation, 546 
via organosamarium compounds, 273 

1,4-Diketones 
synthesis 
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via acylation of organozincs, 448 
via benzoin condensation, 542 
via nickel-catalyzed acylation, 452 

1,5-Diketones 
synthesis, 558 

via acylation of organozincs, 448 
Dilithium cyanocuprates 

1,2-additions, 107 
Dilithium trialkylcuprates 

reactions with tosylhydrazones, 378 
Diols 

synthesis 
chiral, 66 

1.2- Diols 
erythro 

synthesis, 191 
synthesis 

via dimesitylboryl carbanions, 499 
1.3- Diols 

synthesis 
via reaction of epoxides with boron-stabilized 

carbanions, 497 
Diorganozinc reagents 

enantioselective addition reactions, 223 
1.3- Dioxanes 

chiral carbonyl equivalent 
Lewis acid promoted reactions, 347 

1.3- Dioxathiane 
nucleophilic addition reactions 

chiral auxiliary, 62 
Dioxiranes 

synthesis 
via potassium peroxymonosulfate, 834 

1.3- Dioxolane, 2-(2-bromoethyl)- 
Grignard reagents 

acylation, 452 
Diselenoacetals 

acyl anion equivalents, 571 
Diterpenoids 

Homer-Wadsworth-Emmons reaction, 763 
1.3- Dithiane, 2-aryl- 

reaction with 2-cyclohexenone, 511 
1,3-Dithiane, 2-ethylidene- 

allyllithium derivative 
reaction with aldehydes, 511 

1,3-Dithiane, 2-hydroxymethyl- 
carbanions 

reactions with epoxycyclohexanone, 511 
1,3-Dithiane, 2-phenyl- 

carbanions, 511 
1.3- Dithiane, 2-( 1 -propen-1 -yl)- 

crotyllithium derivative 
reactions with aldehydes, 512 

1.3- Dithiane S, S'-dioxides 
reaction with butyllithium, 526 

1.3- Dithianes 
acyl anion equivalents, 563 
carbanions 

crystal structure, 36 
formyl anion equivalents, 510 

Dithioacetal 5,5'-dioxides 
additions to C=X bonds, 526 

Dithioacetal 5-oxides 
additions to C=X bonds, 526 

Dithioacetals 
acyl anion equivalents, 544, 563 

vinylsilane terminated cyclizations, 586 
Dithiocarbamates, 5-(dialkylaminomethyl)- 

iminium salts 
generation in situ, 370 

9,11 -Dodecadien-1 -yl acetate 
synthesis, 680 

Dodecanedioic acid, 4,9-dioxo- 
synthesis 

via dialdehydes, 547 
Dodecylamine, dimethyl- 

a-deprotonation, 476 
D-Dopa 

synthesis 
via L-serine, 413 

Elaeokanines 
synthesis 

via acyliminium ion terminated cyclization, 592 
via pyrolytic dehydrosulfmylation, 515 

Elaiphylin 
synthesis, 569 

Eldanolide 
synthesis, 565 

via cerium reagents, 240 
Enamines, a-chloro- 

reaction with carboxylic acids, 424 
Enoates 

reactions with a-selenoalkyl metals 
regiochemistry, 682 

Enolates 
reaction transition states 

stereochemistry, 2 
Enolates, aluminum 

masked 

facially selective sigmatropic protocol, 91 
Enol phosphates 

1,2-addition reactions 
organoaluminum compounds, 92 

Enols 

reactions with a-selenoalkyl metals 
regiochemistry, 682 

Enol triflates 
vinyl carbanion equivalents, 195 

Enones 
acyclic 

reaction with tris(trimethylsilyl)aluminum, 83 
asymmetric reduction 

Lewis acid coordination, 319 
conjugated 

Barbier reaction, 263 

reactions with allylic sulfmyl carbanions, 520 
reactions with a-selenoalkyl metals 

regiochemistry, 682 
(3 ,-y-Enones 

reactions with organocerium reagents, 240 
Ephidrine 

synthesis 

via benzoin condensation, 543 
4-Epibrefeldin C 

synthesis 

via alkenylchromium reagents, 200 
Epielwesine 

synthesis 

via iminium ion-vinylsilane cyclization, 592 
Epoxidation, 819-839 

intramolecular, 822 
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Epoxides 
cleavage 

samarium triiodide, 260 
reactions with dialkoxyboryl carbanions, 496 
reactions with lithiodithiane, 569 
reactions with organocerium compounds, 233 
reactions with organometallic compounds 

Lewis acid promotion, 342 
synthesis 

via 1-chloroalkyl p-tolyl sulfoxide, 526 
via P-hydroxyaikyl selenides, 712, 718, 721 

Erythronolide A 
synthesis, 430 

via sulfur ylide reagents, 824 
Erythronolide B 

synthesis, 430 
Erythronolide B, 6-deoxy- 

synthesis 
via cuprate acylation, 436 

Erythronolides 
synthesis, 564 

via Grignard addition, 408 
via Homer-Wadsworth-Emmons reaction, 772 
via reactions of organocuprates and homochiral 

aldehydes, 125 
via Wittig reaction, 757 

Esters 
acylation of organometallic reagents, 416 
boron trifluoride complex 

NMR, 292 
epoxide synthesis 

diazomethane, 832 
Julia coupling, 803 
lithium enolates 

crystal structures, 30 
methylenation 

Tebbe reaction, 747 
reactions with benzophenone dianion 

organoytterbium compounds, 280 
reactions with organoaluminum reagents, 92 
a,(3-unsaturated 

reactions with l,l-bis(seleno)alkyllithium, 694 
synthesis from 3-hydroxyalkyl selenides, 705 

Esters, bis(trimethylsilyl) 
Peterson alkenation, 791 

Esters, a-fluoro-a,(3-unsaturated 
Oshima-Takai reaction, 751 

Esters, a-hydroxy 
chiral 

synthesis, 66, 86 
Esters, 3-hydroxy 

synthesis 
via organoaluminum reagents, 84 

Esters, 3-keto 
intermolecular pinacolic coupling reactions 

organosamarium compounds, 271 
intramolecular Barbier cyclization 

samarium diiodide, 264 
Esters, a-seleno 

metallation, 642 
Ethane, dimethoxy- 

alkali metal stabilized carbanions 
crystal structure, 5 

Ethanol, 2-phenylthio-1,2-diphenyl- 
synthesis 

via benzyl phenyl sulfide, 506 

Ether, benzyl chloromethyl 
reaction with carbonyl compounds 

samarium diiodide, 259 
Ether, dimethyl 

boron trifluoride complexes 
coordination energy, 290 

Ether, a-(tetrahydropyranyl) 
nucleophilic addition reactions, 51 

Ethers, ATV-fdisubstitutedlaminomethyl 
reactions with Grignard reagents, 368 

Ethers, vinyl 
synthesis 

via 3-hydroxyalkyl selenides, 705 
Ethoxycarbonylation 

dimesitylboron stabilized carbanion, 498 
Ethyl acetate 

reaction with bromomethylmagnesium, 398 
titanium tetrachloride complex 

crystal structure, 302 
Ethyl acetate, 2-methoxy- 

boron trofluoride complex 
NMR, 293 

Ethyl anisate 
titanium tetrachloride complex 

crystal structure, 303 
Ethyl cinnamate 

tin(IV) chloride complex 
crystal structure, 305 

Ethyl diazoacetate 
reactions with ketones 

Lewis acid catalyzed, 846 
Ethylene, 1 -dimesitylbory 1-1 -trimethylsily 1- 

reactions with organometallic compounds, 492 
Ethylenediamine, ATVTV'TV^tetramethyl- 

alkali metal stabilized carbanions 
crystal structure, 5 

deprotonation, 476 
Ethyl levulinate 

reaction with ate complexes, 156 
reaction with methyltitanium triisopropoxide, 141 

Ethyl (trimethylsilyl)acetate 
Peterson alkenation, 789 

Euryfuran 
synthesis, 570 

Exaltone 
synthesis 

via cyclization, 553 
via intramolecular Barbier reaction, 262 

1 -Fenchone 
Tebbe reaction, 743 

Ferensimycin 
synthesis 

via /V-methoxy-A-methylamide chemistry, 402 

Finkelstein-type reaction 
alkyl tosylates 

organosamarium compounds, 257 

FK-506 
synthesis, 799 

via acylation of dithiane, 425 
via N-methoxy-N-methylamide chemistry, 402 
via organoaluminum reagents, 101 
via Schlessinger method, 791 

Flavopereirine 
synthesis 

via 3-lithiation of an indole, 474 
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Fluorene, 9,9-disubstituted 
synthesis 

via alkyllithium addition, 377 
Fluorenone 

tosylhydrazone 
reactions with alkyllithium, 377 

Fluoromethylenation 
carbonyl compounds 

sulfoximines, 741 
Formaldehyde 

borane complexes 
rotational barriers, 290 

lithium salt complexes 
theoretical studies, 286 

proton complexes 
theoretical studies, 286 

reaction with water 
Lewis acids, 315 

Formaldehyde dimethyl dithioacetal 5-oxide 
reaction with carbonyl compounds, 526 

Formaldehyde dithioacetals 
formyl anion equivalents, 510 

Formaldehyde di-p-tolyl dithioacetal 5-oxide 
reaction with enones, 527 
synthesis 

via menthyl p-toluenesulfinate, 526 
Formaldehyde imines 

trimerization, 361 
Formaldoxime ethers 

reactions with organometallic compounds, 385 
Formamides, /V-trimethylsilyl-/V-alkyl- 

reactions with organocopper complexes, 124 
Formamidines 

lithiation, 482 
Formylation 

carbonyl compounds 
samarium diiodide, 274 

Forskolin 
synthesis 

via alkynide addition, 421 
Frontalin 

synthesis 
via chiral auxiliary, 65 

Furan, alkylidenetetrahydro- 
tetrasubstituted 

synthesis, 591 
Furan, 2-(bromomethyl)tetrahydro- 

reaction with ketones 
samarium diiodide, 259 

Furan, dihydro¬ 
synthesis 

via allenylsilanes, 599 
Furan, 2-methyltetrahydro- 

nucleophilic addition reactions 
Grignard reagents, 72 

Furan, tetrahydro- 
annulation, 891 

Furanal, tetrahydro- 
nucleophilic addition reactions 

selectivity, 53 
Furancembraolides 

synthesis 
(Z)-selectivity, 767 

Furanones 
synthesis 

via palladium(II)-catalyzed acylation, 450 

Furan-2(5//)-ones 
5-substituted 

synthesis, 514 
Furans 

lithiation, 472 
Furylamine, tetrahydro- 

chiral catalysts 
nucleophilic addition reactions, 72 

Fusicocca-2,8,10-triene 
synthesis 

via allyl chromium reagents, 187 

Gallium, trimethyl- 
reactions with epoxides 

Lewis acid, catalytic, 343 
Gascardic acid 

synthesis 
via Johnson methylenation, 738 

Geissoschizine 
synthesis, 593 

Gephyrotoxin-223AB 
synthesis, 559 

via organoaluminum-promoted Beckmann 
rearrangement, 104 

Germacranes 
synthesis 

via oxy-Cope rearrangement, 882 
Germacrene, dihydro¬ 

synthesis, 561 
Germacrone 

synthesis 
via cyclization, 553 

Germacrone lactones 
synthesis 

via cyclization, 553 
Gibberellins 

synthesis 
carbonyl methylenation step, 749 

Gilman cuprates 
1,2-additions, 107 
reactions with ketones 

comparison with aldehydes, 116 
Gingerol 

synthesis 
via a-sulfinyl hydrazones, 524 

Gloeosporone 
synthesis, 568 

via lactone acylation, 420 
Glucopyranolactones 

alkynic ketone synthesis from, 419 
Glutamic acid, 3-hydroxy- 

synthesis, 119 
L-Glyceraldehyde 

synthesis, 568 

Glyceraldehyde, cyclohexylidene- 
nucleophilic addition reactions 

stereoselectivity, 55 
Glyceraldehyde, 2,3-0,0-dibenzyl- 

nucleophilic addition reactions 
stereoselectivity, 55 

Glyceraldehyde, 2,3-O-isopropylidene- 
nucleophilic addition reactions, 53 
reactions with crotyl bromide/chromiumfll) chloride, 

185 

reactions with organocuprates, 110 
reactions with organometallic compounds, 153 
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Lewis acids, 339 
Glyceraldehyde acetonide NTV-dimethylhydrazone 

reactions with organocopper complexes, 121 
Glycine, a-halo-/V-(r-butoxycarbonyl)- 

electrophilic glycinates, 373 
Glycosides 

synthesis 
via alkenylchromium reagents, 198 

Glycosides, C-methyl- 
synthesis 

via alkenylchromium reagents, 198 
Glyoxylates 

menthyl 
/V-substituted imines, organometallic addition 

reactions, 363 
P-Gorgonene 

synthesis 
via Peterson alkenation, 731 

Granaticin 
synthesis 

via annulation, 554 
via organoaluminum reagents, 101 

Grignard reactions 
abnormal, 244 

Grignard reagents 
acylation, 399 
asymmetric 

nucleophilic addition reactions, 69 
cerium chloride system, 244 
crystal structure, 13 
nucleophilic addition reactions 

a-alkoxy acyclic ketones, 50 
carbonyl compounds, 49 
chiral ketones, 58 

reaction with a-alkoxy acyclic ketones 
cyclic chelate model, 51 

Grignard reagents, alkyl 
reaction with cyclohexanone 

stereoselectivity, 79 

Haagenolide 
synthesis 

via cyclization, 553 
Halides 

carbanions 
crystal structure, 38 

organic 
reactions with organocerium compounds, 233 

Halogenation 
boryl-substituted carbanions, 501 

Halomethylation 
carbonyl compounds 

samarium diiodide, 260 
6-Henicosen-l l-one 

synthesis, 563 
Heptanal 

reaction with ally lie organometallic compounds, 156 

Heptane, 1-methylseleno- 
synthesis, 663 

Heptanoic acid, 4-amino-3-hydroxy-6-methyl- 

synthesis, 119 
Heptan-2-one 

reaction with ally lie organometallic compounds, 156 

Heterocuprates 
acylation, 431 

Hexadecan-5-olide, 6-acetoxy- 

synthesis 
via Payne rearrangement, Lewis acids, 343 

Hexadecatrienal 
synthesis 

via vinyl iodides, 808 
2,4-Hexadiene 

zirconocene complex 
reactions with carbonyl compounds, 163 

Hexane, 3-chloro-1,1 -bis(methy lseleno)- 
metallation, 638 

Hexane, 3-chloro-1,1 -bis(phenylseleno)- 
metallation, 638 

2-Hexenal 
reaction with organoaluminum reagents 

site selectivity, 85 
reaction with organometallic compounds 

chemoselectivity, 148 
4-Hexenoic acid, 2-acetyl-2-methyl-6-bromo- 

ethyl ester 
cyclization, 266 

Himachalene 
synthesis, 558 

Hinokinin 
synthesis, 566 

Histrionicotoxin, perhydro- 
structure, 364 

Homofemascene 
synthesis, 568 

Homopropargylic alcohols 
synthesis 

via allenylsilanes and carbonyl compounds, 595 
via samarium diiodide, 257 

Homo-tyrosine 
synthesis 

via oxalate esters, 425 
Homer reaction 

phosphine oxides, 761,773 
Homer-Wadsworth-Emmons reaction 

asymmetric, 773 
mechanism, 761 
phosphonate carbanion 

reaction with carbonyl derivative, 761 
(£)-selectivity 

phosphonate size, 762 
Humulene 

synthesis 
via cyclization, 553 

Hydrangenol 
synthesis 

via directed lithiation, 477 
Hydrazone, bis(tosyl)- 

reactions with organocopper complexes, 122 
Hydrazones 

aziridine synthesis, 835 
reactions with organocerium reagents 

diastereoselectivity, 239 
reactions with organometallic compounds, 377 
SAMP 

optically pure amine synthesis, 380 
Hydrazones, a-alkoxy- 

acyclic 
reactions with organocopper reagents, 121 

Hydrazones, NTV-dialkyl- 
chiral 

reactions with organometallic compounds, 379 

Hydrazones, tosyl- 
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reactions with organometallic compounds, 377 
Hydrindinone 

synthesis, 585 
Hydroborates 

synthesis 
via alkyldimesitylboranes, 492 

Hydroxamic acid 
N-acylimines 

reactions with organometallic compounds, 376 
Hydroxylamines 

A'jV-disubstituted 
reactions with organometallic compounds, 391 

Hydroxymethylation 
samarium diiodide 

Barbier-type reaction, 259 
Hypercomine 

synthesis, 564 
Hypnophilin 

synthesis 
via tandem radical cyclization, 270 

Ikarugamicin 
synthesis 

(Z)-selectivity via Wittig reaction, 765 
Imidazoles 

/V-alkyl 
lithiation, 477 

metallation 
addition reactions, 471 

1,2,4-trisubstituted 
/V-acylimines from, 376 

Imidazoles, acyl- 
acylation, 423 

Imidazoles, 1 -benzyl-2-alkyl-4,5-dihydro- 
methiodide salt 

reactions with organometallic compounds, 366 
Imidazolidine, 1,3-dimethyl-2-phenyl- 

lithiation 
addition reactions, 463 

Imidazol-2-one, /V-phenyl- 
metallation, 464 

Imines 
activated 

reactions with allenylsilanes, 602 
synthesis of substituted amines, 357 

cyclic 
reactions with organometallic compounds, 364 

deprotonation 
regioselectivity, 357 

electrophilicity 
methods for increase, 357 

nucleophilic addition reactions, 355-393 
oxidation 

mechanism, 837 
proton abstraction, 356 
reactions with organocerium compounds, 236 
reactions with organocopper complexes, 119 
reactions with organometallic compounds, 360 

Lewis acid promotion, 349 
reactions with a-silylbenzylic anions, 624 
reactions with sulfinyl-stabilized carbanions, 515 
reactions with ylides, 835 
synthesis 

via reactions of amides and organocuprates, 124 
Imines, N-acyl- 

reactions with organocopper complexes, 122 

reactions with organometallic compounds, 371, 373 
reactivity, 371 

Imines, jV-trialkylsilyl- 
enolizable carbonyl compounds 

reactions with organometallic compounds, 391 
Imines, /V-trimethylsilyl- 

in situ synthesis, 390 
reactions with organometallic compounds, 390 

Iminium chlorides, ad-nitro- 
reactions with organocopper complexes 

synthesis ofketoximes, 121 
Iminium salts 

in situ generation, 367 
reactions with organometallic compounds, 365 
silicon stabilization 

cyclizations, 592 
trimethylsilyl 

nucleophilic addition, 391 
cu-unsaturated 

reduction by samarium diiodide, 275 
Iminium salts, N-acyl- 

reactions with allenylsilanes, 598 
reactions with organometallic compounds, 371, 373 
reactivity, 371 
silicon stabilization 

cyclizations, 592 
Indanomycin 

synthesis 
via cuprate 1,2-addition, 126 

Indole 
meta metallation 

addition reactions, 463 
Indole, dihydro- 

lithiated formamidines 
reaction with benzaldehyde, 482 

Indole alkaloids 
synthesis 

via oxaziridines, 838 
Indoles 

2-substituted 
lithiation, 474 

//-substituted 
lithiation, 473 

synthesis 

via nitrogen-stabilized carbanions, 464 
1 //-Indoles, 3-( 1 -dialky lamino)alkyl- 

synthesis 

via vinylogous iminium salts, 367 
3//-Indolium salts, 3-(l-pyrrolidinylmethylene)- 

nucleophilic addition reactions, 367 
Indolizidine 

synthesis 
chiral, 558 

Indolizidine, 1,2-dihydroxy- 
synthesis 

via isoascorbic acid, 594 

Indolo[2,3-a]quinolizine alkaloids 
synthesis 

via 3-lithiation of an indole, 474 
Inomycin 

synthesis, 569 
Iodides 

reactions with carbonyl compounds 
organosamarium compounds, 257 

Iodohydrin 
synthesis 
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via iodomethylation with samarium diiodide, 260 
Iodomethylation 

carbonyl compounds 
samarium diiodide, 260 

Iodomethy lenation 
carbonyl methy lenation, 261 

Iridium tetrafluoroborate, diacetonatodihydrido- 
(triphenylphosphine)- 
crystal structure, 307 

Iron,cyclopentadienylcarbonyl(triphenylphosphine)- 
ethoxycarbonyl- 
transmetallation 

stereoselective addition to symmetrical ketones, 
119 

Iron, dicarbonylcyclopentadienyl- 
Lewis acid, 307 

Iron,dicarbonylcyclopentadienyl(cinnamaldehyde)- 
crystal structure, 308 

Iron, dicarbonylcyclopentadienyl(cyclohexenone)- 
crystal structure, 308, 314 

Iron, dicarbonylcyclopentadienyl(4-methoxy- 
3-butenone)- 
crystal structure, 308 

Iron, dicarbonylcyclopentadienyl(tropone)- 
crystal structure, 308 

Isobenzofurans 
cycloaddition reactions, 464 

Isobutyric acid, 
a-lithiated esters 

crystallization, 41 
Isocarbacyclin 

synthesis, 568 
via 1,2-addition of silylcuprate, 133 

Isochromanones 
synthesis 

via directed metallation, 463 
Isocyanates 

reactions with organoytterbium reagents, 278 
reactions with ytterbium ketone dianions, 280 

Isocyanides 
reactions with Grignard reagents, 544 

Isocyanides, tosylmethyl 
acyl anion equivalents, 571 

Isocyanoacetates 
Aldol reactions 

Lewis acid asymmetric induction, 320 
Isoderminin 

synthesis, 570 
Isomaltose 

C-analog 
synthesis, 198 

Isoprene 
zirconocene complex 

reactions with carbonyl compounds, 163 
Isoquinoline, 3,4-dihydro-6,7-dialkoxy- 

reactions with organometallic compounds, 366 
Isoquinoline, 3,4-dihydro-6,7-dimethoxy- 

reactions with sulfinyl-stabilized carbanions, 516 

Isoquinoline, pivaloyl- 
lithiated 

reaction with cyclohexanone, 481 
Isoquinoline, yV-pivaloyltetrahydro- 

bromomagnesium derivative 

crystal structure, 35 
Isoquinoline, 1,2,3,4-tetrahydro- 

lithiated 

reactions with aldehydes, 341 
metallation, 481 

Isoquinoline alkaloids 
synthesis, 482 

Isoquinolines 
(g)-fused 

synthesis, 475 
Isoquinolines, 3,4-dihydro- 

silylation, 366 
Isoquinuclidines 

synthesis 
via Wittig reaction, 757 

Isositsirkine 
synthesis, 593 

Isosparteine 
ethylmagnesium bromide complex 

crystal structure, 13 
Isostegane 

synthesis, 566 
Isoxazoles 

synthesis 
via Homer reaction, 779 

Isoxazoles, 4-silyl- 
synthesis 

via [3 + 2] annulations, 602 
Isoxazolidines 

bridged 
synthesis, 393 

Jasmone 
precursor synthesis, 558 
synthesis 

via Grignard addition, 407 
Jasmone, dihydro¬ 

synthesis, 563 
Jasmonoids 

synthesis, 566 
Johnson reaction 

use of Af-methylphenylsulfonimidoylmethyllithium, 

737 
Julia coupling 

reductive cleavage, 794 
E/Z selectivity, 793 
sulfur stabilized alkenations, 792 

Justicidin 
synthesis 

via ortho directed addition, 468 

Ketals 
a,(3-unsaturated 

addition reactions with alkylaluminum 
compounds, 88 

Ketals, a-hydroxy 
chiral 

addition reactions with alkylaluminum 
compounds, 89 

Ketene acetals 
synthesis 

via Homer reaction, 774 
Ketene dithioacetals 

alkynylsilane cyclization reactions, 608 
Ketene selenoacetals 

synthesis 
via (3-hydroxyalkyl selenides, 705 

Ketene thioketals 
synthesis 
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via Homer reaction, 774 
y-Keto acids 

synthesis 
via acylation of boron-stabilized carbanions, 497 

Keto esters 
reactions with organoaluminum-ate complexes 

facial selectivity, 86 
a-Keto esters 

synthesis 
via oxalic acid derivatives, 425 

a-Ketols 
synthesis 

via samarium acyl anions, 273 
Ketone, dicyclopropyl 

reactions with organocuprates in presence of crown 
ethers 
anti-Cram selectivities, 115 

Ketone, 2,4,6-heptatrienyl 4-methoxyphenyl 
synthesis 

via monoacylation, iron(III) catalyzed, 416 
Ketones 

1,2-addition reactions 
acyl anions, 546 
cyanohydrin ethers, 551 
cyanohydrins, 548 
a-(dialkylamino)nitriles, 555 
phosphonate carbanions, 562 

alkynic 
synthesis, 405 
synthesis from lactones, 418 

aromatic 
reactions with boron-stabilized carbanions, 498 

Barbier-type reactions 
organosamarium compounds, 256 

boron trifluoride complex 
NMR, 292 

cross-coupling reactions 
organoytterbium compounds, 279 

cyclic 
axial selectivity of alkyl addition, 78 
nucleophilic addition reactions, 67 
reactions with diazoalkanes, 847 

enantioselective reduction 
Lewis acid coordination, 317 

enolates 
crystal structures, 26 

enolizable 
reactions with organocerium compounds, 234 
reactions with organosamarium(III) reagents, 253 

geminal dialkylation 
titanium(IV) reagents, 167 

intermolecular additions 
allylsilanes, 610 

intramolecular additions 
allyltrimethylsilane, 612 

Lewis acid complexes 
rotational barriers, 290 

methylenation, 532 
Tebbe reaction, 746 

optical resolution, 534 

reactions with allylic organocadmium compounds, 
226 

reactions with boron stabilized carbanions, 498 
reactions with diazoalkanes, 845 
reactions with dithioacetals, 564 
reactions with organoaluminum reagents 

discrimination between aldehydes and, 83 
reactions with organocadmium compounds, 225 
reactions with organocerium reagents, 233 
reactions with organocopper compounds, 116 
reactions with organometallic compounds 

chemoselectivity, 145 
Lewis acid promotion, 326 

reactions with samarium diiodide 
pinacolic coupling reactions, 271 

reductive coupling 
nitriles, 273 

synthesis 
via acylation of boron-stabilized carbanions, 497 
via carboxylic acid derivatives, 398 
via (3-hydroxyalkyl selenides, mechanism, 718 

a,(3-unsaturated 
reaction with organocuprates, 116 
reaction with vinyl zirconium reagents, 155 

(3,y-unsaturated 
synthesis via acylation of rr-allylnickel 

complexes, 453 
Ketones, a-alkoxy 

cyclic 
nucleophilic addition reactions, 52 

reactions with organocuprates, 108 
Ketones, a-alkoxy acyclic 

nucleophilic addition reactions 
Grignard reagents, 51 

Ketones, a-amino 
expansion, 889 

Ketones, ^-asymmetric amino 
nucleophilic addition reactions 

stereoselectivity, 60 
Ketones, a-bromo 

reactions with aldehydes, 202 
Ketones, t-butyl ethyl 

magnesium bromide enolate 
crystal structure, 29 

Ketones, dibenzyl 
a,a'-keto dianion 

crystal structure, 29 
Ketones, di-t-butyl 

reaction with a-selenoalkyllithium, 674 
Ketones, diisobutyl 

reaction with 2-pentenylzinc bromide, 219 
Ketones, divinyl 

synthesis, 430 
Ketones, a-ethoxy 

synthesis 
via 1,2-diketones, 217 

Ketones, a-halo 
reaction with diiodomethane 

organosamarium compounds, 261 
Ketones, a-hydroxy 

synthesis 
via benzoin condensation, 542 
via diaryl ketone dianions, 280 
via a-keto acetals, 63 

Ketones, (3-hydroxy 
synthesis 

via cerium reagents, 244 
Ketones, y-hydroxy 

synthesis 

via acylation of boron-stabilized carbanions, 497 
Ketones, a-hydroxy(trifluoromethyl)- 

synthesis, 543 
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Ketones, w-iodoalkyl 

reaction with samarium diiodide 
synthesis of cyclopentanols, 261 

Ketones, phenyl 
synthesis 

via acylation of boron-stabilized carbanions, 497 
Ketones, a-phenylthio 

synthesis 
via acylation of boron-stabilized carbanions, 497 

Ketones, a-seleno 
metallation, 642 

Ketones, (3-silyl 
synthesis, 436 

Ketoximes 
reactions with organometallic compounds, 387 
synthesis 

via nitroiminium chlorides, 121 

Ketyls 
Barbier-type coupling reactions 

samarium diiodide, 263 
reactions with alkenes 

organosamarium reagents, 268 
reactions with alkynes 

organosamarium compounds, 268 
Kiliani-Fischer synthesis 

sugars, 460 
Kobrich reagents 

carbenoids 
epoxidation, 830 

Lactams, /V-alkyl- 
heterocyclic 

metallation, 478 
(3-Lactams, a-phenylseleno- 

metallation, 642 
Lactams, a-silyl- 

Peterson alkenation, 790 
y-Lactols 

synthesis 
via benzaldehyde, 502 

Lactones 
alkynic ketone synthesis from, 418 
methylenation 

Tebbe reaction, 744 
reactions with organocerium reagents, 239 

synthesis 
via organosamarium compounds, 259, 266 

Lactones, a-methylene- 
synthesis 

via allyl chromium reagent, 189 

Lactones, a-silyl- 
Peterson alkenation, 790 

y-Lactones, (3-(p-tolylsulfinyl)- 

synthesis 
via 3-(p-tolylsulfinyl)propionic acid, 513 

Lanthanide compounds 
toxicity, 252 

Lanthanide oxides 
dissociation energies, 252 

Lanthanides 
hard acids, 252 
ionic radii, 252 

Lanthanide shift reagents 
carbonyl compound complexes 

NMR, 294 
Laurenyne 

synthesis 
via cyclization, 591 

Leukotriene A4 

synthesis of intermediate 
via organocopper reagents, 131 

Leukotriene B4 

synthesis of analogs 
via carbocupration/1,2-addition, 131 

Leukotrienes 
synthesis 

via sulfur ylide reagents, 821 
Lewis acids 

carbonyl compound complexes, 283-321 
a- versus TT-(Ti2)-bonding, 284 
conformation, 285 
NMR, 292 
theoretical studies, 286 
X-ray crystallography, 299 

reactions 
structural models, 311 

reactions with organometallic compounds, 325-353 
transition metals, 307 

Lipotoxins 
synthesis 

via metal carbene complexes, 808 
Lithiation 

nitrogen compounds 
addition reactions, 461 

Lithiodithianes 
acylation, 568 

Lithium, a-alkoxy- 
carbanions 

epoxidation, 829 
Lithium, alkyl- 

enantioselective addition 
aldehydes, 72 

reaction with cyclohexanone 
stereoselectivity, 79 

Lithium, allyl- 
crystal structure, 18 
tetramethylethylenediamine complex 

crystal structure, 18 
Lithium, benzyl- 

crystal structure, 11 

Lithium, l,l-bis(seleno)alkyl- 
reactions, 694 
reactivity 

reactions with carbonyl compounds, 672 

Lithium, n-butyl- 
mixed aggregate complex with r-butoxide 

crystal structure, 10 

nucleophilic addition reactions 
stereoselectivity, 70 

Lithium, f-butylethynyl- 
crystal structure, 20 

Lithium, o-(r-butylthio)phenyl- 

crystal structure, 23 
Lithium, 1 -cyano-2,2-dimethylcyclopropyl- 

crystal structure, 32 
Lithium, cyclohexyl- 

crystal structure, 9 
Lithium, dibromomethyl- 

addition to esters, 874 
Lithium, 2,6-dimethoxyphenyl- 

crystal structure, 23 
Lithium, o-(dimethylaminomethyl)phenyl- 
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crystal structure, 25 
Lithium, 2,6-dimethylaminophenyl- 

crystal structure, 23, 24 
Lithium, ethyl- 

crystal structure, 9 
Lithium, furyl- 

nucleophilic addition reactions 
factors affecting stereoselectivity, 54 

Lithium, indenyl- 
tetramethylethylenediamine complex 

crystal structure, 19 
Lithium, mesityl- 

crystal structure, 23 
Lithium, o-methoxyphenyl- 

crystal structure, 23 
Lithium, 1 -methoxy-1 -phenylselenomethy 1- 

reactivity 
reactions with carbonyl compounds, 672 

Lithium, methoxy(phenylthio)(trimethylsilyl)methyl- 
Peterson alkenation, 787 

Lithium, a-methoxyvinyl- 
acyl anion equivalent, 544 

Lithium, methyl- 
crystal structure, 9 
tetramethylethylenediamine complex 

crystal structure, 10 
Lithium, 1 -methylseleno-2,2-dimethylpropyl- 

reaction with heptanal 
stereochemistry, 677 

Lithium, methylthiomethyl- 
epoxidation 

2-cyclohexenone, 826 
Lithium, perfluoroalkyl- 

reactions with imines 
Lewis acid pretreatment, 350 

Lithium, phenyl- 
crystal structure, 22 

Lithium, phenylethynyl- 
crystal structure, 20 

Lithium, 1 -phenyl-2-methylseleno-2-oct-5-enyl- 
cyclization, 663 

Lithium, phenylselenomethyl- 
synthesis, 666 

Lithium, 2-phenylseleno-2-propyl- 
stability, 632 
synthesis, 634 

Lithium, 1 -phenylseleno-1 -thioalkyl- 
reactivity 

reactions with carbonyl compounds, 672 
Lithium, 1-phenylselenovinyl- 

reactivity 

reactions with carbonyl compounds, 672 
Lithium, a-(phenylsulfonyl)allyl- 

X-ray structure, 528 
Lithium, a-(phenylsulfonyl)benzyl- 

X-ray structure, 528 
Lithium, (phenylthio)methyl- 

synthesis 
via thioanisole, 506 

Lithium, 1 -phosphonato-1 -phenylselenoalkyl- 
reactivity 

reactions with carbonyl compounds, 672 
Lithium, ct-selenoalkyl- 

nucleophilicity 
reactions with carbonyl compounds, 672 

reactions, 694 

reactions with carbonyl compounds 
reactivity, 672 
stereochemistry, 677 

synthesis, 655 
via selenium-lithium exchange, 631 

Lithium, a-selenoallyl- 
ambident reactivity, 678 
reactivity 

reactions with carbonyl compounds, 672 
Lithium, a-selenobenzyl- 

reactions with alkenes, 664 
reactivity 

reactions with carbonyl compounds, 672 
Lithium, a-selenocyclopropyl- 

reactivity 
reactions with carbonyl compounds, 672 

Lithium, selenomethyl- 
synthesis, 631 

Lithium, 1-seleno-l-silylalkyl- 
reactivity 

reactions with carbonyl compounds, 672 
Lithium, a-selenoxyalkyl- 

reactions, 694 
Lithium, 2,3,5,6-tetrakis(dimethylaminomethyl)phenyl- 

crystal structure, 25 
Lithium, (tetramethylcyclopropyl)methyl- 

crystal structure, 9 
Lithium, trialkylstannylmethyl- 

reactions with carbonyl compounds 
methylenation, 755 

Lithium, triarylstannylmethyl- 
reactions with carbonyl compounds 

methylenation, 754 
Lithium, tris(trimethylsilyl)methyl- 

tetrahydrofuran complex 
crystal structure, 16 

Lithium amides 
chiral catalysts 

nucleophilic addition reactions, 72 
Lithium bromide 

acetone complex 
crystal structure, 299 

Lithium cations 
acrolein complexes 

structure, 289 
Lithium dialkenylcuprates 

acylation of, 428 
Lithium dialkylcuprates 

acylation of, 428 
Lithium diallylcuprate 

reactions with carbonyl compounds 
formation of 1,2-adducts, 113 

Lithium dibutylcuprate 
reactions with ketones, 116 

Lithium dimethylcuprate 
reactions with aldehydes, 108 
reactions with a,(3-dialkoxy aldehydes, 109 
reactions with ketones, 116 

Lithium diphenylmethane 
lithium (12-crown-4) complex 

crystal structure, 11 
Lithium hexamethyldisilazide 

crystal structure, 6 
Lithium 3-lithiopropoxide 

acylation, 404 

Lithioum/magnesium acetylide 
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crystal structure, 39 
Lithium organo(fluorosilyl)amides 

crystal structure, 38 
Lithium salts 

formaldehyde complexes 
theoretical studies, 286 

Lithium tri-f-butylberyllate 
crystal structure, 13 

Lithium triphenylmethane 
crystal structure, 11 

Lycorenine alkaloids 
synthesis, 568 

Macbecin 1 
synthesis 

(£)- and (Z)-selectivity, 764 
Macbecins 

synthesis of segment 
via Wittig or CrCL reaction, 808 

Macrolide antibiotics 
synthesis 

via (Z)-selective Wittig reaction, 763 
Magnesium, alkylbromo- 

boron trifluoride complex 
reactions with acetals, 346 

Magnesium, allylchloro- 
crystal structure, 18 

Magnesium, bis(2,4-dimethyl-2,4-pentadienyl)- 
crystal structure, 18 

Magnesium, bis(indenyl)- 
tetramethylethylenediamine complex 

crystal structure, 19 
Magnesium, bis(phenylethynyl)- 

tetramethylethylenediamine complex 
crystal structure, 21 

Magnesium, bromodecyl- 
nucleophilic addition reactions 

acrolein dimer, 52 
Magnesium, bromomethyl- 

reaction with ethyl acetate, 398 
tetrahydrofuran solvate 

crystal structure, 13 
Magnesium, bromophenyl- 

diethyl etherate 
crystal structure, 25 

Magnesium, chloroethyl- 
crystal structure, 13 

Magnesium, chloro(phenyldimethylsilyl)methyl- 

Peterson reaction, 737 
Magnesium, 15-crown-4-xylylchloro- 

crystal structure, 26 
Magnesium, dialkyl- 

crystal structure, 13 
nucleophilic addition reactions 

stereoselectivity, 72 
Magnesium, diethyl- 

18-crown-6 complex 
crystal structure, 15 

2,1,1 -cryptand complex 
crystal structure, 15 

Magnesium, dimethyl- 
crystal structure, 16 

Magnesium, dineopentyl 
2,1,1 -cryptand complex 

crystal structure, 15 
Magnesium, diphenyl- 

tetramethylethylenediamine complex 
crystal structure, 25 

Magnesium, ethyl- 
diethyl ether solvate 

crystal structure, 13 
Magnesium, ethyl-3-(7V-cyclohexyl-/V- 

methylamino)propyl- 
crystal structure, 14 

Magnesium, ethyl-3-(NW-dimethylamino)propyl- 
crystal structure, 14 

Magnesium, pentamethylene- 
crystal structure, 16 

Magnesium bromide 
Tebbe reaction, 746 

Malonates, acylamino- 
synthesis, 373 

Malonic esters, acylimino- 
reactions with organometallic compounds, 373 

Malyngolide 
synthesis 

via chiral auxiliary, 65 
Mandelic acid 

menthyl ester 
synthesis, 223 

Manganese, alkyl- 
reactions with carbonyl compounds 

Lewis acid promotion, 331 
Mannich bases 

addition reactions 
acyl anions, 547 

Mannitol 
chiral sulfur methylide, 825 

Meerwein-Ponndorf reaction 
organosamarium compounds, 258 

Menthol, phenyl- 
crotonate ester 

addition reactions with organocopper reagents, 313 
glyoxalate esters 

nucleophilic addition reactions, 65 
Metallacyclobutane complexes 

Tebbe reaction, 748 
Metallation 

acyclic systems 
addition reactions, 477 
nitrogen stabilization, 461 

carbocyclic systems 
addition reactions, 461,480 

heterocyclic systems 
addition reactions, 470,480 

Methane, arylbis(methylseleno)- 
metallation, 641 

Methane, arylbis(phenylseleno)- 
metallation, 641 

Methane, bis(methylsulfonyl)-3-(2,6- 
dimethoxypyridyl)sulfonyl- 
potassium salt 

structure, 528 
Methane, bis(phenylseleno)- 

metallation, 641 
Methane, borylstannyl- 

cleavage 
synthesis of boron-stabilized carbanions, 490 

Methane, bromochloro- 
lithium-bromine exchange 

sonication, 830 
Methane, chloroiodo- 
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epoxidation, 830 
Methane, diiodo- 

reaction with a-halo ketones 
organosamarium compounds, 261 

Methane, phenylnitro- 
nitronate carbanion 

crystal structure, 34 
Methane, (phenylseleno)chloro- 

metallation, 641 
Methane, phenyl(trimethylsilyl)phenylseleno- 

metallation, 642 
Methane, tris(methylseleno)- 

metallation, 641 
Methane, tris(methylthio)- 

ketone homologation, 878 
Methane, tris(phenylseleno)- 

metallation, 641 
Methane, vinyl(trimethylsilyl)phenylseleno- 

metallation, 642 
Methane phosphonate, l-(trimethylsiloxy)phenyl- 

diethyl ester 
acyl anion equivalents, 544 

Methanethiol, phenyl- 
dianions 

reactions with carbonyl compounds, 826 
1,6-Methano[ 10]annulene amide 

lithiation 
addition reactions, 466 

Methyl acetate, methoxy- 
boron trifluoride complex 

NMR, 292 
Methyl acrylate 

borane complexes 
structure, 289 

Lewis acid complexes 
conformation, 288 

Methylamine, yV,yV-bis(trimethylsilyl)methoxy- 
formaldehyde imine equivalent, 368 

Methyl crotonate 
Lewis acid complexes 

NMR, 294 
Methylenation 

carbonyl compounds, 731 
samarium induced, 751 
silicon stabilized, 731 
sulfur stabilized, 737 
Tebbe reagent, 743 
titanium stabilized, 743 
titanium-zinc, 749 

Methyl retinoate 
synthesis 

via Julia coupling, 803 
Methyl toluate 

(2,6-di-r-butyl-4-methyl)phenoxydiethylaluminum 
complex 
crystal structure, 301 

Mevinic acids 
synthesis 

via Homer-Wadsworth-Emmons reaction, 772 
Mevinolin 

synthesis 
via an alkynic ketone, 405 

Meytansine 
synthesis 

via r-butyl (/?-tolylsulfinyl)acetate, 523 
Milbemycin Pi 

synthesis 
via Julia coupling, 801 

Milbemycin p3 

synthesis 
via Julia coupling, 801 
via lithium cuprate, 128 

Milbemycin E 
spiroacetal fragment 

synthesis, 568 
Milbemycins 

synthesis 
spiroketal portion, 419 
via Homer reaction, 779 
via Julia coupling, 797, 801 

Mitomycins 
synthesis 

via Peterson methylenation, 732 
Molybdenum, dicyclopentadienyltetracarbonyl- 

(acetaldehyde)- 
crystal structure, 310 

Molybdenum complexes 
cycloalkadiene complexes 

reactions with N-substituted sulfoximine 
carbanions, 535 

Monensin 
synthesis 

via alkynide addition, 420 
via Lewis acid chelation-controlled addition, 336 

Morphinoid analgesics 
synthesis 

via diazonium ions, 836 
Mukulol 

synthesis 
via cyclization, 553 

Muscone 
synthesis 

via cyclization, 553 
via intramolecular Barbier reaction, 262 
via Julia coupling, 803 

Myrtenal 
optically active ligand from 

synthesis of homoallyl alcohols, 612 

Naphthoquinones 
synthesis 

via ‘one-pot’ ortho lithiation, 466 
Naphtho[2,l-r/]thiazolium salts 

catalysts 
benzoin condensation, 543 

1-Naphthylimine 

reactions with organometallic compounds, 383 
Narbomycin 

synthesis 
via cuprate acylation, 436 

Nazarov-type cyclization reactions 
vinylsilanes, 585 

Neomethynolide 
synthesis 

via alkyne acylation by lactones, 421 
Neuraminic acid, /V-acetyl- 

synthesis 
(Z)-selectivity, 765 

Nickel catalysts 
acylation, 450 

Nitriles 

boron trifluoride complex 
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NMR, 292 
lithium enolate 

crystal structure, 32 
metallation 

addition reactions, 468 
reactions with diaryl ketone dianions 

organoytterbium compounds, 280 
reactions with organocerium compounds, 236 
reactions with organocopper complexes, 123 
reductive coupling 

ketones, 273 
a,(3-unsaturated 

synthesis, 560, 774 
Nitriles, ot-amino- 

acyl anion equivalents, 559 
synthesis 

via Lewis acid catalysis, 349 
Nitriles, a-(arylseleno)- 

acyl anion equivalents, 562 
Nitriles, a-(dialkylamino)- 

acyl anion equivalents, 544, 554 
Nitriles,/V2V-(disubstituted)aminomethyl- 

reactions with Grignard reagents, 370 
Nitriles, 4-oxo- 

synthesis 
via benzoin condensation, 542 

Nitriles, a-seleno- 
metallation, 642 

Nitro compounds 
reactions with organocerium compounds, 233 

Nitrones 
acyclic chiral 

reactions with organometallic compounds, 391 

cyclic 
reactions with organometallic compounds, 393 

reactions with organometallic compounds, 391 
Nitrosamine anions 

deprotonation, 476 
Nojirimycin, la-cyano-l-deoxy- 

la-amino derivative 
synthesis, 364 

Nonactic acid 
methyl ester 

synthesis, 131 
Nonanal 

reaction with iodobenzene 
chromium(II) chloride, 193 

Nonylamine, 2-hydroxy- 
synthesis 

chiral, 559 
Norsecurinine 

synthesis 
via Homer-Wadsworth-Emmons 

reaction, 769 
Nozaki protocol 

application 
1,4- and 1,2-addition, 101 

Nuclear magnetic resonance 
carbanions, 41 
carbonyl compounds 

Lewis acid complexes, 292 
Nucleosides 

synthesis 
via Peterson alkenation, 792 

C-Nucleosides, 3-deoxy- 

synthesis, 113 

Ochratoxins 
synthesis 

via ortho lithiation, 470 
Ochromycinone 

synthesis, 567 
Octadecane, 7,8-epoxy-2-methyl- 

synthesis 
via t-butyl 5-methylhexyl sulfoxide, 514 

Octadecene, 9,10-epoxy 
synthesis, 718 

Octane, 2-bromo- 
reaction with cyclohexanone 

samarium diiodide, 259 
6-Octen-3-one, 8-bromo-4-methyl- 

cyclization 
samarium diiodide, 266 

Ophiobolins 
synthesis 

via alkenylchromium reagents, 200 
via oxy-Cope rearrangement, 883 

Organoaluminum reagents, 77-105 
acylation 

palladium catalysis, 450 
1.2- addition reactions 

carbon-nitrogen compounds, 98 
ate complexes 

reactions with keto esters, 86 
ate complexes, silyl 

acyl silane synthesis, 97 
chiral 

site selective addition reactions, 78 
stereoselective addition reactions, 78 

reactions with acid derivatives, 92 
reactions with a,(3-unsaturated carbonyl compounds 

site selectivity, 81 
Organoboranes 

deprotonation, 490 
a-substituted 

cleavage, 490 
Organocadmium reagents, 211-227 

addition reactions, 225 
diastereoselective addition reactions, 220 
reactions with carbonyl compounds 

Lewis acid promotion, 326 
reactions with imines 

Lewis acid promotion, 349 
Organocadmium reagents, allylic 

addition reactions, 226 
Organocadmium reagents, benzylic 

addition reactions, 226 
Organocerium reagents, 231-248 

reactions, 233 
synthesis, 232,233 
thermal stability, 233 

Organochromium reagents, 173-207 
carbanion equivalents, 174 
C—C bond forming reactions, 175 
reactions with carbonyl compounds 

Lewis acid promotion, 331 

structure, 174 
synthesis, 174 

Organocopper reagents, 107-136 
acylation, 426 

palladium catalysis, 450 
stoichiometric, 426 

1.2- additions 
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aldehydes and ketones, 108 
imines, nitriles and amides, 119 

alkynyl 
reactions with enones, 118 

association with boron trifluoride 
increased reactivity, 347 

natural product synthesis, 125 
reactions with aldehydes, 108 
reactions with amides, 124 
reactions with epoxides 

rates, 343 
reactions with imines, 119 
reactions with ketones, 116 
reactions with nitriles, 123 

Organocopper, allylic reagents 
reaction with benzaldehyde, 113 

Organocuprates (see also Cuprates) 
reactions with a-seleno-a,(3-unsaturated ketones, 669 

Organolithium reagents 
acylation, 399 
asymmetric 

nucleophilic addition reactions, 69 
enantioselective addition 

aldehydes, 70 
ketone synthesis 

from carboxylic acids, 411 
nucleophilic addition reactions 

carbonyl compounds, 49 
chiral ketones, 58 

reactions with acetals, 347 
reactions with carbonyl compounds 

Lewis acid promotion, 329 
reactions with epoxides 

use of Lewis acids, 343 
Organomercury reagents, 211-227 

acylation 
palladium catalysis, 450 

addition reactions, 225 
Organometallic compounds 

acylation 
palladium catalysis, 450 

alkyl 

reactions with selenides, 630 
reactions 

Lewis acids, 325-353 
reactions with aldehydes 

Cram versus anti-Cram selectivities, 80 
reactions with cyclic ketones 

stereoselectivity, 333 
Organometallic compounds, a-silyl- 

addition reactions, 618 
Organometallic compounds, vinyl- 

acylation, 401 
Organonickel complexes 

acylation, 451 
Organosamarium ‘ate’ complexes, 253 
Organosamarium halides 

reactions with aldehydes, 254 
Organosamarium reagents 

Barbier-type reactions, 255 
carbonyl addition reactions, 253 
reactions with enolizable reagents, 253 
synthesis 

via transmetallation, 253,254 
Organoselenium compounds 

carbanions, 629-724 

Organosilanes 
reactions with carbonyl compounds 

Lewis acid promotion, 327 
Organosilicon compounds 

bond energies, 582 
carbanions 

field effects, 580 
hyperconjugation, 581 
inductive effects, 580 
p-d Tr-bonding, 581 
reactions with carbonyl compounds, 579-625 
selectivity, 580 

nucleophilic substitution reactions, 582 
reactivity 

carbanions, 580 
Organostannanes 

acylation 
acid chlorides, 446 
palladium complex catalysis, 436 

reactions with carbonyl compounds 
Lewis acid promotion, 327 

Organotitanium reagents, 139-170 
properties, 140 
reactions with carbonyl compounds 

Lewis acid promotion, 330 
reactivity, 144 
synthesis, 142 

Organoytterbium reagents 
reactions with carbonyl compounds 

synthesis of alcohols, 277 
use, 276 

Organozinc reagents, 211-227 
acylation 

palladium catalysis, 448 
addition reactions, 215 
diastereoselective addition reactions, 220 
reactions with carbonyl compounds 

Lewis acid promotion, 326 
reactions with imines 

Lewis acid promotion, 349 
synthesis, 211 

transmetallation, 214 
Organozinc reagents, allylic 

synthesis, 212 
Organozinc reagents, benzylic 

synthesis, 212 
Organozirconium reagents, 139-170 

properties, 140 
reactivity, 144 
synthesis, 142 

Osmium, pentaamine- 
acetone complex 

crystal structure, 310 
Oudemansins 

synthesis 
via Homer reaction, 111 

7-Oxabicyclo[2.2.1 ]hept-5-en-2-one 
reactions with organocuprates, 117 

Oxalic acid 

reactions with Grignard reagents 
synthesis of a-keto esters, 425 

Oxametallacyclic compounds 
ytterbium, 279 

1,2-Oxaphosphetanes 
intermediates in Wittig reaction, 755 

Oxasilatane 
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Peterson alkenation, 785 
Oxaspiro[2.0.n]heptanes 

synthesis, 712 
Oxaspiro[2.0./z]hexanes 

synthesis, 712 
Oxaspiro[2.0.n]octanes 

synthesis, 712 
Oxaspiropentanes 

synthesis 
via diphenylcyclopropylsulfonium halides, 820 

1.3- Oxathiane 
nucleophilic addition reactions 

stereoselectivity, 61 
Oxathianes 

chiral 
nucleophilic addition reactions, 63 

1.3- Oxazines, 4,4,6-trimethyl-5,6-dihydro- 
methiodide salt 

reactions with organometallic compounds, 366 
Oxazin-2-one, 3-bromotetrahydro- 

synthesis, 376 
Oxazirconacycloheptenes 

synthesis 
via dienylzirconium reagents, 162 

Oxaziridines 
spirocyclic 

synthesis, 838 
synthesis, 834 

via imines, 837 
Oxazole, 5-methyl- 

metallation, 477 
Oxazoles 

metallation 
addition reactions, 471 

Oxazolidine-A-oxyl, 4,4-dimethyl 
nitroxide 

synthesis, 393 
Oxazolidinone 

synthesis, 273 
Oxazolidinones, /V-acyl- 

a,(3-unsaturated 
Diels-Alder reactions, 312 

Oxazoline, chiral 
nucleophilic addition reactions 

remote asymmetric induction, 60 
Oxazoline, 2,4,4-trialkyl- 

A-oxide 
reactions with Grignard reagents, 393 

Oxazolines 
aromatic 

nucleophilic addition reactions, 69 
metallation 

addition reactions, 468 
2-Oxazolines, 4,4-dimethyl- 

methiodide salt 
reactions with organometallic compounds, 366 

Oxazolium salts 
electroreduction 

acyl carbanion equivalents, 544 
2-Oxazolone, 3-ketopinyl- 

cleavage 
lower order cuprate, 119 

Oxetanes 
alkynylation 

use of boron trifluoride, 343 
reaction with lithiodithiane, 569 

synthesis 
via epoxides, 820 

Oxetanes, 3-methoxy- 
synthesis, 670 

Oxime ethers 
asymmetric reduction 

Lewis acid coordination, 317 
boron trifluoride activated 

reactions with organometallic compounds, 385 
reactions with organometallic compounds, 385 

Oximes 
aziridine synthesis, 835 
reactions with organometallic compounds, 385 
tosylates 

Beckmann rearrangement, 387 
Oxirane, 1,2-di-n-propyl- 

reactions with boryl compounds, 497 
Oxirane, l-methyl-2-pentyl- 

reaction with boryl compounds, 496 
Oxiranes 

alkynylation 
use of boron trifluoride, 343 

ring opening 
Lewis acids, 345 

Oxiranes, (p-tolylsulfinyl)- 
synthesis 

via chloromethyl p-tolyl sulfoxide, 524 
Oxiranes, vinyl- 

synthesis, 510,712 
A4-Oxocene, 2,8-disubstituted 

synthesis 
via cyclization of oxonium ions, 591 

Oxocenes 
synthesis 

via cyclization of acetals, 589 
2//-Oxocins, 3,6,7,8-tetrahydro- 

synthesis 
via cyclization of acetals, 589 

Oxy-Cope rearrangement, 880 
13-Oxyprostanoids 

synthesis 
via conjugate addition of aryl cyanohydrin, 552 

Palladium, benzyl(chloro)bis(triphenylphosphine)- 

catalyst 
acylation, 440 

Palladium complexes 
acylation 

catalysis, 436 
Palytoxin 

synthesis 
via alkenylchromium reagents, 197 

(3-Panasinsene 
synthesis 

via Johnson methylenation, 739 
via ketone methylenation, optical resolution, 533 

Paniculide-A 
synthesis 

via Diels-Alder reaction of alkynic ketone, 406 

Parham cyclization 
bromoaromatic carboxylic acids, 412 

Pellefierine 
synthesis, 393 

1,3-Pentadiene 
zirconocene complex 

reactions with carbonyl compounds, 163 
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1.3- Pentadiene, 3-methyl- 
zirconocene complex 

reactions with carbonyl compounds, 163 
Pentaene 

synthesis 
via Homer reaction, 779 

Pentalenene 
synthesis 

via stereoselective cuprate reaction, 133 
2.4- Pentanedione, 3,3-dimethyl- 

titanium tetrachloride complex 
crystal structure, 303 

3- Pentanone, 2-benzyloxy- 
reaction with trichloromethyltitanium 

NMR, 295 
tin(IV) chloride complexes 

crystal structure, 306 
4- Penten-2-ol, 2,3-dimethyl- 

synthesis 
via trihaptotitanium compound, 159 

2- Pentenone 
Lewis acid complexes 

NMR, 294 
3- Pentenone 

Lewis acid complexes 
NMR, 294 

5.5- Pentenones 
fused 

synthesis, 585 
1-Pentyne 

reaction with borane, 489 
Periplanone B 

synthesis, 553 
Peshawarine 

synthesis, 564 
Peterson alkenation, 731, 786 

catalysis 
cerium, 734 
titanium, 734 

chemoselectivity, 734 
definition, 785 
elimination conditions, 732 
heterosubstituted alkene synthesis, 786 
Lewis acid catalysis, 792 
mechanism, 620, 785 
phosphorus substituted alkenes, 788 
reactivity of metal anions, 732 
silicon substitution, 737 
a-silyl organometallic compounds, 620 
stereochemistry, 621 
sulfur substituted alkene synthesis, 786 

Peterson reagent 
addition to aldehydes and ketones, 238 

Phase transfer catalysts 
sulfur ylide reactions, 821 

Phenanthrene amide, trimethoxy- 
metallation, 466 

Phenanthride 
synthesis 

via directed metallation, 463 
Phenethylamines 

a-substituted 
synthesis, 369 

Phenol, 2,6-di-?-butyl-4-alkyl- 
reaction with trimethylaluminum, 78 

Phenothiazines 

lithiation 
addition reactions, 469 

Phenoxide, bis(2,6-di-/-butyl-4-methyl- 
methylaluminum complex 

reactions of organolithium compounds, 333 
Phenoxide, bis(2,4,6-tri-f-butyl- 

methylaluminum complex 
reactions of organolithium compounds, 333 

(-)-Phenylmenthyl esters, a-bromo-N-Boc-glycine 
reactions with Grignard reagents, 376 

Phosphine dichloride, triphenyl- 
reaction with lithium carboxylates, 424 

Phosphine oxides 
Homer reaction, 773 

Phosphinite, chlorodiphenyl- 
mixed anhydride with carboxylic acids 

acylation, 424 
Phosphinothioic amide, phenyl- 

reductive elimination, 742 
Phosphonate carbanions 

a-heterosubstituted 
acyl anion equivalents, 562 

Phosphonates 
Homer-Wadsworth-Emmons reaction, 761 

Phosphonates, acylamino- 
synthesis, 373 

Phosphonates, acylimino- 
reactions with organometallic compounds, 373 

Phosphonates, phenylselenomethyl 
metallation, 641 

Phosphonates, a-silyl- 
addition reactions 

carbonyl compounds, 622 
Phosphonates, (trimethylsilyl)alkyl 

lithio anion 
Peterson alkenation, 788 

Phosphonic diamides, NTVjV'TV'-tetramethyl- 
ortho metallation, 464 

Phosphonium salts, phenylselenomethyl 
metallation, 641 

Phosphonium ylides 
alkene synthesis, 755 

Phosphonium ylides, allylic tributyl- 
synthesis 

via palladium(O) catalysis, 759 
Phosphorane, ethylidenetriphenyl- 

Wittig reaction, 757 
o-Phthalaldehyde 

reaction with organometallic reagents, 154 
Phthalides 

optically active 
synthesis, 60 

Phyllanthocin 
synthesis 

diastereoselectivity, 822 
Picrotoxinin 

synthesis 

via Johnson methylenation, 738 
Pinacolic coupling reactions 

organosamarium compounds, 270 
Pinacolone 

lithium enolates 
crystal structure, 26 

X-ray diffraction analysis, 3 
potassium enolate 

crystal structure, 26 
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sodium enolate 
crystal structure, 26 

Pinacols 
synthesis 

via organoytterbium compounds, 279 
unsymmetrical 

synthesis, using ytterbium, 279 
Pinacol-type reactions 

P-hydroxy sulfides, 861 
8-Pinene 

synthesis 
via methyllithium addition, 377 

Pinidine, dihydro¬ 
synthesis, 559 

Piperidine 
lithiated formamidines 

reaction with benzaldehyde, 482 
A'-Piperidine 

reactions with organometallic compounds, 364 
Piperidine, iV-benzyl-2-cyano-6-methyl- 

alkylation, 557 
Piperidine, 1 -benzyl-2,6-dicyano- 

alkylation, 557 
Piperidine, JV-methyl- 

deprotonation, 476 
Piperidine, a-propyl- 

synthesis, 558 
Piperidine amides 

lithiation 
carbonyl addition reactions, 483 

Piperidinediones 
Tebbe reaction, 745 

Plumbanes, alkyl- 
reactions with aldehydes 

Lewis acid promotion, 329 
Podorhizol 

synthesis, 566 
Polyenes 

synthesis 
via Julia coupling, 802 

1,3-Polyols 
synthesis, 569 

Polyquinenes 
synthesis 

via bisannulation, 262 
Potassium, methyl- 

synthesis 
crystal structure, 12 

Premonensin 
synthesis, 429 

Progesterone, 9a-bromo-l 1 (3-hydroxy- 
reaction with chromium(II) acetate, 175 

Progesterone, 21-methyl- 
synthesis 

via acylation of organocadmiums, 447 
Proline 

chiral catalysts 
nucleophilic addition reactions, 72 

Propanal 
borane complexes 

rotational barriers, 290 
Propanal, 2-phenyl- 

addition reactions with bromomethylmagnesium, 317 
reaction with methyltitanium triisopropoxide, 141 
reaction with organometallic reagents 

diastereoselectivity, 151 

Lewis acids, 334 
Propane, 2,2-bis(phenylseleno)- 

stability, 632 
Propane, 3-chloro-1,1 -bis(methylseleno)- 

metallation, 638 
Propane, 3-chloro-1,1 -bis(pheny lseleno)- 

metallation, 638 
Propane, l-dimethylamino-3-lithio- 

intramolecular solvated tetramer, 10 
Propane, 2-lithio-2-phenylseleno- 

synthesis, 634 
Propane, 2-phenylseleno-2-phenylthio- 

stability, 632 
Propanol, 1-phenyl- 

perdeuterated 
synthesis, 223 

1 -Propanol, 1 -(3-phenyl-1 -indolizidinyl)- 
synthesis 

via y-diketones, 547 
1 -Propanones, 2-alkoxy-1 -(1,3-dithian-2-yl)- 

synthesis, 568 
Propargylic acetates 

reactions with carbonyl compounds 
organosamarium compounds, 257 

Propargylic alcohols 
optically active 

synthesis, 347 
Propargylic anion equivalents 

allenylsilanes 
synthesis of substituted alkynes, 595 

1 -Propene, 1,1 -bis(methy lseleno)- 
synthesis, 638 

Propene, 2-iodo- 
reaction with chromium chloride, 193 

Propene, 1 -lithio-1 -seleno-3-methyl- 
reactions with benzaldehyde, 679 

2-Propenethiol 
lithiated 

reactions with carbonyl compounds, 510 
2-Propen-1 -one, 1 -(4'-methoxyphenyl)-3-phenyl- 

reactions with organocerium compounds, 235 
Propionamide, A?7V-dimethyl- 

lithium enolate 
crystal structure, 31 

Propionic acid, (3-bromo- 
methyl ester 

reaction with samarium, 254 
Propionic acid, 3-(p-tolylsulfinyl)- 

dianions 
reactions with carbonyl compounds, 513 

Propyne, bis(trimethylsilyl)- 
Peterson alkenation, 790 
reaction with chloral 

Lewis acid promotion, 328 
Prostaglandin, 9-fluoromethylene- 

synthesis 
via Johnson methylenation, halogen incorporation, 

741 
Prostaglandin Di 

methyl ester 
synthesis, 570 

Prostaglandins 
synthesis, 569 

via protected cyanohydrins, 553 
via vinylzirconium(IV) complexes, 155 

Prostanoic acid 
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synthesis 
via 1,4-addition of allylic sulfoxides to enones, 520 

Prostanoids 
synthesis, 566 

via organoaluminum reagents, 103 
Protons 

formaldehyde complexes 
theoretical studies, 286 

Pseudomonate B, methyl deoxy- 
synthesis 

via Julia coupling, 795 
Pseudomonic acid C 

synthesis 
via Julia coupling, 794, 795 

Pseudomonic acid esters 
synthesis 

via Peterson alkenation, 791 
Pumiliotoxins 

synthesis 
via iminium ion-vinylsilane cyclization, 593 

Pyllodulcin 
synthesis 

via directed lithiation, 477 
Pyran, 2-alkyltetrahydro- 

synthesis 
via Lewis acid promoted reaction, 346, 347 

Pyranosides 
methylenation, 737 

C-Pyranosides 
synthesis 

via cuprate 1,2-addition, 126 
2//-Pyrans, dihydro¬ 

synthesis, 589 
2//-Pyrans, 5,6-dihydro- 

synthesis 
via vinylsilane acetals, 589 

Pyrazines, 2-acyloxy- 
acylating agent, 422 

Pyrazoles, /V-alkyl 
lithiation, 477 

Pyrazoles, 3,5-dialkyl- 
synthesis, 557 

Pyrazoline, tosyl- 
reaction with trimethylaluminum 

pyrazolol synthesis, 98 
Pyrazolols 

synthesis 
via tosylpyrazolines, 98 

Pyrenophorin 
synthesis, 569 

via organostannane acylation, 446 
Pyrethroids 

synthesis 
via chiral cyanohydrins, 546 

Pyridine, 2,6-dimethyl- 
a-lithiated 

crystal structure, 12 
Pyridine, 2-methoxy- 

ortho metallation, 474 
Pyridine, 2-methyl-3-acyl- 

synthesis, 560 
Pyridine, 2-methyl-3-formyl- 

synthesis, 560 

Pyridine, 6-methyl-2,3,4,5-tetrahydro- 
N- oxide 

reaction with allylmagnesium bromide, 393 

Pyridines 
acylating agents, 422 
metallation 

addition reactions, 471 
2-substituted 

lithiation, 474 
synthesis 

via nitrogen-stabilized carbanions, 461 
Pyridines, 3-alkoxy- 

metallation, 474 
Pyridinium salts, 5,6-dihydro- 

reactions with organometallic compounds, 367 
Pyridylamides, TV-methylamino- 

acylation 
Grignard reagents, 422 

2-Pyridylcarboxylates 
acylation, 434 

2-Pyridyl ketone-O-acyloximes 
acylation 

Grignard reagents, 422 
Pyrimidopyridine 

synthesis 
via Peterson alkenation, 792 

Pyrrole, 2-lithio-TV-(TV' TV'-dimethylamino) 
acylation, 410 

Pyrrole, TV-methyl-2,3,5-tris(3-pyridyl)- 
synthesis 

via y-diketones, 547 
Pyrrole, TV-phenyl-2-lithio- 

crystal structure, 35 
Pyrrole-2-carbaldehydes,5-substituted 

synthesis 
via dithiation of azafulvene dimer, 473 

metallation, 473 
Pyrroles 

metallation, 473 
TV-substituted 

lithiation, 473 
synthesis 

regiocontrolled, 552 
via nitrogen-stabilized carbanions, 461 

Pyrroles, 2-keto- 

introduction into natural products, 409 
Pyrroles, 1,2,5-trisubstituted 

synthesis, 559 

Pyrrolidine, 1 -amino-2-(methoxymethyl)- 
lithiated hydrazone enolate 

crystal structure, 29 
Pyrrolidine, TV-methyl- 

deprotonation, 476 
Pyrrolidines 

annulation, 889 
chiral auxiliaries 

nucleophilic addition reactions, 64, 65 
lithiated formamidines 

reaction with benzaldehyde, 482 
synthesis, 669 

chiral, 558 
via a-methoxy carbamates, 377 

1 -Pyrroline 

reactions with organometallic compounds, 364 
1 -Pyrroline, 2-alkyl- 

deprotonation 

thermodynamic considerations, 358 
2-Pyrrolines 

2-functionalization 



Subject Index 981 

metallation, 473 
Pyrrolizidine 

synthesis 
chiral, 558 

Pyrrolopyridines 
lithiation, 471 

Quadrone 
synthesis 

via organostannane acylation, 447 
Quercus lactone 

synthesis, 565 
Quinocarcin 

synthesis, 404 
Quinoline, 3,4-dihydro- 

reaction with trimethylsilyl triflate, 391 
Quinoline, 8-hydroxy- 

esters 
reaction with Grignard reagents, 422 

Quinoline, tetrahydro- 
lithiated formamidines 

reaction with benzaldehyde, 482 
Quinolines 

acylating agents, 422 
Quinolizidine alkaloids 

synthesis 
chiral, 559 

Quinolizidines 
synthesis, 559 

via y-diketones, 547 

1.3- Rearrangements 
homologations, 885 

3.3- Re arrangements 
cationic variations, 889 

Reductive elimination 
acylation 

organostannanes, 444 
Reformatsky reagent 

f-butyl bromoacetate 
crystal structure, 30 

Reformatsky-type reaction 
organosamarium compounds, 266 

Resorcylide, dihydroxy- 
synthesis 

via cyclization, 553 
Rethronoids 

synthesis, 566 
ds-Retinal 

synthesis 
(Z)-selectivity, 765 

Rhenium, cyclopentadienylnitroso(triphenylphosphine)- 

crystal structure, 309 
Rhenium, cyclopentadienylnitroso(triphenylphosphine)- 

(acetophenone)- 
crystal structure, 309 

Rhenium, cyclopentadienylnitroso(triphenylphosphine)- 

(phenylacetaldehyde)- 
crystal structure, 309 

Rhodinose 
synthesis 

via Lewis acid mediated Grignard addition, 336 

Rhodium catalysts 
acylation, 450 

Rhodium, chloro(carbonyl)bis(triphenylphosphine)- 

catalysts 

acylation, 451 
Rhodium complexes, alkyl- 

acylation 
acid chlorides, 450 

Ribofuranosyl cyanide 
synthesis 

via Lewis acid promoted reaction, 347 
Ribulose 

synthesis 
via Lewis acids, nonchelation selectivity, 339 

Rieke copper 
acylation, 426 

Rifamycin 
ansa bridge 

synthesis, 182 
Rifamycin S 

synthesis 
via Wittig reaction, 762 

Ring expansion, 843-899 
Rocaglamide 

synthesis, 564 
Roflamycin 

synthesis, 568 
Rotaxane structure 

diethylmagnesium/18-crown-6 complex 
crystal structure, 15 

Rubradirins 
synthesis 

via Homer-Wadsworth-Emmons reaction, 772 

Salicylaldehyde 
dichlorodimethyltin complex 

crystal structure, 305 
Samarium 

acyl anions and radicals 
generation, 273 

oxidation state 
stability, 252 

reaction with methyl (3-bromopropionate, 254 
Samarium, allyl- 

reactions with carbonyl compounds, 256 
Samarium, benzyl- 

reactions with carbonyl compounds, 253 
Samarium, dicyclopentadienyl- 

intermolecular Barbier-type reactions, 258 
intermolecular pinacolic coupling reactions 

organosamarium compounds, 271 
Meerwein-Ponndorf oxidation 

aldehydes, 258 
reactions promoted by, 255 
reactions with benzylic halides, 253 
synthesis 

via samarium diiodide, 255 
Samarium, ethyliodo- 

reaction with benzaldehyde, 254 
Samarium chloride 

toxicity, 252 
Samarium diiodide 

Barbier-type reaction 
mechanism, 258 

characterization, 255 
reactions promoted by, 255 
reactions with acyl halides 

preparation of samarium acyl anions, 273 
synthesis 

via oxidation of samarium, 255 
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Samarium iodide 
iodohydrin synthesis, 831 

Samarium reagents, 251-280 
acyl anion chemistry, 273 
acyl radical chemistry, 273 
ketyl-alkene coupling reactions, 268 
pinacolic coupling reactions, 270 
Reformatsky-type reactions, 266 

a-Santalol 
synthesis 

via Wittig reaction, 757 
Schiff bases 

reactions with organocopper complexes, 119 
Secoisoquinoline alkaloids 

synthesis, 552 
7,16-Secotrinervita-7,11 -diene, 3a-acetoxy- 

15p-hydroxy- 
synthesis 

via organoaluminum reagents, 100 
Selenide, methyl phenyl 

metallation, 641 
Selenide, phenyl trimethylsilylmethyl 

metallation, 641 
Selenides 

metallation 
synthesis of selenoalkyl metals, 635 

reactions with alkyl metals, 630 
Selenides, allyl 

metallation, 640 
synthesis 

via P-hydroxyalkyl selenides, 705 
Selenides, aryl 1 -(2-methyl- 1-propenyl) 

metallation, 647 
Selenides, aryl 1-propenyl 

metallation, 647 
Selenides, benzyl 

metallation, 640 
Selenides, p-hydroxy 

pinacol-type reactions, 861 
synthesis 

via selenium-stabilized anions, 828 
Selenides, P-hydroxy-y-alkenyl 

rearrangement, 717 
Selenides, p-hydroxyalkyl 

epoxide synthesis from 
mechanism, 718 

in synthesis, 696, 721 
reactions with carbonyl compounds, 673 
rearrangement, 714 
reduction, 699 
reductive elimination, 700 
synthesis, 650 

Selenides, P-hydroxy-a-trimethylsilylalkyl 
reductive elimination, 705 

Selenides, a-lithio 
epoxidation, 828 

Selenides, a-metalloalkyl 
synthesis 

via metallation, 630 
Selenides, 1-metalloallenyl phenyl 

synthesis, 646 
Selenides, a-metallovinyl 

synthesis 
via metallation, 630 

Selenides, 1 -metallovinyl aryl 
synthesis, 646 

Selenides, propargylic 
metallation, 640 

Selenides, pyridyl alkenyl 
metallation, 648 

Selenides, vinyl 
metallation, 644 
reactions with organometallic compounds, 669 
synthesis 

via P-hydroxyalkyl selenides, 705 
Selenium 

carbanions 
synthesis, 630 
synthesis via metallation, 635 

Selenium ylides 
epoxidation, 825 
reactions with enals, 683 

Selenoacetals 
synthesis, 656 

Seleno esters 
synthesis, 95 

Selenolactones 
metallation, 642 

Selenones 
epoxidation, 828 
metallation, 650 

Selenones, a-metalloalkyl 
reactivity 

reactions with carbonyl compounds, 672 
synthesis, 648 

via metallation, 630 
Selenones, vinyl 

reactions with organometallic compounds, 669 
Selenonium bromide, phenacylmethyl(dimethyl)- 

metallation, 655 
Selenonium salts 

metallation, 651 
Selenonium salts, allyldimethyl- 

metallation, 653 
Selenonium salts, allylmethylphenyl- 

metallation, 653 
Selenonium salts, a-metalloalkyl- 

synthesis, 648 
via metallation, 630 

Selenonium ylides 
reactivity 

reactions with carbonyl compounds, 672 
Selenophene 

metallation, 644 
Selenophene, 2-lithio- 

synthesis, 668 
Selenoxides 

metallation, 649 
Selenoxides, a-metalloalkyl 

reactivity 

reactions with carbonyl compounds, 672 
synthesis, 648 

via metallation, 630 
Selenoxides, a-metallovinyl 

reactivity 

reactions with carbonyl compounds, 672 
synthesis, 630 

Selenoxides, P-oxidoalkyl 
synthesis, 650 

Selenoxides, vinyl 

reactions with organometallic compounds, 669 
Selenuranes 
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reactions with aldehydes, 651 
Senoxepin 

synthesis 
via Peterson alkenation, 733 

Septamycin 
synthesis 

A-ring fragment, 429 
Sesbanine 

synthesis 
via regioselective lithiation, 474 

Sex pheromones 
bark beetle 

synthesis, 218 
Sibirosamine 

synthesis 
stereospecific, 413 

3,3-Sigmatropic rearrangements 
aluminum enolates, 91 
homologations, 880 

Silanes, acyl- 
synthesis 

via organoaluminium reagents, 97 
a,(3-unsaturated 

reactions with allenylsilanes, 598 
Silanes, alkenyl- 

synthesis 
via metal carbene complexes, 808 

Silanes, alkynyl- 
reactions with electrophilic iT-systems, 604 

Silanes, allenyl- 
[3 + 2] annulations, 596 
reactions with activated imines, 602 
reactions with acyliminium salts, 598 
reactions with aldehydes, 599 
reactions with carbonyl compounds 

synthesis of substituted alkynes, 595 
titanium tetrachloride, 595 

reactions with tropylium ions, 603 
reactions with a,(3-unsaturated acylsilanes, 598 
reactions with a,(3-unsaturated carbonyl compounds, 

596 
Silanes, allyl- 

addition reactions 
stereochemistry, 610 

allylations 
Lewis acid promoted, 346 

intermolecular additions 
aldehydes, ketones and acetals, 610 

internal additions 
stereochemistry, 615 

metallated 
additions to aldehydes, 113 

reactions with carbonyl compounds, 610 

synthesis 
via esters, 244 
via (3-hydroxyalkyl selenides, 705 
via Peterson methylation, 238, 735 

Silanes, allylamino- 
metallated 

addition reactions, 624 
Silanes, allyltrimethyl- 

intramolecular additions 
carbonyl compounds, 612 

Silanes, chiral acyl- 
nucleophilic addition reactions 

stereoselectivity, 57 

Silanes, a,(3-epoxy- 
Peterson reaction, 737 

Silanes, 2-hydroxy- 
synthesis 

via trimethylsilylmethylcerium reagent, 238 
Silanes, |3-hydroxyalkyl( 1 -naphthyl)phenylmethyl- 

synthesis, 785 
Silanes, propargyl- 

electrophilic additions 
formation of |3-silyl carbocations, 616 

Silanes, trialkyl- 
nucleophilic addition reactions 

stereoselectivity, 57 
Silanes, vinyl- 

cyclization reactions 
acetal- and carbonyl-initiated, 585 
Nazarov type, 585 

intramolecular addition, 584 
synthesis 

via (3-hydroxyalkyl selenides, 705 
via Peterson reaction, 786 

vinyl anion equivalents, 583 
Silyl compounds, titanated 

reactions with carbonyl compounds, 161 
Silyl cyanides, trialkyl- 

reactions with carbonyl compounds 
Lewis acid promotion, 328 

Silyl enol ethers 
Aldol reactions 

Lewis acid promoted, 346 
Silyl halides, trialkyl- 

reaction between aldehydes and organocuprates, 112 
Simmons-Smith cyclopropanation 

unsaturated ketones, 533 
a-Sinsenal 

synthesis, 560 
Skeletal reorganizations, 843-899 
Sodium, benzyl- 

tetramethylethylenediamine solvate 
crystal structure, 13 

Sodium, indenyl- 
tetramethylethylenediamine complex 

crystal structure, 19 
Sodium, methyl- 

synthesis 
crystal structure, 12 

Sodium cation complexes 
acetone 

theoretical studies, 287 
crystal structure, 299 

Sodium hexamethyldisilazide 
crystal structure, 37 

Solenopsin 
synthesis, 558 

Solinopis invicta 
trail pheromone component 

synthesis, 568 
Sparteine 

ethylmagnesium bromide complex 
crystal structure, 13 

Sparteine, 6-benzyl- 
ethylmagnesium bromide complex 

crystal structure, 14 
Spiro[4,5]decadienones 

synthesis 
via vinylsilanes, 584 
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Spiroketals 
synthesis 

via organocerium reagents, 239 
Squalinoids 

synthesis 
(Z)-selectivity, 767 

Stannane, (l-alkynyl)tributyl- 
acylation 

platinum catalyzed, 447 
Stannane, [(2,6-xylylimino)(trialkylsilyl)methyl]- 

transmetallation, 546 
Stannanes, a-amino- 

transmetallation, 476,479 
Stannanes, 3-hydroxy- 

fragmentation, 894 
Stannanes, tetrasubstituted 

synthesis, 445 
Steganacin 

synthesis, 566 
Stemodinone, deoxy- 

synthesis 
via samarium diiodide, 259 

Steroids 
carbonyl compounds 

NMR, 293 
(Z)-Stilbene 

synthesis 
via Homer reaction, 776 

Stilbene, cyano- 
synthesis, 561 

Stille acylation 
rate 

factors affecting, 442 
Strecker synthesis 

amino acids, 460 
Streptogramin 

synthesis 
via Peterson alkenation, 791 

Streptonegrin 
synthesis, 560 

Streptovaricin 
synthesis 

(Z)-selectivity, 764 
Styrene, bromo- 

reaction with aldehydes 
chromium(II) chloride, 193 

Styrene oxide 
optically pure 

synthesis, 833 
Succinimides 

Tebbe reaction, 745 
Sugars 

Kiliani-Fischer synthesis, 460 
Sugars, aldehydo- 

Wittig reaction, 759 
Sugars, deoxyamino- 

synthesis 
via Peterson methylenation, 732 

Sugars, 3-C-methylene- 
synthesis 

via Peterson methylenation, 732 
Sulfamides, diaryl 

reactions with organometallic compounds, 390 
Sulfenimines, S-aryl- 

reactions with organometallic compounds, 389 
Sulfides 

carbanions 
crystal structure, 36 

Sulfides, alkenyl 
synthesis 

via metal carbene complexes, 808 
Sulfides, allyl 

synthesis 
via (3-hydroxyalkyl selenides, 705 

Sulfides, 3-hydroxy 
pinacol-type reactions, 861 

Sulfides, a-lithio 
anions 

epoxidation, 827 
Sulfides, 3-methyl-2-butenyl phenyl 

allylic carbanions, 508 
Sulfides, methyl (trimethylsilyl)methyl 

Peterson alkenation, 787 
Sulfides, phenyl (trimethylsilyl)methyl 

Peterson alkenation, 787 
Sulfonates, S-(dialkylaminomethyl)dithio- 

iminium salts 
generation in situ, 370 

Sulfone, benzyl phenyl 
lithium salt 

crystal structure, 528 
Sulfone, chloromethyl phenyl 

Darzens-type reactions, 530 
epoxidation, 827 

Sulfone, methoxymethyl phenyl 
lithium anion 

addition to ketones, 865 
Sulfone, phenyl (trimethylsilyl)methyl 

Peterson alkenation, 787 
Sulfones 

carbanions 
crystal structure, 36 

Julia coupling 
carbonyl compounds, 806 

Sulfones, a-halo- 
reactions with carbonyl compounds, 530 

Sulfones, vinyl 
Peterson alkenation, 786 
synthesis 

via Julia coupling, 805 
Sulfonimines 

reactions with organometallic compounds, 390 
Sulfonium benzylide, diphenyl- 

reactions with aldehydes 
synthesis of trarcs-stilbene oxides, 824 

Sulfonium methylide, dimethyl- 
epoxidation 

carbonyl compounds, 820 
Sulfonium methylide, dimethyloxo- 

epoxidation 
carbonyl compounds, 820 

Sulfonium salts 
polymeric resins 

phase transfer catalysts, 821 
sulfur ylides from, 820 

Sulfoxide, benzyl f-butyl 
carbanion, 512 

reactions with carbonyl compounds, 513 
Sulfoxide, benzyl methyl 

carbanion, 512 
Sulfoxide, chloromethyl phenyl 

Darzens-type reactions, 530 



Subject Index 985 

lithiation 
butyllithium, 524 

Sulfoxide, methyl 2-chlorophenyl 
lithium anion 

ring expansion with cyclobutanones, 862 
Sulfoxide, methyl p-tolyl 

carbanions 
reactions with carbonyl compounds, 513 

epoxide synthesis, 833 
a-lithiated 

reactions with aldehydes, 341 
Sulfoxides 

carbanions ■ 
crystal structure, 36 

chiral 
nucleophilic addition reactions, 69 

Sulfoxides, alkyl aryl 
carbanions 

reactions with carbonyl compounds, 513 
Sulfoxides, allyl aryl 

reactions with aromatic aldehydes, 517 
Sulfoxides, allyl p-tolyl 

reactions with carbonyl compounds, 519 
Sulfoxides, epoxy 

synthesis 
via a-halo sulfoxides, 524 

Sulfoxides, a-halo 
reactions with carbonyl compounds, 524 

Sulfoxides, (3-hydroxy 
synthesis 

via organoaluminum reagents, 84 
via a-sulfinyl carbanions, 514 

Sulfoxides, indolizidinyl 
reaction with butanal 

via a-sulfinyl carbanion, 514 
Sulfoxides, a-lithio 

anions 
epoxidation, 827 

Sulfoxides, vinyl 
synthesis 

via reactions of allyl phenyl sulfoxide with eye 
ketones, 520 

Sulfoximides 
carbanions 

crystal structure, 36 
Sulfoximine, /V,5-dimethyl-5-phenyl- 

acidity 
pA"a value, 531 

lithium derivative 
reaction with benzaldehyde, 532 

reactions with ketones, 535 
Sulfoximine, 5-methyl-5-phenyl- 

reactions with cycloalkadiene-molybdenum 

complexes, 535 
Sulfoximine, 5-methyl-5-phenyl-Ar-phenylsulfonyl- 

acidity, 531 
Sulfoximine, S-methyl-S-phenyl-ZV-silyl- 

reactions with aldehydes, 532 
Sulfoximine, 5-methyl-5-phenyl-/V-tosyl- 

optically pure 
synthesis, 788 

Sulfoximine, 5-phenyl-A-trimethylsilyl- 
5-trimethylsilylmethyl- 
X-ray structure, 531 

Sulfoximines 
/V-substituted 

a-carbanions, 535 
ylides 

carbonyl epoxidation, 820 
Sulfoximines, alkenyl- 

synthesis 

via silylation of (3-hydroxysulfoximines, 536 
Sulfoximines, (3-hydroxy- 

reductive elimination, 738 
synthesis 

stereoselectivity, 536 
via prochiral carbonyl compounds, 532 

Sulfoximines, (|3-hydroxyalkyl)- 
synthesis 

via /V-silyl-S-methyl-S-phenylsulfoximine, 532 
Sulfur ylides 

epoxidation 
carbonyl compounds, 820 

Sydowic acid 
synthesis 

via 1,2-addition of trimethylaluminum, 104 

Tagatose 
synthesis 

via Lewis acids, nonchelation selectivity, 339 
Tagetones 

synthesis 
via 1,6-addition, 554 

Talaromycin A 
synthesis 

via functionalized alkyne addition, 419 
Taloromycin B 

synthesis, 568 
Tantalum, r-butylalkylidene- 

t-butylalkene synthesis, 743 
Tebbe reaction 

titanium-stabilized methylenation, 743 
Tebbe reagent 

alkene synthesis, 807 
Tellurium ylides 

epoxidation, 825 
Tetracyclines 

synthesis 
via conjugate addition of aryl cyanohydrin, 552 

Tetralins 
synthesis 

via silicon-stabilized cyclizations, 585 
(3-Tetralone 

methylation 
organometallic compounds, 150 

Tetronic acids 
synthesis 

via Reformatsky-type reaction, 551 
Thermochemical measurements 

carbanions, 41 
Thiacyclodec-4-ene 5-oxide 

synthesis 
via l,6-dibromo-3,4-hexanediol, 517 

1-Thiadecalin 
synthesis via transannular addition 

a-sulfinyl carbanions to nonactivated double 

bonds, 517 
Thiamine 

acyloin formation 
catalysis, 542 

Thiane 5-oxides 
carbanions 
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NMR, 513 
1,3-Thiazole, 2-hydroxyethyl-4-methyl- 

alkylation, 543 
Thiazoles 

metallation, 477 
3-Thiazolines 

reactions with organometallic compounds, 364 
stereoselective, 350, 359 

Thiazolium carboxylates 
catalysts 

benzoin condensation, 543 
Thiazolium salts 

catalysts 
benzoin condensation, 543 
carbonyl condensation reactions, 542 

Thienamycin 
synthesis of precursor 

via higher order cuprate, 133 
Thiiranes 

synthesis, 819, 834 
Thioanisole 

deprotonation 
reaction with carbonyl compounds, 826 

Thioates, S-(2-pyridyl)- 
acylation, 407 

Thioesters 
acylation, 433 

lithium dialkylcuprates, 428 
2-pyridyl 

synthesis, 407 
reactions with organocuprates, 116 

Thioimidates 
synthesis 

via organoaluminum reagents, 98 
a-Thionitriles 

acyl anion equivalents, 561 
Thiophenes 

lithiation, 472 
metallation 

addition reactions, 471 
Thiophenes, 2-oxazolinyl- 

lithiation, 472 
Tiffeneau-Demjanov reaction 

diazonium ion rearrangement, 846 
Tiglic aldehyde 

Lewis acid complexes 
NMR, 294 

Tin, chlorotrimethyl- 
triphenylphosphoanyldiacetone complex 

crystal structure, 305 
Tin, chlorotriphenyl- 

tetramethylurea complex 
crystal structure, 305 

Tin, (a-deuteriobenzyl)tributyl- 
acylation, 444 

Tin, dichlorodimethyl- 
salicylaldehyde complex 

crystal structure, 305 
tetramethylurea complex 

crystal structure, 305 
Tin, dichlorodiphenyl- 

p-dimethylaminobenzaldehyde complex 
crystal structure, 305 

Tin tetrachloride 
4-r-butylbenzaldehyde complex 

crystal structure, 303 

ethyl cinnamate complex 
crystal structure, 305 

ketone complexes 
crystal structure, 306 

methoxyacetophenone complexes 
crystal structure, 306 

Tirandamycin 
dioxabicyclononane unit 

synthesis, 564 
Titanium, alkyl- 

reactions with carbonyl compounds, 145 
Titanium, (alkylthio)allyl- 

reactions with carbonyl compounds, 508 
Titanium, alkyltris(dimethylamino)- 

reaction with carbonyl compounds 
chemoselectivity, 149 

Titanium, allyl- 
heterosubstituted 

reactions with carbonyl compounds, 161 
phosphorus-containing 

reactions with carbonyl compounds, 161 
reaction with carbonyl compounds, 143, 156 

Titanium, allyltris(isopropoxy)- 
reaction with carbonyl compounds, 156 

Titanium, aryl- 
reactions with carbonyl compounds, 145 

Titanium, crotyl- 
reactions with carbonyl compounds, 158, 340 

Titanium, dialkyl- 
synthesis, 143 

Titanium, diaryl- 
synthesis, 143 

Titanium, dichlorobis(isopropoxy)methyl- 
synthesis, 142 

Titanium, dichlorodimethyl- 
reaction with carbonyl compounds 

chemoselectivity, 149 
Titanium, dichlorodiphenyl- 

reaction with carbonyl compounds 
chemoselectivity, 149 

Titanium, dienyl- 
reactions with carbonyl compounds, 162 

Titanium, methyl- 
chiral ligands 

reactions with aromatic aldehydes, 165 
Titanium, methyl(acylpyrrolidinylmethoxy)- 

bis(isopropoxy)- 
reactions with carbonyl compounds, 166 

Titanium, monoalkyl- 
synthesis, 142 

Titanium, monoaryl- 
synthesis, 142 

Titanium, phenyl- 
chiral ligands 

reactions with aromatic aldehydes, 165 
Titanium, propargyl- 

reactions with carbonyl compounds, 165 
Titanium, trichloromethyl- 

properties, 141 

reaction with 2-benzyloxy-3-pentanone 
NMR, 295 

reaction with carbonyl compounds 
chemoselectivity, 149 

synthesis, 142 
Titanium, tris(isopropoxy ^ethyl- 

properties, 141 
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reaction with alkoxy ketones, 153 
reaction with carbonyl compounds 

chemoselectivity, 145 
Titanium ate complexes 

synthesis, 143 
Titanium complexes 

chiral Ti atom 
reactions with carbonyl compounds, 167 

Titanium isopropoxide, phenyl- 
synthesis, 139 

Titanium reagents, chirally modified 
enantioselective addition 

carbonyl compounds, 165 
Titanium tetrachloride 

acetic anhydride complex 
crystal structure, 303 

acryloylmethyl lactate complex 
crystal structure, 303 

allenylsilanes 
reactions with carbonyl compounds, 595 

carbonyl compound complexes 
NMR, 294 

diethyl phthalate complex 
crystal structure, 303 

3.3- dimethyl-2,4-pentanedione complex 
crystal structure, 303 

ethyl acetate complex 
crystal structure, 302 

ethyl anisate complex 
crystal structure, 303 

methylenation 
carbonyl compounds, 749 

Titanocene 
synthesis, 139 

Titanocene, crotyl- 
reaction with carbonyl compounds, 158 
synthesis, 143 

Titanocyclobutane 
Tebbe reaction, 743 

Tocopherol 
synthesis 

via cuprate 1,2-addition, 130 
Tosylates 

reactions with carbonyl compounds 
organosamarium compounds, 257 

Trachelanthic acid 
synthesis, 568 

Transannular alkylation 
3.3- like rearrangement, 890 
oxy-Cope rearrangement, 883 

Transition metal halides 
reactions with organolithium compounds 

complex Lewis acid reagent, 330 
Transition metals 

Lewis acids, 307 
Transmetallation 

acylation 
organostannanes, 444 

Trialkylsilyl groups 
nucleophilic addition reactions 

stereoselectivity, 58 
1,3,5-Triazine, 1,3,5-trialkylhexahydro- 

synthesis 
via trimerization of formaldehyde imines, 361 

4 H-1,2,4-Triazole, 4-(4-chlorophenyl)- 

quatemary salts of 

benzoin condensation, catalysis, 543 
Tri azoles 

V-alkyl 
lithiation, All 

1,3,4-Triazoles 
metallation 

addition reactions, 471 
Trichothecene 

synthesis 
via sulfur ylide reagents, 822 

Trichothec-9-ene, 12,13-epoxy- 
synthesis 

via 4-methyl-2-cyclohexenone, 522 
Triethylamine 

a-deprotonation, 476 
Trihaptotitanium compounds 

synthesis, 159 
Triisopropylsilyl protecting groups 

nucleophilic addition reactions 
effect on stereoselectivity, 62 

Trimethylamine 
deprotonation, 476 

Trimethylsilyl chloride 
ketone synthesis 

via carboxylic acids, 411 
T rinoranastreptene 

synthesis 
via Julia coupling, 804 

Triphenylmethane carbanion 
lithium (12-crown-4) complex 

crystal structure, 11 
Tropylium ions 

reactions with allenylsilanes, 603 
Tungsten hexafluoroantimate, tricarbonyl- 

nitroso(trimethylphosphine)- 
crystal structure, 309 

Tylosin 
aglycones 

synthesis, 436 

Urea, tetramethyl- 
aluminum trichloride complex 

crystal structure, 301 
chlorotriphenyltin complex 

crystal structure, 305 
dichlorodimethyltin complex 

crystal structure, 305 
Urethanes 

lithiation 
addition reactions, 469 

Urethanes, a-cyano- 
synthesis, 559 

Valeric acid, 8-bromo- 
reactions with samarium diiodide 

lactone synthesis, 259 
y-Valerolactone 

acylation, 418 
Valerolactone, (3-hydroxy- 

synthesis 
via SmL-promoted reductive cyclizations, 267 

Valinol 
imines 

reactions with organometallic compounds, 363 
Valinol, 0-t-butyl- 

imines 



988 Subject Index 

reactions with organolithium reagents, 383 

Venustatriol 
synthesis 

via cerium reagent, 237 
Verbenene 

synthesis 
via methyllithium reaction, 377 

Verbenone 
tosylhydrazone 

reaction with methyllithium, 377 
Vermiculine 

synthesis, 568 
Vinyl bromide 

reaction with aldehydes, 193 
Vinyl ethers 

synthesis 
via Homer reaction, 774 

Vinyl halides 
reduction 

chromium(II) salts, 193 
Vinyl iodides 

reactions with benzaldehyde 
chromium(II) chloride, 193 

Vinyl metals, a-seleno- 
synthesis, 644, 665 

Vinyl sulfides 
synthesis 

via Homer reaction, 774 
Vitamin A 

synthesis 
via Julia coupling, 803 

Vitamin Bi 
catalyst 

benzoin condensation, 543 
Vitamin D 

synthesis 
via Homer reaction, 780 
via Homer-Wittig process, 779 

Water 
reaction with formaldehyde 

Lewis acids, 314 
Wittig reaction 

alkene synthesis, 755 
Peterson methylenation compared with, 731 

Wolff rearrangement 
a-diazoketones, 844 

X-206 
synthesis, 401 

X-14547A 
synthesis 

final step, 409 
introduction of 2-ketopyrrole, 409 
via Julia coupling, 800 

X-14881 
synthesis, 567 

X-ray crystallography 
carbonyl compounds 

Lewis acid complexes, 299 

Yamamoto’s reagent 
reactions with ketones, 117 
reactions with nitriles, 124 

Yeast 

benzaldehyde reaction with acetaldehyde, 543 

Ylides 
nonstabilized 

Wittig reaction, 757 
semistabilized 

Wittig reaction, 758 
stabilized 

Wittig reaction, 759 
a,3-Ynones, a'-amino- 

synthesis 
acylisoxazolidides as leaving groups, 405 

Ytterbium 
oxidation state 

stability, 252 
Ytterbium, dialkynyl- 

synthesis, 276 
Ytterbium, diary 1- 

polyfluorinated 
synthesis, 276 

Ytterbium, phenyliodo- 
reaction with V,A-dimethylbenzamide 

synthesis of benzophenone, 278 
Ytterbium chloride 

toxicity, 252 
Ytterbium dibromide 

solubility, 278 
Ytterbium diiodide 

Barbier-type reactions, 278 
solubility, 278 

Ytterbium reagents, 251-280 
Barbier-type reactions, 278 

Ytterbium salts 
redox potentials, 278 

Zearalenone 
synthesis, 568 

via cyclization, 553 
Zinc, alkyl- 

addition reactions, 216 
Zinc, alkyliodo- 

synthesis, 212 
Zinc, allenylbromo- 

addition reactions, 220 
Zinc, allyl- 

addition reactions, 218 
Zinc, aryl- 

addition reactions, 216 
Zinc, bis(perdeuteroethyl)- 

reaction with benzaldehyde, 223 
Zinc, cinnamylbromo- 

synthesis, 214 
Zinc, dialkyl- 

synthesis, 212, 215 
Zinc, diallyl- 

reactions with a-alkoxyaldehydes 
stereoselectivity, 221 

Zinc, dibenzyl- 
synthesis, 215 

Zinc, dibutyl- 
reaction with benzaldehyde, 216 

Zinc, di-r-butyl- 
synthesis 

via transmetallation, 214 
Zinc, dicrotyl- 

reactions with aldehydes 
stereoselectivity, 220 

Zinc, diethyl- 
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enantioselective addition reactions, 223 
reaction with benzaldehyde, 223 
reaction with 1,2-diketones, 217 

Zinc, dimethyl- 
Tebbe reaction, 746 

Zinc, divinyl- 
enantioselective addition reactions, 223 
synthesis 

via transmetallation, 214 
Zinc, methyl- 

addition reactions 
chiral aldehydes, 221 

Zinc, methylenedi- 
Tebbe reaction, 746 

Zinc, 2-pentenylbromo- 
reaction with diisobutyl ketone, 219 

Zinc, propargyl- 
addition reactions, 218 

Zirconium, alkyl- 
reactions with carbonyl compounds, 145 

Zirconium, alkyltributoxy- 
reaction with carbonyl compounds 

chemoselectivity, 149 
Zirconium, aryl- 

reactions with carbonyl compounds, 145 
Zirconium, aryltributoxy- 

reaction with carbonyl compounds 
chemoselectivity, 149 

Zirconium, r-butyltributoxy- 

reaction with carbonyl compounds 
chemoselectivity, 149 

Zirconium, dialkyl- 
synthesis, 143 

Zirconium, diaryl- 
synthesis, 143 

Zirconium, dienyl- 
reactions with carbonyl compounds, 162 

Zirconium, monoalkyl- 
synthesis, 142 

Zirconium, tetraallyl- 
reaction with carbonyl compounds, 157 

Zirconium, tetramethyl- 
methylation 

carbonyl compounds, 150 
Zirconium, vinyl- 

reaction with a,3-unsaturated ketones, 155 
synthesis, 143 

Zirconium reagents, allylic 
reaction with carbonyl compounds, 156 

Zirconocene, crotyl- 
reaction with carbonyl compounds, 158 
synthesis, 143 

Zirconocene, diene- 
reactions with carbonyl compounds, 162 

Zirconocene, isoprene- 
reactions with carbonyl compounds, 163 

Zirconocene dichloride 
synthesis, 143 
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